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The lack of statistical homogeneity fanctional SnAgCu $AC) solderjoints due to their coarse
grained microstructurein conjunction with the severe anisotropy exhibited by single crystal Sn
renders each joint uniqum terms of mechanical behaviorAn anisotropic multiscaleanodeling
framework is proposeth this dissertationto capture the influence dfie inherent elastic anisotropy

and grain orientatiotin single crystalSn on the measurgatimary and secondary creep response of
single crystal SnAgCUSAC) solder This study overcomes the intrinsic disadvantages of most of the
existing studies, which assumbhemogenized, macrscale, isotropic behavior of these joint scale
specimens, thereby making the models insensitive to the highly heterogeneous and anisotropic

microstructure.

Modeling of microstructural deformation mechanisms in SnAgCu (SAC) soldecontggcts requires

a multiscale approach because of tiered microstructural heterogeneities. The smallest lendtierscale

0) refers tothe Body Centered Tetragonal (BCT) structure of the Sn matrix itself because it governs:
(1) the associatedislocationslip systems(2) edge and screw dislocation line tension (3) dislocation
mobility and (4) intrinsic orthotropy of mechanical properties in the crystal principal axis system. Ne
higher length scal€Tier 1, consists of nanoscale A8n intermetallic compmds (IMCs) surrounded

by Body Centered Tetragonal (BCT) Sn to form the eutectid@phase. The next higher length scale

(Tier 2) consists of micron scale lobes of Sn dendrites surrounded by eute&i r8gions and



reinforced with micron scale Gan; IMCs. Unified modeling of above two length scales provides
constitutive properties for SAC single crystal. Tier 3 in cogrséned solder joints consists of
multiple SAC crystals along with grain boundaries. Finally, Tier 4 consists of the structurdl leng

scale of the solder joint.

Line tensionand mobility of dislocations(Tier 0) in dominant slip systems dfingle crystalSn is
captured using elastic crystalni sotropy of body centered tetragonal
formalism. The anisotropiccreep rateof the eutectic S\g phase of Tier | is then modeled using
above inputs and the evolving dislocation density calculateddiminant glide system3he evolving
dislocation density historyis estimatedby modeling theequilibrium betweenfive competing
processes: (1) dislocation generatidR®) dislocation impediment due to forest dislocations; (3)
recovery (by climb and diffusion) from forest dislocatio(#;dislocation impediment caused by back
stress from pinning of dislocations at IM@aricles; and ) dislocation recovery due to
climb/detachment from\gsSnIMC particles. Of these mechanisms, the third and fifth mechanisms are
modeled to be the rate governing mechanisms for anisotropic creep deformation processes for the Sn
matrix andfor the eutectic Si\g alloy respectively Orowan climb mechanism and dislocation
detachment mechanism from nanoscaleSkgparticles ardound to be the rate controlling creep
mechanisms in the eutectic -Big phase of SAC single crystalt low and high strestevels
respectively

The aeep response of thatectic phase (from Tier 1) @mbined with creep allipsoidalSn lobes at

Tier 2 usingthe anisotropidMori-Tanakahomogenization theory, to obtain the creep respaifse
SAC305 single crystalalong glolal specimen direction and calibrated to experimentally obtained
creep response of same SAC305 single crystal specifienEshelby strain concentration tensors
required for this homogenization process are calculated numerically for ellipsoidal Snomxlus
embedded in anisotropic eutectic-8g matrix. The orientations of SAC single crystal specimens with
respect to loading directioare identified using orientation image mappin@OIM) using electron
backscatter detector (EBS@Rnd then utilized in the model to estimate resolved shear stress along

dominant slip directions.



The proposed modeis then used for investigating into variability in transient and secondary creep
response of Sn3.0Ag0.5Cu (SAC305) solder, which formditsteobjective of the studyTransient

creep strain rates along [001] direction of SAC305 single crystal #1 is predicted & belérs of
magnitude higher than that of along [100]/[010] directibime proposed model is able to quantitatively
capture te creep response of second SAC305 single crystabrtR two bicrystal specimens
reasonably well.Parametric studies have also been conducted to predictffinet of changing
orientation, aspect ratio andlume fractionof Sn inclusions on the anisotropireepresponsef SAC

single crystalPredicted creep shear strain along global specimen direction is found to vary by a factor
of (1-3) orders of magnitude due to change in one of the Euler apg)da SAC305 single crystal #1,
which is in agreememwith the variability observed in experiments. The model is also able to capture
thedecrease in creep resistance of SAC305 single crystal, when the volume fraction of Sn inclusion in
the SAC single crystal increases.

The second objective of this study feeson characterization and modeling of creep constitutive
response of new lowilver, leadfree interconnects made of Sn1.0Ag0.5Cu (SAC105) doped with
trace elements namely, Manganese (Mn) and Antimony {Sing the above modeThe proposed
multiscalemicrostructural modek usedto mechanistically model the improvementcreepresistance

of above SAC105X solders due to addition of trace elements.

The third and final objective of this study is to use the abuu#tiscale microstructural model to
mechaistically predict theeffect of extended isothermal aging amep response of SAC305 solders.
Therefore, the proposed physttased predictive model can capture the dominant load paths and
deformation mechanisms at each length scale and is also responsive to the microstructural tailoring
done by microalloying and the continuous microstructuralugimi because of thermomechanical-life

cycle aging mechanisms in solders.
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Chapterl nt roducti on

Sn3.0Ag0.5Cu (SAC305) and Sn1.0Ag0.5Cu (SAC105) alloys form the focus of this study, which are
currently being considered by microelectronics industry, owing to their low cost and similarity to near
eutectic SAC387 (Sn3.8Ag0.7Cu) in terms of their mictadtre and mechanical response. Owing to
significant differences in microstructure and underlying deformation mechanisms, previous
conclusions about Sn37Pb cannot be extrapolated to predict the mechanical behavior of SAC solders.
For example, Sn37Pb all@pnsists of large, soft, equiaxed Pb islands embedded in a polycrystalline
Sn matrix[1] [Fig. 1.1], with grain boundary sliding (GBS) as the dominant creep mechanism. In
comparison, the microstructure of SAC solder interconnects at microscale dimension is much more
complex, consisting of phases of significantly different hardness and srajés. The microstructural
length scales vary from dimensions of ;89 intermetallic compounds (IMCs) (nm) in the-Sq

eutectic region, which provide the dispersion creep strengthdBingto structural length scale
dimensions of Sn grains (mm) that contribute to the-mamogeneous behavior of micronscale SAC
joints [Fig. 1.2]3][4]. The mechanical behavior of #iee SAC solder is heavily dependenttbese
microstructural features, such as anisotropic BCT (body centered tetragonal) Sn dendrites and IMC
phases (of nm andm dimensions) dispersed in the bulk and at the interface of the solder. Unlike
Sn37Pb solder, hard nanoscale;®g IMCs and micron sde CySn; IMCs, that are embedded around

soft Sn dendrites in SAC sold€gis[6], cause dislocation glide and climb to be the domifi2i6]
mechanisms of creep deformation instead of grain boundary sliding. Because of the intrinsic
anisotropy of the lattice steture of BCT Sn, which constitutes majority of SAC solder (e.g. 96% wt

of Sn in SAC305 and 98.5 #b of Sn in SAC105), single crystal SAC solder joints are highly
anisotropic. In the case of micron scale functional SAC solder joints; the coarse gréguration

also has an additional orientation dependent influence on the heterogeneous and anisotropic
mechanical behavior as opposed to polycrystalline isotropietSsolder jointg4][7]. As a result no

two joints have similar grain structure and hence no two joints have similar anisotropic behavior in
structural axes. This causes tmrdous amount of joirtb-joint variability of mechanical behavior

and hence, it is not cosffective to attempt a purely empirical approach for a comprehensive



understanding of the dependence of the mechanical constitutive response of SAC soldens on thei
microstructure. Furthermore, such empirical understanding cannot be easily extrapolated to other test
conditions/solder material systenMacro-scale phenomenological models developed so far also have
several disadvantages since they are not explicithnected to the intrinsic microstructural features

and mechanismgn order to obtain insights into the physics of the deformation process induced by
each of the microstructural features, a msittale anisotropic modeling framework is needed, with the
cambility to capture the anisotropic and heterogeneous creep deformation mechanisms in micron scale
joints, in terms of key microstructural features. There are three objectives for developing such a
multiscale microstructural creep model for SAC solders.

Thefirst objective is to explain piece to piece variability in constitutive creep response of SAC solders
tested under identical loading conditions. The example material used in this part of the study is

SAC305.

Figurel.1: Typical microstructure of SnPb solders (Schematic adapted from Sharma, [1]sectiss
image of SnPb solder from Lau, 1990)

The second objective is to explain the influence of the composition of SAC solders on theicaéchan

behavior, based on the compositioduced changes in the microstructure. The direct motivation

comes from the commercial emergence of low cost hypoeutectisilegy SAC solders (SAC105X)

with addition of trace micralloying elements (X). The puoge of the micralloying is to reduce the

amount of undercooling and hence refine theaglified microstructure of SAC105 solder joints to



obtain a more isotropic, homogeneous and stable behavior. Various trace elements (e.g. Mn, Sh, Bi,
Zn, Ge, Ni, Tj Cr, Co and Fe) have been added previously to SAC solder joints to improve their shear
strength, drop durability, thermal cycling reliability etc. Some of the studies report improvement in
mechanical response (especially drop durability) due to addititrese dopants but very few provide
in-depth understanding of the effects of addition of these dopants on the microstructural features and
the reasons behind the improvement in mechanical response. In particular, none of the studies in the
literature haveeported the effect of these added dopants on the creep resistance of SAC solder joints.
Here, in the current study, the effect of two dopants, manganese (Mn) and antimony (Sb) on the creep
resistance of SAC105 solder joints will be studied under con$tao¢ loading. The proposed
multiscale microstructural model will be used in conjunction with quantitative microstructural
information obtained from the microstructural investigation carried out -@olatified microstructure

of SAC105X solders, to exptathe effect of such microalloying on the creep response of the solder
alloy. In the third objective of this study, the effect of particle coarsening in SAC305 solder joints
(induced by thermal aging) on the creep response of the solder alloy will hedstumtl modeled

microstructurally, using the proposed multiscale mechanistic model.
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Figurel.2: (a) 3D view of Sn dendrite (b) 2D view of Sn dendrite (c}xgand CiSn; IMCs and

eutecticSnAg phase in bulk solder (d) Coarse grained BGA SAC solder joint (e) OIM map of TMM

solder joinj [8]



1.1Background &Motivation

The motivation behind the mulsicale modeling of the anisotropic creep mechanisms of SAC solders

to gain understanding ¢ifie scatter in their creep response is provided in Sectidh THe motivation

behind studying the effect of addition whce micrealloying elements (Xpn the creep response of
SAC105 solders is provided in Secti@rl.2. The motivation behind modadirihe effect of particle
coarsening on the creep constitutive response of SAC solders (e.g. SAC305) due to isothermal aging is

provided in Section 1.1.3.

1.1.1. Multi-scale modeling of anisotropic creep response of SAC solder joints

There have been numerous sagdiconducted on the creep constitutive response of SAC solder
interconnects. Most of the studies are phenomenological in nature and report a significant amount of
scatter in the creep response. In one such studgettendary creep strain rate of Sn3.94@ alloy

was studied at varying stress levelsd(® MPa at varying temperature2%°C to 160°C) by Vianco et

al. [9]. Significant variability in the creep curve shape, strain magnitude, and stedel\strain rate
properties was observed, which was mainly attributed to differences in soldestmicture. Recently,

another comprehensive review of the secondary creep response of SAC solder interconnects reported
by Ma et al[10] also pointed towards huge scatter in the secondary creep strain rate data reported by
several authors [Fig. 1.3(a)]. Large discrepancies in the creep data are often acknowledged to be due to
the differences in the microstructure of the tested samples, but unfortunately detailed investigation of
this issue has not been adequately addressed in the literature. Another recent study by Rig{ et al.

also pointed towards significant scatter in the secondary creep rate of SAC387 solder tested at five
different temperatures under varying stress levels [Fig. 1.3(b)]. In a separate studgdajo@patta

et al[12], variation in the secondary creep rate of SAC305 solder was reported at three different
temperatures [Fig. 1.4(a)]. Creep measurements for five different specimens of SAC305, fabricated

using similar protocols, exhibited significant scattecreep strain when tested at the same stress level
(20 MPa) at 25C [Fig. 1.4(b)]. In another study by the same aufi@i, variation in the primary

creep strain history and the decay term was also reported [FigSigbificant variability (12 orders

of magnitude in the case of primary creep response and secondary creep rate) exists in the viscoplastic



measurements of solders reported across different research gsaapsa large amount of scatter in

the measurements has been mainly attributedamnt reports to the current solder interconnect length

scales; because Riee solders such as SAC and Sn3.5Ag have very few Sn grains after reflow [Fig.

1.6(a)] Bogersen et diL4]. Furthermore, single crystal Sn is known thibi significant anisotropy in

their mechanical and thermal properties [Fig. 1.6(b)], shown by Bieler ¢15l. The Youngds
modulus and CTE of Sn (the primary phase in SAC solders) are found to vary by a facBalohg

the principal crystallographic directions. Therefore, microscale-8iglPbfree solder joints, such as

SAC are expected to demonstrate significant piece to piece variability in their mechanical response in

the asfabricated state, depending on the crystallographic orientation distribution of the few Sn grains

in a given join{14][15][16][17].

Teu 107
1e+0 SAC N
+ _ .
—_ 1 (a) ; T=125°C 10 " %
T, le- o
FE - .
© 1e2 { ———— Zhang 107 a 5
© — —— Clech .
= 108 1 ————  Schubert .
o g ——— Lau PRERET. o -
c fed ] ———-r Pang z :
® Vianco ] »
U—"; 1e5 | I e e R Xiao 07 .
o le-6 1 - r
@ ’ -
8 167 { d 10
1e-8 -~ SAC305 ;
1 10"
1e-9 T
10 100 o
10
Stress (MPa) 6 40 50 60

Applied stress (MPa)
Figurel.3: (a) Variability in creep data for SAC305 solder predicted by several authors [10] (b)

Variability in secondary creep rate of SAC387 solder [Didtted circle added in to emphasize the

scatter)

P @ 25C, ~20MPa
© £ |0.25- i )
= I
M 10804 = O\
>~ D | 02 §
52 g ayd
Ll >~ 1.0806 O 1015 e~
=2 G / / /\
) g S| 01 Raw Data
T ™ 1.0E08 25°C < J
S _— TU; 0.05
(o) SAC305 = Time, secs
0 10E10 : = 04 ; ; ‘ ;

1.00 - 10.00 100.0¢ 0 100 200 300 400 500

Equiv. Stress (MPa)

Figurel.4: (a) Secondary equivalent creep rate for SAC305 specimens at three different temperatures
[12] (Dotted circle shows the stresses at which the scatter is evident) (b) Variation in total shear creep

strain for four ascast SAC305 specimens loaded at 20 MPa tested at room temperature



This scatter was not evident or reported in previously widely usdebSolder interconnects because
SnPb solder interconnects are primarily polycrystalline joints, which cancels out the directionality

dependence of properties, rendering the structure statistically homogeneous and isotropic.
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Figurel.5: (a) Primary creep strain history at 1:0MPa across nine samples (b) Decay term of primary

creep strain (Dotted circle shows the stresses at which the scatter is evident) [13]
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Figurel.6: (a) Elastic modulus and CTE vary by a factor eBf2long principal crystallographic

directions [15] (b) Crospolarized image of BGA solder ball [17]

Hence, given this nehomogeneous coarggained microstructure of micron scale SAC solder joints

and the associated anisotropy of Sn, it is important that the length scales and microstructure of the
solder test specimen used for the study are compambiteetstructural length scale of functional
solder interconnects. The importance of specimen geometry is further supported by studies by Weise et

al. [18] and Anderson et a[19] that report significant differences in the mechanical response and



microstructure of bulk specimens versus micromstade specimens, and material level tests versus
assembly level solder joint tests. Therefore, as a part of this dissertation, the primary objective will be
to use micron scale specimens, which will mimie thicrostructural length scales of functional solder
interconnects and develop a mudtiale modeling scheme, which can address the above unresolved
issuesThe proposed mulscale model should have the ability to explain the pieqgece variability

in the constitutive creep response of SAC305 solder.

1.1.2. Effect of addition of trace elements on creep response of SAC105 solder

The SnAg-Cu (SAC) alloy family is considered to be one of the most favorable material systems as a
replacement for eutectic tiead solder. However, there are still some shortcomings that need to be
overcome. Numerous studies have revealed that additions of trace elements to SAC alloys provided a
marked improvement in the microstructural features and the mechanical properties,eaatirhated
considerable attention. Kim et §0] reported that trace elements can form various IMC precipitates
and reduce undercooling during solidification. Kang efedl] demonstrated that a small amount of Zn
addition has the ability to reduce undercooling efficiently and suppress the formation of massive
primary AgSn plates. Anderson et §2][23] proposed that addingo and Fe can modify interfacial

Cu-Sn compounds and increase the shear strength of joints plated with Cu. Kariyaddtsalggested

that an addition of 0.05 wt.% Ni can enhance the low cycle fatigue endurance -chiflip
interconnections. Also, it has been reported that for Ni dopedgSsolder joints plated witlCu,
interfacial IMC was irregular (Cu, Ni$ns rather than scalloped ¢3ns and did not show an
observable change in thickness after long time affitbl§ Song et al[26] found that trace element
addition can effectively suppress the formation of theSNP phase between i and interfacial
compounds in SAC solder joints with Cu/ Ni(P)/ Au substrate. In addition to a reduced Ag content, a
recent reseah [27] suggested that doping with either a small amount of MR brings a pronounced
improvement in drop test performance of SAC solder joints with electroplated Ni/Au surface finish.
Also, Antimony has long been one of the candidate elements to be included as a minor alloying
element in SAC solders. The Sn25AgD80 . 5Sb, also known as CASTINE,
widely used Strontaining alloy in the electronics industBue to the fact that Mn & Sb containing

solders are still not very commonly used in the industry, many of the mechanical properties, such as



creep and mechanical cyclic fatigue in particular, of the Mn & Sb containing SAC solders are still
unknown. Therefore, this study aims to experimentally investigate and theoretically model the effect of
Mn and Sb dopants on the-salidified microstructurerad creep constitutive response of low Ag SAC

(SACL105) alloy.

1.1.3. Effect of isothermal aging on creep response of SAC305 solder

Studying the effect of isothermal aging on the creep constitutive response of SAC solder interconnects
has been one of the most papoubreas of interest in the electronic packaging community. Several
studies have demonstrated how the creep resistance of SAC solders decreases with increase in the
isothermal aging duration and temperature. A comprehensive review of the effect of atjiagep

behavior of lead free solders (Sn3.0Ag0.5Cu and Sn4.0Ag0.5Cu) was presented by Magt al.

where isothermal aging was conducted for varying durations (3 days, 6 days, 9 days, 21 days, 42 days,
and 63 days) at room temperature (RT). Both the above alloys, RT aging affects both the steady
state creep rate in the secondary creep region, and the elapsed time before tertiary creep and rupture.
For the highest stress level considered, the creep strain rate increased by factors of 16X for
Sn4.0Ag0.5Cu and 73X for Sn3.0Ag0.5Cu after 63 days of RT aging. In another study by the previous
group[29], they also studied the effect of elevated temperature aging (80, 100, 125, 150 °C) on the
creep resistance of Sn3.0Ag0.5Cu and Shg005Cu lead free solders. The samples were aged for
various durations (8 months). Elevated temperature aging for longer durations was observed to
drastically reduce the creep resistance of the above alloys. The decrease in creep resistance was
hypothesied to be due to significant coarsening of second phase particles at high temperature, thus
reducing the dispersion strengthening from the second phase particles. The same research group also
extended their previous studies by including two more low siBloys (Sn2.0Ag0.5Cu and
Sn1.0Ag0.5Cu) and increasing the aging duration from 6 to 12 m{8@hsAs expected, the creep

rates evolved more dramatically when the aging duration was increased. It was also observed that
lowering of the silver content in SAC alloy leads to increase in the creep rates for all aging conditions.
Similar observations havesbn also reported by Xiao et f1] for Sn3.9Ag0.6Cu which were aged at

180°C. All the above studies have been purely experimental and do not provide much insight into the

physics of microstructural evolution occurring during liesmal aging at either room temperature or



high temperature. The proposed multiscale model will be used to explain the above observations based

on underlying evolving microstructural features.

With the above motivations explained, the problem statemethiofdissertation is now succinctly

formulated below.

1.2.Problem Statement

Develop multiscale anisotropic mechanistic modelsdpture the effect of anisotropy of BCT Sn

single crystalon the primary and secondary creep response of heterogeneous SACcaint s

interconnects and then use the above models in conjunction with experimentation and microstructural

investigation to:

0] understand the physics behind the variability in the creep response of SAC305 solder
interconnects observed under identical loadimgddtions.

(i) characterize the effects of mieatloying with trace elements on the mechanical constitutive
creep response of low silver content Sn1.0Ag0.5Cu (SAC105) solder.

(iii) understand the effects of isothermal aging on the constitutive creep respon8€0é4igs.5Cu

(SAC305) solder.

1.3Literature Review

Literature review for the mukscale modeling of anisotropic creep response of SAC solder is
presented in Section 1.3.1. Literature review for studying the effect of additicacefmicrealloying
elementgX) onlow cost hypoeutectic lowilver SAC (SAC105) solders will be provided in Section
1.3.2. Literature review for modeling the effect of particle coarsening on creep constitutive response of
SAC305 due to isothermal aging will be providedSection 13.3. In order to understand the gaps in

the literature, a brief review of the multiscale modeling approach used in this dissertation has been
discussed here. The microstructure can be classified into five distinct length scales, as shown in Figure

1.7 anddiscussed below.



The electronic subsystem of the printed wiring assembly (PWA) is the highest level of scale (Tier 5)
relevant to interconnect stress modeling. This includes the geometry and materials of the printed
wiring board (PWB) and the componenattare soldered together, because these features govern the
history of loads that will be generated on the solder joint during thermomechanical excursions. The
solder joint is the means through which mechanical loads are transferred between the package (o
component) and the PWB. Tier 4 represents the geometry of the solder joint itself and the architecture
of the interfaces with the component and PWB (including the interfacial metallization and IMC layers)
because this geometry governs the complex ewplvoundary conditions imposed on the solder joint.

In this study, the structure of interest at Tiers 4 and 5 is not a functional electronic assembly but rather
a modified losipescu lap shear specinf@d] used for mechanical characterization. The next lower
length scale (Tier 3) is the grain scale microstructure, typically consisting of one or several anisotropic
Sn grains, either consolidated in a few large connected domains or intercalated over mbamy smal
interconnected sutbomains, and sometimes in a truly polycrystalline arrangement. The grain
boundaries are part of the Tier 3 mi@xchitecture because they play an important role in inelastic
deformation mechanisms. The next lower length scale (Zjefocuses on the structure within
individual grains, comprising of multiple tin dendrites formed during the solidification process, and
surrounded by an eutectic By microconstituent that was the last to solidify. Embedded throughout
this grain are adtional micron scale intermetallic @By precipitates that can be straight or branched
structures of hexagonal cressction. At this length scale, anisotropic composite models are effective
for describing the load sharing between the Sn dendrites asdrfoeinding eutectic microconstituent.

Tier 1 describes the details of the structure within the eutectisgImicroconstituent, consisting of a
statistically homogeneous distribution of nanoscalgSagellipsoidal intermetallic particles embedded

in a mao-crystalline tin matrix. The boundaries between the dendrites and the eutectic regions are
sometimes lowangle grain boundaries (that sometimes recrystallize into-dngle grain boundaries
during cyclic thermemechanical loading). At this lengHtale, anisotropic models of dispersion
strengthening due to dislocation interactions with interspersed particles that depend on spacing/size are
appropriate. Tier O refers to the Body Centered Tetragonal (BCT) structure of the Sn matrix itself
because it govem (i) the associated dislocation slip systems needed for modeling in Tier 1, (ii) edge

and screw dislocation line tension,(iii) dislocation mobility and (iv) intrinsic orthotropy of mechanical
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properties in the crystal principal axis system. To modehttigotropic viscoplastic response of SAC
single crystal, appropriate hierarchical models are needed for Tiers 0, 1, and 2, with relevant
information being passed between each of these levels of scale efficiently to models at the next higher
level.

Tier 5:

Circuit Boards

R+

Length Scales in SAC Solder Interconnects

Tier 4: Structural length:
X thermal and mechanical
~ boundary conditions on solder joints

P hne BGA component 1mm

Sesss s @ .~ .

Tier 3: SAC Multicrystals:
Crystal plasticity,

Tier 2: Within SAC crystal,
reinforcement strengthening
due to load sharing between

eutectic Sn-Ag eutectic phase,
Sn dendrites, and Cu,Sn; IMCs

™M
Specimen

Tier 1: Ag-Sn eutectic
microconstituent,
Dispersion strengthening due
to nanoscale Ag;Sn dispersoids

Figurel.7: Multiple length scales (TiersB) in SnAgCu solder alloys

1.3.1. Multi-scale modeling of anisotropic creep response of Siays

In Section 1.3.1.1, a background of the current siftat on the available macszale,
phenomenological models for constitutive creep response is provided; a review of analytical and
numerical modeling techniques to account for the effect of anisotnoplye creep response of coarse
grained joint scale SAC solder specimens is given in Section 1.3.1.2. Since, several dislocation driven
mechanisms will be addressed as a part of this study, a brief overview of dislocation mechanisms in
materials systemssigiven in Section 1.3.1.3, with a major focus on dominant dislocation driven
mechanisms for creep and plastic deformation. Since a-gualte modeling strategy is adopted, a

review of the available mechanistic models, both for solders systems aisdld@nmaterial systems,
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are given in the Section 1.3.1.4. The literature review section will conclude by identifying the gaps
(Section 1.3.1.5) in the existing mu#ttale modeling literature in the context of addressing the critical
influence of inhomogensi and anisotropy on the constitutive creep response of SAC solder joints.

The research objectives will be discussed in Section 1.3.1.6.

1.3.1.1Review of macroscale empirical constitutive creep models

Since solder creep behavior is dependent on temperaitmes,and stress, and typically becomes
important at 0.4}, (where T, is the absolute melting temperature of solder), majority of the macro
scale models developed so far incorporate all three above independent vdridines stress,

temperature for destiing the creep deformation behavior of solder alloys.

In the case of solders, secondary creep (also called steady state creep) has been extensively studied
since it dominates the creep rupture life and cfaiigue of the solders. Most popular modelsoufse
describing the secondary creep rate of solders are discussed below. Steady state creep strain rate is

given below by Dorndés equation

T_AGb b, s, -Q
= — "D (<
&= (@) (@) Do) ®

where, éc is secondary creep strain rate, G is the shear modulus, A is a material constant, b is the
Burgers vector, d is the grain size, p is the grain size expongig,the diffusivity, n is creep stress
exponent, Q is the activation energy i§ the Boltanann constant, and T is temperature in Kelvin.

From the above equation, it can be clearly seen that the stetdycreep strain rate is related to shear
modulus, grain size, activation energy and the external loading conditions, such as temperature and
applied stress. A decrease in grain size or an increase in service temperature or applied stress leads to a
rise in the steadgtate creep strain rate and a fall in the creep lifetime. This model cannot capture the
contribution from the microstructural femes at Tier 1 and 2 length scales discussed before. It can
only handle Tier 3 (grain size only) length scale partly because it cannot model the effect the grain
orientation or the effect of grain boundary.

Another popular model which has been extensivelyed f or study of sol der

power law constitutive model
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At high stress, this simple power law dependence on stressshdeakh and the creep strain rate
increases more quickly with applied stress. To provide a wider formulation for power law creep (low
and medium stress level) and povew breakdown (high stress level), double poVesr and
hyperbolic sine functions haveén also widely used. The double powsry model can be expressed

as follows:

Q
RT

Where, the first term in Equation. 3 corresponds to the creep behavior at low stresat ledech

6= As™ et %NAZS”Z expl ~2) ©)

diffusion creep along grain boundaries is dominant, and the second term corresponds to the creep
behavior at high stress level, where dislocation creep is dominantand)Q are the activation
energies of grain boundary sliding and dislamattlimb, respectively. Aand n are independent creep
coefficients and exponents, respectively, for the two dominant mechanisms. The Garofalststeady
creep model using the hyperbolic sine function has also been extensively used to model th@power

breakdown region, and is expressed as follows:
Y Aei " Q
e = Asinh(@ 9]"exp(- ﬁ) )

Where,a is the stress multiplier, A, n, Q and T have the same meanings as in Equation. 1. Unlike in

Equation 3, this model cannot address different activation energies for the two different dominant
creep mechanisms (at low and high stress levels). Similadycréep coefficients and exponents for

the two dominant creep mechanisms are interdependent.

The above steadstate creep models have been widely used to describe solder joint creep behavior for

assessing electronic assembly reliability under thermédihgylbading conditions.

Majority of the constitutive models developed over the years for describing the creep deformation
ignored the contribution of the primary creep and assumed that the secondary creep strain dominates

over the primary creep strain imost problems of practical interest. In other words, most of the
constitutive models like sirey per bol i ¢ Garof al o model , Dorn power

etc. ignore the contribution of primary creep and assume that the modeled material pretiominant
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exhibits secondary creep. However, testing of lead free solders has shown that this is not a good
assumption when describing the behavior of these alloys. In order to account for the effects of primary
creep on the reliability of the solder joints, ammodel was proposed by Cle¢B3]. The model

predics total creep strain as the sum of primary and secondary creep strain.

llreep: saﬂl'exp('K* eSS*t)) + Esst 5

Wh e r (gis prirdary saturated strain, K is a rate constant for exponential decay of primary strain and

é ss is the steady state strain rate for a given stress and temperature. Clech showed that depending on
stress and temperature, the primargep can last from 10 seconds to 100 minutes, and sttaidy

creep appears to last from 1 minute to 100 minutes. The duration of the primary creep stage can be
significant in comparison to the duration of test time encountered during accelerated tyetmgl

profiles. Constitutive models that do not account for primary creep will underestimate the total creep
strain. The above readings are in agreement avitither work by Plumbridg@4], where he showed

that assumption of steady state creep as the only stage of creep can result in significant underestimation
(~100X) of creep life.

Bhate et al[35] used a time hardening creep model to describe the evolution of creep strain with

time under the application of constant stress at a given temperature. The form given below in
Equation6, chosen baskon classical description of rate dependent behavior, is also used in

commercial finite element packages.

o

U= K'lexp—) + ™Bexp—) &

Where, first term in the equation accounts for phienary creep and the second term correspond to
secondary creep regime. According to above authors, the time hardening model is more accurate than
the Anand model, since it takes into account the primary creep regime which can be of significant
duration dpending on stress and temperatufmother staly by Cuddalorepatta et g36] also
investigated into thermomechanical response of solder under accelerated thermal cycling conditions

using the generalizeeixponential model forrpmary creep (Equation).
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Where] = equivalent primary creep, = equivalent primary saturated creep, d = decay tegm, C
C,, C;, and G are material constants.
All these above macro scale models are phenomenological in nature and do not explicitly take into
account the underlying physical mechanisms while predicting the creep response of materials and
therefore, they are suitable only faddressing the properties of isotropic homogeneous materials
within the experimental range. In the current study, the limitations of the above models will be
overcome by developing a mechanistic model to model the anisotropic primary and secondary creep
response of heterogeneous solder interconnects by taking into account the physics of the underlying

dominant microstructural deformation mechanisms.

1.3.1.2Review of analytical and numerical models to investigate the effect of
anisotropy on reliability of sder interconnects
Sn has a bodgentered tetragonal structure with lattice parameters of a = b (0.5632 nm) and c (0.3182

nm), which is highly anisotropic with c/a ratio of 0.546. At @Qthe coefficients of thermal expansion
in the principal directions arapoeg = i) = 16.5ppm/C and o) = 32.4ppm/C. At high
temperatures, the values change substantially, for example_a(t,JEBQoo] = Qo101 = 20.2ppm/C and

Qoo = 41.2ppm/C. The elastic modulus of single crystal Sn varies by a factor of Beo(L01) plane

(between the [100] and [001] directions).

Matin et al.[37] reported that anisotropy in thermal expansion and elastic properties of Sn induce
significant stresses at $main boundaries (Fig. 8(a)) during therral cycling. Fatigue damage was

shown to occur in a mechanically unconstraineeti®m solder under thermal cycling between 293K

and 353K. The micraracks were found to be localized mainly along high grain boundaries. A
combination of experiments using emtation imaging microscopy and numerical methods was used to
find a strong correlation between large stresses caused at grain boundaries and thermomechanical

anisotropy of Sn. Zhao et gB8] also studied the effect of anisotropy of Sn elastic properties and

thermal expansion on Sn whiskgrowth during temperature cycling56 C - 85 C), using
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computational modeling. The grain structure was explicitly captured in the model by using the Voronoi
cell method (Fig. B(b)). Sn elasticity of each grain was modeled using the elastic stiffregss of
Sn single crystal. The crystal orientations were assigned to the grains according to the information

collected by Xray diffraction (XRD).

@ | ()

Figurel.8: (a) Stress concentration at grain boundasfeBCT Sn grains [3] (b) Typical grain pattern

(Vornoi diagram) generated replicating XRD image of actual solder joint struc@jre [3

The stress along with the strain energy density distributions in grains were calculated using finite
element methods, fadifferent grain structures of Sn microstructure. The effect of Sn plasticity was
explored using a simple bilinear isotropic hardening stetssin relationbecause anisotropic plastic
properties were not available during the stu@yeep response was not addressed in this study. The
strain energy density criterion was selected to predict Sn whisker growth driving force. Strain energy
density was found to be highest in the Sn grains with high angle grain boundaries due to dignifican
anisotropy in elastic and CTE properties of Sn grains. In another study by Subramanif@dgttae

CTE mismatch at the interface of Sn grains was found to be significantly higher compared to bulk
solderIMC interface or IMGCu pad interface, due to inherent anisotropy of the Sn phase ®)ig. 1.
Significant stresses that can develop from thermalrsians in Sn based solders can cause extensive
grain boundary sliding and grain boundary decohesion. The coalescence of such cracks in the highly
constrained region of the solder near the solder/IMC interface, can develop into catastrophic cracks

that candegrade the mechanical integrity of the solder joint.
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Figure1.9: Schematic showing CTE mismatches in different regions of the solder jgjnt [3
Telang et al[40] characterized the microstructure and crystal orientation of Sn phase in semle sh
lap Sn3.5Ag solder joint specimens. They found that solder joints are typically made up of at most a
few dominant grain orientations, having low angle boundaries, implying a single or multicrystalline
rather than a polycrystalline texture. The OIM mapm two opposite sides of a joint showed that the
same crystal orientation is highly probable throughout the joint, implying that surface OIM scans are
probably representative of the interior of the joint. The dominant orientations obtained after
solidification from several specimens indicated some preferred orientations that may be a consequence
of rapid crystal growth in [110] directions that are aligned with the heat flow direction. They
hypothesized that lack of orientations with the [00&kes in he plane of the joint might have resulted
from the large difference in thermal expansion between tin in the [001] direction and the copper
substrate. A thredimensional elastwiscoplastic damage model has been used to investigate the
possible influencefahe mechanical and thermal anisotropy of Sn on fatigue damage by Ubachs et al.
[41]. They modeled the elastic behavior &éinel thermal expansion coefficients as anisotropic, whereas
the viscoplastic and damage behavior were considered to be isotropic. The simulations showed stress
and viscoplastic strain concentrations at grain boundaries, dependent on the misorientatiom thetw
grains and their orientation with respect to the grain boundary. A consistent agreement was found
between the numerically obtained strain distribution field and the experimentally observed damaged

areas (Fig. 1.0). The authors concluded that anispy indeed plays an important role in determining
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Figure1.10: (a) Misorientation angles between the [001] crystal axes (b) Optical micrograph of SAC
specimen after 1000 thermal cycles between 293 and 383K [

the thermal fatigue life of SAC solders. In another study by Park ¢42jl.a multigrained solder
interconnect was modeled to study the effect of anisotropy on thermal cyalimgjlity of the joint.
They used a globalocal approach where the global model addressed the entire assembly of the
component, substrate and interconnects; while the local model addressed an individual interconnect in
much greater detailSolder matesdl properties used in the assembly level global model were
considered to be homogenous and isotropic. Anisotropic elastic material properties of tin were used in
the numerical local model of the single mugtained interconnect. Stress concentrations were
observed at the grain boundaries, depending on the orientation of the connected grains, their interfaces,
and the orientation mismatches between the adjoining grains. Comparison of the numerical results with
the experimental observations indicated a nealsle agreement with the strain distribution. The results
(Fig. 1.11) showed higher strain localization not only along the-g@lder interfaces but also along the

grain boundaries. Those were the primary areas of energy consumption during fatigue loading.

Ennnny
...-.‘.‘:,";-_-‘-‘-‘
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Figurel.11: (a) Flip-chip plastic ball grid array package (b) Finite element mesh and 3D detailed FEA

of each grain (c) von Mises strain at I0M®btained from FEA and optical micrograph of regions with
maximum plastic strain accumulated after 35 cycleg®fC to 125C [42]

In another recent study by Zamiri et @3], crystal plasticity analysis was used to evaluate stress and

strain resulting frm a 165C temperature change in a singlystal joint using two simplified

geometries appropriate for realistic solder joints.

T = v W F w ww

Tensile axis along c-axis

Tenslle axis along a-axis

50

Stress, MPa
.
(%]

40
= = ' hi 90-90-0 h2 90-90-0
= =il 0-0-0 h2 0-0-0
bl 90-45-0 h2 90-45-0
35 = T T T T T
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Strain, uniaxial in x direction

Figure1.12: Uniaxial stress strain curves for two hardening cases studied using crystal plasticity

parameters for Bunge Euler angle Sn orientations indicated in le¢@nd [

Phenomenological flow models for ten slip systems were estimated based upon semi quantitative
information available in the literature, along with known anisotropic elastic property information (Fig.
1.12). The results showed that the internal energy of the system is a strong function of the tin crystal
orientation and geometry of the solder joifihe internal energy (and presumably the likelihood of
damage) is highest when the crystedxis lies in the plane of the substrate, leading to significant
plastic deformation. When theaxis is in the plane of the interface, deformation due to aCl65
temperature change is predominantly elastic.

As evident from the above studies, majority of the studies have focused on anisotropy present in elastic
properties and CTE of Sn grains in their approach while modeling the thermal cycling reliability of

SAC sotler interconnects. None of the studies considered the anisotropic creep properties, which is
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one of the most important properties, since these solder materials demonstrate significant amounts of
creep deformation even at room temperature. The main rezestgorévious authors have not been able

to use anisotropic creep properties of SAC solder interconnects in their studies is because creep
properties of single crystal SAC solders are not available in literature.tAésaicrostructural length

scales inlie above studies are limited to Sn grains and contributions from smaller features such as Sn
dendrites and bulk IMCs are not explicitly captured in their creep constitutive models of SAC solder.
1.3.1.30verview of dislocation mechanisms in SAC material systems

The overview of dislocation mechanisms has been consolidated from basic dislocation theory
textbooks and selected review articles [Hull, 1986], [Ashby and Frost, 1988], [Hirth, 1990], [Rosler
and Arzt, 1989], [Herztberg, 1999], [Brehm, 2002], [Blum, 20@8H [Ovidko, 2002, 2004].

The driving force for dislocation nucleation in solders is believed to be due to local stresses generated
during the reflow of the material. Under high strain rate loading conditions (and low temperatures), the
material responsés dominated by plasticity in phenomenological terms. At the nscede, the
underlying physical mechanism is dislocation slip. The dislocations also multiply at various sources by
various methods, under above loading conditions in order to accommodaergh plastic strains
generated during inelastic deformation. Two mechanisms of importance that contribute to the
regenerative multiplication of dislocations are Friddad type sources, and multiple cross glide. For
further understanding of the multigdition of dislocations the reader is referred to Hull [1986], Hirth
[1990], and Lardner [1974]. The characteristic velocity of these dislocations has a-lpewer
dependence on the applied stress. However, if impurities or intermetallics (which servtaeaes)bs

are encountered, dislocations become pinned, causing a bowing of the dislocation line. Due to this
pinning mechanism, higher stresses are required to drive the dislocation slip, and the bowing of the
dislocations leads to what is known as Orowamléaing. This explains the phenomenological process

of work hardening seen in tensile testing of material where a higher stress is required to drive
deformations (strains) after yielding. This phenomenon is quantitatively modeled in dislocation theory
by the bowing of Orowan loops. Dislocations can also be pinned due to the interaction with other
sessile dislocations in the path of moving dislocation. This leads to the formation of jogs and kinks,

each being distinguished based on the type of interactsigcdtions (edge or screw). It should be
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noted that dislocation stress fields experience not only short range interactions (leading to jogs and
kinks), but also long range interactions.

Once the dislocation motion is obstructed, the physical mechanisindiehm detach the pinned
dislocations explain the creep deformation observed in the empirical formulations. Thus the
mechani sms for subsequent motion of thenothrapped di
C on s er precesses. e motion of Wisations in the plasticity context is also understood based

on dislocation dipoles.

During creep deformation, the dislocations trapped around the particles move past the obstacles by
dislocation climb and detachment. However, both of these processé® rigumal activation and

hence creep occurs at high homologous temperature. The rate at which the dislocations detach from the
particles governs the creep deformation and is dependent on the available thermal energy available to
overcome the athermal @ehment stress. A quantitative formulation of this stress is given by Rosler et

al. [44].

There are also other competing creep mechanisms. Along with the clim@sgrddfusion processes

also occur under thermal activation. For example, the prismatic loops formed can either shrink or grow
based on the diffusion of the vacancies. The dislocation loops formed by breaking up of dislocation
dipoles can either be vacanor interstitial loops and leads to rearrangement of material around the
dislocation core. This contributes to stress relaxation phenomena observed empirically in creep

conditions. Examples of such diffusion processes are pipe diffusion, volurtkfsedfon etc.

Under cyclic loading, dislocations pile up at grain boundaries or particles and create enough energy to
open a crack. This forms the basis of plasticity dominated fatigue damage. On the other hand, in creep
dominated damage, the dislocation clier glide contribute to local stress concentrations, which act

as critical sites of void nucleation. Void growth followed by interlinkage leads to creep failure.

The active mode of def ormati on can be wunderstoooc
mapsas a function of stress and temperature for the material under study. In addition to the above
mechanisms, polycrystals also experience grain boundary sliding during creep deformation. As the
homologous temperature is higher than 0.5 in most applicafam&AC solder, the creep

deformation is significant and cannot be ignored. This is true for both SnPb drekeRiplders
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even at room temperature (the homologous temperature for Sn37Pb is 0.65 and for Sn3.0Ag0.5Cu

is 0.61). In the case of dispersion remdd materials such as SAC solder, the intermetallics

particles serve as obstacles to the path of dislocation glide. The interaction between the particle

and dislocation can be either attractive or repulsive. The dislocations upon reaching the particle

hastwo options either change its slip plane by crslgs or climb or move in the same path by

moving through or bulging around the particle. When the dislocation cuts through the particle it is
termed as fAcutting mechani $§amund the particlehaed mowes e wher e

ahead leaving behind loops called Orowan loops.

These two methods largely depend on the line tension of the dislocations and the strength of the
particle. If temperature is high enough, then climb dominates even if tissestrare lower than

the Orowan stresses. Assuming that the particles are strong enough and do not permit the cutting
by the dislocations, then dislocation loops are left behind by the passing dislocation. When the
back stress formed from the Orowan loop$ahces the applied stress, then the deformation is in
equilibrium. However, this occurs only at low temperatures. However at high temperatures, these
loops attain energy to climb and salinihilate, thereby allowing deformation again. For a steady
stateof deformation, it is logical to see that the formation of loops should equal the disappearance

of the loops.

Rinned Phase
Boundary Sn-dendrite
o 3

Figurel.13: (a) Pinning ofdislocation by AgSn in Sn3.5Ag (blPinning ofdislocation by AgSnafter

creep deformation E}
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Weise et al[45] reported from experimental testing that the creep deformation in eutectic SAC solder
is dominated by dislocation climb. Chen ef48], found (for temperatures between 298 K and 398 K),

that dominant creep mechanism was dislocation climb aided by lattice diffusion at lower stresses while
at higher stresses combined dislocation glide and climb occurred. Similar observations were made by
Dutta et al.[47], Kerr et al.[48] (shown in Fig. 1.3), Mathew et.a[49], and Ochoa et.a]50], for
Sn3.5Ag. Furthermore, Och¢a0] found that grain boundary sliding was found to have a significant
contribution to total creep strain Sn3.5Agbulk solderspecimen Mathew et al[49] found that the

creep mechanism between 0.58 <T0.8, was dominated by diskion climb. Hence, dislocation

climb and detachment is found to be the primary creep mechanisms in SAC Boédkigh secondary

creep stress exponents of SAC solder reported in the literfitBtesupport the hypothesis that
dislocation climb over obstacles isetldominant rate governing creep mechanism in SAC solder.
Furthermore, TEM studies conducted by Artz e{%il] on dispersion strengthened materials such as
aluminum and titanium alloys suggest that dislocationlzlaocurs in multiple stages: approach, climb

and detachment. A strong attractive interaction between dislocation and the obstacle is observed in
post climb phase of the dislocation and the detachment of the departing dislocation rather than climb is
seen o be rate limiting mechanisms for deformation (Fig41[8]. The above mechanism was also
evidentin other studies by Kerr and Dutta et[d8][46] that captured the contributions of the eutectic
SnAg phase and nanometer dimension IMC lengthescaHowever, the model assumed that the
behavior is dictated only by the dispersion strengthening of nanoscaBn ABICs in the SiAg

eutectic region. Thus the load sharing between the Sn matrix in the eutectic region and the Sn dendrites

was not addresddn the above studies.

Attraction and

Climb
De¢tachment
Z
‘é%‘
@
dislocation
(a) (h) ()
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Figurel.14: Schematic of dislocation climb and detachment of a single dislocation (a) while
approaching the obstacle, (b) during climb over obstacle, and (c) experiencing attractive interaction

with obstacle after climb and eventually departing form the particladdetent)

1.3.1.4Review of available mechanistic models for viscoplastic creep response

The mechanistic or physical models of creep constitutive response available in literature are discussed
here. Gaps in the current literature are pointed o8eution 1.3.1k. The microstructurdength scales

in SAC solder joints vary from nanometsized AgSn intermetallics in S#g eutectic region to the
structural dimensions of Sn grains (~ mm), that contribute to-hwomogeneous behavior of
macroscale SAC joints. In thease of microscale SAC solder joints; the grain configurations have an
additional influence on the constitutive response. The microstructure of Sn dendrites and IMCs is
dependent on various parameters like manufacturing profile, loading history and fnagitibh of Ag

and Cuin SAC alloys[8]. Therefore, comprehensive understanding of the influence of each of these
microstructural features through purely experimental parametric studies is both costly and time
consuming. Moreover, suckxperimental understanding of the constitutive response based on
empirical models cannot be extrapolated to other test conditions or other material systems. In order to
obtain insights into the physics of deformation induced by each of these microstrizamuees,
mechanistic modeling framework, that captures the dominant creep mechanisms in terms of key

microstructural features, is needed.

Dutta et al[47] suggested that the creep response eA&iolders is controlled by the behavior of the
eutectic structure which consists of 55 IMC particles embedded in a Sn matrix. The total creep rate
of Sn3.5Ag solder wasvritten as the sum of two mechanisms, which occur simultaneously (i.e. in

parallel with each other).

1 1 1
el' - egc+ epc (8)

Where, €yc is the strain rate due glide-climb mechanism (where either viscous glide or climb is rate

controlling) and épc is the strain rate due to particle limited climb. The ghktimb mechanism
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dominates the observed creep behavidow stresses, whereas the partiotaited climb mechanism

dominates at high stresses shown in Figh.1.1
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Gong et al[52] utilized above microscale dislocation climb detachment models to capture the creep
response of nanoscale /&n IMCs based on the work of Kerr et al. and Dutta et al. However, the
model assumes that the behavior is dictated only by the dispersiontstréngtof nanoscale A§n

IMCs in the SrRAgQ eutectic. Only the eutectic Skg region is modeled, without any load sharing of
other scales. Most of the microscale models reviewed this far on constitutive modeling account for the
nanoscale Agon IMCs or theeutectic SPAg region and assumes that the contribution of the Sn
dendrites is negligible. In another study, Chawla ef58] reviewed the literature on analytical and
numerical techniques available to model the heterogeneous microstructure of multiphase solde
materials. Models presented in their review in 2007, mostly simplify the heterogeneous microstructure
of multiphase solder materials. They first came up with a novel methodology that addressed the critical
link between microstructure and deformation haéta by using twedimensional (2D) and three
dimensional (3D) virtual microstructures as the basis for a robust model to simulate damage caused by
deformation. Their model was unable to capture all the dominant physical mechanisms during the

deformation pocess because homogenized properties were considered for different phases in the
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solder during FEA analysis. These simplifications definitely make modeling and analysis more
efficient and straightforward, but fail to accurately predict the effective giepeand local damage
behavior which are inherently dependent on the microstructure of SAC solder. Another interesting
study by Pei et al[54] evaluated the effective creep propertefs Pbfree SnAg solders using
homogenization methods for the measured properties of individual phases (eutestiqpoBase and

Sn dendritic phase). However, this technique does not utilize mechanistic equations to capture
individual IMC phase propertiemd thus lacks the predictive capability for extrapolating the creep
response to other microstructural states of SAC solder. Studies involving mechanistic modeling to
capture the physics of the underlying viscoplastic creep mechanisms of SAC solder #reiteghyn

the literature. Furthermore, studies that provide the influence of the Sn dendrites;soamiMCs

and the eutectic SAg region (lower length scales) on the creep behavior are required. To address the
above issues, Cuddalorepatta ef&lproposed an isotropic mechanistic secondary creep model based
on Rosler and Artzods (bbligoB]doc BACisalders tHat captuwced thetwe mod e |
lowest length scale€Tier 1 and Tier 2 described in Figure 1.7Jhe smallest length scale modeled

was that of nanoscale IMCs via analytical dislocation creep modelghaddrgest length scale was

that of the Sn dendritic colonies nfm). Since secondary creep measurements show much less
sensitivity than primary creep, to the coagseined anisotropic Sn microstructure in the
Sn3.0Ag0.5Cu specimerj$2], geometric modeling of th&n grains and grain boundaries was not
necessary. Furthermore, isotropic modeling was considered to be adequate when developing analytical
formulation of the creep deformation at the two lowest length scales. The response of the eutectic Sn
Ag region is ewluated by assuming Sn as the matrix and IMCs of nanometer dimensSn Ag
inclusions. At the second level, the effective creep properties of SAC composite are evaluated by
considering the load sharing between the eutectié@region embedded with nrien scale CgSry

IMCs as the matrix and the micron scale softer pure Sn dendrites as the inclusions. The model
accounted for motion of a single dislocation and inherently assumed that an attractive interaction exists
between the dislocation and the nananetimension AgSn IMC dispersoids after climb into Sn
matrix based on previous studiéhe eutectic Si\g shear creep rate was taken to be due to a
combination of the Sn matrix shear creep rate and th&mYMC dispersiorhardening shear creep

rate. Effect of Sn dendritic colonies is taken into account by usingcselistent homogenization
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schemes (SCM) from micromechanics theories used in composite materials. The Sn dendrite lobes are
assumed to be spherical shaped inclusions (with effective isopagperties) and are hence accounted

for only through their volume fractions in Eshelby
reinforced SPAQ eutectic region and Sn dendrites, which constitute the primary phases in SAC alloy,

is taken to be equlito unity.

Although the model proposed by Cuddalorepatta ¢58].provides theoretical insights into the effects

of key microstructural features and detachment creep mechanism on the secondary creep behavior, it is

still an isotropic model and canncdipture the anisotropic creep behavior of SAC single crystals. This

becomes important in primary creep since experiments reveal that thecsirgiéd anisotropy and the

grain structure have very strong influences on primary creep behavior. Furtheamisaropy

introduced by the nespherical shape of dendritic lobes also becomes important. Hence studies that

address the impact of the experimentally observed non spherical Sn dendritic configurations on the
measured creep response are necessary.séhsitivity of the model to the nanoscale IMCs is
extremely high. In its present form, the above mod
does not explicitly account for the interactiobstween neighboring dislocation fronts at high

dislocaton densitesF ur t her mor e the dislocation density wused i
hypothetical assumption that all the slip planes in BCT Sn are completely saturated with dislocations

when the creep deformation advances to the secondary regiepe. The dislocation density in all

dominant slip systems of Sn is thus considered to be extremely high (~1821 This uniform
saturation assumption of all dominant slip systems
study forjustifying the use of the isotropic model.. Therefore, experimentally observed anisotropic
primary and secondary creep behavior of solder all
because of its inherent limitations. All these above limitatioils he addressed as a part of the

anisotropic model developed in this dissertation to explain the variability observed in creep response of

SAC305 solder interconnects of varying grain structures.
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1.3.1.5Gaps in the literature

While the previous cited studi@sthe literature provide several insights into relationship between the

mechanical behavior and microstructure of the SAC material systems for microscale and bulk solder

joints, there are several unresolved new research issues.

1.

Microscale SAC solder meahical properties exhibit significant anisotropy in thdawicated

state, due to the coargeained microstructure and the anisotropy of single crystal'sere are

no studies that have provided mechaitiased predictive capability to estimate theraniy or
secondary creeonstitutive behavior of such joints based on microstructural morphology,
although several studies have pointed towards significant anisotropy in elastic and plastic
properties of BCT Sn.
The coarsegrained morphology and the singleain anisotropy together result in every joint
having a unique creep response in the global loading axes. This result in significant scatter
observed in primary and secondary creep response and this needs to be understood from the
microstructural standpat. The huge variability in primary creep measurements is significantly
larger than that observed for secondary creep and also needs to be explored by considering the
evolution of dislocation density in primary slip systems of Sn by modeling simultsigeou
dislocation generation, impediment by forest dislocations argb\garticles and dislocation
recovery from particles and forest dislocations in dominant slip systems during the creep process.
Dislocation density used ia past study by Cuddalorepat al.[8] is based on a hypothetical
assumption that all the slip planes in BCT Sn are completely saturated with very high dislocation
density (~1E21 ) when the creep deformation advances to the secondary creep regime. This
assumptin makes theecondarycreep response isotropic and needs to fxaeined in light of
thejoint-to-joint variability observed in creegspons®f solder joints

There has been no study which focuses on anisotropic evolution of dislocation density during
primary and secondary creep regime along dominant slip systems. This needs to be modeled by
explicity modeling multiple creep recovery mechanisms (particularly dislocation climb and

detachment mechanisms) observed in dispersion strengthened matertafsCailoys.
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5.

The detachment of dislocatienclimb during secondary creep is captured in the literd&®§
[60] using dilute concentration approximation (i.e. the model considers only the iimeratt
single dislocation with the A§n IMC). Interactions between neighboring dislocation froetsd

to beaccounted fqrto handle notlilute dislocation densities

One of the key parameters of the dislocation detachment nretietation parameter (b1],

[62] (ratio of line tension of dislocation at partigigatrix interface to that in matrix only) used to
capture the strong attractiveteraction between dislocation and nanoscale particle during the
postclimb phase, has been previously modeled as a function of stress and temperature and
calibrated against experimental observations of secondary creep rates. However, authors think it
is a fundamental property of the material and should have a constant value. The magnitude of k

governs how strongly the detachment mechanism contributes to the overall creep rate.

SAC alloy is treated as a composite consisting of soft pure Sn dendriteanslesmbedded in a

dispersiorstrengthened and reinforcemesttengthened SAg eut ecti ¢ fAmatri xo.

properties of this composite have been obtaiimethe literatureusing simple isotropic self
consistent homogenization micromechanics the@8i&k There are no studiethat have provided
ways to predict thenisotropic viscoplastic properties of SAC single crystals along principal
crystallographic directionsbased on theinhe-dependent anisotropic creep responsethef
individual microconstituents such adlipsoidalSn dendritegndtheanisotropic creep properties

of the eutectic Si\g phase

The Sn dendritic geometry needs to be extendédrdle dendrite lobes different types of non
spherical geometries because this contributes to the anisotropy of theesmamse.Past studies

[59] were restricted to spherical lobes of the Sn dendrites.

The microstructue of Sn dendrites, nascale AgSn IMCs, and Cybrg IMCs are known to
evolve as a function of aging time and temperatusth significant effect on the ostitutive
response. However, there is no mechanistic predictive capability in the literature to predict the
effect of this microstructural evolution on the primary and secondary creep respossidenf

interconnects. Hence the practice of utilizing éiséabricated mechanical properties for modeling
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the behavior of solder throughout the entire service life is questionable and needs to be
investigated.
9. There has been noicrostructural bottorup study in the literature whicprovides a preactive
way to predict the solder response for any morphology, rather than having to empirically (and
parametrically) determine it for every microstructural combination encounteretiffément
solder alloys. Such an empirical approacivailable in the literature igrohibitively slow and
expensive for todayds product development cycl e
10. Effect of the addition of trace elements e.g. Mn and Sb on the creep response of low silver SAC
solder has not been explored. There has beaneuhanistic modeling study to predibe effect

of micro-alloying on creep responsé SAC alloys.

1.3.1.60Dbjectives of the Dissertation

In the current study, the anisotropic creep properties (transient as well assdtdadyreep) of SAC

single crystals will be predicted based on the underlying dislocation driven mechanisms. The reasons
behind the large amount of pitepiece varabilityobserved in primary and secondary creep response

of SAC305 will be addressed from the microstructural standpoint. To this end, the line tension of
dislocations in dominant slip systems of tetragonal BCT Sn medium will be calculated and used as an
input for modeling the secondary and primary creep response of Sn and of the eutégfice§ion in

SAC solder. Primary creep response will be explored by replacing constant dislocation density models
with the evolution of dislocation density in primary sligsgms of anisotropic Sn during primary and
secondary creep process. The dilcbacentration assumed for dislocation densities in existing models

of creep in dispersion strengthened eutectid§mphase, will be refined by including tleractions
betwea neighboring dislocations when the dislocation concentration becomes high. . The anisotropic
effect of highly ellipsoidal Sn dendrites will also be modeled in the current study using anisotropic
composite micromechanics homogenization theofibs. propeed multiscale model will be capable

of modeling both primary and secondary creep behavior of SAC solders and explaining the piece to

piece variability measured in the constitutive primary and secondary creep response of SAC305 solder.
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1.3.2. Effect of additionof trace elements on creep response of SAC105 solder

Addition of trace amounts of a fourth mieatloying additive can have a wide range of different
effects on various physical properties of SAC solders. The quaternary phase diagram of these alloys
are quite complex. One of the major problems encountered in SAC alloys is the large amount of
undercooling ofb-Sn phase during solidification, which contributes to the formation of large
intermetallics during the solidification process. Addition of trace ansoahMn, Ti, Co, and Ni as a

fourth micrealloying element has been found to reduce the amount of undercooling in SAC solders
considerably from 25°C to almost-8°C by forming heterogeneous solidification nuclei as reported

in literature [20]. These dopants are introduced primatitly modify (a) the morphology of the
intermetallic compound layers both in the bulk solder and at the interface between the solder and
copper pads and/or, (b) the solidification behaviour and/or, (c) the mechanical properties of the bulk
solder. Antimony Bs been for a long time one of the candidate elements to be included as a minor
alloying element in SAC solders. The Sn2.5Ag0.8Cuo0
most widely used Sbontaining alloy in the electronics industry. The primary eader adding Sb in

SAC solders is its effect on the strength of the alloy: the ultimate tensile strength (UT&) of
Sn3.5Ag0.7Cu solder alloy was increased by about 15% (Fig(d))lat strain rate of 1B s as the

Sb content was increased to the range-afvit-% percent64]. Addition of Sb up to 3.0 wi% in
Sn3.5Ag0.7Cu does not produce new phases and, instead, Sb dissolves imi¢chepBag to form

solid solution as well as Gans and AgSn phases by substituting Sb in the Sn sub lattice gS&Gu

Sb) and Ag(Sn, Sb)[65][66][67]. Thus, Sbaffects mechanical properties of the solder primarily
through solid solution strengthening. In another study by Park [@8hlead free SAC solder with 0.5

wt.-% Sb addition showed significant improvement in drop test reliability on ENIG surface finish (Fig.
1.16 (b)). Adding a small amount of Sb enhances the drop test reliability on ENIG surface finish by the
suppression oP-rich Ni layer growth. However, creep performance of Sb containing SAC solder is

still not well characterized, which is very important for improved thermal cycling reliability.
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Figurel.16: (a) UTS of SAC357 solder increases by 15 % due to addition2)f\{eight % of Sb at
strain rate of 1E/s[62] (b) Sn1.2Ag0.5Cu0.5Sb shows best drop durability performance among all

three solders in BGA packages with ENIG fini§i][

Reports on improvedrop reliability with the introduction of trace amount of Mn have also made it an
interesting new minor alloying element for SnAgCu solders. Liu et al. have made an extensive
reliability evaluation with BGA component boards assembled with different sallbgts, including

the Sn1.0Ag0.5Cu0.05M$9][70]. Their studies show that, compared to SAC105, the drop reliability
improves (Fig. 1.7(a)) by about (140) % depending on the ptest treatment used in the study and
thermal cycling reliability by about (280) %. Liu and Lee havreported earlier that drop reliability
improves only up to about 0.13 v percent Mn in SAC105, after which drop reliability degrades
with further increase in Mn concentratiffi]. Improved performance under the ball impact shear test
has also been reported due to the additionMaf [72]. The effects of Mn addition in SAC
interconrection microstructures seem to be quite subtle but the impact on solidification is more
significant. Addition of Mn does not significantly affect the average thickness or morphology of the
interfacial intermetallic layers but differences have been idedtiietween the bulk microstructures of
SAC and SAGMn solderg73][74][75]. The solid state solubility of Mn in SAC solder is quite small
and Mn reacts with Sn to form a new phase even at very low Mn concentrations, as evidenced by the
observations that even the addition of (0:18.8) wt-% Mn in SAC105 solder introduced fine
particles in the bulk solder, most likely those of MpSmhose amount and size increase rapidly with
increasing Mn conterj69][72]. Lin et al.[75] studied SAC105Mn0.15 and SAC105Mn0.5 and found

that the yield strength, UTS and elastic modulus of the low silver compositions slightly decreased even
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with the addition of 0.15 wt% Mn in the SAC105 solder but the ductility improvigdg. 1.177 (b)).
Due to the fact that Mn containing solders are still very little used in the industry, many of the
mechanical properties, such as creep properties in particular, of the Mn containing SAC solders are

still unknown.
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Figurel.17: (a) Addition of 0.05 wt% Mn improves drop durability of low silver content SAC105

solder [@®] (b) Improvement in ductility of SAC solder due to addition of 0.15%tMn [72]

1.3.2.1.Gaps in the literature

1. Viscoplastic crep response of SAC105X solders has not been investigated before.

2. Mechanistic modeling of the secondary creep response of SAC105X due to addition of trace
elements (X) and their subsequent effects on theastsmicrostructure has not been explored.

3. Pieceto piece variability in constitutive creep response of SAC105X solders have not been
explored using dislocation density models and grain orientation data from orientation image

mapping of individual SAC105X solder joints using EBSD detector.

1.3.2.2.0bjectives dthe Dissertation

1. Conduct microstructural investigation onsdidified doped SAC105 solders and quantifying
the microstructural differences between doped SAC105 and undoped SAC105.

2. Characterize the grain morphology (size and orientation) of SAC1&ider alloys to
investigate if additions of trace elements make the solder joints polycrystalline, thereby aiding

in obtaining a more isotropic mechanical response.
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3. Conduct creep tests at varying stress level$5(21Pa) to investigate the steastate ceep
resistance of SAC105X solders compared to SAC105.

4. Predict the secondary creep constitutive response of these new solders as a function of
varying stress levels using a microstructural multiscale model proposed in the first objective

and compare the metpredictions with the experimental results.

1.3.3. Effect of isothermal aging on creep response of SAC305 solder

The effect of isothermal aging on the creep constitutive response of SAC solder interconnects has been
an important topic of interest in the elextic packaging community because solder interconnects
experience significant amount of thermal exposure during thecylife. Several studies have
demonstrated how the creep resistance of SAC solders decreases with the increase in steady state aging
duraton and temperature. A comprehensive review of the effect of aging on the creep behavior of lead
free solders (Sn3.0Ag0.5Cu and Sn4.0Ag0.5Cu) was presented by Md28],alvhere isothermal

aging was conducted for varying durations (3 days, 6 dagays, 21 days, 42 days, and 63 days) at

room temperature (RT). For both the above alloys, RT aging affects both the strain rate in the
secondary creep region, and the elapsed time before tertiary creep and rupture. For the highest stress
level considerd, the creep strain rate increased by factors of 16X for Sn4.0Ag0.5Cu and 73X for
Sn3.0Ag0.5Cu during the 63 days of RT aging. The aging effects were similar for the two lead free
alloys. However, the data clearly show that Sn4.0Ag0.5Cu creeps less haAgnh5Cu for the same

stress levels and aging conditions. In another study by the previous[@8uthey also studied the

effect of elevated temperature aging (80, 100, 125, 150°C) on the creep resistance of Sn3.0Ag0.5Cu
and Sn4.0Ag0.5C lead free solders. The samples were aged for various duratighsn(dths).

Elevated temperature aging for longer durations was observed to drastically reduce the creep resistance
of the above alloys. The decrease in creep resistance was hypotheslzeddte to significant
coarsening of second phase particles at high temperature, thus reducing the dispersion strengthening
from the second phase particles. The same research group also extended their previous studies by
including two more low silver cont¢ alloys (Sn2.0Ag0.5Cu and Sn1.0Ag0.5Cu) and increased the

aging duration from 6 to 12 montf&0]. As expected, the creep rates evolved more dramatically when
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the aging temperature was increased. It was also observed that lowering of the sikmrinoBAC

alloy leads to increase in the creep rates for all aging conditions. Similar observations have been also
reported by Xiao et al[31] for Sn3.9Ag0.6Cu and Sn37Pb alloys which were aged at 180°C.
Additionally aresearchconducted by Chauhan et §r6] providesthe relation between isothermal
aging and the thermal cycling reliability of selectli@rsed solders. The $ased solders with 3%, 1%,

and 0% silver content that have replaceddad are studied and compared againsietial solder. The
activation energ and growth exponents of the Arrhenius model for the intermetallic growth in the
solders are provided. An aging metric to quantify the aging of solder joints, in terms of phase size in
the solder bulk and interfacial intermetallic compound thickness eatstiderpad interface, is
establishedhn the studyAll the above studies have been purely experimental and do not provide much
insight into the physics of microstructural evolution occurring during isothermal aging at either room
temperature or high terapature. A microstructural coarsening model is required which can predict the
creep response of isothermally aged SAC solder based on underlying physical mechanisms.

1.3.3.1.Gaps in the literature

All the above studies have been purekperimental and do not provide much insight into the physics

of microstructural evolution occurring during isothermal aging at either room temperature or high
temperature and its effect on the creep response of these alloys. An adaptive microstructural
coarsening model is required to explain the above results based on the underlying physical
mechanisms. Previously, Dutta et[dl/] used a semémpirical AnsellWeertman model to explain the

effect of coarsening of A§n particles on the steady state creep behavior of SAC alloys. While this
approach is convenient and easy to implement, it does not address any other microstructural features

except for AgSn patrticles.

1.3.3.2. Objectives of the Dissertation

The current study adopts a detailed mechanistic model to capture more detailed microstructural aspects
of solders including size and spacing of;8g IMC particles, size and area fraction of;&y IMC

partides, and area fraction of peutectic Sn dendritic lobes. The model takes into account the
interactions of dislocations with nanoscales;8iy particles in the eutectic phase and considers the

Orowan looping and dislocation detachment to be rate contrafichanisms operating in parallel.
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Saturated dislocation density, a critical parameter in the model, is not assumed constant; rather it
evolves with applied stress and temperature. Saturated dislocation density during secondary stage of
creep is estimateds the equilibrium saturation between three competing processes: (1) dislocation
generation; (2) dislocation impediment caused by back stress from pinning of dislocations at IMCs;
and (3) dislocation recovery due to detachment from IMCs. The above madékba utilized to

understand the effect of isothermal aging on secondary creep response of SAC solder alloys.

1.4.Scope of Dissertation

The scope of the dissertation is as follows. Experimental specimetestrsgtup will be discussed

briefly in Chapter2. In Chapter 3, effect of micralloying Mn and Sb into low silver content SAC105
solders on its creep response will be experimentally evaluated and discussed in terms of
microstructural features. In Chapgef and 5 multiscale modeling of the anisotrapiransient creep
response of SAC single crystals will be presented. In Chapter 6, multiscale modeling of the anisotropic
steady state creep response of SAC single crystals will be presented. In Chapter 7, multiscale modeling
of the effect of aging on seedary creep response of SAC305 solder joints will be presented. In
Chapter 8, multiscale modeling of the effect of miallmying Mn and Shkon secondary creep response

of SAC105 solder joints will be presented. Finally, the dissertation will end withenef summary

& conclusions, limitation®: future workand contributiongn Chapter 9.
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Chapter2ZEx per i Theesntt a3desp &Speci men

The experimental test setup used for conducting the material level tests in this study is discussed in this
chapter. The ¢ap has been used in previous dissertations for characterization of several lead based
and lead free solde[g8], [79]. Detailed description of the test system is provided in the dissertation of
Haswell[79], and additional improvements to the design and calibratiorecfytstem are provided in
dissertation of Zhanfy8]. A brief description is provided in the current dissertation for completeness.

A brief description of the tespecimeris provided in Section 2.1 and brief description of thegesip

is provided in Section 2.2.

2.1.Test ecimen

The test specimen uséar this work is a simple, notched lap shear specimen similar to that proposed
by losipescy80], which produces a very uniforntress field in the specimen gage zone due to the
90°notch anglef81]. Copper is used in the current study to mimic the pad finish. Hence the results are
applicable to solder behavior on OSP finish. As shown in Figdret®e specimen is similar to that of

a modified lap sheaspecimen and the solder joint is typically between 18D um wide, 3.0 mm

long and approximately 1mm thick. The specimen is originally 1.5mm thick and reduced to a thickness

of approximately 1mm thickness after fabrication by using standard grindirgpésking procedures.

Solder 10:180.20mm |

5 mm

1 mm

TMM Test Specimen

Figure2.1: Modified losipescu TMM shear specimen

The final specimen is prepared for characterizing the microstructure of the specimen using optical
microscopy. This step is crucial to understand the influence of the microstructure on measured
mechanical response. The specimen is prepared by manualirepltterproduce specimens with

repeatable microstructures similar to those seen in functional solder interconnects. The fabrication
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methodology used for the fabrication of the TMM specimens mimics typical solder reflow procedures
used in functional microet¢ronics. The procedure includes a slow preheat time, soldering time and
post soldering cool down phases. Further details on the fabrication process of the specimens can be
found elsewhergr8], [79]

The copper platens are manufactured using electron discharge machining (EDM) to produce repeatable
geometric dimesions and features with tight tolerances. Prior to soldering the copper platens, the
soldering surface is prepared using grinding procedures to obtain a smooth, oxide free soldering
surface. The grinding is conducted on seven pairs of copper platensattha grinding fixture.
Grinding is conducted using 1200 grit sandpaper, in order to produce a flat, planar and uniform wetting
surface. Because of the geometric variability of the platens, selective assembly is used by manually
inspecting the dimensions dupairing the copper platens accordingly. Matching pairs are then placed

in matching positions on the grinding fixture and then cleaned using isopropyl alcohol (IPA) and rosin
flux. Each copper platen is first cleaned with IPA and a soft bristle brush.cdpper platens are

dipped in flux and placed on a hot plate at ~ T3fbor approximately 30 seconds to activate the flux.

The platens are then cleaned with IPA and the cleaning process is repeated thrice, or as needed, to
obtain a clean surface on theldaring face of the platens. The prepared copper platens are then
assembled in an alignment fixture and the soldering region gap between the platens is established using
a shim to generate solder joints of ~ 180 height.

The soldering procedure followéa the current dissertation is strictly controlled to be consistent with

that followed by Haswell [103], lZang [94], and Cuddalorepd&?], in order to facilitate comparisons

of the mechanical behavior of the various solder compositions tested with the curteodatogy.

The prepared specimens are then conditioned for 100 hours at approximate 80% of absolute melting
temperature (or 0.8 homologous temperature).

Each specimen is then individually characterized, i.e. the geometric parameters and microstructural
features are recorded. In particular, the void densities, intermetallic layer at the interface and fillets are
examined.Specimens with high void content, weak interfacial bonding between the copper and the
solder, and other unusual microstructural feat@pesexisting cracks) and joint geometries (skewed,
asymmetric solder jointsre rejectedPlease refer t§78], [79] for more details on the fabrication

process of the specimens.
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2.2. Test 8tup

The experiments in this study are conducted using a custom built test setup, -Meshamical

Microscale (TMM)setup, designed by Haswell to conduct monotonic tests for constitutive properties

as well as for cyclic durability tests, at temperatures up toQp®]. Test setup is shown in Fig22.

Mechanical tests are conducted in closed loop displacement control usingzrdeadtetitanate

(PZT) piezoelectric stack actuatoxhi ch is capable of driving displ a
actuator is connected to the shaft hol ding the gri
lined linear bushing. Testing is conducted in shear mode. The flexible link and bushing kleimce ai

preventing bending loads to the brittle actuator during specimen installation and test loading.

LvDT mount\?.

Movable Grip

PZT stack
actuator

Integrated
actuator collar

Specime
Flexible link )
Fixed Grip
Specimen
grips Rigid connection
shaft

Load cell 1 Load cell

TMM Test Frame

Figure2.2: TMM (Thermoemechanical microscale) test setup

Close loop displacement control is achieved usirmgacitive gage¢hat measures the displacement

across the grips. A Keithley data acquisition card with -bifl@igital-to-analog and analegp-digital

converter is used to collect test data as well asige a feedback control signal to the PZT actuator.

The effective positional resolution is approximately £10 nm. The force in the system is measured by a

445N capacity miniature tension/compression load cell with the effective resolution of 0.1N.

The speitnen is held securely in the grips using stainless steel wedges and set screws.

I nsulating 6ultemd blocks are placed below and abo:
installed specimen results in the solder region aligned in line with #uénlp axis of the setup. The

capacitive gageneasures the displacement of the grips, load train and the solder material. Thus the
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load train compliance is used to isolate the solder deformation from the measured total displacement.

The load train compliamchas been previously measured by Haswell using digital image correlation

met hods and was found to be O0.044 em/ N. The contr
according to the load train compliance value specified. The setup is capable of contkstsnat

elevated temperatures (up to 16D using pressurized air. Please refer to dissertations of H43@jkll

Zhang[78], and Cuddalorepatf82] for more details on test setup.
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Chapter3Mul ti scal e Model i ngl lody itmg

Mn and Sb on the Viscoplastic R

Abstract

This study investigates tirdependent viscoplastiesponse of two relatively new SAC185solders

T i] SAC10505Mn (Sn1.0Ag0.5Cu (SAC105) doped with 0.05petrcent Mn) and ii] SAC1655Sh
(SAC105 doped with 0.55 wiercent Sb) using a custom built thekmechanical micronscale (TMM)

testing machine. Thestwo compositions were chosen based on their improved drop durability
response reported in the literature. Results show that the addition of Mn or Sb increases the creep
resistance of SAC105 solder by one to two orders of magnitude at tested streg2-20¢MPa. The

effect of microalloying on the microstructure is characterized using optical image processing by
guantifying the size, volume fraction, and inparticle spacing of both nanoscales8g intermetallic
compounds (IMCs) and micronscaleSo; IMCs. The addition of Mn as a fourth alloying element
promotes homogeneous distribution of micronscalgS&UIMCs, thereby reducing their size and
interparticle spacing as compared to that of in SAC105. Furthermore, the volume fraction of nanoscale
AgsSn IMCs in the eutectic component is higher in SAGD88n compared to that of in SAC105,

and the volume fraction of Sn dendrites in thesalgdified microstructure is lower in SAC1@HMn.

On the other hand, addi ti on iogdfof tBebCySthpartcle, it c hange
promotes formation of uniformly sized Sn dendritic lobes, homogeneously distributed in the whole
solder joint. Moreover, Sb also forms solid solution with Sn and strengthens the Sn matrix in SAC105
55Sb itself. Neither Mnar Sb refines the average Sn grain size in SAC105 solder joint. The effects of
these microstructural changes (obtained using image processing) on secondary creep constitutive
response of SAC105 solder interconnects are then modeled using a mechanigiralmuteep

model. The mechanistic phenomena modeled include: i] dispersion strengthening and reinforcement
strengthening provided by nanoscale;®ig IMCs and micronscale gan; IMCs respectively; and ii]

load sharing between primary Sn dendrites andstineunding eutectic SAg structure. The current

model is isotropic and is intended for modeling secondary creep behavior, where the effect of
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anisotropy of body centered tetragonal Sn matrix is relatively weak. The modeling approach therefore
uses a diretional average of the creep along preferred slip systems and orientations in anisotropic Sn
grains present in coarse grained SAC105 solder joints. The above mechanistic model is able to capture
the trends in secondaryeep constitutive response of thea alloys fairly accurately and explain the
improvement in creep resistance of SAC105 due to the addition of Mn afth&loriginal draft of

this chapter is a journal paper which has been accepted in Journal of Electronic Materials.

3.1. Introduction

As SnPb solders have been replaced with environmentally friendiyfieadlternativeshe reliability

of leadfree solder interconnections has been a much researched topic over the past decade. When
solder alloys to replace SnPb were developed, thefteadalternatives were evaluated primarily based

on their suitability in the existing assembly processes. Since that time, it has become clear that the
replacement alloys are completely different from SnPb alloys, and they consist of mostly Sn and a
small fraction of hard precipitates (whereas SnPb has a large fraction of Pb, which is a much softer
phase than Sn). Furthermore, Sn based solders tend to have large grains, or are single crystals. Recent
work has investigated the influence of large grains atrastructural evolution and reliabilif3]i

[88].

Another importanemphasis of solder research and development has shifted from processing issues to
tailoring the microstructure and mechanical properties of the solder interconnections for specific use
conditions by adding trace microalloying elements and optimizing ¢beiipositions. The Ag content

of SnAgCu (SAC) solders has gained much attention over the past few years not only because of the
constant pressure to reduce costs but also because it affects the reliability of solder interconnections.
When the Ag content itigh (~ 3.0 wi%), the strength and durability under thermechanical

loading is high, while lower Ag content (~ 1 wt %) improves ductility and durability under shock/drop
loading[89]i [91].

Addition of fourth alloying elements can have a wide range of different effects on the physical
properties of solders. The apernary phase diagram of these alloys are quite complex. One of the
major problems encountered in SAC alloys is large amount of undercooling during solidification

which contributes to formation of large intermetallics during the solidification procesttiokdof
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Mn, Ti, Co, and Ni as a fourth alloying element can reduce the amount of undercooling in SAC solders
considerably from 25°C to almost 5°C by providing heterogeneous nucleation[%lesThese
dopants are introduced pramily to modify (a) the morphology of the intermetallic compound layers
both in bulk solder and at interface between solder and copper pads and/or, (b) the solidification path,
and/or (c) the mechanical properties of the bulk solder.

Antimony (Sb) has logm been one of the important minor alloying elements in SAC solders. The
Sn2. 5Ag0. 8Cu0. 5Shb, also known as CAcBrmaniNgRlloyi s per ha
in the electronics industry. The primary reason for adding Sb in SAC solders is itsosffédoe
strength of the alloy: the ultimate tensile strength (UTS) of the Sn3.5Ag0.7Cu solder alloy was
increased by about 15 % (at strain rate of-A¢#ec) as the Sb content was increased fror@ wt-%

[93].  Addition of Sb up to 3.0 w in Sn3.5Ag0.7Cu solder ends up forming solid solution in
both Snarich phase, C4sns ard Ag;Sn phases by substituting for Sn in the Sn sub lattice g§S&Gu

Sb) and Ag(Sn, Sh)[94], [95]. Amagai studied the effect of small amounts of Sb in SnAg (Sn3.0Ag
vs. Sn3.0Ag0.3Sb on Cu pads) alid not observe any difference in the thickness of the intermetallic
layers[96]. Li et al. extended their investigation to viagy Sb concentrations (Sn3.5Ag0.7CuxSb,
where x = 0, 0.2, 0.5, 1.0, 1.5, or 2.0). They found that Sb actually decreases the siggnof Cu
precipitates and the thickness of the intermetallic layers, but the effect becomes detectable only with
times more tan about 4 minutes in the liquid state (2%tSb concentration resulted in the smallest
thickness of the intermetallic layerf®7]. However, the effect of adding a trace amount of Sb on the
bulk microstructual features of SAC solder and its subsequent creep constitutive properties have not
been explored.

Reports on improved drop reliability with the introduction of trace amounts of Mn have made it an
interesting microalloying element for SAC solders. Liu et al. made an extensive evaluation of
reliability using ball grid array (BGA) component boards assethbbith different solder alloys,
including the SAC10%.05Mn [98], [99]. Campared to SAC105, their studies show that the drop
reliability is improved by about (380) % depending on the ptest treatment used in the study, and
thermal cycling reliability by about (3@0) %. However, Liu and Lee reported earlier that drop

reliability is improved only up to addition of about 0.13-pdrcent Mn in SAC105, and reliability
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decreased with a further increase in Mn concentrdti@0]. Improved performance under the ball
impact shear test has also been reported due to the addition ffO¥n Kim et al. also studied
SAC305 with 0.1Mr{92], [102], where they did not observe a change in yield strength, UTS or elastic
modulus, however the ductility increased considerfay.

The effects of Mn addition in SAC microstrustuseem to be quite subtle but the impact on
solidification is more significant. The solid state solubility of Mn in SAC solder is quite small and Mn
reacts with Sn to form a new phase even with very low Mn concentrations, as evidenced by the
observationghat even (0.0.15) wt% Mn in SAC105 solder introduced fine particles in the bulk
solder, most likely those of Mngnwhose amount and size increase rapidly with increasing Mn
content[98]i [100]. Lin et al studied SAC105 with 0.15Mn and 0.5Mn, where the yield strength, UTS
and elastic modulus decreased slightly and the ductility improved, even with the addition of-@15 wt
Mn. They saw small primary Mngrparticles squeezed between the Sn cells/dendnits the
0.15Mn composition. This observation indicates that that the MisSpossibly the primary phase
during solidification. Formation of these small crystals prior to solidification of the primancisn
phase, in particular, could help it to sdfjdmore rapidly by providing heterogeneous nucleation sites

for the remaining liquid. Due to the fact that Mn containing solders are still under development, many
of the mechanical properties, such as creep and mechanical fatigue properties in paitidwdayin
containing SAC solders are unknown. Here, in this paper effect of addition of trace amount of Mn
(0.05 wt%) on creep properties of SAC105 solder is being explored.

Most of the above studies have been purely experimental and do not providguanttative insight

into the effect of underlying changes in the microstructure of -8A&blder on their improved
mechanical properties. The current study employs a multiscale mechanistic model to capture the effect
of the microstructural changes quaatiitely due to addition of trace elements (Mn and Sb in this
study) on improved mechanical properties (tidependent viscoplastic response in this study) of SAC
(SAC105 in this study) solder. Improvement in experimentally measured creep resistance 05 SAC1
solder due to addition of above two trace elements is reported in Section 2. Both qualitative and
guantitative insights into the effect of Mn and Sb addition on the morphology of bulk IMCs#@stas
SAC105 solder joints are discussed in Section 3.eleti@ 4, the framework for multiscale modeling

is discussed. In Section 5, multiscale modeling prediction of secondary creep strain rate due to addition
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of trace amount of Mn is discussed. Finally, the paper concludes in Section 6 with a brief summary of

the most important findings from the study.

3.2.Experimental Setup and Creep Test Results

The constitutive creep response of SAC105, SAA1®MNn, and SAC10%5Sb alloys has been
measured using a custom built thermechanical micro scale (TMM) test systeThe test setup used

in this work has been described in more detail elsewhéa. The specimen configuration used in the
current work is shown schematically in Figd&. The specimen is a modified version of tiegched

lap shear specimen developed by losipg$64]. The advantage of this specimen configuration is that

the stress distribution in joint volume is quite uniform because of the ndtthgks The specimen
fabrication involves soldering two notchedpper platens together with the solder of interest. The
solders used in this study are variants of SAC105: (i) undoped (SAC105); (ii) doped with 0.05 weight
percent of Mn (SAC10®5Mn); and (iii) doped with 0.55 weight percent of Sb (SAG%85b).
Complde details of the fabrication procedure are presented elsejtlddje

The fabricated specimens in this study have a nominal solder joint height of abootn18his
dimension is of the same length scale as typigattional solder interconnects found in electronic
assemblies. The specimens were deformed in pure shear mode. Prior to characterization, all specimens
are preaged for 100 h at 0.§T(~121-127°C), to stabilize the microstructure and to relax residual
stresses that are developed during soldering or during subsequent mechanical grounding and fine
polishing steps. There are no significant changes observed in the distributionSof &gd CiSn

IMCs before and after the above preconditioning treatment.

The TMM test system is schematically depicted in FigB2 The system is primarily comprised of

three components; namely a piezoelectric stack actuator, a linear variable displacement transducer
(LVDT) (not shown i n schema tmergrips) andasload celt ateed wunder
specimen is loaded in the steel grips that are attached to the piezoelectric actuator via an extension
shaft and a flexible link. The piezoelectric actuator applies the specified load on the specimen in
closedloop control.The LVDT measures theelative displacement of thgrips and the displacement

of the solder joint is extracted from the measured displacement by taking into account the load train
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compliance andhe load cell measures the load. Complete details of th@rnesedure are presented

elsewherg106].

~ (0.180.20)mm

Solder

Figure3.1: TMM test specimen

Using the above test specimen and test setup, viscoplastic creep tests were conducted for the three
SAC alloys at varying shear stress leveld §2 MPa at room temperature and compagainsteach
other. Figure3.3 shows the effect of addition of trackements on the creep strain history of low silver

content (SAC105) solder at one of the studied stress level (15 MPa) at room temperature. The creep

PZT stack__
actuator

Integrated
actuator collar

Flexible link

Specimen
grips

Figure3.2: TMM test system

resistance of SAC105 inases with addition of minor amounts of Mn and Sb. Using the creep strain
data, the secondary creep region is identified by identifying the minimum strairaggtewn in

Figure 3.4. Addition of trace amounts of managanese and antimony improves the esestance of

46



SAC105 solder by one to three orders of magnitude at the measured shear stress levels. More details

about these creep tests are presented elsefildgie
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3.3.As-solidified Microstructure Characterization

The microstructure of typical SAC solder interconnects can be broadly classified into four distinct

length scale$108], as shown in Figure 8. The structural length scale (characteristic dimensions of

the entire interconnect structure) forms the highesjttescale (Tier 4), and features of interest at this
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length scale are the actual physical dimensions and geometry of the joint. Tier 4 features also include
the adjacent metallization layers (Cu in this study) being soldered to the SAC solder, and the
intermetallic layers separating the metallization from the solder materials. The next lower length scale
(Tier 3) is the average grain size, since a cegramed joint typically consists of a few highly
anisotropic Sn grains and grain boundaries. The oewr length scale (Tier 2) considers the structure
within individual grains consisting of many tin dendrites within each Sn grain that are surrounded by
the eutectic S"\g component that solidifies last. Embedded throughout this grain are micron scale
CusSns intermetallic rods. Finally, the lowest length scale (Tier 1) describes the structure of eutectic
SnAg matrix, which is a particulate composite consisting of a statistically homogeneous distribution
of nanoscale, ellipsoidal A§n intermetallic partiels embedded in a pure meaystalline tin matrix.

While not shown in Figur8.5, we also consider a Tier 0, which looks at the pure tin crystal structure.
At this length scale, we consider individual dislocation slip systems that contribute to the tdeforma
mechanisms needed for modeling in Tier 1, atomistic scale effects related to mobility and line tension

of single dislocation and dislocation structure/core relaxation interactions.

Sn grain texture of the dabricated undamaged micronscale SAC105 RC305-05Mn lap shear

solder joints are investigated using crpsdarized microscope. Both SACH05Mn and SAC105

solder joints are predominantly coarse grained, as evident frompmitasized microscope (XPM)

images (Figure8.6 and3.7).

Furtherinonrtea,t imm i maging microscopy (OI M) reveals t
only a few highly ani s otQlM méasurentents cgmphnem XPMaocc r o s s t h
focused ion beam (FIB) analysis for quantifying grain orientation, crystallograpieatation

variations such as subgrain orientation gradients within greinsg BB8as3.s9how t he i nverse
pole figure maps (I PF) from the OIM study on two d
r e s p e cThe tetragonal. unit triangle comieith with overlaid prisms facilitates identification of

crystallographic orientations and orientation.
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Tier 4: Structural length scale
Substrate | BGA Joint Park etal., [2008]
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Figure3.5: Multiple length scales in SAC solder alloy
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Figure3.8:Or i entmag®nmap-sobf dt Woeds SACITOh5eMnt eTt MM gjoonianit su.n
trianrgdleatfiomg the | PF colors (100 I PF) with respec

shown spad¢i men.
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Figure3.9: Orientationimage maps of two asolidified SAC105Sb TMM joints. The tetragonal unit
triangle for relating the IPF colors (100 IPF) with respect to the sample normal/vertical direction as
shown next to specimen.
gradients in the maps. Apart from the four specimensvathere, additional specimens were analyzed
thatalso had the similar coarggained structure. Therefore, addition of trace amounts of Mn or Sb do
not produce fine grains in SAC105 solder joifisrmation of new phases in SAC105X alloys due to
addition of trace amounts of Mn and Sb were also investigated using synchrottayn diffraction.
The experiments were conducted in beam liil®® at the Advanced Photon Source at Argonne
National Laboratory, IL using a monochromatieray beam with wavelengthf @about 0.12. 2-D
diffraction patterns show concentric rings of scattering peaks corresponding to the vapaesng in
the crystal lattice (&pacing in a crystal lattice refers to planar spacing of adjacent planes). The
different peaks correspond particular diffraction planes from the different crystal structures present
in the sample. The positions and the intensities of the diffraction peaks are used for identifying the

underlying structure (or phase) of the material.

y4

0102 03

Figure3.10: Locationson SAC solder joint for diffraction pattern imaging usingay diffraction
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A schematic of the TMM specimen used for the abexperiment is shown in Figurel®. Three

square boxes (red, blue and black) espond to three different locations on the solder joint connecting

two Cu platens, where from diffraction patterns were captured. The specimen was rotated about the
vertical zaxis from-22.5 deg to 22.5 deg while the diffraction patterns were recordge8l frames to

capture all the patterns possible from the diffractive volume. Fgyifieshows the diffraction patterns

of a SAC105Sh specimen at three different locations at O deg sweep (initial state of the specimen). The
scattered spots show that theuntlinated volume was not a polycrystal, as only one or a few
orientations are present through the thickness. The fact that the spots are streaked implies that the

crystals are bent, or have many low angle boundaries.
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Figure3.11: Diffraction patterns for three locations at 0 deg sweep in SAC105Sb solder joint
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Figure3.12: Diffraction peaks for three locations in SAC105 and SAC105Sb

Figure3.12 & 3.13 show the diffraction peak intensities at three locations for two specimens (SAC105
and SAC105Sb) & (SAC105 and SAC105Mn) respectively. Due to the-omy#tial microstructure,
the peak intensities vary considerably for each particular pattern, doe fiact that only a couple Sn

grain orientations are present. In contrast, the small crystals of Cu substrg@e;, @nd AgSn
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provide uniformly similar peak intensities that represent their volume fraction, Compared to SAC105
samples, there are no appat peaks from S&b or SAMn intermetallics in the sampled volume,
indicating that if they are there, the volume fraction is very small, less than ~1%. No separate peak or
change in location of peak intensity was observed in FigRiles& 3.13, indicatihg no formation of

new phase in SAC1055Sb or SAC10®5Mn. Peak intensities of Sn (200) in SAC105Sh
corresponding to 2.9A-dpacing is higher in SAC105Sb compared to that of SAC105 due to change in
size and orientation of grains. Similar observationsafse found for SAC105Mn as evident in Figure

3.13. This analysis suggests, there were no obvious differences in the Tier 3 grain structure of SAC105
due to addition of trace amounts of Mn and Sb. Because the solder joint area consists of several

differentgrain orientations, the effect of a particular grain orientateomot be extractedom
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Figure3.13: Diffraction peaks for three locations in SAC105 and SAC105Mn

these data, because the effectheterogeneous slip behavior of Sn is homogenized. Therefore, the
improvement in creep resistance of SAC205older (compared to that of SAC105) must be due to
changes in Tier 1 and Tier 2 scale structures within a single Sn grain, and this providstifitegtipn

for focusing on mechanisms relevant to Tiers 1 and 2.
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Figure3.15: Difference in size and distribution of €&ns IMCs in (a) SAC105 & (b) SAC1685Mn

solders

Figure3.14 compares environmental backscatter scanning electron microscope (ESEM) images of the
assolidified Tier 1 &2 microstructures for SAC105 and SAC105Mn. The eutectic component is
comparatively more clustered in SAC105Mn than in SAC105. Also, micronsca®ndMCs in
SAC10505 Mn solder are found to be smaller in size and more homogeneously distributed in
SAC105-05Mn solder compared to the larger rods of the primaB&phase observed in SAC105
(refer to Figure3.15. These microstructural features are quantitatively captured using image
processing and used as inputs to the microstructural model desariBedtion3.4. Ags;Sn and CgSrg

IMCs are selected separately for measurement of sizes as shown in Figuosing the threshold

tool, which can separately pick the two above IMCs due to major difference in their average size.
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Figure3.16: Measurement of size of (b) Agn and (c) Csbns IMCs in ascast solidified (a) SAC105

TMM solder joint

The volume fraction of the eutectic component of the microstructure (Sn aBa AgCs) is captured
by selecting the eutectic component in multiple locations separately. The volume fraction of primary
Sn dendrites is calculated by subtracting the volume fraction of the eutectic component (shaded in

white, refer to Figur@.17 (c)) from the total volume of the solder joint captured in Fidt&.

Figure3.17: Measurement of volume fraction of primary Sn dendrites using segmentation techniques
in SAC105 solder joint
Figure3.18 compars the assolidifed Tier 1 & 2 microstructures of SAC105 and SAGHEESb. The
eutectic component is more clearly defined in SAC105Sb than in SAC105, making the Sn dendrite

lobes more uniform in size and evenly distributed across the SAC105Sb solder joint.
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Figure3.18: As solidified microstructure of (a) SAC105 & (b) SAC185Sh solders
As shown in Figur&.19, Sb is also found to dissolve in the-&ch phase solid solution. Thus, addition
of Sb affects creep properties of the SAC105 solder not only through dispersion hardening but also
through solid solution strengthening. Similar techniques were used ttifguae size and volume
fraction of the IMC precipitates in SAC1@E5Sb solder (refer to FiguR20). The volume fraction of
the primary Sn dendritic phase is calculated by subtracting the sum of the volume fraction of eutectic
component and the microrade CySn; from unity. Table 1 provides a summary of the measurement of
different microstructural parameters in-adidified SAC105 and SAC108 solder joints obtained
using image processing via ImaBeo Plus software.

(a) Elemental mapping of -
~/SAC105558bmicrostructuire: -

! 10pm

) Element | Energy of principal lines (Ke\
Cu 8.05-8.91/0.93-0.95
Sn 3.44-3.66
Sh 3.6-3.84
Ag 2.98-3.15
N 0.39

Figure3.19: As cast solidified microstructure of SAC105Sb; (a) Elemental mapping of SAR3SS
bulk microstructure (b) Elemental Sn map (c) Elemental Sb map (d) Energy of principal lines of

elements
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Figure3.20: Measuremenf size of (b) AgSn and CiSns IMCs in ascast solidified (a) SAC105

55Sh TMM solder joint

The volume fraction of A¢gen IMCs in the eutectic component is higher in SAGEBSb and
SAC10505Mn by 8 % and 2 % spectively compared to that of SAC105. This is in agreement with
the earlier qualitative observation of more clustered eutectic component in SXCdd@spared to

that of SAC105.

The volume fraction of G$ns IMCs in SAC10505Mn in a unit representative e element

(RVE) is higher by 7 % compared to that of SAC105. This is due to addition of trace amounts of Mn,
which promotes heterogeneous nucleation ofSGuIMCs thereby resulting in reduced spacing
between them. Size of gsn; IMCs is higher by 150 %n SAC105 compared to that of SAC105
05Mn solder. This is also a consequence of the formation of primaSngCiviCs which can grow

larger because of the higher undercooling observe8AR105 alloys[109]. Also, the volume
fraction of primary Sn dendrites in an unit RVE is higher in SAC105 solder comparedt tof in

other two alloys. Since the sum of the volume fractions of the primary Sn dendritic phase, eutectic
component, and micronscale Sus phase is constant and is equal to unity, the volume fraction of
eutectic component can be deduced from the giatn in Table3.1. In summary, addition of trace
amounts of Mn & Sb contribute to significant microstructural changes in Tier 1 and 2 microstructure
of SAC105 . Tier 3 features remain largely unaffected. The microstructural parameters obtained in

Table 3.1 using image processing have been used in conjunction with the multiscale creep model
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(discussed next in Section 4) to predict the steady state secondary creep response of the above solder
alloys.
Figure3.21: Microstructuralparameters in asolidified SAC105 and SAC105X solder joints obtained

using image processing

Volume

Size of Volume Size of Vqu_me fragtion of

Solders |Ag.snr fraction | CusSny | fraction | primary
m of AgsSn| R, |0f CusSry Sn

(m) (frein) | dendrites
(f incl)

SAC105 2.50E-08 0.0480 | 4.55E-06| 0.0300 0.83
SAC105-05Mn|2.70E-08 0.0490 | 1.84E-06| 0.0322 0.74
SAC105-55Sb|2.55E-08 0.0516 | 1.15E-06/ 0.0160 0.75

ngSSn

3.4. Multi-scale Modeling Framework

Due to the complex multiscale microstructure of SAC solders shown in Fguréhe constitutive

creep response of SAC solders is highly dependent on factors such as its composition and prior
isothermal aging. As demonstrated in Section 3, only Tiers 1 and 2 microstructures need to be
guantified, because the microstructural featurethese two length scales are more sensitive to the
effects of micro alloying. The modeling approach is described in detail elsej@@8kand is
summarized here for continuity.

In Tier 1, nanoscale A$n IMCs provide dispersiestrengthening via dislotan climb and
detachment in the SAg eutectic region. The creep strengthening of the eutectic component due to
these particles is modeled using Rosl efdl®s at her mal
which is based on energy considerations of the mechanics of climb around particles. In this study, the
nanoscale Agsn IMC particles are modeled as spherical inclusiorteé path of dislocations moving
through the Sn matrix. Reinforcement strengthening from micronscg@n@dMC further contributes

to creep strengthening of the eutectic component by reducing the effective magnitude of stress in the
material. Thesenicronscale CgSn; IMCs are more effective in pinning dislocations when they are
homogeneously distributed in the Sn matrix with a smaller mean interparticle spacing, as observed in

the case of SAC1085Mn.
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The net shear creep I ael iy Wahe dcdriiet8ddm tcloenpone.
assumption that the time taken by the dislocation
eutectic component is the sum of the time taken to

ad S dispersion | MC phase particle:

+ 1)

where[ ‘ is given by:

Aop (2

whereb( 0. 32 nm) i s BuGuy(R6I5A23.6*V50851)) GRa isfthe fine tBrsion factor
of dislocation in Snr is the average radius of 48n IMCs (Table 1); kis the Boltzmann constari,;

is the temperature in Kelvin (89K); k is the relaxation parameter (ratio of the line tension of the
climbing dislocation at the particle matric interface versus that in the Sn nfa®8) Readers are

referred to referencil08] for more details on relaxation parameter Athermal detehment stress (

) is given by:
t, :sz—;“bw/l- 2 3)

The reference strain rate | is:

_8l 1 QU CQuy @
=% o, epe L)+, 006 Ly @

where,r (~1E21)[108] is the saturated dislocation density during secondary stage of creep.

and the particle spacing of 48n IMCs (/ ) is given by:
1

/=1Ly (5)

6 f AgsSn

where fagasn(Tablel) is the volume fraction of A§n IMCs.

and the creeprate () of the Sn matrix is given by:
[ _ L o Q L e Qo (6)
- MGSnU)) exp( RT)+A“(GSH(T)) exp( RT)
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where,Ggsi s t he shear modul us of Sn; subscri(pares ALO
than 10 MPa) respectiveld, is the diffusivity constant (18 nf/sec);Q is the activation energy (Q

= 31 KJ/mol/K, @ = 69 KJ/mol/K);n is the power law exponents (& 6 and p = 11); R is the

universal gas constafi08].

To account for the solid solution strengthening of Sn matrix due to addition of Sb in SAG3B5

these equations has been modified to capture effects of both solid solution strendthEHiramd
reinforcement strengthening.

1- Nk, TD
_ =,O( ! )33 e ( t % @)
6ecb’G;, LG,

where,De is effective diffusivity;c (0.55) is weight percent of solute Sb in Sn solve8E-12 m) is

difference in atomic radius between solute and solvent.

Where, Deff - DL +20(DP(GL)2 (8)

Sn

where, D, (6.33E21 nf/s) is lattice diffusion cefficient; D, (8.64E13 nt/s) is pipe diffusion co
efficient[111].

and the strengthening -&fficientL is givenby:

L =142% 24 tem (g yis ©)

emn

where, lein (20 nm) [108], Rein, and fe, are the length; and the radius and volume fraction of
hexagonal micronscale ¢in; IMCs obtained from Table 1 using image processing.

In Tier 2, the SAC alloy model is treated as a composite consisting of soft pure spherical Sit dendri
inclusions embedded in dispersicand reinforcemerstrengthened isotropic eutectic-8g matrix.

The model uses averaged isotropic properties for Sn in the dendritic lobes. The effective creep
properties of the SAC composite are obtained using a asitepmicromechanics homogenization
scheme which takes into account the volume fractions of the primary Sn dendrites & the eutectic
component. The net shear creep rates of the above two microstructural components are obtained from
Tier 1 at different streslevels. The secondary creep properties of this effective medium approximation

(EMA) are defined in terms of viscosity using a clo$ein equation derived by Nemat Nasser et al.
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[112] for sphericalshaped inclusions in isotropic medium. The effective creep properties of SAC

composite are obtained as follows:

1/5
= 10
my : - (10)

( incl ) + ( matrix )
3,7sz + 2r’%cl 3anf + 2,nnatrix

where,f (Table 1) refers to the volume fraction amffrom Tier 1 calculations) refers to the viscosity
of the material {1 ) . The seffob matfixdi ,p t dolafi rief er t o t heASAC compo
eutectic matrix reinforced with micrometer scale &y IMCs, and the primary Sn dendritic
inclusions, respectively. Above homogenization model captures théinean phenomenon using a

step wise linear scheme.

3.5.Multi-scale Modeling Results and Discussions

The performance of the multicale modeling franveork proposed in Section 4 in predicting the
secondary creep response of SAC105 and SAXLG®Ider composite as a function of the
microstructural features tabulated in Table 1, is described next. Since the above model is isotropic, it
cannot capture theariation in creep properties due to difference in orientation of multiple grains (Tier

3) in these coarse grained joints. However, the secondary creep response of SAC solders is probably
more sensitive to the Tier 1 andag&castmicrostructures (early ithe life of a solder joint), so the

model discussed in Section 4 can be used to provide quantitative trends about the creep response of as
fabricatedlow silver content SAC solder joint¥he secondary creep strain rate of the reinforced Sn
matrix (Sn maix reinforcedwith CusSr particles) for all threenaterialsare plotted in Figur&.21

The reinforced Sn matrix in SAC1@HMn ispredictedto be slightly more creep resistant than that of

other two solders due to the smaller size and reduced spacingSr§ @UCs, whereas the reinforced

Sn matrix in SAC10%5Sb is (56) orders of magnitude more creep resistant compared to that of
SAC105 dueto solid solution strengthening of Sn mathigcause of addition d8b. The secondary

creep shear strain rates of reinforced eutectic component in three low SAC solders are calculated using
Equations (19) and shown in Figur8.22. The predicted steadyade secondary creep resistance of
reinforced eutectic component in SAC105 solder is lower than that of in SAC%06klers up to shear

stress levels of 10MPaEq. 1-2) by one order of magnitudéAbove 10 MPa, secondary creep
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resistance of SAC1055Sh and 8C10505Mn is higher than that of SAC105 by-2 orders of
magnitude respectively, which is in strong agreement with the experimental data. This is due to
relatively similar size of nanoscale 4&n IMCs but higher volume fraction of A$n IMCs in the
eutecic component (refer to Table 1) comparedhat of inSAC105,resulting in smaller interparticle
spacingbetween AgSn paerticlesThe experimentally observed higher creep resistance is also due to
the reduced sizandreduced spacing of micronscalesSus IMCs in SAC10505Mn solder (refer to
Table3.1) and solid solution strengthening of the Sn matrix due to Sb in SABABB as compared to

that of SAC105. Also, there is a cresser point observed in the model predictions between the
secondary creep etpredictions of the eutectic component in SAG08%n and SAC10%5Sb
around shear stress level 1® MPa (eq. 910). SAC10505Mn is found to be more creep resistant
compared to SAC1055Sb below shear stress levels of 10 MPa, whereas the trend is dealeose

10 MPa.

This observation is also in agreement with the experimental trends. Microns¢8le, GUCs are
effective in pinning dislocations only at lower stress levels but becomes ineffective in providing creep
resistanceat high shear stress levelsf above 10 MPa. Above 10 MPageduced spacing between
AgsSn IMCs and solid solution strengthening of Sn matrix in SAC3®Sb maket more creep

resistant compared to that of SAC10&MnN.
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Figure3.22: Secondary steady state creep response of Sn matrix reinforced with Cu6Sn5 particles in

SAC105, SAC10%5Mn and SAC105%5Sb solder
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Figure3.23: Secondary steady state creep response of reinforced euteafiorent in SAC105,
SAC10505Mn and SAC10%5Sb solder

Furthermore,model predictions (for Tier 1) shown in FiguB®22 have beerextended to Tier 2

modeling schemeto capture the secondary creep properties of SAC solder composites using the

composite mdromechanics homogenization theoag formulated inEquation 10. Formodeling

simplicity, the SAC composite is assumed to be composed of spherical isotropic Sn dendrites

embedded inginforced eutectic SAg matrix, although Sn dendrites are ellipticakhmape as found in

the microstructural asast images.

The resulting secondary shear strain rates of all three solders due to the load sharing between eutectic

component and primary Sn dendrites are plotted in FiGu2& Load sharing between eutectic

compnent and primary Sn dendrites does not change the stress exponents of the curves obtained for

eutectic component but only contributes to a parallel shift in the aeemsof the SAC solder

composites. Compared to the dispersion strengthening in teetieutomponent, the loagharing by

the dendritic inclusions appears to have a weakening effect on the creep properties of the alloy. This

observation is expected given the higher creep resistance of the eutectic component compared to the

softer Sn dendi@s and is in agreement with experimental {iai8]. This proposed multiscale model

captures the secondary creep response of SAC105 and SXCddlfler composites reasonably well

and is ingoodagreement with the experimental data except for SAGH®D, where the model over

predicts its creep resistance particularly above shear stress level of 10 MPa.
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Figure3.24: Secondary steady state creep response of SAC105, SAIBM%band SAC10%5Sh

solder composites

3.6. Summary andConclusions

Mechanistic models of dislocation climb and detachment are used to capture the effect of additions of
trace amounts of Mn or Sb on the viscoplastic propesfi€&AC105.The creep properties are affected

via dispersiorstrengthening in the eutiic component of low silver content SAC solders. These
microscale models are combined at the next larger length scale (that of Sn dendrites and eutectic Sn
Ag colonies), with traditional micromechanibased homogenization schemes, to capture the load
shaing between the eutectic component and Sn dendrites, to predict the creep strain rates of SAC
solder composites. Theldition of trace amounts of Mn does not refine the grain structure in SAC105
solder joints confirmed using orientation image mappiagd does not form any new phase in
SAC10505Mn joint, confirmed using synchrotron diffraction analysis. The volume fraction of the
AgsSn IMCs in the eutectic component is higher in SAGQBKIn alloys compared to that in
SAC105 Addition of trace amount of Mmlso resulted in reduced spacing between micronscale
CusSrs IMCs because the addition of Mn promdteomogeneouslistributionof micronscale Cgbry

IMCs. This leads to a smaller gans size and reduced interparticle spacing in SACGQBKIn
compared to thain SAC105. The volume fraction of primary Sn dendritesan unit RVEis also

found to be higher in SAC105 solder compared to that in SAOB8M alloy. The scondary creep
resistance of SAC105 solder is predicted to b&)(@rders of magnitude lower thahat of SAC105

05Mn solder, which is in good agreement with experimental data. This is because the strengthening co
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efficient is higher in case of SACL@BMn compared to that of SAC105, since it is inversely
proportional to the size and directly proponal to the volume fraction of G8ny IMCs in SAC

solder.

The reinforced Sn matrix in SAC1E5HSb is (56) orders of magnitude more creep resistant compared

to that of SAC105 due to solid solution strengthening of Sn matrix by Sb. The solid solution
strengthening of the Sn matrix due to the addition of Sb coupled with the higher volume fraction of
AgsSn IMCs in the eutectic component explain the observed higher creep resistance of -SBE105
compared to that of SAC105. The proposed multiscale modelreapghe secondary creep response of
SAC105 and SAC105X solder composites reasonably well and is in agreement with the experimental
data except for SAC1655Sb, where the model over predicts its creep resistance particularly above

shear stress level of 10MA.

3.7.Limitations and Future Work

The proposed mechanistic framework provides valuable insights into the effect of microalloying on the
secondary creep behavior of SAC105 alloys. However, the model is based on certain simplifying
assumptions and requires further improvement in order tendxthe accuracy and capability for
modeling the creep behavior (particularly the transient creep response). Sn dendrites are modeled as
soft spherical inclusions, however Sn dendritic inclusions are actually elliptical in shape. Hence
Es hel by 06 dschtegasents the geamketric parameters of the inclusions, should take into account
the inclusion aspect ratio, not only the effect of volume fraction of Sn dendrites in the SAC alloy.
Furthermore, the high dislocation density used in the current stueséplefer t§108] for details) is

based on a hypothetical assumption that all the slip planes in transversely isotropic Sn matrix are
completely clogged with dislocations when the creep deformation advances to the secondary creep
regime. The current modelses a dilute approximation and assumes that the interaction between
neighboring dislocation fronts are negligible. The mechanics of climb of several dislocations (as
opposed to a single dislocation) over particles with the associated interaction effectee in SAC
materials needs to be investigated. Finally, the current model makes no distinctions about which slip

system dislocations move on, which is reasonable when dislocation mobility is limited by departure
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side pinning by dispersions. Hence, thedel is useable for predicting the early part of solder joint

life, before Ostwald ripening causes the eutectic component of the microstructure to disappear. This
model appears to provide reasonable predictions (at least for explaining qualitativefoendarse

grained joints but starts to fall apart as the contribution of grain boundary effects starts to increase

during loadinginduced dynamic recrystallization in thermal cycling conditions.
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Chapter4Mul ti scal e Modeling of t

h e

Creep Respongygestafl SinAgEKat Glol de

Abstract

The lack of statistical homogeneity fanctional SnAgCu $AC) solderjoints due to their coarse
grained microstructurein conjunction with the severe anisotropy exhibited by single crystal Sn
renders each joint uniqui@ terms of mechanical behavior A mechanistic multscale modeling
framework is proposeih this studyto predictthe influence otomposition and microstructuoa the
anisotropic transientreep response of single crystal $@\ (SAC) solder For convenience, this
framework is presented in two parts based on two length scales (termed Tiers 1 and Il). Tier | consists
of singlecrystal eutectic SAg alloy, with nanoscale A&n particles embedded in a singhystal Sn

matrix and is presented in this paper. Tier Il consists of single crystal SAC solder which is composed
of Sn dendrites surrounded by the eutecti®d§rphase of Tier | and is presented in Part Il of this-two

part paper. The Tier | anisotropic transient creepeahisdbased on dislocation mechanics. The Tier Il

model uses the results of Tier | as an input and is based on anisotropic compositeeulwaaics.

In Tier I, creep deformation is governed by dislocation impediment and recovery at hanosSale Ag
partides, with recovery being the rate controlling mechanism. Dislocation climb and dislocation
detachment at the A8n particles are proposed to be the competing rate controlling recovery
mechanisms. ibe tensionand mobility of dislocations in dominant slipystems ofingle crystalSn

are estimated based on tkkastic crystalanisotropy of body centered tetragonal (BCT) $he
anisotropictransientcreep rateof the eutectic S#Ag phase of Tier | is then modeled using above
inputs and the evolving dislogan density calculated fatominant glide systemduring the transient
stage of creep. The evolving dislocation density histergstimatedby modeling theequilibrium
betweerfive competing processes: (1) dislocation genera{@ndislocation impedimdrdue to forest
dislocations; (3) recovery (by climb and diffusion) from forest dislocati@)gjislocation impediment
caused by back stress from pinning of dislocations at peicles; and §) dislocation recovery due

to climb/detachment froni\gzSnIMC particles. Of these mechanisms, the third and fifth mechanisms
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are modeled to be the rate governing mechanisms for anisotropic transient creep deformation processes
for the Sn matrix and for the A§n IMC particles, respectively, for the eutecticAnalloy. These

creep calculations are performfmdt the three dominant slip systems in a given Sn BCT crystal. The
dominant slip systems are determined based on the dislocation mobility and on the orientation angle
between the crystal principal axes ahd toading direction. Transient creep rate is predicted to be
highest along (110)0.5{11] slip system and lowest along (100)[0] system because of the
difference in resolved shear stress and average initial resolved velocity along the slip systems in t
modeled single crystal SAC305 specimen for the loading direction [0.67 -0.88] along the crystal

axis. Transient creep strain alooge of thefacile slip systerm(110)[001] is predicted to increase by

(1-2) orders of magnitude as the interpaetispacing between nanoscale IMCs increases by a factor of
three. Similarly, increase in the volume fraction of hanoscalSA@MCs is predicted to decrease the
transient creep rates along (110)[001]. These results will be used in Part I, along waatinoaid
micromechanics theories, to predict the transient creep response for Tier Il microstiuwuweginal

draft of this chapter is a journal paper and will be submitted to Acta Materiala and part of the paper has

been accepted at ICEP, 2013 (Intional Conference on Electronic Packaging) at Osaka, Japan.

Keywords: Creep, anisotropy, dislocation density, BCT Sn, SAC solder, dislocation detachment,

Orowan looping

4.1. Introduction

The hypeeutectic SnAgCu (SAC) alloys chosen to replace eutectiPiSoontain approximately 97
weight percent of Sn, and display very different physical and mechanical behavior than the well
characterized SRb system[114]i[121]. The nature of solidification in SAC alloys often leads to
solder joints comprised of very large, highly anisotropic Sn grdiris/]i [119]. Thus, the
microstructure of most function@AC solder joints $ coarsegrainedwith 1-6 grains in the joint
Without the micron scale inclusions of relatively soft Pb that are found in euteeflb Solder alloys,

the mechanical properties of these Sn baseftdebsolder materials are dominated by those of Sn.
Because the thermomechanical properties of Sn ixkdtge anisotropy, the thermomechanical
response of SAC solder joints depends greatly on the size and orientation of the few JAIg#dins

[127]. The lack of statistical homogeneity in thasé&croscale SAC joints due to its coarse grained
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microstructurein conjunction with the sare anisotropy exhibited by single crystal, 8nders each
joint unigue in terms o@nisotropicmechanical behavidd.28]i [135]. There is gnificant evidence in
the literature that microrscale highSn SAC solder joints exhibit significant piece to pigeeiability

in their mechanical response under identical load conditions in tfeb@sated stat¢130], [133],
[136]i [138]. For example, the steady state creep strainofeaeSAC solder reported by several authors

can be seen to vary by orders of magnitude when tested at similar stress levels (refer to Figure 4.1).
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Figured.1: (3-4) orders of magnitude variability obseniadsteady state secondary creep strain rates

in SAC305 solder alloy tested at 125139]

Creep measurements conducted on microscale SAC305 solder specinzestidy conducted by
Cuddalorepatta et aJ140] also show significant piecéo-piece variability inthe creep behavior of

identical testspecimens tested undigienticalloadng conditions(refer to Figure4.2). Primary creep

strains observed for four specimens tested at the same shear stress level (20 MPa) at room temperature
varies considerably. Micrtsicturalanalysis of these microscale SAC305 solder specimens eeveal

[140] that in spite of using consistent fabricatimotocols, these specimeaibit anonrepeatable
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Figure4.2: Variability observed in transient creep response observed in five different SAC305 solder

joints tested under identical loading conditions (Creep test conducted at 20 MP&)41.26]

coarsegrained Sn microstructuresjmilar to that seen in SAC joinia functional microelectronics

(refer to eaxis grain orientation maps of a PBGA joint in Figdr&). In order to understand the effects

of anisotropic Sn properties and of grain orientation on the variability of creep response of these SAC
solder interconnects, multiscale modeling approach oposedwhere the microstructure can be

classified intdfive distinct length scales, as shown in Figd# and discussed below

The electronic subsystem of tpeinted wiring assembly (PWA$ the highest level ofcale (Tier 5)
relevant to interconnect stress modeling. This includes the geometry and matetlads pointed
wiring board (PWB) and the component that are soldered together, because these features govern the
history of loads that will be generated on the solder joint during thermomechanical excuidens.
solder joint is the means through which nedbal loads are transferrebetween the packager
componentand thePWB. Tier 4 represents thgeometry of the solder joint itself and the architecture
of the interfaces with the component and PWB (including the interfacial metallization and IMQ layers
because this geometry governs toeplex evolving boundary conditions imposed ongbieer joint.

In this study, the structuref interest at Tiers 4 and 5 is not a functional electronic assembly but rather
a modfied losipescu lap shear specimg@®2] used for mechanical characterizatidme next lower
length scale (Tier 3) is the grain scale microstructure, typically consistimigeodr severanisotropic

Sn grains either consolidated in a few large connected domains or intercalated over many smaller
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interconnected subbomains and soratimes in a truly polycrystalline arrangement. The grain
boundaries are part of the Tier 3 mi@xchitecture because they play an important role in inelastic

deformation mechanisms.

caxis ||z '1° ged 150°C 1000hr 154 avg Z-CTE 30.6

direction 24000-100°Ccycles L PPm/K

maps

001 100

Figure4.3: Measuremets of 196 joints mid plane show random orientations with a mix of single
crystals and trcrystals. The correlatedaxis map and average CTE map show low (red) to high
(purple) expansion coefficients in the normal diien [141]
The next lower length scale (Tier 2) focusestlom structure within individual grains, compnig of
multiple tin dendriteformed during thesolidification process, andurrounded bya eutectic SPAg
microconstituenthat was the last to solidifEmbedded throughout this grain are additional micron
scale intermetallic CyBny precipitateshat can be straight or branched structures of hexagonat cross
section At this lengthscale,anisotropiccomposite models are effective for describing the load sharing
between the Sn dendrites and the surrounding eutectic microconsflieerit.describes thedetails of
the structurewithin the eutectic SiA\g microconstituentconsisting of astatistically homogeneous
distribution of nanoscale Agn ellipsoidalintermetallic particles embedded amonacrystalline tin
matrix. The boundaries between the dendrites and the eutectic regions are sometiaregdayvain

boundaries (that sometimes recrystallizéo imigh-angle grain boundaries during cyclic thermo
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mechanical loading). At this lengitale anisotropic models oflispersion strengthening due to
dislocation interactions witinterspersegbarticles that depend @pacing/size are appropriaféer 0

refers tothe Body Centered Tetragonal (BCT) structure of the Sn matrix itself because it governs: (i)
the associatedislocation slip systems needed for modeling in Tigfi) edge and screw dislocation

line tension (refer to sectioh3.1),(iii) dislocaton mobility (refer to sectiod.3.2), and (iv) intrinsic
orthotropy of mechanical properties in the crystal principal axis syS#eme, Sn has a body centered
tetragonal structure, highly anisotropic thermomechanical properties of BCT Sn have betad repor
before by Bieler et a[128] as a fuition of crystal direction (refer to Figure5). The coefficient of
thermal expansion increases by a factoric® #om a to c direction, and the elastic modulus varies by

a factor of 3 on the (101) plane (between the [100] and [001] directions).

To mode the anisotropic viscoplastic response of SAC single crystal, appropriate hierarchical models
are needed for Tiers 0, 1, andath relevantinformationbeing passed betweeach of these levels of

scale efficiently to models at the next higher leéis paper addresses the anisotropic modeling work
needed at Tiers 0 and 1 to predict transient creep rates of the monocrystalfigeeStectic alloy

along the principal crystal directions. In Part Il of this-{wart paper, transient creep rates prediete

Tier | will be used in conjunction with the predicted transient creep rates along principal
crystallographic directions of single crystal pure Sn dendrites, to predict the anisotropic transient creep

response of single crystal SAC solder materialsr(Tlimodel).
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Tier 5: .
e Roards Length Scales in SAC Solder Interconnects
: T e Tier 4: Structural length:
E thermal and mechanical

=" boundary conditions on solder joints

: BGA component 1mm

EFXXXXT L]

Tier 3: SAC Multicrystals:
Crystal plasticity,
grain boundary sliding

™M
Specimen

Tier 2: Within SAC crystal, Sndendrites -
reinforcement strengthening STE TS
due to load sharing between

eutectic Sn-Ag eutectic phase,

Sn dendrites, and Cu¢Sn; IMCs

Tier 1: Ag-Sn eutectic
microconstituent,

Dispersion strengthening due ; Tier 0:
to nanoscale Ag;Sn dispersoids N e Atoms in unit cell,
Slip systems

Figure4.4: Multiple length scales (Tiers®) in ShnAgCu solder alloys
Studies involving mechanistic modeling to capture the physics of the underlying viscoplastic creep
mechanisms at different length scales of SAC soldevanglimited in the literature. Transmission
electron microscopy (TEM) studies suggest that the poesef nanoscale IMCs of A8n serve as
obstacles to pin the motion of dislocatidtid2]. High secondary creep stress exponent8) of SAC
solder measured ithe literaturg140], [142], [143]support the hypothesis that dislocatiameepover
obstacles is the domant rategoverning creep mechanism in SAC sofdé&urthermore TEM studies
conducted orother dispersiopstrengthened materials such asminum and titanium alloygl44],
[145], suggest that dislocatiorreepoccurs in multiple stages: approach, climb and detachment.
mechanistic multiscale isotropic modeling framework for SAC solders was propoed by
Cuddalorepatta et gi59], which provided an average isotropic representation of the mechanisms for
steady statereepresponset Tiels 1 & 2 length scalesAt the Tier 1 length scale, nanoscale;8g
particles in the eutectic region provide dispmrsstrengthening byimpeding the movement of

dislocations The rate limiting process for dislocation motiovas considered to be dislocation
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detachment mechanism based on the works of Résler and6Rjzand implemented for a constant

uniform dislocation densityThis modelhas beemmodified and improvedn the currentstudy to

capture the anisotropitransient viscoplastibehavior observed in SAC solderogs. The main

improvements include the capability to address: (i) the evolution of dislocation density; (ii) the

evolution of the average dislocation velocity; (iii) anisotropy of mechanical properties of BCT tin,

which is highly orthotropic in the principalystal directions.

Figure4.5:
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To capture the effect of the anisotropy preserBCT Snstructure, individual slip systems present in

Sn are explicitly considered in this studyine tensionand dragcoefficients (inverse of mobilitydf

edgedislocations in dominant slip systemssifigle crystalSn is captured usinfyndamentaklastic

crystal anisotropy calculations. Line tension and dcagfficients of screw dislocations are (Rp

mo d u |

times lower than that of edge dislocations depending on slip systems. Screw dislocations have not been

considered for calculations here because scraews |

ocati

ons donot

undergo

crossslips to favorable slip planes. Since, the stacking fault energy for pure Sn is low (which promotes

formation of dislocation partials), the probability of craip phenomena in pure Sn is lolgwever

authors believe crosdip should be modeled in future for completeness. Drag coefficients of edge

dislocations in dominant slip systems of Sn are then used to calculate the initial average velocity of the

edge dislocation before individual disiimns are impeded and pinned by forest dislocations and by

nanoscale Agbn particlesThe anisotropidransientcreep esponsef eutectic SPAg phase, one of the
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primary phases in SAC systems, is then modeled using above inputs and the evolvingatislocati
density calculated fodominant glide systemduring the transient stage of cre@pslocation density

used in the model reported [[BO] wasbased on a hypothetical assumption that all slip planes in BCT

Sn are completely saturated with dislocatidaosing the secondary stage of creep and a high value of
dislocation density (1E21/nwas assumed. However, this number has no physical basis and in this
study a new method has been proposed where dislocation devdityion during the transient stage

are estimatedby modeling five competing processes: (1) dislocation generati@); dislocation
impediment due to pinning by forest dislocation on intersecting slip systems; (3) recovery from forest
dislocations by dislocation climi§g) dislocation impedimet caused by back stress from pinning of
dislocations afg;SnIMC particles; and ) dislocation recovery due timb/detachment from IMCs.

Also, one of the key parameters of the dislocation detachment modelrisetiea x at i o kd )p,ar amet er
[59], [60], [146] used to capture the attractive interaction between the dislocation line and the
nanoscale particle during tipestclimb detachment phase. In the previous model [34] this parameter
was an empirical function of stress and temperature and was calibrated against experimental
observations. Howevkér i si hreheegpraseanttyantdad ment al m
been estimated by taking into account the fundamental configuration of a dislocation attached to a
particle.

Therefore, lte primary objectivef this paper is tpropose mechanistic model which can capture the
anisotropy of transient creep iringle crystal eutectic SAg phase based on the heterogeneous
morphology of nanoscale A8n IMC particles embedded in a pure siagigstal Sn phase.
Anisotropic transient creep response of eutectidA§mphase and Sn phase obtained along dominant
slip systems of Sn from this study are then utilized to capture the homogenized anisotropic creep
response of SAC single crystal in Tier 2 length scale and will be reported in Part Il of tpartwo
paper. As stated earlier, the microstructural heterogeresity anisotropy addressed in the developed
models are key to understanding the variability in transient creep response ofgraamsd SAC

solder tested under similar loading conditions.

75



4.2. Modelling Approach

As seen in Figure 4.4, ahe Tier 1 lengthscale, nanoscale Ag8n IMCs result in dispersion
strengtheningf the Sn matrix. The creep strengthening of the Sn matrix phase due to these particles
and the effective properties of the eutectic-A8n phaseare modeledby capturing dislocation
impediment by the nanoscale IMCs and subsequent recovery by two competing mechanisms:
Or owands c[ldirmbdm&Rodesl er 6 s (b€]t[1246] Diffusional creep \daeglhain
boundary slidings not relevant at the Tier 1 and 2 length scales sinceothus fis on single crystal

behavior.

The Orowan climb mechanism for dispersion creep strengthening is medtiedt threshold stress,
using a formulation originally proposed by Ansell and Weertfhd]. As illustrated in Figure 4.6, in

this mechanismgislocations bypass th&gsSn particles accumulated at Sn dendritic boundaries by
bowing between themOrowan loopsform around the equator of these ;8g particles andhe
resultingbackstress prevents furthdislocatiors from passing througland canevertually inhibit all
deformation However,under creep loadinghese loopgan be gradually eliminated becatiseir line

tensbn promotes shrinkage and annihilation by diffusion assisted climb to the poles of the particle. In
this scenario, the overall creep ratec@trolled by the iterfacial climb rate of these Orowan I®op

piled up against the particle at Sn dendrite boundaries.

(@) (b)

dispersoid o
Approach Formation
dislocation of Orowan

loops

. Approach Climb Attraction and
Climb of Detachment
Orowan loops
O

dislocation

Figure4.6: Recovery of dislocations from nanoscale;8wgy dispersoids by (a) Orowan climb
mechanism and (b) dislocation detachment mechafiimn1 in Figure 4.7)
The other competing recovery mechanism modeled here is dislocation detachment, where strong

attractive interaction between the climbing dislocation and the particle is observed in tobnubst
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phase of the dislocatiofi48], [149] Detachment of the departing dislocation, rather than climb, is
seen to be the rate limiting creep deformation mechariiterefore contributions from both Orowan
climb mechanism andlislocation detachmentnechanism have been modeled in this study as
dislocation recovery mechanisms from the nanoscalSigarticles. Of these two mechanisms, the
one that contributes to faster visplastic flow of dislocations in the material is the one that governs
the effective creep rateElowchart of the bottom umulti-scale modeling approach is provided in
Figure 4.7 Tiers 0 and 1 are modeled in this Part | of the manuscript and Tier 2 is modeled in Part Il of
the manuscriptAuthor will keeprefering to this flowchart(Figure 4.7)throughout this paper tmake

it easy for the reader.

Multiple Scales Creep Mechanism Output from the Model
Tier 0 INDIVIDUAL DISLOCATION Ty p——r——

A Identify dominant slip systems in BCIh [ and velocity for

A Estimate dislocation mobility and velocity dominant slip systems

DISLOCATION CELLS

A Estimate saturated dislocatidensity by modelingi] Anisotropic secondary
dislocation generation ii] dislocation impediment iii] creep response of
dislocation recovery. L N ASingIe crystal Sn

A Estimate dislocation line tension at particle interfE:e. > phase.

A Model dispersion strengthening: 4 A Single crystal eutectic
U Low stressOrowanclimb model SnAg phase.

U High stressR o s | detacbhnsent model

POLYPHASE (SINGLE CRYSTAL)
Modelthe load sharing between Sn dendrites, : Anisotropic secondary

eutectic SPAg phase and micron scale &S creep response &AC
phase using anisotropic micromechanics single crystal
homogenization theory

Tiers3 &4

POLYCRYSTAL
Numerically modelinteractions between Sn |:> Primary and secondary

grains and grain boundary sliding in SAC creep proper_tigs of SAC
solder joint solder joint

Figure4.7: Flowchart for multiscale modeling

The governing equations for both mechanismsilarstratedbelow. The net shear creep ratethe
eutectic SpAg region ([ ieut.Sn.Ag) is formulated in terms of the creep rate on each of the dominant

slip systems in the crystalhe creep ratéor thei" slip system is derived from the assumption that the

time taken by the dislocation to traverse through a unit cell of the euteefig Bhaseis the sum of
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the time taken to travel over Sn matmicro-constituentandthe AgsSn IMC micro-constituen{Tier 1

in Figure 4.7)

(S P faisp mc 1)

gjeut- SnAg g mat gdisp IMC

Whered disp IMC for the Orowan climb mechanisisigiven by[147] [Figure 4.6 (a)]

¥ _ ,(7/Lins/2KiL')lDbI tieﬁ
gldisp IMC _gl kBT E( G )2 (2)

and d disp IMC for the Rosler detachment mechanismgiven by[60] [Figure 4.6 (b)]

t' appyys
; - KB k- Ly
gldijsleC = g, exp( t'y ) (3)
i kgT
9o

All the terms in Equations-3 are describetbelow. Thesubscripts and superscriptsefer to thei™
slip system; dispimc (F1-fma) refers to the volume fraction of A%n in the eutectic SAg phasep; is
B ur geectd forthei" slip system irSn;K; is the line tension factor giure edgelislocationfor the
i slip systemin the Sn matrix; r(=25 nm)and| (=80 nm)are the average radius and interparticle
spacing of AgSn IMCs (obtained from image processifjg®]; d is the average pmutectic Sn
dendrite siz€10 - 20 nm) (obtained from image processingp], ks is Boltzmani® sonstan{1.38E

23 ntkg/sK); T is the temperature iKelvin (298 K); t'« is the instantaneous effectiwhear stress

along the 1 slip system due to the evolving dislocation density (derivation is discussed in Section

4.3.3); g"'o is the reference strain ratas(shown irEquation10, the reference strain rate is directly

proportional to the instantaneodislocation density t'y is thethermal detachment stress along the i
slip system (refer to Equation 8);iB the effective diffusivity (refer to Equation 9); G the shear
modulus along théhislip direction considered in orthotropic BCT 8%0]; r'ns is theinstantaneous
dislocation densityn the neighborhood of the A8n phasen the " slip systemduring the transient

creep stage
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This dislocation densitgTier 1 in Figure 4.7)s estimatedy modeling threeompeting processes: (1)

dislocation generation;2] dislocation impedimentrom pinning of dislocations at IMCs; an@®)(

dislocation recovery due timb/detachment from IMCs (complete derivation is discussed in Section

4.33), k (Tier 1 in Figure 4.7)s the relaxation parameter (ratio of the line tension of the dislocation

when attached tthe particlesufaceto the line tension when the dislocation is fieehe Sn matrix).

The elaxation parameter is calculated from Ashby efldl1]. The driving force used imi Ros | er 6 s
detachmenimodel (Equation 3)s the applied resolved shear strégg, while in Or owandés cl| i mb
model the driving force is the net effective shear strggsvheret o accounts for the baestress from

net dislocation impediment and pileup stresses. The reason for not ysimghe detachment model

is because the detachment rate is a functjon of thi
and thisratio is considered to basgensitive to dislocation density, to a first order approximation. In

other word,the pileupbaclkstress on the detaching dislocatisnassumed talter oth the applied

stress and ththermal detachment strelbg the same amountherefore, it has been assumed that the

ratio of effective driving stress &ffectivethermal detachment stress will be very close to the ratio of

initial applied stress to initial thermal detachment stress.

AQsSN —
PARTICLE

DISLOCATION
Figure4.8: Relaxation parameter calculation,hy et al[151]
Relaxation parameter jlof a detaching dislocation in tHBslip system is given bji51]:
E'a/2r =(1- k)Kh?® (4)

where E, for edge dislocatioiEquation 4)s given by [40]

G 12 qema- 200 s+ B

- 5
60 1° L) a sin’g)} (5)

2+ - 47%)
3

wherea is the distance betweehe center of the particle anthe dislocation coreq is the angle

between the equatorial line through the dislocation core and the line connecting the center of
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dislocation and the partigleS is shear modulus of th8n matrix along theislip direction n is
Poi ssonés r at i o,thebutk choddli oftheparticle ind matrixandbhis adunction of

shear moduli of particle and matgsefer to Equations 6 and [1)51].

A:_11+nDKi DK, =K, - K, ©
—( )DK; +K;
31-n
—( )DG, +G;
15 1-n

where K and G are the bulk modulus and shear modulus, respectively, s8mparticlg152], and K
and Gare bulk and shear moduli, of Sn along the principal direction"sslgpidirection respectively.
At the point of detachment of the dislocation from the particle, a is equal toq ianelqual to zero
(refer to Figure4.8), which praides an esthate of 0.940.98 for the relaxation parameter;)(k
depending on the slip system.

Thethermal detachment stres4)in Equation 3s given by:

= Kb

t 1- k? (8)
Y '

and the effective diffusivityD) in Equation Zor dislocation(Orowan)climb is given by:

QL a QH 9
mr) T eet oo ©

D = D[exp(-
Dy is the diffusivity constant (18 nf/sec); Q is the activation energy (© 31 KJ/mol/K, Q = 69
KJ/mol/K) [59]; R is the universal gas constaBt bscr i pts ALO and AHO refer tc

levels respectively

The reference strain rate § in Equation 3s given by

i _6/ /lins
Go=—p

- Q - Qu (10)
[Do, @Xp€ 22+ Doy Xp€ 2]

wherer',s is the instantaneouslislocation density at &ransientstage of creepn i™ slip system

(derived in Sectiod .3.3).
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The creep rated Sn) of the Sn matriXEquation 1)is modeled by modeling two competing recovery
mechanismg153] for the recovery of dislocations from forest dislocations by (i) climbing over the
impeding dislocation through the formation of jogs/kinks (Figdi@ (a)) and (ii) mass transport
diffusion mechanism through the Sn lattice (Figh8(b)).

j_ _AD/GH bl
G e =T DIEEDT @

¥ D I(3b fie
JSHMD:A“Dk:; "(%)Z(Gi“)z 12

where A and Asp are model constants for dislocation climb and mass diffusion mechanisnis; D

the diffusivity for climb process; @' is the diffusivity for mass diffusion process (B 200 D»
(t/G)?); where Q= 6.3E22 nf/s is the lattice diffusivity cefficient; D» (=8.64E13 nf/s) is the pipe

diffusion cecefficient[154]; G is shear stiffnesd;; is the spacing between the dislocations (inversely
proportional to the square root of instantaneous dislocation densify):is the instantaneous
dislocation densityin the Sn phasén the " slip systemduring the transientcreep stageand is
estimated by modeling threecompeting processes: (1) dislocation generati®); dislocation
impediment caused by forest dislocatiqgnemplete derivationsi discussed in Sectioh3.3) and (3)
dislocation recovery either by climb from forest dislocation through formation of jogs/kinks(refer to

Figure 48 (a)) and/or by mass diffusion process through Sn lattice (refer to Figairéb));

DISLOCATIONS
MOVE MAINLY
M BY CLIMB

Figure4.9: Dislocation recovery mechanism in pure Sn phase (a) by climb through formation of jogs
and kinks in edge and screw dislocations respectively and (b) mass diffusion (lattice and pipe

diffusion) transport through then3attice in a sigle crystal[155]
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d is Sn dendrite size (420 um). Coble creep (grain boundary creep) mechanism is not modeled
because this study is concerned with the creep mechanism in single cryStedr&nent creep rates
obtained in this paper for eutectic-8g phase and for pure Sn phase, along individual slip systems
will be used to predict the anisotropic transient creep response of single crystal SAC crystal using

micromechanics anisotropic homagzation theory in Part Il of this twart paper.

4.3. Estimation of Model Inputs (Tierid Figure 4.7

The proposed modeling framework relies on the estimation of several fundamental parameters to
capture the anisotropic creep behavior exhibited b Shgle crystal alloy (treated mechanistically

here as a particulate viscoplastic composite with a dispersion strengthened matrix). This section
presents the approach and calculation of these parameters (Tier 0 parameters) in Sektitine4.
tension);Section 43.2 (mobility) and Section 8.3 (dislocation density evolution), which are used as
inputs to the above model (Tier 1) to calculate the anisotropic creep strain rate of the eutagtic Sn
phase and of the pure Sn dendritic phase (Tier 1). Enigies of single crystal SAC305 specimen
obtained using orientation image mapping via EBSD (electron backscatter diffraction) and the co
ordinate transformation tensor derived to resolve the applied shear stress along the slip systems will be

presented ifBection 43.4.

4.3.1. Line tension factor (K) for a dislocation in anisotropic single crystal BCT Sn

The matrix of stiffness constants of theniimclass ofthe tetragonal system to whibhin belongs is

Cyy Cp Cy 0 0 0
C, Cy, Cy 0 0 0
Ci=| Ciz Ciy3 Cy 0 0 0
0 0 0 Cy O 0
0 0 0 0 C, O
0 0 0 0 0 Cg

These elastic constants have been measured by a number of authors; the most reliable data appear to be
those of Rayne and Chandrasekfi&2]. There are six independent elastic constants, compared with
only two for an isotrojgc material. Four ratios may therefore be used to describe the elastic anisotropy.

These aré\ = C,;4/Cgs; B= C35/Cyq; C= C/CizandD = 2Cs¢/ (C11 1 Cyy), all of which are unity in the
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case of elastic isotropy. Over the temperature range from 4.2 to,30@4d¢ ratios have the following
ranges: 0.964<0.89 1.24<B<1.23 1.69<C<1.54, an®.26>D>13.57, for pure BCT Sn [9].

Table4.1: Dominant Sn slip systems observed in Sn (Rank 1 denotes mostsiariystem)156]

SLIP SYSTEMS
SLIP SYSTEMS RANK
PLANE DIR
1 {100} [001] 7
2 (110} [001] |
3 {100} [010] 8
4 (110} 1/2[1-11] 2
5 {110} [1-10] 4
6 (100} [0-11] 3
7 (001} [010] 6
8 {001} [110] 10
9 011} [0-11] 5
10 211} [0-11] 9

Thus,b tin shows considerable shear anisotropy, the stiffness modulus for shear idif@&@pn on

(110) planes being much less than that for shear in [100] or [001] directions on {010} planes. Because
of this elastic anisotropy the stress state and resulting slip process is different in every single crystal
solder joint in electronic assemblies. To understand the slip behavior of Sn in SAC solder joints,
relative operation of different slip syster{iBier 0 in Figure 4.7)was analyzed in 196 joints with
different orientations by Bieler et 4ll41] and correlated with the-axis orientéion. Using the result

from Bieler et al.[156], [157] active dip systemsin SAC solderconsidered here for this studye

rankedin Table4.1.

The elastic field ofa straightedgedislocationline in an anisotropic crystal was treated theoretically

first by Eshelby et al[158]. For anisotropic elasticity, the determinationliofe tension factorK)

requires numerical approaches, and can be evaluated by usingtetbextic formalisnproposedy

Eshelbyet al. [158] or the integral formalismproposedby Barnet et al. [159]. Es hel by ds sexti c
formdism method was modified by Strofi60] and expressed witta matrix formalism, aform
amenable to numericabmputationSt r ohds met hod has been adapted in t

tension ofpure edge and scretislocdions in single crystal BCT Sn.

83



The ine tension, orenergy per unit length of a dislocatjés given by KB, where K is the line tension

factor,andis dependent on the elastic constants of the crgsi@lslip systems in the single crystal

Several authorbiave previously reportedlastic constantsof BCT Sn. Here in this studglastic

constnts of Sn from Rayne et §1.22] have been used for calculan of line tension factor of straight

dislocationlines in BCT Snusing MATLAB. Line tension facto(Tier O in Figure 4.7pf straight
edge/screwdislocationlines in BCT Snusi ng Strohdés matrix formalism fo
plotted in Figure 4.0 at 298 K. The governingquations for calculation of line tension factor for edge

and screw dislocations in anisotropic Sn matrixpaovided in the Appendix A7.1.

L4E+117 w Edge dislocation
1.2E+11-

1.0E+11-
8.0E+10-
6.0E+10-

m Screw dislocation

Line tension factor (K) of
dislocation (Pa)

N\ Slip Sytems in BCT Sn

Figure4.10: Line tension factor of dislocations in anisotropic BCT Sn at 298 K

Line tensionfactor values ofedge/screwdislocations obtained for different slip systemsSnare in
agreement witlthe mobility along slip systems of Smeportedin literature[127]. For exampleslip

systems Z11)0-11] & (011)[0-11] are reported to be difficult systems whereas slip systems
(110)[001] & (110)1/2[111] are reported to be the facile systems, which is in strong agreement with
the line tension values calculated above using the modified Stroh form&lem.inthis study, to

reduce the computational burden, all subsequent calculations are done for edge dislocation in three

most facile slip systems (slip systems # 2, 4 & 6 ranked in Table 1) in eutedig |gmase.
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4.3.2. Intrinsic mobility ofdislocation in pure BCT Sn (without any back stress from
any obstructions)

In order to capture the evolution of dislocation density in dominant slip systems of single crystal Sn,
which will be discussed next in Sectior88, the velocity of a single edghslocation in anisotropic

Sn (Tier 0 in Figure 4.7xhould first be estimated from fundamental principles. Velocigy ¢¥ a

single dislocation in an anisotropic medium (assuming there is no particle or forest dislocation or grain

boundaries to exert grback stress on it or impede its motion) is givejil®A]:

Cth
v, = Bq (13)

|
wher e, subscr i §slipdsystemnt’isappked esolved sheéahstress along thslip
system;pi s Bur ger 6s Wstipcsystem; Bia Vissaugdray Gefficient along the'i slip

system. Viscous drag afficient of an edge dislocation is given [1%2]:

g="" (14)
C:It

where,® is transverse sound wave velocity along thslip systems in Sn medium; agd= (G/")°*;
where Gis the shear modulus along tffesiip direction of Sn andl is the mass density of Si,is the

thermal energy density of Sn. Thaal energy density of Sn can be calculated using Equation 15,

where
h ="*C*(T-Tp) (15)

C, is specific heat capacity;pTis Debye temperature for Sn (200 K); T is the test temperature in
Kelvin. The viscous drag coefficient and mobility (inverse of eragfficient) calculated for the three

selected slip systems using the above equations are shown in Fiduae 208 K.
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m Viscous drag coefficient
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Figure4.11: Mobility calculations for the three most facile slip systems in anisotropic BCT Sn at 298
K
(110)[001] & (100)[G11] systems are found to be the most facile and most difficult system,
respectivly, at two different temperatures in single crystal Sn out of the three selected slip systems.
The initial velocity of individual dislocations in above three slip systems in anisotropic The creep rate
of Sn can now be calculated using the above result&qudtion 13, and will be used next as input to
the analytical model developed for capturing the transient dislocation density during creep deformation

process in Section3.3.

4.3.3. Dislocation density evolution in dominant slip systems of SAC solder
Instantaneous dislocation density"f) and average velocity %) (Tier 1 in Figure 4.7pre estimated

in the SRAg eutectic phase and in the Sn matrix, by modeling relevant competing processes that
govern the availability of mobile disclocations. #iscussed earlier, in the $yg eutectic phase the

three competing processes afi&) dislocation generation; (2) dislocation impediment causgd
pinning of dislocations ghe AgSnIMC particles; and (3) dislocation recewy from IMCs in AgSn

phase da to climb/detachment. In the Sn matrix, the three competing processes are: (1) dislocation
generation; (2) dislocation impediment by forest dislocations in the pure Sn matrix phase; and (3)
dislocation recovery due to climb over forest dislocation andsnaiffusion transport through Sn

lattice. As an approximation, cross slip mechanisms have been ignored. Molecular dynamics
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simulations need to be carried out in future to estimate the activation energy which can be incorporated
into the dislocation models
For Ag;Sn IMC phase, dislocation density)(evolution rate in'f slip system is modeled by:

1 .

ri®) =vek ri " 19)

where the instantaneous effective stres®)(for the I" slip system at Agsn IMC particles is given by:

—t7 ZzGhn 6 &hn

[. 'eff
' / /

17)

where the instantaneous number of dislocations pinned smMAYC is given by:

n =(1- fdisp |Mc)(p/6fdisp lMc)(le)ri/Z (18)

Evolution of dislocation density in th& slip system is incrementally modeled by a tistepping

technique:

AErm=rO+r,03 a9
First term of Equation 17 denotes dislocation generation, second term denotes dislocation impediment
by nanoscale A¢gpn IMCs, and third term denotes recovery by dislocation climb/detachment from the
particle; \§ is the initial resolved velocity of edge dislocation alofigslip system; k(=1/a;:Kb) is a
model constant for the slip system; wherelKare the line tension factor and Burgers vector for edge
dislocation in 1" slip system;a; (5E8) is a model constant to calibrate the model predictions to the
experimental observation;' is the resolved shear stress along thelip system; Gand b is shear
modulus and Burgers vector, respectively, for thelip systemz (=0.1) is theprecipitate hardening
calibration parametety (=0.5) is calibration parameter for dislocation recovery from precipitate by
climb/detachment; skp,imc is the volume fraction (=0.05) of A§n dispersoids in eutectic $gy
phase. Evolution of creep straiate during transient creep stage is modeled by using instantaneous
effective stress (Equation 17) and instantaneous dislocation density (Equation 19) and Equations 2 and
3 for competing dislocation recovery mechanisms.

For Sn phase, dislocation densitykuion is modeled by:

T i eff
ri(t) =vk ¢, (20)

87



where instantaneous effective stress in Sn phase is given by:

t=t"-aG b d .,Cir, +x &b g .G, (21)
i j

First term of Equation 21 promotes dislocation generation, second term is a back stress term that
comes from dislocation impediment by forest dislocations, and the third term denotes recovery by
dislocation climb from the forest dislocation; is a foresthardening calibration parameter lying
between 0.1 and P163]; x (=0.5) is a forest hardening recovery parametgr{(=0.01) is a constant
capturing the interactions betwe&rand | slip system; Gis the shear modulus alorslip direction.

As a first approximation, the interaction parameterg) (@e all assumed to be 0.01 to capture
interactions between &lhe slip systems in this study and need to be calibrated in future by simulating
SAC single crystal experiments using simulations based on discrete dislocation dynamics (DDD).
Model constants used for calculations are summarized in Table 4.2. This medé@kstvamployed to

predict the dislocation density evolution in one of the slip systems (110)[001] (soft slip system #2 in
Table 1) for a constant applied shear stress level (10 MPa) to model the evolution of dislocation
density due to dislocation geneoat, precipitate hardening, dislocation recovery from precipitates in
AgsSn phase. Initial dislocation density in Sn phase is assumed to be BFB54f which was
experimentally estimated by Duzgun et al. where they studied the initial dislocation density in pure Sn
single crystal specimens using the Bridgman nwfa65]. Initial dislocation density in SAg phase

is assumed to be 5E11”nsince the dislocation density in the eutectic’8nphase is bound to be
higher than that of pure Sn phase since most of the dislocations are entangled surrounding the
nanoscale Agbn precipitates in eutectic 9y phase.Near the AgSn particles (Figuret.12),
dislocation generation rate dominates over precipitate hardening rate initially and then as more and
more dislocations get pinned by dislocations, precipitate hardening rate starts dominating and
dislocation density evolution rate reaches steadg sthen summation of dislocation generation and
dislocation recovery rate becomes equal to that of precipitate hardening rate. As discussed before,
crossslip mechanisms for dislocation recovery have been ignored in this study and should be explored
in future work. Now, this model is used to calculate the evolution of dislocation density during the

transient creep stage for the first three slip systems.
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4.3.4. Orientation image maps andaalinate transformation matrices
The secongrder coordinatéransformation tensor used for converting quantities from the loading

coordinate system (superscripts s) to crystal coordinate system (superscript c) is given by:
s C _
gij - g/'z-gf-gj1 (22)
cos, sinj, Ozl O 0 gécoy, sinj, Og

=% sinj, coy, O@ cosf sinfueu?— sinj, coy, OH (23)
0 0O 1y -sinf cosfgg O 0 1y

(@D~ (DY (D~ (D

€ cos/, cos/ , - sinj cosfsin/,  sinj,cos/ , +cos/ cosfsin/, sinfsin/, e
gijs €= g- cos/ , sinj , - sin/, cosf cos/, - sinj,sin/, +cos/,cosf cos/, sinfcos/ 23 (24)
g sin/ , sinf - cos/, sinf cosf |

é O [sample Oﬂ

a z N

t crystal = ggtsamme 0 OggT (25)
g 0 0 0o

a a a a

t slipsystem— at Crystal a-T (26)

a

where a is the second order codinate transformation tenscomprising of direction cosines between
crystal axes ([h k 1], [u v w] and [h k3lJu v w] (cross product of loading plane normal and loading
direction)) and individual slip system axesi(f} ns], [by by bs] and [n n> n3)® [by b, bg] (cross

product ofslip plane normal and slip direction)), respectively.

Table4.2: Tier 0 and Tier 1 model constants
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Model Parameters Units (110)[001] | (110)0.5[1-11] (100)[0-11] Reference
Burgers vector (b) m 3.18E-10 4.42E-10 6.64E-10 [40]
Shear modulus GPa 21.9 7.4 23.4 [40]
Boltzmann constant mkgs?K ™t 1.38E-23 Matweb
Temperature Kelvin 298 Present Study
Lattice diffusion coeffieciet mé/s 6.33E-22 [43]
Pipe diffusion coefficicent m’/s 8.64E-13 [43]
AgsSn particle radius nm 25 [34]
AgsSn interparticle spacing nm 80 [34]
Sn dendrite major diameter microns 50 [34]
k, (Relaxation parameter) 0.9484 0.9811 0.941 Present Study
Volume fraction of AgSn in eutectic Sn-Ag 0.05 [34]
Poisson's ratio 0.35 [34]
AgsSnh Young's Modulus GPa 99 [42]
Debye tempearature for Sn Kelvin 200 Matweb
Mass density of Sn Kg/m® 7.37E+03 Matweb
a, (Dislocation density calibration parametejr) 5.00E+08 Present Study
z (Precipitate hardening parameter) 0.1 Present Study
b (Recovery parameter) 0.5 Present Study
a (Forest hardening parameter) 1 Present Study
X (Forest recovery parameter) 0.5 Present Study
Initial dislocation density in Sn phase m? 5.00E+09 [52]
Initial dislocation density near Ag3Sn phasg m? 5.00E+11 Present Study
a (Model constant for Agsn phase) 5 5 0.1 Present Study
A, and Ayp (model constants for Sn phase) 1.00E+07 7 3.00E+05 Present Study

10 ——————y —_— —_— ————ey ——r

10°

10

Dislocation density evolution rate (1/m2/sec)

— dislocation generation rate
F precipitate hardening rate R
recovery rate

10 MR | | | | | MR | | R
10° 10 10 10 10° 10
Time (s)

Figure4.12: Dislocation density evolution duringansient creep stage in slip system #2 (110)[001] in

AgsSn phase in eutectic $xg phase due to three competing mechanisms
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44. Results & Discussions

The above proposed model has been calibrated for illustrative purposes based on the measured creep
behavor of a singlecrystal SAC305 specimen. Ideally, more calibration tests are needed, but single
crystal specimens are difficult to produce. Future studies should focus on better model calibration.
Model predictions for the anisotropic transient creepsr@ eutectic Shg phase and pure Sn phase

will be presented in this paper. In Part Il of this manuscript, the anisotropic creep rates along dominant
slip systems of eutectic Sy phase and pure Sn phase will be combined using micromechanics
homogenizabn theory to obtain the anisotropic creep properties of SAC single crystal. These results
will be calibrated based on the experimental observations. The Euler angles of single crystal SAC305
specimen obtained using orientation image mapping via EBSBtr@lebackscatter diffraction) and

the ceordinate transformation tensor derived to resolve the applied shear stress along the slip systems
will be presented in Section 4.4.1. Dislocation density evolution in the dominant slip systemSin Ag
phase and pe Sn phase will be presented in Section 4.4.2. Anisotropic transient creep rates near
AgsSn patrticles, in the pure Sn phase and in the eutectig$rhase in the SAC305 single crystal will

be presented in Section 4.4.3. Finally in Section 4.4.4effleet of the volume fraction of the Agn

phase and the effect of interparticle spacing between nanoscgin ABICs on the anisotropic

transient creep response of eutectieAgnphase will be presented.

4.4.1. Orientation Image Map and Euler Anglé&ofgle Crystal SAC305 Specimen

An inverse pole figure map of SAC305 single crystal is presented in FiguBeTha misorientation

angle between the sub grains in the single crystal is mostly les$@haherefore this SAC305 solder

joint can be apprormately considered as a single crystal. Euler angles of the joint at four different
locations are presented, average of which will be used to convert the applied shear stress from global
(sample) ceordinate system to the crystal-oadinate system and théurther to individual slip system

co-ordinate system.
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Figure4.13: Inverse pole figure [100] map for SAC305 single crystal. Numbers inside parenthesis at

four different locations of the joint refer to tReler anglesj(, f, j »), heeded to convert the physical
guantities from global cordinate system to crystal-@vdinate system

Applied inplane shear stress;f) along global specimen direction in SAC305 single crystal in the
experiment is 10 MPa at room temperature. The resolved shear stress after performing above two co
ordinate transformations (from structural axes to crystal principal axes and then froah @xgst to
slip system axes) is found to be 5.3 MPa along (110)[001] slip system; 6.7 MPa along (140)D.5[1
slip system; and 3.81 MPa along (100)[) slip system. Average resolved initial velocity (based on
Equation 13) is found to be 54.5 m/s aloa@@)[001] slip system; 39.9 m/s along (110)0-5[1 slip

system; and 40.5 m/s along (100)[0] slip system.

4.4.2. Dislocation density evolution prediction in slip systems negBi\garticles
and in pure Sn region in eutectic-8g phase

Rate of increse in dislocation densitunder the applied 10 MPa stress at RThighest along
(110)0.5[*11] because of higher resolvetiemir stress along this slip direction and lowest along
(100)[0-11] slip system because of lower resolved shear stress along gpszainen direction in
SAC305 single crystal (refer to Figures4tdnd 4.5). Next, the transient dislocation density history

calculated in this section are used to calculate the anisotropic transient creep rates neSntiid@g
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particles using Equatiorsand 3 and in the Sn region using Equations 11 and 12, as described below

in Section 4.4.3.
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Figure4.14: Dislocation density evolution in A§n phase in an unit cell of eutectic-8g phase in

SAC305 sinte crystal at 10 MPa shear stress level at RT
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Figure4.15: Dislocation density evolution in Sn phase in an unit cell of eutectisgSohase in

SAC305 single crystal at 10 MPa shear stress level at RT
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4.4.3 Anisotropic transient creep rate predictions neagSAgparticle & Sn region in

eutectic SPAg phase

Anisotropic transient creep rates along three dominant slip systems are calculated using Equation 2 for
the Orowan <c¢cl i mb mec haonidetachment deciamssnl near the;Jxgdi s| oc at i

particles embedded in the eutectic-An phase and plotted in Figure 8.Jand Figure 4.1,

respectively.
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Figure4.16: Anisotropic transient creep rates neag®wgparticles in a unit cell of eutectic Sy
phase in SAC305 single crystal due to dislocation loop climb (Equation 2) at 10 MPa shear stress level

at RT
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Figure4.17: Anisotropic transient creep rates neag®gparticles in a unit cell of eutectic-8ig
phase in SAC305 single crystal due to dislocation detachment (Equation 3) at 10 MPa shear stress

level at RT
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Since, Orowan climb mechanism and dislocation detachment mechanism compete in parallel and the
faste process dominates the rate controlling creep mechanism, transient creep strain rate over time is
summed together to calculate the transient creep strain rate near JBe payticles. Anisotropic
transient creep rates along dominant slip systems for$munghase are modeled using the climb and
mass transport models and then summed up to predict the effective anisotropic transient creep rates
along slip system. These results are plotted in Figu& ZHe creestrainis predictedo be highest

along tte (110)[001] slip system and lowestong the (110)0.5F11] system.
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Figure4.18: Anisotropic transient creep response in Sn phase in SAC305 single crystal (summation of

creep strain due to dislocatichmb and mass diffusion mechanism) at 10 MPa shear stress level at RT
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Figure4.19: Anisotropic transient creep response in a unit cell of eutectisgSgshase in SAC305

single crystal at 10 MPa shesiress level at RT
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Anisotropic transient creep rates along dominant slip systems for euteefig Phase is modeled
using Equation 1 and plotted in Figure @.The transient creep rate is predicted to be highest along

the (110§001] slip system and low¢slong the (10)0.51-11] system.
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Figure4.20: Anisotropic transient creep strain in Sn phase, eutectisgSphase in SAC305 single

crystal along global specimen direction at 10 MPa shear stress I&/EI at
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Figure4.21: Anisotropic transient creep strain in eutectie/nphase in SAC305 single crystal along

global specimen direction for different stress levels at RT
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Anisotropic transient creep rates forteatic SRAg phase and pure Sn phase along the specimen
global direction (same as the loading axis system) are calculated and plotted against the experimental
creep response for SAC single crystal in Figug®.4Anisotropic transient creep rates for theectic

SnAg phase along the global specimen direction are calculated for varying stress levels at room
temperature and are plotted in Figurel4.2Zrhe results predict the correct trendirudreasingcreep

strain with increasing stress level. Unfortweigt the results cannot be compared yet to experimental
results because the test data are for single crystal SAC305 solder but not for eutAgtipHase. In

Part 1l of this twepart series, therdgsotropic creep response of eutectic/ARAnphase and perSn

phase obtained along dominant slip systems of Sn will be utilized to capture the anisotropic creep
response of SAC single crystal in Tier 2 length scale. The Tier Il calculations will use micromechanics
based on a fully anisotropic Eshelby tensor &tati-Tanaka homogenization theory and will be
calibrated to experimentally measured creep rates. The Tier Il results will then be compared to

experimental results in Part 1l of this tyart paper.

4.4 4. Effect of volume fraction and interparticle spacof AgSn IMCs in eutectic
SnAg phase

In this section, the effects of varying volume fraction and interparticle spacing of nanosgdle Ag
IMCs on anisotropic transient creep rates along (16D)[0slip system of eutectic Shg phase are
explored. Th parametric understanding is important because thermal aging of SAC solders causes
continuous evolution and coarsening of the eutectic phase, resulting in increase of both the average

particle size as well as the average interparticle spétig
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Figure4.22: Effect of isothermal aging on transient creep strain in a unit cell of euteefig hase

in SAC305 single crystal along global specimen direction at 10 MPa shear stress level at RT

Transient creep rates al

ong one of gl systems is predicted to increase by2)lorders of

magnitude as the interparticle spacing between nanoscale IMCs increases by a factor of three (refer to

Figure4.22), which is in agreement with experimental observali®6]. Similarly, with increase in

volume fraction of nanoscale A$n IMCs, transient creep rates are predicted to decrease (refer to

Figure4.23), which & also

in agreement with experimental observdtié8]. This is because increase

in volume fraction of AgSn IMCs in a unit ell of eutectic SPAg phase results in an increase in the

number of particles impeding the motion of dislocations, thereby reducing the creep strain rate.
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Figure4.23: Effect of volume fraction of A¢sn IMCs on transient creep strain in a unit cell of eutectic

SnAg phase in SAC305 single crystal along global specimen direction at 10 MPa shear stress level at

RT
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4.5.Summary and Conclusions

An anisotropidislocation density basadodeling framework is proposex this studyto capture the
influence ofthe inherent elastic anisotropy single crystal BCTSn on thepredicted anisotropic
transientcreep responsaf SnAg eutectic alloy, which forms one of the twonstituents of Syig-Cu

(SAC) solders. Within this eutectic phase, the creep deformation is determined by the impediment due

to nanoscale A¢pn particles and by the creep in the surrounding Sn matrix.

The rate governing mechanisms for the creep deformation due$mAgoscale IMC particles in the

SnAg phase are the recovery processes of the dislocations that are trapped bySth@aktcles in

the SnAg eutectic phase. The competing recovery mechanisms considered here are dislocation loop

climb (Orowan climb) and discation detachment (Rosler detachmentheltensionand mobility of

edgedislocations in dominant slip systems sifigle crystalanisotropic BCTSn are modeledusing

Strohés matrix formalism for model i ngveaohbeenot ropi ¢
considered for calculations here because screw dis
crossslips to favorable slip planes. Since, the stacking fault energy for pure Sn is low (which promotes

formation of dislocation partialsihe probability of crosslip phenomena in pure Sn is low; however

author believes crossip should be modeled in future for completené@se anisotropictransient

creep rateof the eutectic Si\g phase is then modeled using above inputs and transgotation

density calculated faominant glide systenduring the transient primary stage of creep. The transient

dislocation densityn the vicinity of the AgSn particless estimated as the equilibrium betwehree

competing processes: (1) dislocatigeneration; 4) dislocation impediment caused by back stress

from pinning of dislocations at IMCs; an@)(dislocation recovery due tdimb/detachment from

IMCs in AgsSnh phaseFor the pure Sn matrix, theiaotropic transient creep rates along dominant slip

systems are modeled with dislocation climb and mass transport diffusion as the dominant competing

recovery mechanismdransient dislocation densiip the Sn phasé estimated as the equilibrium

betwee threecompeting processes: (1) dislocation genera{@ndislocation impediment from forest

dislocationsand @) dislocation recovery due timb from forest dislocations in the Sn phase

Transient creep rate is predicted to be highest along tl@g [(@Q1] slip system and lowest along the

(110)0.51-11] system because of the difference in resolved shear stress and average initial resolved
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velocity along those slip systems. Transient creep rates along one of the slip systems is predicted to

increaseby (1-2) orders of magnitude as the interparticle spacing between nanoscale IMCs increase by

a factor of three, which is in agreement with experimental observations. Similarly, with increase in

volume fraction of nanoscale Agn IMCs, transient creep ratisspredicted to decrease which is also

in agreement with experimental observation.

4.6. Appendix

4.6.1. Dislocation line tension calculation in anisotropic BCT:Sn
An elastically distorted region around a dislocation produces extra strain energy.tbeitatge strain

within the dislocation cofis radius (around~2b (burgersrector), theaxioms of continuunelasticity
arenot applicable any more within this range. Thus, the total energy can be divided into
% =% + % (AL1.7)

The elastic strain energy patitilength for an isotropic material can be expressdtiag:

% SRUNENEIN ) - (Al1.2)

Where,mis the shear modulus; b is the Burgers veataor;s t h e P o qisthecangte detweent i o ;

the dislocatiorand the Burgers vectoY, is the outer radius of integratioh;is the dislocation core

radius. For isotropic elasticity,
K=——+ (A1.3)
is defined as the energy factor of a dislocation. Tharafion Al.2can be rewritten as:
% =—1 - (A1.4)

For anisotropic elasticity, the determinationkofequires numerical approaches, and can be evaluated
by using eithethe sextic formalismof Eshelby et al[168][169] or theintegral formalisnof Barnet et

al. [170][171]. Here in thisstudy, E s h e Isdxtic@igen valudormalism is adapted for calculation of
line tension ofa dislocation inananisotropic medium. Here, a short summaifryhe sexticeigen value
formalism is given as follows.

The basic equationof In e a r rel ati on jlaedithe straims;ecantbe wristen indesms e s
of thefourth rark tensor Gy:

Uij = i € (A1.5)
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Where,i, j, k and| all take values from 1 to 3 and Einstein summationvention is impliecbver

repeated subscripts. Strainscan be expressed termsof displacementsuf) as:
& =- — — (Al1.6)

Substituting Equation A1.6 into Equation A1.5, the stresses can be written iarmis of the
displacements:
Uij = Cijy — (A1.7)
In the case of no bgdorces, substituting Equatigkl.7 into static equilibrium equation, we can get:
Ciw HO TTOFD =0 A1.8)
In the study of Eshelby et dlL68], the axis x was taken to be paralled the dislocation line, which
means that the elastic state is independent.dfhereforethe standardorm of solutions for Equation
Al.8can be showio be
Ug = Ay f(X1+pxo) (AL1.9)
Where, p and Aare constants. Substituting Equati®dh.9 into Equation A1.8, we have
(Ciaka*+ Gako P+ Goa P + Gora P?) A= 0 (A1.10
The Equation®\1.10 have a nonzero solution for the énly if p is such that the determinant thieir
coefficient is zero, i.e.
ICiska+ CakeP+ Gaa P + Gawop’| = 0 (A1.11)
Equation Al.1Xkan be expanded in the following form to get the sesttaracteristiequation The
characteristic equatioof theresultingmatrix shown belowhas to be solved to obtain the values of p
and subsequently,A
[Ci111+ (C1112+C1219P + Cia1d’] [Co111+ (Co112+Co21)P + Coo1d] [Cra1+ (CoraztCaza)p + Coradd’]
[Ci121+ (C1122+C1229P + Ci2o’] [Co121+ (Co122+Co22)P + Cooodd] [Cir21+ (CaroztCazon)p + Cozod’]
=0
[Ci131+ (Ci132+Ci23)P + Ci2aP’] [Cora1+ (CouarCaoa)P + Cooadd] [Carar+ (CaraztCazanp + Corad’]
(A1.12)
Solvingtheroots of a sextic equation is humerically challenging and time consuming. Stroh proposed a

way of solving the above probleas aEigen value problem. For an anisotropic medium whose elastic
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stiffness constants;f are relative to ge,-e; natural crystabasis, let x denote a position from origin
O, a mutually orthogonal right hand basiswhwas chosen to solve the above problem. Thus,
X = (M*X, n*x, t*x)" (A1.13
Assuming,
(i) b =0;i.e. there is no body force

(ii) the solution of u is independent of ke. invariant along the dislocation line

Stroh suggested a displacement field of the form,
Ug = Ag f(m*x+pn*x) Al(14)
where A is a constant vector, p is a constant and f is an arbitrary analytical function. Plugging in this

trial solution into Equatio1.10, we get

{Ciw (mi+pn) (m+pn)} fo (A0 AL19
Thecaseofd =0, gives a constant strain field for disl oc:
Therefore, {Cij (mi+pn) (m+pn)} Ax=0 Al(16)

A nontrivial solution for A exists only if
|G (Mi+pn) (M+pn)|| =0 (A1.17)
where || || stands for the determindriie resulting characteristic equatiism a sixth order
polynomial equation in wvith real coefficients. The general solution to the displacement field can be
written asa linear combination of the six solutions corresponding,to p
w=BO d "Qa8g n &8 (A1.18
where [ are coefficients determined by the boundaonditions of the elastic problem under
consideration. To sum up, solvifigr p enables solvinfpr A; while coefficiens D, are dependent on
pa. and the boundary conditions.
To solve the above problem, there are pessibleapproachesl] Matrix formalism and 2] Integral
formalism. Here, the max formalism is used. Equatiohl.16 can be rewritten as:
{Cija (Mi+pan) (M+pan)} Aka=0 AL(19
The bag idea is to convert Equation Al1.1®0 aneigen value problem, which is easier to solve than
the sixth order polynomial. A new vabie, vector L is introduced,

Lja = -Ni G (Mi+pany) Aa (A1.20
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Alternatively, we can writkj, = —m; Gy (Mi+pan) Aga (A1.2D)

Ay and L, are also unique by using the normalization condition;
2Alia= 1 A1.22)
Now using the following notation, (gb)y aCjqb; and applying ito EquationsA1.20 and Al.21we
get
(M Aka + Lja = - Pa (NN)k Axa (A1.23
(MM Aka = - Pa (MN)i Aka +Pa Lja (A1.29

In terms of six dimensional matrices it becomes,

i o, TPy (A1.29
o
I,l I’V
| | ey
Where, ' | = . (A1.26)
, , e 1P
e, P
w, o

Multiplying both sides of Equation Al.2y

[ T

iTTa )

And noting that, . J L - n ! J n ) ™ ; we obtain the following eigen
[ )y 1) m )
equation:
NXa = Pa Xa (AL1.27)
[ [
Where, A A
|
Xa= (A1.28

Therefore, p and can be derived by solving the above Eigen value problem. And the line tension of
the dislocation can be solved by solving for Eigen values of one of three useful m&idsS)

[172] given by Stroh, which depermh the values of the A and L matricéime tenson of dislocations

can be calculated by solving thigen values of B matrix, whose expression is given by:

Bs=real(B°, , (A1.29
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Where O0+06a3 sl,us2i Fsoaase®6.f or
Eigen values of B matrix gives the value of line tension factor of edge/screw dislocation in anisotropic

matrix.
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Chapter5 Mul ti scal e Modeling of the

Creep ReSipoglse OGrfystal SnAgCu

Par:t Reli nforcement SAg efmlgasheni n

Abstract

Many researchers haviemonstrate that micron scale higbn SAC solder joints exhibit significant
piece to piece variability in their mechanical response under identical load conditions in the as
fabricated statelue to coarse grained structure and the anisotropy of Sn. A multiscalenmsécha
modeling approach was proposed in Part | thispaxd paper, where anisotropic transient creep rates
of the eutectic S\g phase (Tier 1) and the pure Sn phase were modeled along the dominant slip
systems of the Sn grain in a single crystal of S¥&tier material. Thereep response of theitectic

phase (from Tier 1) isombined withthe creepresponseof Sn lobes at Tier,disingthe anisotropic
Mori-Tanakahomogenization theoripn this paperto obtain thdransientcreep responsef a SAC305

single crystalalong global specimen directions. This model has been calibrated using experimentally
obtained transient creep response of a SAC305 single crystal speciinenEshelby strain
concentration tensors required for this homogenization processadealated numerically for
ellipsoidal Sn inclusions embedded in transversely isotropic eutectitgSmatrix. The above
multiscalecalibratedmodel isthen used to predict (i) the transient creep response of arBAE305

single crystal specimeand (ii) the effect of orientation (by changing one of the Euler angles) on the
transient creep response of SAC305 single cry$ta grain orientation of above two SAC single
crystal specimen@with respect to loading directipnvere identified withorientationimage mapping

and then utilized in thenodel to estimatéhe resolved shear streatong thedominantslip directions
Parametric studies have also been conducted to predict the effects of the volume fraction, aspect ratio,
and orientation of ellipsoidalrSinclusions on the anisotropic transient creep response of SAC single

crystals.The original draft of this chapter is a journal paper and will be submitted to Acta Materiala
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and part of the paper has been acceptedSMGQTAM, 2014 (United States Nationalongress on
Theoretical and Applied Mechan)jcat East LansingMI.
Keywords: Creep, anisotropy, BCT Sn, SAC single crystal, Eshelby tensor, ellipsoidal inclusion,

Mori-Tanaka homogenization

5.1. Introduction

Because of the anisotropic elastic and thermal properties of Sn, the thermomechanical response of lead
free SAC solder joints depends greatly on the size and orientation of its Sn [Gdifi§127].
Significant literature exists that demonstrate that micron scaleSngBAC solder joits exhibit
significant piece to piece variability in their mechanical response under identical loading conditions in
the asfabricated stat¢130], [133], [136] [138]. This isbecause the microstructure evolution of tin

based solder is not well understood because no other metal other than tin has the squashed diamond
cubic body centered tetragonal structure of Sn, with its unusual deformation characteristics. Second, tin
crystalproperties are very anisotropic, with a CTE twice as large in the <c> as the <a> direction. Also,
the elastic properties differ by as much as a factor of 5 at the higher temperatures expected in service

(refer to Figures.1).

80GPa 60
¢/aCTE~ 2:1ratioatall T "
700 50 . -
| ..
600 | > 40
S~ m - c-axis H
m B
a-axis L
w Lh A
p20 e
10
-45°C ) 56 0 Deshpar:deActa C‘ryst.15, ZIB41962 ‘
(a') House & Vernon, Brit J Appl Phys, 11, 254-9 (1960) (b) 0 50 100 150 2000c

Figure5.1: Anisotropic properties of BCT Sn crystal: (a) Directional variation of elastic stiffness at
two different tempertures (b) Temperature dependent CTE along two principal crystal orientations

[173], [174]

Tin expands the most in the stiffest direction, leading to a strong driving force for heterogeneous

deformation. The small joint volume and a high entropy of transformation often requit@so80
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undercooling to form a critical nucleus, resulting in eitlege single crystals or large twinned grains

with rotational periodicity[175], which amplifies the anisotropic properties in the joint. These
anisotropic features makeettevolution of stress and microstructural defects arising from mechanical

and thermal boundary conditions in tin complex, yet important, because they provide the localized
driving force for recovery, recrystallization, grain boundary mobility, damage atiarle crack

formation and propagation, and ultimately the end of life of electronic interconnects. The anisotropy of

Sn has been masked by the relatively soft properties of Pb for hundreds of years because of the use of
SnPb solderg131], [176], [177] Thus, isotropic material models have been adequate fé&tbSn

solders, showing that failure is more likely with higher strain energy that occurs in the corner joints.
However, fdiures have been reported for Sn based alloys near the center of packages, and correlated to
the orientation of the tin crystal as first documentefll#8]. Figure5.2 showsEBSP (Electron Back

Scatter Pattern) mapping of an interior row, showing that cracks occurred preferentially in joints where

the caxis was parly parallel to the inteffacd hese &6r ed 6 -axi®is parafle] to thdhos e ¢
interface, undergoes more dahation (which leads to cracking), because CTE of Sn aleagscis

two times that of along-a x i s . I n contrast, Obl uedxisuneanyl ed6 j oi nt
perpendicular to the interface show the least amount of crafi®jy, [179] This tensile/compressive

damage mode arising from the anisotropic CTE does not occur -lPbJants, and because a

statistical analysis of all joints in a package show that crystal orientations are nearly randomly

distributed, vulnerable (red) joints can be located anywhere.

R

" C crack

c-axis
direction
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Figure52:. A Red 0 or i e nakianedrhpparallel withe hoard dreemost susceptible to
cracking. Cracked joints in the 9x11 array after 2500 thermal cycles are indicated in the package joint

layout.

A full understanding of the effect of anisotropy of Sn and grain orientation ahdehmomechanical
response of these SAC solder interconnects requires a detailed insight into not only the elastic and
thermal properties of Sn, but also of the anisotropic viscoplastic properties of SAC solder joints. A
multiscale modeling approach was posed in Part | of this two part paper, where the SAC
microstructure was classified into four distinct length scales, as shown in Bigufger 4 represents

the complex evolving boundary conditions imposed on the actual physical geometry of theosolder |
including the interfacial metallization that creates the intermetallic bond between the solder and the
component. In our study, the structure is a modified losipescu lap shear specimen. The next lower
length scale (Tier 3) is the grain scale microdtres typically consisting of an anisotropic single

crystal or a few Sn grains and grain boundaries.

Tier 4: Structural length scale

TMM
Specimen Tier 3: Polycrystals

Tier 2: dendritic structure
surrounded by eutectic Skg,
within a single grain. Reinforceme &
strengthening due to load sharing §
between

A eutectic SPAg phase,
A Sn dendrites, and

A CusSn IMC

Tier 1: Eutectic SRAg. Dispersion
strengthening due to nanoscale,8g
dispersoids present in eutectic Sn majs * 2 #IMCs,

Figure5.3: Multiple length scales (Tiers®) in SnAgCu solder alloys
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The next lower length scale (Tier 2, which is tbeus of this paper) focuses on the structure within
individual grains, comprising of multiple tin dendrites formed during solidification, that are surrounded
by a eutectic S#\g microconstituent that was the last to solidify. Embedded throughout thisageain
additional micron scale intermetallic £3ns precipitates. At this length scale, anisotropic composite
models are effective. Tier 1 (focus of Part | of this qwast paper) describes the structure of the
eutectic SPAg microconstituent consisting oflacally homogeneous distribution of nanoscale3w
intermetallic particles embedded in a mamgstalline tin matrix. The behavior at Tier | was described

in Part | with anisotropic models of dislocation interactions with particles that depend on Sizeing

Effect of anisotropy of BCT Sn on Tier 0 and 1 viscoplastic responses of eutedtig [@mase and

pure Sn phase in SAC single crystal was captured in Part | of thipawaaper. The anisotropic
transient creep response of SAC single crystal risdipted in this paper using anisotropic
micromechanics Mo+fTanaka homogenization techniques, based on the transient Tier | creep rates
predicted in Paper | along dominant slip systems in (i) single crystal euteefig $hase; and (ii)

pure Sn dendrites

A mechanistic multiscale modeling framework was earlier proposed by Cuddalorepattd56i, al.

which can capture the physics of average isotropic steady state creep response at Tier 2 length scale. At
thelengths cal e of dendritic colonies (~50 em), the allc
pure Sn dendrite inclusions and hard; &y IMC inclusions embedded in a dispers&mengthened

SnrAg eutectic O6mat r i x éAg eufBdiiephgsea veer @btainedefrem thef Tietlh e Sn
isotropic formulation[59]. The effective properties of this composite were obtained by using self
consstent homogenization schemes from micromechanics theories. The resulting creep properties
(viscosity) were obtained by using the effective medium approximation (EMA). Sn dendrites were
assumed to be spherical shaped inclusions with effective isotropperpes. The effect of the

dendrites was accounted only through their volume fraction. The effective viscosity has been derived

for spherical shaped inclusions by Nemat Naseer €63 and was used if69] to predict the

isotropic homogenized creep response 02385 solder composite. Although, the mode|58] can

predict the isotropic steady state behavior of the material it cannot capture the anisotropic transient and

steady state creep response of SAC single crystal. Moreover, the Sn dearériteedeled as soft
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spherical i nclusions. Hence Eshelbybs tensor,
inclusions, is independent of the inclusion dimensions and the effect of Sn dendrites is included only
via their volume fraction in the SAQlay. However, since the experimentally observed Sn dendritic
configuration is non spherical, its impact on the measured creep response needs to be captured.

To overcome these limitations, the anisotropieep response of the eutectic phase (Tier 1 nsgpo

from Part | of this twepart paper) is combined with the creep response of the Sn lobes (from Tier 1
from Part | of this twepart paper) at Tier 2 using the anisotropic Mbainaka homogenization theory

in this paper, to obtain the transient creep esasp of SAC305 single crystal along principal
crystallographic directions. The Eshelby strain concentration tensors required for this homogenization
process are numerically evaluated for ellipsoidal Sn inclusions embedded in an anisotropic eudtectic Sn
Ag matrix. The above multiscale model is calibrated using the experimentally observed transient creep
response of one of the SAC305 single crystal specimens. The above multiscale calibrated model is then
used to predict the transient creep response in an8&@B05 single crystal specimen and the effect

of orientation (by changing one of the Euler angles) on the transient creep response of SAC305 single
crystal. The orientations of above two SAC single crystal specimens with respect to the loading
direction wee identified with orientation image mapping and then utilized in the model to estimate the
resolved shear stress along the dominant slip directions. In SB@jadhe modeling approach will be
discussed; in Sectioh3, Eshelby tensor calculation folipsoidal inclusion embedded in anisotropic
matrix will be discussed; and finally in Sectibd, the anisotropic transient creep rates of SAC single
crystal will be predicted and calibrated against the experimental observation. The manuscript will
concluce with parametric studies to predict the effect of volume fraction, aspect ratio, and orientation
of ellipsoidal Sn inclusions on the anisotropic transient creep rates of one of the tested SAC single

crystal specimen.

5.2. Modelling Approach

In Tier 2 length scale, anisotropic transient creep rates of euteefig phase and Sn inclusion along
three dominant slip systems are being utilized to predict the anisotropic creep rates of SAC single

crystal along principal crystallographic directiof®r an ellipsoidal inclusion embedded in a general
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U
anisotropic materiaEshelby tensorS has to be determined numericaljor a composite with the

inclusion fhase characterized by the index and the matrix phase characterizeditgex 0, the

effective viscosityof the single crystal composiig givenin Mori Tanaka homogenization methby:

u 0
|

U U oV o v .
GMV-VOIG SV, (Vi-Vo)+1T™

Q:n

U] U
V=V, +

i=1

Where,

U
V = Effective viscosity of the composite RYE

0
V, = viscosityof the matrix (eutectic SAg phase) in unit RVE

0
V, =viscosity of the inclusion (Sn inclusion) and¢Sts IMC in unit RVE;

U
S = Eshelby tensor of the ellipsoidgh inclusionand cylindrical CgSrs inclusion (cros-section is

assumed to be ellipticambedded in anisotropic medium

U

| = identity tensar

A&A p A = volume fraction of Sr(0.55 in SAC305; obtained using image processamy)
CusSn; (0.03 in SAC305; obtained using image processinglusion and matrix irthe composite

RVE.

The inclusion problem described by Eshelby (19880] is as follows: A region (inclusion) in an
infinite, homogeneous, isotropic, and liner elastic medium (maitrixergoes a change in shape and

size. Under the constraint of the matrix, the inclusion has an arbitrary homogeneousTkeain.

definition of eigenstraire, summarized by Mura (1987)67], can be regarded as the strain state that

the inclusion will enter if we remove the constraints of the matrix. Eshelby referred to this as stress

free strain.In Mura [167], an inclusion is defined as subdomaihin a domain D, and eigenstrain
g; (x) is given inWand zero in BW. The elastic moduli in the inclusioi'and the matrix BV are the
same. The displacement straing;, and stress; for both the inclusion and matrix are expressed

[167] as
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u(x) =- Ciimn FP*(XI)(BU K(X=x)dx (2
w

& (x) =- % ﬁ:klmnemn* (X)(Gy; (X- X) + Gy ;i (X- X))dX;  (3)

S (x) =- Ciu ﬁ:pqmrﬁ'mn* (X')(ka,m(x' X')dxl"'em* xX) @
W

where Gy is the stiffness tensor;G s Gr e e n 0 s x if therpoditionovector; aneh @enotes
the position of a point source. For an ellipsoidal

function is given by Mur§l67]

1
160 A2- n)|x- x|

(X - Xi')(xj - le)

Gij (X' X') = |X- X,|2

((3- 4n)a, +

|

) )

Assuming the eigenstrain in the inclusion is constant, we caretaka of the integrals of Equations
2-4. Eshelby{180]i [182] derived solutions for the interior and exterior field of such an inclusion. One

of Eshelbybés prominent results is that the strain e
€ =Sy 6 (6)
where § is the fourth order Eshelby ten4a67].

However, there is no closed form analytical sol ut
inclusions embedded in anisotropic material, so this tensor has to be numerically evé&loated.
general anisotropic material, the Eshelby tensor (S) is given by the following surface integral,

parameterized on the surface of a unit sphere (Mura 1287)

1 +']; 2p ' .
S = @ Lo (P25 3 Gimjn () 4G i (X )} (7)
10

where

Gy (%) :XII()(I'Nij (x')/D(x') (8)
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=2,/812,=(1- 222 cos).z, = (I- 22)"sinWyiz, =2, (9)

D(XI) mnIK KnZKIS’ Nu (X) = |kle K Kln’ K LI]k| ]XII (10)

where, gy is the permutation tensor andylLare the components of the stiffness tensor of the
anisotropic materialn this work, a numerical scheme for the evaluation;pfiSused183] based on

Equation (7)The double integration is performed usthg Gaussian quadrature foula

Sjkl ~on a a I-mnkl{ |m]n( )+Gj mln( Sp)}WpVVq (11)

8 p=1 g=1

where,M and N refer to the points used for integration asandw, respectively, and YW, are the

correspondingsaussian weights.

5.3. Results: Calculation of Eshelby Tensor

Analytical solutions are available for Eshelby tensor for ellipsoidal inclusions embedded in
transversely isotropic material. These analytic solutions for Eshelby tensor are compared to the
numerical results from Equation 11 for isotropic and transverselropic materials[167]. A
parametric numerical study was first conducted by varying the number of Gauss points for N from 3 to
500 and M=2 to explore the convergence of the S tensor components over the domain.

Figure 5.4 illustrates that all components of S tensor are stable after N=20; therefore M= 2 and N= 20

is used for all further calculations and verification purposes.
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Figure5.4: Variation of Eshelby tensor components withrease in number of Gauss points in

numerical quadrature calculations

Different components of Eshelby tensor for both needle shaped and disk shaped inclusions embedded

in isotropic matrix are numerically evaluated and compared against the respective closed form

solutions provided by Murd67]. The numerical results are found to agree well with the analytical

results, as illustrated in Tables 5.1 and 5.2.

Table5.1: Components of Eshelby tensor calculated for needle shaped inclusions embedded in

isotropicmatrix

Numerical (code) Analytical (Mura book) [32]
S1111 0.6516 0.6785
S1133 0.2792 0.2143
S3311 0 0
S3322 0 0
S3333 0 0
S1212 0.3484 0.3214

Table5.2: Components of Eshelby tensor calculated for thin disk shaped inclusions embedded in

isotropic matrix

Numerical (code) Analytical (Mura book)
S3311 0.4286 0.4286
S3322 0.4286 0.4286
S3333 1 1
S2323 0.5 0.5
S1313 0.5 0.5
S1212 0 0
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Different components of Eshelbyébés strain concentra
embedded in an isotropic matrix are numerically evaluated and compared against the closed form

solution obtained from Murfl67] and Withers et al[184]. Once again, the numerically calculated

Eshelby tensor is found to agree with the closed form andlalation for spherical inclusions

embedded in transversely isotropic matrix (refer to FigBg The components of the Eshelby tensor

are also calculated for ellipsoidal inclusions with varying aspect ratio embedded in transversely

isotropic medium andompared with the analytical solution (Figur@) obtained from Withers et al.

[184]. Once again the numerically calculated S tensor compoaeatiound to agree well with the

closed form analytical solution. Details of the closed form analytical solution for an ellipsoidal

inclusion embedded in a transversely isotropic matrix are presented in the Appendix at the end of this

Chapter.
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Figure5.5: Components of Eshelby tensor calculated for spherical inclusions embedded in transversely

isotropic matrix
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Figure5.6: Comparison of the components of Eshelby tensor calculated for ellipgmillsions

embedded in transversely isotropic matrix (A denotes results obtained using analytical solutions)
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After verifying the numerical integration scheme for different spherical and ellipsoidal inclusions

embedded in isotropic and transversely igutranatrices, this method is used to find the Eshelby

tensor for spherical Agn inclusions embedded in an anisotropic Sn matrix. The Elastic stiffness

tensor for pure Sn has been taken from Kammer [@8&].and the elastic stiffness tensor for;89

inclus i on i s calcul ated based s;Snninclusibne (99 YGPa)nfigpra s modul i
nanoindentation measurements from Chromik gil&Rland usi ng a fRPE5®sTher 6s r at i o
effective composite stiffness tensor for eutectieAgnphase is now calculated using Equation 12 and

the Eshelby tensor components derived for sphericgdi@clusion embedded in a pure Sn phase.
u U u U vV, ,0 0 o
L=Lote(h- LSk (L- L)+ 17 (12)

U U
Where, L = Effectivestiffness tensoof the eutectic SPAg phase; L, = stiffness tensoof the Sn

V] U
matrix; L, = stiffness tensoof the spherical AgSn inclusion; S = Eshelby tensor of thepherical

U
inclusion embedded in anisotrop8n medium | = identity tensqrA& A = volume fraction of

AgsSninclusionandSnmatrix in composite RVE
The effective stiffness tensor of the eutectieAgnmatrix is next used to calculate the Eshelby tensor
for ellipsoidal Sn inclusions embedded in anisotropic eutectib@gdmatrix. Some of the components

of the Eshelby tensor, for ellipsoidal inclusiomabedded in anisotropic eutectic-8g matrix are

plotted in Figureb.7.
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Figure5.7: Eshelby tensor calculated for ellipsoidal inclusions embedded in fully anisotropic Eutectic

SnAg matrix

5.4. Results: Anisotropic transietreep rates of two SAC single crystals

In this Section, the anisotropic transient creep response of one of the two SAC305 single crystals will
be utilized to calibrate the model and then the calibrated model will be used to predict the transient
creep reponse of a second SAC305 single cryspacimen. In Subsectid@¥.1; the orientation image

maps and corresponding Euler angles for both the SAC single crystals are presertatindie
transformation tensors to convert the creep strain rates fromidudi slip system axes to the crystal
axes, and the crystal axes to the global specimen axes are also discussed. In SGls2ctorecap

of the anisotropic creep strain rates predicted along individual slip systems for one of the SAC305
single crysta#1 from Tier 1 calculations is presented for completeness. In Subsé&cti®) the
anisotropic transient creep strain rate prediction for SAC305 single crystal #1 along principal
crystallographic directions ise provided. In Subsechidi, the anisotropic transient creep rates along

the global specimen axes for SAC305 single crystal Specimen #1 are calibrated to experimental data
and the anisotropic transient creep rate for SAC305 single crystal Specimen #2 is predicted and
compared agast the experimental observation. The effect of varying the Euler angle on the transient
creep rate of SAC305 single crystal #1 along the global specimen directions is presented next. In

Subsectionb.4.5, the effect of volume fraction and aspect ratioSof inclusions on the anisotropic
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transient creep rates along the global specimen direction in SAC305 single crystal Specimen #1 are

discussed and finally the summary and conclusions from this study are provided in S8ction

5.4.1. Orientation image mapnd Euler angle of two single crystal SAC305

specimens

Inverse pole figure map of SAC305 single crystal Specimen #1 and SAC305 single crystal Specimen
#2 are presented in Figures 5.8 and 5.9. The misorientation angles between the sub grains in the single
crystal are mostly less than;Zherefore this SAC305 solder joint is assumed to be a single crystal.
The Euler angles of the joint are used to convert the transient mobility (inverse of viscosity) from the
slip system coordinate system to the crystal dioate system, using the fourth order coordinate
transformation (refer to Equation 13) and then further to the global specimen coordinate system. The
anisotropic transient shear creep rates along the three most facile slip systems are converted to their
respective time dependent-ptane shear viscosities by dividing the resolved shear stress along that
slip system by the corresponding transient creep rates. Then, the viscosity matrix of the material along
different slip systems are converted tepiane skear mobilities along individual slip systems by taking

their inverse. All other components other thaiplane shear mobility (M;,) are zero.

U 2 a a a
M crystal = a aM slipsystenaT a (13)

U]
Where, M siipsystenis fourth order mobility tensor (inverse of viscosity tensor). The fourth order

viscosity tensors for both pure Sn phase and eutectidgSphase are then combined using Mori
Tanaka homogenization theory (using Equation 1) to obtain the fourth orderityiseasor for SAC

single crystal in the crystal coordinate system using the fourth order Eshelby tensor (calculated in
Section5.3). Then, the fourth order viscosity tensor for SAC single crystal in the crystal coordinate
system is further converted toettHfourth order viscosity tensor in the global specimen coordinate
system using the following coordinate transformation in Equation 14. Fphkie shear component
(V1210 of the effective viscosity of SAC single crystal in the global specimen coordirsdéasis then
utilized to calculate the transient creep strain evolution in the specimen coordinate system; which is

calibrated to the experimentally observed creep response.
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Figure5.8 Inverse pole figure [100] map for SARA5 single crystal #1. Numbers inside parenthesis at
four different locations of the joint refer to the Euler angjesf(, j ), needed to convert the physical

guantities from global cordinate system to crystal-@vdinate system

100 Inverse Pole
Figure Map

Figure5.9: Inversepole figure [100] map for SAC305 single crystal #2. Euler angles 62.69, f =
50.38,j ,=24.78") are calculated to be used to convert the physical quantities from glebal co
ordinate system to crystal-avdinate system
The second order tensor ugedconverting quantities from sample coordinate system to crystal

coordinate system is given by:

9," °=9,9:.9, (15)
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ecoy, sinfj, Ol O 0 gecoy, sinj, Og

sc _€ i ; Uey el NV
9, =gsin, coy, O cosf smfué sin/, coy, Oy (16)

g 0 0 1y -sinf cosfgg O 0 1y

écoy ,cos , - sinj, cosfsinj,  sinj, coy , +cos/ cosfsin/, sinfsin/ , g
g,” ‘= g- cos/, sin/ , - sinj, cosf cos/, - sinj,sin/, +cos/,cosf cos/, sinfcos/ 23
g sin/ ;sinf - coy/ ,sinf cosf §

The second order tensor used for converting quantities from the crysiedinate system to the slip

a a

system ceordinate system is given b@, where a is the second order @rdinate transformation
tensor comprising of direction cosines between the crystal axes ([h k 1], [u v w]andcfE (=[h k
[]3Ju v w]) (cross product of loading plane normal and loadlingction)) and individual slip system
axes ([n nz ng], [by by bs] and [4 t; ts] (=[N1 N2 N33 [by b, bs]) (cross product of slip plane normal and
slip direction))(refer to Figure 5.10)

& [uvw &= crystal axes

‘ 1qb1 b2 bg] ° Nglip system axes
* Attty
& [ciccq
> 4n; n, ng
&[hkl]

Figure5.10 Co-ordinate transformation between crystal ahip system ceprdinate axes

a

The second order tens@ is given by:
%Osqn C03G,, Cos%sg
a; =a80sq,, C0Sq,, COSG,;6 (18)
8
82605%1 COSq;, COSGy3+

where,
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bl*u+b2*V+Q*W
JiF +b.2 +b2) (7 +v2 +w?)
cosg, = B1GTDIG b e
Jb2+b7 +b7)y/(c2 +¢,2 +¢)

cosg,; =

bl*h+b2~kk+b3*|

oSG, 5 =
Jb2 +b7 +b7) (N2 +K? +12)

t*u+t,*v+t,*w

JZ+67 +17) J? +v2 +w?)
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5.4.2. Anisotropic transient creep stranhEutectic SPAg phase and Sn phase along

individual slip systems (Tier 1 results) for SAC single crystal Specimen #1

The anisotropic transient creep shear strain along the dominant slip systems for the eutigtic Sn
phase and the pure Sn phase is modeled in Part | of thisaspaper and the anisotropic creep strain
of the eutectic Sh\g phase and Sn phase for indival slip systems are replotted in Figure 5.11 and

5.12 for completeness of this manuscript.
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Figure5.11 Anisotropic transient creep rates in Sn phase in SAC305 single crystal Specimen #1 at

shear stress level of 10 MPa at RT
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Figure5.12 Anisotropictransient creep rates in a unit cell of eutectieAg§rphase in SAC305 single

crystal Specimen #1 at shear stress level of 10 MPa at RT

5.4.3. Anisotropic transient shear creep strain of SAC305 single crystal Specimen #1
in crystal ceordinate system

The anisotropic transient shear creep rates along three most facile slip systems are converted to their
respective time dependentpane shear viscosities by dividing the resolved shear stress along that
slip system by the corresponding transient creep.rates, inplane shear mobilities along individual

slip system are obtained by inverting the viscosity tensors along those slip systems. All other
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components other than-plane shear mobility (M1, are zero. The obilities of the eutectic SAg

phase ad the pure Sn phase are calculated along the crystidamate system for individual slip
systems using Equation 13 and 18. Then the effective viscosity of SAC305 single crystal Specimen #1
is calculated using Equation 1 and the fourth order viscosigots of the eutectic $hg phase and

the pure Sn phase in the crystal coordinate system. The transient creep strain along the [001] direction
of SAC305 single crystal Specimen #1 is predicted to b2) @rders of magnitude higher than that

along the [100[010] direction (refer to Figure 5.13).
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Figure5.13 Anisotropic transient creep strain of SAC305 single crystal specimen #1 along principal

crystallographic directions in crystal coordinate system at shear stress level of 10 MPa at RT

5.4.4. Anisotrof transient creep response of two SAC305 single crystal specimens

along global sample loading direction

The anisotropic transient creep viscosity along the crystairdinate system for SAC305 single
crystal specimen #1 is further converted to the glshaiple axes by conducting the fourth order co
ordinate transformation using Equation 14 and then the sum of {plana shear viscosity along
individual slip systems was calculated and calibrated with the experimentally observed transient creep

strain of SAC305 single crystal Specimen #1 (refer to Figure 5.14).
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Figure5.14 Predicted transient creep shear strain along global specimen coordinate system vs.

experimentally observed creep shear strain of SAC305 single crystal #1
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Figure5.15 Predictedransient creep shear strain along global specimen coordinate system vs.

experimentally observed creep shear strain of SAC305 single crystal #2 (predominantly single crystal
in bulk)

The abovecalibratedmultiscale model ishen used to predict the transient creep response in another
SAC305single crystak#2 specimenpredominantly single crystal in the bulkefer Figure 9 for OIM
map). The transient creep strain in the bulk of the specimen is predicted to be higherethan th
experimentally observed creep strain. However, the transient creep strain predicted in the grain (Green
and Blue) present in the fillet is smaller than that observed in the experiment (refer to Figure 5.15).
Therefore, the two grains in the fillet arefidéely reducing the effective creep strain along global

specimen direction. Therefore, depending on the orientation of the grains in the fillet with respect to
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the loading direction, the creep strain along the global direction can be increased orededleas
importantly, the effect of grain boundary sliding between the adjacent grains also need to be
considered before drawing any conclusion about the interactions between the grains. The above
calibrated model is then used to study the effect of vgrgitentation (one of the Euler angles) on the
predicted transient creep response along the global specimen direction in SAC305 single crystal
Specimen #1. The predicted shear creep strain along the global specimen direction is found to vary by
a factor of1-3 orders of magnitude due to change in one of the Euler angles (SAC305 single

crystal Specimen #1 (refer to Figure 5.16). The other two Euler ariglasd]j ;) are kept constant

during the analysis. Variability of {3) orders of magnitude in ttieansient creep strain response has
been previously reported in the literatfelO] in solder specimens tested under similar loading
condition at the same temperature. Thereftine above model can be used to predict the transient
creep response for any single crystal specimen with random orientation and the constitutive properties
of the individual crystal can be further used to model the whole solder joint containing moos¢han

grain, by modeling the grain boundary sliding.
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Figure5.16 Effect of varying Euler anglg ) on predicted transient creep strain along global

specimen loading direction in SAC305 single crystal #1 at shear stress level of 10 MPa at RT
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5.4.5.Effect of volume fraction and aspect ratio of Sn inclusions on transient creep
rates of SAC305 single crystal #1 along global sample direction

Using the above calibrated model, the effectafime fraction and aspect ratio of Sn inclusionghe

transien creep response of SAC305 single crySjaécimentl is studied and the material is predicted

to creep more (refer to Figuiel17) with increase in volume fraction of Sn inclusion in the single
crystal specimen from 35% to 75%. SAC single crystal is pfedicted to creep more as the Sn
inclusions shapes are changed from spherical to ellipsoidal. Out of the three aspect ratios studied here,
disk shaped Sn inclusions contribute to higher creep strain compared to that of needle shaped and

spherical shapeac¢lusions (refer to Figure 5.18).
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Figure5.17. Effect of volume fraction of Sn inclusions on predicted transient creep response along
global specimen loading direction in SAC305 single crystal Specimen #1 at shear stress level of 10

MPa at RT

o
o
N
a

0.02

—Aspect Ratio = 10

0.01 —Aspect ratio = 0.01

Primary Creep Strain
o
o
&

f —

o
o
S
a

o

1000 2000
Time (s)

o
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5.5. Summary and Conclusions

A multiscale mechanistic modeling approach was proposed in Pathikdfvo part papemvherethe
anisotropic transient creep rates of eutectieAg§nphase (Tier 1) and pure Sn phaserevmodeled

along dominant slip systems efnglecrystal SAC solder.The anisotropiccreep response of the
eutectic phase (from Tier 1) is combiniedhis papemith the anisotropicreepresponsef Sn lobes

at Tier 2 using the anisotropic MeFanaka homogenization theory, to obtain @nésotropictransient

creep respase of SAC single crystaipecimensalong the principal crystallographic directions. The
Eshelby strain concentration tensors required for this homogenization process are numerically
evaluatedor ellipsoidal Sn inclusionand cylindrical CgSrg inclusionsembedded iran anisotropic

eutectic SPAg matrix. The above multiscale model is validated using experimentally observed
transient creep responsearfe of theSAC305single crystal specimens. The orientations of above two
SAC single crystal specimens witkspect to loading direction were identified with orientation image
mapping and then utilized in the model to estimate resolved shear stress along dominant slip directions.
Transient creep strain rates along the [001] direction of SAC305 single cryst@im8pe#l are
predicted to be -2 orders of magnitude higher than those along the [100]/[010] directibe
proposed multiscale model is able to quantitatively capture the transient creep response of the second
SAC305 single crystal Specimen #2 reasonal@il. The predicted shear creep strain along the global
specimen direction is found to vary by a factor eB}brders of magnitude due to change in one of the
Euler anglesj(y) in SAC305 single crystal Specimen #1, which is in agreement with experimental
observationsParametric studies have also been conducted to predieffédet of changing/olume

fraction and aspect ratiof Sn inclusions on the anisotropic transient cresgponseof SAC single
crystal#1. The model is able to capture tdecrease in creep resistance of SAC305 single crystal,
when the volume fraction of Sn inclusion in the SAC single crystal increlesefore, the above

model can be used to predict transient creep response for any single crystal specimen with any random
orientation. The constitutive properties of the individual crystal can be further used in future studies to

model the whole solder joint containing more than one grain by modeling the grain boundary sliding.
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Chapteré@ Mec hani stic Modeliadyof th

State Viscoplastic Response of

Abstract

A multiscalemodelingframeworkis proposedn this studyto capture the influence dhe inherent

elastic anisotropy ddingle crystaSnand the inherent heterogeneous microstruatfisesingle crystal
SnAgCu(SAC) solder grain on theecondary creep responskthe grain The modeling framework

treats the SAC microstructure as having several distinct length scales. The smallest length scale (Tier
0) consists of the Sn BCT lattice. Thatectic SRAg micro-constituent, consisting of nanoscale
AgsSn IMC particles embedded in the single crystal BCT Sn matrix, is termed Tier 1. The single
crystal SAC microstructure, consisting of Sn dendrites and surrounding euteotig Sinase, is
termedTier 2. Dislocation mechanics analysis is used to describe the dispersion strengthening in Tier
1 and homogenization theory is used at Tier 2 to describe the load sharing between the Sn dendrites
and the surrounding eutectic-8iy phase. At the Tier EVel, the dispersion strengthening and creep
resistance is a result of dislocation impediment by the nanoscgin Agrticles. At Tier 0, thénke
tensionand mobility of dislocations in dominant slip systemssifigle crystalSn is captured using

elastt crystalani sotropy of body centered tetragonal (BCT
Dislocation recovery mechanisms, such as Orowan climb and detachment from nanogSale Ag
particles, are proposed to be the rate controlling mechanisms for creepatiforim the eutectic Sn

Ag phase (Tier 1) of a SAC single cryst@he anisotropicsecondary creep ratef eutectic SPAg

phase (Tier 1), is then modeled using the above inputs and the saturated dislocation density calculated
for dominant glide systenturing secondary stage of creep. Saturated dislocation dénsisfimated

as the equilibrium saturation between three competing processes: (1) dislocation generation; (2)
dislocation impediment caused by back stress from pinning of dislocations at IMIA8) aislocation
recovery due talimb/detachment from IMCsSecondary creep strain rate of eutectieAgnphase in

three most facile slip systems is calculated and compared against the isotropic préditdiorstress

level secondary steady stateeg ratealong (110)[001] system is predicted to be ten timestaep
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ratealong (100)[0-11] system However, athigh stress levelecondary steady stateeep ratealong
(110)[001] system is predicted to be ten thousand timesréep ratealong (100)[611] system The

above predictions are in strong agreement \{@tH) orders of magnitude of anisotropy observed in
steady state secondary creep response in SAC305 solder joints tested under identical loading
conditionsin experiments conducted by seveaaithors. The above model is then combined with
Eigenstrain methods and average matrix stress concepts to homogenize the load sharing between the
Sn dendrites and the surrounding eutecticShgmatrix. The resulting steady state creep rates are
predictedfor a few discrete (single crystal anddoystal) SAC305 specimenSery good agreement

was observed between the predicted steady state creep rate and the measured creep rates for two
SAC305 single crystal specimens. For thetyistal specimens, the pietéd steady state creep rates

for the individual crystals in the joint were found to bound the experimentally measured values. The
predicted steady state creep rates for SAC3305 single crystal #1 specimen is found to vary by almost
one order of magnituddue to systematic variation of the grain orientation of the Sn dendrites with
respect to the loading directioithe original draft of this chapter is a journal paper and will be
submitted to Material Sciee and EngineeringA and part of the paper has beaccepted at
USNCTAM, 2014 (United States National Congress on Theoretical and Applied Mechanics) at East

Lansing, MI.

Keywords: Creep, anisotropy, dislocation density, BCT Sn, SAC solder, dislocation detachment,

Orowan looping

6.1. Introduction

Leadfree solder interconnects have been prevalergl@ttrical and electronic equipmesihce2006,

with some exceptions. Many Sn basedfiéle solder alloys have been proposed as a replacement for
the eutectic Sn37Pb, e.g. Sn2.5Ag,-BBn SnZn, SnZn-Bi, SnAg-Bi, and Sn0.5Cu. Recently,
industry has focused its interest on a hypoeuteciA@u alloy (SAC) because of its comparatively
low melting temperature, competitive price, and good mechanical profféB8&is[189]. Research on

the microstructure of SAGolder[190], [191] its evolution[192], [193] and mechanical properties

[194]i [200] has been extensively conducted, bub st of the studies daondt prov
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detailedunderstandingf the heterogeneoubehavior of tiis anisotropic material, since most of the
studies consider the solder joint to be isotro@ome modelling work has also been performed,
usually considering the material as a single phase, isothmpimgeneous contiom [201], [202]

Erinc et al[203] simulated fatigue damage in a SAC solder joint taking into acgpaint boundaries

using cohesive zones. It has been reportetidriterature that the anisotropic character of th&n

crystal structure (BCT) can lead to stress concentrations at Sn grain boundaries during thermal cycling
[204], [205] Furthermore, localized deformatitvas been shown toccur at the grain boundaries of
Snrich solders upon thermal loadifg06]. Thermal fatigue in Snich alloys has also been reported to

be influenced by the anisotropic crystallinity of the microstruc{@@r]. Recently, experimental
evidence has been presented that these stress concentrations canleatlilgamage, purely due to

the influence of thermal cycling without any external mechanical constfadt$ Chen and L{208]
showed, using an anisotropic elastic finite element model of a multicrystal system, that stress
concentrations arise at certain grain boundaries and triple junctions. Matin2943Ishowed in a
comparison between experimentally obtained data and a simulation for a thermally cycled SAC
specimen, using an elastic analysis including anisotropic elasti©vardal expansion properties, that

the locations of predicted stress concentrations correlated reasonably with damaged areas found in the
experimental observations another recent study by Zamiri et @3], crystal plasticity analysis was

used to evaluate stress and strain resulting from aCl&Snperature change in a singhystal jant

using two simplified geometries for solder joints. Phenomenological flow models for ten slip systems
were estimated based upon semi quantitative information available in the literature, along with known
anisotrojfic elastic property informatior.he resilts showed that the internal energy of the system is a
strong function of the tin crystal orientation and geometry of the solder joint. The internal energy (and
presumably the likelihood of damage) is highest when the crysdaisclies in the plane othé
substrate, leading to significant plastic deformation. Whercithgtal a-axis lies in the plane of the
substratedeformation due to a 166 temperature change is predominantly elastic.

Although few authors have taken the elastic anisotropy of Srtheio modeling, none of thénite
element modeling efforts for reliability assessment ofrEb interconnects have taken into account the

viscoplastic anisotropy of grains and theoarse grainedhature of the interconnextThe linear
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coefficient of themal expansion (CTE) of boelyentered tetragonattin is reported to b&80.5 ppm/C

along the [001] axis fexis) and 15.5 ppmC along the [100] and [010] {a&and baxes) at room
temperaturg209]. Similarly, the Youn@ modulus is reported toe 69 GPa along theaxis and 23
GPaalong the aand baxe$209]. The large intrinsic anisotropy calfsr a microstructurdased
modeling of the viscoplastic responsESAC single crystalSeveral studies have demonstrated that
the failure of a SAC solder interconnect is governed not only by its location in terms of the distance
from the neutral point (DNP) of an assembly but also by the orientation and number of2ia]irs

the interconnect. In thermal cycling (TC) experiments, the fatigue cracks have been observed
propagating along the Sn grain boundaries, near sphtéiinterfaces, and also along the Sn/primary
intermetallic interfaces. Numerous reseasthdiesare goingon to understand the microstructure,
fatigue, and creeand to develop proper constitutimeodelsfor thesesolder materials. Howevemost

of thosestudiestreat SAC solder as a homogeneous, isotropic material,fail to predict the huge
scatter obsergkin the constitutive response of these materials under identical fabrications protocols
and loading conditions, due to the underlying anisotropy and heterogeneity of the grain §2u6jure
Creep measurements conducted on microscale SAC305 solder specinsestidy conducted by
Cuddalorepatta et aJ210] also show significant piecéo-piece variabilityin the creep behavior of
specimens tested undédentical loadng conditions (refer to dotted circle in Figure 6.1 (b))
Microstructuralanalysis of these microscale SAC305 solder specimens rd2é&8lsthat in spite of

using consistent fabricatioprotocols, these specimeeshibit a norrepeatablecoarsegrained Sn
microstructuresimilar to that seen in SAC joinits functonal microelectronics.

In order to understand the effect of anisotropy of Sn and grain orientation on the variability of creep
response of these SAC solder interconnectsuliiscale modeling approach jsoposedwhere the
microstructure can be classifiénto five distinct length scales, as shown in Figar2 The electronic
subsystem of the circuit board (Tier iS)the highest level ofcale relevant to interconnecfBier 4
representshe structure that governs tlimmplex evolving boundary conditisnimposed on the actual
physicda geometry of the solder joinincluding the interfacial metallization that creates the

intermetallic bond between the solder and the compomendur study, theTier 4 structure is a
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modfied losipescu shear specimeiihe rext lower length scale (Tier 3) is the grain scale

microstructure, typically consisting of amisotropic single crystal or a feé8n grains and grain

e SAC 1.0E02 4:."
c ORI '
_ei(a) : T=125°C g (b) S
- / = 3 ¥oa At
o 1ot 1 J ¢  10E04 s H
8 102 s ———— Znang 2% i
Ve — — — Clech o0 =
a
g 1e-3 5 . < A _ f::uue" Lﬁg’ 1.0E06 -
C led | Pang >
§ 1os | v || |5 & :
sy 7 =t |- Xiao 1.0E08 S50
(7] c
g 1e6 | S __ 2o C
]
5171 " 10E10 : SAC305
108 4 1.00 10.00 100.0(
100 Equiv. Stress (MPa)

Stress (MPa)

Figure6.1: (a) (15) orders of magnitude variability reported steady state cpeateq211] (b) (1-4)

orders of magnitude of variability observed in steady state secondary creep response observed in

SAC305 solder joints tested under identical loading condif@h3]

boundaries At this length scale, crystal plasticity finitelement models in conjunction with grain
boundary models are effectivEhe next lower length scale (Tier 2) focuses on the structure within
individual grainsand iscomprised of multiple tin dendrites arising from solidificatiofihe dendrites
are surrounded bynaeutectic SPAg micro-constituentthat is the last to solidifyEmbedded
throughout this grain are additional micron scale intermetalliS@predpitates. All of these features
participate in load sharing, thus providing reinforcement strengthedihghis scale, effective
modeling methods can be obtained from anisotropic homogenization theories popmderpivsite
model. Tier 1 describes the sirture of the eutectic SAg micro-constituent consisting of a locally
homogeneous distribution of nanoscale;®wy intermetallic particles embeddedamonacrystalline
tin matrix. Here, anisotropic models of dislocation interactions with particles tbatrdi on
spacing/size are appropriate for describing the dispersion strengthBEeing.refers to dislocation slip
systems needed for modeling in TierPredicted creep rates along dominant slip systems of single
crystal eutectic S#\g phase in Tier leingth scale will be used in conjunction with those for pure Sn
dendrites to predict the anisotropic creep response of SAC single crystal using anisotropic

micromechanics homogenization techniques.

A mechanistic multiscale modeling framework has beenegaplioposed by Cuddalorepatta et al.

[212], which can capture thehpsics of creep deformation at Tier 1 & 2 length scadghe Tier 1
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length scale, nanoscale n particles in the eutectic region provide dispersion strengthening by

interacting with nanoscale Agn particles. The

Circ::f;:;fds Length Scales in SAC Solder Interconnects
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Figure6.2; Multiple length scales (Tiers®) in ShnAgCu solder alloys
rate limiting process for dislocation motion is considered to be dislocation detachment mechanism
based on the works of Rdsler and Afél], and implemented for a constant uniform dislocation
density. However, the model in its current form is only valid for isotropic materials
The currensstudyimproves on this modéb capure the anisotropisteady state viscoplasti@havior
observed in SAC solder alloy3o capture the effect of anisotropy present in BCTsBuacture,
individual slip systems present in Sn are considered in this shudg.tensionand viscous drag
coefficients (inverse of mobilitypf dislocations in dominant slip systems sifgle crystalSn is
captured usindundamentalelastic crystalanisotropy calculationsThe anisotropicsecondary creep
responseof the eutectic Sg phase, ne of the primary phases in SAC systems, is then modeled
using above inputs and saturated steady state dislocation density is calculadedhiftant glide
systemsduring secondary stage of cre@pslocation density used in the isotropic model reported in
[212] wasbased on a hypothieal assumption that all slip planes in BCT Sn are completely saturated
with dislocations during the secondary stage of creep and a very high value of dislocation deisity (10

m?) was assumed. However, this number has no physical basis and in the sireeatnew method
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has been proposed where saturated dislocation dedssigtimated as the equilibrium saturation
between three competing processes: (1) dislocation generation; (2) dislocation impediment caused by
back stresgrom forest dislocations a@nfrom pinning of dislocations at IMCs; and (3) dislocation
recovery due talimb/detachment from IMCand forest dislocations

One of the key parameters of the dislocation detachment nretietation parameter (b1], [62]

used to capture the strong attractive interaction between dislocation and nanoscale particle during the
postclimb phase, has been previously modeledadunction of stress and temperature. However, in

this study, the relaxation parameter is treated as a fundamental property of the material, and has been
mechanistically derived in this study by taking into account the detachment configuration of a
dislocation over the particle, instead of using an empirically calibrated value. The magnitude of k
governs how strongly the detachment mechanism contributes to the overall creg&pewdtare, the

primary objectiveof this paper igo predict the anisotropmecondary creep strain ratefeutectic Sn

Ag phasédor thethree most facile slip systerasd compareagainst the isotropic predictiofihe creep
responseof the eutectic phasdrém Tier 1) is then combinedvith the creep of Sn lobes at Tier 2,

using anisotropicMori-Tanaka homogenization theoty, obtain the homogenized creep response of
SAC305 single crystal. Furthermoreetmultiscale model is validated usiegperimentally observed
secondary creep response of two dissimilarly oriented 3AGsingle crystal specimensThe
orientations of above two SAC single crystal specimens with respect to loading diegetidentified

with orientation image mappingnd then utilized in thenodel to estimate resolved shear stiadesg
dominant slip directions Multiple parametric studies are conducted to understand the effect of
orientation and aspect ratio of Sn inclusions on the steady state creep response of one of the SAC305
single crystal specimen. Modeling approach for Tier O length scale is describegtiBection 6.2;
modeling approach for Tier 1 length scale is described in Section 6.3; modeling approach for Tier 2
length scale is described in Section 6.4; results and discussions will be provided in Section 6.5; and

finally the chapter will conclude ith summary and conclusions in Sectio6. 6.
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6.2. Modeling Approach for Tier O length scale

The proposed modeling framework relies on the estimation of several fundamental parameters of BCT
Sn lattice to capture the anisotropic creep behavior exhibited\Bysthgle crystal alloy. This section
will discuss the approach and calculation of these parameters (line tension factor in Subsettion
mobility in Subsectior6.2.2; and dislocation density in Subsect&.3), which will be used as inputs
to the alove model to calculate the anisotropic creep strain rate of euteefig Phase and Sn phase

at Tier 1 length scale in Secti6ér8.

6.2.1. Calculation of line tension factor (K) for a dislocation in anisotropic single

crystal BCT Sn
The matrix ofstiffness constants of therdinmclass ofthe tetragonal system to whibhin belongs is

Cll C12 Cl:i
C12 Cll lei
Ciy=[ Ciz Ciz Cy 0
0 0 0 Cgu
0 0 0 0 C,
0 0 0 0 0 Cg

SoOCOoOo

Table6.1: Dominant Sn slip systems observed in[856]

SLIP SYSTEMS
SLIP SYSTEMS RANK
PLANE DIR
1 {100} [001] 7
2 {110} [001] 1
3 {100} [010] 8
4 {110} 12[1-11] 2
5 {110} [1-10] 4
6 {100} [0-11] 3
7 {001} [010] 6
8 {001} [110] 10
9 {011} [0-11] 5
10 211} [0-11] 9

To understand the slip behavior of Sn in SAC solder joints, the relative operation of different slip
systems was analyzed in 196 joints with different orientations by Bieler[@#&].and correlatd with
the caxis orientationUsing the resultérom Bieler et al.[156], [157]the activedip systemsn SAC

solder considered here for this studye shown in Table6.1. The elastic field of a straighgdge
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dislocationline in an anisotropic crystal was treated theoretically first by Eshelby §t5d]. For
anisotropic elasticity, the determinationtbe line tension factork() requires numerical approaches,
and can be evaluated by using either sextic formatismposedby Eshelbyet al.[158] or integral
formalismproposedy Barnetet al.[159. Es he |l by 6 s s engthod was fmarlifiech byl Strodr m

[160] andexpressed witla matrix formalism, dorm amenable to numerical computation.

6.2.2. Calculation of mobility of dislocation in pure BCT Sn (without anyShg

Particles)

In order to capture the evolution of diskdion density in dominant slip systems of single crystal Sn,
which will be discussed next in Section 6.2.3, ¥leéocity of a singleedgedislocation in anisotropic
Snshould be first calculated from fundamental principslocity (v) of a single dislocation in an
anisotropic medium (assuming there is no particle or forest dislocation or grain boundaries to exert any
back stress on it or impede its motion) is giverj184]:
r

v, = % (1)
where, subscri slipsystent’isappked esolved sheahsress along thslip
system;bi s t he Bur ger d8slipsystamnt Risrthe siscaus dyag eefficient ialong the

i" slip system. Viscous drag -aficient (B) of an edge dislocation is given fy62]:

=2

e @)

where, is the transverse sound wave velocity in thelip systems in Sn medium; add= (G/” )°>,
where Gis the shear modulus along tffesiip direction of Sn andl is the mass density of Si,is the

thermal energy density of Sn. Thermal energy density of Sn can be calculated using Equation 3:
h="*C*(T-Tp) 3

Where, G is the specific heat capacityp s the Debye temperature (200 K) of Sn; T is the test

temperature in Kelvin.
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6.2.3. Modeling saturated dislocation density in dominant slip systems of SAC solder

Steady state dislocation density°{) is canputed by modeling three competing processéy:
dislocation generation; (2) dislocation impediment caused pinning of dislocations at IMCs; and (3)
dislocation recogry due to detachment from IMCs in eutectics8ig phase; and three competing
processes: (ldislocation generation; (2) dislocation impediment by forest dislocations in pure Sn
matrix phase; and (3) dislocation recovery due to climb over forest dislocation and mass diffusion
transport through Sn lattice. Cross slip mechanism has not been chddeldgo lack of knowledge
about crosslip activation energy in BCT Sn. Molecular dynamics simulations need to be carried out
in future to estimate the activation energy for cralfs and incorporate that into the above dislocation
models.

For the AgSnIMC phase, the steady state dislocation densjjyir{ the " slip system is modeled by:

FO =vk e - 2900, DB

/ / (4)

where the number of dislocations pinned by®wIMC at steady state is given by:

n =(@- fdisp IMC)(p/6fdisp uvlc)(zm)/'isat ? ®)

For the Sn phase, the steady state dislocation density is modeled by:

;Ji © =vok 7" - aG R & |Gy r ™ +x BB A C;r;™)=0 (§
] ]

The first term of Equation 4 denotes dislocation generation, the second term denotes dislocation
impediment by nanoscale A8n IMCs, and the thirdterm denotes recovery by dislocation
climb/detachment from the particles is the initial resolved velocity of edge dislocation along the i

slip system (this term is estimated as described earlier in Section 6;42)/akK;b;) is a model
constantfor the slip system; where; Ky are the line tension factor and Burgers vector, respectively,

for edge dislocation in thé"islip system:a; (5E8) is a model constant to calibrate the model
predictions to the experimental observatighis the resolve shear stress along tHeslip system; G

is shear modulus for th® slip systemz (=0.1) is the precipitate hardening calibration parametés; n

the number of dislocations getting trapped a3FxgIMCs for the {tslip systemp (=0.5) is calibration
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parameter for dislocation recovery from precipitates by climb/detachmgpiud is the volume

fraction (=0.05; obtained using image processing) agSaglispersoids in eutectic &g phase.

The first term of Equation 5 denotessidication generation, the second term denotes dislocation
impediment by forest dislocations, and the third term denotes recovery by dislocation climb from
forest dislocationa (= 1) is a forest hardening calibration parameter lying between 0.1 @632 x

(=0.5) is forest hardening recovery parametey;(€0.01) is a constant capturing the interactions
between the"iand " slip systems. The interaction parameterg @Ce assumed to be 0.01 for all i and

j, to capture the interactions between all slip systems in this study and need to be calibrated in future by
simulating SAC single crystal experiments using discrete dislocation dynamics. Model constants used

for calalations are summarized in Table 4.Zhapter 4 (Tier 1 anisotropic transient creep chapter)

6.3.Modeling Approach for Tier 1 length scale

In the Tier 1 length scale, nanoscale;3ig IMCs provide dispersiestrengthening to the Sn matty
impeding the motion of dislocations in the eutectieAnphase by pinning the dislocations (refer to

Figure 6.3213]).

pinned dislocations

fhe.

free dislocations

Figure6.3: TEM micrographs of interaction of dislocations with nanoscalsSAgarticles.

Dislocations are pinned by Agn particles and hinder their bibty [213]

The creep strengthening of the Sn matrix phase due to these particles and the effective properties of the

eutectic SPAg phaseare modeledy capturing the ipediment and competing recovery mechanisms
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at the IMC particles. The competing recovery mechanisms include: dislocation climb and detachment
(refer to Figure 6.4) from the nanoscale IM@sing Orowan climb model[214] a n d Rosl er 6s
detachment mode]61], [62], respectively. The Orowan climb model is based odispersion
strengthening creemodel without threshold stress, originally proposed by Ansell and Weertman
[214]. In this model,dislocations bypass th&gs;Sn particles accumulated at Sn dendritic boundaries

by bowing between them and forming classi@abwan bops As more loops accumulate during
continued creep deformatiotheir back stress prevents furthdislocation bypass and evanlly

inhibits all deformationHowever, these loopere able to reduce their energy by slowly climbing to the
poles of the paicles. During this climb they continue to shrink by ssihihilation,under their line
tensbn. The overall creep rate is tlaigntrolled by the iterfacial climb of these Orowan loops piled up
against the particle at Sn dendrite boundaries.

(@) (b)

Climb of
Orowan loops

Attraction and
Detachment

Approach Climb

dispersoid

00
500

/ ’ dislocation
Approach Formation
dislocation of Orowan
loops

Figure6.4: Recovery of dislocations from nanoscale;8wgy dispersoids by (a) Orowan climb

mechanism and (b) dislocation detachment mechanism

A strong attractive interaction between the climbing dislocation and particle is also observed in the
postclimb phase of the dislocatioj62], [215] and at cedin stress levels, the detachment of the
departing dislocation, rather than climb, is seen to be the rate limiting creep deformation mechanism.
Therefore contribution from both Orowan climb mechanism atislocation detachmemhechanism

from thenanoscalédgsSn particlehas been calculated in this study and the creep rates are controlled
by the mechanism which contributes to faster inelastic flow of dislocations in the matdwal

governing equations for both mechanismsiltustratedbelow. The net shar creep rate of the eutectic

SntAg region (F ieut_Sn.Ag) for each ' slip system is derived from the assumption that the time taken
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by the dislocation to traverse through a unit cell of the eutectisgSphaseis the sum of the time

taken to travel ovethe Sn matrix phase arttie AgzSn IMC phase:

1 - fmat + fdiSP mMC (7)
gleut-SnAg g mat ddisp IMC

Whered disp mc Using Orowan climb mechanisf47] is given by:

¥ _ p}'sat/ZKihDh fisat
ddisp IMC _-gl kBT E( Gi )2 (8)

Whered disp mc Using Rosler detachment mechanida6] is given by:

3
2

, tapp
- Kb r[(1- k;)(1- iy )] ) ©

i ke T

wherei refers toi™" slip system; dispimc (=1-fma) refers to the volume fraction of Agn in the eutectic
SnAg phaseb; is Burges vector forthei" slip system irSn;K; is the line tension factor gfure edge
dislocationfor the " slip systemin the Sn matrix(described in Subsection 2;%)(approximately 25
nm) and| (approximately 80 nmare the average radius and interparticle spagiegpectively of
AgsSn IMCs (obtained from image processofgESEM images of SAC305 specimens with a specific
aging proteol) [59]; d is the average pmutectic Sn dendrite siz@pproximately 10mm) (also

obtained from image processing)g ks the Boltzmann constar(tl.38E23 nfkg/s/K; T is the

temperature ifkelvin (298 K), t'sxis steady state effectighear stresalong the ' slip system;j o Is

the reference strain rate (refer to Equatidn it is directly proportional to steady state dislocation

density), t'y is the athermal detachment stress along™séip system (refer to Equation 1@3; is the

shear modulus along th& slip direction considered in BCT Sji50]; r'sy is the steady state

dislocation densityn AgsSn phasén i" slip systenduring steady statereep(described in Subsection

6.2.3). k; is the relaxation parameter (ratio of the line tension ofdistachingdislocationat the

particle matric interface versus that in the Sn matrif). | n Rosl| er 6 s mdgbads (Equati
been used instead b6f,; to model the situation whetbe backstress from thdislocations piling up

near the particle arassumed to have silai effects onboth the applied stress and the athermal
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detachment stress. Therefore, it has been assumed that the ratio of saturated effective driving stress to
saturated athermal detachment stress during secondary creep stagenaiil equal to the iat of

applied shear stress to the initial athermal detachment.setsls d the method to estimate the
relaxation parameter are provided in Sectibk of Chapter 4 (Tier 1 anisotropic transient creep
chapter).

Athermal detachment streg4) is given by:

£y =%,/1- K2 (10

and the reference strain rate(is:

6/ /'sat

go =D, ept ) D, 06 2] (D

wherer's, is the saturated dislocation density at a secondary stage of crélepithslip system
(described further in Sectiof.2.3); subscripts ALO and AHO refer
respectively; [ and Dy, are the diffusivity constants (4 nf/sec); Q is the activation energy, (©

31 KJ/mol/K, @ = 69 KJ/mol/K); R is tle universal gas constarfurther details are available in

Referencé9).

The steady state creep ratg én) of the Sn matrix isnodeled by modeling two competing recovery

mechanisms (i) recovery of dislocations from forest dislocatlonslimbing over the impeding

dislocation through formation of jogs/kinks and (ii) mass transport diffusion through the Sn lattice.

) AtDth fsatz
g snc = KT ()( ) (12

: D Gb fsat
T oo = A“DKMTD "<'q>( SEGE

where A and Ao are model constants for dislocation climb and mass diffusion mechanisgis;

steady state effecti@hear stresalong the ' slip system (modeled in Equation 6);
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D. (i, expt % )4 Dy, expC % ) is the diffusivity for climb procesf12]; Dwo is the diffusivityfor

mass diffusion process (D 200 Db (t/G)?%); where D (= 6.3E22 nf/s) is lattice diffusivity ce

efficient; D» (=8.64E13 nf/s) is pipe diffusion cefficient [111]; G; is shear stiffnesst; is the

spacimg between the dislocations (inversely proportional to the square root of steady state dislocation
density);| ;= 1/sqrt'sa) Wherer sy is the steady statelislocation densityn Sn phasén the " slip
systemduring secondarycreep stageand is estimatedby modeling threecompeting processes: (1)
dislocation generation;2f dislocation impediment caused by forest dislocatamd (3) dislocation
recovery processes listed before Equations 12 and 13. Further details of this Tier 1 modeldeé prov

in Section4.2 in Chapter 4 (Tier 1 anisotropic transient creep chapter).

6.4. Modeling Approach for Tier 2 length scale

In Tier 2 length scale, anisotropic transient creep rates of euteefig phase and Sn inclusion along
three dominant slip systes are being utilized to predict the anisotropic creep rates of SAC single

U
crystal.For an ellipsoidal inclusion embedded in a general anisotropic material Eshelby $ersas

to be determined numerically. For a composite withittisision phases characterized by the index i,
and the matrix phase characterized by index 0, the effective viscosity of the single crystal composite is

given by[183]:

U U 2 U U vV, 0 0 o .
V:V0+ac|(vi' o)[CoSVo (Vi'vo)'H]
i=1 (14)

U U]
Where, V = Effective viscosity of the composite RVN, = viscosity of the matrix (eutectic kg

0
phase)obtained using Equation 7 (Tier i) the unit RVE;V, = viscosity of the inclusion (Sn

U
inclusion)obtained using Equations 12 and 13 (Tiead)l CySrs IMC in the unit RVE; S = Eshelby

tensor of the ellipsoidal Smé¢lusion and cylindrical G®n inclusion (crosssection is assumed to be

0
elliptical) embedded in the anisotropic mediurh;= 4" order identity tensorA&A = volume
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fractions of Sn (=0.55 in SAC305; obtained using image processnagLaSn; (=0.03 in SAC305;

obtained using image processing) inclusion and matrix, respectively, in the composite RVE.

However, there is no closed form analytical sol ut
inclusions(material principal axesfellipsoidal Sn inclusions and that of eutectic-Am matrix are
identical)embedded in an anisotropatectic SPAg matrix It has to be found out numerically. For a

general anisotropic material, the Eshelby tensor (S) is computed by the followingesintizgral,

parameterized on the surface of an unit sphere (Mura 1286)
1 +1 2p
S = 8 Lok FHZ3 [ G (X') +G i (X'}
p -1 0 (15)

where

G (X) = XX N; (x')/ D(x’)

(16)
X =z la;z,=1- z2)"*cosi); z, = (1- z2)"*sinW); z, = z, a7
N — . 1 — 1 . — 'V
D(X') = €, KKK isi N; )= Eehd EimnKimKins Kie = Lja X; X as)

where, € is the permutation tensor andylLare the components of the stiffness tensor of the

anisotropic material. In this work, a numerical scheme for the evaluatigp & Gsed183] based on

Equationl15. The double integration is performed using a Gaussian quadrature scheme:

1M N
Sjkl :8_a a Lmnkl{Glmjn(M/q’Z3p) +Gjmin(M/q'ZSp)}WpVVq
p=1 ot (19)

where, M and N refer to the Gauss points used for integratiorzgeerdWw, respectivelyand W,, W,

are the corresponding Gaussian weights.

6.5.Results and Discussions

Results and discussions are discussed in this section and subdivided into several subsections for clarity.
Line tension (Tier 0) of dislocations is provided in Subsectiorigriobility of dislocations (Tier 0)

are provided in Subsection 6.5.2; anisotropic steady state creep strain rates for pure Sn and eutectic Sn
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Ag phase (Tier 1) is provided in Subsection 6.5.3; calculation of S tensor (Tier 2) for ellipsoidal Sn
inclusionsembedded in anisotropic eutectic-&g matrix is provided in Subsection 6.5.4; anisotropic
steady state creep strain rates for SAC single crystal (Tier 2) is provided in Subsection 6.5.5;
guantitative model predictions vs. experimentally observed stedatyy @eep rates for single crystal

and bicrystal specimens are provided in Subsection 6.5.6; and effect of varying orientation of Sn
inclusions with respect to the loading direction on steady state creep rates of SAC single crystal is

provided in Subseitn 6.5.7.

6.5.1.Results: Line tension of dislocation in pure BCT Sn lattice (Tier 0)

Strohés method has been adapted in this study to
dislocations in single crystal BCT Sn. The line tension factors faigst edge/screw dislocation lines
in BCT Sn, wusing Strohés matrix for maébat@I8Kf or mul at e

and the underlying governing equations are provided in Appendix Al of Chapter 4..

L4E+117 w Edge dislocation
1.2E+11-

1.0E+11-
8.0E+10-
6.0E+10-

m Screw dislocation

dislocation (Pa)

Line tension factor (K) of

Q
“ . .
\ Slip Sytems in BCT Sn
Figure6.5: Line tension factor of dislocations in anisotropic BCT Sn at 298 K

In the interest of limiting the computational burden, all subsequent calculations in this study are limited
to pure edge dislocations in the three most facile slip systems (slip systems # 2, 4 & 6 tabulated in
Table 1) in eutectic SAg phaseFurtherdetals on the Tier0 modelare provided inSection 2 in

Chapter 4 (Tier 1 anisotropic transient creep chapter).
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6.5.2. Results: Mobility of dislocation in pure BCT Sn lattice (without anySAg
Particles)

The viscous drag coefficient and mobility calculatedthe three selected slip systems using the above

equations are shown in Figures 6.6 at 298 K.

m Viscous drag coefficient

—
c 7.0E-05 6.0E+04 _,
Q0 ili -
o 6.0E-05 1 - 5.0E+04 ©
= 5.0E-05 qu))
8 — - 4.0E+04 1
O O 40805 ©
@ - 3.0E+04 O
% £ 3.0E-05 - =
O Q. 20E05- r 208104 &
N—r =
g 1.0E-05 - - 1.0E+04 -8
8 0.0E+00 - - 0.0E+00 =
K2] QQ\\ @\\ > SN
> S & ¢ ¢ &S
Q N> N N > >
Q Q \@ @ N N
2 ]
Slip Systems

Figure6.6: Mobility calculations for three facile slip systems in anisotropic BCT Sn at 298 K

(110)[001] & (LO0)[0-11] systems are found to be the most facile and most difficult slip systems,
respectively, at room temperature, in single crystal Sn, out of the three selected slip systems. The initial
velocity of individual dislocations in the above three slipterys in anisotropic Sn can now be
calculated using the above results and Equation 8, and will be used as input to the analytical model
developed for capturing the saturated steady state dislocation density during secondary creep stage in
Section 6.2.3Please refer to Sectioh.2 in Chapter 4 (Tier 1 anisotropic transient creep chapter) for

more details on the Ti€rmodel.

6.5.3.Results: Anisotropic steady state creep rates of eutectigShase and pure
Sn phase (Tier 1)

Anisotropic secondary steadyatt creep rate for A§n phase along three considered slip systems are
predicted using Equatiod by considering the Orowan climb mechanism as the rate controlling creep

mechanism. Steady state creep rates for the three selected slip systems are plotted én/7REigdre

compared against the steady state creep rate for the SAC305 single crystalg#dladal specimen
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direction. Steady state creep rate is predicted to be highest along the (110}).8ljp system and
lowest along the (100){Q1] slip system; the difference beingd3orders of magnitude in the creep
rates. This prediction clearly pus towards the huge anisotropy one should expect in single crystal

SAC solder joints, depending on the orientation of the crystal with respect to the loading direction.

However, as previously mentioned, dislocations piling up at the particle can aserrby dislocation
detachment mechanism as proposed by R@8IHr Steady state creep rates for the;@yg phase is
plotted in Figure6.8 by considering He dislocation detachment mechanism as the rate controlling
creep mechanism (Equati®h and compared against the steady state creep rate for the SAC305 single

crystal #1 along global specimen direction.

1.E-04 ¢

LE-06 | 0)[001]

-8-(110)0.5[1-11]

(1/s)

(100)[0-11]

Steady State Creep Shear Strain |

1.E-10 + .
g - —<Global Specime
AXis
1.E12 ey
1.E+06 1.E+07

Applied Shear Stress (Pa)

Figure6.7: Anisotropic steady state creep rates predicted for three dominant slip systergSnn Ag
phase in SAC305 solder and SAC305#1 single crystal considering Orowan Climb as the rate

controlling creep mechanism
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Figure6.8: Anisotropic steady state creep rates predicted for three dominant slip systergSnn Ag

phase in SAC305 solder and SAC305#1 single crystal considering dislocation detachment as the rate

controlling creep mechanism

At low stress levels, the creep rates predicted by Orowan climb model is much higher than the
dislocation detachment model (refer to Figusesand6.8), however at high stress levels, the rate of
dislocation detachment becomes faster than dislocation climb aad &xplain the high steady state
creep rates observed experimentally in Figufe In other words, the Orowan climb model is able to
capture the experimentally observed creep response wellvisttess regimes, but it faite capture

the anisotropy akerved at high stress levels. To overcome the above limitations of the two models,
anisotropic secondary steady state creep rates for euteefig Bhase along the three considered slip
systems are captured by adding the predicted creep response fromodeis and thereby talking into
consideration the contribution from both competing mechanisms because we think that both recovery
mechanisms are acting in conjunction. Depending on the applied shear stress level, one mechanism
starts dominating over theher and becomes the rate controlling creep mechanism in nanosgdfe Ag

phase.

Next, the steady state creep rates of pure Sn phase along three dominant slip systems are captured
using Equationsl2 and 13, where dislocation climb from impeding forest disdtions and mass
transport diffusion are considered to be rate controlling mechanism. The predicted steady state creep

rates of pure Sn dendrites is captured (refer to Figueby adding the contribution of creep rates
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from both recovery mechanisms dlissed above and has been calibrated to experimentally reported

anisotropic steady state creep data for Sn by Chu[@t&I|
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Applied Shear Stress (Pa)
Figure6.9: Anisotropic steady state creep rates predicted for three dominant slip systems in Sn phase

in SAC305 solder and SAC305#1 single crystal considering disloaadtioh and mass diffusion

processes as the rate controlling creep mechanisms

Now, using the predicted anisotropic steady state creep rates for pi8e pltase and pure Sn phase,

the anisotropic steady state creep rates for eutectisgSphase (using Eqtian 7) along the three
dominant slip systems are plotted in Figu6e$0 against applied shear stress levels and compared
against the isotropic steady state creep rate prediction from Cuddalorepatf2l1@f.arhe isotropic

model prediction clearly fails to capture the orders of mitade variability in creep rates, particularly

at high stress regions. However, the proposed model can predict the anisotropic steady state creep rates
observed in this highly heterogeneous single crystal or coarse grained SAC solder joints. Step
discontnuities observed are because dislocation detachment mechanism becomes the rate controlling
creep mechanism over Orowan climb mechanism at high stress level for (110)1.5[ip system,

whereas Orowan climb mechanism is still dominant creep mechanisothfer two slip systems for

the particular grain orientation.
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Figure6.10: Anisotropic steady state creep rates predicted for three dominant slip systems in eutectic

SnAg phase in SAC305 solder and in S2@5#1 single crystal

6.5.4. Results: Modeling composite homogenization in Tier 2 length scale of SAC

solder (Tier 2)

To calculate the S tensor for ellipsoidal Sn inclusions embedded in eute@ig Batrix, the elastic
stiffness tensor of eutectic Sxg matrix first needs to be calculated. To calculate the elastic stiffness
tensor of eutectic SAg matrix, the elastic stiffness tensor of Sn matrix and nanoscale spheri&a Ag
inclusions need to be calculated firste elastic stiffness tensor for pura Bas been taken from
Kammer et a[185] and the elastic stiffness tensor for ;89 inclusion is calculated based on the
Young®6s mogninclusion (699 GRayfrom nanoindentation measurements from Chromik et
al.[152Jand using a Poi 8].orhebdeffectiveaconpositecstiffness @ensdrSor the
eutectic SPAg phase is now calculated using Equatrand the Eshelby tensor components derived

for a pherical AgSn inclusion embedded in pure Sn phase.
u U U0 o V,0 0 0
L=Lota(l- Lo SL (L L)+ 110 o
U U
Where, L = Effective stiffness tensor of the eutectic-&m phase;L, = Stiffness tensor of the Sn

U U
matrix; L, = stiffness tensor of the spherical &g inclusion; S = Eshelby tensor of the spherical
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0
inclusion embedded in an anisotropic Sn mediunm= 4™ order identity tensorA & A = volume

fractions of AgSn inclusion and ismatrix, respectively, in the composite RVE.

Now, the effective stiffness tensor of the eutectieAgmmatrix is used to calculate the Eshelby tensor
for ellipsoidal Sn inclusions embedded in the anisotropic eutectisgSmatrix. Selected components
of the Eshelby tensor, for ellipsoidal inclusions embedded in anisotropic euteglig Bwatrix, are
plotted in Figure6.11 Please refer t&@ection5.3 in Chapter5 (Tier 2 anisotropic transient creep

chapter) for more details on the TRmodelng work

1.2

—--S1111

0'6 ' ~— =-53333
' +«S1212

. A -=S1313
0.2 ’/7>¥\,\\‘ +S1122
0 I//I/ — S1133

20,2 A
0.01 0.1 1 10 100

Aspect ratio of inclusion

Eshelby Tensor

Figure6.11: Eshelby tensor calculated for ellipsoidal inclusions embedded in fully anisotropic Eutectic

SnAg matrix

6.5.5.Anisotropic steady state creep rates of SAC single crystal (Tier 2)

Anisotropic steady state creep rates calculated along the dominant slip systems for eut&gtic Sn
phase and pure Sn phase are then combined together using the calculated Eshelby tensor using
anisotropic micromechanics homogenization theory (refer to Equa#) to predict the anisotropic

steady state creep rates of SAC305 single crystal and are plotted in &ib2ren Figure6.13 the

isotropic model prediction and anisotropic model prediction for SAC305 single crystal #1 (grain

orientation provided inFigure 6.14 are plotted on top of the experimental creep data observed.
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Clearly, the anisotropic creep rate predictions from Figut8 along three dominant slip systems are

able to capture the variability observed in experiments (Figars.
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Figure6.12: Anisotropic steady state creep rates predicted for three dominant slip systems in SAC305

single crystal
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Figure6.13: Anisotropic steady state @ rates predicted for three dominant slip systems in SAC305

single crystals compared against the experimental creep data from coarse grained SAC305 specimens

The above predictions are in agreement withl) orders of magnitude of variability observed in
steady state secondary creep response observed in SAC305 solder joints tested under identical loading
conditions The above model is then further used to predict the steady state creep rates of few discrete

(single crystal and birystal) SAC305 specimetirs the next Subsection 4.6.
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6.5.6. Predicted steady state creep rates of two SAC305 single crystal and two

SAC305 bicrystal specimens

Here, in thisSection, orientation image maps (OIM) of four discrete SAC305 specimens will be
presented along with théuler angles of the individual grains present in the joint. The three Euler
angles of each crystal are used to calculate the resolved shear stress along the three dominant slip
systems (considered in this study) by conductingrctinate transformation osecond order applied

stress tensor. Furthermore, the Euler angles are used to convert the fourth order viscosity tensors of
eutectic SPAg phase and pure Sn phase obtained along individual slip system axes to crystal axes and
then back to global specimeres. Inplane shear viscosity term in the global specimen axes is finally

used to calculate the steady state creep rate from the model and has been compared against the
experimental observation using histograms for each crystal present in the jointta isrgensidered

to be different from another crystal only if the misorientation angle between the crystals is more than

5 ; otherwise they are considered to be sub grains and part of the same crystal orientation.

(291.3,45.3,24.7)  (301.3,43.7, 21.1) (296.7, 41.8, 201) (299.2, 34.7, 17.5)

Figure6.14: Inverse pole figure [L00] map of SAC305 #1 single crystal. Numbers inside parenthesis at

four different locations of the joint refer to the Euler angjesf(, j ), needed to convert the physical
guantities from global cordinate system to crystal-@vdinate system

In SAC305 single crystal #1, the Euler angles measured at four different locations in the joint point

towards a predominantly single crystal structure with minimal orientation gradient across the length of

thejoint. Therefore, the average of these four orientations is taken to calculate the three average Euler

angles, which is further used to resolve the shear stress along the slip systems. The second order
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coordinate transformation tensor used for conventihgsical quantities from the sample coordinate

system (loading directions) to the crystal coordinate system is given by:
gij& ‘= 9,99, (21

@ cog/, cos/ , - sinj, cosfsin/,  sinj,cos/,+cos/,cosfsin/, sinfsinj,g

9,"°= g- cos/, sin/ , - sinj, cosf cos/, - sinj,sin/, +cos/, cosf cos/, sinf cos/ 28 (22)
g sin/ , sinf - cos/, sinf cosf

Thus, t he ap pdmidecdnvestdd eodhe primdipal exesk Uhe cry SerdstaB$

follows:

Og

sample a

a a é O [
_ € u
t crystal — g?samme 0 OugT (23)
g 0 0 Of
Next the r es oghsMegatbngshe dominantslip diecians itJobtained as follows:

a a a a

t slipsystem— & t Crystal aT (24)

a

propert|

where a is the second order oadinate transformation tensor comprising of direction cosines between

thecrystal axes ([h k 1], [u v w] and [h k3lJu v w] (cross product atheloading plane normal arttie
loading direction)) andhe individual slip system axe§n; n, ng], [by b, bs] and [y n, ng]3 [by by by)

(cross product atheslip plane normal and the slip direction)), respectively.
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Figure6.15: Steady state creep rate prediction for the single cr@&t&305 #1 specimen vs.
experimentally observed steady state creep rate
Steady state shear creep rates along three different slip systems are converted to their respective in
plane shear viscosities by dividing the resolved shear stress along that slip Isyshe corresponding
steady state creep rates. Then, the viscosities of the material along different slip systems are converted
to in-plane shear mobilities along individual slip system by taking the inverse values. All other

components other than-plane shear mobility (M;,) are zero.

U a2 a ( a a
M crystal = a' aM slipsystenaT a (25

U]
Where, M siipsystenis the fourth order mobility tensorirfverse of the viscosity tensor). The fourth order

mobility tensor in the slip system axes are converted to the cepstal using the above coordinate
transformation. The fourth order viscosity tensors for both pure Sn phase and eutdagiqSase

along the crystal axes are then combined using-Waniaka homogenization theory (using Equation
14) to obtain the fourth oed viscosity tensor for SAC single crystal in crystal coordinate system using
the fourth order Eshelby tensor (calculated uh$8ction6.5.4). Then, the fourth order viscosity tensor

for SAC single crystal in crystal coordinate system is further rotatetithain the fourth order viscosity
tensor in the global specimen coordinate system using the following coordinate transformation in

Equation 26. The iplane shear component (y,) of the effective viscosity of SAC single crystal in

154



global specimen cooithte system is then utilized to calculate the steady state creep rate in the
specimen coordinate system; which is then compared against the experimentally observed steady state

creep response.

u 3 e . e
Vspecimen:a 0 9Veysad g (26)

i=1

Good agreement (refer to FiguBel5 is observed between the predicted steady state creep rate of
SAC305 single crystal #1 specimen and the measured creep rate experimentally using a Thermo
Mechanical Microscale (TMM) test machifizl0]. Details of the test setup are provided in Reference

28. Then the model is further used to predictdtemadystate creep response of SAC305 #2

; vi e e = £ o g L% "y
AR yr 85> . J L O P sl ' o

i i [ E s :"Q ..G..*‘._,., .,;',B",p |!f l! Lol "Q"L ’ 1 {h )G IIPLI'.L
e Ter T GO L LU, S ok R 40 LIRS IR R Lnis

Vi SHOUNCIIL GRS wol W N N S S P20 D) &

% Location color j1 F jo2
c/ Grainbuk | pink | 52.69 | 50.38 | 24.78
Grainfilet | green | 162.21| 68.13 75.01
Grain filet blue | 106.61| 114.54 | 26.10

Figure6.16: Inverse pole figur@l00] map of SAC305 #2 single crystal. Numbers in the table

corresponds to the Euler angles, , j ») of three grains, needed to calculate the resolved shear stress
along individual slip systems in each crystal

(another predominantly single crystal sipeen in the bulk; refer to Figur8.16. Two dissimilarly
oriented grains (blue and green colored) in the fillet region are also considered for calculation to see
ther effect on the steady state creep rate of the speciftenpedicted steady state creegie for the
crystal in the bulk amesout to be very close to the experimentally observed creepliadiue grain
contributes to creep rate; one order of magnitude more than the experimentally measured value and
green grain contribuseto creep ratepne order of magnitude less than the experimentally measured

value (refer to Figuré.17).
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Figure6.17: Steady state creep rate prediction for the single crystal SAC305 #2 specimen vs.
experimentally obseed steady state creep rate

Then the model is further utilized to predict teadystate creep response of twedoystal specimens
(OIM maps of the specimens are given in Figrd8and6.20 tested using the TMM test setup. The
predicted steady state creep strain rate in the light green grain in the SAC30&ydbispecimen is
two orders of magnitude higher than the rate predicted for the dark green grain in the bulk (refer to
Figure6.19). It is very interesting to note that the experimentally measured steady state creep rate falls
between the two predicted values; which points towards partial contribution from active slip systems in
both grains during the creep deformation processpmsdible grain boundary sliding. However, the
predicted steady state creep strain rate in the yellow grain (in the left) in the SAC308rj=tdi
specimen is closer to the experimentally measured steady state creep rate and one order of magnitude
higherthan the rate predicted for the red grain (in the right) in the bulk (refer to FEg2e Future
work will focus on modeling these two whole joints using FEA and including the creep strain

contribution due to grain boundary sliding.
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Location color i1 F j2

Grain bulk - left dark green 279.85 35.86 55.91
Grain buk - right light green 33.95 69.55 358.62
110
100 IPF :
oo1 100

Figure6.18: Inverse pole figure [100] map of SAC305 #&bystal. Numbers in the table corresponds
to the Euler angleg (, f, j ) of two grains, needed to calculate the resolved shear stress along

individual slp systems in each crystal
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Figure6.19: Steady state creep rate prediction for therpstal crystal SAC305 #3 specimen vs.

experimentally observed steady state creep rate
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Location color j1 F j 2

Grain bulk - left yellow 225.89 28.91 96.00
Grain bulk - right red 17.52 18.84 304.94

100 IPF

oo 100

Figure6.20: Inverse pole figure [100] map of SAC305 #4cbystal. Numbers in the table corresponds
to the Euler angleg (, f, j ) of two grains, needed to calculate the resolved shear stress along

individual slip systems in eachystal

1.E-05 +
- mSAC305 bicrystal - Red

LE-06° = SAC305 bicrystal - Yellow

® Experiment

1.E-07 +
1.E-08 |

1.E-09 |

Steady State Creep Shear Strain R
(a/s)

Model Prediction vs. Experiment

Figure6.21: Steady state creep rate prediction for therpstal crystal SAC305 #4 specimen vs.

experimentally observed steady state creep rate

6.5.7. Effect of orientation of Sn inclusions mteady state creep rates of SAC305

single crystal

In this section, effect of orientation of Sn inclusions on the steady state creep paemmstrically

studied. The #ect of orientation of Sn inclusions on the steady state creep rates is also stheied.
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predicted steady state creep rate for SAC3305 single crystal #1 specimen is found to vary by almost

one order of magnitud@efer to Figure 6.22)lue to systematic variation of one of the Euler angles

(j 1) from 90 to 360.

1.E-06

1.E-07 +

Steady State Creep Shear Stra
Rate (1/s)

1.E-08 -

Euler Angle | ,)

Figure6.22: Effect of orientation (by varying; one of the Euler angles) of Sn inclusions on predicted

steady state creep rates of SAC305 single crystal #1 along global specimen direction

6.6. Summary and Conclusions

A multiscalemodeling framework is proposed this studyto capture the influence ahe inherent
elastic anisotropyn single crystalSn on the measured secondary creep responaesinfle crystal
SnAgCu (SAC) solder Orowan climb mechanism and dislocation detaaftmmechanism from
nanoscale A¢Sn particles are proposed to be the rate controlling creep mechanisms in the eutectic Sn
Ag phase of SAC single crystaline tensiorand mobilityof dislocations in dominant slip systems of
single crystalSn is captured usinelastic crystahnisotropy of body centered tetragonal (BCT) Sn and
Stroh6és mat Theanisofropicsecandaryscimeep ratef eutectic SPAg phase, one of the
primary phases in SAC systems, are then modeled using above inputs and sdiloai@iibn density
calculated fodominant glide systenturing secondary stage of creep. Saturated dislocation density

estimated as the equilibrium saturation between three competing processes: (1) dislocation generation;
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(2) dislocation impediment caed by back stress from pinning of dislocations at IMCs; and (3)
dislocation recovery due to detachment from IMGecondary creep strain rate of eutecticAgn

phase in three most facile slip systems is calculated and compared against the isotrapicrpAsdi

low stress levesecondary steady stateeep ratelong (110)[001] system is predicted to be ten times

the creep ratealong (100)[0-11] system However, athigh stress levelsecondary steady stateeep

rate along (110)[001] system is predictéal be ten thousand times toeeep ratealong (100)[011]

system The above predictions are in strong agreement (i) orders of magnitude of anisotropy
observed in steady state secondary creep response in SAC305 solder joints tested under identical
loading conditionén experiments conducted by several authors. The above model is then further used
to predict the steady state creep rates of few discrete (single crystataysitali) SAC305 specimens.

A very good agreement was observed between tidicped steady state creep rate of two SAC305
single crystal specimens and measured creep rates. For-tngstal specimens, experimentally
measured steady state creep rates were found to fall between the predicted creep rates for individual
crystals in he joint; pointing towards possible grain boundary sliding during the creep deformation
processPredicted steady state creep rates for SAC3305 single crystal #1 specimen is found to vary by
almost one order of magnitude due to systematic variation obribatation of Sn dendrites with

respect to the loading direction.
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Chapterz Mechani stic Predictio

Mi crostructural Coarsening

Sn3. 0Ag0. 5Cu Sol der Joi

Abstract

Mechanistic microstructural models have been developedpture the effect of isothermal aging on

time dependent viscoplastic response of Sn3.0Ag0.5Cu (SAC305) solders. SAC solders undergo
continuous microstructural coarsening during both storage and service because of its high homologous
temperature. The micstructures of these low melting point alloys continuously evolve during service.
This results in evolution of creep properties of the joint over time, thereby influencing the long term
reliability of microelectronic packages. It is well documented thahé&mal aging degrades the creep
resistance of SAC solder. SAC305 alloy is aged forl(@d0) hours at (2800) C (~ 0.60.8 Tpep).

Then, we use crossectioning and image processing techniques to periodically quantify the effect of
isothermal agingquantitatively on phase coarsening and evolution in SAC305 solder. The
characteristic parameters monitored during isothermal aging include size, area fraction, and inter
particle spacing of nanoscale & intermetallic compounds (IMCs) and volume fractioh
micronscale Cgbrs IMCs, as well as the area fraction of pure tin dendrites.

Effects of above microstructural evolution on secondary creep constitutive response of SAC305 solder
joints were then modeled using a mechanistic multiscale creep modeinddtenistic phenomena
modeled include: (1) dispersion strengthening by coarsened nanosg8le MMCs in the eutectic
phase; and (2) load sharing betweengutectic Sn dendrites and the surrounding coarsened eutectic
SnAg phase and microscale £ IMCs.

The coarsgrained polycrystalline Sn microstructure in SAC305 solder was not captured in the above
model because isothermal aging do not cause any significant change in the initial grain size and
orientation of SAC305 solder joints. The above mectiamsodel can successfully capture the drop in
creep resistance due to the influence of isothermal aging on SAC305 single crystals. Contribution of

grain boundary sliding to the creep strain of coarse grained joints has not been modeled in this study.
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The original draft of this chapter is a journal pamerd will be submitted to Journal of Materials
Scienceand part of the paper has been accepted at InterPACK, 2013 (International Technical
Conference and Exhibition on Packaging and Integration of Electandid®hotonic Microsystems) at

Burlingame, CA.

7.1. Introduction

The creep behavior of |l ead free SAC solders at a gi
by the morphology of the sol der. How&WAEr sotft der sii cr
continuously evolve during service and s3oorage. Th

| MCs (SpCMC phasesut @antdi rtoi n §Sinc ha nlblaGiEes WBrod énr A
coarsening via Ostwald ripening, where the | arger

[ 21[8320]The size and distribution of the | MC phase

volume fraetti ent iodf S odendritic | obestiarhesoarmdhange:
temperature. This microstructur al coarsening in S
However, there is a |l ack of gener al agreement on t|

Lee ¢R2raelported a negligibl BSrhiatn.g®BAgn88mhpeECwr ai n s
and-0S@ACu sol der s [wWhiklpeo,r t 2wt taa bd8embc rgetaasien-A gni atehdei n  Sn
SACu solders foll owin@ ficsrotzq elranar s .a gA chdyi taito nlazlol vy, S
al so reported near the rpageilcdmd t aft 2{1287]3usstt @w®i2 g nt htahte
the growth of preexisting particles during aging pl
Effect of isothermal aging on the secondary creep response of twiréeadolders (Sn3.0Ag0.5Cu

and Sn4.0Ag0.5Cu) was studied by Ma e{E86], where isothermal aging was conducted for varying

durations (3 days, 6 days, 9 days, 21 days, 42 days, and 63 day@naemperature (RT). For both

alloys, RT aging affects both the minimum creep strain rate in the secondary creep regime and the

elapsed time before tertiary creep and rupture. For the highest stress level considered, the secondary

creep strain rate incrsed by factors of 16X for Sn4.0Ag0.5Cu and 73X for Sn3.0Ag0.5Cu during the

63 days of RT aging. In another study by the same (4], they also stdied the effect of elevated

temperature aging (80, 100, 125, 150°C) on the creep resistance of Sn3.0Ag0.5Cu and Sn4.0Ag0.5Cu
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solders. The samples were aged for various duraticesni@nths). Elevated temperature aging for
longer durations drastically raded the secondary creep resistance of the above alloys by orders of
magnitude. The decrease in creep resistance was hypothesized to be due to coarsening of size of
second phase particles (#48n) at high temperaturé. has also been reported that lagiged AgSn

IMCs are undesirable since they greatly degrade the reliability of s¢&#5F Similar observations

have also been reported by Xiao et[2R6] for Sn3.9Ag0.6Cu and Sn37Pb alloys that were aged at
180°C. It has also been reported that aging decreases the hardness of solder joints and makes them
more susceptible to creep deformation and rupture of the[g#il, [228] Chen et al. compared pure

Sn and three SAg-Cu alloys to show the changes in activation energy and stress exponent for
different concentrations of Ag arglu [222]. Dutta et al[77] studied the effect of short time aging on

ball grid array SmAg-0.5Cu. Moreoverall the above studies have been pueestperimental and do

not provide much insight into the physics of microstructural evolution occurring during isothermal
aging at either room temperature or high temperature and its effect on the creep response of these
alloys. An adaptive microstructural coarsening model is required to explain the above results based on
the underlying physical mechanisms. Previously, Dutta ef2aB] used a serrémpirical Ansel
Weertman model to explain the effect of coarsening ofSAgparticles on the steady state creep
behavior of SAC alloys. While this approach is cement and easy to implement, it does not address

any other microstructural features except fogRwgparticles.

The current study adopts a detailed mechanistic model to capture more detailed microstructural aspects
of solders including size and spacingAxfsSn IMC particles, size and area fraction ofs&y IMC

particles, and area fraction of peoitectic Sn dendritic lobes. The model takes into account the
interactions of dislocations with nanoscale;8iy particles in the eutectic phase and considers the
Orowan looping and dislocation detachment to be rate controlling mechanisms operating in parallel.
Saturated dislocation density, a critical parameter in the model, is not assumed constant; rather it
evolves with applied stress and temperature. Satudhséatation density during secondary stage of
creep is estimated as the equilibrium saturation between three competing processes: (1) dislocation
generation; (2) dislocation impediment caused by back stress from pinning of dislocations at IMCs;
and (3) ditocation recovery due to detachment from IMCs. The above model has been utilized to

understand the effect of isothermal aging on secondary creep response of SAC solder alloys.
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In next Section7.2, optical image processing techniques have been utilizedutmtify the
microstructural evolution in SAC solder as a function of isothermal aging. In Séc8peffect of
isothermal aging at varying temperatures and durations on steady state creep resistance of SAC305
solder has been demonstrated. In Sectidnmultiscale mechanistic creep model developed to capture

the effect of interactions of dislocation with evolving microstructure is discussed. Finally, in Section
7.5, mechanistic predictions using the above model are compared against the experimental
obsevations to validate the model. And lastly, the article concludes with major conclusions, and

limitations of the model in Sectioh6and7.7 respectively.

7.2. Microstructural Evolution Characterization

The material characterization vehicle consiste@%#2 resistors mounted on a flame retardant (FR4)
board (Figure7.1). The underlying substrate was copper (Cu) on organic solderability preservative
(OSP). Sn96.5Ag3.0Cu0.5 (SAC305) solder was analyzed. The reflow profile consisted of a reflow
temperatureof 244°C, time above liquidus of 53 seconds, a ramyp rate of 0.4825°C/sec, and a
rampdown rate of 3.41°C/sec. Aging was conducted at 100°C for 24, 600, and 1000 hours, and
comparisons were made with specimeged at room temperature (RTpr 24 hours The test
specimens (resistors on FR4 board) were cut out from the test board (shown in7Higared were

aged as per the aging conditions mentioned above.

Figure7.1: Test specimen

Three specimens per aging condition were analyzed for the microstructural study. After isothermal
aging, the components were mounted in the epoxy, -sexsoned, and polished. Chemical etching

was carried out with a solution of 2% HCL% HNG; and 94% GHsOH at room temperature. The
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solution etches the Sn and IMCs in the solder at different rates, with Sn etching faster than the IMCs.
This helps to reveal distinct IMCs for optical measurements. The etching time was kept at 5 seconds
for optimum etching. The test specimens were then analyzed under environmental scanning

microscopy (ESEM).

7.2.1.0Optical Image Processing Work

The microstructural images of aged SAC solders taken using ESEM were further analyzed using
optical image procesyy software to capture the evolution of microstructure as a function of aging
duration as shown in Figuré2. Since the accuracy of the data obtained from the images highly
depends on the quality of the images, extreme care should be taken in prepaicgfree and
inclusionfree samples. The first step in the image processing is to calibrate the images with the scale
given at the bottom of the images. Then, the contrast and brightness values of the image were adjusted
to clearly identify the IMCs. Téreafter, the individual IMCs were selected by adjusting the gray scale

in the histogram distribution of the images.

'150Cj2ah. . = -] 150C/1000h

Pure Sndendrites

Tilt — I —

Figure7.2: Evolution of size of AgSn particles with isothermal aging at I680from 24hours to 1000

hours

7.2.2.AgsSn and CgSns Phase Size Measurements

For the measurement of area of the@wand CiSn; particles, the outline of the IMCs was selected

by adjusting the gray scale of the histogram. It should be noted that the IMCs falling on the boundary
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of area of interest (AOI) were excluded from the measurements since it was not known what fraction
of their area was outside the AOI. As seen in FiguBe AgsSn IMCs were brighter than the £

IMCs owing to the difference in atomic numbers wherein heavier compounds appear brighter under
back scattered electron microscopy imaging. Hence, the gray $taéeimage was adjusted once for

AgsSn IMC and then for G&ns IMC.

(b)

Figure7.3: (a) AgSn, and (b) Csbns particle size measurement
The average size of nanoscale;8ig particles in SAC30Specimens after 1000 hours of isothermal
aging at 100C was found to increase by 34% compared to that in specimens aged at RT for 24 hours
(as shown in Figur&.4). Size of AgSn IMCs showed a monotonic increasing trend with increasing
aging duration at #n same temperature (I€). During isothermal aging, nanoscale;8g IMCs in
the solder bulk coarsened and grew larger by consuming the smaller IMCs through a process known as
Ostwalddéds ripening, resul ting i n However thersizecands ev ol ut
area fraction of micronscale g&n; phases did not exhibit a monotonic trend. Size gSGUIMCs (as
shown in Figure7.5) present in a unit representative volume element (RVE) in the bulk of solder
increased by almost 35% with incsireg aging duration until 600 hours at 160 But after 1000 hours
of isothermal aging at 10Q, the size of Gy decreased by 11% in the unit RVE. Number of STyl

IMCs increased leading to more homogeneous distribution gérEyarticles in a unit RVESn

matrix.
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Figure7.4: Evolution of AgSn particle size as a function of aging duration and temperature
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Figure7.5: Evolution of C4Sry particle size as a function of aging duration and temperature

7.2.3. AgSn and CgBn; Particle Spacing

The changes in the distribution of &8n and CgSny IMCs during aging were assessed by using the

segmentation and pruning features of the image processing software. The image consisting of the
selected areas from the previous step was subjecte
which the AgSn IMCs and the background were separated as two distinct zones (black and white).

Thus, the original gray scale image was converted to a binary image in which ;B WMCs (in

SAC305) were set to black, while the background was set to white. Next,uthiagpoperation was

carried out on the image by constructing a Voronoi diagram.

A Voronoi diagram of a point set is a subdivision of the plane into polygonal regions (some of which

may be infinite), where each region is the set of points in the planarthatoser to some input point
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than to any other input poiniThe centers of the circumcircles in a Delaunay triangulation can be
connected to obtain the Voronoi diagram (see FiguBe where Delaunay triangulation is a surface
triangulation technique sed to analyze the spatial distribution. The area of each Voronoi cell
surrounding an IMC is calculated and the spatial distribution of these areas is found to be bimodal.
Clearly, the spacing between /&n IMCs can be determined by calculating twice #ius of the

Voronoi cells (refer to Figuré.7) of smaller size out of one of the two dominant size distributions.

(@)

Py

. p -~ - -,

Figure7.6: (a) Particles 115 and (b) Voronoi cells Vilvé

100C/24h . ~]1007C/1000h

Figure7.7: Voronoi diagrams for selected 48n IMCs
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Figure7.8: Evolution of AgSn particle spacing as a function of aging duration and temperature

Average size of the Voronoi cells surrounding the particles gradually increases as the specimens are
aged for longer duration say 24 hours to 1000 hours (please refer to Figuréhereby indicating
increase in particle spacing. The average spacingeleetthe AgSn particles increased by almost 67%

in SAC305 after 1000 hours of aging compared to that of RT aged specimens (refer to Bgure 7
Spacing of AgSn IMCs shows a monotonic increasing trend with increasing aging duration at the

sametemperature.

The area fraction of the eutectic component of the microstructure (Sn g8d AJCs) is captured by
selecting the eutectic component in multiple locations separately. The area fractioreofquta Sn
dendrites is calculated by subtractihg volume fraction of the eutectic component (shaded in white)
from the total volume of the solder joint in unit RVE captured in Figueelt was also observed that
with aging time the area fraction of eutectic-&m phase decreased and that of-putectic Sn
dendrites in unit RVE increased. This was due to coarsening:8nAYICs present in eutectic g

phase.

Figure7.9: Calculation of area fraction of peutectic Sn dendrites in an unit RVE
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Figure 7.10: Evolution of area fraction of pure Sn dendrites as a function of aging duration and

Area fraction of Sn dendrites was found to increase by 25% in SAC305 after 1000 hours of isothermal

temperature

aging. Since the sum of the volume fractions of the pure Sn dendritic phases, eutédiplsse,

and micronscale GB8ns phase is constant and is equal to unity, the volume fraction of euteetig Sn

phase can be deduced from the data given in Table 1.

Table7.1: Microstructural parameters in SAC305 solder during isothermal aging at room temperature

and 100C.
Aging SAC305
Conditions |Size of AgSn|Spacing of AgSn| Size of C¢Sns | Volume fraction of | Volume fraction of pure
r (m) I (m) R (ein (M) CugSrs (f rein) Sn dendrites (finq)

RT 2.50E-08 8.09E-08 2.97E-06 0.0195 0.59

100 C/24h | 2.69E-08 9.21E-08 3.15E-06 0.0225 0.61

100°C/600h| 3.19E-08 1.15E-07 4.01E-06 0.0205 0.74

100°C/1000 3.34E-08 1.35E-07 2.65E-06 0.0147 0.72

7.3. Experimental Observations

The constitutive creep response of SAC305 alloys aged for vadlyiragions has been measured using

a custom built thermanechanical micro scale (TMM) test system. The test setup used in this work has

been described in more detail elsewHe&9]. The specimen configuration used in the current work is
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shown schematically in Figui11 The specimen is a modified version of the notched shear specimen
developed by losipesci{B0]. The advantage of this specimen configuration is that the stress
distribution in joint volume is quite uniform because of the not¢8&f The fabricated specimens in

this study have a nominal soldeint height of about 18@m. This dimension is of the same length
scale as typical functional solder interconnects found in electronic assemblies. The specimens were

deformed in mechanical shear. The TMM test system is schematically depicted in7FF1gure

Solder ~ (0.180.20)mm

Figure7.11: TMM specimen

PZT stack__
actuator

Integrated
actuator collar

Flexible link

Specimen
grips

Figure7.12: TMM test system

SAC305 TMM specimens aged at two different durations (RT for 24 hours an@ 18024 hours)
are tested under force control using TMM setup. Steady state creep strain rates for the above two sets

of specimens are plotted against varying applied shear stress levels tested at room temperature. Steady
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state creep resistance of the en&t is found to degrade by almostZ)l orders of magnitude due to

increase in preonditioning temperature from RT to I@(refer to Figure 7.13).

1.E-02
= SAC305_aged at RT (24 hrs)

1.E-03
+ SAC305_aged at 100°C (24 hrs) /
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1.E-09 |
2.E+06 2.E+07

Applied Shear Stress (MPa)
Figure7.13: Steady state creep resistance of SAC3UBMTSpecimens aged at two different

temperatures for same duration

7.4. Multiscale Micromechanics Creep Model

The microstructure of typical SAC solder interconnects can be broadly classified into four distinct
length scales, as shown in Figré4 Thestructural length scale (characteristic geometric dimensions

of interconnect) forms the highest length scale (Tier 4), and features of interest at this length scale are
the actual physical dimensions and geometry of the joint. Tier 4 features also iheudsEghboring
metallization layers (Cu in this case) being soldered to SAC solder, and intermetallic layers separating
the metallization from the solder materials. The next lower length scale (Tier 3) in ag@ansel

joint typically consists of a fevhighly anisotropic Sn grains and grain boundaries. The next lower
length scale (Tier 2) looks at the structure of individual grains comprising multiple tin dendrites within
each Sn grain that are surrounded by a eutectidgSmatrix. Embedded throughothis grain are

micron scale Cgbns intermetallic particles. Finally, the lowest length scale (Tier 1) describes the
structure of the eutectic Shg matrix, which consists of a statistically homogeneous distribution of

nanoscale Aghn intermetallic partickeembedded in pure mowoystalline tin matrix.
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Tier 3 & 4 features have not been considered in this model because isothermal aging does not
significantly change the grain size and orientatdnly Tier 1 and Tier 2 microstructures are captured

in this gudy, because the microstructural features in these two length scales are most sensitive to the
effects of isothermal aging and therefore, predictions from this model will be valid for SAC305 single

crystal; not coarse grained specimens.

TMM Specimen

*

Tier 4

&
Structural lengt

Multiple crystals

: 2 20pm | CuiSng
Tier 2: Reinforcement strengthening due to load sharing between eutectic
Sn-Ag phase, Sn dendrites, and CugSns phase in SAC single crystal

Tier 1: Dispersion strengthening due to nanoscale Ag;Sn dispersoids
present in eutectic Sn-Ag phase

Figure7.14: Multiple length scales and strengthening mechanisms in SAC solder alloys

In the Tier 1 length scale, nanoscale;®ig IMCs provide dispersiestrengthening to the Sn matrix by
impeding the motion of dislocations in the eutectieAnphase by pinning the dislocations (refer to

Figure7.15[213]).
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pinned dislocations

Figure7.15: TEM micrographs of interaction of dislocations with nanoscalgSAgparticles.

Dislocations are pinned by Agn particles and hindéheir mobility [213]

The creep strengthening of the Sn matrix phase due to these particles and the effective properties of the
eutectic SPAg phase are modeled by capturing the competing recovery mechanisms: dislocation climb
and detachment (refer to Figufel§ from the nanscale IMCs using Orowan climb modelL4] and

Rosl erdés di sl oc a{6l],d62] redpedtiely. Twoeconipetimyaetadry mechanisms
(Orowan climb and dislocation detachment) are proposed which run in parallel. A dispersion
strengthening creep model without threshold stress, originally proposed by Ansell and Wgzt#han

is considered to model éhOrowan climb mechanism where dislocations bypass th8nAparticles
accumulated at Sn dendritic boundaries by bowing between them. Orowan loops form around these
AgsSn particles during creep deformation, their back stress prevents further dislocatéss bayd
eventually inhibit all deformation. However, these loops can be eliminated by shrinking under their
line tension during climb at the particle interface, thereby, assuming that the overall creep rate is
controlled by the interfacial climb of the€rowan loops piled up against the particle at Sn dendrite
boundaries.A strong attractive interaction between the climbing dislocation and particle is also
observed in the posiimb phase of the dislocatid62], [215] and the detachment of the departing
dislocation rather than climb is seen to be the rate limiting creep deformation mechanism. Therefore,
contribution from both Orowan climb mechanism and dislooatietachment mechanism from the

nanoscale A¢bn particle has been calculated in this study and the creep rates are controlled by the
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mechanism which contributes to faster plastic flow of dislocations in the material. The governing
equations for both mechiams are illustrated below.

(@) (b)

Climb of
Orowan loops

Attraction and
Detachment

Approach Climb
dispersoid

00
/ooO

Approach Formation
dislocation of Orowan

loops

dislocation

Figure7.16. Recovery of dislocations from nanoscale®ig dispersoids by (a) Orowan climb

mechanism and (b) dislocation detachment mechanism

The net shear creep rate of theectic SPAQ region [ cusnag) is derived from the assumption that the
time taken by the dislocation to traverse through a unit cell of the euteefig $hase is the sum of

the time taken to taken to travel over Sn matrix phase ag8nAyIC phase:

geut— SnAg gmat gdisp IMC
where gdisp mc using Orowan climb mechanism is given by:
_P L/*KbD b t @)

Gaspme =0 —— S (2
B

where g i, mc USING Rosler detachment mechanism is given by:

3
2

- - Kb’r[(2- k )(- —tapp)]
gdisp IMC _ ( td (3)
: =expg )
kg T
9o

Where, fispivc (F1-fma) refers to the volume fraction of ASn in the eutectic SAg phase; b is
Burgers vector (3.18#0 m) in Sn; K (5.18E10 Pa) is the line tension factor of pure edge dislocation
in Sn matrix; r (25 nm; obtained using image processing on ESEM images of SAC305 specimens) and

I (80 nm; obtained uisg image processing on ESEM images of SAC305 specimens) are the average
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radius and interparticle spacing of & IMCs (obtained from image processiri§®]; d is the
average prautectic Sn dendrite size (b®n) (obtained from image processingy,i& theBoltzmann

constant (1.3823 nfkg/s/K; T is the temperature in Kelvin (298 Ki;. is steady state effective

stress; go is the reference strain rate (refer to Equation 5, it is directly proportional to steady state

dislocation densy), tq4 is the athermal detachment stress (refer to Equation 4); G (21.9E9 Pa) is the
shear modulus in BCT S|150]; r s, is the steady state dislocation density ins®w phase and is
estimated by modeling three competing procesgéy: dislocation generation; (2) dislocation
impediment from pinning of dislocations at IMCs; and (3) dislocation recovery due to
climb/detachment from IMCs; (0.94-0.98) is the relaxation parameter (ratio of the line tension of the
detaching dislocationta t he particle matric interface versus t
model (Equation 3)t 45, has been used insteadtqf; because authors believe that during the steady
state creep the dislocations piling up near the particle are goingrtaexain amount of pileup stress

on the detaching dislocation, which is going to alter both the applied stress and the athermal
detachment stress. Therefore, it has been assumed that the ratio of saturated effective driving stress to
saturated athermalethchment stress during secondary creep stage will be very close to the ratio of

initial applied stress to initial athermal detachment stress.

Please refer to Sectigh2 in Chapter 4 (Tier 1 anisotropic transient creep chapter) for more details on
estimaton of relaxation parameter.

Athermal detachment stregg)(is given by:
‘, :%b\/l- % (@)

and the reference strain rate(is:

6/

: I
9o =TS“[D0L exp( Q

L 2 Qu 5
=)+ Dy 00 =] ®)

wherergi s t he saturated dislocation density at a secol
refer to low and high stress levels respectively;ddd Dy, are the diffusivity constants (HEnf/sec);

Q is the activation energy (& 31 KJ/mol/K, @ = 69 KIJmol/K); R is the universal gas constant
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(please refer t€hapter Gor more details)The steady state creep raglg,,) of the Sn matrix is

modeled by modeling two competing recovery mechanisms (i) recovery of dislocations from forest
dislocations by climbing over the impeding dislocation through formation of jogs/kinks and (ii) mass

transport diffusion through the Sn lattice.

ADGb b

Gore = op QT ©

- DywoGb b,
Gero = B ER QYR 0)

where A and Ayp are model costants for dislocation climb and mass diffusion mechanismg; D

[D,, exp( QL)+D0H exp(- QiH)]) is the diffusivity for climb process; i is the diffusivity for mass
RT RT

diffusion process (D+ 200 D» (t/G)?); where D= 6.3E22 nf/s is lattice diffusivityco-efficient; Do
(=8.64E13 nf/s) is pipe diffusion cefficient ; G is shear stiffness; is the spacing between the

dislocations (inversely proportional to the square root of steady state dislocation densithe

steady state dislocation density3n phase during secondary creep stage and is estimated by modeling

three competing processes: (1) dislocation generation; (2) dislocation impediment caused by forest

dislocations and (3) dislocation recovery either by climb from forest dislocation thfoughtion of
jogs/kinks. Please refer to Secti6i8 in Chapter 6 (Secondary creep chapter) for more details on the
dislocation density model.

Table7.2: Dominant slip systems in BCT Sn

SLIP SYSTEMS
SLIP SYSTEMS RANK
PLANE DIR
1 {100} [001] 7
2 {110} [001] 1
3 {100} [010] 8
4 {110} 1/2[1-11] 2
5 {110} [1-10] 4
6 {100} [0-11] 3
7 {001} [010] 6
8 {001} [110] 10
9 {011} [0-11] 5
10 211} [0-11] 9
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b-tin shows considerable elastic/plastic anisotropy. To understand the slip behavior of Sn in SAC
solder joints, relative operation of different slip systems was analyzed in 196 joints with different
orientations by Bieler et a[141] and correlated with the-&xis orientation. Uag the resultfrom

Bieler et al.[156], [157]activeslip systems in SAC solder considered here for this study are ranked in
Table7.2. In order to calculated saturated dislocation density during secondary stage of creep, three
dominant slips systems (ranked 1, 2 and 3 in Table 2, since body centered tetragonal Sn is a highly
anisotropic material) are considered and saturatsicdtion densities for all three systems are
estimated as the equilibrium saturation between three competing processes: (1) dislocation generation;
(2) dislocation impediment caused by back stress from pinning of dislocations at IMCs; and (3)
dislocationrecovery due to detachment from IMCs. Steady state dislocation density in Sn phase is
estimated by modeling three competing processes: (1) dislocation generation; (2) dislocation
impediment caused by forest dislocations and (3) dislocation recovery lejthedimb from forest
dislocation through formation of jogs/kinks. Steady state dislocation density is calculated for three
dominant slip systems and the average of the three was taken as isotropic dislocation density for
further calculations. Steady statiéslocation density is plotted for three dominant slip systems in
AgsSn phase in eutectic kg phase in Figuré/.17 for specimens aged at RT for 24 hours for

illustration purpose.
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Figure7.17: Saturated dislocation density during secondary stage of creep for three dominant slip
systems in SAC305 solder and average dislocation density used for calculations for specimen aged at

RT for 24 hours

In Tier 2 length scale, steady state creep ratestet®ei SRAg phase (calculated using Equations 1, 2

and 3) and Sn inclusion (calculated using Equations 6 and 7) along three dominant slip systems are
being utilized to predict the steady state creep rates of SAC single dfgstal spherical Sn inclusio

and cylindrical CgSn inclusion embedded in a isotropic eutecticAnphase, $1,(shear component

of the Eshelby tensor) is taken from Muf2l6]. For a composite with the inclusion phases
characterized by the index i, and the matrix phase characterized by index 0, the effective viscosity of

the single crystal SAC305 composite is given by:

V=Vo+ 8 a V- VoG SV, (V- Vo) +11 gg)

i=1

4- 59

151- n) ©)

Soin=

1 &l 1-29
= et o (10
Siz 2(1-n)c4 2 9 19

where, V = Effective viscosity of the composite RV, = viscosity of the matrix (eutectic Skg

phase) in unit RVEV, = viscosity of the inclusion (Sn inclusion) andsSts IMC in unit RVE; S=

In-plane shear component,¢5) of the Eshelby tensor of the spherical Sn inclusion (Equation 9) and
cylindrical CuSry inclusion (Equation 10) (crossection is assumed to be elliptical) embedded in
isotropic eutectic S#hg matrix; A&A = volume fraction of Sn (0.55 in SAC305; obtained using

image processing) and £3ns (0.03 in SAC305; obtained using image processing)usion and

volume fraction of matrix in composite RVE( =0. 35) is the Poissonb6s ratio
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75. Mechanistic Model Predictions

Steady state creep strain rates of@wphase predicted for the specimens aged atClfa® 24 hours

are plotted in Figur&.18; considering Orowan climb as the rate controlling mechanism using Equation

2. Steady state creep strain rates ofSkgphase predicted for the specimens aged atClafy 24

hours are plotted in Figurel19; consi@ring dislocation detachment as the rate controlling mechanism
using Equation 3. Since both mechanisms act in parallel as recovery mechanism, creep strain rates
from both mechanisms are summed up to find out the rate controlling mechanism at diffesent stre

levels.

1.E-04
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Figure7.18: Predicted steady state creep strain rates fgeghase, considering Orowan climb as

rate controlling mechanism
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Figure7.19: Predicted steady state creep strain rates fgeAghase, considering dislocation
detachment as rate controlling mechanism

Steady state creep strain rates of pure Sn dendritic phase is plotted in7R22@uby combining the
creep strain rates predicteding dislocation climb (Equation 6) and mass diffusion as rate controlling
mechanism (Equation 7). Steady state creep strain rates of eutedig |@rase predicted for the
specimens for all aging conditions are plotted in Figigd by combining the cep strain rates
predicted for AgSn phase and pure Sn phase using Equation 1. As evident from Fireteady
state creep rates predicted for eutectieAgrmphase is governed by Orowan climb of dislocation at low
stress level and dislocation detachmegritigh stress level and finally it catches up with the creep rates

for pure Sn phase for specimens which have been aged for longer duration.
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Figure7.20: Predicted steady state creep strain ratesuftactic SPAg phase and pure Sn dendritic

phase in SAC305 single crystal specimens aged for different durations
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Figure7.21: Schematic representation of steady state creep strain rate vs. applied ispaggfe free

matrix, dispersion strengthened material and reinforcement strengthened ri286tial

With the increase irisothermal aging duration to 600/1000 hours, the predicted secondary creep
resistance of eutectic Skg phase in SAC305 solder decreased bg)(4rders of magnitude (refer to
Figures7.20). Creep performance dropped by orders of magnitude in specimemsaaga longer
duration because of the increase in size and spacing of nanose8le IMLs. Consequently, they are
unable to pin the dislocations gliding and climbing over them, thereby reducing the creep resistance.

These mechanistic model predictioertds are in agreement with experimental observations reported
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in literature[166], [224] Mechanistic model also predicts a gradual change in slope of the steady state
creep curve after certain shear stressllél0 MPa for SAC305 in this stly) (refer to Figures.20).

This sudden change in slope is duehange in rate controlling creep mechanism from Orowan climb

to dislocation detachment mechanis@onsequently, secondary creep strain rates predicted for
eutectic SPAg phasebecoms gradually equal to the strain rate predictedtf@reinforced Sn matrix

as previaisly reported in literaturg230] as shown in Figur&.21. Stress exponenpredictedfor
dispersion and precipitation strengthened SAQ80&w (3-4) in low stress reigne for first three aging
durations and gradually gets higher (<1I@) at high stress regime withdrease in aging durations.
Steady state creep shear strain rates for SAC305 single crystals are the calculated using viscosities for
individual phases (eutectic kg phase and pure Sn phase) using Equation 13. Steady state creep
strain rates predicted f&AC305 single crystal specimens aged at multiple durations are plotted in
Figure7.22 and compared against the experimentally measured creep rates presented earlier in Figure
7.13. Although the model is able to capture the right trend, detailed anisotnojtiscale models (e.g.

in Secondary creep chapter) is needed to model the creep response of discrete specimens. Since, we
have only modeled the creep response of single crystal specimens and not captured the contribution of
grain boundary sliding; asewvould expect in coarse grained specimens the model predictions will be

little off from the experimentally measured creep rates.
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Figure7.22: Predicted steady state creep strain rates for SAC305 siyglal specimens aged for
different durations; compared against the experimentally observed creep rates (coarse grained

specimens) for two different aging conditions
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As evident from the Figuré.22, nanoscale A&n IMCs are effective in pinning dislocat® only up

to a certain critical spacing between them for a certain volume fraction in eute&ig [8rase above

which it becomes ineffective in providing dispersion strengthening to the Sn matrix. Figare
illustrates the above argument; it shows that secondary creep strain rate of SAC305 single crystal
predicted by the multiscale model is-§2 orders of magnitude lower than that of pure Sn dendritic
phase after it is subjected to room temperature aging for 24 hours. But when the same solider alloy
subjected to 1000 hours of isothermal aging at €0Ghe secondary creep response of the SAC305
single crystal comes very close {2] orders of magnitude] to that of secondary creep response of Sn
matrix phase. This is because eutectieAgnphase bcomes more uniformly distributed instead of
being clustered after extended hours of isothermal aging, and the dispersion strengthening provided by
nanoscale A¢pn IMCs almost reduces due to the increase in spacing betwg&n AdCs above a
certain criti@l limit. Althoughthe current model is based oertain simplifying assumptions, it is able

to capture all the right trends as observed in experim€&hescurrent model assumes that interaction
effectsbetween neighboring Sn dendrite® negligible, whdhis not true and needs to westigated

in the future. Further experimental validation is also needed to calibrate the model to experimental
creep rates for more specimens aged at multiple durations and temperature in future. Contribution of
grain bouwary sliding to the creep strain also needs to be modeled in future to make the model more

robust and applicable to coarse grained SAC specimens.

7.6. Summary & Conclusions

This paper discusses the effect of isothermal aging on the microstructural e@vant creep
properties of SAC305 soldeBoth the size and spacing of 4&8n IMCs in the solder bulk show a
monotonic increasing trend with increasing aging duration at 100°C. However, the size and volume
fraction of micronscale G8rs phases exhibit a nemonotonic trend with aging. The size of the
CusSn; IMCs present in the bulk of both solders increases by alm@€58b with increasing aging
duration until 600 hours at 100; but after 1000 hours the IMC size decreases due to an increase in

the CySr count and more homogeneous distribution in the Sn matrix.
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The secondary creep constitutive response of SAC305 solder interconnects was modeled using a
mechanistic multiscale creep model. The results showed that the secondary creep resistance of
SAC305 alloydecreased after isothermal aging at 100°C for 24 hours compared to that of room
temperature aged specimens by one order of magnitude. The decrease became more drastie after long
term aging ( 600 hours). Steady state creep rates predicted for euSsefig phase is governed by
Orowan climb of dislocation at low stress level and dislocation detachment at high stress level and
finally it catches up with the creep rates for pure Sn for specimens which have been aged for longer
duration. Secondary creepah rate of SAC305 single crystal predicted by the multiscale model is (7

8) orders of magnitude lower than that of pure Sn dendritic phase after it is subjected to room
temperature aging for 24 hours. But when the same solder alloy is subjected tool@®0oh
isothermal aging at 10Q, the secondary creep response of the SAC305 single crystal comes very
close [(32) orders of magnitude] to that of secondary creep response of Sn matrix phase. This is
because eutectic Skg phase becomes more uniformlystiibuted instead of being clustered after
extended hours of isothermal aging, and the dispersion strengthening provided by nanofSmle Ag
IMCs almost reduces due to the increase in spacing betwe&m AgCs above a certain critical limit.
Although the arrent model is based on certain simplifying assumptions, it is able to capture all the
right trends as observed in experiments. The current model assumes that interaction effects between
neighboring Sn dendrites are negligible, which is not true and nedwss investigated in the future.
Further experimental validation is also needed to calibrate the model to experimental creep rates for
more specimens aged at multiple durations and temperature in future. Contribution of grain boundary
sliding to the cree strain also needs to be modeled in future to make the model more robust and

applicable to coarse grained SAC specimens.

185



Chapter8 Ani sotropic Single Cryst
Prediction for SAC105 and SAC10!
Cryst al Udi DgsModatien Density

Creep Model

Introduction and motivation for this study is already discussed in Chapter 3 of the dissertation
(Multiscale modeling of the Effect of Micfalloying Mn and Sb on Viscoplastic Response of SAC105
Solder). Mechanistic models of dislocation climb and detachment were used to capture the effect of
additions of trace amounts of Mn or Sb on the viscoplastic properties of SAC105. The creep properties
are affected via dispersiestrengthening due to nanoscalesBgIMCs in the eutectic SAg phase of

low silver content SAC solders. These nanoscale dislocation density models were combined at the next
larger length scale (thaf Sn dendrites and eutectic-8g colonies), with traditional micromechanics

based homogenrdtion schemes, to capture the lesdhring between the eutectic component and Sn
dendrites, to predict the creep strain rates of SAC solder single crystal composites. Major conclusions
from that chapter were that thddition of trace amounts of Mn doestnefine the grain structure in
SAC105 solder joints, confirmed using orientation image mapping and does not form any new phase in
SAC10505Mn joint, confirmed using synchrotron diffraction analysis. The volume fraction of the
AgsSn IMCs in the eutectic cgponent is higher in SAC168Mn alloys compared to that in
SAC105. Addition of trace amount of Mn also resulted in reduced spacing between micronscale
CusSrs IMCs because the addition of Mn promoted homogeneous distribution of micronsgdlg Cu
IMCs. Ths leads to a smaller Gdns size and reduced interparticle spacing in SACGQBKIn
compared to that in SAC105. The volume fraction of primary Sn dendrites in an unit RVE is also
found to be higher in SAC105 solder compared to that in SAOS8A alloy. Thesecondary creep
resistance of SAC105 solder is predicted to b&)(@rders of magnitude lower than that of SAGL05
05Mn solder, which was able to explain qualitatively the experimental data. This is because the

strengthening cefficient is higher in casef SAC10505Mn compared to that of SAC105, since it is
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inversely proportional to the size and directly proportional to the volume fractions8i{JWCs in

SAC solder. The reinforced Sn matrix in SACA%ESh is (56) orders of magnitude more creep
resisant compared to that of SAC105 due to solid solution strengthening of Sn matrix by Sh. The solid
solution strengthening of the Sn matrix due to the addition of Sb coupled with the higher volume
fraction of AgSn IMCs in the eutectic component explain the observed higher creep resistance of
SAC10555Sb compared to that of SAC105. The proposed multiscale model captures the secondary

creep response of SAC105 and SAC105X solder composites reasonably well.

However,as pointed out in the Chapter 6 of the dissertation (Mechanistic Modeling of the Anisotropic
Steady State Viscoplastic Response of SAC305 Single Crystal), the above model used in Chapter 3
was isotropic and had several limitations and cannot really eapiterpiece to piece variability in

creep response of solder joints due to change in grain orientation with respect to loading direction.
Therefore, the modeling techniques described in Seétbmof Chapter 6 have been utilized here to
model the creep sponse for SAC105 and SAC105X solder joints. Dislocation line tension, mobility

of dislocations, dislocation density calculations and composite homogenization techniques in
anisotropic medium (described in Sect®8 of Chapter 6) have been utilized hergredict the creep
response of SAC and SAC105X single crystal solder joints. Results are being discussed in next section
to understand the capability of the proposed anisotropic model (Chapter 6) to explain the piece to piece

variability in the creep r@®nse of these coarse grained SAC105X solder joints.

8.1. Mechanistic Model Predictions

Saturated dislocation density during secondary stage of diaejhree dominant slips systemBaple

6.1 in Chapter §)arecalculated using the Equations in Sectto8 of Chapter 6Average of the three
steady state dislocation densitieslculated for three dominant slip systeistaken as isotropic
dislocation density for further calculatiofsr all three solder materials (SAC105 and SAC105X)
Average teady stee dislocation density in A$n phase inwgectic SRAg phases plottedin Figure

8.1 for all three solder materialt RT. Average steady state dislocation density in SAC105X solder is
predicted to be one order of magnitude lower than that of SAC1CGude®f reduced interparticle

spacing between nanoscale;8g IMCs in SAC105X.
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Figure8.1: Averagesteady state dislocation density in eutectieAgrnphase for SAC105 and

SAC105X solder materials at RT

Steady state creep strain rates o2 phase predicted for all three solder materials are plotted in
Figure 8.2; considering Orowan climb as the rate controlling mechanism using Equation 2 in Chapter
6. Steady state creep strain rates ofSkgphase practed for all three solder materials are plotted in
Figure 8.3; considering dislocation detachment as the rate controlling mechanism using Equation 3 in
Chapter 6. Since both mechanisms act in parallel as recovery mechanism, creep strain rates from both
mechanisms are summed up to find out the rate controlling mechanism at different stress levels and

plotted in Figure 8.4.
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Figure8.4: Steady state creep strain rates (Tier 1) in eutectiédSphase for SAC105 and SAC105X

solder materialsatREonsi dering both Orowan and Rosl er ¢

As evident from Figur@&.4, steady state creep rates predicted for eutectisgSphase is governduly
Orowan climb of dislocation at low stress level and dislocation detachment at high stress level and

finally it catches up with the creep rates for pure Sn phase at very high stress levels.

Anisotropic steady state creep rates calculated along donsil@arstystems for eutectic Skg phase

and pure Sn phase is then combined together using calculated Eshelby tensor using anisotropic
micromechanics homogenization theory (refer to Equation 13 in Chapter 6) to predict the anisotropic
steady state creep ratef SAC105/SAC105X single crystals and is plotted in Fi§ubseAlthough the

model is able to capture the right trend, the model predictions for creep rates for SAC105/SAC105X
single crystals are off from the measured steady state creep rates of caimesa gpecimens. Since,

we have only modeled the creep response of single crystal specimens and not captured the contribution
of grain boundary sliding; as we would expect in coarse grained specimens the model predictions will

be different from the expemientally measured creep rates.
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Figure8.5: Steady state creep strain rates predicted for SAC105 and SAC105X single crystal solders

(Tier 1 and Tier 2 combined) comparaghinst the measured steady state creep rates of coarse grained
SAC105/SAC105X solder joints

Here, in this section, the proposed anisotropic secondary creep model (in Chapter 6) is now used to
predict the steady state creep rate of two coarse graineddSMDlspecimens using their orientation
image maps (OIM) of two discrete SAC105Mn specimens. The Euler angles of the individual grains
present in the joints are first obtained using the OIM maps of the two coarse grained specimens
obtained using electron tla scatter detector (see Figl&). The three Euler angles (see Figar@
of each crystal have been used to calculate the resolved shear stress along the three dominant slip
systems (considered in this study) by conductingrctinate transformation osecond order applied
stress tensor. Furthermore, the Euler angles have been used to convert the fourth order viscosity
tensors of eutectic SAg phase and pure Sn phase obtained along individual slip system axes to crystal

axes and then back to global sjpeen axes.
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Figure8.6: Inverse pole figure [100] map of (a) SAC105Mrand (b) SAC105Mi4 coarse grained

(a) SAC105Ma specimen

100 IPF

110

oo

100

specimen

Grainno.~| phil~| PHI~| phi2~
4 344,708 | 38.411| 58.45
1 196.838 | 82.689 | 127.06
10 201.897 | 54.196 | 125.42
22 308.639 | 30.096 | 41.79
35 321.001| 69.4 82.63

Grainno.~| phil~| PHI~| phi2~
30 111.525 | 55.699 ( 212.9
3 186.282 | 75.507 | 154.77
22 287.988 | 93.756| 92.02
43 220.468 | 50.731 | 142.84
9 39.613 | 68.962 | 295.04

Figure8.7: Euler Angles for five largest grains in (a) SAC105RIand (b) SAC105M coarse

Using the Euler angles and anisotropic steady state viscosities of euteétic Brase and pure Sn

phase in SAC105Mn, anisotropic steady state creep fatendividual grains in SAC105M2 and

grained specimens

SAC105Mn4 specimens are plotted in Figu&8and8.9.
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Figure8.9: Predicted steady state creep rates for five largest crystals in SACHDSpaTimen

Assuming that the viscoplastic creep mechanism is acting in parallel in individual grains in the two

coarse grimed specimens, steady state creep rate for the whole solder joint is predicted by using a
weighted average (using area fraction of each grain) of the creep rates for individual crystals.
Contribution from grain boundary sliding is not taken into accauiis model and is a limitation of

this study. Predicted steady state creep rates for SAC1@58d SAC105M#4 are then compared

against the experimentally measured creep rates and plotted in &ituire
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Figure8.10: Predicted steady state creep rates vs. experimentally observed steady state creep rates for

SAC105Mn2 and SAC105M# without modeling the effect of grain boundary sliding

8.2. Summary and Conclusions

The anisotropic stely state creep model is able to capture the experimentally observed creep rates of
the coarse grained specimens reasonably well. Predicted steady state creep rate is less than that of the
experimentally observed rates probably because of the effect of geaindary sliding is not
considered in this study. Contribution of grain boundary sliding to creep strain should be modeled in

future to accurately predict the anisotropic steady state creep rates of coarse grained specimens.
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Chapter@ SummamcCy n& | uCsoinotnrsi,buti ons

Lim taFubmse &Wor k

Based on the current statéthe-art of congtutive modeling of the viscoplastic response of
microscale heterogeneous SAC solder alloys, dissertation focused oten critical unresolved
reseach issues, identified in Chapter 1, that would enhanaeuoderstanding of these solder alloys.

The tencritical issues are:

1. Microscale SAC solder mechanical properties exhibit significant anisotropy in-fabrasted
state, due to the coargeainedmicrostructure and the anisotropy of single crystalTere are
no studies that have provided mechaitiased predictive capability to estimate the primary
secondary creegonstitutive behavior of such joints based on microstructural morphology,
althaugh several studies have pointed towards significant anisotropy in elastic and plastic
properties of BCT Sn.

2. The coarsgrained morphology and the singjeain anisotropy together result in every joint
having a unigue creep response in the global loadk&s.aThis result in significant scatter
observed in primary and secondary creep response and this needs to be understood from the
microstructural standpoint. The huge variability in primary creep measurements is significantly
larger than that observedrfeecondary creep and also needs to be explored by considering the
evolution of dislocation density in primary slip systems of Sn by modeling simultaneously
dislocation generation, impediment by forest dislocations argb\garticles and dislocation
recowery from particles and forest dislocations in dominant slip systems during the creep process.
Dislocation density used ia past study by Cuddalorepatta et[8] is based on a hypothetical
assumption that all the slip planes in BCT&a completely saturated with very high dislocation
density (~1E21 M) when the creep deformation advances to the secondary creep regime. This
assumption makes ttsecondarycreep response isotropic and needs to fxaeined in light of
thejoint-to-joint variability observed in creegspons®f solder joints

3. There has been no study which focuses on anisotropic evolution of dislocation density during

primary and secondary creep regime along dominant slip systems. This needs to be modeled by
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explicity modeling multiple creep recovery mechanisms (particularly dislocation climb and
detachment mechanisms) observed in dispersion strengthened materials e.g. SAC alloys.
The detachment of dislocatisnclimb during secondary creep is captured in the literd&®§
[60] using dilute concentrath approximation (i.e. the model considers only the interaction of a
single dislocation with the A§n IMC). Interactions between neighboring dislocation froeesd

to beaccounted fqrto handle nomilute dislocation densities

One of the key parameteas the dislocation detachment modedaxation parameter (Kp1],

[62] (ratio of line tension of dislocation at partigigatrix interface to that in matrix onlysed to

capture the strong attractive interaction between dislocation and nanoscale particle during the
postclimb phase, has been previously modeled as a function of stress and temperature and
calibrated against experimental observations of secondagp cages. However, authors think it

is a fundamental property of the material and should have a constant value. The magnitude of k

governs how strongly the detachment mechanism contributes to the overall creep rate.

SAC alloy is treated as a composite dstisg of soft pure Sn dendrite inclusions embedded in a
dispersionstrengthened and reinforcemestitengthened SAg eut ecti ¢ fAmatri xo. T
properties of this composite have been obtaiimethe literatureusing simple isotropic self
consistenhomogenization micromechanics theol@3]. There are no studies that have provided

ways to predict thenisotropic viscoplastic properties of SAC single crystals along principal
crystallographic directionsbased on theinhe-dependent anisotropic creep responsethef

individual micraconstituents such adlipsoidal Sn dendriteandtheanisotropic creep properties

of the eutectic Si\g phase

The Sn dendritic geometry needs to be extendédrndle dendrite lobes different types of non
spherical geometridsecause this contributes to the anisotropy of the creep resp@asestudies
[59] were restricted to spherical lobes of the Sn dendrites.

The microstructue of Sn dendrites, nascale AgSn IMCs, and Cgbry IMCs are known to
evolve as a function of agingme and temperaturaevith significant effect on the constitutive

response. However, there is no mechanistic predictive capability in the literature to predict the
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effect of this microstructural evolution on the primary and secondary creep respossdeof
interconnects. Hence the practice of utilizing thdadmicated mechanical properties for modeling
the behavior of solder throughout the entire service life is questionable and needs to be
investigated.
9. There has been noicrostructural bottorup study in the literature whicprovides a practive
way to predict the solder response for any morphology, rather than having to empirically (and
parametrically) determine it for every microstructural combination encounteretliffément
solder alloys. Such an empirical approacivailable in the literature iprohibitively slow and
expensive for todayb6s product development cycle =
10. Effect of the addition of trace elements e.g. Mn and Sb on the creep response of low silver SAC
solder has not been expldteThere has been moechanistic modeling study to predict the effect
of micro-alloying on creep responsé SAC alloys.
The conclusionsfrom the dissertation are discussed in Subsection &ftributionsfrom the
dissertation are discussed in Subsec@i@and futurework from this studyis discussed in Subsection
9.3. All three subsectiorigave been summarized next in the same sequence as the chapters are laid out

in the dissertatioto answer the above issues.

9.1. Summary & Conclusions

Chapter 4: Multiscale modeling of the transient creep response of SAC single crystalBart |

i] In Tier I, creep deformation is governed by dislocation impediment and recovery at nanos8ale Ag
particles, with recovery being the rate controlling mechanism. Dislocatimb and dislocation
detachment at the A8n particles are proposed to be the competing rate controlling recovery
mechanisms at low (< 12 MPa) and high stress levels (> 12 MPa) respectively and match with the
experimental data.

ii] Line tensionfactor and mobilityof dislocations in dominant slip systemssifigle crystalSn are
estimated based on tledastic crystabnisotropy of body centered tetragonal (BCT) Sn. Line tension
factor is found to vary by one order of magnitude between the sttatiedlip systems in BCT Sn

lattice at RT. Mobility of edge dislocations in most facile slip system is found to-4ti{@es that of
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the other two studied slip systems, which is believed to contribute to the anisotropic flow in the SAC
single crystal marial.

iiil The anisotropictransientcreep rateof the eutectic Si\g phase of Tier | is then modeled using
above inputs and the evolving dislocation density calculatedidorinant glide systemduring the
transient stage of creep. The evolving dislaratdensity historyis estimatedby modeling the
equilibrium betweeriive competing processes: (1) dislocation generafindislocation impediment

due to forest dislocations; (3) recovery (by climb and diffusion) from forest dislocatfdps;
dislocationimpediment caused by back stress from pinning of dislocations atpidfiitles; and §)
dislocation recovery due tdimb/detachment fromAgsSn IMC particles. Of these mechanisms, the

third and fifth mechanisms are found to be the rate governing mechafasranisotropic transient

creep deformation processes for the Sn matrix and for th8rABMC particles, respectively, for the
eutectic SPAQ alloy. Rate of increase in dislocation densityder the applied shear (10 MPa) stress at

RT is along(110)0.5[211] is found to be one order of magnitude higher than that @fGa)[0-11]

slip system because of difference in resolved shear stress for the particular grain orientation found in
SAC305 single crystal #1.

iv] The dominant slip systems are determineseldeon the dislocation mobility and on the orientation
angle between the crystal principal axes and the loading direction. Transient creep rate is predicted to
be highest along (110)0.5f1] slip system and lowest along (100)[0] system because of the
difference in resolved shear stress and average initial resolved velocity along the slip systems for a
particular loading direction in the modeled single crystal SAC305 specimen.

v] Transient creep strain along the most facile slip system (110)[001]d& & to increase by {2)

orders of magnitude as the interparticle spacing between nanoscale IMCs increases by a factor of three.
Similarly, increase in the volume fraction of nanoscaleShgIMCs is predicted to decrease the
transient creep rates aloifL0)[001], which is in agreement with experimental observations.

Chapter 5: Multiscale modeling of the transient creep response of SAC single crystal®art Il

i] The anisotropiccreep response of the eutectic phase (from Tier 1) is combinedanigbtropic
creepresponsef Sn lobes at Tier 2 using the anisotropic Mbainaka homogenization theory in this
paper, to obtain thanisotropictransient creep response in of SAC single crystal along principal

crystallographic directions. The Eshelbyastrconcentration tensors required for this homogenization
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process are calculated numerically for ellipsoidal Sn inclusamuscylindrical CeSns embedded in
anisotropic eutectic SAg matrix. The above model can be used to predict transient creep redpons
any single crystal specimen with any random orientation with respect to the loading direction.

il The multiscale model is validated using experimentally observed transient creep resporesefof

the SAC305single crystabpecimens. The orientatisof SAC single crystal specimens with respect to
loading direction were identified with orientation image mapping and then utilized in the model to
estimate resolved shear stress along dominant slip direciitwes.proposed calibrated multiscale
model isable to quantitatively predict the transient creep response of second SAC305 single crystal
and is in good agreement with the experimentally observed transient creep response.

ii] Transient creep strain rates along [001] direction of SAC305 single cilsimlpredicted to be-2
orders of magnitude higher than that of along [100]/[010] direction

iv] Predicted shear creep strain along global specimen direction is found to vary by a fact8) of (1
orders of magnitude due to change in one of the Euldesujg) in SAC305 single crystal #1, which

is in agreement with experimental observations.

v] Parametric studies have also been conducted to prediefféoe of changing/olume fractionand
aspect ratimf Sn inclusions on the anisotropic transient presponsef SAC single crysta#l. The

model is able to capture tliecrease in creep resistance of SAC305 single crystal, when the volume
fraction of Sn inclusion in the SAC single crystal increasdsch is in agreement with experimental
observations.

Chapter 6: Multiscale modeling of the secondary creep response of SAC single crystals

i] At low stress leve{<12 MPa)the secondary steady stateep ratalong the (110)[001] slip system

is predicted to be ten times theeep ratealongthe (100)[0-11] system However, atigh stress level

(>12 MPa) the secondary steady stateep ratalong the (110)[001] slip system is predicted to be ten
thousand times thereep ratealong the (100)[L1] system The above predictions are in strong
agreenent with (1-4) orders of magnitude of anisotropy observed in steady state secondary creep
response in SAC305 solder joints tested under identical loading conditierperiments conducted

by several authofd 39], [140]
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il The proposed model is then further used to predict the steady state creep rates of few selected
(single crystal and kirystal) SAC305 specimen¥ery good agreement was observed between the
predicted steady state creep rate of two SAC305 single kspsteimens and measured creep rates of

the same specimens.

iii] For the bicrystal specimens, experimentally measured steady state creep rates were found to fall
between the predicted creep rates for individual crystals in the joint; pointing towasilsleogsain

boundary sliding during the creep deformation process of-tmyl$ital specimens.

iv] The predicted steady state creep rate for SAC305 single crystal #1 specimen is found to vary by
almost one order of magnitude due to systematic variatioeoforientation of Sn dendrites with
respect to the loading direction.

Chapter 7: Multiscale modeling of the effect of aging on secondary creep response of SAC305
solder joints

i] The secondary creep constitutive response of SAC305 solder interconnect®dedsd usinghe
proposedmechanistic multiscale creep modklodel predictsthat the secondary creep resistance of
SAC305 alloy decreased after isothermal aging at 100°C for 24 hours compared to that of room
temperature aged specimens by one order afnihede. The decrease loages more drastic(2-3

orders of magnitudeafter longterm aging ( 600 hour}, which is agreement with the experimental

data.

ii] The steady state creep rates predicted for eutectisgSphase are governed by Orowan climb of
dislocation at low stress level (<12 MPa) and dislocation detachment at high stress level (>12 MPa)
and finally it catches up with the creep rates for pure Sn for specimens which have been aged for
longer duratior{ 600 hours).

ii] The secondary creep straiate of SAC305 single crystal predicted by the multiscale modei8% (7
orders of magnitude lower than that of pure Sn dendritic phase after it is subjected to room temperature
aging for 24 hours. But when the same solder alloy is subjected to 1000ch@othermal aging at

100 C, the secondary creep response of the SAC305 single crystal comes very eR)serdidrs of
magnitude] to that of of the Sn matrix phase. This is because the euteétic [Brase becomes more

uniformly distributed instead ofding clustered after extended hours of isothermal aging, and the
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dispersion strengthening provided by nanoscaleéSAJMCs reduces due to the increase in spacing
between AgSn IMCs. Althoughthe current model is based oartain simplifying assumptions, ig

able to capture all these trends observed in experiments.

Chapter 3 & 8: Multiscale modeling of the effect of addition of trace elements (Mn & Sb) on
secondary creep response of SAC105 solder joints

i] This study investigates tir@ependent viscopldst response of two relatively new SAC1B5
soldersd SAC10505Mn (Sn1.0Ag0.5Cu (SAC105) doped with 0.05petcent Mn); and SAC165

55Sbh (SAC105 doped with 0.55 yercent Sh). The results showed that the addition of Mn or Sb
increases the creep resistan€E&AC105 solder by one to two orders of magnitude at the tested stress
levels of 220 MPa.

ii] The addition of trace amounts of Mn does not refine the grain structure in SAC105 solder joints,
confirmed using orientation image mapping and does not forrmewyphase in SAC1685Mn joint,
confirmed using synchrotron diffraction analysis.

ii] The addition of Mn as a fourth alloying element promotes homogeneous distribution of-micron
scale Cy¢Snyintermetallic compounds (IMCs), thereby reihgctheir interpaticle spacing as compared

to their spacingn SAC105. On the other hand, addition of Sb does not change the spacing of the
CusSry particle, butreduces the averagizeof the Sn dendritic lobesMoreover, Sb also forms solid
solution with Sn and strengths the Sn matrix in SAC1&5Sb itself.

iv] The effects of these microstructural changes (obtained ugingtitativeimage processing) on
secondary creep constitutive response of SAC105 solder interconnects were then modeled using a
mechanistic multisda creep model. The mechanistic model was able to capture the trends in the
secondary creep constitutive response of the alloys accurately and explain the improvetfment in

creep resistance of SAC105 due to the addition of Mn and Sb.
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9.2. Contributions

Chapter 4: Multiscale modeling of the transient creep response of SAC single crystal®art |

i] Anisotropic modeling ofhe transientreepresponse of the eutectic-®g phase and pure Sn phase

in single crystal SAC solddras been conductddr the \ery first time and calibrated with the help of
limited experimental data.

ii] Line tension and mobility of dislocations along dominant slip systems of anisotropic single crystal
BCT Sn have been calculated for the very first time, which has been usestiéh the evolution of
dislocation density in this highly heterogeneous BCT Sn medium. These parameters can also be used
as inputs for discrete dislocation dynamics simulations of pure single crystal Sn in future.

iiil The evolutionof dislocation densityistory in eutectic Shg phase in single crystal SAC solder

has beerestimatedor the first time, by modeling thequilibrium betweerive competing processes:

(1) dislocation generation?) dislocation impediment due to forest dislocations; (3) rego{iey

climb and diffusion) from forest dislocation@t) dislocation impediment caused by back stress from
pinning of dislocations at IM@articles; and §) dislocation recovery due tdimb/detachment from

AgsSn IMC particles. The proposed model is able explain the piece to piece to variability in
transient creep response of eutectieAgnphase in SAC single crystal.

Chapter 5: Multiscale modeling of the transient creep response of SAC single crystal®art Il

i] This is the first mechanistic model for anisotropic transient creep modeling of SAC single crystals,
and has been developed by combinthg mechanistic prediction ofeep response of thaitectic

phase (from Tier 1with mechanistic prediction afreepresponseof Sn lobes at Tier ,2using the
anisotropicMori-Tanakahomogenization theoryThe proposed multiscale model was calibrated with

the help of one single crystal specimen and was able to quantitatively capture the transient creep
response of a send SAC305 single crystal reasonably well.

il The Eshelby strain concentration tensors required for this homogenization process are calculated
numerically for ellipsoidal Sn inclusions embedded in anisotropic eutectigSnatrix. Anisotropic

creep rate®f SAC single crystal can now be calculated for any-swimericalSn dendritic geometry

induced by variations in cooling rates during the reflow process using the calculated Eshelby tensor.
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il This is the first study to provide parametric insights based mechanistic microstructural
predictions of the effect of grain orientation on the anisotropic transient creep response of SAC single
crystals. Predicted shear creep strain along global specimen direction is found to vary by a factor of (1
3) orders of mgnitude due to change in one of the Euler anglgsif SAC305 single crystal #1,

which is in agreement with experimental observations.

Chapter 6: Multiscale modeling of the secondary creep response of SAC single crystals

All the contributions ofChapters 4 and 5 apply to this study.

Chapter 7: Multiscale modeling of the effect of aging on secondary creep response of SAC305
solder joints

The proposed multiscale model is capable of predicting both transient and secondary creep response of
SAC specirens which have been isothermally aged at multiple durations and temperatures. The
mechanistic model is capable of saving significant amount of test time and resources, which goes into
testing these microscale specimens at multiple test and aging conilitiabsratories.

Chapter 3 & 8: Multiscale modeling of the effect of addition of trace elements (Mn & Sb) on
secondary creep response of SAC105 solder joints

i] Investigaed the effects ofaddition of trace elemen{®n and Sh)on grain morphologyascag
microstructure and creep response of low silver content SAC105.solder

il Mechanistically modeled the effect of SAC105 miattmying using the newly proposed multiscale
visco-plastic model. The proposed model is able to capture the piece to piesdglityain secondary

creep response of two SAC105Mn coagsained specimens.his is the first mechanistic modeling

study to be able to predict the effect of mialtoying on creep response

9.3. Limitations & Future Work

Chapter 4: Multiscale modelingof the transient creep response of SAC single crystalsPart |

i] Contribution of crosslip phenomena in screw dislocations to transient creep response has been
ignored in this studyMolecular dynamics simulations need to be carried out in future itoagstthe
activation energy for crosdip so that it can be incorporated into the dislocation density evolution and

dislocation recovery models.
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i Rel axation par amet darivediikthis studysy thkimgimo aocteunththeni st i c a
detachnent configuration of a dislocation over the particle instead of using empirically obtained

val ues. The magnitude of Afkd governs how strongly
overall creep rate. Howevemolecular dynamics simulations need to dseried out in future to

accurately estimate the relaxation parameter for different 3D configurations of edge/screw dislocations

impeded by 3D particles in anisotropic single crystal SAC solder.

iii] The analytical dislocation density evolution model prepd in this study should be calibrated with

experimental creep data of eutecticAm phase in single crystal SAC solder for better resolution of

calibration parameters. Since, fabricating single crystal solder joints is difficult, the analytical model

canalso be calibrated to creep response from discrete dislocation dynamics simulation of eutectic Sn

Ag phase in single crystal Sn. Line tension and mobility of dislocations in anisotropic Sn medium,

calculated in this study, can be used as input paranfetedsscrete dislocation dynamics simulation.

Particle stress fields and stress fields of edge/screw dislocations in anisotropic Sn medium need to be

modeled first to model the creep response of SAC single crystals using discrete dislocation dynamics.

iv] In dislocation climb and detachment model, the dislocations are assumed to be randomly
distributed in the crystal, so that their stress fields upon the dislocation overcoming the dispersoids are
neglected. However, in most practical applications, resufiragial distribution of lattice dislocations

is not random and the stress fields from theseypke cannot anymore be assumed to cancel at all

points within the material. These stress fields will affect the leadupildislocation pinned by the

dispersad, and either aid or hinder the bypassing processes (Orowan climb or detachment process) by

which the controlling dislocation overcomes its obstacle, and thus will increase or decrease the value

of the threshold stress. The effect of pileup stress oretieetive stress for Orowan Climb and
detachment stress for Rosl erds model needs to be
preliminary work on the effect of pileup on the dislocation detachment stress have been modeled and

described in the appendier future work.
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Chapter 5: Multiscale modeling of the transient creep response of SAC single crystal®art Il

i] Interactions between neighboring Sn dendrites have not been explicitly modeled in this study, which
is a part of the future work. Asrasult, this study is appropriate for dilute concentration of dendrites
and loses accuracy as the dendrite concentration increases.

ii] Contribution of grain boundary sliding to total creep strain has not been modeled in this study. The
scope of this digstation is limited to the anisotropic primary and secondary creep modeling of SAC
single crystals. To extend this study in future to predict the anisotropic creep response of coarse
grained SAC solder joint, the model will need to include the mechangrsiof boundary sliding.

iiil The outputs of this study can be used as inputs for crystal plasticity finite element (CPFE)
modeling in future to capture the thermomechanical cyclic fatigue response of SAC solder joints using
anisotropic elastic, plastic drcreep properties of single crystal SAC solder.

iv] The proposed model can be used to predict transient creep response for any single crystal specimen
with any random orientation and the constitutive properties of individual crystal can be further used to
model the whole solder joint containing more than one grain by modeling the grain boundary sliding in

future.

Chapter 6: Multiscale modeling of the secondary creep response of SAC single crystals

All the limitations and future work of Chapters 4 andpplg to this study.

Chapter 7: Multiscale modeling of the effect of aging on secondary creep response of SAC305
solder joints

i] Further experimental validation is also needed to calibrate the model with experimentally measured

creep rates of single crys@®AC specimens aged at multiple durations and temperature in future.

ii] This model appeart provide reasonable predictions (at least for explaining qualitative trends) for
coarsegrained jointdn asfabricated stagebutthe accuracy systematicallyapsas thegoints are aged

for longer duration, resulting in increased spacing between coazSa AgCs.

Chapter 3 & 8: Multiscale modeling of the effect of addition of trace elements (Mn & Sb) on

secondary creep response of SAC105 solder joints

i] This model appears to provide reasonable predictions (at least for explaining qualitative trends) for

coarsegrained joints, buthe accuracy systematically drops the contribution of grain boundary
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effects begins to increase during loadinduced dynamic ystallization in thermal cycling
conditions.

ii] The anisotropic steady state creep model is alj@atitativelycapture the experimentally observed
trends in thecreep rates of the coarse grained specimens reasonablybwelindempredicts the
absolte values of theteady state creep ratprobably because ¢éhcontribution to creep strain due to
grain boundary sliding is not considered in this study. Contribution of grain boundary sliding to creep
strain should be modeled in futuneing FEAto acarately predict the anisotropic steady state creep

rates of coarse grained specimens.
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Appendi ces

Al. MATLAB code for calculating dislocation line tension in anisotropic
medium

clc

clearall

closeall

% Elastic stiffness matrix of BCT Sn (froRayne & Chandrasekhar) and from (Kammer, Cardinal,
Vold & Glicksman)

€c11=72.3E9; c12=59.4E9; c13=35.78E9; c33=88.4E9; c44=22.03E9; c66=24\0fE%s in Pa at
300K

% Elastic stiffness matrix of BCT Sn (from Kammer, Cardinal, Vold & Glicksman)

% ¢11=65.8E9; c12=58.6E9; c13=37.7E9; c33=80.8E9; c44=19.1E9; c66=21.4E9;%values in Pa at
418 K

c(1,1,1,1) = c11; ¢(2,2,2,2) = c11; ¢(3,3,3,3) = c33;

c(1,1,2,2) = c12; c(1,1,3,3) = c13; ¢(2,2,1,1) = c12;

c(2,2,3,3) = ¢13; ¢(3,3,1,1) = ¢13; ¢(3,3,2,2) = c13;

c(3,1,3,1) = c44; c(2,3,2,3) = c44; c(3,2,3,2) = c44;

c(1,2,2,1) = c66; c(2,1,1,2) = c66; c(1,3,3,1) = c44;

c(3,1,1,3) = c44; c(2,3,3,2) = c44; c(3,2,2,3) = c44;

% Define slip system mO(slip direction)and nO(slip plane)
n0=[0 0 1];% slip plane
mO=[1 1 0];% slip direction
%Define mn, nn, mm matrices for setting up the eigen value problem
a=zeros(3);
nn=a;
nm=a;
mn=a;
mm=a;
for j=1:3
for k=1:3
fori=1:3
for 1=1:3
nn(j,k)=nn(j,k)+n0(i)*c(i.j,k,[)*nO(l);
nm(j,k)=nm(j,k)+n0(i)*c(i,j,k,))*mO(l);
mm(j,K)=mm(j,k)+mO(i)*c(i,j,k,1)*mO(l);
end
end
end
end
mn=nm’";
%Create 6x6 matrix NO
NO=zeros(6);
invnn = inv(nn);
NO=-[invnn*nm,invnn;mn*invnn*nmmm,mn*invnn];
%Solve Eigen equation
[V,D]=eig(NO);
%initializing A, L and P
A=a;
L=a;
P=zeros(1,3);
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for alpha=1:3
if imag(D(2*alpha,2*alpha))>0
P(alpha)=D(2*alpha,2*alpha);
A(:,alpha)=V(1:3,2*alpha);
L(:,alpha)=V(4:6,2*alpha);
else
P(alpha)=D(2*alphdl,2*alphal);
A(:,alpha)=V(1:3,2*alphdl);
L(:,alpha)=V(4:6,2*alphdl);
end
end

%normalize A and L

for alpha=1:3
%AialphalLibeta+Aibetalialpha=delta(alpha,beta)
ralpha = sqrt(2*sum(A(:,alpha).*L(:,ah)));
A(:,alpha) = A(:,alpha)/ralpha;
L(:,alpha) = L(:,alpha)/ralpha;

end

%Construct Q, B, S matrices using A and L

I=sqrt(-1);

Q = real(2*I*A*A.Y);

B = real(2*I*L*L.";

S =real(2*I*A*L.-I*eye(3));

[V D]=eig(B);

A2. MATLAB code for Eshelbytensor calculations in anisotropic
medium

clc

clearall

closeall

formatshort

symsx x1 x2 x3 w real

Al=1;
A2=1;
A3=1;

% Stiffness constants for BCT Sn material (not transversely isotropic)

% ¢c11=72.3E9; c12=59.4E9; c13=35.7E9; c33=88.4B9-22.03E9; c66=6.45E9;
% ¢14=0; c15=0; c16=0;

% c21=c12; c22=c11; c23=c13; c24=0; c25=0; c26=0;

% ¢31=c13; c32=c13; c34=0; c35=0; c36=0;

% c41=0; c42=0; c43=0; c45=0; c46=0;

% ¢51=0; c52=0; c53=0; c54=0; c55= c44; c56=0;

% c61=0; c62=0; c63=@;64=0; c65=0;

% Model constants for Al matrix (SiC whiskers) from PJ Withers paper; pp 770
c11=2.179E10; c12=0.579E10; c13=0.689E10; c33=10.345E10; c44=1E10; c66=08&016s in

Pa
€14=0; c15=0; c16=0;
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c21=cl12; c22=cl1l; c23=c13; c24=0; c25=0; c26=0;
c31=c13; c32=c13; c34=0; c35=0; c36=0;

c41=0; c42=0; c43=0; c45=0; c46=0;

¢51=0; c52=0; c53=0; c54=0; c55= c44; c56=0;
€61=0; c62=0; c63=0; c64=0; c65=0;

Cc(1,1,1,1) =cl1;C(1,1,2,2) =c12; C(1,1,3,3) = c13; C(1,1,2,3)=c14,; C(1,1,1,3)=c15; C(1,18;2)=c
C(1,1,3,2)=c14; C(1,1,3,1)=c15; C(1,1,2,1)=c16;

C(2,2,1,1) = c21; C(2,2,2,2) = c22; C(2,2,3,3) = ¢23; C(2,2,2,3)=c24; C(2,2,1,3)=c25; C(2,2,1,2)=c26;
C(2,2,3,2)=c24; C(2,2,3,1)=c25; C(2,2,2,1)=c26;

C(3,3,1,1) = c31; C(3,3,2,2) = ¢32; C(3,3,3,3) =;038,3,2,3)=c34; C(3,3,1,3)=c35; C(3,3,1,2)=c36;
C(3,3,3,2)=c34; C(3,3,3,1)=c35; C(3,3,2,1)=c36;

C(2,3,1,1) = c41; C(2,3,2,2) = c42; C(2,3,3,3) = c43; C(2,3,2,3)=c44; C(2,3,1,3)=c45; C(2,3,1,2)=c46;
C(2,3,3,2)=c44; C(2,3,3,1)=c45; C(2,3,2,1)=c46; C(313:c41; C(3,2,2,2)=c42; C(3,2,3,3)=c43;
C(,3,1,1) = ¢51; C(1,3,2,2) = c52; C(1,3,3,3) = ¢c53; C(1,3,2,3)=c54; C(1,3,1,3)=c55; C(1,3,1,2)=c56;
C(3,1,1,1)=c51; C(3,1,2,2)=c52; C(3,1,3,3)=c53; C(1,3,3,2)=c54; C(1,3,3,1)=c55; C(1,3,2,1)=c56;
C(1,2,1,1) = c61C(1,2,2,2) = c62; C(1,2,3,3) = c63; C(1,2,2,3)=c64; C(1,2,1,3)=c65; C(1,2,1,2)=C66;
C(2,1,1,1)=c61; C(2,1,2,2)=c62; C(2,1,3,3)=c63; C(1,2,3,2)=c64; C(1,2,3,1)=c65; C(1,2,2,1)=C66;
A3=1/A3;

x1=(sqrt(Ex"2)*sin(w))/A1;
x2=(sqrt(Ex"2)*cos(w))/A2;
x3=x/A3;

% CALCULATE Kik(xeta)

K_11=C(1,1,1,1)*x1"2+C(1,1,1,2)*x1*x2+C(1,1,1,3)*x1*x3+C(1,2,1,1)*x2*x1+C(1,2,1,2)*x2"2+C(
1,2,1,3)*x2*x3+C(1,3,1,1)*x3*x1+C(1,3,1,2)*x3*x2+C(1,3,1,3)*x3"2;
K_22=C(2,1,2,1)*x1"2+C(2,1,2,2)*x1*x2+C(2,1,2,3)*x1*x3+C(2,2,2,1)*x2%1(2,2,2,2)*x2"2+C(
2,2,2,3)*x2*x3+C(2,3,2,1)*x3*x1+C(2,3,2,2)*x3*x2+C(2,3,2,3)*x3"2;
K_33=C(3,1,3,1)*x1"2+C(3,1,3,2)*x1*x2+C(3,1,3,3)*x1*x3+C(3,2,3,1)*x2*x1+C(3,2,3,2)*x2"2+C(
3,2,3,3)*x2*x3+C(3,3,3,1)*x3*x1+C(3,3,3,2)*x3*x2+C(3,3,3,3)*x3"2;
K_12=C(1,1,2,1%x1"2+C(1,1,2,2)*x1*x2+C(1,1,2,3)*x1*x3+C(1,2,2,1)*x2*x1+C(1,2,2,2)*x2"2+C(
1,2,2,3)*x2*x3+C(1,3,2,1)*x3*x1+C(1,3,2,2)*x3*x2+C(1,3,2,3)*x3"2;
K_13=C(1,1,3,1)*x1"2+C(1,1,3,2)*x1*x2+C(1,1,3,3)*x1*x3+C(1,2,3,1)*x2*x1+C(1,2,3,2)*x2"2+C(
1,2,3,3)*x2*x3+C(1,3,3,1)*x3*x1+C(1,3,3,2)*x3*x2+C(1,3,3,3)*x3"2;
K_21=C(2,1,1,1)*x1"2+C(2,1,1,2)*x1*x2+C(2,1,1,3)*x1*x3+C(2,2,1,1)*x2*x1+C(2,2,1,2)*x2"2+C(
2,2,1,3)»*x3+C(2,3,1,1)*x1*x3+C(2,3,1,2)*x2*x3+C(2,3,1,3)*x3"2;
K_23=C(2,1,3,1)*x1"2+C(2,1,3,2)*x1*x2+C(2,1,3,3)*x1*x3+C(2,2,3,1)*x2*x1+C(2,2,3,2)*x2"2+C(
2,2,3,3)*x2*x3+C(2,3,3,1)*x3*x1+C(2,3,3,2)*x3*x2+C(2,3,3,3)*x3"2;
K_31=C(3,1,1,1)*x1"2+C(3,1,1,2)*x1*x2+C(31,3)*x1*x3+C(3,2,1,1)*x2*x1+C(3,2,1,2)*x2"2+C(
3,2,1,3)*x2*x3+C(3,3,1,1)*x1*x3+C(3,3,1,2)*x2*x3+C(3,3,1,3)*x3"2;
K_32=C(3,1,2,1)*x1"2+C(3,1,2,2)*x1*x2+C(3,1,2,3)*x1*x3+C(3,2,2,1)*x2*x1+C(3,2,2,2)*x2"2+C(
3,2,2,3)*x2*x3+C(3,3,2,1)*x1*x3+C(3,3,2,2)*x2*x3+C(3,3,3)*x3"2;

% CALCULATE Nij(xeta)

RN_11=(K_22*K_332*K_23);
RN_22=(K_11*K_332*K_13);
RN_33=(K_11*K_222*K_12);
RN_23=(K_11*K_23K_13*K_12);
RN_13=(K_12*K_23K_13*K_22);
RN_12=(K_12*K_33K_23*K_13);
RN_21=(K_32*K_13K_33*K_12);
RN_31=(K_12*K_23K_13*K_22);
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RN_32=(K_13*K_21K_11*K_23);

% CALCULATE D(xeta)

D=(K_11*K_22*K_33)+(K_21*K_32*K_13)+(K_31*K_12*K_23)K_11*K_32*K_23)
(K_21*K_12*K_33)}(K_31*K_22*K_13);

% Calculate Green's function
G_1111=x1*x1*RN_11/D;
G_1112=x1*x2*R\_11/D;
G_1113=x1*x3*RN_11/D;

G 1121=G_1112;
G_1122=x2*x2*RN_11/D;
G_1123=x2*x3*RN_11/D;

G 1131=G_1113;

G 1132=G_1123;
G_1133=x3*x3*RN_11/D;

G_2211=x1*x1*RN_22/D;
G_2212=x1*x2*RN_22/D;
G_2213=x1*x3*RN_22/D;
G_2221=G_2212;
G_2222=x2*x2*RN_22/D;
G_2223=x2*x3*RN_22/D;
G_2231=G_2213;
G_2232=G_2223;
G_2233=x3*x3*RN_22/D;

G_3311=x1*x1*RN_33/D;
G_3312=x1*x2*RN_33/D;
G_3313=x1*x3*RN_33/D;
G_3321=G_3312;
G_3322=x2*x2*RN_33/D;
G_3323=x2*x3*RN_33/D;
G_3331=G_3313;
G_3332=G_3323;
G_3333=x3*x3*RN_33/D;

G_2311=x1*x1*RN_23/D;
G_3211=x1*x1*RN_32/D;
G_2312=x1*x2*RN_23/D;
G_3212=x1*x2*RN_32/D;
G_2313=x1*x3*RN_23/D;
G_3213=x1*x3*RN_32/D;
G_2321=G_2312;
G_3221=G_3212;
G_2322=x2*x2*RN_23/D;
G_3222=x2*x2*RN_32/D;
G_2323=x2*x3*RN_23/D;
G_3223=x2*x3*RN_32/D;
G_2331=G_2313;
G_3231=G_3213;
G_2332=G_2323;
G_3232=G_3223;
G_2333=x3*x3*RN_23/D;
G_3233=x3*x3*RN_32/D;
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G_1311=x1*x1*RN_13/D;
G_3111=x1*x1*RN_31/D;
G_1312=x1*x2*RN_13/D;
G_3112=x1*x2*RN_31/D;
G_1313=x1*x3*RN_13/D;
G_3113=x1*x3*RN_31/D;
G_1321=G_1312;
G_3121=G_3112;
G_1322=x2*x2*RN_13/D;
G_3122=x2*x2*RN_31/D;
G_1323=x2*x3*RN_13/D;
G_3123=x2*x3*RN_31/D;
G_1331=G_1313;
G_3131=G_3113;
G_1332=G_1323;
G_3132=G_3123;
G_1333=x3*x3*RN_13/D;
G_3133=x3*x3*RN_31/D;

G_1211=x1*x1*RN_12/D;
G_2111=x1*x1*RN_21/D;
G_1212=x1*x2*RN_12/D;
G_2112=x1*x2*RN_21/D;
G_1213=x1*x3*RN_12/D;
G_2113=x1*x3*RN_21/D;
G_1221=G_1212;
G_2121=G_2112;
G_1222=x2*x2*RN_12/D;
G_2122=x2*x2*RN_21/D;
G_1223=x2*x3*RN_12/D;
G_2123=x2*x3*RN_21/D;
G_1231=G_1213;
G_2131=G_2113;
G_1232=G_1223;
G_212=G_2123;
G_1233=x3*x3*RN_12/D;
G_2133=x3*x3*RN_21/D;

% Create functions for double numerical integration usipgint Gauss Quadrature

F_1111=2%C(1,1,1,1)*G_1111+C(1,2,1,1)*G_1112+C(1,3,1,1)*G_1113+C(2,1,1,1)*G_1211+C(2,2,
1,1)*G_1212+C(2,3,1,1)*G_1213+C(3,1,1,1)*G_1311+C(3,2,1,1)*G_1312+C(3,3,1,1)*G_1313);
F_1122=2%(C(1,1,2,2)*G_1111+C(1,2,2,2)*G_1112+C(1,3,2,2)*G_1113+C(2,1,2,2PGL+C(2,2,
2,2)*G_1212+C(2,3,2,2)*G_1213+C(3,1,2,2)*G_1311+C(3,2,2,2)*G_1312+C(3,3,2,2)*G_1313);
F_1133=2%(C(1,1,3,3)*G_1111+C(1,2,3,3)*G_1112+C(1,3,3,3)*G_1113+C(2,1,3,3)*G_1211+C(2,2,
3,3)*G_1212+C(2,3,3,3)*G_1213+C(3,1,3,3)*G_1311+C(3,2,3,3)*G_1312+33)3G_1313);

F_2211=2%(C(1,1,1,1)*G_2121+C(1,2,1,1)*G_2122+C(1,3,1,1)*G_2123+C(2,1,1,1)*G_2221+C(2,2,
1,1)*G_2222+C(2,3,1,1)*G_2223+C(3,1,1,1)*G_2321+C(3,2,1,1)*G_2322+C(3,3,1,1)*G_2323);
F_2222=2%(C(1,1,2,2)*G_2121+C(1,2,2,2)*G_2122+C(1,3,2,2)*G_2123AC2,2)*G_2221+C(2,2,
2,2)*G_2222+C(2,3,2,2)*G_2223+C(3,1,2,2)*G_2321+C(3,2,2,2)*G_2322+C(3,3,2,2)*G_2323);
F_2233=2%(C(1,1,3,3)*G_2121+C(1,2,3,3)*G_2122+C(1,3,3,3)*G_2123+C(2,1,3,3)*G_2221+C(2,2,
3,3)*G_2222+C(2,3,3,3)*G_2223+C(3,1,3,3)*G_2321+C(3,2,38)2322+C(3,3,3,3)*G_2323);

F_3311=2*C(1,1,1,1)*G_3131+C(1,2,1,1)*G_3132+C(1,3,1,1)*G_3133+C(2,1,1,1)*G_3231+C(2,2,
1,1)*G_3232+C(2,3,1,1)*G_3233+C(3,1,1,1)*G_3331+C(3,2,1,1)*G_3332+C(3,3,1,1)*G_3333);
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F_3322=2*(C(1,1,2,2)*G_3131+C(1,2,2,2)*G_3132+C(1,3%5_3133+C(2,1,2,2)*G_3231+C(2,2,
2,2)*G_3232+C(2,3,2,2)*G_3233+C(3,1,2,2)*G_3331+C(3,2,2,2)*G_3332+C(3,3,2,2)*G_3333);
F_3333=2*(C(1,1,3,3)*G_3131+C(1,2,3,3)*G_3132+C(1,3,3,3)*G_3133+C(2,1,3,3)*G_3231+C(2,2,
3,3)*G_3232+C(2,3,3,3)*G_3233+C(3,1,3,3)*G_338(3,2,3,3)*G_3332+C(3,3,3,3)*G_3333);

F_2323=2%(C(1,1,2,3)*G_2131+C(1,2,2,3)*G_2132+C(1,3,2,3)*G_2133+C(2,1,2,3)*G_2231+C(2,2,
2,3)*G_2232+C(2,3,2,3)*G_2233+C(3,1,2,3)*G_2331+C(3,2,2,3)*G_2332+C(3,3,2,3)*G_2333);
F_1313=2%(C(1,1,1,3)*G_1131+C(1,2,1,3)*G132+C(1,3,1,3)*G_1133+C(2,1,1,3)*G_1231+C(2,2,
1,3)*G_1232+C(2,3,1,3)*G_1233+C(3,1,1,3)*G_1331+C(3,2,1,3)*G_1332+C(3,3,1,3)*G_1333);
F_1212=2%(C(1,1,1,2)*G_1121+C(1,2,1,2)*G_1122+C(1,3,1,2)*G_1123+C(2,1,1,2)*G_1221+C(2,2,
1,2)*G_1222+C(2,3,1,2)*G_1223+C(3112)*G_1321+C(3,2,1,2)*G_1322+C(3,3,1,2)*G_1323);

% Use 2point Gauss Quadrature angpaint Gauss Quadrature to do the first integration over xeta
and second integration over omega

% % 2 point Gauskegendre Abscissas and Weights
% nx=[4.9554

% 1.3278];

% nw=[3.1416

% 3.1416];

% % 3 point Gauskegendre Abscissas and Weights

% nx=[5.5751

% 3.1416
% 0.7081];
% nw=[1.7453
% 2.7925
% 1.7453];

% 5 point Gaustegendre Abscissas and Weights

% nx=[5.9884

% 4.8332
% 3.1416

%  1.4499
%  0.2947];
% nw=[0.7443
% 15037
% 1.7872
% 15037
% 0.7443];

% % 10 point Gauskegendre Abscissas and Weights

% nx=[6.2012

% 5.8593
% 5.2760
% 4.5031
% 3.6093
% 2.6739
% 1.7800
% 1.0072
% 0.4239
% 0.0820];

%
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% nw=[0.2095

% 0.4695
% 0.6883
% 0.8459
% 0.9284
% 0.9284
% 0.8459
% 0.6883
% 0.4695
% 0.2095];

% % 20 point Gauskegendre Abscissas and Weights
%

% nx=[6.2616
% 6.17

% 6.0075
%5.7778
% 5.4863
% 5.1398
% 4.7465
% 4.3156
% 3.8572
% 3.382
% 2.9012
% 2.426
% 1.9676
% 1.5367
% 1.1434
% 0.7969
% 0.5054
% 0.2757
% 0.1132
% 0.0216];
%

% nw=[0.0553
% 0.1276
% 0.1969
% 0.2616
% 0.3202
% 0.3713
% 0.4137
% 0.4464
% 0.4686
% 0.4799
% 0.4799
% 0.4686
% 0.4464
% 0.4137
% 0.3713
% 0.3202
% 0.2616
% 0.1969
% 0.1276
% 0.0553];

% % 50 point Gauskegendre Abscissas and Weights
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% nx=[6.2796
% 6.2644
% 6.2372
% 6.1979
% 6.1469
% 6.0842
% 6.0101
% 5.9249
% 5.829
% 5.7227
% 5.6063
% 5.4805
% 5.3456
% 5.2022
% 5.0507
% 4.892
% 4.7264
% 4.5547
% 4.3775
% 4.1956
% 4.0096
% 3.8202
% 3.6282
% 3.4343
% 3.2393
% 3.0439
% 2.8489
% 2.655
% 2.463
% 2.2736
% 2.0876
% 1.9056
% 1.7285
% 1.5568
% 1.3912
% 1.2324
% 1.081
% 0.9376
% 0.8027
% 0.6768
% 0.5605
% 0.4542
% 0.3582
% 0.2731
% 0.199
% 0.1363
% 0.0852
% 0.046
% 0.0187
% 0.0036];
%

% nw=[0.0091
% 0.0212
% 0.0333
% 0.0452
% 0.0569
% 0.0684
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% 0.0797
% 0.0906
% 0.1012
% 0.1114
% 0.1212
% 0.1305
% 0.1393
% 0.1475
% 0.1552
% 0.1623
% 0.1687
% 0.1745
%0.1797
% 0.1841
% 0.1878
% 0.1908
% 0.1931
% 0.1946
% 0.1953
% 0.1953
% 0.1946
% 0.1931
% 0.1908
% 0.1878
% 0.1841
% 0.1797
% 0.1745
% 0.1687
% 0.1623
% 0.1552
% 0.1475
% 0.1393
% 0.1305
% 0.1212
% 0.1114
% 0.1012
% 0.0906
% 0.0797
% 0.0684
% 0.0569
% 0.0452
% 0.0333
% 0.0212
% 0.0091];

F 1111 x1=1*subs(F_1111,x,0.5774);

F 1111 wl=sum(nw.*subs(F_1111 x1,w,nx));
F 1111 x2=1*subs(F_1111;8,5774);

F 1111 w2=sum(nw.*subs(F_1111 x2,w,nx));
I 1111=F 1111 wi+F 1111 w2;

F_1122 x1=1*subs(F_1122,x,0.5774);
F_1122 wil=sum(nw.*subs(F_1122_x1,w,nx));
F_1122 x2=1*subs(F_1122-8,5774);
F_1122_w2=sum(nw.*subs(F_1122_x2,w,nx));
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|_1122=F 1122 wl+F 1122 w2;

F 1133 x1=1*subs(F_1133,x,0.5774);

F 1133 wl=sum(nw.*subs(F_1133 x1,wxXx)
F 1133 x2=1*subs(F_1133;8,5774);

F_1133 w2=sum(nw.*subs(F_1133_x2,w,nx));
_1133=F_1133 wl+F_1133 w2;

F_2211 x1=1*subs(F_2211,x,0.5774),
F_2211 wl=sum(nw.*subs(F_2211_ x1,w,nx));
F_2211 x2=1*subs(F_2211,8,5774);

F 2211 w2=sum(nw.*subs(F_2211_ x2m));
|_2211=F 2211 wil+F 2211 w2;

F 2222 x1=1*subs(F_2222,x,0.5774);

F 2222 wl=sum(nw.*subs(F_2222 x1,w,nx));
F_2222 x2=1*subs(F_2222-8,5774);

F_2222 w2=sum(nw.*subs(F_2222_x2,w,nx));
| 2222=F 2222 wil+F 2222 w2;

F_2233 x1=1*subs(F_2233,x,0.5774);
F_2233_wl=sum(nw.*subs(F_2233_x1,w,nx));
F_2233_x2=1*subs(F_2233;8,5774);
F_2233_w2=sum(nw.*subs(F_2233 x2,w,nx));
|_2233=F_2233 wil+F_2233_w2;

F 3311 x1=1*subs(F_3311,x,0.5774);

F 3311 wl=sum(nw.*subs(F_3311 x1,w,nx));
F 3311 x2=1*subs(F_3311;8,57%);
F_3311_w2=sum(nw.*subs(F_3311_x2,w,nx));
| 3311=F 3311 wil+F 3311 w2;

F_3322_x1=1*subs(F_3322,x,0.5774);
F_3322_wl=sum(nw.*subs(F_3322_x1,w,nx));
F_3322_x2=1*subs(F_3322;8,5774);
F_3322_w2=sum(nw.*subs(F_3322_x2,w,nx));
|_3322=F_3322_wil+F_3322_w2;

F 3333 x1=1*subs(F_3333,x,0.5774);
F_3333_wl=sum(nw.*subs(F_3333_x1,w,nx));
F 3333 x2=1*subs(F_3333;8,5774);
F_3333_w2=sum(nw.*subs(F_3333_x2,w,nx));
|_3333=F_3333_wil+F_3333_w2;

F_2323 x1=1*subs(F_2323,x,0.5774);
F_2323 wil=sum(nw.*subs(F_2323_x1,%n
F_2323_x2=1*subs(F_2323;8,5774);

F 2323 w2=sum(nw.*subs(F_2323 x2,w,nx));
|_2323=F_2323 wil+F_2323_w2;

F_1313_x1=1*subs(F_1313,x,0.5774);
F_1313 wil=sum(nw.*subs(F_1313_x1,w,nx));
F 1313 x2=1*subs(F_1313;8,5774);

F_1313 w2=sum(nw.*subs(F_1313_x2,w,nx));
|_1313=F_ 1313 wil+F_1313 w2;

F_1212 x1=1*subs(F_1212,x,0.5774);
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F_1212 wl=sum(nw.*subs(F_1212_x1,w,nx));
F 1212 x2=1*subs(F_1212;8,5774);

F 1212 w2=sum(nw.*subs(F_1212 x2,w,nx));
|_1212=F 1212 wil+F 1212 w2;

% Calculate Eshelby (S) tensor for general anisotropic material

S 1111=1_1111/8/pi()
S_1122=1_1122/8/pi()
S_1133=I_1133/8/pi()
S_2211=_2211/8/pi()
S_2222=_1111/8/pi()
S_2233=I_2233/8/pi()
S_3311=I_3311/8/pi()
S_3322=I_3322/8/pi()
S_3333=1(1_2222/8/pif)
S_1212=I_1212/8/pi()
S_1313=I_1313/8/pi()
S_2323=I_2323/8/pi()

% The determination of the elastic field of an ellipsoidal inclusion in a transversely isotropic medium
P.J. Withers (Philosophical Magazine A, 1989, vol. 59, No. 4, pp73%)

% Stiffness tensor of Eut. S&g matrix

% LO = stiffness matrix for eutectic Skg phase

clc

clearall

closeall

% Model constants for Al matrix (SiC whiskers) from PJ Withers paper; pp 770
% L0=[2.179E10 0.579E10 0.689E10 0 0 0;0.579E10 2.179E10 0.689110;0.689E10 0.689E10
10.345E10000;000 1E1000;0 000 1E10 0;0 0 0 0 0 0.8E10];

% Model constants isotropic material
% LO=[6.73E10 2.88E10 2.88E10 0 0 0;2.88E10 6.73E10 2.88E10 0 0 0;2.88E10 2.88E10 6.73E100 0
0;0001.92E1000;000 0 2010 0;0 00 0 0 1.92E10];

% LO = stiffness matrix for eutectic Skg phase
LO=[7.39E10 5.97E10 3.67E10 0 0 0;5.97E10 7.4E10 3.67E10 0 0 0;3.64E10 3.66E10 9.03E10 0 0 0;0
002.26E1000;000 0 2.26E100;0 0 0 0 0 2.45E10];

c11=L0(1,1);
c22=L0(2,2);
€33=L0(3,3);
c44=L0(4,4);
¢55=L0(5,5);
€c66=L0(6,6);
c12=L0(1,2);
c13=L0(1,3);

% Lattice constants of Sn
a=1;

c=1,

cl 3=sqgrt(c11*c33);
neu3=sqrt(c66/c44);
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D=1/4/pi()/c44/neus;

neul=((cl_313)*(cl_3+cl1l3+2*c44)/4/c33/c44)"0.5+((cl_3+c13)*(cicIB-2*c44)/4/c33/c44)"0.5;
neu2=((cl_313)*(cl_3+cl3+2*c44)/4/c33/c44)"0(fcl_3+c13)*(cl_132*c44)/4/c33/c44)"0.5;

Al=-(c44-c33*neul”2)/(8*pi()*c33*c44*(neul eu2”2)*neul’2);
A2=(c44c33*neu2”2)/(8*pi()*c33*c44*(neulrheu2”2)*neu2”2);

k1l=(c11l/neul”zx44)/(c13+c44);
k2=(c11/neu2”x44)/(c13+c44);
k3=(c11/neu3”"zx44)/(c13+c44);

if (hneul*c)<a
G_1=(a"2neul”2*c"2)"0.5;
F_1=atan(G_1/neullc);
11_1=(2*pi()*c/G_1"3)*(neul*c*G_ta"2*F_1);
12_1=(4*pi()*a"2*c/G_1"3)*(F_1G_1/neul/c);
elseif (neul*c)>a
G_1=(neul”2*c"2a”"2)"0.5;
F_1=acosh(neul*c/a);
11 1=(2*pi()*c/G_173)*(neul*c*G_1a"2*F 1);
12_1=(4*pi()*a"2*c/G_1"3)*(F_1G_1/neul/c);
end
end

if (heu2*c)<a
G_2=(a"2neu2"2*c"2)"0.5;
F_2=atan(G_2/neu2/c);
11_2=(2*pi()*c/G_2"3)*(neu2*c*G_2a"2*F_2);
12_2=(4*pi()*a"2*c/G_2"3)*(F_2G_2/neu2/c);
elseif (neu2*c)>a
G_2=(neu2"2*c"2a”"2)"0.5;
F_2=acosh(neu2*c/a);
11_2=(2*pi()*c/G_273)*(neu2*c*G_2a"2*F_2);
12_2=(4*pi()*a"2*c/G_2"3)*(F_2G_2/neu2/c);
end
end

if (neu3*c)<a
G_3=(a"2neu3"2*c"2)"0.5;
F_3=atan(G_3/neu3/c);
11 3=(2*pi()*c/G_3"3)*(neu3*c*G_3a"2*F_3);
12_3=(4*pi()*a"2*c/G_3"3)*(F_3G_3/neu3/c);
elseif (neu3*c)>a
G_3=(nai3"2*c"2a"2)"0.5;
F_3=acosh(neu3*c/a);
11 _3=(2*pi()*c/G_3"3)*(neu3*c*G_3a"2*F_3);
12_3=(4*pi()*a"2*c/G_3"3)*(F_3G_3/neu3/c);
end
end

S1111=(2*((c44*(1+k1)*AL*neul 3*I1_1)+(cAd*(1+k2)*A2*neu2”3*1_2)))
(C66*((Al*neul*I1l_1)+(A2*neu2*1_2)))+0.5*D*c66*1_3
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S$1122=0.1*((2*((c44*(1+k1)*Al*neul”3*11_1)+(c44*(1+k2)*A2*neu2"3*11_2}))
(3*c66*((Al*neul*l1_1)+(A2*neu2*11_2)))+0.5*D*c66*I1_3)
S1133=2*((neul*A1*(c1x33*k1*neul”2)*I1_1)+(neu2*A2*(c13:33*k2*neu2/°2)*I1_2))
S$2211=S1122

S$2222=S1111

S$2233=S1133

S3311=2*((c44*neul 5*k1*A1*(1+k1)*I2_1)+(c44*neu2"5*k2*A2*(1+k2)*12_2))
2*((c66*neul”3*k1*A1*12_1)+(c66*neu2"3*k2*A2*12_2))

S3322=S3311
S3338=2*((neul”3*k1*A1*(c13c33*k1*neul”2)*12_1)+(neu2"3*k2*A2*(c13
c33*k2*neu2/2)*12_2))

S1212=c66*((A1*neul*ll_1)+(A2*neu2*1_2))+0.5*c66*D*I1_3
S1313=0.5*c44*((A1*neul’3*(1+k1)*(12_P*k1*11_1))+(A2*neu2"3*(1+k2)*(12_2
2*k2*|1_2)))+0.25*D*c44*12_3*neu3’2

$2323=S1313

A3. MATLAB code for second and fourth order tensorazdinate
transformation

clc
clearall
closeall

% % Euler angles from OIM data of Subhasis's specimen SAC305
% Grain no. 4

% phil=33.947*pi()/180;

% PHI=69.553*pi()/180;

% phi2=358.62*pi()/180;

% Grain no. 2

% phil=279.852*pi()/180;
% PHI=35.862*pi()/180;
% phi2=55.91*pi()/180;

% % Euler angles from OIM data of Subhasis's specimen SAZ305
% % Grain no. 12

% phil=17.52*pi()/180;

% PHI=18.844*pi()/180;

% phi2=304.94*pi()/180;

% % Grain no. 28

% phil=225.892*pi()/180;
% PHI=28.907*pi()/180;
% phi2=96.00*pi()/180;

% Subhasis single crystal specimen
phil=297.125*pi()/180;
PHI=41.375*pi()/180;
phi2=21.075*pi()/180;

% phil=270*pi()/180; % rotated byamount (90 degree90 180 270 360)
% PHI=41.375*pi()/180;
% phi2=21.075*pi()/180;

% % Gayatri single crystal specimen (Bulk of the specimen)
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% phil=52.69*pi()/180;
% PHI=50.38*pi()/180;
% phi2=24.78*pi()/180;

% % Euler angles from OIM data of Gayatsingle crystal specimen (Fillet region)

% % Green region (Fillet)
% phil=162.21*pi()/180;
% PHI=68.13*pi()/180;

% phi2=75.01*pi()/180;

% % Blue region (Fillet)
% phil=106.61*pi()/180;
% PHI=114.54*pi()/180;
% phi2=26.1*pi()/180;

% velocity ofedge dislocation in Sn without impediment from forest dislocation and precipitates at
shear stress of 10 MPa

% v0_ss1=102.69; %m/sec

% v0_ss2=59.69; %m/sec

% v0_ss3=106.15; %m/sec

all=cos(phi2)*cos(phiigos(PHI)*sin(phil)*sin(phi2);
al2=cos(phi2)*sin(phil)+cos(PHI)*cos(phil)*sin(phi2);
al3=sin(PHI)*sin(phi2);
a2l1=sin(phi2)*cos(philicos(PHI)*sin(phil)*cos(phi2);
a22=sin(phi2)*sin(phil)+cos(PHI)*cos(phil)*cos(phi2);
a23=sin(PHI)*cos(phi2);

a31=sin(PHI)*sin(phil);

a32=sin(PHI)*cos(plil);

a33=cos(PH]I);

sigma=[0 10 0;10 0 0;0 0 OF;

a=[all al2 al3; a21 a22 a23; a31 a32 a33];

a*a'

sigmanew=a*sigma*a’

h1l=sin(PHI)*sin(phi2);
k1=sin(PHI)*cos(phi2);
[1=cos(PHI);

ul=cos(phil)*cos(phi2yin(phil)*cos(PHI)*sin(phi2);
v1=-cos(phil)*sin(phi2sin(phil)*cos(PHI)*cos(phi2);
wl=sin(phil)*sin(PHI);

al=[h1l k1 I1];
bl=[ul v1 wil];

h=(h1/min(abs(al)));
k=(k1/min(abs(al)));
I=(11/min(abs(al)));

u=(ul/min(abs(b1)));

v=(vl/min(abs(b1)));
w=(w1/min(abs(b1)));
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t11=[k*w-v*I];
t12=[h*w-u*l];
t13=[h*v-u*k];

cl=[t11 t12 t13];

t1=(t11/min(abs(c1)));
t2=(t12/min(abs(c1)));
t3=(t13/min(abs(c1)));

% coordinate system 1 (crystal coordinate system)
elp=[hkl]; e2p =[t1t213]; e3p = [u v W];
elp=elp/norm(elp);

e2p=e2p/norm(e2p);

e3p=e3p/norm(e3p)

% coordinate system 2 (slip system #1 coordinate system)
ell=[110];el2 =11 0]; eX3=[00 1];
ell=ell/norm(ell);

el2=el2/norm(el2);

e13=el13/norm(el3);

%rotation matrix between crystal and slip system #1

Q1 =[dot(ell,elp) dot(ell,e2p) dot(ell,e3p)
dot(el2,elp) dot(el2,e2p) dot(el2,e3p)
dot(el3,elp) dot(el3,e2p) dot(el3,e3p) |;

% coordinate system 2 (slip system #2 coordinate system)
e21=[110]; e22 =[0.8.5-1]; e23 =[0.50.5 0.5];
e21=e21/norm(e2l);

e22=e22/norm(e22);

e23=e23/norm(e23);

%rotation matrix between crystal and slip system #1

Q2 =[ dot(e21,elp) dot(e21,e2p) dot(e21,e3p)
dot(e22,elp) dot(e22,e2p) dot(e22,e3p)
dot(e23,elp) dot(e23,e2p) dot(e23,e3p) |;

% coordnate system 2 (slip system #3 coordinate system)
e31=[100];e32 =[aL-1]; e33 =[0-1 1];
e31=e31/norm(e31);

e32=e32/norm(e32);

e33=e33/norm(e33);

%rotation matrix between crystal and slip system #1

Q3 =[ dot(e31,elp) dot(e31,e2p) dot(e31,e3p)
dot(e32,elp) dot(e32,e2p) dot(e32,e3p)
dot(e33,elp) dot(e33,e2p) dot(e33,e3p) |;

% slip system SS1(110)[001]

Q1*Q1
sigma_SS1=Q1*sigmanew*Q1'

% slip system SS2(110)0.5[11]
Q2"Q2
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sigma_SS2=Q2*sigmanew*Q2'

% slip systen5S3(100)[e11]
Q3*Q3
sigma_SS3=Q3*sigmanew*Q3'

clearall;

clc;

% Euler Angles
phil=297.125*pi()/180;
PHI=41.375*pi()/180;
phi2=21.075*pi()/180;

% Transformation matrices
all=cos(phi2)*cos(phiigos(PHI)*sin(phil)*sin(phi2);
al2=cos(phi2)*sin(phi)cos(PHI)*cos(phil)*sin(phi2);
al3=sin(PHI)*sin(phi2);
a21=sin(phi2)*cos(phil)cos(PHI)*sin(phil)*cos(phi2);
a22=sin(phi2)*sin(phil)+cos(PHI)*cos(phil)*cos(phi2);
a23=sin(PHI)*cos(phi2);

a31=sin(PHI)*sin(phil);

a32=sin(PHI)*cos(phil);

a33=cos(PHI);

a=[all al2 al3;a21 a22 a23;a31 a32 a33];

h1=sin(PHI)*sin(phi2);
k1l=sin(PHI)*cos(phi2);
[1=cos(PHI);

ul=cos(phil)*cos(phi2¥in(phil)*cos(PHI)*sin(phi2);
v1=-cos(phil)*sin(phi2)sin(phil)*cos(PHI)*cos(phi2);
wl=sin(phil)*sin(PHI);

al=[hl k1 I1];
bl=[ul vl wi];

h=round(h1/min(al));
k=round(k1/min(al));
I=round(I1/min(al));

u=round(ul/min(b1));
v=round(vl/min(bl));
w=round(w1/min(b1));

t11=[k*w-v*I];
t21=[h*w-u*l];
t31=[h*v-u*k];

c1=[t11 t21 t31];
t1=round(t11/min(cl));

t2=round(t21/min(cl));
t3=round(t31/min(cl));
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b11=(u*0+v*0+w*1)/sqrt(0"2+0"2+1"2)/sqrt(u2+v 2+w"2);
b12=(t1*0+t2*0+t3*1)/sqrt(0"2+0"2+1"2)/sqrt(t1 2+t2/2+t32);
b13=(h*0+k*0+I*1)/sqrt(0"2+0"2+172)/sgrt(h"2+k"2+|"2);

b21=(u*1+v*(-1)+w*0)/sqrt(1"2+{1)"2+0"2)/sqrt(u"2+v 2+W"R
b22=(t1*1+t2*(1)+t3*0)/sqrt(1"2+{1)"2+0"2)/sqrt(t1"2+t2"2+t3"2);
b23=(h*1+k*(-1)+I*0)/sqrt(1"2+¢1)"2+0"2)/sqrt(h"2+k"2+I"2);

b31=(u*1+v*1+w*0)/sqrt(1"2+172+0"2)/sqrt(u"2+v 2+ w"2);
b32=(t1*1+t2*1+3*0)/Sqrt(1/2+1/2+012)/sqr(U"2+vA2+w"2);
b33=(h*1+R1+*0)/sqrt(172+172+0"2)/sqri(h"2+k"2+"2);

€11=(u*0.5+v*¢0.5)+w*0.5)/sqrt(0.5"2+0.5)"2+0.5"2)/sqrt(u"2+v"2+w"2);
€12=(t1*0.5+t2*¢0.5)+t3*0.5)/sqrt(0.5"2+0.5)"2+0.5"2)/sqrt(t1"2+t2"2+t3"2);
c13=(h*0.5+k*¢0.5)+1*0.5)/sqrt(0.5"2+0.5)"2+0.5"2)/sqrt(h"2+k"2+1"2);

€21=(u*0.5+v*(0.5)+w*(-1))/sqrt(0.5"2+0.5)"2+£ 1) 2)/sqrt(ur2+v"2+w"2);
€22=(t1*0.5+t2*¢0.5)+t3*(-1))/sqrt(0.5"2-+0.5)"2+£1)"2)/sqrt(t1"2+t2"2+t32);
€23=(h*0.5+k*(0.5)+I*(-1))/sqrt(0.5"2+0.5)"2+¢1)"2)/sqrt(h"2+k"2+I"2);

c31=(u*1+v*1+w*0)/sqrt(1"2+172+0"2)/sqrt(u2+v2+w"2);
C32=(t1*1+t2*1+t3*0)/sqrt(112+1/2+0"2)/sqrt(t1" 2+t2"2+t3"2);
€33=(h*1+k*1+1¥0)/sqrt(1/2+172+072)/sqrt(h"2-+k"2+172);

d11=(0r0+v*(-1)+w*1)/sqrt(0"2+¢1)"2+1"2)/sqrt(u"2+v"2+w"2);
d12=(t1*0+t2*(1)+t3*1)/sqrt(0"2+{1)"2+172)/sqrt(t1"2+t2"2+t3"2);
d13=(h*0+k*(-1)+I*1)/sqrt(0"2+¢1)"2+172)/sqrt(h"2+k"2+1"2);

d21=(u*0+v*(-1)+w*(-1))/sqrt(0"2+{1)"2+(-1)"2)/sqrt(u 2+v 2+w"2);
d22(t1*0+t2*(-1)+t3*(-1))/sqrt(0"2+{1)"2+(-1)"2)/sqrt(t1 2+t2/2+t3"2);
d23=(h*0+k*(-1)+I*(-1))/sqrt(0"2+{1)"2+(-1)"2)/sqrt(h"2+k 2+I"2);

d31=(U*1+v*0+W*0)/sqri(172+072+0/2)/sqrt(ui2+v 2+WA2);
d32=(t1*1+t2*0+t3*0)/sqrt(1/2+02+0/2)/sqri(t1 2+12/2+t372);
d33=(h*1+k*0+*0)/sqrt(1°2+0/2+0"2)/sqrt(h"2+k"2+172);

b=[b11 b12 b13; b21 b22 b23;b31 b32 b33];
c=[c1l1l c12 c13; c21 c22 c23;c31 ¢32 c33];
d=[d11 d12 d13; d21 d22 d23;d31 d32 d33];

data= xlsreadiqput.xlsx);

¢l = 0.55% Sn inclusion volume fraction
c0=1-c1;% Eut. SRAg phase volume fraction
c11 =0.03% Cu6Sn5 inclusion volume fraction

% Eshelby tensor for aspect ratio 2 (Sn inclusions)

% E =[0.3118 0.20310.0756 0 0 0; 0.1877 0.3118.0658 0 0 0; 0.1178 0.12190.8141 000,000
0.814100;00000.6104 0,000 0 0 0.1717]; % Eshelby tensor for ellipsoidal Sn inclusion (aspect
ratio = 5) embedded in anisotropic eut-Amphase

%
S11=E(1,1);S12=E(1,2);S13=E(1,3);S21=E(2,1);S22=E(2,2);S23=E(2,3);S31=E(3,1);S32=E(3,2);S33
=E(3,3);S44=E(4,4);S5E(5,5);S66=E(6,6);

% Eshelby tensor for aspect ratio 10 (Sn inclusions)

E=[0.0215 0.01520.0094 0 0 0;0.015 0.0216.0093 0 0 0;0.3761 0.3762 0.9853 0 0 0;0 0 0 0.9853 0
0;00000.97430;0 000 0 0.0106];
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S11=E(1,1);S12=E(1,2);S13=E(1,3);S21=E(2,1);S22=E(2,2);S23=E(2,3);S31=E(3,1);S32=E(3,2);S33
=E(3,3);S44=E(4,4);S55=E(5,5);S66=E(6,6);

% Eshelby tensor for aspect ratio 50 (cylindrical Cu6Sn5 inclusions)

EC=[8.85E4 6.28E4 -3.99E4 0 0 0;6.28E4 8.85E4 -3.99E4 0 0 0;0.4049 0.4049 0.9994000;,000
0.9994 0 0;0 0 0 0 0.9989 0;0 0 0 0 0 4.3§E0 Eshelby tensor for cylindrical Cu6Sn5 inclusion
(aspect ratio = 50) embedded in anisotropic euAgphase
SC11=EC(1,1);SC12=EC(1,2);SC13=EC(1,3);SC21=EC(XDZSEC(2,2);SC23=EC(2,3);SC31=E
C(3,1);SC32=EC(3,2);SC33=EC(3,3);SC44=EC(4,4);SC55=EC(5,5);SC66=EC(6,6);

S(:,:,1,1)=[S11 0 0;0 S21 0;0 0 S31];
S(:,:,2,1)=[0 S66 0;S66 0 0;0 0 0];
S(:,:,3,1)=[0 0 S55;0 0 0;S55 0 0];
S(:,:,1,2)=[0 S66 0;S66 0 0;0 0 0];
S(:,,2,2)=[S12 0 0;0 S22 0;0 0 S32];
S(;,:,3,2)=[0 0 0;0 0 S44;0 S44 0];
S(;,:,1,3)=[0 0 S55;0 0 0;S55 0 0];
S(;,:,2,3)=[0 0 0;0 0 S44;0 S44 0];
S(:,:,3,3)=[S13 0 0;0 S23 0;0 0 S33];

SC(;,:,1,1)=[SC11 0 0;0 SC21 0;0 0 SC31];
SC(;,:,2,1)=[0 SC66 0;SC66 0 M];
SC(;,:,3,1)=[0 0 SC55;0 0 0;SC55 0 0];
SC(;,:,1,2)=[0 SC66 0;SC66 0 0:0 0 O];
SC(;,:,2,2)=[SC12 0 0;0 SC22 0:0 0 SC32];
SC(;,:,3,2)=[0 0 0;0 0 SC44;0 SC44 0];
SC(;,:,1,3)=[0 0 SC55;0 0 0;SC55 0 0];
SC(;,:,2,3)=[0 0 0;0 0 SC44;0 SC44 0];
SC(;,:,3,3)#SC13 0 0;0 SC23 0;0 0 SC33];

I(;,:,1,1)=eye(3);
I(;,:,2,1)=eye(3);
I(:,:,3,1)=eye(3);
I(:,:,1,2)=eye(3);
I(:,:,2,2)=eye(3);
I(:,:,3,2)=eye(3);
I(:,:,1,3)=eye(3);
I(;,:,2,3)=eye(3);
I(;,:,3,3)=eye(3);

for(i=1:length(data(:,1)))

row = data(i,:);

Mo_SS1= data(i,1:60 transient viscosity data for eut-Biy phase for Slip system #1
M1_SS1= data(i,8:13}0 transient viscosity data for Sn phase for Slip system #1
MO_SS1(:,;,1,1)=[Mo_SS1(1) 0 0;0 0 0;0 0 0];

MO_SS1(:,:,2,1)=[0 Mo_SS1(4) 0;Mo_SS1(49;0 0 0OF;

MO_SS1¢(:,:,3,1)=[0 0 Mo_SS1(5);0 0 0;Mo_SS1(5) 0 0];

MO_SS1(:,:,1,2)=[0 Mo_SS1(4) 0;Mo_SS1(4) 0 0;0 0 0J;

MO0_SS1¢(:,:,2,2)=[0 0 0;0 Mo_SS1(2) 0;0 0 0];

MO_SS1¢(:,:,3,2)=[0 0 0;0 0 Mo_SS1(6);0 Mo_SS1(6) 0];

MO0_SSs1¢(:,:,1,3)=[0 0 Mo_SS1(5);0 0 0;Mo_K5) 0 0];

MO_SS1¢(:,:,2,3)=[0 0 0;0 0 Mo_SS1(6);0 Mo_SS1(6) 0];

MO0_SS1¢(:,:,3,3)=[0 0 0;0 0 0;0 0 Mo_SS1(3)];

MI_SS1(;,:,1,1)=[M1_SS1(1) 0 0;0 0 0;0 0 O];
MI_SS1(;,:,2,1)=[0 M1_SS1(4) 0;M1_SS1(4) 0 0;0 0 O];
MI_SS1(;,:,3,1)=[0 0 M1_SS1(5);0 0 0;M1_SS1(6)];
MI_SS1(;,:,1,2)=[0 M1_SS1(4) 0;M1_SS1(4) 0 0:0 0 0J;
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MI_SS1(;,:,2,2)=[0 0 0;0 M1_SS1(2) 0;0 0 0];
MI_SS1(;,:,3,2)=[0 0 0;0 0 M1_SS1(6);0 M1_SS1(6) O];
MI_SS1(;,:,1,3)=[0 0 M1_SS1(5);0 0 0;M1_SS1(5) 0 0];
MI_SS1(;,:,2,3)=[0 0 0;0 0 M1_SS1(6)\1_SS1(6) O];
MI_SS1(;,:,3,3)=[0 0 0;0 0 0;0 0 M1_SS1(3)];

MOT_SS1(;,:,1,1)=b*b*(M0_SS1(:,;,1,1))*(b™*b);
MOT_SS1(;,:,2,1)=b"*b*(M0_SS1(;,:,2,1))*(b"*b);
MOT_SS1¢(:,:,3,1)=b"*b*(M0_SS1(:,:,3,1))*(b"™*b);
MOT_SS1(;,:,1,2)=b"*b*(M0_SS1(;,:,1,2))*(b"*b);
MOT_SS1(;,:,2,2)=b"*b*(M0_SS1(;,:,2,2))*(b"*b);
MOT_SS1(:,:,3,2)=b"*b*(M0_SS1(:,:,3,2))*(b"b);
MOT_SS1(:,:,1,3)=b"*b*(M0_SS1(:,:,1,3))*(b"*b);
MOT_SS1(;,:,2,3)=b"*b*(M0_SS1(:,:,2,3))*(b"™*b);
MOT_SS1(;,:,3,3)=b"*b*(M0_SS1(;,:,3,3))*(b"*b);

MOT_SS1(:,:,1,)=1./(MOT_SS1(:,:,1,1));
MOT_SS1(:,:,2,1)=1./(MOT_SS1(:,:,2,1));
MOT_SS1¢(:,:,3,1)=1./(MOT_SS1(:,:,3,1));
MOT_SS1(:,:,1,2)=1./(MOT_SS1(:,:,1,2));
MOT_SS1(:,:,2,2)=1./(MOT_SS1(:,:,2,2));
MOT_SS1¢(:,:,3,2)=1./(MOT_SS1(,:,3,2));
MOT_SS1¢(:,:,1,3)=1./(MOT_SS1(1,3));
MOT_SS1¢(:,:,2,3)=1./(MOT_SS1(:,:,2,3));
MOT_SSi(;,:,3,3)=1./(M0OT_SS1(,:,3,3));

MIT_SS1(:,:,1,1)=b*b*(MI_SS1(;,:,1,1))*(b"*b);
MIT_SS1(:,:,2,1)=b*b*(MI_SS1(;,:,2,1))*(b"*b);
MIT_SS1(:,:,3,1)=b*b*(MI_SS1(;,:,3,1))*(b"*b);
MIT_SS1(;,:,1,2)=b*b*(MI_SS1(;,:,1,2))*(b™*b);
MIT_SS1(:,:,2,2)=b*b*(MI_SS1(:,:,2,2))*(b"*b);
MIT_SS1(:,:,3,2)=b*b*(MI_SS1(:,:,3,2))*(b"*b);
MIT_SS1(:,:,1,3)=b*b*(MI_SS1(;,:,1,3))*(b"*b);
MIT_SS1(:,:,2,3)=b*b*(MI_SS1(:,:,2,3))*(b"*b);
MIT_SS1(:,:,3,3¥b™*b*(MI_SS1(:,:,3,3))*(b™b);

MIT_SS1(:,:,1,1)=1./(MIT_SS1(:,:,1,1));
MIT_SS1(:,:,2,1)=1./(MIT_SS1(;,:,2,1));
MIT_SS1(:,:,3,1)=1./(MIT_SS1(,:,3,1));
MIT_SS1(:,:,1,2)=1./(MIT_SS1(:,;,1,2));
MIT_SS1(:,:,2,2)=1./(MIT_SS1(:,:,2,2));
MIT_SS1(:,:,3,2)=1./(NT_SS1(:,:,3,2));

MIT_SS1(:,:,1,3)=1./(MIT_SS1(:,:,1,3));
MIT_SS1(:,:,2,3)=1./(MIT_SS1(,:,2,3));
MIT_SS1(:,:,3,3)=1./(MIT_SS1(:,:,3,3));

MT_SS1(,:,1,1)=MOT_SS1(:,:,1,1)+c1*(MIT_SS1(:,:,},1)
MOT_SS1(:,:,1,1))*inv(c0*S(;,:,1,1)*inv(MOT_SS1(;,;,1,1))*(MIBS1(;,:,1,1)
MOT_SSi(:,:;,1,1)+I(;,:,1,1))+c11*MOT_SS1(:,:,1,1)/((;,:,2*SC(:,:,1,1));
MT_SS1(;,:,2,1)=MOT_SS1(;,;,2,1)+c1*(MIT_SS1(;,;,2,1)
MOT_SS1(:,:,2,1))*inv(c0*S(:,:,2,1)*inv(MOT_SS1(:,:,2,1))*(MIT_SS1(:,:,2,1)
MOT_SS1(:,:,2,1))+I(:,:,2,1))+d*MOT_SS1(:,:,2,1)/(1(:,:,2,2£0*SC(:,:,2,1));
MT_SS1(:,:,3,1)=M0T_SS1(:,:,3,1)+c1*(MIT_SS1(:,:,3,1)
MOT_SS1(:,:,3,1))*inv(c0*S(:,:,3,1)*inv(MOT_SS1(:,:,3,1))*(MIT_SS1(:,:,3,1)
MOT_SS1(:,:,3,1))+I(:,:,3,1))+c11*MOT_SS1(:,:,3,1)/(I(:,:,3d)*SC(:,:,3,1))
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MT_SS1(:,:,1,2)=MOT_SS1(;,;,1,2)+c1*(MIT_SS1(;,:,1,2)
MOT_SS1(:,:,1,2))*inv(c0*S(:,:,1,2)*inv(MOT_SS1(:,:,1,2))*(MIT_SS1(:,;,},2)
MOT_SS1(:,:,1,2))+I(;,:,1,2))+c11*MOT_SS1(:,:,1,2)/(1(;,:,2&*SC(:,:,1,2));
MT_SS1(;,:,2,2)=MOT_SS1(;,:,2,2)+c1*(MIT_SE1,2,2)
MOT_SS1(:,:,2,2))*inv(c0*S(;,:,2,2)*inv(MOT_SS1(;,:,2,2))*(MIT_SS1(;,:,2,2)
MOT_SS1(:,:,2,2))+I(:,:,2,2))+c11*MOT_SS1(:,:,2,2)/(I(:,:,2E@*SC(:,:,2,2));
MT_SS1(:,:,3,2)=MOT_SS1(:,:,3,2)+c1*(MIT_SS1(:,:,3,2)
MOT_SS1(:,:,3,2))*inv(c0*S(:,:,3,2jhv(MOT_SS1(:,:,3,2))*(MIT_SS1(:,:,3,2)
MOT_SS1(:,:,3,2))+I(:,:,3,2))+c11*MOT_SS1(:,:,3,2)/(I(:,:,3E&)*SC(:,:,3,2));
MT_SS1(,:,1,3)=M0T_SS1(:,:,1,3)+c1*(MIT_SS1(:,;,1,3)
MOT_SS1(:,:,1,3))*inv(c0*S(:,:,1,3)*inv(MOT_SS1(:,:,1,3))*(MIT_SS1(:,:,1,3)
MOT_SS.(:,:,1,3))+I(:,:,1,3))+¢c11*MOT_SS1(:,:,1,3)/(1(;,:,1:8D*SC(:,:,1,3));
MT_SS1(:,:,2,3)=MOT_SS1(;,:,2,3)+c1*(MIT_SS1(;,:,2,3)
MOT_SS1(:,:,2,3))*inv(c0*S(;,:,2,3)*inv(MOT_SS1(;,:,2,3))*(MIT_SS1(:,:,2,3)
MOT_SS1(:,:,2,3))+I(;,:,2,3))+c11*MOT_SS1(:,:,2,30/(,2,3)»c0*SC(:,:,2,3));
MT_SS1(;,:,3,3)=MOT_SS1(;,:;,3,3)+c1*(MIT_SS1(;,:;,3,3)
MOT_SS1(:,:,3,3))*inv(c0*S(:,:,3,3)*inv(MOT_SS1(:,:,3,3))*(MIT_SS1(:,:,3,3)
MOT_SS1(:,:,3,3))+(;,:,3,3))+c11*MOT_SS1(:,:,3,3)/(I(;,:,3)*SC(:,:,3,3));

% M_extract100(i,:) = MT_SS1(1,1,1,1);
% M_extract010(i,:) = MT_SS1(2,2,2,2);
% M_extract001(i,:) = MT_SS1(3,3,3,3);

MTT_SSl1=a*a*MT_SS1(;,:;,2,1)*a"*a,;
M_sample_extractSS1(i,:) = MTT_SS1(1,2);

Mo_SS2= data(i,15:20¥p transient viscosity datarfeut.SRAg phase for Slip system #1
M1_SS2= data(i,22:27Yp transient viscosity data for Sn phase for Slip system #1
MO_SS2(:,:,1,1)=[Mo_SS2(1) 0 0;0 0 0;0 0 0];

MO_SS2(:,:,2,1)=[0 Mo_SS2(4) 0;Mo_SS2(4) 0 0;0 0 0];

MO_SS2(:,:,3,1)=[0 0 Mo_SS2(5);000Mo_SS2(5) 0 O];

MO_SS2(:,:,1,2)=[0 Mo_SS2(4) 0;Mo_SS2(4) 0 0;0 0 0];

MO0_SS2(:,:,2,2)=[0 0 0;0 Mo_SS2(2) 0;0 0 0];

MO_SS2(:,:,3,2)=[0 0 0;0 0 Mo_SS2(6);0 Mo_SS2(6) 0];

MO0_SS2(:,:,1,3)=[0 0 Mo_SS2(5);0 0 0;Mo_SS2(5) 0 0];

MO0_SS2(:,:,2,3)=[0 0 0;0 0 Mo_S$)(0 Mo_SS2(6) 0O];

MO0_SS2(:,:,3,3)=[0 0 0;0 0 0;0 0 Mo_SS2(3)];

MI_SS2(;,:,1,1)=[M1_SS2(1) 0 0;0 0 0;0 0 O];
MI_SS2(;,:,2,1)=[0 M1_SS2(4) 0;M1_SS2(4) 0 0;0 0 O];
MI_SS2(;,:,3,1)=[0 0 M1_SS2(5);0 0 0;M1_SS2(5) 0 0];
MI_SS2(;,:,1,2)=[0 M1_SS2(4) 0;M1_SS2@0;0 0 0];
MI_SS2(;,:,2,2)=[0 0 0;0 M1_SS2(2) 0;0 0 0];
MI_SS2(;,:,3,2)=[0 0 0;0 0 M1_SS2(6);0 M1_SS2(6) O];
MI_SS2(:,:,1,3)=[0 0 M1_SS2(5);0 0 0;M1_SS2(5) 0 0];
MI_SS2(:,:,2,3)=[0 0 0;0 0 M1_SS2(6);0 M1_SS2(6) O];
MI_SS2(:,:,3,3)=[0 0 0;0 0 0;00I1_SS2(3)];

MOT_SS2(:,:,1,1)=c*c*(M0_SS2(;,:,1,1))*(c*c");
MOT_SS2(:,:,2,1)=c*c™*(M0_SS2(:,:,2,1))*(c*c");
MOT_SS2(:,:,3,1)=c*c*(M0_SS2(;,:,3,1))*(c*c";
MOT_SS2(:,:,1,2)=c*c*(M0_SS2(:,:,1,2))*(c*c");
MOT_SS2(:,:,2,2)=c*c*(M0_SS2(:,:,2,2))*(c*c");
MOT_SS2(:,:,3,2)=c*c*(M0_SS2(:,:,3,2))*(c*c");
MOT_SS2(:,:,1,3)=c*c*(M0_SS2(:,:,1,3))*(c*c");
MOT_SS2(:,:,2,3)=c*c*(M0_SS2(:,:,2,3))*(c*c");
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MOT_SS2(;,:,3,3)=c*c’*(MO_SS2(;,:,3,3))*(c*c);

MOT_SS2(:,:;,1,1)=(MOT_SS2(;,:,1,1))";
MOT_SS2(:,:,2,1)=(MOT_SS2(,2,1))";
MOT_SS2(:,:,3,1)=(M0OT_SS2(;,:,3,1))";
MOT_SS2(:,:,1,2)=(M0T_SS2(:,:,1,2))"
MOT_SS2(:,:,2,2)=(MOT_SS2(:,:,2,2))";
MOT_SS2(:,:,3,2)=(M0OT_SS2(:,:,3,2))";
MOT_SS2(:,:,1,3)=(M0OT_SS2(:,:,1,3))"
MOT_SS2(:,:,2,3)=(M0T_SS2(:,:,2,3))"
MOT_SS2(:,:,3,33(M0OT_SS2(:,:,3,3))";

MOT_SS2(:,:,1,1)=1./(MOT_SS2(;,;,1,1));
MOT_SS2(;,:,2,1)=1./(MOT_SS2(;,:,2,1));
MOT_SS2(;,:,3,1)=1./(MOT_SS2(:,:,3,1));
MOT_SS2(;,:,1,2)=1./(M0OT_SS2(;,:,1,2));
MOT_SS2(:,:,2,2)=1./(MOT_SS2(:,:,2,2));
MOT_SS2(:,:,3,2)=1./(MOT_SS2(:,:,3,2));
MOT_SS2(:,:,1,3)=1./(MOT_SS2(:,:,1,3));
MOT_SS2(:,:,2,3)=1./(MOT_SS2(:,:,2,3));
MOT_SS2(:,:,3,3)=1./(MOT_SS2(:,:,3,3));

MIT_SS2(:,:,1,1)=(c*c")*(MI_SS2(:,:,1,1))*(c*c";
MIT_SS2(:,:,2,1)=(c*c")*(MI_SS2(:,:,2,1))*(c");

MIT_SS2(:,:,3,1)=(c*c")*(MI_SS2(:,:,3,1))*(c*c";
MIT_SS2(:,:,1,2)=(c*c")*(MI_SS2(:,:,1,2))*(c*c";
MIT_SS2(:,:,2,2)=(c*c")*(MI_SS2(:,:,2,2))*(c*c";
MIT_SS2(:,:,3,2)=(c*c")*(MI_SS2(:,:,3,2))*(c*c";
MIT_SS2(:,:,1,3)=(c*c")*(MI_SS2(:,:,1,3))*(c*c");
MIT_SS2(:,:,2,3)=(c*c")*(MI_SS2(:,:,2,3))*(c*c");
MIT_SS2(:,:,3,3)=(c*c")*(MI_SS2(:,:,3,3))*(c*ch;

MIT_SS2(:,:,1,1)=(MIT_SS2(:,:,1,1));
MIT_SS2(:,:,2,1)=(MIT_SS2(:,:,2,1));
MIT_SS2(:,:,3,1)=(MIT_SS2(:,:,3,1));
MIT_SS2(:,:,1,2)=(MIT_SS2(:,:,1,2));
MIT_SS2(:,;,2,2)=(MIT_SS2(:,:,2,2))";
MIT_SS2(:,:,3,2)=(MIT_SS2(;,:,3,2))";
MIT_SS2(:,:;,1,3)=(MIT_SS2(;,:,1,3))";
MIT_SS2(:,:,2,3)=(MIT_SS2(;,:,2,3))";
MIT_SS2(:,:,3,3)=(MIT_SS2(;,:,3,3));

MIT_SS2(:,:,1,1)=1./(MIT_SS2(;,;,1,1));
MIT_SS2(:,:,2,1)=1./(MIT_S2(:,:,2,1));

MIT_SS2(:,:,3,1)=1./(MIT_SS2(;,:,3,1));
MIT_SS2(:,:,1,2)=1./(MIT_SS2(:,;,1,2));
MIT_SS2(:,:,2,2)=1./(MIT_SS2(:,:,2,2));
MIT_SS2(:,:,3,2)=1./(MIT_SS2(:,:,3,2));
MIT_SS2(:,:,1,3)=1./(MIT_SS2(;,:,1,3));
MIT_SS2(:,:,2,3)=1./(MIT_SS2(:,:,2,3));
MIT_SS2(:,:,3,3)=1./(MIT_SS2(:,:,3,3));

MT_SS2(:,:,1,1)=MOT_SS2(:,;,1,1)+c1*(MIT_SS2(:,:,}1)

MOT_SS2(:,:,1,1))*inv(c0*S(:,:,1,1)*inv(MOT_SS2(:,:,1,1))*(MIT_SS2(:,:,11)
MOT_SS2(:,:;,1,1))+I(;,:,1,1))+c11*MOT_SS2(:,:,1,1)/(1(;,:,20)*SC(:,:,1,1));
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MT_SS2(:,:,2,1)=MOT_SS2(:,:,2,1)+c1*(MIT_SS2(:,:,2,1)
MOT_SS2(:,:,2,1))*inv(c0*S(:,:,2,1)*inv(MOT_SS2(:,:,2,1))*(MIT_SS2(:,:,2,1)
MOT_SS2(:,:,2,1))+I(;,:,2,1))+c11*MOT_SS2(:,:,2,1)/(I(;,:,2d0*SC(:,:,2,1));
MT_SS2(;,:,3,1)=MOT_SS2(;,:,3,1)+c1*(MIT_SS2(;,1»
MOT_SS2(:,:,3,1))*inv(c0*S(;,:,3,1)*inv(MOT_SS2(;,:,3,1))*(MIT_SS2(;,:,3,1)
MOT_SS2(:,:,3,1))+I(:,:,3,1))+c11*MOT_SS2(:,:,3,1)/(I(:,:,3d)*SC(:,:,3,1));
MT_SS2(:,:,1,2)=MOT_SS2(:,:,1,2)+c1*(MIT_SS2(:,:,},2)
MOT_SS2(:,:,1,2))*inv(c0*S(:,:,1,2)*inv(MU_SS2(:,:,1,2))*(MIT_SS2(:,:,1,2)
MOT_SS2(:,:,1,2))+I(:,:,1,2))+c11*MOT_SS2(:,:,1,2)/(I(:,:,2&*SC(:,:,1,2));
MT_SS2(:,:,2,2)=M0T_SS2(:,:,2,2)+c1*(MIT_SS2(:,:,2,2)
MOT_SS2(:,:,2,2))*inv(c0*S(:,:,2,2)*inv(MOT_SS2(:,:,2,2))*(MIT_SS2(:,:,2,2)
MOT_SS2(:,2,2))+I(:,:,2,2))+c11*MOT_SS2(:,:,2,2)/(I(:,:,2;20*SC(:,:,2,2));
MT_SS2(:,:,3,2)=M0T_SS2(:,:,3,2)+c1*(MIT_SS2(:,:,3,2)
MOT_SS2(:,:,3,2))*inv(c0*S(;,:,3,2)*inv(MOT_SS2(;,:,3,2))*(MIT_SS2(:,:,3,2)
MOT_SS2(:,:,3,2))+I(;,:,3,2))+c11*MOT_SS2(:,:,3,2)/(13,2)c0*SC(:,:,3,2));
MT_SS2(;,:;,1,3)=MOT_SS2(:,;,1,3)+c1*(MIT_SS2(;,;,},3)
MOT_SS2(:,:,1,3))*inv(c0*S(:,:,1,3)*inv(MOT_SS2(:,:,1,3))*(MIT_SS2(:,:,1,3)
MOT_SS2(:,:,1,3))+I(:,:,1,3))+c11*MOT_SS2(:,:,1,3)/(I(:,:, E&*SC(:,:,1,3));
MT_SS2(:,:,2,3)=MOT_SS2(:,:,2,3)+c1*(MIT_SS2(:,:,2,3)
MOT_SS2(:,:,2,3))*inv(c0*S(:,:,2,3)*inv(MOT_SS2(:,:,2,3))*(MIT_SS2(:,:,2,3)
MOT_SS2(:,:,2,3))+I(:,:,2,3))+c11*MOT_SS2(:,:,2,3)/(I(:,:,2)*SC(:,:,2,3));
MT_SS2(:,:,3,3)=MOT_SS2(:,:,3,3)+c1*(MIT_SS2(3,3)
MOT_SS2(:,:,3,3))*inv(c0*S(:,:,3,3)*inv(MOT_SS2(:,:,3,3))*(MIT_SS2(:,:,3,3)
MOT_SS2(:,:,3,3))+I(:,:,3,3))+c11*M0OT_SS2(:,:,3,3)/(I(:,:,3)*SC(:,:,3,3));

% M_extract100(i,:) = MT_SS1(1,1,1,1);
% M_extract010(i,;) = MT_SS1(2,2,2,2);
% M_extrat001(i,:) = MT_SS1(3,3,3,3);

MTT_SS2=a*a*(MT_SS2(;,:,2,1))*a"*a;
M_sample_extractSS2(i,:) = MTT_SS2(1,2);

Mo_SS3= data(i,29:34)p transient viscosity data for eut-8ig phase for Slip system #1
M1_SS3= data(i,36:41Y¥p transient viscosity data f&n phase for Slip system #1
MO_SS3(:,;,1,1)=[Mo_SS3(1) 0 0;0 0 0;0 0 0];

MO_SS3(:,:,2,1)=[0 Mo_SS3(4) 0;Mo_SS3(4) 0 0;0 0 0];

MO_SS3(:,:,3,1)=[0 0 Mo_SS3(5);0 0 0;Mo_SS3(5) 0 0];

MO_SS3(:,:,1,2)=[0 Mo_SS3(4) 0;Mo_SS3(4) 0 0;0 0 0];

MO_SS3(:,:,2,2)=[0 @;0 Mo_SS3(2) 0;0 0 0];

MO_SS3(:,:,3,2)=[0 0 0;0 0 Mo_SS3(6);0 Mo_SS3(6) 0];

MO_SS3(:,:,1,3)=[0 0 Mo_SS3(5);0 0 0;Mo_SS3(5) 0 0];

MO_SS3(:,:,2,3)=[0 0 0;0 0 Mo_SS3(6);0 Mo_SS3(6) 0];

MO_SS3(:,:,3,3)=[0 0 0;0 0 0;0 0 Mo_SS3(3)];

MI_SS3(;,:,1,1)=[M1_SS3(10 0;0 0 0;0 0 O];
MI_SS3(;,:,2,1)=[0 M1_SS3(4) 0;M1_SS3(4) 0 0:0 0 0];
MI_SS3(;,:,3,1)=[0 0 M1_SS3(5);0 0 0;M1_SS3(5) 0 0];
MI_SS3(;,;,1,2)=[0 M1_SS3(4) 0;M1_SS3(4) 0 0:0 0 0];
MI_SS3(;,:,2,2)=[0 0 0;0 M1_SS3(2) 0;0 0 0];
MI_SS3(;,:,3,2)=[0 0 0:0 0 M1_S&3;0 M1_SS3(6) 0];
MI_SS3(;,:,1,3)=[0 0 M1_SS3(5);0 0 0;M1_SS3(5) 0 0];
MI_SS3(;,:,2,3)=[0 0 0;0 0 M1_SS3(6);0 M1_SS3(6) O];
MI_SS3(;,:,3,3)=[0 0 0:0 0 0;0 0 M1_SS3(3)];

MOT_SS3(;,:,1,1)=d*d*(MO_SS3(;,:,1,1))*(d"*d);

MOT_SS3(:,:,2,1)=d"*d*(M0_SS3(;,:,2))*(d"*d);
MOT_SS3(:,:,3,1)=d"*d*(M0_SS3(;,:,3,1))*(d"*d);
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MOT_SS3(:,:,1,2)=d"*d*(M0_SS3(:,:,1,2))*(d"*d);
MOT_SS3(:,:,2,2)=d"*d*(M0_SS3(:,:,2,2))*(d"*d);
MOT_SS3(;,:,3,2)=d"*d*(M0_SS3(;,:,3,2))*(d"*d);
MOT_SS3(;,:,1,3)=d"*d*(M0_SS3(:,:,1,3))*(d"*d);

MOT_SS3(;,:,2,3)=d"*d*(M0_SS3(;,:,2,3))*(d"*d);
MOT_SS3(:,:,3,3)=d"*d*(M0_SS3(:,:,3,3))*(d"*d);

MOT_SS3(:,:,1,1)=1./(MOT_SS3(:,:,1,1));
MOT_SS3(:,:,2,1)=1./(MOT_SS3(:,:,2,1));
MOT_SS3(:,:,3,1)=1./(MOT_SS3(:,:,3,1));
MOT_SS3(:,:,1,2)=1./(MOT_SS3(:,:,1,2));
MOT_SS3(:,:,2,2)=1./(MOT_SS3(:,:,2,2));
MOT_SS3(:,:,3,2)=1./(MOT_SS3(:,:,3,2));
MOT_SS3(;,:,1,3)=1./(MOT_SS3(;,:,1,3));
MOT_SS3(;,:,2,3)=1./(MOT_SS3(;,:,2,3));
MOT_SS3(;,:,3,3)=1./(MOT_SS3(;,:,3,3));

MIT_SS3(;,:,1,1)=d"*d*(MI_SS3(:,:,1,1))*(d"*d);
MIT_SS3(;,:,2,1)=d*d*(MI_SS3(:,:,2,1))*(d"*d);
MIT_SS3(:,:,3,1)=d*d*(MI_SS3(:,:,3,1))*(d"*d);
MIT_SS3(:,:,1,2)=d"*d*(MI_SS3(:,:,1,2))*(d"*d);
MIT_SS3(:,:,2,2)=d"*d*(MI_SS3(:,:,2,2))*(d"*d);
MIT_SS3(:,:,3,2)=d*d*(MI_SS3(:,:,3,2))*(d"*d);
MIT_SS3(:,:,1,3)=d*dtMI_SS3(:,:,1,3))*(d"*d);

MIT_SS3(;,:,2,3)=d*d*(MI_SS3(:,:,2,3))*(d"*d);
MIT_SS3(:,:,3,3)=d"*d*(MI_SS3(:,:,3,3))*(d"*d);

MIT_SS3(;,:;,1,1)=1./(MIT_SS3(;,:,1,1));
MIT_SS3(:,:,2,1)=1./(MIT_SS3(:,:,2,1));
MIT_SS3(:,:,3,1)=1./(MIT_SS3(:,:,3,1));
MIT_SS3(:,:1,2)=1./(MIT_SS3(:,:,1,2));
MIT_SS3(:,:,2,2)=1./(MIT_SS3(:,:,2,2));
MIT_SS3(:,:,3,2)=1./(MIT_SS3(:,:,3,2));
MIT_SS3(:,:,1,3)=1./(MIT_SS3(:,:,1,3));
MIT_SS3(:,:,2,3)=1./(MIT_SS3(:,:,2,3));
MIT_SS3(:,:,3,3)=1./(MIT_SS3(:,:,3,3));

MT_SS3(;,:;,1,1)=MOT_SS3(;,;,1,1)+c1*(MIT_SS3(;,;,},1)
MOT_SS3(:,:,1,1))*inv(c0*S(;,:,1,1)*inv(MOT_SS3(;,;,1,1))*(MIT_SS3(:,;,},1)
MOT_SS3(:,:,1,1))+I(:,:,1,1))+c11*MOT_SS3(:,:,1,1)/(I(:,:,2d0*SC(:,:,1,1));
MT_SS3(:,:,2,1)=MOT_SS3(:,:,2,1)+c1*(MIT_SS32,1}
MOT_SS3(:,:,2,1))*inv(c0*S(:,:,2,1)*inv(MOT_SS3(:,:,2,1))*(MIT_SS3(:,:,2,1)
MOT_SS3(:,:,2,1))+I(:,:,2,1))+c11*MOT_SS3(:,:,2,1)/(I(:,:,2d0*SC(:,:,2,1));
MT_SS3(:,:,3,1)=MOT_SS3(:,:,3,1)+c1*(MIT_SS3(:,:,3,1)
MOT_SS3(:,:,3,1))*inv(c0*S(:,:,3,1)*m(MOT_SS3(:,:,3,1))*(MIT_SS3(:,:,3,1)
MOT_SS3(:,:,3,1))+I(:,:,3,1))+c11*MOT_SS3(:,:,3,1)/(I(:,:,30*SC(:,:,3,1));
MT_SS3(:,:,1,2)=M0T_SS3(:,:,1,2)+c1*(MIT_SS3(:,:,1,2)
MOT_SS3(:,:,1,2))*inv(c0*S(:,:,1,2)*inv(MOT_SS3(:,:,1,2))*(MIT_SS3(:,:,1,2)
MOT_SS3(,;,1,2))+I(;,:,1,2))+c11*MOT_SS3(;,:,1,2)/(1(:,:,1;:2D*SC(:,:,1,2));
MT_SS3(;,:,2,2)=MOT_SS3(:,:,2,2)+c1*(MIT_SS3(:,:,2,2)
MOT_SS3(;,:,2,2))*inv(c0*S(;,:,2,2)*inv(MOT_SS3(;,:,2,2))*(MIT_SS3(:,:,2,2)
MOT_SS3(:,:,2,2))+I(:,:,2,2))+c11*MOT_SS3(:,:,2,2){(1{2,2)c0*SC(:,:,2,2));
MT_SS3(:,:,3,2)=MOT_SS3(:,:,3,2)+c1*(MIT_SS3(:,:,3,2)
MOT_SS3(:,:,3,2))*inv(c0*S(:,:,3,2)*inv(MOT_SS3(;,:,3,2))*(MIT_SS3(:,:,3,2)
MOT_SS3(:,:,3,2))+I(:,:,3,2))+c11*MOT_SS3(:,:,3,2)/(I(:,:,3E&*SC(:,:,3,2));
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MT_SS3(;,:,1,3)=MOTSS3(:,:,1,3)+c1*(MIT_SS3(:,:,1,3)
MOT_SS3(:,:,1,3))*inv(c0*S(:,:,1,3)*inv(MOT_SS3(;,:,1,3))*(MIT_SS3(:,:,1,3)
MOT_SS3(;,:,1,3))+I(;,:,1,3))+c11*MOT_SS3(;,:,1,3)/(I(;,:,2&)*SC(:,:,1,3));
MT_SS3(;,:,2,3)=MOT_SS3(;,:,2,3)+c1*(MIT_SS3(;,:,2,3)
MOT_SS3(;,2,3))*inv(c0*S(;,:,2,3)*inv(MOT_SS3(;,:,2,3))*(MIT_SS3(:,:,2;3)
MOT_SS3(:,:,2,3))+I(:,:,2,3))+c11*MOT_SS3(:,:,2,3)/(I(:,:,2)*SC(:,:,2,3));
MT_SS3(:,:,3,3)=MOT_SS3(:,:,3,3)+c1*(MIT_SS3(:,:,3,3)
MOT_SS3(:,:,3,3))*inv(c0*S(;,:,3,3)*inv(MOT_SS3(;,:,3,3]MIT_SS3(;,:,3,3)
MOT_SS3(:,:,3,3))+I(:,:,3,3))+c11*MOT_SS3(:,:,3,3)/(I(:,:,33)*SC(:,:,3,3));

% % M_extract100(i,:) = MT_SS1(1,1,1,1);
% % M_extract010(i,:) = MT_SS1(2,2,2,2);
% % M_extract001(i,:) = MT_SS1(3,3,3,3);

MTT_SS3=a*a*(MT_SS3(;,:,2,1))*a"*a;
M_sample_extractSS3(i,:) = MTT_SS3(1,2);

end

xlswrite(viscositySS1.xIsxM_sample_extractSS1);
xlswrite(viscositySS2.xIsx'M_sample_extractSS2);
xlswrite(viscositySS3.xIsx'M_sample_extractSS3);

% xlswrite(crystal100.xIsx', M_extract100);
% Xxlswrite(‘crystal010.xIsx', M_extract010);
% xlIswrite(‘crystal001.xlIsx', M_extract001);

% Any order tensor transformation

functionotr = transformation(itr,tmx)

% FUNCTION

% otr = transform(itr,tmx)

%

% DESCRIPTION

% transform 3DBtensor (Euclidean or Cartesion tensor) of any order (>0) to another coordinate system
%

% PARAMETERS

% otr = output tensor, after transformation; has the same dimensions as the input tensor

% itr = input tensor, before transformation; shooéda 3element vector, a 3x3 matrix, or a 3x3x3Xx...
multidimensional array, each dimension containing 3 elements

% tmx = transformation matrix, 3x3 matrix that contains the direction cosines between the old and the
new coordinate system

%

ne = numel(itr) % number of tensor elements
nd = ndims(itr); % number of tensor dimensions, i.e. order of tensor
if (ne==3), nd = lend % order of tensor is 1 in case of a 3x1 or 1x3 vector

otr = itr; % create output tensor

otr(:) = 0; % fill output tensor with zeros; this way a symbolic tensor remains symbolic
iie = zeros(nd,1); % initialise vector with indices of input tensor element

ioe = zeros(nd,1); % initialise vector with indices of output tensor element

cne = cumprod(3*ones(nd,1))/3% vector with cumulative number of elements for each dimension
(divided by three)
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for oe = 1:ne, % loop over all output elements
ioe = mod(floor((o€l)./cne),3)+1; % calculate indices of current output tensor element
forie = 1:ne, % loop over all input elements
pmx =1; % initialise product of transfaation matrices
iie = mod(floor((iel)./cne),3)+1; % calculate indices of current input tensor element
forid = 1:nd, % loop over all dimensions
pmx = pmx * tmx( ioe(id), iie(id) );% create product dfansformation matrices
end
otr(oe) = otr(oe) + pmx * itr(ie); % add product of transformation matrices and input tensor
element to output tensor element

end
end
AdPil e up stress calcul ati omsdelf or RoO:c
I n Roslerdéds dislocation detachment model , the di sl

the crystal, so that their stress fields upon the dislocation overcoming the dispersoids are neglected.
However, in most practical applications, ultsig spatial distribution of lattice dislocations is not
random and the stress fields from these-pjie cannot anymore be assumed to cancel at all points
within the material. These stress fields will affect the leaduyglelislocation pinned by thegtiersoid,

and either aid or hinder the bypassing processes (Orowan climb or detachment process) by which the
controlling dislocation overcomes its obstacle, and thus will increase or decrease the value of the
threshold stresd.ocal rumber of dislocationgN) between each pair of dispersoid is calculatsithg

closed form approximatiofi231] based on volume fraction and spacing of dispersoids and total

saturated dislocation density

N = (1'fA938n)3 r sa? [ 2 (AS-l)

where, fgssn is the volume fraction of Agn dispersoids in the eutectic-8g phase,r s is the
saturated dislocation density; andks the interparticle spacing.

With the number of dislocations per pair of dispersoids known, we can assume that these dislocations
form a single pileup against the dispersoid (refer to Figure A5.1). The sgzetingen dislocations

within two dispersoids can be calculated assuming equal spacing between thenmuFhieer, of

pileup dislocations lying on a A§n particle for different applied shear stress level is calculated based

on the actual spacing betweenrthand AgSn particle size.
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Figure A5.1: Pileup dislocation configuration near8g particles
Pileup stress on the detaching dislocation at the point of detachment due to the pileup dislocations
surrounding the particle can be calculated and plotted in Figure Hie2e stress fields will affect the
lead pileup dislocation pinned by the dispeidoand either aid or hinder the bypassing processes
(detachmenstres$ by which the controlling dislocation overcomes its obstacle, and thus will increase
or decrease the value of the threshold sireser to Figure A5.3) for the particular applied shetaess

level.
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Ab5. Orientation Image Maps (OIM) for SAC specimens measured using
Electron Backscatter (EBSD) detector

Orientation imagenaps (100 inverse pole figure maps) for SAC specimens along with the three Euler
angles are given below:

5.1.SAC3051
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5.2.SAC3052

5.3.SAC105Sk1

5.4.SAC105Mn1

Grainno,~| phil~| PHI~| phi2~
4 33.947 | 69.553 | 358.62
2 279.852 | 35.862| 55.91
110
100 IPF
ooA 100

Grainno/~| phil~| PHI~| phi2~
12 17.52 | 18.844 | 304.94
28 225.892 | 28.907 96
39 219.391 | 35.777| 106.5
50 43.343 | 19.452 | 287.52

Grainno.~| phil~| PHI~| phi2~
17 270.026 | 82.081 | 100.93
3 321.816 | 73.608 | 40.39
39 33153 | 83.759| 7.19
20 299.788 | 91.376| 70.56
38 143.032 | 86.673 | 174.38
41 135.75 | 88.699 | 193.94
2 312.918 | 76.454 | 46.96
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5.5.SAC105MnR2

5.6. SAC105MnR3

5.7.SAC105Mn4

Grainno,~| phil~| PHI~| phi2 -
143 330.395 | 61.987| 39.57
51 276.377| 6.929 | 70.11

6 27.524 | 85.987 | 9.53
24 197.622 | 46.417 | 197.88
31 272.721 | 43.531| 105.98
160 259.124 | 77.823| 135.99
162 109.215| 68.276 | 213.91

Grainno.~| phil~| PHI~| phi2~
4 344.708 | 38.411| 58.45
1 196.838 | 82.689 | 127.06
10 201.897 | 54.196 | 125.42
22 308.639 | 30.096 | 41.79
35 321.001| 69.4 82.63

S S
REEE o

Grainno.*| phil~| PHI~| phi2~
31 28.613 | 45.533| 341.54

14 358.125 | 23.304 | 332.74

47 184.411 | 51.987 | 141.91

1 329.71 | 76.867 | 35.92
120 123.348 | 71.504 | 273.28

PHI ~

Grainno,~| phil~ phi2 -
30 111.525 | 55.699 | 212.9
3 186.282 | 75.507 | 154.77
22 287.988 | 93.756| 92.02
43 220.468 | 50.731 | 142.84
9 39.613 | 68.962 | 295.04
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AG6. Discrete Dislocation Dynamiagrodel for pure anisotropic BCT Sn
lattice

6.1. Stress and strain fields of dislocations in anisotropic medium

Willis-Steedd_othe formula:The stress field of a finite segment can be obtained using \8ikieds
Lotheformula for the displacement gradient

% = ﬁ €50 Ciat{- MQ, + 1y [(nn)™*.(nM). Q] + N [(NN).S™] 3 [6p

where, d is the shortest distance from field point x to the dislocation line along t,

(mn) = mCyny
1%
Q. =- = pnn) idw
J 2’0 o J

1%
S=-— r[nn)ik (nm)kde
0
6.2. Stress and strain fields of pure edge dislocations in anisotropic medium

However, if we just consider the dislocation segments to be either pure edge or screw, the stress fields

in anisotropic elasticity becomes much simpler,

S matrix at ach step of computation.

For pure edge dislocation:
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C'11

c - , , -, C C'

Su= g 22{[(c11 C12) 1€ #2C55) - CuyClog Xy + jjzj“ 3}+2p ALY
Mb.c'. c o )(e 4 . O v
syyz—sz ;6 iy3- xzy) 2 ,4 {[(Cll C',)(C +C',+2C ) - CllCGG]Xy2+CZ2C66Xg}

) C11
s beCGG Cllxyz X3) Mb y 66 (E 3 _ XZy)
YT op b 2pF
C_:'ll CllZ I\J

Where M —(C11+C12)e :
éC,C 66(Cll+012+2066)u

— (X + - y ) (Clll + Cllz )(IC'll 12 -2c 66) y

22 CZZCBG

Ell =(c',C'y, )1/2

6.3. Stress and strain fields of pure screw dislocations in anisotropic medium

For pure screwdislocation:

b c 1/2 CI45)(' CI55y

sxz:-_(c44055 45 ) _9 +
C'45 XY Cssy

2 CyaX- Cysy

e bz (Cl CI Cl 2 1/
— T 5 \Magts5T Yys ' 2 ' ! 2
2p CaX - 2C45Xy+C55y

C'34X' Clssy
2045Xy+055y

b 1 '
=- % (C',Cs5C\ys )uz

6.4. Stress and strain fields of a spherical particle in anisotropic medium

A particle which is misfitting with respect to the matrix, generates stress fields both within the particle

and in the matrix. The dislocation interacts with geeticle through these stress fields. The stress

fields generated by a (dilatationafisfitting spherical particlevere given by Eshelby [33]. The stress

field at a point (x,y,z) outside a particle of radius R sitting at the origin of thwdioate syem

(0,0,0) is:

sP =

3 (r?—3x?> —3xy —3xz
2DG56R —3xy r*—3y* —3yz
r —3xz —3yz  r?—3z?
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where, r is the distance from the point to the particle cent€(x-i)*+(y-Yo)*+(z-20)?,

DG is difference in shear modulus between particle and matrix,

e=g, (1+n)/3(1-n),

whereni s Poi s s oné s dilatational onisfit straim(datio of difference in-pdane lattice

constants to that of matrix lattice constant).

6.5. Crossslip systems in BCT Sn lattice

Slip Systems Possible Cross-slip Systems
ss1 (100) [001] (010); (110); (2-10)
(010) [001] (100); (110); (1-10)
SS2 (110) [001] (100); (010); (1-10)
(1-10)_[001] (100); (010); (110)
(110) [1-11] -121
(110) [-111] -211
5S4 (1-10) [111] (1-21)
(1-10)_[-1-11] -112
sS7 (001) [100] (010); (011);(01-1)
(001) [010] (100); (101);(10-1)
ss8 (001) [110] (1-10);
(001) [1-10] (110);
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