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on the evolution of the constitutive and fatigue responses, and mictosgruf
microscale SAC305 solder joints is investigated. In particutar study examines if
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using a multi-scale mechanistic modeling framework.

Modified lap-shear microscale SAC305 specimens are characteuging the
thermomechanical microscale test setup (TMM). Microscale 3®AC solder
specimens show significant piece-to-piece variability in tlseoplastic constitutive

properties under identical loading histories in the as-fabricstegd. The mechanical



response is strongly influenced by the grain microstructuressadhe entire joint,
which is non-repeatable and comprises of very few highly anisotropgreéns. The
statistical non-homogeneity in the microstructure and the asstaiatiability in the
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Accumulated fatigue damage and isothermal aging are found toddegra

constitutive and mechanical fatigue properties of the solder. Gdiges gradually



decreases with an increasing state of solder damage. Companedeiastic-plastic
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solder joints under mechanical fatigue tests is negligible.

Recrystallization is evident under creep and mechanical fatgads. Gradual
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the observed evolution of scatter in the isothermal mechanicalidatigrves. The
yield stress measurements suggest that SAC305 obeys a hamémidifferent from
that of isotropic or kinematic hardening. The measured degradatelastic, plastic
and yield properties is captured reasonably well with a continuamagia mechanics

model from the literature.
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Chapter 1: Introduction

Solder is commonly used in a wide range of applications, sucteesiecl and
mechanical interconnects in electronic packages and photovoltaicacelldie attach
adhesives in power modules (between the heat sink and chip). Solder is ttcnown
exhibit viscoplastic constitutive behavior, which can be conceptuallitipaed for
convenience into elastic, rate-dependent creep deformation anchdependent
plastic deformation[1-2]. Viscoplastic behavior can also be viewéerims of unified
rate-dependent theories such as that used in the well-known Anasdiplasstic
model [3]. However, in the current study the partitioned approadtosted in order
to better understand the competing damage mechanisms introducedfelogntdi
microscale deformation mechanisms in the solder during complex cicle
environments.

Typical field conditions experienced by these products include ccyatigue
loads. Solder fatigue is one of the critical failure modes ictreleic packages during
their service life. In-service mechanical loads on the paskagn vary from high
temperature, low strain-rate loads such as thermal cyclinggrmpowling, quasi-static
isothermal mechanical cycling at elevated temperatuoekjgh strain-rate loads at
relatively low temperatures, such as vibration, shock, drop and meahaycling at
ambient temperatures.

From the fatigue damage point of view, the former class afsleauses damage
dominated by cyclic creep-mechanisms, and the latter caasesgd dominated by

cyclic plastic mechanisms. Hence quantifying the viscoplastistdutive and fatigue



behavior of solder is critical to the understanding of overall pedoce and
reliability of electronic assemblies.

Prior to the ban of Pb products due to environmental reasons, eutecticbSn37P
alloy had been the traditional choice for solder for decades. THee®tsolder
substitutes recommended by INEMI [diclude binary eutectic alloys like Sn0.7Cu
and Sn3.5Ag, as well as the ternary near-eutectic Sn3.8Ag0.7Cu (SAGBB8¥)ent
times, the industry has also opted for hypoeutectic SnAgCu (SAgys aliith lower
Ag percent, such as Sn3.0Ag0.5 (SAC305) and Sn1.0Ag0.5Cu (SAC105), to name a
few, owing to their affordability and similarity to SAC387 in thenechanical
response.

The reduced Ag % in the SAC alloy is expected to decréaseadlume fraction
of the intermetallics of A¢pn dissolved in the bulk of the solder, thereby causing
degradation in their viscoplastic creep constitutive (decrease icréke resistance)
and cyclic creep fatigue behavior (decrease in cycles todailnder identical cyclic
loads). The current work focuses on the behavior of hypoeutectic SI€rs with
low Ag%, at microscale length scales.

Comprehensive studies have been conducted on the benchmark Sn37Pb solder
over the past few decades. However these studies cannot by dixé@polated to
Pb-free solders owing to the vastly different microstructwieibéted by the two.
Sn37Pb solder comprises of Sn matrix with soft Pb islands thatdeform
significantly via grain boundary sliding. Pb-free solders suchAGS 8n the other
hand comprise of Sn dendrites with hard intermetallic particlégegbn and CiSny

embedded around the dendrites [5-9]. The intermetallics, when praserderate



proportions, are beneficial to the mechanical behavior of soldex Hiey reinforce
the solder and also retard the extent of creep deformation vexatisin glide and
grain boundary diffusion[10-11].

Thus it is evident that the contrasting microstructures and héecanderlying
deformation mechanisms vary significantly in Sn37Pb and Pb-free solders. Ialgener
Pb-free solders exhibit superior creep resistance and supeigurefdehavior under
creep dominated loads such as thermal cycling, power cyclilg gaiasi-static
mechanical cycling compared to Sn37Pb solders [12-17]. Solder studiEeb-free
solders are not as comprehensive and thorough as the literature on Sn37Pb solders.

Hence, the current dissertation focuses on providing an improved understanding
of the constitutive (elastic, plastic and creep) and durabibiytlfermal mechanical
cyclic fatigue) behavior of SAC solder at micrometer lengtlales, using a
combination of material characterization tests and multi-soaléeling approaches.
The results of this study are applicable to the response of wateoength scale
solder joints such as those seen in microelectronics (e.g. lohdrgays), rather than
to large-area interconnects seen in photovoltaic cells.

As stated above, a wide range of fatigue conditions are expaslidrycsolder.
This study however characterizes the fatigue response ofrsoldger low
temperature, high strain-rate mechanical cycling loads wpkastic deformations
dominate over creep deformations. These findings are therefovantl® similar
service conditions. The background and motivation for the current studietaiéed

in Section 1.1 of this chapter, followed by the problem statemahiohjectives of



this dissertation in Section 1.2. The scope and overview of the diggertae

provided in Section 1.3.

1.1BACKGROUND AND MOTIVATION

Since the transition from Sn37Pb to Pb-free solders, a numbeudésthave
focused on characterizing the constitutive and fatigue behavior-tE@Isolders. A
detailed literature review on the material characterizatnmhtie modeling aspects of
the constitutive and fatigue behavior as well as the microstel@spects of Pb-free
solders is provided in Sections 1.1.1-1.1.3. It should be noted here that the
microstructural aspects reported here are relevant to anedirta high-Sn Pb-free
solders such as SAC alloys and Sn3.5Ag alloys only (which exbimilar
microstructural features to SAC).

In general, the state-of-art on microstructure and defoomdtehavior reported
here is not applicable to high-Sn Pb-free alloys with minortaddi of rare earth
elements (which exhibit a statistically homogenous microstrectompared to SAC
at microscale dimensions [18-20]) or quaternary Pb-free allysr to addressing
the state of art in the mechanical behavior of microsca Solders, the

microstructure and the length scales associated with this solder need to btoadders

1.1.1. Microstructure of SAC Solders

SAC solders contain a high fraction of Sn with minor proportions of i Gu.
The liquidus surface plots for SnAgCu solder as calculated by Mbah, §21] is
presented in Figure 1-1 a-lBased on their findings the near-eutectic composition of

SAC solders is Sn3.5Ag0.9Cu with a melt temperature of 217°C (cothfmalé32°C



for Sn37Pb solder). Hence the homologous temperature at room tengasatur
around 0.6, and significant viscoplastic creep deformation is expectdétese
solders.

Upon solidification, the solder is expected to undergo significant cooléng,
that results in a microstructural features of several lescgies (from nano-scale to
micro-scale to macro-scale features) [22-24]. Liquid SAC sotate solidification
comprises of pure Sn phase with hard, brittle intermetaMiC{l particles of AgSn
and CySns dispersed in the bulk and an interfacial intermetallic layer @€ and
CuSns at the interface of the solder and Cu metallization layers.ifiteemetallic
compositions are dependent on the metallization composition. If thallizegton
layer at the interface of solder and pad varies (e.g., Ni), additiintermetallic
compositions (Ni-Sn-Cu) are possible [13].

In comparison, traditionally used Sn37Pb solder comprises of soft sstdrieb
embedded in Sn matrix. The Pb islands can accommodate creep deformatiomvia gra
boundary sliding. Figure 1-1 ¢ shows the phase diagram of Sn37Pbitecatule
[25-26]. The melting temperature of Sn37Pb solder is 182°C, which & kbzvan that
of SAC solders. The lower melt temperature combined with theepoe of soft Pb
islands in Sn37Pb (as opposed to hard intermetallics in SAC sollesg¢< higher

creep damage in Sn37Pb compared to the SAC solders.
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Figure 1-1: a) Liquidus surface, b) Surface of secondary solidification. Image
adapted from the results for ternary eutectic composition of 3.66 wt % Ag, 0.91
wt % Cu from [21] ( ¢) Phase diagram of SnPb solder. Image adapted from [25-

26]

1.1.1.1. Length Scales and Lack of Statistical Homogeneity in Undamaged

Microscale SAC Joints

The microstructural features discussed here are relevant tosBl€r that has

not been subjected to any mechanical loads, hence the term ‘undamaged”.

solidifies into dendritic structures with a long primary branch smdller dendritic

arms branching from it. A three-dimensional view of the solidifice of the Sn

S



phase into the dendritic arms is provided in Figure 1-2 a. The denainhs are
nodular in shape and appear as elliptical shapes upon cross-sectoaigx plane,
as shown in Figure 1-2 b-d. Figure 1-2-d is an image adapted fromegtks of
Dutta [27]. Depending on the orientation of the dendritic growth reldabvéhe
loading surface, the primary arm could extend across the @ititelimensions in a
microscale scale joint. The smaller dendritic arms arergiypa@round 5-20 um long
in 2-D cross-sections.

The IMC features discussed here are relevant to SAC soldénssthaopper pad
metallization. The region surrounding the Sn dendrite has nano-dcaénsion
AgsSn intermetallics (IMC) embedded in a pure Sn matrix (Figué c-d). This
region is termed as the ‘eutectic Sn-Ag’ phase in the litsratn addition to the
nano-scale IMCs, A{pn also appears as micron-scale IMCs, in the form of platelets
with high aspect ratios. In 2-D cross-sections, these wafer-sipdqetbts appear as
long needle-like shapes. In addition, hollow columnagSByIMCs of micron-scale
hexagonal cross-sections are also evident in the bulk of the soigere(E-2 c). In
addition, intermetallic layers of G8n and Cgbrs at the interface of the solder and
Cu metallization layers is evident in (Figure 1-2 f).

Recent findings in literature reveal an added complexity (andthescale)
associated with the microstructure of microscale SAC soldediest reveal that
microscale SAC joints comprise of very few grains of highlysainopic Sn crystals
[28-39] across the entire joint area [24, 40-50]. The grain mraciste reported by
Sundelin[51] in BGA joints are adapted in Figure 1-2e to demoasth&t coarse-

grained nature of these microscale joints. Thus, even though the Sn idendrit



structures and the macro and micro-scale IMCs exhibit a fagpeatable and
periodic distribution and configurations, the presence of very few &nsgfvery few
crystallographic orientations), gives the joint a highly non-homogenous
microstructure.

Thus the characteristic length scale of the microscale $&€ig comparable to
the structural length scale. This lack of statistical homagema@d isotropy poses
serious challenges in the material characterization of suctosstale joints since
each joint therefore exhibits unique mechanical response under itldoddang
conditions. In summary, the key microstructural features of ngalesSAC joints
introduce a wide range of length scales varying from nane-stailensions to the

structural-scale dimensions of the joint.
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Figure 1-2: Microstructural features in microscale as-fabricated SE305 solder
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arms (c) 2-D microstructure of the dendritic structures shownm (a) after cross-
sectioning. Eutectic Sn-Ag regions and microscale Cu6Sn5 IMCs in bulld)(

Nanoscale IMCs in dendritic regions from [27] (e) Coarse-grained Sn

microstructure in microscale BGA joints from [51], and (f) Intermetallic layer at

the interface of copper and solder at region A in (e). Images 1(d) and (e) have
been adapted from literature.



1.1.1.2. Microstructural Evolution of As-Fabricated Microscale SAC Joints

In general, most material models are derived from measurementucted on
specimens consisting of undamaged, pristine material. These specimve not
been subjected to any additional loadings past the reflow (el@meptquired pre-
conditioning protocols). These specimens are termed as “as-telfigaints in this
study. However, in reality, the material is subject to ane@®ing density of
homogeneous material damage (in the form of decreasingobmtrg areas due to
distributed microcracks and voids), as well as changes to the geometrgucatindns
of key microstructural features such as IMCs, Sn grains and dendrites

Understanding the microstructural evolution and the length scalglsed in the
evolved state is of utmost importance to any material chaizatien study, since it
establishes the applicability of the material models developdteimas-fabricated
state. Modeling the deformation behavior of the solder matanalghout its entire
service life, with material properties measured from theainds-fabricated state,
yields non-conservative estimates of the mechanical respande ds fatigue life,
damage, strains to name a few). In particular, understanding ttresimiictural
evolution of the Sn grain structure in SAC microscale joints undgicdgpading is
extremely important, in order to assess if there is anpgehén the extent of non-
homogeneity and the characteristic length scale exhibitethdse initial coarse-
grained joints.

Some evidence in the literature exists to suggest that theeagraised, non-
homogenous Sn-grain microstructure in microscale SAC joints eventuall

recrystallizes into many finer grains of Sn, transformingjdime microstructure to a
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statistically homogenous distribution with respect to the graiturte. In addition,
macro damage and micro cracking is also induced by fatigue damabke 1-1
provides the state-of-art on the occurrence study of recrystadin under various
cyclic fatigue loads.
It should be noted here that the studies reporting the occurrence of

recrystallization under isothermal mechanical cycling loadsatwisi one of the focus

of this dissertation) are very limited. Furthermore where adaildhe studies fail to
obtain recrystallization in the joints or do not provide concrete queawitproof of
recrystallization due to the chosen image analysis techniquie §sucross polarized

microscopy, XPM).
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Specimen

Loads Analysis MethgdSolders| Type and| Refs Comments
Scale
Thermal SAC andMicroscalg [46, 48,
cycling XPM, OIM Sn37Pb| and Bulk | 51-59]
Povyer XPM SAC | Microscal¢ [55]
Cycling
o SAC anq, ,.
Vibration XPM Sr]37PblMlcroscale [54, 60]
Drop testing XPM SAC | Microscale [61]
[64] specifically
Isothermal . investigated if
mechanical] XPM, OIM SAC Microscald [43, 62- recrystallization
; and Bulk | 64]
cycling occurs and foungd
none
[58] provides
guantitative
Monotonic | - ypy oM | SAC | Microscalé[ss, 65) dtails of the.
Creep changes in graim

orientations anc
configurations.

Table 1-1: Literature review on the study of recrystallization unde cyclic
fatigue loads. XPM refers to cross polarized microscopy and OIM referto

orientation imaging microscopy.

1.1.1.3. Dominant Deformation Mechanisms in Microscale SAC Joints

Traditionally used Sn37Pb solder is known to deform through grain boundary
sliding [66]. Studies reveal that the presence of nanoscale B@gsSn in SAC
solder provides the benefits of dispersion strengthening. NanoS¢&lS Ipin
dislocations and retard creep deformation, thereby requiring tloeatisns to climb
over the IMCs [10]. Thus dislocation climb becomes the dominantinai creep

mechanism. Hence the extent of creep deformation (climb) pendent on the
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volume fraction and dimensions of the IMCs and other obstacles to alisioc
motion in the solder. In general, smaller dimensions and denser r(highane

fraction) distribution of nano-scale IMCs in the eutectic regamilifates dislocation
climb.

The presence of the IMCs is also expected to restrict teatesf grain boundary
sliding [10, 27, 67]. The dimensions of the large grains present in tfabrasated
state of SAC microscale joints suggest that grain boundary idififusnd sliding
across such large grain boundary dimensions are not very likelpmipagison, the
smaller dimensions of grain boundaries in the recrystallized i@s seem to
suggest much more favorable diffusion paths compared to those in the coarse-grained,
as-fabricated microstructure.

However to the best of the author's knowledge, the absence or prefgmam
boundary sliding in the as-fabricated state and recrystalraeé of SAC solders,
respectively, has not been experimentally established conclusivelicroscale SAC
joints. Hence the possibility of grain boundary diffusion requires fuare

experimentation prior to ruling it out as a dominant creep mechanism in SAC.

1.1.1.4. Process Parameters Affecting the Microstructure of SAC Solds

The geometrical configurations and dimensions of each of the phases (Sn
dendrites and IMCs) in the SAC solder are functions of seyparameters such as
manufacturing profile (reflow, soldering time, annealing methodinga histories,
solder joint dimensions, composition of alloy and metallization fayand loading
histories [6-9, 55-56, 68-82]. It is worth noting here that the graamasiructure is

insensitive to conditions such as aging [24] but is sensitive tedimpositions of
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solder alloys and metallization layers and the loading histoni&is cause material
damage in the form of cracks and voids. Figure 3-6 in Chapter &lsetlee
insensitivity of the grain microstructures with isothermal room temperaiying.

An increase in the reflow time and temperature increasestame fraction and
size of IMCs formed in the bulk of the solder and at the intertd¢he metallization
and the solder. While an increase in the amount of IMCs in bulk efibeh, this is
also accompanied by coarsening of the IMCs. Past a partituleshold size,
additional coarsening can effectively degrade the dispersion stremgjloamabilities
of nano-scale IMCs. In addition, the coarsening of micro-sé&d&slin the bulk (that
serve to provide reinforcement-strengthening), leads to lossiaility and higher
crack propagation rates, thereby degrading the creep and fatigperties of the
solder. Furthermore, the growth of interfacial IMC layers &0 ahccelerated and
could lead to a shift in the failure mode from bulk solder fatitailure to interfacial
intermetallic fracture.

Fast cooling rates (annealing) leads to smaller dendritics stzed denser
distribution of AgSn IMC patrticles in the eutectic regions (see ref.)[/@pwever,
the extent of IMCs formed in the fast cooling is expected t@Wwerl than that when
sufficient heat energy is retained in the system during slowingpahte for
solidification. Isothermal aging causes growth of the average tierglre and IMC
size and is hence detrimental to the constitutive and cyclgugatehavior of SAC

joints.
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1.1.1.5. Length Scale and Configuration of Test Specimen

The length scale of the test specimen used to measure the deforbedavior of
SAC alloys has a significant effect on measured responses Bieanicroscale SAC
joint exhibits significant non-homogeneity in the microstructunel anechanical
response, it is extremely important that the configuration andhesgnles of test
specimens should be comparable with those of functional solder jointsnusarface
mount packages. Current SMT packages comprise of solder intercofidength
scales of less than 10Q@®n. At such micron-scale dimensions, the structural length
scale of the solder joint is comparable to the charactetestigth scale of solder
microstructure, especially in many currently popular Sn-babeftiele solders. Hence
length-scale effects dominate and the microstructure of thesestale joints (and
their material behavior) is significantly different from thasfebulk specimens (>1
mm).

The importance of specimen size for measuring Pb-free soldavibe is further
supported by studies that report significant differences in thénamexal response
and microstructure of bulk specimens compared to micron-scale gpeci@2, 80-
81, 83-84]. Furthermore, when measuring the mechanical behavior and ipsopért
materials, the test specimen should be designed to minimizérdlctusal effects of
the surrounding package architecture on the measured matepahse. Hence the
literature relevant to understanding the material level (awiponent level) response
of current solder joints should be obtained from microscale solder jaihtsnmimal

influence from the interfacing materials.
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The specimen configuration should be designed such that a uniforns stres
distribution is obtained in the gage region for an accurate stregsurement during
testing. For example, functional solder interconnects such agrxhlarrays have
non-uniform stress states with stress concentrations occutrthg aeck of the joint
close to the pad areas. Hence the stress measured from thengaserements by
utilizing the load bearing area represents the average stress besée at

Similarly material level tests that utilize simplifieglst specimens such as shear
specimens require appropriate design to obtain a uniform measstedsds state.
Modified lap shear specimens with notch angles of @fsipescu specimens) are
viable options since a reasonably uniform stress state is tgh@nathe gage area
[85-89]. A detailed review on the effect of the notch angles on tHermmiy of the
shear stress distribution is provided in the above reference. In adtheamiformity
of the stress distributions expected in the solder region of tigeses specimen is
studied in Section 5.3.2 in Chapter 5. However planar specimens sucki@escu
specimens lack the three-dimensional microstructural and geoatetonstraints
induced in real functional BGA solder balls.

An important observation when using assembly level BGA packagetest
specimens, is that the results represent the average behavicaysf@ many joints
(e.g. in BGA packages) even though each individual joint is of miscale
dimensions and might individually exhibit non-homogenous behavior due to its
coarse grained nature [90]. On the same lines, compression crespobehom

nano-indentation type of test methodologies represents localized viscoplasti@be
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of the non-homogenous microscale joint and need high repeatabilitys acaosus
sections in the specimen to establish the range of measurements.

Furthermore, the use of bulk specimens also creates a gradtbetgooling rate
across the entire specimen. Thus the dendritic and IMC distribudiotise edges of
the specimen exposed to the ambient are subject to a fastelgo@té compared to
those in interior regions. This results in non-uniform geometricigarations across
the entire specimen.

In addition the microscale solder joints would be expected to undergster
cooling rate than bulk specimens under similar profiles owing to thueneobf solder
present. It should be noted here that the measurements conducted on bolkrspeci
are not necessarily incorrect; these measurements are just not appbaaldroscale
solder applications where length scale effects exist. BualesSAC solder
measurements are in fact best suited for modeling the behaJanmefarea solder

interconnects such as those used in photovoltaic cells [91-92].

1.1.1.6. Alloy Composition and Loading Histories

The compositional changes relevant to SAC solder are addressedlitezegure
pertaining to the best possible Pb-free alloys is beyond the scapis dissertation
and not included here. In particular, the effect of weight-tvactf Ag (1%-4%) in
SAC alloys is addressed here. Increasing the weightdraofi Ag in SAC solders is
expected to increase the volume fraction o§&wgIMCs in the bulk of the solder.

In particular, the amount of nano-scale IMCs available for dispers
strengthening increases. The size of the IMCs is expeotdzk tinvariant if the

manufacturing profile is unchanged. However, detailed microstalcamalysis is
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required to validate this hypothesis. The changes in the volummifraétnano-scale
IMCS (with increasing weight-fraction of Ag) support the obsenneprovement in
the creep and fatigue properties with increasing Ag content @ B4, 15, 93], as
shown in Chapter 3 and Chapter 6.

Changes in Ag content in SAC solders are not expected to chheggrdin
configuration of the microscale SAC joints and coarse-grained;homogenous
joints are expected for all SAC compositions [24]. However an addaiosmall
guantities of rare earth elements to SAC causes staligtitahogenous fine-grain
configuration in the solder. This microstructure hence leads amacteristic length
scales equal to the small Sn grain size or the Sn dendziéic®ius the characteristic
length scale in lanthanum doped Pb-free solder is an order of magsmadler than
that in coarse-grained microscale SAC joints. Hence it isnestito ensure that the
composition of the solder prior to testing the alloy is represieet of that seen in
functional solder joints.

Prior to characterizing the mechanical response of the sddemitrostructural
and damage state needs to be verified. As expected, any pdorgdastories in the
form of mechanical loads or microstructural treatments sigmfig alters the
distribution and configuration of the Sn dendrites, IMCs and the Sn grelmsh in
turn affect the dispersion strengthening characteristics antiaim®geneity of the
joints. In addition, any structural damage to the solder in time édrcracks and voids

effectively weakens the load bearing capacity of the material.
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1.1.2. Challenges

Significant literature exists on the constitutive and fatigedabior of SAC

solders. While each study independently provides useful contributions bhodlyeof

literature, the variability in results across different inigegbrs does not permit direct

comparisons of solder behavior across different studies. Henceaiggs rmportant

guestions regarding the source of variability as well as ¢ siet of properties to be

adopted for modeling solder behavior. For example, Figure 1-3 showseddés in

the secondary creep measurements of Pb-free SAC from variossigates. The

results comparing several studies has been provided by [94-95].

An examination of the microstructure of Pb-free solder and the test methodologie

used reveals that each of the reports may be accurate thighimwn methodologies.

The variations evident in the properties are primarily due toctimeplexity of the

microstructure and constitutive behavior of Pb-free solders combindgdd the

differences in test methodologies used. Specifically, the soofdbe discrepancies

in the reported properties can be classified as followed.

e Microstructural complexity of SAC solders and sensitivity toapaeters

such as
o Fabrication methodology
0 Loading history prior to testing in terms of aging, state oflesol
damage (macrodamage and microcracking)
o Alloy composition
o Interfacing pad material
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e Length scale of test specimen and repeatability of soldepstiacture at
the given length scale (Extent of statistical homogenextyibited by
solder microstructure)

e Configuration of test specimen, which determines the stress atmt
uniformity of damage distribution.

As discussed in Section 1.1.1, the mechanical response of the sddavily
dependent on the underlying microstructure, which is sensitipeotessing, loading
history and specimen length scales to name a few. Any ekanghe microstructural
features could generate significantly different materigipoase. Apart from the
sensitivity of the Sn dendrites and IMCs to the pre-test condjttbesexistence of
very few anisotropic Sn grains in the microscale SAC joinkseeted to cause each
joint to exhibit unique mechanical response [24].

An outcome of the non-homogenous behavior of microscale SAC joints is
reflected in their thermal cycling fatigue behavior. In gahthe first joint to fail is
the worst stressed joint, which could be the one at the package corner or that at the die
corner. However, thermal cycling results of SAC plastic lgaldl array (PBGA)
components clearly show that the critical failure joints r@oé necessarily at the
above stated expected locations [96]. Similar conclusions have beentsddgas
microstructural analysis by [22, 97].

Hence it is important that the mechanical measurements reported ezacefkto
the microstructure of the specimen/joint that provides the datapiitest solder
condition needs to be explicitly specified to improve the applicglfithe reported

measurements. As an example, the measurements conducted in tlisasgud
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referenced to “as-fabricated”, “aged” and “state of sottEenage”, to name a few.
The state-of-art in the constitutive and fatigue behavior ofasoale (and bulk) SAC
solder is detailed in Section 1.1.3, and the unresolved researchongseisti the

mechanical behavior of microscale SAC solder joints are discussed in Settdn
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1.1.3. State-of-Art of the Mechanical Behavior of Microscale SAC Solder

The current literature on the constitutive and fatigue behavior of microscale (and

bulk) SAC solder joints is detailed in this section.

1.1.3.1.Constitutive Testing of Pb-free Solders

The studies available on the monotonic constitutive behavior of Plsdtders
are included here. Studies listed here are limited to SAC and Solers unless
otherwise stated. Studies related to both microscale and bulk $4der are

included.

1.1.3.2.Elastic-Plastic Testing of Pb-free Solders

Several studies exist on the elastic [71, 95, 98] and plastic [63, 71,-9D3P9
properties of SAC solders. However most of the elastic memsunts are from as-
fabricated SAC solder joints and the degradation of the elasbipegiies under
fatigue damage has not been studied to the best of the author’s knowledge. The elasti
properties are in general measured from nano-indentation teséseargbresentative
of that seen in high strain rate conditions (plasticity dominated) as vibration and
drop testing.

The elastic and plastic properties of microscale SAC387 ssfrimens have
been characterized by Zhang and Haswell using quasi-diatc tests [95, 104]. The
elastic modulus in particular is representative of that sedow strain-rate loads
such as in thermal cycling. A serious limitation of such measemés is that they are

probably representative of the deformation due to a few dominamsgrathe non-
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homogenous, coarse-grained SAC solder joint and are hence requigesuffi

repeatability to represent the range of joint dependent behavior.

1.1

3.3.Viscoplastic Testing of Pb-free Solders

Significant literature exists on the viscoplastic creep behaficSAC solders.

These studies provide the following useful insights on the creep behavior.

The creep resistance decreases with isothermal aging [68, 75-78, 105]
Dislocation climb, assisted by core diffusion, is a dominant creeghamism
[9-11, 27, 61, 65, 76, 105-119]

SAC solders exhibit superior creep resistance compared to Sn37Pb solder
Creep resistance improves with increasing Ag weight fraction in SAC [120]
Creep resistance is a function of various processing conditions [2,/1865,
67, 69, 72, 74, 77-80, 87, 113, 119, 121-125]

Viscoplastic (creep and plasticity) damage model [126], needsctmuat for
deteriorating state of solder (damage) [126-127]

However most of these studies do not provide phenomenological macroscale

model constants for the primary and secondary creep behavior. Fwthethese

studies do not provide any comprehensive microstructural insights tairexpke

observed creep behavior. Furthermore the creep damage models proposased

on

unified viscoplasticity theories (that combine rate-independestigland rate-

dependent creep deformation).
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1.1.3.4.Viscoplastic Stress Relaxation Testing of Pb-free Solders

Viscoplastic deformation is manifested in the form of creep defton under
constant force/stress conditions and as stress relaxation underantonst
displacement/strain constraints. Stress relaxation refersdtomin the stress with
increasing time under constant displacement loads. Typiddldanditions produce
constraints on the solder that result in stress relaxation. sStedaxation is
particularly evident during the dwell periods of cyclic displaeetror temperature
cycling [128-135]. In order to qualify the thermal cycling relidgpiof electronic
products, accelerated testing of electronic packages is conduggecalTemperature
cycling profiles have maximum temperatures of 125°C, 100°C and 75°€ thiei
minimum temperatures are usually 0°C or -40°C. The packagedishtie extreme
temperatures from 15 minutes to a few hours.

Under the above described temperature loading, if the hystetesss-strain
response is evaluated using, stresses are seen to relax dampghg to hot
temperatures, and more significantly during the isothermal dwek hysteresis
response seen in the solder of a BGA 256 I/O package subject to Itlogoiivag
using a 125°C to -40°C profiles, with 15 and 3 hours dwells, is showhuigtration
purposes in Figure 1-4. Modeling and simulation using finite elenmatyss is used
to obtain these results. Stress relaxation in the solder |divengeak stresses in the
silicon chip adjacent to it, thereby preventing brittle fractfréhe chip. While it is
beneficial to reduce the peak stresses through stresatrefgxhis comes at the price

of creep damage that affects the fatigue life of the solder.
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Compared to the studies dealing with viscoplastic creep behavidk®fsBlder
under constant force loading conditions, studies dealing with the viscoasss
relaxation behavior of Pb-free solders are very limited [132-134, 1398&-
Furthermore, the reported stress relaxation measurememistaspresentative of the
behavior of undamaged Pb-free solder since limited number of specimens are used

An additional drawback of the studies is that the Pb-free soddponse is not
compared with that of Sn37Pb. Owing to higher creep resistdribe &AC solder;
stress relaxation at the hot dwell is expected to be lowesA& than in SP (Figure
1-4). Hence a comparison of the stress relaxation rates of SAC that of
traditionally used eutectic Sn37Pb as a function of initial stress levelsrapdragure
is essential for the design of accelerated test profilesgtalifying Pb-free

microelectronics.
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Figure 1-4: Finite element model prediction of hysteresis shong stress

relaxation of solder in BGA 256 under thermal cycling (shown in insert)

1.1.3.5. Studies Correlating Viscoplastic Creep and Stress RelaxatioBehavior

of Pb-free Solders

Viscoplastic creep model constants are routinely utilized to htbdenmechanical

behavior of solder under a wide range of creep-dominated loads. Fothetime
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stress relaxation behavior which is an outcome of viscoplastic dationms studied
using the creep constitutive modeling. With the exception of limiiedies on SnPb
[136], a correlation between the two viscoplastic deformations haseotgrovided
to date for Pb-free solders. Studies exist on Sn37Pb solder whateedgerelaxation
measurements are utilized to obtain the creep model constamisregisonable
success [136, 140-141]. However, the ability of creep model constantdict pine

stress relaxation response of microscale SAC solders has not been inwkstigate

1.1.3.6.1sothermal Mechanical Cyclic Fatigue Testing of Pb-free Solders

The isothermal mechanical fatigue studies available intitexaon Pb-free solder
provide an overview of the fatigue constants for SAC and Sn3.5Ag sdiloles |5,
43, 64, 81, 93, 95, 104, 142-163]. However the studies, where available, do not
provide a comparison of the fatigue performance of microscalé §loys as a
function of Ag%. Furthermore studies that provide a comparisoneotitiability
performance relative to the benchmark Sn37Pb alloy using consistenht t
methodologies are limited (see for example, ref. [3]). Comparisdmsie provided,
are not conducted using a consistent test methodology and specimen configuration.
Furthermore the evolution of the fatigue properties with increagamgage is
required to understand the influence of the non-homogenous microstructureiand t
subsequent microstructural changes on the fatigue properties. In additidife¢hefe
isothermal aging on the isothermal mechanical fatigue behaviwotiprovided. For
completeness, literature pertinent to other fatigue loads is intI&kC solders (up
to 1% Ag) are seen to exhibit superior fatigue behavior under ghesoling, power

cycling and quasi-static isothermal mechanical fatigue, cordgar&n37Pb [43, 51-
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55, 60, 62-63]. However, Sn37Pb exhibits better durability under plasticity-

dominated loads such as vibration and repetitive drop loading [61].

1.1.3.7. Microscale Modeling of Mechanical Behavior of Pb-free Solders

Microscale modeling approaches that include inherent length saakbsthe
fundamental physics of the deformation mechanisms are limitedtarature,
compared to phenomenological material models. Mechanistic modetsafitare the
underlying dominant deformation and microstructural features have greposed
for modeling the cyclic creep fatigue constitutive and fatigaenage behavior of
Sn37Pb solder [66, 164]. The dominant creep mechanism for Sn37Pb solder is
modeled as grain boundary sliding by Sharma [66]. The constitutive mgdsli
combined with damage modeling of void growth and collapse and the cawstitut
properties are updated successively with each load step.

Previously reported microscale creep models on Sn37Pb solders cannot be applied
to understand the creep deformation of SAC solder owing to differemciEsninant
deformation mechanisms resulting from the varying microstrestwf the two
solders. In the case of SAC solder, the creep measurements anétrbstructural
evidence point towards dislocation climb [10, 61, 65, 76, 107, 110], thereby
suggesting that SAC solders exhibit dispersion strengthening chataderis

Furthermore studies in literature suggest that the contributiogsaof boundary
sliding to deformation are negligible compared to the deformatmm filislocation
climb [11]. In particular this observation holds for as-fabricateatsmgrained SAC

solder joints at microscale dimensions but not necessarily fadasi8AC joints that
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have undergone fatigue damage (and at times significant creep davhagegxhibit
a finer grain microstructure due to recrystallization.

Mechanistic models are available in literature to model creep deformatiorethduc
by dislocation climb mechanisms [165-181]. Furthermore a review ofethe
dislocation climb based models suggests that the rate limiticganem in climb is
the athermal detachment of the attractive interaction betwksincation and
obstacles after dislocation climb [178-179, 182]. The detachment maaelfikst
applied to SAC solders by Sharma et.al [183]. However, this modelisd only
for the nanoscale IMCs dispersed in the eutectic Sn-Ag region.

However the microstructure of SAC comprises of several othgtHestales (see
Section 1.1.1 whose contributions to the creep deformation need to be included. In
order to include the contributions of heterogeneities at other l|esgétes,
homogenization techniques (that are widely used in composite netédae been
adopted in this study [184-185]. Homogenization studies have been utilized in
literature for predicting rate-independent [186] and rate-depepdaperties of SAC
solder [20].

In the former study, the deformation behavior of individual phases ofoters
were obtained using a mechanistic model, thereby providing nmoctostal
sensitivity in the individual phase properties as well, prior to finding the honmsgeni
properties of the overall alloy. In the homogenization studies cortlucterate-
dependent properties by Pei [20], the creep properties of individuatplaas
obtained via experimentation. Thus the microstructural sensitivitthefresulting

homogenized equations is limited. In the current study, the work ofmaha83] is
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extended to include the effects of Sn dendrites and macro-deils, lusing
homogenization techniques.

Apart from the mechanistic model proposed for SAC solders discubsee,a
unified viscoplastic damage models with evolving damage metrics baee
proposed for SAC solder [44, 126-127, 187-190]. These studies are beneficial
towards understanding the damage and stress states resultintpdér&n anisotropy
in the non-homogeneous coarse grained, as-fabricated joints, if indiytdaae
properties are provided. However, these models do not predictive cgpabili
estimate the viscoplastic behavior of solder as a function of efimposition, aging

and other processing parameters.

1.1.4. Unresolved Research Issues

The overview in Section 1.1.provides an improved understanding of the
constitutive and fatigue behavior and microstructure of micro&&(@ solder joints.
However these studies are not as comprehensive as those on Sn37Réreasalet
unresolved areas to be investigated that are critical to uadénsg the behavior of
these alloys. Given the microstructural sensitivity and thgtleacales involved in
functional non-homogenous, coarse-grained, microscale, SAC intercqnraects
detailed study of the effect of each of these microstructurednpeters on the
mechanical behavior is still lacking in literature.

1. An issue of particular interest is that given the lack ofteséil homogeneity in
the Sn grain structure and the inherent anisotropy of singledcBmstgrains in
these microscale joints in the as-fabricated state, there wiateappear to be

sufficient data in the literature of specimen-to-specimen varighbititler identical
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test conditions [22, 40, 61, 65]. It is not clear if the studies iratiiee do in fact
observe (microscale) joint-dependent measurements but do not include or
comment [65] about the scatter in the report, or if the anisotroyed®n grains
is not dominant enough across the chosen test specimen joint to inflbence
mechanical behavior. Hence a study that explicitly investigateesetmicroscale
SAC solder joints should in fact exhibit non-homogenous mechanicanssps
necessary.

. Following this line of investigation, it is also important to ass#sthe non-
homogenous microstructure and behavior (if it exists!), persist throughoutethe lif
cycle of the microscale SAC joint, from the as-fabricatetiesto damaged state
(e.g. due to creep or due to fatigue). Hence, studies that dsses®lution of the
mechanical properties and microstructure and their variabilibpgirout the life-
cycle are important. Many investigators perform stress amafgs durability
assessment, using the initial undamaged constitutive properties. prHctsce
needs to be critically examined if the evolution of material @rigs is found to
be significant throughout the life-cycle. In addition, the constitytnaperties as
a function of solder damage (macro and microcracking) are usefurkedicting
conservative estimates of the fatigue life of these joints.

. A third issue to be investigated (which is implicitly tied ke tfirst two issues
stated above) is to obtain a correlation between the microstructuriiduration
and mechanical deformation behavior. While the literature does privatied
examples of such studies, they are by no means comprehensive emaoghkrt

the entire range of loads and microstructural configurations. Fontme, as
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described in Section 1.1.2, direct comparisons are difficult, owirlgetedriation

in properties across different studies.

. Given the wide range of service loads and the microstructtatdssthat SAC

could evolve to, conducting experimental studies of mechanical behavassa

the entire space of feasible microstructures requires prohib&saeirces in terms

of cost and time. Hence, this warrants a microstructuralriaataeodel that is

mechanistically derived, to capture the effect of key mionotiral features on

the dominant deformation mechanisms in microscale SAC solder joints.

. Other issues of secondary interest are that studies which provide a compeshens

understanding of the constitutive and the fatigue behavior of miteos8AC

solder specimens with low Ag weight fraction, which is the fagiutghis study,

are lacking. When available, the studies do not provide comprehensive

constitutive and fatigue model constants that could be utilized foeriaat

modeling.

a. In addition, the applicability of the measurements from matéeel tests
(shear specimens) to real functional joint behavior(such as BiBAs)ms of
the microstructural state exhibited in field needs to be investigat
Furthermore, the constitutive behavior measurements are routinelfigdan
with phenomenological continuum mechanics based models, for macroscale
modeling of the solder behavior under service loads such as cyaljoefa
The validity of this practice needs to be explored, given that theostale

“as-fabricated” SAC joints exhibit non-homogenous microstructure.
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b. In particular, solder undergoes viscoplastic deformation in the forstreds
relaxation during the cyclic fatigue loads. Hence the levehamuracy with
which macro-scale creep phenomenological model constants cant phedic
stress relaxation behavior of non-homogenous microscale SAC jaeats to
be investigated.

In summary, a comprehensive understanding of the evolution of the covestitut
properties, fatigue properties and correlation of the underlyingostracture of
microscale SAC interconnects, using a combination of consistninathodologies
and specimen configurations and multi-scale modeling techniqueskisgaand

needs further investigation.

1.20BJECTIVES OF THE DISSERTATION

Based on the background provided so far, the specific objectives ofutijsan
SAC305 microscale solder are to:

1. Characterize the evolution of the constitutive and isothermal mecthdaiigue
behavior of microscale “as-fabricated” SAC305 solder, as a timofiloading
history, using material level characterization tests.

2. Investigate the microstructural scatter in as-fabricated 3ACmicroscale
solder specimens, and characterize the microstructural evolut@riuastion
of loading history damage, and provide insights into the influence of the
microstructural state on the measured mechanical response and its tiagabili

3. Propose a mechanistic multi-scale modeling framework based oraldgail

models in literature, to provide insights into the impact of theasituctural
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features on the physics of viscoplastic creep deformation obstiale SAC
joints

4. Investigate the level of accuracy with which continuum mechabased
viscoplastic creep model constants measured from non-homogenous
microscale specimens predict the stress relaxation measanedgimilar non-
homogeneous solder specimens.

The constitutive properties measured are the elastic, plastidsarogblastic creep
constitutive behavior. In addition, the monotonic viscoplastic behavior of388C
solder is investigated under constant displacement loads, nanesly itlaxation and
compared with that of eutectic of Sn37Pb measured from consistemraéscols.
The isothermal mechanical durability tests are conducted at teorperature at
sufficiently high strain-rates to provide creep-dominated defioomaand damage
mechanisms in the microscale solder specimen.

The loading histories investigated in this study for charaateyithe evolution of
material properties are increasing cyclic fatigue danfagecro and micro cracking
and damage) and isothermal aging at room temperature. Table ti#epra detailed
overview of the objectives of this study. The terdr fefers to the state of solder
fatigue damage and varies between zero and one in this studggBatate of zero
refers to as-fabricated, undamaged solder state while dastetgeof one refers to a
failed or completely damaged solder state which is incapable of $ungpany

structural loads.
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Damage Stat¢ As-Fabricated, Undamagévolving Fatigue Damad Aging
> (®=0) (@ =0- 0.5) Damage
Study Modeling Macroscale-
Testq ) Tests ) Tests
Conducted Macroscal¢Microscald modeling
Creep X X X X
Stress
. X X X
relaxation
Elastic X X X X
Plastic X X X X
Yield X X X X
Isothermal
Mechanical X X X X X
Fatigue
X
Microstructurel x (post-creep
and fatigue )

Table 1-2: Objectives of the dissertation (experiments and modelingparameter
‘@’ refers to the state of fatigue damage in terms of load drop that varies

between 0 and 1.

1.3 SCOPE AND OVERVIEW OF STUDY

The current dissertation aims to provide an improved understanding efféce
of the microstructural features on the viscoplastic constitutidefaigue behavior of
microscale dimension SAC solder interconnects as a function of egotldmage
state. The microscale modeling framework yields valuable insigtitghe influence
of key microstructural features for improved viscoplastic perémee. Constitutive
behavior measurements as a function of evolving damage state & fose
obtaining conservative estimates of the fatigue life of the material.

The results pertaining to the objectives of this study areletkta the following

chapters with the limitations and caveats of applicability. Thelt® of this study are
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presented in a journal paper format. Hence details of the approaamoéimdtion are
included in each chapter for self-sufficiency. The approach usecbfaucting the
material characterization tests is detailed in Chapter 2.

The viscoplastic creep measurements of microscale SAC305 spitamens in
the as-fabricated or undamaged state are given in Chapter 8oiffb&ation of the
microstructure with the observed behavior and the evolution of the eaarad)
microstructure under creep loads are also provided. The chapteiglighdritical
issues observed in the microscale SAC305 measurements, which fofatukeof
the following chapters. Macroscale phenomenological models, based amuaoant
mechanics, are used to describe the primary and secondary &@bkapiob of
microscale, SAC305, solder specimens.

In Chapter 4, a mechanistic framework is presented for unddmsta the
viscoplastic behavior of microscale SAC joints as a function ofrtleeostructural
features found under varying processing protocols and alloy composiiibes
microscale model is built from available models in literaturel aitilizes the
mechanics of dislocation creep mechanisms and homogenization theories.

Chapter 5 describes a study to assess the ability of maerasep model
constants, derived from constant force creep measurements, to psaess
relaxation behavior measured from constant-displacement viscoplastis. A
comparison of the stress relaxation response relative to thahctirbark Sn37Pb is
also provided. Once the stress relaxation of material levelsungaents is
investigated, the validated creep model constants are used ta tesigccelerated

thermal cycling profile to be used in accelerated testingun€tional microscale
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SAC305 ball grid array interconnects (BGA), using a combination of experiments and
finite element analysis.

The isothermal cyclic mechanical fatigue curves and the evolutiorthe
constitutive behavior (elastic, plastic, creep and stress telaxainder increasing
fatigue damage states is characterized in Chapter 6. Anngxddamage evolution
model, based on continuum damage mechanics (CDM), is used tonexaimether
the data obeys CDM principles. In addition, the effect of isothk aging on
isothermal mechanical fatigue is also investigated. The mioastal evolution of
the microscale SAC305 joints, which are initially non-homogenemuas c@arse-
grained, is also investigated under isothermal mechanical cycling loads.

Limitations and applicability of the test measurements and medelsncluded.
Chapter 7 summarizes the results and conclusions of the disserfdte intellectual
contributions of the dissertation are provided in Chapter 8. Future warkprove

and extend the applicability of the current work is included in Chapter 8.
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Chapter 2: Experimental Approaches

The experimental setup used for conducting the material levglisegrovided in
this chapter. The setup is a well established test system siéia used in previous
dissertation on the characterization of Sn37Pb and Pb-free soldei®495Detailed
description of the test system is provided in the dissertationastvell [104] and
additional details on the design and calibration of the system aveled in [95]. A

brief description is provided in the current dissertation for completeness.

2.1 Test System

The experiments in this study are conducted on a custom test Shemmo-
Mechanical-Microscale (TMM) setup, designed by Haswell [1®d] conduct
monotonic tests for constitutive properties as well as for cytth@bility tests, at
room and high temperatures. The test specimen used in thisstagyesentative of
the microscale length scales seen in functional solder jaiotsas BGAs. Hence the
critical length-scale effects of the miniaturized can &gtwred using the current test
specimen. The test specimen comprises of a two copper piecegddtugather with
the material of interest. The test system is briefly nggtk in this section and the

details can be found in elsewhere [104].

2.1.1. Test Specimen

The objective of the current study is to examine the behavior of solder joints using
shear specimens that capture the coarse-grained Sn mictogtraicti behavior seen
in micrometer dimension functional solder interconnects. The culieat specimen

configuration captures the critical length scale (shear lgadoross the 18@m
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width) seen in functional microscale solder interconnects (~100 - %690 and
replicates the associated coarse-grained Sn microstructure angomogenous
behavior.

The test specimen developed for this work is a simple, notched flezamen
similar to that proposed by losipescu [85], which produces a very unsiness field
in the specimen gage zone due to the rifich angles [86, 88-89]. The stress fields
expected in the solder region of the losipecu specimen have beenguieaedection
5.3.2 of Chapter 5.

Copper is used in the current study to mimic the pad finish. Haeceesults are
applicable to solder behavior on OSP finish. As shown in Figure 2-1pé&oarsen is
similar to that of a modified lap shear specimen and the s@bddris typically
between 180 -20Qum wide, 3.0 mm long and approximately 1mm thick. The
specimen is originally 1.5mm thick and reduced to a thickness obéppately 1mm
thickness after fabrication by using standard grinding andhpagjsorocedures. The
final specimen is prepared for characterizing the microstruofutes specimen using

optical microscopy. This step is crucial to understand the infeueoic the

microstructure on measured mechanical response.

go0y

5mm

" (12 + joint width) mm

Figure 2-1: TMM specimen schematic
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The specimen is prepared by manual soldering by maintaining tsis
repeatable procedures for minimizing microstructural variatiomgsacspecimens.
The fabrication methodology used for the fabrication of the TMMispEtTs mimics
typical solder reflow procedures used in functional microeleasoriihe procedure
includes a slow preheat time, soldering time and post solderingdoaot phases.
The copper platens are manufactured using electron discharge mgq&bDikl) to
produce repeatable geometric parameters with tight tolerances.

Prior to soldering the copper platens, the soldering edge is prepared us
standard grinding procedures to obtain a smooth, oxide free soldering sitiace
grinding is conducted on seven pairs of copper platens in a batch grindung.
Grinding is conducted using 1200 grit sandpaper, in order to produce adlzy pl
and uniform wetting surface. The copper platens are paired basleéioposition on
the grinding fixture and then cleaned using isopropyl alcohol (IPA) and ragin fl

Each copper platen is first cleaned with IPA using a softiéiistish. The copper
platens are dipped in flux and placed on a hot plate at ~ 132°@gomamately 30
seconds to activate the flux. The residue on the platens is tlmredlaith IPA and
the cleaning process is repeated thrice or as suited ton@btEean surface on the
soldering face of the platens. The prepared copper platens aragbembled in an
alignment fixture and the soldering region gap between the pla&eastablished
using a shim to generate solder joints of ~ i80height.

The soldering procedure followed in the current dissertatiomicilgtcontrolled
to be consistent with that followed by Haswell[104] and Zhang[9b]order to

facilitate comparisons of the mechanical behavior of the variodersobmpositions
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tested with the current methodology. The aligned copper platerseaneed in the
alignment fixture and are then placed on a heating plate at ampateky 30°C above
the melt temperature of the solder. The assembly is held atetmigerature for
approximately 45 seconds to ensure the assembly is at an isdtb&t@aFollowing
this step, a solder wire is manually fed into the gap betwesmdpper platens to
yield a uniform rectangular, fillet free solder joint. The sadespecimen is left
undisturbed in the alignment fixture on the hot plate for another 30 secdmels. T
entire soldering and post-soldering time is maintained to beaHass45-50 seconds
(one minute at most). The fixture is then slowly moved to a bt sink to solidify
the solder joint. The resulting cooling rate is approximately 2°C/sec.

The soldered specimens are then inspected to ensure thatilléniibst, void
and planarity limits are obtained. Admissible specimens are thepamed for
microstructural analysis and further mechanical behavior clearzadion using
standard grinding and polishing procedures. Batch grinding is conducted on 6
specimens using a specially designed fixture. The preparedmgmsc are then
conditioned for 100 hours at approximate 80% of absolute melting tempe(atur
0.8 homologous temperature).

Sn37Pb solder has been traditionally aged at 100°C after reflone Saider
exhibits viscoplastic behavior, the same homologous temperaturentamed in the
current studies and in those of Zhang [95] and Haswell [104] acewgsus solder
alloys. Pre-conditioning is conducted in order to stabilize the sohfostructure
and to relax any residual stresses from the reflow or polighimgesses. This step is

also referred to as ‘pre-conditioning’ in the current study. Peeismens are wrapped
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in high-temperature Kapton tape to reduce oxidation during pre-condgiofmhe
preconditioned specimens are then polished lightly to remove any teydes
formed during the isothermal aging.

The specimens are then characterized and the geometric eparsnand
microstructural features are recorded. In particular, the voidit@Ensntermetallic
layer at the interface and fillets are examined. Thigestng is aimed at eliminating
defective specimens with a high void content, weak interfacial bonaitvgebn the
copper and the solder, and other unusual microstructural features (pnegestiatiks)

and joint geometries (skewed, asymmetric solder joints).

2.1.2. Test Setup

The TMM test setup designed by Haswell [104] is shown in Figuge 2-
Mechanical tests are conducted in closed loop displacement control ausaagl-
zirconate-titanate (PZT) piezoelectric stack actuator, wisclbapable of driving
displacements of up to Afh. The actuator is connected to the shaft holding the grips
through flexible link and low friction, Frelé¥lined linear bushing. The flexible link
and bushing hence aid in preventing bending loads to the brittle actuaiiog dur
specimen installation and test loading. Testing is conducted in shear mode.

Close loop displacement control is achieved using a linear vauigideential
transformer (LVDT) that measures the displacement acresgrips. A Keithley data
acquisition card with a 16-bit digital-to-analog and anategigital converter is used
to collect test data as well as provide a feedback control digriae PZT actuator.

The effective positional resolution is approximately0 nm. The force in the system
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is measured by a 445N capacity miniature tension/compression étladith the
effective resolution of 0.1N.

The specimen is held securely in the grips using stainlessvatelges and set
screws. Insulating ‘ultem’ blocks are placed below and above the coggiens of
the specimens. A properly installed specimen results in thaersoégion being
aligned in line with the loading axis of the setup. A schemati¢he installed

specimens is shown in Figure 2-3.
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Figure 2-2: (a) Schematic and (b) Images of the TMM test frame [104]
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Figure 2-3: TMM grip schematic[104]

The LVDT measures the displacement of the grips, load train andotter
material. Thus the load train compliance is used to isolatedldersdeformation
from the measured total displacement. The load train compliandebagreviously
measured by Haswell [104] using digital image correlatiorhaus and was found
to be 0.044.m/N. The control algorithm adjusts the input displacement accotaing
the load train compliance value specified.

The setup is capable of conducting tests at elevated temperatsirgs
pressurized air. The high temperature testing module was developedvigiiHa84]
is shown in Figure 2-4. The high temperature testing module con$iatpressure
regulator, a high-wattage in-line air heater, a type K ntloeouple, a generic
proportional-integral-derivative (PID) process controller, nozzlesl aipes.
Compressed, filtered air at ambient is regulated to approXimaiesi and then split
into two streams. One stream feeds into the heater and leadsidpzle that is
directed over the exposed solder region in the grips.

A thermocouple is secured onto the copper platen adjacent close $oldiee

region of the specimen for providing closed loop control for the isotderm
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temperature loads. The second stream of air at ambient itedirgthout any further
cooling or heating into 4 nozzles that are positioned over the LVD, delh and
PZT regions. These streams serve to maintain the sensorsn vaparating
temperature settings. For a long term test conducted at 1#%@oo0ling system
ensures that the sensors reach at most 45-50°C.

The test setup with the heating system is shown in Figlse The setup is
capable of conducting a wide range of mechanical tests, suatoresitutive
properties testing and fatigue testing. In addition the testimgtisestricted to only
solder material. Any material which can sufficient wet ¢tpper platens or can be
fabricated in whole as an losipescu configuration can be testeddition the setup
can be modified to conduct other testing such as bending and tessitey, with
appropriate modification of the specimen grips.

Further details of the tests conducted in this study are detsfeglately in the

relevant chapters.

PID _
r Temperature =
Compressed C;ontroll;r ?nd
Air Supply 120VAC ower Relay
; 800W
Pressure
Regulator Hot Air to
Specimen t Thermocouple

In-line Air Contacting
Heater Specimen
c( Cooling Air to

> ct Critical Frame
¢ Components

Figure 2-4: Heating module schematic [104]
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Figure 2-5: TMM apparatus with horizontal fixture [95]
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Chapter 3: Viscoplastic Creep Response and Miaroitre of

As-fabricated Microscale Sn3.0Ag0.5Cu Solder Irdarects

ABSTRACT

The viscoplastic behavior of as-fabricated, undadagicroscale Sn3.0Ag0.5Cu
(SAC305) Pb-free solder is investigated and contpari¢h that of eutectic Sn37Pb
solder and near-eutectic Sn3.8Ag0.7Cu (SAC387)esdtdm prior studies. The tests
are conducted on modified lap-shear microscaleesad@ecimens, using a custom-
built Thermo-Mechanical Microscale (TMM) test setup

Creep measurements of microscale SAC305 soldeinspes show significant
piece-to-piece variability under identical loadin@rientation imaging microscopy
reveals that these specimens contain only a feWwhh@nisotropic Sn grains across
the entire joint. For the studied loads, the hombgenous Sn grain microstructure
has a more significant impact on the scatter imary creep compared to secondary
creep. The statistically non-homogeneous microgirac and the associated
variability in the mechanical properties in the macale SAC305 joint are consistent
with those reported in the literature for functibnenicroelectronics solder
interconnects.

Compared to the SAC305 joints, microscale Sn3fizimens exhibit a more
homogenous microstructure with a large number @lis8n grains. Creep damage in
the TMM joint is predominantly concentrated at Hyghmisoriented Sn grain

boundaries (if present) and at the Sn grain bouesladjoining the intermetallic
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(IMC) at the interface with the copper platens. Tbharse-grained Sn microstructure
recrystallizes into new grains with high misoridittas angles under creep loading.

In spite of the scatter in the measurements, ascibd SAC305 specimens are
significantly more creep-resistant than Sn37Pb sigihtly less creep-resistant than
near-eutectic SAC387 specimens with similar geoynatid aging. Average model
constants for primary and secondary creep for SAC&8@ presented. Since the
viscoplastic measurements are averaged over a naitge of grain configurations,
the creep model constants represent the effectménuium behavior in an average
sense. The model constants for the average segocid@p behavior suggest that the

dominant creep mechanism is dislocation climb sesgisy dislocation pipe diffusion.

3.1INTRODUCTION

Several studies have been conducted on the cdnatitand fatigue behavior of
solders to understand the impact of solder defoomain the reliability of surface
mount technology (SMT) assemblies. Solder exhihiisn-linear viscoplastic
constitutive behavior, which has been partitionedhis study, into rate-dependent
creep, rate-independent plastic and elastic comyend-atigue damage due to
viscoplastic creep deformation dominates under héghperature and/or low strain-
rate cyclic loadinge.g. during temperature cycling, and isothermal qutsies
mechanical cycling at high temperatures.

Creep deformation is manifested as stress relaxatinder constant strain
conditions (e.g. during dwell periods of cyclic és3, thereby affecting the durability
of SMT assemblies [128-129, 132]. Hence, accurammMedge of the viscoplastic

constitutive properties of solders is critical forproved reliability assessment under
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cyclic creep-fatigue loading. This work focuses tbe viscoplastic rate-dependent
deformation of undamaged, as-fabricated solder mmdastant stress conditions
(creep test).

The solder of interest is a ternary Sn3.0Ag0.5CAQ305) solder, a popular Pb-
free substitute for conventional Sn37Pb solder. @&hcentrations are given as
percentages representing mass fraction with thanbal being Sn. This solder is
preferred over the International Electronics Maotifeng Initiative (INEMI) [191]
recommended near-eutectic SAC387 solder, due affiisdability from the reduced
Ag content. However, the lowered Ag content leauldifferences in the volume
fraction, size and distribution of intermetallid®C) and Sn dendrites, compared to
SAC387. These microstructural differences alter domstitutive and durability
response of the SAC305 relative to that of SAC38des.

Previously conducted extensive studies on Sn37Rinotabe extrapolated to
predict the behavior of Pb-free solders owing tgnsicant differences in the
microstructure and the underlying deformation madrms. Pb-free SAC solders
demonstrate superior creep resistance and sumkniability under creep-dominated
fatigue loads, than Sn37Pb solder [15, 95, 104;188. Sn37Pb alloy consists of
large, soft, equiaxed Pb islands embedded in a &nix1{95, 104, 192-193], with
grain boundary sliding as the dominant creep mashan

In comparison, hard IMCs of A§n and CgSn;, embedded around a matrix of
soft Sn dendrites in Pb-free solders [8, 68, 1ff]bably limit grain boundary sliding
(GBS) to some extent in the early stages and dislmt climb is expected to

dominate [10, 61, 76, 110, 194]. However, GBS mmygmessively increase as the
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large Sn grains recrystallize into a finer polytajl;me state due to cyclic fatigue
loading [52, 61, 195].

Prior to addressing the current state of art onvibeoplastic behavior of solders,
the length scale and microstructure of solder ginsed in contemporary SMT
assemblies needs to be addressed. Current SMT gesckamprise of microscale
solder interconnects (< 10Q0n). At such dimensions, the structural length scéle
the solder joint is comparable to the characterisingth scale of the microstructure.
Hence length-scale effects dominate and the mialespints microstructure and
behavior is significantly different from that of lkyoints (>1 mm).

Recent reports indicate that at the current saliterconnects length scales; Pb-
free solders such as SAC and Sn3.5Ag have verySiewgrains after reflow [22, 40,
46, 196] . Furthermore, single crystal Sn is kndaaexhibit significant anisotropy in
the mechanical and thermal properties [39]. Thusresicale high-Sn Pb-free solder
joints, such as SAC are expected to demonstrangfisant piece to piece variability
in their mechanical response in the as-fabricatiade s[22-24, 40, 45-46, 197],
depending on the crystallographic orientation thstion of the few Sn grains in a
given joint.

This scatter was not evident or reported in preslipused Sn37Pb solder joints
and is unique to SAC solders (except rare eartmaie doped SAC [18]). Hence,
given this non-homogeneous microstructure of meates SAC solder joints and the
associated anisotropy of Sn, it is important that length scales and microstructure
of the solder test specimen used are comparablthdse in functional solder

interconnects.
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The importance of specimen geometry is further stpd by studies that report
significant differences in the mechanical respoms®l microstructure of bulk
specimens versus micrometer-scale specimens, artdriahalevel tests versus
assembly level solder joint tests [80-81, 83-84jeTiterature on microscale SAC
solder behavior is limited compared to the literatan their bulk behavior. Sn3.5Ag
solders are also discussed because their micrasteuand properties are similar to
those of SAC solders. In addition, studies on treeg characteristics of SAC305
solder are limited [113, 116, 198-199] and, whesalable, are not comprehensive in
terms of the model constants, state of damagedrstitder, microstructure and the
length scale of the joint, to name a few deficienci

Tremendous variability exists in the viscoplasticcasurements of solders
reported across different research groups. Thisalidity is expected due to the
sensitivity of the microstructure of solders toigas factors such as the length scale
of the test specimen, fabrication process, agingdition, state of damage, and
loading conditions [8, 68, 75].

Hence, in order to assess and benchmark the penfmenof Pb-free solders
relative to that of Sn37Pb solder, a consistent afefprotocols for specimen
configuration, specimen fabrication and test metihagly is necessary. Given the
microstructural complexity of SAC solders, the alisd experimental data need to
be interpreted in the context of the underlyingnestructure and the extent of piece-
to piece variability that can be expected from thechanical response of these

coarse-grained SAC solder interconnects needs itovbstigated.
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3.1.1. Objectives of the Study

An interesting feature of the measurements inditee is that in spite of the non-
homogenous coarse-grained microstructure of mialesSAC joints and the
anisotropic properties of single crystal Sn, thaelgs that explicitly report individual
piece-to-piece variability under identical load diions (especially both the
secondary and primary creep response) are veryelinj40, 61, 199]. The primary
focus of this study is hence to investigate themixof piece-to-piece variability one
could expect from both the secondary and primaeggrresponse of these coarse-
grained microscale SAC joints. A comparison of ¢theep response of solder alloys
with fine-grained configuration is also provided woderstand the extent of joint
dependent response.

Based on the background provided so far, the Bpe@tijectives of this study on
SAC305 microscale undamaged, (as-fabricated) saleeto:

e Obtain insights into the extent of piece-to-pielsattcan be expected from the

primary and secondary creep response of SAC30%spes.

¢ Investigate the microstructure of SAC305 microsc&ler specimens in the
undamaged condition and correlate with the measusedplastic behavior.

e Compare the creep behavior of SAC305 specimens thdh of Sn37Pb and
near eutectic SAC387 specimens from prior studies tised similar test
protocols and specimen configuration [95, 104].

¢ Investigate the microstructure differences betw®eB7Pb and SAC305 solder
for understanding the observed differences in theasured specimen to

specimen variability between the two solders.
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e Obtain insights into the evolution and the effettas-fabricated Sn grain
orientations on the damage exhibited in the pestcdamaged state.
e Obtain phenomenological model constants for ayeesecondary and primary

creep response, and provide insights into the Uyidgrcreep mechanisms.

3.2. EXPERIMENTAL APPROACH

The test apparatus, test matrices, test specimarfigaation, specimen
fabrication details, and the microstructural analy®ols used for the material

characterization are described in this section.

3.2.1. Test Setup and Test Specimen

The test apparatus used in this work is a custoifh4mechanical testing system
(Figure 3-1a) for conducting isothermal monotoroagtitutive tests as well as cyclic
mechanical fatigue tests. The displacements ardupeal by a piezoelectric stack
actuator in closed-loop displacement control. epments in the solder are
obtained by adjusting for load train stiffness[104]hot-air, closed-loop temperature
module provides the ability to conduct isothermatchmnical tests at elevated
temperatures within +/- 1.5°C. A brief descriptiointhe test system is provided here
and comprehensive details are available elsewBérelD4] .

The specimen configuration used is a modified lagas specimen (losipescu),
that provides a reasonably uniform stress distiobuin the solder due to the 90°
notch angles (Figure 3-1b) [85-86, 104]. The stréis$ributions expected in the
solder region of the losipescu specimen are predemt Chapter 4. The copper

platens do not have any metallization layers amdsthider behavior corresponds to
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those on printed wiring boards with Organic Solde&reservative (OSP) and
immersion Sn pad finish. The solder joint is 180 wige, 1 mm thick; 3mm long and
is nominally deformed in shear.

The objective of the current study is to examireelibhavior of solder joints using
shear specimens that capture the coarse-grainedc®ostructure and behavior seen
in micrometer dimension functional solder intercects. The current shear specimen
configuration captures the critical length scalbegs loading across the 18@n
width) seen in functional microscale solder int@mects (~100 - 100@m), and
replicates the associated coarse-grained Sn nmmgctste and non-homogenous
behavior.

The solder specimen is fabricated by manual saoldeat a reflow temperature of
248°C and 210°C for SAC305 and Sn37Pb solders cagply. The pre-heat time is
45s and the reflow time from the deposition of solth stationary heating time (time
above liquidus) is 60s. The specimen is then adtezbat ~ 2°C /s. The pre-heat and

the reflow profile are strictly monitored to be ststent across all specimens.
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Figure 3-1: (a) TMM test frame (b) Specimen schematic (jointitickness ~0.18

mm)

All specimens are further aged for 100 hours atT& (~132°C in the case of
SAC305 solder) prior to testing, to obtain a stabierostructure and also to relax
residual fabrication stresses. Sn37Pb is tradilipnaged at 100°C, which
corresponds to a homologous temperature of 0.8eSalders exhibit viscoplasticity,
the same homologous temperature is chosen for SAders (~132°C) to maintain
consistency. In the current study, these thermaétconditioned joints are termed
‘as-fabricated’ joints.

Experimental material characterization methodolegiee expected to yield non-
repeatable stress and strain states in the spechiesice the current study attempts to
minimize possible contributions from experimentakthodologies in order to
understand the extent of scatter induced from tba-homogenous Sn grain

microstructure of solder. In addition, creep measwents conducted on Sn37Pb
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solder using the same test methodologies and mistece compared with those of
SAC305 to verify the differences in microstructdreven variability.

Experimental error has been minimized by followiragious procedures such as
maintaining consistent fabrication times and metihagly and pre-conditioning and
pre-test storage conditions (to minimize variations the dendritic and IMC
microstructural features), reduce misalignment pdcamen relative to loading and
jigs, and sequential screening at various stagdbeomanufacturing and testing to
eliminate defective specimens, to name a few. Haeh specimen is individually
measured to assess the state of stress as opmpseing nominal solder joint
dimensions (3mm length x 1mm thickness x 180 pnejvid

Furthermore the storage period from the end ofidabon to start of testing is
consistent across all specimens and less than k teeprevent creep degradation
resulting from isothermal aging of the SAC micrasture at room temperature.
Microstructural image analysis is conducted usinga)X analysis, cross polarized
microscopy (XPM), scanning electron microscopy (SE®hd orientation imaging
microscopy (OIM).

In order to obtain a joint surface suitable for Oéiddd subsequent SEM analysis,
careful metallographic grinding and polishing isxdacted using a fixture. Grinding
is first conducted using 800 and 1200 grade silicanbide paper. Subsequent
polishing is conducted using diamond paste (6 pmpBand 1 um) and 0.Q6n
colloidal silica suspension. The pre-test SAC30%rastructure shows a healthy
planar interface IMC layer (G8n and CgSrs) of around 4 pum thickness for SAC305

solder.
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3.2.2. Test Matrices and Constitutive Models

Creep measurements are conducted on SAC305 sdldtreas and isothermal
temperature loads ranging from 3 MPa - 20 MPa ¢head 25°C -125°C
respectively. The test loading is chosen to beessprtative of those seen by the
solder during the typical service life of SMT pagka [95, 128]. A minimum of two
tests per load condition are conducted to asseswahability in the responses of
specimens. A new undamaged as-fabricated specsnesed for each test load.

The creep behavior of SAC305 solder is compareth wiat of SAC387 and
Sn37Pb results from prior studies [95, 104], ussengilar fabrication, specimen
configuration and aging protocols as those usethéncurrent study. The average
homogenized secondary and primary creep behavibthieo microscale SAC305
joints are described using phenomenological mdagged on continuum mechanics.

The primary region is represented using the geerhlexponential model
(Equations 3.1 a-b) and the secondary creep medplsred are Garofalo sinh model
and a two-term version of Weertman’s power modedju@tions 3.2-3.3) [200] . The
purpose of the two-term Weertman model is to urdeds the transition of the

underlying creep mechanisms as a function of stexets.
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Generalized Exponential Primary Creep Model €3.1

(SSat & P) = exp(-dt
€sat

Decay and Saturated Primary Creep (3.1 b)

de _ , Ng Q,
(Psec™ Aclsinno) e exp(-=%)

Garofalo Secondary Creep Model (3.2)

by oS
Cat'sec AL(G(T)

Q. T \n, Qy -
RT)+AH(G(T)) exp(-o7.

)" exp(

2 Power-Law Secondary Creep (3.3)
whereegp= equivalent primary creep straigy: = equivalent primary saturated creep
strain,y = shear secondary creep strain, d = decay; equivalent stress, = shear
stress, Q = activation energy, R = universal gastamt, T = temperature in K, t =

time in s,7g = initial shear stress at time zero, G(T) = tempeeatiependent shear

modulus, and &i=1:4), A, o, n, a and b are model constants.

3.3. RESULTS: VISCOPLASTIC RESPONSE

The experimental creep measurements of as-faldicateroscale SAC305
solders are reported here. Unless otherwise spécHil the data presented here refer
to measurements made from individual samples withoy data averaging. Images
of the grain structure of the SAC305 specimenshiem tindamaged state (before
mechanical testing) are analyzed, to identify tlifecé of the initial Sn grain

configurations on the measured creep behavior amdthe post-creep damage
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patterns. Furthermore the Sn grain orientations distlibutions in as-fabricated
Sn37Pb specimens are investigated to understandliffegence in deformation

behavior of SAC305 versus Sn37Pb.

3.3.1. Material Measurements

The creep strain history of each test specimeregsegated and represented in
terms of the secondary and primary regions (seeeAgi 3.1 a-b for details on post-
processing methods and negative creep). The priaralysecondary creep behavior
at 25°C, 75°C and 125°C are presented in FigureaBe2 Figure 3-3a respectively.
The primary creep histories to saturation and #te of decay of the primary creep to
saturation are depicted in Figure 3-2 a-b.

An important observation in the viscoplastic measents of microscale
SAC305 solder is that significant piece-to-pieceialality exists at similar load
conditions (shown by the dotted circles in Figur2 &nd Figure 3-3). This scatter is
particularly exacerbated at higher stresses. Thenexof scatter in terms of the
primary creep strain history across multiple spetisat the same load conditions is
shown in Figure 3-2a.

The scatter observed in the secondary creep beh@vgmilar to that seen in
monotonic test measurements for elastic and plast@vior of as-fabricated TMM
specimens (Appendix 3.2, or Chapter 6). Similattecdas been reported by other
investigators as well [24, 40, 46, 61, 199]. Thesd levels at which scatter becomes
evident for various creep parameters is representdéigure 3-3b. The parameter
‘time-prim. sat.” in Figure 3-3b, refers to the @naken to reach 90% of the primary

saturated creep strain.
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Data from 75°C exhibits compounded effects of terafpee fluctuations and
inherent material response and is eliminated fragaré 3-3b for clarity. The results
show that the scatter becomes evident at streskslas low as 4MPa shear stress, but
becomes more dominant past 8MPa. The correspomditg for the primary creep
and total creep strain histories showing the extdérdgcatter are provided in Figure

3-3a and Figure 3-8.
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Figure 3-2: (a) Primary creep strain history at 10 MPa across nineasnples, (b)
Decay term of primary creep strain. Dotted circle shows the stress athich
scatter is evident (Data points1-6 refer to specimens used in tBéM study

detailed in Section 3.3.2)
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Figure 3-3: (a) Comparison of TMM secondary creep strain rate with terature
[116, 198] (b) Plot of shear stress levels where scatter becomes evident f

various creep parameters

The creep measurements hence reveal that microS#eR805 joints exhibit
significant piece-to-piece variability which is bgyh as three orders of magnitude.
The scatter observed in the secondary creep behawbthe same magnitude as that
reported by Herkommer on similar microscale shea€35 specimens[199]. The
following part of the study therefore investigatie source of this scatter from the
microstructural standpoint.

First, any experimental bias in the assessmenhefstress-strain state in the
solder is rectified. For example, the stress sta#aljusted to account for the internal
voids in the solder region via X-ray analysis. Atdigional complication is that the
creep at high stress levels is extremely sensitivihe stress magnitude due to the
high exponents. Therefore any experimental errostiass measurements causes a
large scatter in the strain rate versus stress.plotaddition, the creep behavior of

Sn37Pb solder measured using the same test mebigydohnd specimen
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configuration is presented in Section 3.3.4 in otdeunderstand if the variability is
induced due to experimental methodologies.

In spite of this scatter, the results clearly shle expected) monotonically
increasing dependence of creep on stress and tataper(Figure 3-2 and Figure
3-3). Comparison of the measurements with liteeatlrow that the secondary creep
results from the current study are comparable tsdhreported by Ohguchi et al.

,[198] but are higher than those measured by Sbaly i.16] (Figure 3-3a).

3.3.2. Microstructural Investigations for Understanding the Source of Scatter

In order to understand the influence of the primamgrostructural feature of
SAC305 solders, three specimens each are testeddeatability at the same stress
level at 25°C and 125°C. The stress level (10 MRaxhosen to isolate the
contributions due the high creep exponent regiofi® (MPa) of the secondary creep
rate region. However the measurements made at 1288 not completely
successful in establishing repeatability and isodathe high stress region.

Several length scales exist in microscale SAC goifte largest length scale is
that of Sn grains which are coarse-grained, few ama-repeatable in nature and
could be as large as the joint dimensions (hundoédsicrometers) in microscale
SAC joints. The lower length scales are those arosicale dimension Sn dendrites,
Sn-Ag eutectic regions with nanoscale;8g IMCs and microscale IMCS.

Since SAC305 has a high percent of Sn, the vaityabil joint deformation is
particularly exacerbated due to the inherent aropgtof single-crystal Sn [39] in a
multi-grained/coarse-grained joint (Appendix 3.dgnce the Sn grain texture of the

as-fabricated undamaged microscale SAC305 TMM goiist investigated. OIM
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analysis is preferred over XPM and focused ion bé@l) analysis for quantifying
grain orientation, and to unambiguously identifgas of varying crystallographic
orientations as sub-grains or grains.

Figure 3-4and Figure 3-5 present the inverse piglerd (IPF) from the OIM
study on six TMM joints (numbered 1 to 6) prior t@sting at 25°C and 125°C.
Successive scans were conducted to cover the émigéh of the specimen (3 mm)
and compiled together (see Appendix 3.4 for detailshe post-processing). The unit
triangle with the principal directions in the sanfigures is a reference for
distinguishing the crystallographic orientationghe image. Grains (black lines) are
distinguished from sub-grains(silver lines) by grangle boundaries greater than 5°
[201]. Apart from the six specimens shown herejtaatl specimens were analyzed
using XPM, FIB and OIM analyses that further canfad the coarse grained

microstructure reported here.
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Figure 3-4: OIM Images of SAC305 TMM joints used for 25°C creep tests.

Region A in Specimen # 1 is used for referring to the post-creep damagethe
sample in Figure 3-10a. Grain B in Specimen #2 is used in the discussion
Section 3.3.6. The unit triangle for bct Sn for referencing the IPF images is

shown next to Specimen #3

#4

#5110

Figure 3-5: OIM Images of SAC305 TMM Joints used for 125°C creep tests.
Grains A-H in specimen 4 are used to study the extent of creep damage i

Section 3.3.5. Regions 1 and 2 are examined in Figure 3-10

Based on the Sn texture maps from all analyzedispes, it is seen that typical

microscale SAC305 TMM test specimens seem to exhitund 1 to 7 grains of
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approximately 18@m width, of at most 3 mm length. The joint is heihoghly non-
homogenous and exhibits misorientation angles gis &s 90with adjacent grains
(Table 3-1). An interesting observation is thatjragunctional solder joints (Figure
3-7 a-b), the Sn grain texture in the TMM joint iear significantly from one
specimen to another, in spite of consistent manurfizag and load histories.

It is worthwhile to note that while most investiget report a non-homogeneous
few grained microstructure in functional BGA SAddsy joints [22, 24, 40, 45, 56,
70], one investigator’s findings show that the $aimgtexture could be homogenous
and polycrystalline at least in some cross-sectigrlanes, for some cooling
conditions and joint sizes[202].

The initial TMM microstructure reported here seamde representative of the
coarse grained Sn microstructure that has beenlywvidported in real microscale
solder interconnects in SMT packages [22, 45] (FEg8+7 a-b). However, further
studies need to be conducted to quantify if Sntexis polycrystalline state across
different cross-sections as reported in literaf@@?2]. Cross polarized microscopy
conducted on both sides of the TMM solder regiseaded invariance in the Sn grain
configuration and number.

Hence the Sn grain orientation distributions inTh&M joints are not expected to
vary much along the out-of-plane (thickness) dicectof the shear specimen as
reported in similar specimens by Telang [196]. TMM grain microstructure is also
not seen to vary with isothermal aging at room terajure as seen from an

examination of Figure 3-6 a and Figure 3-6 b/c.uFég3-6 b and c represent the
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microstructure of a SAC305 TMM joint after two weelof aging at room

temperature.

Two
large
Sn
grains

Figure 3-6: XPM images revealing two large Sn grains in the TMM SAC305
specimen (a) in as-fabricated state. Figures (b) and (c) reveal graios either
sides of the specimen after two weeks of aging at room temperature. Image),
(b) and (c) reveal that the grain microstructure is invariant through the

thickness of the joint and also invariant with isothermal aging.

Apart from the Sn grain texture, the microstructofethe distributions of the
lower length scales (Sn dendrites, eutectic Sndasps and bulk IMCs) in SAC305
TMM specimens are also studied (Figure 3-7 c-fyuFe 3-7d reveals that the Sn
dendritic arms exist as three dimensional ellipabidclusions with Sn-Ag eutectic
regions enclosed in between them. The Sn-Ag eateetjion comprises of pure Sn
matrix embedded with nanoscale 38g IMCs (~20 nm) of spherical cross-sections
(Figure 3-7f). The Sn dendritic phases comprisa pfimary long dendritic branch of

~ 200 pm with smaller arms of 10-20 um attacheduié 3-7 e). Large G8n; IMC

67



rods and AgSn platelets of micrometer-scale dimensions aradan the bulk of the
solder (Figure 3-7 f).

Preliminary studies do not show conclusive trerfatsusithe distribution and sizes
of dendrites across the six OIM specimens (1-@)c&ithe manufacturing profiles
and aging histories of the TMM specimens are $jricontrolled, reasonable
repeatability is expected in the dendritic andrimketallic features of the solder joint.
Future studies will focus on understanding the ctffef variation of these
microstructural features on the creep behaviors Interesting to note that the Sn
dendrites exist in distinct colonies with uniformeferred directionality (Figure 3-7 ¢
marked with arrows). Furthermore, Sn crystallogr@mmientation data do not show
any grain boundaries at the intersection of theddga colonies. Hence multiple
dendritic orientations are possible within a sin§le grain as reported in literature

[197].
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Figure 3-7: XPM images of as-fabricated BGA solder balls showing (a)tAeast 6
Sn grains in Kara’s beach ball structure [22] (b) Probably a single Sgrain [45].
TMM SAC305 solder after fabrication and pre-conditioning (c) Dark field
image, arrows showing Sn dendrite orientation and (d) SEM image showgrSn

dendrites and IMCs
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3.3.3. Correlation between Grain Textures and Scatter in Creep Response

The extent of piece to piece variability expecteont the creep response of
microscale SAC305 specimens across the entirenaisix is presented in Figure 3-8
a-d. The creep response of the OIM test specingeigentified in these plots using
the specimen numbers 1-6.

The creep response of the OIM test specimens iar&ig-4 and Figure 3-5 are
presented in Figure 3-8 e-j. The extent of scatie¢he primary creep (Figure 3-8- e-
g), secondary creep (Figure 3-8-h), total creegirsthistory (Figure 3-8-i) and the
normalized representation of primary creep strainsaturation, is assessed as a
function of the grain orientations reported in spwms 1-6 for both the 25°C and
125°C test data (filled in symbols, green colomahgles and blue colored diamonds
respectively). These results show that the strangdgtience of the Sn grain
distribution is on the saturated creep in the pnnragion. The decay factor and
saturation time for primary creep and the secondaegp rate are not as strongly
affected at the tested loads.

The piece-to-piece variability is clearly evident the test histories of all test
specimens at 25°C, 10 MPa (Figure 3-8-i-)). Thepoeses of the multi-grained
specimens 1 and 2 are surprisingly repeatable ahithie significantly higher creep
than the single grained specimen 3. Scatter iseavith all the above-mentioned
creep parameters at 125°C. However direct coroglaid the Sn grains cannot be
made since the scatter is due to the combinedteaffecarying grain microstructure
and non-repeatability of stress state. Hence tmelasions here are based on the

room temperature data.
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The room temperature data reveals that the vaitiabilthe secondary creep rate
and the primary decay rate is a factor of 2 tol#s Variability is comparable to that
exhibited by the elastic and plastic properties agffabricated TMM SAC305
specimens (Chapter 6). However, the variabilityhi@ saturated primary creep strain

is significantly higher, by as much as a factol@® (an order of magnitude).
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Figure 3-8: Creep measurements (in shear) across entire tesatrix (a-d): (a)
Primary saturated creep strain, (b) Time for saturation of primary creep, (c)
Primary decay, (d) Secondary creep rate (see Section 3.3.7 and Append.1 for
fits). Creep response across OIM specimens 1-6 (in shear) (e){@) Primary
saturated creep strain, (f) Time for saturation of primary creep, (g) Pimary
decay, (h) Secondary creep rate, (i) Total strain history (25°C, 10 MPa)) (]
Normalized residual primary strain approach to saturated primary creep 5°C,
10 MPa).

The creep response seems to suggest that, in geheraaturated primary creep,
and hence the total creep strains, are proportionile number and orientation of the

grain boundaries in the specimen. However, suchbeservation does not present a
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complete picture since the critically resolved ststeess (function of orientation of
the Sn grains relative to the applied load) playsgaificant role on the extent of
deformation. For example, additional test data5it@ 10 MPa exhibits very good
repeatability with Specimen 3’s behavior up to #eezondary region, suggesting a
possible single grain configuration. However, tipe@men accelerates to an early

tertiary failure (point ‘T’ in Figure 3-8-i).

3.3.4. Grain Textures and Creep Response of Sn37Pb Solder

In order to understand the lack of scatter in tleemanical response of microscale
Sn37Pb joints compared to microscale SAC305 jojas 24, 70], the Sn grain
distributions and orientations were studied in S8 Mmicroscale TMM specimens.
The Sn37Pb specimens used for these analyses wbreeated using similar
fabrication procedures as SAC305 TMM specimenst(@ed.2.1). Sn37Pb solder
creep measurements [104] using the same test nudtigyd exhibit much more
homogenous deformation than that of SAC305 spea@nwnpreviously reported
SAC387[95].

The test measurements of Sn37Pb TMM specimens lfagwell’s study [104]
are included in the Appendix 3.1 for comparing whk secondary creep (Figure 3-8
d) behavior of SAC305. The quality of the creep eidit to Sn37Pb data is better
than that to Pb-free solder and is presented ireAgix 3.1. The IPF image of the Sn

grain distribution and orientations in Sn37Pb speci is shown in Figure 3-9a.
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Figure 3-9: OIM images of Sn37Pb TMM joint, showing (a) the IPF figure with
multiple Sn grains (b) Misorientation angles as high as 96etween Sn grains

along set path (black line)

Compared to the non-homogenous Sn grain microsteicexhibited by
microscale SAC305 specimens, the grain size digtab in the Sn37Pb solder
specimen is statistically more homogeneous, duedgresence of several hundred
small Sn grains (and Pb grains not shown here).rliserientation angles between
the Sn grains are as high as Boflying high angle grain boundaries (Figure 3-9b).
Hence the deformation behavior of the resultingitpis much more homogeneous
and identical to each other due to the smearingdgusy affect of the anisotropic
response of individual Sn grains.

Thus the creep response of coarse grained, nong®mmous microstructure (as-
fabricated SAC) exhibits significantly higher seatthan that of the fine grained
homogenous microstructure (as-fabricated Sn37Pbediction in the specimen to
specimen variability is also observed in the isotted mechanical fatigue behavior of

as-fabricated SAC305 specimens as the microstreidtansitions from the initial
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coarse grained, non-homogenous state to a much hwmm®genized fine grained

state through recrystallization (Chapter 6).

3.3.5. Correlation between Damage and Sn Grain Texture in SAC305 Solder

Comparison of the pre-test grain orientation (Feg8f5) and post-creep damage
patterns (Figure 3-10, Table 3-1) shows that thsormentation angles between Sn
grains greatly influences the intensity and logatdd damage distribution. The SEM
images of the failure patterns exhibited by Regibremd 2 of Specimen 4 in Figure
3-4 are shown in Figure 3-10 b-e. Correlation with Sn grain orientations shows
that damage/decohesion/out-of-plane steps in thk lofi solder are located
predominantly at the Sn grain boundaries.

Sn grains with misorientation angles greater thdh generated sufficient stress
concentrations to cause severe cracks and disodres at the grain boundary
(Figure 3-10, solid white arrows). In the absendehmhly misoriented grain
boundaries, the damage site moves to the Sn gindaries that are closest to
CuSns IMC layer at the copper platen interface (the ddsWwhite arrows in Figure
3-10). Figure 3-10a shows the side view of theadtitane grain boundary ledges
formed due to high stress concentrations at thie ¢p@undary of highly misoriented
grains (60°) in Region A of Specimen 1. The obsegrfadure patterns are similar to
those seen in pure Sn and Sn—based alloys unaxr, &g other investigators [46, 58,

203-204], where GBS and localized grain boundamalge was observed.
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c) Grain Boundary Cracks

Shear Bands
d) Grain Boundary Cracks

Figure 3-10: Post-failure damage distribution images: a) Grain boudiary step in
post-creep state in region A of specimen 1(25°C, 10 MPa) (b)-(f) Speen 4

(125°C, 9 MPa) showing decohesion at grain boundaries (solid arrows) and steps
(dashed arrows) at the region close to the interface intermetallic and si@r in

Regions 1- 2.
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Grains Damage Misorientation Angles

o

A-B, A-D, D-E, E-F, around H Severe 65°, 45°, 60°, 90°, 60

B-C, F-G, E-F, C-D Moderate-Mild| 30°, 15°

Table 3-1: Sn grain misorientation angles of grains in specimen 4 (Figu8e5)

3.3.6. Evolution of Sn Grain Texture in SAC305 Solder under Creep Loads

The evolution of the grain microstructure underepréoading is investigated for
evidence of recrystallization. The pre-test andt pest Sn grain microstructure are
investigated and compared for this purpose. The Givages show that
recrystallization occurs in the specimen testell2&°C. Specimen 5 has two grains
misoriented at 80° in the as-fabricated state Bgere 3-5 and Figure 3-11-a) and
eventually recrystallizes to form new grains upogep loading. Figure 3-11-b shows
that the new grains aligned at approximately 45héoload direction of the solder are
formed upon creep loading. The misorientations esgletween the newly formed
grains are between 60° - 85° (red and green regidhg extent of recrystallization is

however not as severe as that observed in TMM goumder mechanical cycling

fatigue (Chapter 6).
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Figure 3-11: Recrystallization in specimen 5 (shown in Figure 3-5) aftareep

testing at 10MPa, 125°C

When observed using SEM, the position of the ndatyned grains corresponds
approximately to that of shear bands caused deectgp deformation. In spite of the
recrystallization, the grain structure of the jostitl remains non-homogenous since
the recrystallized grains are few and coarse inreaSpecimen 2 tested at°25 was
also investigated for recrystallization. Thoughigfa (see Figure 3-5) seems to have
grown in size, proof on recrystallization is notctusive at this load and temperature
condition. Hence, recrystallization of the Sn gsain the microscale SAC305 joints
occurs at least at loads as high at 10 MPa shessssat 125C. Studies that report
recrystallization in crept samples include thoserbiang [58], Herkommer[199] and

Jud [65].

3.3.7. Secondary and Primary Creep Model Constants

Since the microscale SAC305 solder specimens exdignificant piece-to-piece
variability, phenomenological continuum macroscatedels can describe the

deformation behavior only in an average sense. gritraary and secondary creep
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models used here are described in Equations 3.1Sg18e the models are highly
non-linear equations in terms of two independentabtes,c and T, the model
constants are numerically estimated by nonlineastisquare fitting techniques.
Further details are provided in Appendix 3.1.

Both the Garofalo model (Table 3-2) and the 2-tpower-law model (Table 3-3)
show comparable fits to the data (see Figures A3atb in Appendix 3.1) The
secondary creep behavior, as described by a two-pawer-law model, shows a
transition at a normalized stress of around 1E-Biclwvis the expected transition
region for a change in the dominant creep mechafizffs]. Based on the chosen
transition stress, the power law fits exhibit stregponents of 3 and 11, respectively,
in the low and high stress regions. The activaéinargies in the high and low stress
regions are; 69 kJ/mol and 39 kJ/ mol, respectively

The activation energies indicate that dislocatioreadiffusion dominates in the
low-stress region and the stress exponent indi¢daedsdislocation climb dominates
in the high stress region [10, 61, 76, 107, 111-12@5]. The constants and
mechanisms reported here are indicative of theageebehavior across several non-
homogenous microscale solder specimens and herszk toebe utilized with this
underlying caveat.

The constants for the generalized exponential pyimeeep model are given
in Table 3-4. As depicted by the scatter in Figg#&, the model constants reflect the
measured behavior only in an average sense, argu#tigy of fit is worse than those
in secondary creep (see Appendix 3.1 for the emtres). This is consistent with our

microstructural observation that the primary creepmore strongly influenced than
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the secondary creep, by the Sn grain structure.sEleendary creep measurements
from these micrometer scale specimens show thiatbacated SAC305 solder is less
creep-resistant than as-fabricated SAC387 but nibe: as-fabricated Sn37Pb
(Figure 3-12). The decrease in creep resistantedecreasing Ag content could be
one possible explanation why hypoeutectic SAC308ss durable than near-eutectic

SAC387, under isothermal mechanical cycling cond&[206].

a(MPa)*
0.18

NG

2.3

Ac
6.07

Q2 (J-mol-K)
55793

Table 3-2: Garofalo von Mises equivalent secondary creep constants

/G
A n QL A n QH
RT | 79¢ | 1289 ¢ - L | (kJ-mol-K) H H 1 (kJ-mol-K)
1.4E-3 10E-3| 1.1E10 3.4 39 1.3E36 11 69
1.21E-3 1.0E-3 2866 2.1 43 1.8E32 10 62

Table 3-3: Two-term power-law secondary creep constants (shear compons),

G =(6.9-(0.00083*T(K))) GPa is used from Ref. [95]

Ci(MPa)*,

C,

Cy(MPa),

oF

Q: (3-mol-K)

1.85E-4

1.49

4.1E-2

3.9

39526

Table 3-4: Generalized exponential (equivalent) primary creep corshts
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Figure 3-12: Averaged secondary creep strain rate: (a) SAC305 vs. Sn37Pb

[104] (b) SAC305 vs. SAC387 [95, 104]

3.3.8. Discussion of Experimental Results

The results of the correlation between the graiorosiructure and the measured
creep behavior suggest that the grain featuresigiranfluence the primary creep
response. However, the variability in the corregidog secondary creep response is
much lesser. Most studies on the creep behaviaractaization of solder focus on
the secondary creep behavior and hence the obskr@ehce of the grain features
would not be evident in such studies.

Increasing evidence of the statistically non-honmoges grain microstructure of
microscale SAC solder joints (and of the resulsngtter in the viscoplastic behavior)
raises serious questions about the validity of mapgp averaged test measurements
without the associated scatter, and about the va@lwsing homogenized continuum
constitutive models to describe their behavior. €itutive models such as the
secondary and primary creep models described hereapplicable to statistically
homogenous and isotropic materials. At the curtength scales of typical SAC

solder joints, neither of these conditions holdetriHence, the use of averaged
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continuum models to fit constitutive data of suctisatropic microstructures needs
careful examination.

An accurate material representation requires madtieksinclude the influence of
key microstructural features and dominant creep ham@isms on the measured
viscoplastic response. However such a multiscaldatmy effort is non-trivial and a
preliminary microstructural model based on dislmrat mechanics and
micromechanics is explored in Chapter 4. This madeounts for the influence of
lower length scales on the average secondary dvebpvior. Future work should
focus on quantifying the influence of key microstiral features on the scatter
exhibited by the creep characteristics (ex. prinsaturated creep). Suitable metrics
that represent the key microstructural featuresh(fas grain orientation distribution
and grain boundary morphology, relative to loadiirgction) need to be developed.

Such an effort to capture the measured range dteschy modeling key
microstructural features is very involved. An appnoate and preliminary solution is
to conduct macroscale modeling using the averagguepies that are representative
of varied grain orientations (Table 3-2,Table 38l &able 3-4), and to investigate
the level of accuracy with which these average@rneroperties predict the stress
relaxation response. These results are reporte@hiapter 5 as continuity to the
current report.

Nanoscale IMCs distributed in the Sn-Ag eutectiageh surrounding each Sn
dendrite pin the dislocation motion via dislocatioimb (Figure 3-7 and Section
3.3.7). The extent of pinning is hence dependerthersize and distribution of IMCs

and of the Sn dendrites which vary with manufaomiprofile and aging conditions.
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In the current study, the manufacturing profile aaging conditions are closely
controlled to minimize dendritic variations. Howeyvethe role of dendritic
orientations cannot be ignored and microstructigtaldies are in progress to
characterize and understand the effect of Sn dendmd IMC distributions and

configurations on the mechanical response of SAG80Eer.

3.4. SUMMARY AND CONCLUSIONS

The creep response of microscale SAC305 solderr smecimens in the as-
fabricated state is reported. The monotonic cregasurements show significant
piece-to-piece variability, the lower bound of whics similar to the variability
measured in the elastic and plastic behavior oflainspecimens. Microstructural
analysis reveals that the as-fabricated TMM SAC88&cimens exhibit a highly non-
repeatable Sn grain microstructure with very fevairgg similar to that seen in
functional solder interconnects. The non-homogermugrain microstructure has a
stronger impact on the scatter in primary creepntim secondary creep, for the
studied cases.

The variability in the primary creep response ishigh as a factor of 100
compared to a factor of 2 observed in the secondeegp behavior. Microscale
Sn37Pb specimens tested using the same test mktgpdand protocols however
exhibit homogenous microstructure and lower spegitoespecimen variability than
SAC305 specimens due to the presence of a largdberunf small Sn (and Pb)
grains. Thus the fine-grained microstructure derratess much more uniform

response across the entire test matrix compartk tooarse grained microstructure.
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Similar results are observed in the mechanicafjfi@tiresponse due to increasing
homogeneity of the grain microstructure in micrésc8 AC305 specimens as a
function of fatigue damage (Chapter 6). The valighin SAC305 creep results, in
conjunction with the associated lack of statistibaimogeneity in the Sn grain
microstructure; demonstrate that the deformationnmoéroscale SAC solders is
heavily dependent on the crystallographic orieatatiand distribution of the
anisotropic Sn grains.

Creep damage in the SAC305 joint is predominantyncentrated at highly
misoriented Sn grain boundaries (2B0f present, or at the Sn grain boundary
adjoining the interface IMC layer. The initial ceargrained Sn microstructure
recrystallizes to form new smaller grains with higiisorientation angles (> 60°)
under creep loading. The extent of recrystallizai® however not as severe as that
observed in mechanical cycling fatigue.

The creep resistance of microscale SAC305 specinsemsgher than that of
Sn37Pb but less than that of SAC387, in spite ef ghatter. The average creep
behavior of SAC305 solder is captured using isatroontinuum models.
Dislocation climb assisted by dislocation pipe wsibn is seen to be the dominant

creep mechanism.
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Chapter 4. Multi-scale Modeling of the Viscopladiesponse
of As-fabricated Microscale Sn3.0Ag0.5Cu Soldeetabnnects

ABSTRACT

A mechanistic multiscale framework is proposedcapture the dominant creep
deformation mechanisms and the influence of keyrastecuctural features on the
measured secondary creep response of microscdigbrasated SAC305 solder
specimens. Guided by test measurements (Chaptaen®)nsights from literature,
mechanistic models of dislocation climb and detashimare used to capture the
dominant creep deformation and dispersion stremgtgemechanisms in the eutectic
phase of SAC solders. These microscale modeldharedombined at the next larger
length scale (that of dendritic and eutectic cadspi with traditional micromechanics
based homogenization schemes, to capture the laatig between eutectic phases,
dendritic phases, and g&n; intermetallic reinforcement particles.

The next higher length scale (that of Sn grainrithgtions) is not addressed here
since the focus is on modeling secondary creep;iwisiempirically observed in this
study to be relatively insensitive to grain micrasture. Starting with the behavior of
pure Sn properties and the microstructural morgolof the SAC305 alloy, this
modeling approach is used to provide theoreticsights into the influence of key
microstructural features on the viscoplastic defttran behavior of microscale
SAC305 specimens. Based on these microstrudeasalres, the model effectively
captures the effect of alloy composition and adwads on SAC solders, thereby

aiding in the effective design and optimizationtieé viscoplastic behavior of SAC
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alloys. The model can be extended to understandftbet of manufacturing profiles

on the secondary creep behavior.

4.1 INTRODUCTION

The mechanical behavior of SAC solders is heawlgeshdent on microstructural
features such as the Sn dendrites and the IMC2 (aad microscale dimensions)
dispersed in the bulk, as detailed in Chapter Xhéncase of microscale SAC solder
joints; the grain configurations have an additionfluence on the viscoplastic creep
behavior (Chapter 3). The microstructure of thed&ndrites and IMCs are dependent
on various parameters such as manufacturing psofiding history and weight
fraction of Ag in SAC alloys to name a few.

As detailed in the introduction (Chapter 1), a coshensive understanding of the
influence of each of these dictating parametershenmechanical response of SAC
from experimental testing is cost and time ineffect Furthermore, such studies
provide only an empirical understanding of the dffeof the underlying
microstructural features on the mechanical respandecannot be easily extrapolated
to other test conditions/material systems. In otdeobtain insights into the physics
of the deformation induced by each of these mianotral features, a mechanistic
modeling framework that captures the dominant ae&ion mechanism in terms of

the key microstructural features is crucial.

4.1.1. Length Scales and Feasible Modeling Themes

Microscale modeling can be conducted to capturecthestitutive behavior as

well as the damage accumulation under fatigue tgpddamage modeling requires
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the constitutive models to be combined with appederdamage mechanisms for
failure such as void formation, growth and coalaseeto catastrophic failure in the
case of creep failure [66, 207-209]. Similarly ditngve and damage modeling

based on plasticity can be found in ref [164]. €bastitutive model can be steady or
can evolve as a function of accumulated damagestifotive damage modeling in

which the properties degrade as a function of danpagvides conservative estimates
of the mechanical response and fatigue reliakilitthe material.

In the current work, the proposed microscale modefocuses on the initial
undamaged viscoplastic creep constitutive behasfoSAC alloys. Furthermore,
creep deformation studied here is based on theitipaed approach, where
deformation is partitioned into contributions fromlasticity, rate independent
plasticity and rate dependent creep. This microsiral model of viscoplastic
constitutive behavior can be used to address tbkigan due to thermal pre-aging
but not the evolution due to cyclic fatigue damageontinuation to this work could
involve the inclusion of the degradation of the stgntive properties due to softening
induced by both increasing material damage, as asltue to an evolving grain
structure.

Furthermore as described in Chapter 1, there amradength scales involved in
the microstructure of SAC solder joints. Theseesahry from nanoscale dimensions
of AgsSn intermetallics in the eutectic region, whichvpde the dispersion hardening
creep mechanisms, to structural length scale (~whimgnsions of Sn grains that
contribute towards the non-homogenous behavior iofascale SAC joints (Figure

4-1). Based on the level of complexity and paramsetequired, the underlying
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dislocation creep motion can be captured by maohlies modeling schemes. These
schemes could vary from molecular dynamics basdterses to capture the

interaction of individual atoms to macro-scale hgemzed behavior of the SAC

solder (See Appendix 4.1). Prior to addressinghalllength scales (non-homogenous
grains and relatively homogenous phases of Sn-Agcea regions, Sn dendrites and
IMCs); the influence of the homogeneous length excaln the measured creep
response is first addressed.

Several microscale models exist for capturing tfeeg behavior of previously
used benchmark Sn37Pb solder whose dominant crefgpndhtion mechanism is
grain boundary sliding (see for example [66]). Hoerethese studies cannot be
applied to SAC solders where grain boundary slidsngxpected to be negligible [10-
11, 27] and the dominant creep mechanism is distocalimb over hard nanoscale
intermetallics.

In the current study, the smallest length scaldeted is the nano-scale IMCs via
analytical dislocation creep models, and the ldripsyth scale is that of the eutectic
and dendritic colonies (micrometers). The reasorafldressing these length scales is
that the test measurements show that dendriticeatectic regions are expected to
dominate in the secondary creep behavior of undathagcroscale SAC specimens.
As detailed in Chapter 3 (Figure 3-8), for the ated microstructures, the largest
length scale, namely the Sn grains, does not infleg¢he secondary creep region as
much as the primary region. Hence it is assumedhleadendritic and eutectic region
IMCs influence the secondary creep response (thabibty in the secondary creep

rates is a factor of two, as opposed to at leastarders of magnitude in the primary
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creep). These results are presented in Figuread-2ontinuity to the multi-scale

modeling framework proposed here.

primary Sn
dendrite
branct

Dendrites

smaller
dendritic arms
attached to the

primary

branch

Eutectic Sn
Ag region

Microscale IMCs nanoscale IMCs

Figure 4-1: Microstructural features in microscale as-fabricated SAG05 solder
(a)-(c) 3-D and 2-D view of dendritic structures with (c) Eutect Sn-Ag regions
and microscale CySns IMCs in the bulk, (d) Nanoscale IMCs in dendritic

regions from [27]. Image (d) has been adapted from literature.
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4.1.2. Aspects of Creep Behavior to Model and Motivation of the Study

As described in Chapter 3, the creep constitutiebalior comprises of the
primary creep and the secondary creep deformatjgn® to transitioning to
catastrophic failure in the tertiary regions. Tyimodeling schemes utilize only the
primary and secondary constitutive creep behavidre extent of specimen to
specimen variability exhibited by the primary aret@ndary creep response of the
microscale SAC305 TMM specimens as studied in Hraptare presented here
(Figure 4-2 a-d). The grain orientations of six@peens are characterized and tested
under similar test loads for repeatability (specimel-3 at 10 MPa, 25°C and
specimens 4-6 at 10 MPa, 125°C). The grain oriemtatare presented in sections 3.3

of Chapter 3.
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Figure 4-2: Influence of the Sn grain textures on the measured creeglvavior
(in shear) (a) primary saturated creep strain, (b) decay of primary creepci
secondary creep rate, (d) total strain history (25°C, 10 MPa). Dotted cirelshows
the stress at which scatter is evident (data points1-6 refer to specinseused in

the orientation imaging microscopy that are detailed in Section 3.3 of Chagt 3)

The results of the correlation between the graicrostructures and the measured
creep response are reported here for continuitg. résults (Figure 4-2 a-d) clearly
show that the Sn grain configurations and feataféke non-homogenous microscale
SAC305 specimens strongly influence only the primaeep region (and hence the

resulting total creep) of the measured creep respomhe results show that the
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variability in the secondary creep rates is a faofawo. However the variability in

the primary creep (saturated creep strain) is gh s two orders of magnitude
(factor of 100).The secondary creep can hence bwsidered to be relatively
insensitive to the non-homogeneous grain microgiracof the microscale SAC305
joint.

As mentioned in Chapter 3, the conclusions areasethe room temperature
measurements which are conducted at loads belowigihestress sensitivity regions
(~12MPa). The secondary creep behavior does not stgnificant scatter at low-to-
intermediate stress levels. However, significamtalality (greater than two orders of
magnitude) is observed in identical specimens dest®0 MPa, 25°C and at 10 MPa,
125°C. This change in scatter levels, in conjumctdth a change in the sensitivity of
secondary creep strain rates to stress level, stgygetransition of dominant creep

mechanism.

4.1.2.1. Dominant Creep Mechanisms

TEM studies suggest that the presence of nano-doalensions of Agsn serve
as obstacles to pin the dislocation motions [1OHus the dispersion hardening
behavior causes a retardation of dislocation madiodh dictates the creep resistance.
The dominant rate-governing creep mechanism iseheisiocation climb over the
obstacles and detachment. Apart from the nano-gagggn IMCs, grain boundaries,
and other dislocations are also expected to sesv@bstacles to dislocation motion.
The existence of dislocation climb is further suped by the high stress exponents
(~ 9) obtained from the secondary creep measuranerthe TMM specimens. (see

Chapter 3, Section 3.3.7 and Table 3-3 or Tabl¢. 44ie stress exponents obtained
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here for SAC solders and the existence of climteagwrell with those from the
literature on pure Sn and SAC solders [39, 61167, 194].

Dislocation climb has been reported as the domiog#p mechanism for several
dispersion strengthened material systems (e.g.imalumand titanium alloys [166,
178]). TEM studies conducted on dispersion stresrggd materials, suggest that
dislocation climb occurs in multiple stages; applpaclimb and detachment. In
particular, TEM results show that some materialdil@k a strong attractive
interaction between the dislocation and the partinl the post-climb phase of the
dislocation [210] [211].

The TEM result presented by Schroder et al, clealpws the dislocation
segment attached to the particle after climbingr avésee schematic in Figure 4-3)
[211]. These studies also suggest that the detathofig¢he departing dislocation is
the rate limiting mechanism rather than the cliniihe dislocation. In the current
study, a similar attractive interaction between tleparting dislocation and nano-
scale AgSn IMCs in the eutectic regions is assumed to eaisl athermal

detachment models are utilized to capture the dsgpestrengthening behavior.

4.1.2.2.Secondary Creep Behavior: Model and Scope

Since experimental results from microscale SAC30at$ at low-to-intermediate
stress levels show that Sn grain morphology do¢sigaificantly affect secondary
creep behavior, the structural anisotropy of Sningraonfigurations and grain
boundaries can be assumed to be unimportant todédh@&nant mechanisms for
secondary creep. The measured response is howdzklie be dictated by the IMCs

dispersed in the eutectic phase and by the Sn itedFurthermore, reports in
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literature support the chosen microstructural ddpaoe, since parameters such as
manufacturing profiles, are known to affect onlg n dendrites and IMCs, and have
relatively little effect on the grain microstruotsr[24, 82].

Physically, the reduced influence of Sn grain antgry (dominant slip direction
for dislocation motion) in the secondary region tanhypothesized to be due to the
material achieving a higher dislocation densityhwitcreasing primary creep strain.
Eventually at the secondary creep region, the damislip systems may become so
‘clogged’ due to high dislocation density that manlger secondary slip systems may
become active in addition to the primary slip syste Thus, the creep response
becomes more isotropic and less sensitive to gna@mtations. A model that captures
the influence of lower length scales may be usafulinderstanding the effect of
various parameters such as manufacturing profiligsig and % Ag in SAC on the
secondary creep behavior.

Scope:The secondary creep mechanistic model capturesntheence of the Sn

dendrites and IMCs only and hence is applicablainderstanding the effect of
manufacturing profiles, % Ag variations, and aghsgtories in SAC behavior. The
secondary creep model can be used with anisotovpap properties of Sn grains to

model the primary and total creep strain of thelso(Section 4.1.2.3).

4.1.2.3.Primary and Total Creep Behavior

Primary creep characterization and modeling arepbdexnsince measurements
from the current study suggest that they includeeeecific creep anisotropy from
the Sn grains. Since the creep response of sangital Sn is not well understood

yet, these complex behaviors are postponed toddiudies and the focus instead is
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on the more isotropic secondary creep behaviorridbestin Section 4.1.2.2 above

(see Appendix 3.3 and Appendix 4.2 for more details

4.1.3. State-of-Art in Multi-Scale Creep Constitutive Models for SAC

In recent times, there has been focus on providmgnderstanding of the effect
of the microstructural features of SAC on the dagnagolution under fatigue loads
through experiments and modeling. Experimentalistudlave been discussed in the
introduction (see for example, ref. [46, 48, 58221 Modeling efforts contributing
towards understanding the effect of microstructéeakures on the constitutive and

fatigue behavior are limited in comparison and uésed next.

Grain configurationsThe influence of varying grain orientations andhfagurations
on the overall mechanical deformation of the josgenerally studied in literature
using finite element analysis that captures thé dobhrse grained geometry and
orientations. These studies show that the elastet taermal anisotropy alone is
sufficient to produce significant damage under rti@nechanical loads [45, 188,
212-214]. As discussed in Chapter 3, damage iseavi@specially at the grain
boundaries of the coarse-grained SAC305 TMM jofaedtion 3.3.4 and Figure
3-10).

These studies provide insights on the effect of green configurations on the
damage concentration and mechanical behavior ofding and have successfully
implemented complex enriched continuum mechanicslatimy techniques (strain
gradient, non-local modeling) and cohesive zone atganmodeling. While these
studies are insightful in understanding the eff@cthe grain configurations on the

mechanical behavior of the joint, the microstruatuength scale is limited to that of

97



the grain dimensions. The effect of the lower langtales, Sn dendrites and IMCs is
not captured since macro-scale (length scale indkgre) viscoplastic models (with
an evolving damage variable in some studies) aeel ts represent the viscoplastic
behavior of SAC.
Intermetallics:Gong et.al, [73], however accounted for the naalesé&gSn IMCs
utilizing microscale models based on mechanics islocation climb detachment
creep provided by [27, 107]. This model was furtb@npled with a damage induced
coarsening model for nanoscales8g IMCs to account for the degradation of creep
properties. This model has the advantage of cayguhe IMCs influence and their
evolution, as well as the influence of the graimsatmopy in a finite element model.
The microscale constitutive model constants useGdyg are based on the work of
Kerr and Dutta [27, 107]. The model used is theaclminent model proposed by
Rosler [215] that captures the effect of IMCs odgrr and Dutta’s model [27, 107],
is among the early works that captures the corttdhs of the eutectic Sn-Ag and
IMC length scales. However the model assumes flgabéhavior is dictated only by
the dispersion strengthening of nanoscalgShgIMCs in the Sn-Ag eutectic. Dutta
obtained the constants by assuming a critical adlam parameter, k, (configuration
of post-climb dislocation segment) and fitting tbenstants to the Sn3.5Ag creep
measurements.

One of the limitations of this work is that the betlor is assumed to be dictated
by the Sn-Ag eutectic region only and the effecofdendrites is not included. The
model is also not dependent on the creep behavi@nowhich forms the matrix

relative to which dispersion strengthened is addein SAC or Sn3.5Ag alloys.
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Furthermore, though the model adopted by Dutta kvlsidRosler's model is intuitive
in providing the effect of IMC (radius and spacintiis model has been critiqued by
the original authors, Rosler [215] owing to its engal nature. To overcome the
empirical limitation, Rosler and Arzt [182ftilized variational methods to derive a
mechanistic detachment model that could predict effective properties of a
composite based on the matrix properties and tlenmgiic parameters of the
dispersion particles [178-179, 182].

The first use of this model in the solder literatwvas by Sharma et al, in
predicting the viscoplastic properties of SAC38Wep[183]. Their results indicated
that the model constants are stress dependentmfpaoriant material constant in
Rosler's mechanistic model which is extremely caltito the mechanics of climb is
the relaxation parameter, k. The relaxation parametich represents the ratio of
line tensions of dislocation on the particle versims matrix regions is not easily
measureable. In Sharma’s work, an analytical deomafor dislocation relaxation
parameter is provided but the basis and sourcéisfformulation is not indicated.
Their work also accounts for the eutectic Sn-Agae@nly and does not account for
other scales.

Dendrites:Most of the microscale models reviewed this farconstitutive modeling
account for the nanoscale /&8n IMCs and the eutectic Sn-Ag region that are
embedded in. Such a model strategy inherently assuhat the contribution of the
Sn dendrites is negligible. The load-sharing eftddhe dendrites is included in this
dissertation using homogenization methods, by nioglethe dendrites as soft

inclusions in a hard Sn-Ag eutectic ‘matrix’.
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Homogenization techniques have been utilized fofecéffe medium
approximation of numerous material systerfts average elastic, plastic and
viscoplastic properties. Examples of homogenizateehniques in solders include
finding the effective creep properties under graywoid densities [66] and effective
plastic properties [186]. An interesting study k@ 20], evaluates the effective creep
properties of Pb-free SAC solders by homogenizing measured properties of
individual phases (eutectic phase and dendritics@hddowever, this technique does
not utilize mechanistic equations for predictinglividual IMC phase properties.
Thus it lacks the predictive capability for extrégimg the response to other SAC

alloys or fabrication protocols.

4.1.4. Objectives and Scope of the Study

Studies that provide/utilize mechanistic modelscapture the physics of the
underlying creep mechanisms of the viscoplastiereehavior of SAC solder are
very limited in literature. Furthermore, multi-seatudies that provide the influence
of both the Sn dendrites and the eutectic Sn-Agoregn the creep behavior are
required. Thus, the primary objective of the cutrstudy is to combine available
dislocation detachment models at the lattice saate homogenization techniques at
the length scale of dendritic and eutectic colgniesunderstand the strengthening
effects they produce in Sn matrix.

Prior to utilizing this multi-scale model for undénding the effect of aging and
composition on the creep behavior of SAC soldeg, itiodel constants have to be
calibrated using the creep behavior of pure Sniraif Sn-Ag eutectic phases and

of the final SAC solder alloy. The calibration pealure is demonstrated with sample
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properties typical of SAC solder systems. The nodjective of the study is to utilize
the mechanistic model with typical sample modelstants, to provide parametric
insights on the effect of % Ag in SAC and agingfiige on the secondary creep

response.

4.2. MODELING APPROACH

The models used to account for the influence o&heendrites, and the IMCs on

the creep response of SAC solders are describbisisection.

42.1. Models

The multiscale model captures the following twogtgnscales (Figure 4-1):

e Length scale 1 (Sn matrix with nanoscale;®&g IMCs): dilute approximation for
dislocation climb & detachment within eutectic r@yi

e Length scale 2 (Micron dimension dendrites embediaeaitectic Sn-Ag regions):
effective medium approximation (homogenizationatlress load-sharing between
dendritic phase, eutectic phase andStuIMC.

The secondary creep measurements do not show asitigey to the coarse-
grained Sn microstructure in the microscale SAC3pgcimens (Section 3.3.6,
Figure 3-8). This finding significantly reduces tlkkemplexity of the microscale
modeling effort required since geometric modelihghe grains and grain boundaries
IS not necessary. In fact, an analytical formulatd the effective properties of the Sn
matrix and the microstructural properties sufficéBe creep behavior of pure Sn is
utilized as the matrix of the composite. For theppse of the secondary creep model,

polycrystalline, isotropic properties (elastic amdep) are chosen for Sn.
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In the first level, the properties of the eutecin-Ag region is evaluated, by
assuming Sn as the matrix and nano-scalegSAgand microscale G8rs as the
inclusions. The nano-scale #£&n IMCs are assumed to be spherical inclusions and
microscale Cgbrny are assumed to be cylindrical rods. In the secewél, the
effective creep properties of this eutectic Sn-Agion are then utilized as the matrix
of the composite which has soft spherical inclusi@mi pure Sn dendrites. The

microstructural images that represent these seaéeshown Figure 4-1 a-d.

4.2.1.1.Effect of Nano-scale A&n on Properties of Sn-Ag Eutectic Phase

Intermetallics of nano-scale dimensions (with ~h&8@ometer spacing) primarily
serve to provide the dispersion strengthening nmmeshes due to dislocation climb
and detachment. The superior creep properties &f SAders are mainly due to these
fine IMC particles. The creep deformation exhibiteg these particles is modeled
using Rosler's athermal detachment model for daloa climb [178-179, 182],
which is formulated from energy considerationsha inechanics of climb.

The model inherently assumes that an interactiost®eketween the dislocation
and the AgSn IMCS after climb (see Figure 4-3 for the schémnatt the dislocation
climb and detachment process). The model accoumtstife role of the IMC
dispersions to the Sn matrix material and henceiges the effective properties of
the eutectic Sn-Ag regions. However, in its pregemt, this model only provides a
‘dilute approximation’ since it does not explicitlgccount for the interactions
between neighboring obstacles at high volume frastior between neighboring

dislocation fronts at high dislocation densities.
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Thus the eutectic Sn-Ag region creep rérgngnAg is a combination of the Sn
matrix creep ratg./mat and the AgSn IMC dispersion hardening creep ra.q.,aqHMC,

as given in Equations 4.1 a-f. The net creep @;gsﬂ,\g can be derived from the

assumption that the time taken by a dislocatiotrawerse through a unit cell of the
Sn-Ag eutectic composite is the sum of the time&lkes to travel through the Sn
matrix phase and the time to travel through the [ph@se.

t _t. 1 (4.1a)
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where: y,is a normalization constant,q£is the shear modulus of tin,sgis the

stress normalization constant in Sn matrix creeps kthe burger’s vector for tin
(Appendix 4.3),r is the average nanoscale ;89 dispersoid radius) is the

interparticle spacing (estimated from square parkind the stoichiometric volume
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fraction), c is the kock’s factop is the dislocation density in SAC (Appendix 4.3),
kg is Boltzmann’s constant, and T is the absolute aratpre (Table 4-1, Table 4-2
and Table 4-3).

The relaxation parameter k is defined as the itine tensions of the climbing
dislocation at the particle-matrix interface verthet in the matrix. This parameter is
a key parameter to the mechanics of climb sincéetermines the configuration
attained by the dislocation in the post-climb regimhe dispersoid is a void when k
is zero and has the properties as matrix whenunity. T4 the athermal detachment
stress, refers to the stress required in the absgfitbermal energy for the dislocation
to overcome the obstacle in the post-climb regimeé detach itself. The diffusion
properties and the matrix creep constants of Swdfon 4.1d and f) are detailed

next.

' i (c)
(@) Q- dispersions (b)
direction of ’ 6 dislocati %
dislocation motion ISlocation

Figure 4-3: Schematic of dislocation climb and detachment of dislocat (a)

before reaching the obstacle, (b) during climb over particle (c) exgriencing
attractive interaction with particle after climb and eventually departing from the

particle (detachment)

4.2.2. Effect of Pure Sn Matrix

Isotropic creep and elastic properties of polyalisie Sn from the work of

Adeva [216] are used in this studidowever, the creep measurements are applicable
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only for tensile stress levels of 4 MPa, and masdiss in literature are restricted to
low stress levels. The activation energy and stegp®nent for pure Sn match those
obtained from SAC305 measurements in the low strasge in this dissertation.
SAC solder is expected to exhibit superior creegperties (namely stress exponent
and coefficient) than Sn in the high stress regidowever for a conservative
estimate of the Sn creep response in the highssteggon, the n and Q from SAC305
are used to determine the high stress properties.siress coefficient in the high
stress region (A is calculated from the low stress properties déya (Table 3-3 for
the 2-P model constants for SAC305).

The Sn creep constants (two-power law Weertmanisat@n 4.1f) and shear
modulus are provided in Table 4-1 and Table. &2, the shear modulus used by
Adeva for normalizing the stress is much lower thaat expected for Sn, and hence
Gget the shear modulus of Sn matrix in detachment madebased on the
measurements of Fraizier [217].{DDon) and (Q,Qu) used in the reference strain

rate (Equation. 4.1d), refer to the diffusion camdints and activation energies in the

low and high stress regions. The activation enerigier,.., and y,are the same for a

given stress regime (low or high).

4.2.3. Effect of Microscale CusSns & AgsSn IMCs on Alloy Properties

Unlike the nanoscale A§n IMC particles, the microscale £ and AgSn
IMC particles(~mum) cannot contribute to dispersion strengtheningough
dislocation climb type of mechanisms[179]. As tligpdrsion size (r) gets larger, the

strengthening from dislocation inhibiting mecharssdecreases (see Eqns. 4.1 b, ¢
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and e). However patrticles of larger dimensionsstiteuseful, since they strengthen
the creep of the matrix via reinforcement strengitng Reinforcement strengthening
from microscale IMCs occurs in the creep contritmsi from both the Sn matrix and
nanoscale Agbn dispersoid creep by reducing the magnitude pliexpstress in the
material for dislocation motion, via a strengtheninoefficient, A in Rosler’s
formulation [179]. The formulation fak used by Rosler [179] is based on the finite
element results of [218-219].

Creep strengthening obtained through nano-scalemaob-scale dispersions in
the matrix via dispersion hardening and reinforceinsérengthening has been termed
as dual-scale particle strengthening [179]. Withfoecement strengthening included,
the dislocation detachment formulations in Equatidrl a-e, take the form shown in
Equations 4.2 a-d. All microscale £&&n IMCs are replaced by microscale;Sm in
this work, which are assumed to be cylindrical rodse nano-scale A§n IMCs are
assumed to be spherical inclusions.

In addition, the base Sn matrix properties are mgoved by the reinforcement
strengthening via G&n; and AgSn IMCs (Equation 4.2c). However, the extent of
reinforcement strengthening is not as significamtdéspersion strengthening and
serves only to produce a parallel shift (constanh the creep resistance as a function
of stress. Furthermore, larger sizes of reinforcgmparticles could lead to
embrittlement and loss of ductility of the compesithe geometrical parameters for
CwSns have been obtained from image analysis on SAC36Gabacated TMM

specimens and from the work of Chawla [220] asildetan Table 4-3.
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The creep rate of the eutectic Sn-Ag region regddrwith the microscale G8rs

IMCs and dispersion strengthened by nanoscalgSAgIMCs, }./eut—SnAg—rein is

t 1,1 (4.23)

7eut—SnAg—rein },mat—rein },disp—IMC—rein

where the dispersion strengthening of the nanos&gié&n IMCs Y disp-1MG-rein is
given by:
Y disp-IMC—rein — expl Gdetb2 [(1_ K)A-7 /A7, )]3/2 ) (4.2b)
. kT '
Yo
and the microscale G8rns IMCs reinforced Sn matrix creep is:
. T/ A Q. .
=A "exp—= expE—+ 4.2c
Y mat L(Gsn( )) p( ) AT (T))” e (4.2c)
where A =1+ 2*(2+—"80—)* f 5 (4.2d)

rein—CugSng

whereA is the strengthening coefficientid, Rein, and frein are the length, radius and
volume fraction of the micrometer dimensiongS IMCs (Table 4-3). Equations

4 1c-e are invariant.

4.2.4. Effect of Sn Dendritic Colonies on Alloy Properties

At the larger length-scale of dendritic colonieg@~+m), the alloy is treated as a
composite consisting of soft pure Sn dendrite sicikis and hard G8ns IMC
inclusions embedded in a dispersion-strengthened\dSeutectic ‘matrix’. The
properties of the Sn-Ag eutectic phase are obtaimech the formulations in

Equations 4.1 and 4.2. The effective propertiethisf composite are obtained using
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self-consistent homogenization schemes (SCM) fromeramechanics theories.
Homogenization schemes for evaluating the effecelastic, plastic and creep
properties are available in the literature. Thepngroperties of this effective medium
approximation (EMA) are defined in terms of vis¢psjiven by Equation 4.3. ‘f’
refers to the volume fractions apdefers to the viscosity of the materiatytrate)

In the current dissertation, the dendrites are rasgduto be spherical shaped
inclusions (with effective isotropic properties)hd effect of the dendrites is
accounted only through their volume fractions \ha Eshelby’s tensor. The creep
properties of this effective medium approximati&MA) are defined in terms of
viscosity using a closed form equation derived bgngarajan et al., [221] for

spherical shaped inclusions (Equation 4.3). ‘fersfto the volume fractions and

refers to the viscosity of the material;( ). The subscripts ‘eff’, ‘incl’ and ‘matrix’

refer to the SAC composite, Sn-Ag eutectic matriginforced with microscale
CusSrs IMCs from Equation 4.2) and Sn dendritic inclusidinable 4-3). The volume
fractions of the Sn-Ag eutectic region and Sn dieslequal unity.

1/5

Mot = f f (4.3)

incl 1 matrix 1

{ A
pgs + 21uincIJ uy + Zumaxm{

ALY | n QL (K/T npe;) NH Qn
216] |[216]| (-molKi216] | (o2 | [222] | (a-mol-K[222]
2.3E25| 3.4 39 10 11 69

Table 4-1: Two-term power-law secondary creep constants for Sn (shear
components), Gn(T) = E(T)/2/(1+v); v = 0.35, E(T) = (8046 - (8.66* T))MPa,

[216, 223], Ay = AL (Tkned™ " exp((-Q+Qu)/RIT)
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DoL QL Do Qn
(Ms)[216] | (kI-mol-K)[216] | ( mPs)[216] | (kd-mol-K)[222]
1E-4 31 1E-4 69

Table 4-2: Diffusion constants of Sn in the reference strain rate iBquation 4.1d

(shear components)

D b Irein(u m), ng3Sn .
p (m ) (nm) c GUel(GPa)y Sn r (nm) Rrein(l-lm) fCu6Sn! 1Edendrlte
26.5- on 20 0
1E21 0.32| 0.84 (12.6*T/505.1) 25 20, 4.5 5%, 3%| 55.6
. Current | [220],
Appendix 4.3 [179] [217] study, current current | Current
[39, 224] [84] study study study

Table 4-3: : Mechanistic model constants.afzsnrefers to the volume fraction of

nano-scale AgSn IMCs in the eutectic Sn-Ag region of TMM SAC305 specimens
as used in the detachment model (Equation 4.1 e}§snsrefers to the volume
fraction of micrometer scale CySns IMC reinforcements in SAC305 solder

apart from the volume fractions of eutectic Sn-Ag region and Sn dendritesee

Equation 4.2 d)

4.2.5. Approach for Calibrating Model Constants

The secondary creep modeling approach describecabbdased on several
simplifying assumptions which are summarized here:
e An attractive interaction between the dislocatiord &he nano-scale IMC is
assumed in SAC solders at the departing stage ef dislocation climb
mechanism. TEM studies on SAC solders such as thaseded by Schroder et

al, and Arzt et al, on Cu and Al alloys [210-211¢ aequired to validate this

assumption.
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e Sn is modeled using polycrystalline and isotropiopgrties, thereby rendering
insensitivity to the grain configuration.

e Dislocation climb of a single dislocation is model&he model does not account
for interaction effects of the dislocation with tf@rward and rear dislocation
fronts. These dislocations are assumed to be fauginto avoid back stress or
cooperative effects on the dislocation. Hence ¢hisesponds to a dilute solution.
This assumption also justifies the approach of reditey the calibrated material
constants of the detachment model from SAC305 teerotmicrostructural
configurations with non-interacting dislocationglantermetallics, resulting from
changes in composition, aging and fabrication it

e The nanoscale IMCS are assumed to be distributefbrontly as spherical
dispersoids and are sufficiently far away to avwat-local interaction effects.

e Sn dendrites are modeled as spherical inclusiortareutectic regions. Hence
this microstructural feature is accounted only tgto the volume fractions and
geometric dimensions are not included. The spHestape also does not
contribute towards possible anisotropic behavitnooluced by the orientation of
ellipsoidal inclusions.

e Self consistent method (SCM) homogenization whish utilized here is
acceptable up to moderate volume fraction of déeslas modeled here. As these
volume fractions increases, the SCM approach |@smsiracy and alternate
schemes are needed.

Calibration resultsThe relaxation parameter and other model corstaeéd to be

calibrated, to accurately capture the secondamspcbehavior of the SAC alloys. The
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data required for this calibration include measureskp properties of pure Sn and
Sn-Ag eutectic phase, as well as the morphologiesils of the IMCs, eutectic

colonies and dendritic colonies. The creep progertif the Sn-Ag eutectic regions
are required to calibrate the constants of theodalon climb detachment model
discussed in Equation 4.2 of Sections 4.2.1.1 a@d34The resulting calibrated

dislocation detachment model (Sn-Ag eutectic regisithen invoked in conjunction

with the homogenization scheme (Sn dendritic regioBection 4.2.4), to yield the

properties of the SAC solder. At this stage, thestants from the homogenization are
calibrated in the combined model, to obtain thesuesd creep properties of SAC.

The creep properties of the Sn-Ag eutectic regimge been measured by Pei
using nanoindentation of their test samples [2@wEler, owing to the sensitivity of
the size and distributions of the IMCs in the etiteegions with fabrication method
and test protocols, these results cannot be wdilizerepresent the eutectic regions
response in the SAC305 specimens fabricated indhudy. Hence the modeling
approach is demonstrated below, using typical sammsults from creep
measurements, for illustrative purposes.

Typical test measurements from this study showttierelaxation parameter ‘K’
is a function of stress and temperature in ordecdpture the stress-strain rate
curvature of the measured creep properties of SAdess. Furthermore, k decreases
with increasing stress levels and temperature andoe described with a polynomial
fit (Figure 4-4). The k values show saturation @t Istress levels and have been
truncated to describe the stress dependence vgttyaomial fit (see Appendix 4.4

for the untruncated k curves). The correspondidgnmonial fit constants are listed in
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Table 4-4. The values of k are typically betweed nd 1 for typical material
systems [179, 182]. k equals one when the matiikiaclusion material are the same
and k equals zero for a void.

The plot in Figure 4-4 shows the calibrated k valas a function of stress and
temperature for the measured creep behavior. Thirpence of the calibrated
mechanistic microscale model relative to the tesasnrements is plotted in Figure
4-5. Figure 4-5 clearly shows that the reinforcetmeserve to offset the matrix
properties only and do not alter the stress expgongne load-sharing by the dendrite
inclusions appears to have a much weaker effeth@mcreep properties of the alloy,
compared to the effect of the dispersion strengtigem the eutectic phase. This
observation is expected in view of the high creefistance offered by the eutectic

region and is in agreement with the results off Z@j.

Temp. (°C) G C, Cs Csy T (MPa)
25 -1.5E-23| -2.2E-16 -1.0E-08 0.96 19
75 -1.8E-23 -2.7E-16 -1.1E-08 0.95 17
125 -2.3E-23| -3.2E-16 -1.3E-08 0.94 15

Table 4-4: Polynomial coefficients (%8 order) of the calibrated relaxation
parameter, k, as a function of shear stress and temperature (Figure 4-4)=

2Ci(v)*, i= 1 to 4, units of G (MPa)™
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Figure 4-4. Dependence of the 'k’ on stress as a function of temperature,

showing the calibrated values (green) and the polynomial fit (red, see Tab-4).
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Figure 4-5. Calibrated microscale model relative to test measurements for

SAC305

The effective creep properties obtained from homagdion of the eutectic Sn-
Ag region and Sn dendrites yields the creep behaofothe SAC solder. All
parameters of the mechanistic framework can be rezajly determined except for
the relaxation factor. The relaxation factor (ratb line tension of particle and
matrix) is used to calibrate the model with testam@ements. This parameter is
chosen for calibration since it is the least untbexd of all the parameters used in the
formulation to obtain from experimental testing.

In the work of Sharma [183], the reference strate rgo/dt is chosen to calibrate

the model. However, the reference strain rate alityeis derived from nucleation
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theories and is based on measurable quantitiesasudiffusivity, burger’s vector and
dislocation densities in Sn. Since the resultirgmiework does not yield a closed
form analytical solution, an iterative scheme isptayed to obtain the relaxation
parameter that minimizes the error between the fhmgderediction and the test
measurements.

Once the mechanistic model is calibrated with tA€305 test measurements, the
effect of Ag% in SAC and manufacturing procedurasd aging is obtained by
utilizing the calibrated k values from SAC305 datd varying the geometric
parameters and volume fractions of the Sn dendaibelsIMCs in accordance to the
specific fabrication, load or microstructural camah. It should be noted that the use
of a constant ‘k’ for different microstructural npdrologies resulting from consistent
manufacturing protocols is justified based on thenary assumption that interaction
effects between adjacent IMCs and dislocationsnagdigible and do not affect the
line tensions of the dislocation at the IMC padidr in the Sn matrix (see the
assumptions stated at the beginning of this séction

In order to estimate if the qualitative trends pded by the current model are
accurate, test measurements are conducted on SAt0&ompared with the model
predictions. In addition, prior measurements froACS87 [95, 104] are used for the
SAC387 predictions. Secondary creep behavior obtiaiby interpolating the
micromodel with limited test data of SAC105 arenttg to Garofalo creep model
that is traditionally used in continuum mechaniesdadl model such as that in finite
element analysis (Equation 3.2 or Equation 4.4il&r model constants are obtained

for sample aging conditions represented by theaniodel.
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C:Tty _ A(sinh@z )’ expé )

where @/dt is the shear secondary creep rates, the shear stress, R is the universal

gas constant, T is the absolute temperature. Qeisattivation energy, n the stress

exponent and Aq are the stress coefficients.

4.3. RESULTS

The performance of the proposed framework in ptadjcthe SAC composite
properties as a function of % Ag, and aging is @né=d next. The contributions of
each microstructural feature are presented filédvi@d by the predictive capability
at other configurations of the microstructural teas. The material constants utilized

in the parametric study are listed in Table 4-3.0Mher constants remain the same as

those listed in Table 4-3

Model | k | p(m? | b(m)|  Ge(GPa), Sn ]fA‘ﬁS“ fsendiie
Cu6bSn!
Tensile Modulus:
Case1 |07-| 1El4 61'82[23? enSI(se"lo'du N 01 | 040
09| [179] (0.109*T))*1E9 : :
[Rotherham, 1990]
4.12e-10
Case 2 [216] 0.50

Table 4-5: Mechanistic model constants used for parametric studie€ase 1 and

2 ). fagasnrefers to the volume fraction of AgSn IMCs in the eutectic Sn-Ag

region as used in the detachment model (Equation 4.1 e}.dsnsrefers to the

volume fraction of CusSns IMCs in SAC solder apart from the eutectic Sn-Ag

region and Sn dendrites (Equation 4.2 d)
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4.3.1. Parametric sensitivity Studies

The effect of the geometric parameters of the IMf@d dendrites, Sn matrix
properties and the parameters relevant to dislmtatimb over the dispersoid are
discussed next. These results serve to providghtssinto the influence of each of
these parameters into the magnitude and curvatuteeostrain rate versus stress

behavior in the secondary creep regime. The reargtisted in Table 4.6.

(a): Effect of increasing magnitudes ofpk r
Parameter k ) r
Effective
creep inc inc dec
strain rate
Tdetachmer dec NA inc
Yo NA inc inc
Eq inc NA dec
Sensitivity strong moderate strong
Effects
both Pre-
... | magnitude| multiplier | Effects both magnitude
Qualitative
trends and slope| tocreep| and slope of creep rate
of creep | ratevs. VS. stress
rate vs. stress
stress

(b): Effect of increasing magnitudes of b, Gy, fdendri
Parameter i fdendrite b G
Effective

creep dec inc dec dec
strain rate
Tdetachmer inc NA inc inc

Yo inc NA dec
Eq inc NA inc dec
Sensitivity strong weak strong strong
Effects | Negligible | Effects Effects
Qualitative bot_h effect on bot_h bot_h
trends magnitude slope_ and | magnitude| magnitude|
and slope| provides | and slope| and slope
of creep | an offset in| of creep | of creep
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rate vs. | magnitudeg rate vs. rate vs.
stress of curve stress stress

Table 4-6 Qualitative trends of the parameters in the mechanistic framework

4.3.2. Model Predictions: Effect of Ag% in SAC

For illustrative purposes, the calibrated modelsed to find the creep properties
of SAC105 and SAC387 based on the configuratioqseebed from the IMCs and
dendrites. In order to estimate if the qualitatirends provided by the current model
are accurate, test measurements are conducted 6a05Aand compared with the
model predictions. In addition, prior TMM measurernseof SAC387 [95, 104] are
used for the SAC387 predictions. The measuremeatsanducted on as-fabricated
TMM solders using consistent test methodology andogols.

Test measurements show that increasing Ag weiglatiéms in SAC improves
the creep resistance (decrease secondary creep ita). Increase in Ag % is
expected to increase the volume fraction of nambestMCs available for pinning
dislocations. Since the fabrication procedure istraied, namely the cooling and
solder reflow time, the sizes of the IMCs are assilito be invariant (same values as
those presented in Table 4-3). The dendrites apeated to decrease in size and
volume fraction, though not too significantly. Coanigon of the changes expected in
the dendritic and Sn-Ag regions microstructuraltdess of the TMM solder
specimens with reduced Ag% in SAC are provided ppéndix 4.5. Based on these
observations, the volume fractions of the IMCs adendrites are changed
parametrically to assess if qualitative trends tolwahe creep behavior of SAC105

and SAC387 are obtained.
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In the case of SAC105, an extensive test matrixhas of previously reported
SAC305 is not explored in this work. Nevertheldbg, results show that the model
predictions provide the right qualitative trendsdaquantitatively match the test
measurements very well for volume fractions of IM&sl dendrites of 4.8% and
57% (Figure 4-6). Similarly SAC387 measurementsnfrprior studies using the
TMM setup and consistent test protocols by Zhand bBiaswell [95, 104] are
predicted with reasonable agreement (Figure 4-7h whe model using volume
fractions of IMCs and dendrites of 5.2% and 49%esSEhvalues compare with 5%
(IMC) and 55.6% (dendrites) respectively in SAC305.

The volume fractions are in the correct qualitatnand with respect to changing
Ag% in SAC. However, the sensitivity of the modelthe IMC features is very high
to the extent that it could be within the measwradror (experiment). Hence the
microstructural analysis needs to be conducted wathsiderably large number of
samples to improve the accuracy of the measuredfigooations of the
microstructural features.

The proposed micromodel can be utilized to inteaxf@lthe creep response of
solder from test measurements. Thus when combirnédtme microscale model, the
extent of experimental testing can be significam#guced. Continuum mechanics
based Garofalo secondary creep constants thatepresentative of the average
behavior of SAC105 solder specimens are obtaineskdoaon the micromodel

predictions and limited SAC105 secondary creep areasents (Table 4-7).
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Solder/Condition

a (MPa)*

Q(kJ/mol)

SAC105-as-fab

0.21

4.6

173

54

SAC305-aged.
Case 1 - d pendrite
= 0.6, fuc =30
nm

0.15

9.5

492E3

48

SAC305-aged.
Case 2 -y pendrite
= 0.6, uc =28
nm

0.18

5.9

20E3

48

Table 4-7: Garofalo secondary creep model constants (shear based), aged

configurations represented by Case 1 and 2 refer to microstructural aging

reported in Figure 4-8 and Figure 4-9 respectively
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Figure 4-6: SAC105: comparison of prediction from calibrated microsca model

relative to TMM test measurements for SAC105
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Figure 4-7: SAC387: Comparison of prediction from calibrated microsca

model relative to test measurements for SAC387 from [95, 104]

4.3.3. Model Predictions: Effect of aging loads in SAC305

The calibrated model is used to investigate theg@operties of SAC305 as a
function of aging. As aging time increases, the 9f the Sn dendrites and IMCs
(nano and microscale) increases [68, 75, 225]. émaf SAC solder microstructure
as a function of aging are provided in Appendix 48is results in an increase in the
volume fraction of dendrites per unit volume. Iistframework, the change in the
volume fraction of microscale Gars IMCS is assumed to be negligible with aging.
Furthermore, the sum of volume fractions of thedi#ic phases, eutectic phase and

microscale Cgbns IMCS remains constant (unity). Since the dendaresmodeled as
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spherical inclusions, only the changes in theirun@ fractions can be captured
through the proposed framework.

Creep measurements as a function of aging arevadiable in the current study
for comparisons. Furthermore, measurements madeged samples from literature
cannot be used unless as-fabricated solder creapumenents are available from the
same study (for model calibration of k using thdadwicated solder measurements).
However, in order to understand the model capgbilit predicting the right
gualitative trends, a parametric study of the nstmacture is conducted. For sample
results, the dendritic volume fractionsf, pendritd IS assumed to increase by 5% (from
~56% in the unaged condition) due to thermal agiflge eutectic phase volume
fraction (veutectic snag PhadeiS Calculated from equation 4.5. The volume tfoac of
nano-scale Aghn IMCs {agasn iMcs in Eutectic sndg IN the unaged (preconditioned)
SAC305 solder is 5% based on the image analysiduoted on the TMM solder
specimens.

The volume fraction of Ag in soldewdy in soide) IS CONstant for a given solder
composition irrespective of aging. Based on Equistih.5-4.6, the volume fraction of
nano-scale Agsn IMCs in eutectic phase is found in the agec stairthermore, the
size of the nano-scale A§n IMCs in eutectic phase increases with agingarRetric
studies are conducted on the radius of the nane-8¢gSn IMCs in eutectic phase as
shown in Figure 4-8 and Figure 4-9. The resultswslioat the creep resistance
significantly decreases (by at least two orders nmignitude for the chosen
microstructural configurations) with increasing raggitime. These results match the

expected behavior qualitatively and future workalming microstructural parameters
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and creep behavior of the aged solder are needalotaon quantitative predictability.
Continuum mechanics based Garofalo secondary ccemgtants based on the

micromodel predictions on the effect of aging inC385 solder are presented in

Table 4-7.
Vsn Dendritst VEutectic SnAg Phasé Vmicroscale CuSn5 IME 1 (4-5)
VAg in Solder—= Veutectic SnAg* VAQ3Sn IMCs in Eutectic SNAG ~ sresrrsrmrsaissieiiniin, (46)
1.E+09 —=—Sn-75C
+07 .
1.E+07 —=—Sn-25C
© 1.E+05 -
:)1 ; —e— Sn-125C
T 1.E+03
p Aged-SAC305-
S 1.E+01 - Model-75C
@ A/ Aged-SAC305-
% 1.E-Qlg+05 1.E+06 ///'z.E+07 1LE+08  Modek25C
5 1E.03L . Aged-SAC305-
% 7/ o Model-125C
1.E-05 Unaged-SAC305-
/, ° Model-25C
1.E-07 ’ . = = = = Unaged-SAC305-
Model-75C
1.E-09
- - = = Unaged-SAC305-
Shear Stress, Pa Model-125C

Figure 4-8: Effect of aging on SAC305 - prediction from calibrated micpscale

model — &n pendrite = 0.6, fiuc =30 Nnm
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Figure 4-9: Effect of aging on sac305 - prediction from calibrated microscal

model - fsp pendrite = 0.6, fimc = 28 Nnm

4.4 LIMITATIONS AND FUTURE WORK

The proposed mechanistic framework provides theoretical insightshmteffect
of key microstructural features and detachment creep mechamidime secondary
creep behavior of SAC alloys reasonably well. The model’s cafyabfl capturing
the effect of varying microstructures resulting from agimgd compositional effects
is demonstrated. However, the model is based on certain simglégsumptions and
requires further improvement for extending the accuracy andit#péor modeling

the total and primary creep regimes as stated below.
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e The dendrites are modeled as spherical inclusions. Hence the \Eshelsor
which represents the geometric parameters of the inclusiamdeigendent of the
inclusion dimensions. The effect of dendrites is included only thrdwgkdlume
fraction in the SAC alloy. Future studies should include dendritedlipsoidal
inclusions and include the effect of randomization of the inclusion otiemta
relative to the loading.

e The sensitivity of the model to the nano-scale IMCs is exhetnigh. Thus the
changes in the microstructural features for capturing varitatessrelative to
those in the calibrated microstructural state could be withiexperimental error
of measurements. Microstructural analysis is required to ewrpetally verify the
changes in the topological features and volume fractions of thes,IBléhdrites,
and eutectic regions.

e The model is also restricted to the secondary creep region guoleseto be
extended to primary creep. An option for implementing this is bypduoiring an
evolution parameter to the threshold detachment stress and the taisloca
density. Furthermore the dislocation density used in the current istb@dsed on
a hypothetical assumption that all the slip planes in bct Sooanpletely clogged
with dislocations. This assumption needs to be reexamined and the afinge
dislocation densities obtained need to be obtained experimentally iorepe
SAC specimens.

e The relevance of the observed stress and temperature dependénceeds to
be understood and these results need to be verified through moleculariatyna

simulations.
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e The current model is based on the climb of a single dislocation quaatiale. In
reality, piled up dislocations and grain boundaries also could act aslessiThe
current model uses a dilute approximation and assumes that tletioteaffects
of other dislocation fronts and obstacles are negligible. The meshaintlimb of
several dislocations (as opposed to a single dislocation) overlgmmith the
associated interaction effects expected in SAC materials needs to bgjatedst

e The current framework is applicable to the as-fabricated sthgecroscale SAC
solders with large Sn grains, where dislocation climb is expected to dominate over
GBS [11]. However, GBS may progressively increase asatge Sn grains (in
microscale joints) recrystallize into a finer polycrystedl state due to cyclic
loading [61, 195]. In such a case, creep deformation due to GBS nebds to
included in conjunction with dislocation climb and detachment modelsildedc
here.

e Furthermore, the proposed creep model can be coupled in future with grain
boundary sliding models for predicting the secondary creep behavionef fi
grained homogeneous microstructure solders with dispersion stremgftsich
as that seen in Lanthanum doped Sn-Ag solder. (La doped Pb-free sotdalso
expected to deform by dislocation climb and exhibit a homogenous Sm grai
microstructure and are probably a better option than SAC for creematechi

loads).

4.5.SUMMARY AND CONCLUSIONS

A mechanistic multiscale framework is proposed, to captur@ldn@nant creep

deformation mechanisms and the influence of key microstructualirés on the
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measured secondary creep response of microscale as-fabri®ae805 solder
specimens. Mechanistic models of dislocation climb and detachmenisack to
capture the dominant creep deformation and dispersion strengthenihgmsets in
the eutectic phase of SAC solders. These microscale modeleareombined at the
next larger length scale (that of dendritic and eutectic capnigith traditional
micromechanics based homogenization schemes, to capture the loag-bbtween
eutectic phases, dendritic phases, angS@uintermetallic reinforcement particles.
Starting with the behavior of pure Sn properties and by conductipgrametric
variation of microstructural morphology of the SAC305 alloy, this model
approach is used to provide theoretical insights into the influesfcekey
microstructural features on the viscoplastic deformation behaviomiofoscale
SAC305 specimens.

The contributions of the soft Sn dendrites and microscalgSIEulMC
reinforcements to the overall secondary creep resistance of sfders is less
significant compared to that of the eutectic Sn-Ag regions thghnanoscale A&n
dispersions. Higher volume fractions and smaller sizes of naeo&gghbn are seen
to be beneficial to the creep strength of SAC. The model efédgtcaptures the
effect of alloy composition and aging loads on SAC solders onett@ndary creep
behavior, thereby aiding in the effective design and optimization ofislitceplastic
behavior of SAC alloys. Garofalo secondary creep model constamtpravided
based on the micromodel predictions as a function of % Ag in SACagimg).
Limitations and suggestions for improving the modeling accuracy pplcability

are included.
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Chapter 5: Macroscale Modeling of the ViscoplaRi#sponse
of As-fabricated Microscale Sn3.0Ag0.5Cu Solder
Interconnects: Stress relaxation and Creep

ABSTRACT

Viscoplastic creep measurements conducted on microscale SACBODS T
specimens exhibit significant piece-to-piece variability. Mstructural investigations
reveal that SAC305 solder comprises of very few anisotropic grmafinSn at
microscale dimensions, which cause the mechanical response to bly f@Eavi
dependent. Thus microscale SAC305 joints lack statistical homogeameitisotropy
and the constitutive material models are required to incorporatenkegstructural
features to capture individual joint behavior. Macroscale phenomenologadls
which are length scale independent hence capture the non-homogeneps cre
behavior only in an average sense.

The current study investigates the predictive capabilitthefrhacroscale creep
constitutive model constants measured from microscale non-homogen@g05A
joints. In particular, the study aims at understanding the ldstauracy with which
the creep constants measured from constant force loads predidcbgastic stress
relaxation response measured from constant displacement loads oscalieTMM
SAC305 joints. Since the viability of using SAC305 as a substitut&m37Pb is to
be assessed, viscoplastic stress relaxation behavior of Sn37Rarasterized and

compared with that SAC305.
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Test measurements show that SAC305 relaxes at a much slower rate than Sn37PDb,
owing to its superior creep resistance. Finite element resubw that the range of
scatter measured from macroscale creep model constantBiistive range of scatter
obtained from the stress relaxation predictions. The stressatielapredictions are
strongly sensitive to the inclusion or exclusion of primary creep rmoBalthermore,
the stress relaxation behavior is captured reasonably welbwtithe inclusion of

primary creep to the secondary creep material model.

5.1INTRODUCTION

The viscoplastic creep measurements conducted on microscale SAGBA5 T
specimens in Chapter 3, reveal that significant piece-t@piadability exists. The
OIM studies clearly show that the microscale TMM joints mithe non-repeatable,
coarse-grained microstructure of anisotropic Sn grains seendtidio@a microscale
interconnects. Macroscale continuum mechanics based phenomenological model
constants are hence seen to capture the measured creep befaviese non-
homogeneous joints only in an average sense (Chapter 3, Section 3.3t t®thie
lack of statistical homogeneity and anisotropy exhibited by tloeosgale SAC305
interconnects, it is pertinent that material models incorporatehanent length scale
representative of the dominant microstructural features and pondisg
deformation mechanisms.

However the formulation of such a mechanistic framework is a maattr
exercise and has been explored in Chapter 4. As an initial apyatiom, macroscale
continuum mechanics based models can be used to obtain the avdragerbef

these non-homogenous joints with the corresponding range of staiterould be
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expected from these material model predictions. Furthermore fromppglication
standpoint, the predictive capability of these macroscale constaeds to be

assessed under loads applicable to the solder interconnects under service life.

5.1.1. Background and Motivation

The constitutive viscoplastic creep properties of solder are thpioaed in
modeling efforts to assess the fatigue damage induced in $oildisr under cyclic
loads. The viscoplastic behavior of solders manifests itself espcand stress
relaxation behavior. Creep is the deformation induced under constass stre
conditions and stress relaxation is the drop in stresses due to agteoplamage
under constant displacement conditions. Stress relaxation in paricubextreme
importance under cyclic creep fatigue loads such as thesolhg, power cycling
and high temperature isothermal mechanical cycling loads [129, 135, 226].

Stress relaxation is particularly dominant during the dweliiguas of the thermal
or mechanical cycling loads. Stress relaxation of the soldeeséo reduce the peak
stresses attained by the materials adjacent to the saldqetrticular, this is beneficial
to brittle materials such as the silicon chip which undergoestogphic cracking
under high stresses. However the reduction of peak stresses occurs atahereest
damage in the solder. Hence a tradeoff exists on the beneditealts of stress
relaxation versus the creep material damage induced in solder.

Stress relaxation occurring in solder under fatigue loads isragnetudied
utilizing numerical modeling studies by modeling the material \iehaof solder
using measured viscoplastic creep constitutive properties [95, 128, 186].thAe

predictive capability of the creep model constants from the non-hemoag
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microscale SAC305 joints can be best assessed by comparing dteling
predictions with stress relaxation measurements from sinpiats tested and
fabricated using consistent test methodologies.

Stress relaxation studies on Pb-free solder are limitedeiratitre and cannot be
adopted for the current purpose owing to differences in tesiqmist microstructure,
length scales and solder composition to name a few [136-137, 139-141, 22'/228]. |
order to accurately validate the predictive capability ofdieEp macroscale model
constants of SAC305 measured from the current dissertation, s&lasmtion
measurements using consistent test methodologies and protocols are crucial.

Such an objective is interesting since it reveals the appligatwhit using
viscoplastic constants measured under constant stress conditigmedarting the
viscoplastic behavior under constant displacement. This objectivandastaken by
Bang et al., for Sn37Pb [136, 227]. Their study concluded that the sttagation
measurements can be utilized to derive the creep model conStuties exist that
independently explore stress relaxation [129, 132-134, 137,a22Ptreep behavior
[11, 76, 111, 116]see Section 1.1.3.3 in Chapter 1 and Chapter 3 for a detailed
literature review) of Pb-free solders. However a unified stiodgorrelate the two
viscoplastic responses is lacking in literature.

Furthermore, the eventual goal of Pb-free solder studiesaiss&ss the viability
of using SAC305 as a Pb-free substitute for Sn37Pb solder. Hencstréss
relaxation behavior of Sn37Pb measured from similar test protandlspecimens is
necessary for comparing the behavior of Pb-free solders. Oncedi@a@&c of the

measured creep constitutive model constants is assessed usanginhevel tests,
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these constants can be applied to understand the behavior of soldertion&inc
assembly level interconnects under typical fatigue loads encedndering the life

cycle.

5.1.2. Problem Statement and Objectives

Based on the background provided and the non-homogenous viscoplastic creep
behavior exhibited by microscale SAC305 TMM specimens, this chaptes to
validate the macroscale modeling efforts for modeling the avevag®plastic
behavior of microscale SAC305. The previous chapter investigatesoscade
mechanistic models that can capture the influence of lowrerostructural length
scales on the behavior of SAC305 interconnects at microscale dimens$ioms
objectives of this study are hence as follows:

e Asses the stress relaxation predictive capability of maal®scontinuum
mechanics based phenomenological constants used to represent theastiscopl
behavior of non-homogenous microscale SAC305 joints.

e Characterize and compare the stress relaxation behavior obscate as-

fabricated SAC305 and Sn37Pb solder specimens using TMM test methodology.

5.2. APPROACH

The consequence of utilizing the averaged creep model constamesddeam
the mechanically non-homogenous joints, to predict the measuresl retilasation in
similar non-homogenous TMM specimens is investigated. In pantjctida study
verifies the level of accuracy with which the averaged visctiplasnstants derived

from constant force creep tests predict the stress relaxagioavior under constant
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displacement loading, using finite element analysis (FEA) anderrahtlevel
characterization. The experimental testing approach for clesiang the stress
relaxation behavior of eutectic Sn37Pb and hypoeutectic SAC305 sadimscribed

first followed by the modeling strategy used.

5.2.1. TMM Testing: Stress Relaxation

The creep measurements conducted on microscale SAC305 solder TMM
specimens have been previously reported in Sections 3.3.1 and 3.3.7 in Chapter 3
The creep model constants presented in Table 3-2, Table 3-3 andB¥akdpresent
the average behavior of SAC solder. In this study, the upper aed bmwnds of the
creep model constants are obtained based on the outliers of thelityaradbibited
by the test specimens across the entire test data mpatker in Section 3.3.1 in
Chapter 3.

The test apparatus used in this work is the TMM setup that hasdesenbed
previously in Chapter 2 and in Section 3.2 of Chapter 3. A brief dascript the test
system is provided here for continuity and comprehensive detailsavaiéble
elsewhere [95, 104]. The setup is a custom-built mechanical tegtitgngl04]
(Figure 5-1a), for conducting isothermal monotonic constitutive testekss cyclic
mechanical fatigue tests. The displacements are produced lez@eleictric stack
actuator in closed-loop displacement control. Displacements in didersare
obtained by adjusting for load train stiffness [104]. A hot-air, cldeep temperature
module provides the ability to conduct isothermal mechanical tstslevated

temperatures within +/- 1.5°C.
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The modified losipescu shear specimen used here ((Figure 5-lovwijlgwy a
reasonably uniform stress distribution in the solder due to the 90° aogtés [85-

86]. The stress distribution expected in the solder region of tigeses specimen is
provided in Figure 5-10, Figure 5-11 and Figure 5-12. The copper platens laaveot
any metallization layers and the solder behavior corresponds te trm$rinted
wiring boards with Organic Solder Preservative (OSP) and isioreSn pad finish.
The solder joint is 180 um wide, 1 mm thick, 3mm long and is nominally deformed in
shear.

The objective of the current study is to examine the behavior of solder joints using
shear specimens that capture the coarse-grained Sn micrtastraicti behavior seen
in micrometer dimension functional solder interconnects. The cuineat specimen
configuration captures the critical length scale (shear lgadoross the 18@Qm
width) seen in functional microscale solder interconnects (~100 - %0690 and
replicates the associated coarse-grained Sn microstructure angomogenous
behavior.

The solder specimen is fabricated by manual soldering ditoavriemperature of
248°C and 210°C for SAC305 and Sn37Pb solders respectively. The pre-heat time
45s and the reflow time from the deposition of solder to stationatynpetame is
60s. The specimen is then air-cooled at ~ 2°C/s. The pre-heat areflthwe profile

are strictly monitored to be consistent across all specimens.
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Figure 5-1: (a) TMM test frame (b) TMM specimen schematic (joint hickness
~0.18 mm)

All specimens are further aged for 100 hours at @& F132°C and 100°C for
SAC305 and eutectic Sn37Pb solder) prior to testing, to obtain a stabdstnucture
and also to relax residual fabrication stresses. Sn37Pb isanatly aged at 100°C,
which corresponds to a homologous temperature of 0.82. Since solders exhibi
viscoplasticity, the same homologous temperature is chosen for SAders
(~132°C) to maintain consistency. In the current study, these tleripe-
conditioned joints are termed ‘as-fabricated’ joints.

All the specimens are screened prior to testing usingostrcictural imaging to
eliminate defective specimens due to manufacturing voids, poor wettieak
intermetallic interface (insufficient thickness) and other ani@sia The pre-test
SAC305 microstructure shows a healthy planar interface IMCr 1&9eSn and
CusSry) of around 4 pum thickness for SAC305 solder. The test matrix fasttess
relaxation test is listed in Table 5-1. The ramp rate to achileveequired starting
stress 1) is relatively high (10 um/s) to reduce the effect of cidmmpage during the

loading stage. The stress history measurements are desciitigg@xgonential decay
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power law fits as a function of initial stress (Equation 5.1). Pdes fits were
examined and were found to produce non-physical (compressive) behawimite

time as opposed to relaxing to zero value of stress.

Temp(°C) 25 75
Stress (MPa)] 8-254-9

Table 5-1: Test matrix for stress relaxation

b . .
7= ,Oe—at Exponential Power Law Stress History (5.1)

5.2.2. Macroscale Modeling: Limit Analysis

The aim of the study is to determine if the accuracy of thesstrelaxation
predictions based on the macroscale creep models are within thee ohusgatter
evident in the creep measurements. In order to assess the raegéafin the stress
relaxation predictions, the creep constants are evaluated at theanddewer ranges
of scatter in addition to the average behavior. The details omtterial model

constants and the finite element modeling are described next.

5.2.2.1. Creep Model Constants: Upper Bounds, Lower Bounds, and Average
Fits

The viscoplastic behavior of the solder is modeled using partitionegetatare-
dependent elastic, plastic, and creep properties. For comparison gurpoksker
creep is modeled using only secondary creep behavior, as weithagombined
primary and secondary creep behavior. In the current study, prim@gp
deformation is modeled using a generalized exponential model (Eq@afipand
secondary creep deformation is modeled using the Garofalo cregel (Equation

5.3). The Garofalo secondary creep model used to represent thelbs&bldeior in the
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finite element analyses is available as an in-built option N&XS. The primary
creep model is not available as an in-built option and is implemersied a user
written subroutine in ANSYS.
Q
£, =C07;d=Co e RT ' ial Pri
sat— =10 3 Generalized Exponential Primary Creep Model (5.2 a)
(esa—€5p) .
—SL P = exp(-dt) Decay and Saturated Primary Creep (5.2 b)

8Sat
(%) = A;(Sinl‘(ao-))nG exp(—&) Garofalo Secondary Creep Model (5.3)
dt'sec RT
whereegp= equivalent primary creep straigs: = equivalent primary saturated creep
strain, d=decayc = equivalent stress, Q = activation energy, R = universal gas

constant, T = Temperature in K, t = time intg,= initial shear stress at time zero, ,

and G(i=1:4), A, a, n, a and b are model constants.

The model fits to measurements are obtained by following tleegures
described in Appendix 3.1. The upper and lower bounds of the model fit toette
measurements are obtained at each temperature by force gatiallel curves to the
average curves through the outlier creep measurements attezaphrature. The
coefficient and exponent of the stress contributions and the activatergyeare
hence invariant resulting only in a change in the normalization ecun@a for the
secondary creep model and; @Gnd G for the primary creep model). The
corresponding creep model constants for the average behaviohengger and
lower bounds are presented in Table 5-2 and Table 5-3. The corresporadiabfits

to the creep data are presented in Figure 5-2, Figure 5-3 and Figure 5-4.
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Behavior | gMPay! | ne As | Qo (I-mol-K)
Average 0.18 2.3 6.07 55793
RT-Lower 0.18 2.3 0.22 55793
RT-Upper 0.18 2.3 361.8 55793
75°C-Lower 0.18 2.3 0.138 55793
75°C-Upper 0.18 2.3  20.13 55793
125°C-Lower 0.18 2.3 3.43 55793
125°C-Upper 0.18 2.3 144.1 55793

Table 5-2: Garofalo equivalent secondary creep constants

Behavior | C;(Pa%) | C, | CyPa%) | C4 | Qi (kJ-mol-K)
Average 2.1E-13| 1.49 2.7E-25 3|9 39526
RT-Lower | 1.4E-14| 1.49 20E-26 309 39526
RT-Upper 8.1E-13| 149 1.3E-28 3|9 39526
75°C-Lower | 2.9E-14| 1.49 4.9E-26 3|9 39526
75°C-Upper 3.7E-13] 149 13E-24 39 39526
125°C-Lower | 3.6E-14| 1.49 8.1E-26 3[9 39526
125°C-Upper| 1.1E-12] 1.49 42E-24 39 39526

Table 5-3: Generalized exponential (equivalent) primary creep corshts
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Figure 5-2: Garofalo secondary model fits to TMM creep measurements
(Equation 5.3). LB, UB and AVG represent the model fits to the lower bouh

upper bound and average behavior of the equivalent creep measurements.
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Figure 5-3: Primary creep decay model fits to TMM creep measureants
(Equation 5.2a-b). LB, UB and AVG represent the model fits to the lower
bound, upper bound and average behavior of the equivalent creep

measurements.
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Figure 5-4: Primary saturated creep strain model fits to TMM measuements
(Equation 5.2a-b). LB, UB and AVG represent the model fits to the lower
bound, upper bound and average behavior of the equivalent creep

measurements.

5.2.2.2 Finite Element Model

In order to simulate the stress relaxation tests, a simpldizite element model
of the TMM test specimen between the two grips is used. Thelnioelefore

includes the solder layer and the tapered portion of the coppenglae shown in
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Figure 5-5. The model uses eight-noded, quadrplare stress elements with finite
thickness. Solder is modeled using partitionedtielgglastic and creep behavior. The
viscoplastic behavior of solder is modeled using tiheep properties described in
Section 5.2.2.1. The elastic and plastic propero€sSAC305 solder were not
measured at this point of the study. Hence as #rmalirapproximation, TMM
measurements of near-eutectic SAC387 solder froam@hk study are used to model
SAC305 solder [95]. Copper is modeled as an elastiterial. The material constants
used to describe the elastic and plastic deformadioboth materials is listed in
Appendix 5.1.

Prior to addressing the accuracy of the creep aotsineasured from microscale
non-homogeneous SAC joints in predicting the messatress relaxation response of
similar joints, the accuracy of the chosen modeétigtegy is validated. In particular,
the accuracy of the user programmed subroutine snéedbe validated using a
constant force creep simulation to predict the miess creep response of the TMM
specimen across various temperature and stresssiang

The loading comprises of a constant shear loadingdirection on the free edge
corresponding that in the TMM tests for the giveéess and temperature conditions.
The nodes on the fixed edge are constrained idir@ttions while the nodes on the
free edge are constrained only in the Y- directibme constant load comprises of a
constant force load in the creep study and a conhslisplacement load in stress

relaxation study.

143



A A K A AN AN VI WY Y, WV

Free E

dﬁg& W Y

i Y 1 [ ™~

Figure 5-5: 2-D FE model of test specimen for stregelaxation

5.2.2.3. Matrix of Modeling Runs

The matrix of modeling runs is detailed here. Asalibed earlier, these runs
should include sanity checks for validating the @dd modeling approach prior to
obtaining results on the stress relaxation. Thep & crucial since the primary creep
is implemented using a user written subroutinesTéxercise also verifies that the
modeling methodology and measured creep constamteapable of replicating the
measured creep response with reasonable accuraegeH-E runs are conducted
under constant stress loads and compared with ¢asumed creep strain histories.

Furthermore the creep strain predictions for thpen@nd lower bounds of creep
constants can be verified to bound the measurdtesda the creep tests. Once the
creep constants are verified to generate physicalévant results, the performance of
these constants in predicting the stress relaxatimasurements of the non-
homogenous SAC305 solder is investigated. In pdaic the runs are conducted
using creep constants representative of the upmktaaver bounds and the average
behavior to generate the bounds of stress relaxabehavior as well. These
predictions are then compared with the range oftexcabtained from the test

measurements.
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5.3. RESULTS

The performance of the macroscale (length scalepedent) creep constants in
predicting the stress relaxation behavior of th@-homogeneous SAC305 solder
specimens is presented here. In particular, thgerai scatter in the stress relaxation
predictions obtained from the bounds of the creemstants is compared with that
obtained from the stress relaxation measurememtaddlition, a comparison of the
stress relaxation measurements of SAC305 soldativelto Sn37Pb solder from the
microscale TMM specimens are presented. The sthessigbutions expected in the
solder region of the losipescu specimen configanais included to understand the
uniformity in the shear stress generated due to9fifenotch angles of the copper

platens.

5.3.1. Stress Relaxation Measurements of Microscale As-Febated Specimens:

SAC305 versus Sn37Pb

Stress relaxation measurements of SAC305 and eut8c37Pb solders at
various stress levels and temperatures levels rasepted here. The test matrix for
stress relaxation is not as comprehensive as thateep tests. However, the test
results do show some scatter in the measuremenwlsr udentical load conditions
though not as severe as that in creep tests. Tloelnsonstants used to describe the
decay of stress relaxation history exponentiallywatious stress and temperature
ranges (Equation 5.1) are listed in Table 5-4 aadld 5-5 for SAC305 and Sn37Pb
solders respectively. A plot of these constantsSI&C305 solder shows instances of
non-repeatability in the measured constants (&,d0aMPa shear stress(circles in

Figure 5-6). However, the constants exhibit refdmbiya at ~15 MPa (circles).
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Sn37Pb solder on the other hand exhibits very gepeéatability (circles in Figure
5-7).

The conclusions presented here on the scatter agedbon the measurements
conducted at room temperature. At high temperafdé8C), the stress relaxation
measurements are highly sensitive to minor fluabnatin the temperature of hot air
jet. Hence additional noise in induced in the meaments owing to the stresses
induced from the thermal expansions of grips. Farrttore the conclusions are based
on limited repeatability tests and further testamgl study is required to conclusively
guantify the extent of scatter as a function ofos regimes in the stress relaxation
histories.

The measurements show that the relaxation of SAG8Gter is much lower and
slower than SnPb solder. This result is expectexltda superior creep resistance of
SAC305 relative to Sn37Pb. The stress relaxatidmawier of SAC305 relative to
Sn37Pb at room and high temperature are plotteBlignre 5-8 a-b. The 75°C
temperature data show the extent to which thesstedaxation rate increases at high
temperature. Table 5-6 provides quantitative compas of the stress relaxation

response as a function of temperature and solaepasition.
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Figure 5-6: Stress relaxation model constants at room tengpature for SAC305.

RT-SnPb
0.40 =
0.35- @ u
0.301
m
0.25 [ ea
020 mb
©
L J
0.15
0.10
\4 IS
0.051 ¢ @
0.00 ‘ ‘ ‘ ‘
0 5 10 15 20 25
Tau, MPa

Figure 5-7: Stress relaxation model constants at room tempure for Sn37Pb

solder

147



25 10
a b)
201 sacC-20mpe
20 a 8 _—SAC-9MPa
- SP-20MPa = 1
=15 SAC- 8MPa =g
z z .
SP- 8MPa z —,
7 10 o I 240 -4 SAC6.SMPa Tt
’ &:«“m - 2| Nty e SACMR T
rtsmreses . e SPCTMPa __ =v— -
0 | " SP-4MPa - .
0 2 4 6 8 10 0 2 6 8 10
Time (x1000 secs) Time(x1000 secs)

Figure 5-8: Stress relaxation measurements of SAC305 &1s Sn37Pb solder at

a) RT and b) 75°C

25°C

75°C

To

a

To

A

b

8.0

8.00E-01

2.20E-0]

| 3.7

2.42E-0

P4.14E-01

9.9

4.65E-01

3.59E-0]

| 5.1

4.31E-0

P 3.09E-01

10.5

1.44E-0

1.98E-0]

| 6.6

4.30E-0

p 3.44E-01

14.1

1.26E-0

[1.98E-0]

| 9.2

3.81E-0

P 3.55E-01

14.2

1.26E-0

2.25E-0]

| 10.6

2.14E-0

P3.61E-01

16.3

2.59E-0

[1.38E-0]

| 11.7

2.04E-0

1 1.93E-01

21.4

2.66E-0

1.30E-0]

| 12.6

2.07E-0

11.70E-01

24.8

3.01E-0

[1.17E-0]

| 16.4

1.96E-0

1 1.94E-01

18.1
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Table 5-4: Stress relaxation history fit constants for 8C305 solder

25°C 75°C

To a b 10 a b
3.7 |6.69E-02.72E-01 3.5 |2.24E-02 4.73E-01
7.0 [6.40E-023.67E-01 3.9 | 6.03E-02 3.62E-01
7.4 |5.82E-013.68E-01 6.9 |9.17E-02 3.47E-01
10.2 | 8.32E-08.57E-01 8.1 | 1.04E-01 4.02E-01
17.0(7.08E-0fB.78E-01 17.6 | 1.49E-0]1 3.41E-01
21.1(1.72E-0012.55E-01

Table 5-5: Stress relaxation history fit constants foSn37Pb solder
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t,t (MPa), T (°C) | SAC305] SP Ratio (SAC/SP)
15 min (7, 75) 36 62 0.58
3 hours (7, 75) 65 a0 0.72
15 min (7, 25) 30 52 0.57
3 hours (7, 25) 46 83 0.54

Table 5-6: Comparison of % relaxation as a function of sdler, time and load

As seen from room temperature comparison (FiguBa)s-for a given initial
stress of 20 MPa, SAC305 relaxes only by 56% intitne Sn37Pb relaxes by 80%
(i.e. 1.7 hrs). At 75°C, a similar comparison atMBPa shows that SAC305 relaxes
only 52% in the time that Sn37Pb relaxes by 80% @0 min). The load drop in
SAC305 versus Sn37Pb at different stress leveTatshown in Figure 5-3jives a
clear indication that the stress drop rate in Sb3i@ much higher compared to
SAC305, at different stress levels.

The relaxation response for both solders has tvetindi portions; an initial
steeply descending portion followed by a “steaditeSt decrease at a much lower
slope. The steady state slope of eutectic Sn37Reda to be higher than that of
SAC305 solder, with the difference being more proreed with increasing
temperatures. Increase in the initial stress irs@®dhe relaxation in both cases, but
more severely in SAC305 than in Sn37Pb (Figure. %J8)ike SAC305, a majority of
the relaxation (~70%) in Sn37Pb is seen to occuthm initial 15 minutes and
saturation is achieved. Comparison with resultefitberature is not possible due to
varied reasons such as range of load conditiorsde ssnd state of damage in the

specimen [135, 137, 157].
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The stress relaxation results obtained here sughast for the purposes of
accelerated thermal cycling (ALT) profiles withnk < = 75 C, dwelling the
packages beyond 20-30 minutes does not relax thessin SAC305 significantly.
The stress relaxation measurements from this stwdyused in conjunction with
modeling and simulation results for saturationh&rimal cycling fatigue acceleration
factors to determine the optimal dwell time for S35 solders relative to Sn37Pb

(Appendix 5.2).

1.
o8] snPb-20 Mps _ STPE-8 MPa
0.€ el b
Load Drop 0 4;
012: \ SAC- 20 MP@s

0 1ER  2E: 3EE 4E: 5E:

Time, ¢

Figure 5-9: Stress relaxation at 25°C in terms of load amp

5.3.2. Finite Element Modeling

The performance of the creep constants in predjcthre stress relaxation
behavior of non-homogeneous SAC305 solder specinenmesented here. The
modeling results for the upper bound, lower bound the average creep fits are
presented. In addition the effect of inclusion/ lagon of primary creep to the
secondary creep are included. The results of théysaheck conducted by using
creep test loads is presented first followed bystihess relaxation predictions.

As described in Section 2.1.1, Section 3.2.1 ancti®e 5.2.1, the losipescu
specimen configuration chosen in this study hasathvantage of producing a uniform

shear stress distribution, and negligible tendilesses in the solder region owing to
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the 90° notch angles in the copper platens. Thesstdistributions expected in the
solder region of the losipescu specimen configaragubject to a constant force
creep loading that generates 11 MPa shear str@&@tare presented in Figure 5-10,
Figure 5-11 and Figure 5-12. The results show ttiatshear stress is uniform across
the solder region (except the edges which constkulid% of joint length) and that
the tensile stresses are negligible (around 1-2NMea)ss majority of the joint (90%

of joint length).
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Figure 5-10: Contour plot of the elemental shear stressy distribution (in Pa) in

the solder region under creep loading at 75°C and 11MPa load.

[xl0**g)

|
|
]
|
i
i
I

!
-

Figure 5-11: Plot of the shear stress,y (Y axis in Pa) across the 3mm length ( X
axis in ‘m’) of the solder region under creep loading at 75°Crad 11MPa load.
Shear stress is seen to be ~11 MPa across majority of the joaxcept at the

edges where the peak stresses are seen.
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Figure 5-12: Plot of the tensile stresses (in Pa) acros$etlength (3mm) of the
solder region under creep loading at 75°C and 11MPa load. Ssg values are
seen to be around 1-2 MPa in the bulk of the joint except at thedges( <6% of

joint length).

5.3.2.1.Sanity Check: Creep Loading

Comparison of the results from the modeling andeerpents under creep
loading conditions reveal that the predictions frareep constants that are
representative of the upper and lower bounds oftescado bound the test
measurements (Figure 5-13 and Appendix 5.3). Ferhigh stress regions which
show the maximum scatter in the creep measurenteetbounds cover a wide range
of strains under similar load conditions.

A direct correlation between the trends of the reimastress relaxation predictions
and the difference in the creep fits and measursnana given load level is not
feasible. This is because the scatter bounds ateated across the entire stress range

rather than an individual stress loading for a gileothermal temperature condition.
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The sanity check results verify the accurate fuomatlity of the user programmed
subroutine for primary creep.

Table 5-7summarizes the results from the creep FEA runsirgi§-13 compares
the modeling results and test measurements at 1a, MB°C. The creep strain
predictions based on the lower bound and the agereeep fits approximately match
the measured lower bounds and average creep behasioss the specimens
measured at identical loads of 10MPa. The FE résisiéd on the upper bounds of the
creep constants over predicts the measured cresp kistory significantly. Hence
similar over prediction of stress relaxation cane@ected in the stress relaxation

runs. The modeling results at other creep tessslaad provided in Appendix 5.3.

Load (MPa,°C) Bln_lt_jecsltrseep Performance of bounds
11,75 yes A and L bound measurements. U over geedi
U corresponds to largest creep measurements,
15, 25 yes A to approximately at the mean and L under
predicts.
20, 25 yes A and L bound measurements. U over geedi

Table 5-7: Results of creep loading sanity checks as a fuiwt of shear stress
and temperature. U, A, and L refer to the predictions from uppe bound,
average fit and lower bound based creep models. Both primaand secondary

creep is modeled here.
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Figure 5-13: Results of creep loading sanity checks at 11, 75°C. U, A, and L
refer to the predictions from upper bound, average fit and laver bound based

creep models. The material model uses both primary and seatary creep.

5.3.2.2. Modeling: Stress Relaxation

The contributions of secondary and primary creegtitess relaxation of SAC305
solder are investigated here. Owing to the piecgi¢oe variability exhibited by the
non-homogenous and anisotropic TMM solder specimires emphasis is more on
average trends rather than on exact quantitativezligiions. Isothermal stress
relaxation is predicted at 25°C and at 75°C, andpared with test results.

The results of the stress relaxation runs at 11,MBaC and 20 MPa, 25°C are
presented in Figure 5-14 and Figure 5-15. Thesssievels are representative of
the shear stresses expected at 25°C and 75°Crsdlem $older interconnects during
service loads under thermal cycling loads. ThespdtFE predictions at other load

levels are presented in Appendix 5.4.
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In addition, the effect of the displacement loadiage (to reach a constant
displacement history) is studied in Figure 5-16 Riglire 5-17. The results show that
the displacement loading rate does not affect ttess relaxation histories predicted
in the finite element analysis (both with and withthe inclusion of primary creep to
the secondary creep). The slight offset seen betwee FEA predictions from the
different ramp rates in Figure 5-17 is due to albifference in the initial stress
achieved at the start of the relaxation loading (@Pa difference).

Results show that the addition of primary creepabedr to the secondary creep
model increases the magnitude and rate (curvatfrsjress relaxation. The stress
relaxation predictions reveal that the use of imgitconstants for creep do bound the
stress relaxation behavior. The use of the avecagep behavior fits alone is not
accurate in capturing the range of the measuredsstelaxation behavior (Figure 5-
14, Figure 5-15 and Appendix 5.4

In general, the creep constants based on the Ibawends of 75°C data are best
suited for capturing the stress relaxation measengsnconducted in this study. The
predictions based on the average and upper bodrttie oreep data fits at 75°C are
comparable (Figure 5-14). The average behaviortaedower bounds creep fits at
room temperature are best suited for capturing stress relaxation at room
temperature (Figure 5-15).

In addition, the use of secondary creep constgutnodels without the inclusion
of primary creep is more successful in capturing stress relaxation behavior. The
use of primary creep material constants measurdhisnstudy highly over predicts

the relaxation behavior especially in the initigges of the time history. This region
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is subject to much higher stresses leading to hehigensitivity to the viscoplastic
deformation.

A comparison of the errors in the stress relaxatmedictions with the
measurements at 25°C and 75°C are provided in Tal8eand Table 5.9. A
comparison is provided on the magnitudes of emathe predictions relative to the
measurements at 15 minutes and 3 hours. These ameshosen owing to their
relevance to the possible hot dwell times that applicable to Sn37Pb and SAC
solders (see the Appendix 5.2 for a detailed study)

These results suggest that when the creep cutveglfiwith the creep test data,
the stress relaxation predictions can provide asamable fit to the test data.
Discrepancies in stress relaxation predictions lwarof the same magnitude as the

scatter in the creep test data.
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Figure 5-14: Results of stress relaxation predictions atliMPa, 75°C. U, A, and
L refer to the predictions from upper bound, average fit and laver bound based

creep models. The material model uses both primary and seatary creep.
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Figure 5-15: Results of stress relaxation predictions &0 MPa, 25°C. U, A, and
L refer to the predictions from upper bound, average fit and laver bound based

creep models. The material model uses both primary and seatary creep.
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Figure 5-16: Effect of pre-loading ramp rate on the stress taxation predictions
(shear stress) at 17 MPa, 75°C using primary and secondaryesp constants of

the lower bounds. The slow and fast ramp rates are 0.6 um/s an@ um/s.
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Figure 5-17: Effect of pre-loading ramp rate on the stress taxation predictions
(shear stress) at ~6 MPa, 125°C using secondary creep consseof the lower

bounds. The slow and fast ramp rates are 0.3 um/s and 10 pm/s respvely.
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Load /

Offset in FE s vs. Test Data

M'\/zla(t)zr;?l Upper | Average| Lower Performance of bounds
Tes @ 3 hours =1.3 MPa o _

4 MPa, 11 1 04 Predictions using L bounds of
Primary + creep data match test data
Secondary Trest @ 15 min =2.4 MPa U and A results are comparable

and over predict significantly
-1.9 -1.7 -0.7
Ties @ 3 hours =1.3 MPa Qualitative trends similar to that

4 MPa, 1.0 | -08 | +0.2 as primary + secondary resultg

Secondary| s @ 15 min =2.4 MPa Magnitude  and rate  of
15 | -12 [ -03 relaxation is lower.
Ties @ 3 hours =2.4 MPa

7 MPa 1.8 | -16 | +0.1 Predictions using L bounds of
) ' Ttes @ 15 min = 4.2 MPa creep data match test data
Primary +
Secondarv_2-3 | 22 | -02 U and A results are comparable
y : > =

Ttes @ 1 min = 5.5 MPa and over predict significantly
1.7 | -18 | +03
Ties @ 3 hours =2.4 MPa
21 | -19 | -0.63 Qualitative trends similar to that

7 MPa, Ttes @ 15 min = 4.2 MPa as primary + secondary resultg

Secondary] -33 [ -29 | -1 Magnitude and rate  of
Ttes @ 1 min = 5.5 MPa relaxation is lower.
35 | 29 | -0.2
Ties @ 3 hours =5.8 MPa Predictions using L bounds of
105MPa| 52 | -5 | -29 creep data match test data
Primary + . (slight over prediction)
Secondary Trest @ 15 min =8 MPa U and A results are comparable
67 | 62 | -3 and over predict significantly
Ties @ 3 hours =5.8 MPa Qualitative trends similar to that
10.5 MPa L5 | -4.4 | -15 as primary + secondary results.
Secondary T @ 15 min =8 MPa L und_er predicts
53 48 16 Magnlt_ude_ and rate qf
relaxation is lower.
Tiest @ 3 hours = 3.5 MPa
(11.7MPa test data) Predictions using L bounds of
12MPa | 27 | -24 | -05 creep data match test data
Primary + | Tes @ 15 min = 5.5 MPa (slight over prediction)
Secondary| -3.6 \ -3.2 \ -0.2 U and A results are comparable

Ttes T @ 15 min = 7.7 MPa

58 | 54 | -24

and over predict significantly
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Table 5-8: Comparison of stress relaxation FE results andMM data at 75°C.

U, A, and L refer to the predictions from upper bound, average fiand lower

bound based creep models

Load, Offset in FE s vs. Test Data
Material
Model Upper | Average| Lower Performance of bounds
Ties @ 3 hours = 9 MPa Predictions using L bounds of
20 MPa, 79 51 +2.1 creep data is best match to test
Primary + L dafta :
Secondary Tiest @ 15 min = 11.2 MPa A is the lower bound and is at
the mean of U and L results.
-9.2 4.5 +3.5 over predicts significantly)
Ties @ 3 hours = 9 MPa Qualitative trends similar to that
20 MPa, 39 | -18 | +29 as primary + secondary resultg
Secondary| t,es @ 15 min =11.2 MPa Magnitude  and rate  of
26 | 05 | +41 relaxation is lower.
Ties @ 3 hours = 6.5 MPa Predictions using A bounds of
14 MPa 55 | 27 | +4.2 creep data match test data
Primary + . (slight over prediction)
Secondary]  Test@ 15min =8 MPa A is at the mean of U and L
59 | 12 | +5.8 | results. (U over predicts)
Ties @ 3 hours = 4.3 MPa Predictions using A bounds of
8 MPa 33 | -06 | +36 creep data match test data
Primary + Ttes @ 15 min = 5.6 MPa (slight over prediction)
Secondary A is at the mean of U and L
-3.6 -1.9 2.6 results. (U over predicts)

Table 5-9: Comparison of stress relaxation FE results andiMM data at 25°C.

U, A, and L refer to the predictions from upper bound, average fiand lower

bound based creep models.

5.4. LIMITATIONS AND FUTURE WORK

Stress relaxation testing is challenging since atgislity in obtaining the initial

stress state accurately across different specimsetifficult to achieve. Furthermore,

conducting measurements at high temperatures pesese challenges since minor

fluctuations (of order +/°LC) in the isothermal temperature setting resultstiass
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fluctuations as large as +/- 3 MPa due to thermadaesions of the grips and
specimen. The variations in the measurements°& @k hence a combined effect of
temperature induced noise and material behavioncéleninimizing noise in the
stress relaxation at high temperatures (>75°C) ifficat and temperature
compensated expansions need to be included in¢hsured stress history.

The test matrix for the stress relaxation doespnovide sufficient repeatability
for quantifying the extent of scatter as reportedhie creep measurements of these
non-homogeneous joints. Future testing should tiyege this issue. Furthermore,
the modeling predictions in the current study aaseld on 2-D FEA and the three
dimensional effects of the solder joint deformatsirould be explored using a 3-D
model.

Owing the capability of the temperature module, sneaments at 125C have
not been conducted. Future study should improvetehwerature capability of the
TMM setup for providing these measurements. Aspgmaimate estimate, modeling
predictions based on the validated FE model in 8tigdy can be provided to

understand the extent of relaxation at125

5.5. SUMMARY AND CONCLUSIONS

The accuracy of the macroscale continuum mechabased creep model
constants measured from non-homogenous SAC305nsgesi in predicting the
stress relaxation measurements of similar specingenms/estigated using modeling
and simulation. The piece-to-piece variability atvee under identical loading
conditions in the stress relaxation measurememsti|as significant as that in creep

measurements. The scatter is evident predominantlthe initial time histories
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(higher stress levels), and gradually decreases midreasing time (damage). The
stress relaxation of SAC305 proceeds at a muchesloate than Sn37Pb (SAC 305
relaxes approximately 50% of Sn37Pb at 7 MPa, 2%&d). A quantitative
comparison of % relaxation of SAC305 achieves ngdab Sn37Pb is provided.

Modeling results show that the error in the stretsxation predictions is within
the same range of scatter observed in the creegumeaents. The effect of the
inclusion of primary creep to the secondary cregpdpresenting the solder behavior
is investigated. The results show that utilizing #verage macroscale creep constants
do not necessarily capture the stress relaxatidmber. The range of stress
relaxation modeling predictions based on the crempstants representative of the
bounds of measured scatter do capture the ranggatier exhibited by the relaxation
measurements.

Inclusion of primary creep significantly increast®e rate and magnitude of
relaxation, leading to an over prediction of theest relaxation relative to the
measurements. Results of the 2-D FE analysis sudigas material models using
secondary creep alone capture the stress relaXagioavior effectively (inclusion of
primary creep is not necessary). The predictiorst tlse the secondary creep
constants (exclusive of primary creep) based ototiver and average bounds capture
the measured stress relaxation behavior more efédgtthan those with the upper

bounds.
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Chapter 6: Microstructure and Property Evolution of
Sn3.0Ag0.5Cu Solder with Aging and Cyclic Loading

ABSTRACT

This study examines the effect of cyclic fatiguendge and aging histories on the
evolution of the constitutive and fatigue responaed microstructure of microscale
SAC305 solder joints. In particular, the study exaas if the variability exhibited by
the viscoplastic properties of as-fabricated micatess SAC305 joints is also evident
in the elastic, plastic and fatigue propertieshaf $ame joints. Microscale specimens
are fabricated to produce microstructures that r@gresentative of functional
microelectronic solder interconnects. All specimame aged at 0.85 homologous
temperature for 100 hours, to reduce microstrutiosdability. These specimens are
termed as as-fabricated specimens.

Cyclic damage is induced through isothermal, meicia&eycling tests at 5E-2's
strain rate and room temperature, in microscaletgoilnsights into the evolution of
the measured properties are provided by correlatilmgostructural grain evolution of
microscale SAC305 solder as a function of cycliendge. The effect of aging
history is studied by subjecting the as-fabricagpdcimens an additional isothermal
aging for 3000 hours at room temperature beforeham@cal cycling. These are
termed as “aged” joints.

Accumulated fatigue damage and isothermal agingfawed to degrade the
constitutive and mechanical fatigue propertieshef $older. The hysteresis response,

and the elastic, plastic and yield measurements fte initial cycles show piece-to-
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piece variability (similar to that seen in the ialtviscoplastic secondary creep
measurements), owing to the non-homogenous coaageed Sn microstructure. The
scatter gradually decreases with an increasing sfasolder damage (increasing load
cycles). In particular, the variability in the fifatigue life of these non-homogenous
solder joints under mechanical fatigue tests idigkde compared to that seen in the
constitutive behavior of undamaged solder.

The non-homogenous coarse Sn grain microstructakgbieed in the as-
fabricated state undergoes grain homogenizationtduecrystallization. This is a
possible explanation for the reduction in scattethie fatigue curves with increasing
fatigue damage. The grain evolution observed inresale joints is similar to that
reported in functional solder joints under life-lgy¢oading. The mechanical fatigue
durability of SAC305 solder reduces with isothernaging. However the fatigue
durability is higher than that of unaged eutectio3®b. The yield stress
measurements suggest that SAC305 obeys a hardarieglifferent from that of
isotropic or kinematic hardening. The measured atagron in elastic, plastic and
yield properties is described with a model from literature, based on continuum

damage mechanics.

6.1INTRODUCTION

Studies conducted in the previous chapters invagsiiythe extent of scatter
exhibited by microscale SAC305 shear specimensrudéatical viscoplastic loads.
An important aspect of these material characteomatests is that the reported
constitutive properties are those of undamaged amathbricated solder specimens.

After reflow, all specimens are aged at 0.85 homals temperature for 100 hours,
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to reduce microstructural instability. These joiate termed as “as-fabricated” joints.
The material characterization tests are conducgdgua custom built test setup,
thermomechanical microscale machine (TMM). The $esicimens are modified lap-
shear losipescu microscale solder specimens.

Apart from constant stress (viscoplastic creep) testconstant strain (stress
relaxation test) loads, functional solder intercects are also subjected to monotonic
plasticity-dominated loads as well as cyclic faidoads during their service life. As
described in earlier chapters, solder exhibits livear viscoplastic deformation
which is partitioned, for convenience, into elasptastic and creep behavior. Hence
as continuity to the viscoplastic measurementsrtedan Chapter 3, the extent of
scatter exhibited by the elastic, plastic and cytditigue properties of microscale
TMM specimens in the undamaged, as-fabricated satesestigated in the current
study. The cyclic fatigue loads investigated here iaothermal mechanical cyclic
loads.

In reality, however, the microstructure of soldenstantly evolves throughout the
service life and does not retain the as-fabricatedrostructural features. Under
service conditions, electronic solder interconneats subjected to continuous
degradation (macro cracks, and distributed micranate) and continuous
microstructural evolution [22, 51, 60, 70]. Henhe tonstitutive response, which is a
function of the underlying microstructural statésoaevolves as a function of the
loading history. Hence an understanding of the raeidal response as a function of

load history is crucial for the design and modeliigolder reliability.
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Most predictive studies (analytical or numericah) the mechanical response of
solder (durability and stress response) utilizesttutive properties measured from
as-fabricated and undamaged pristine joints. Thasslictions are often non-
conservative since they do not account for the atdagron of constitutive response
due to fatigue damage. The accuracy of these preglistudies can be improved by
suitably updating the constitutive properties dsrection of the damage induced by
the loads [230]. Alternatively, post-damage counstie properties can be used to
provide a conservative estimate.

Furthermore, it is important to understand how ithigal coarse-grained, non-
homogenous microstructure of as-fabricated, pmestimicroscale SAC305 joints
evolve under the loading experienced during theeeservice life. Literature reports
that Pb-free solder joints in microscale dimensjaswsech as BGA joints, undergo
recrystallization when subjected to acceleratedntiaé cycling, power cycling, drop
and vibration fatigue[43, 51-55, 60, 62-63]. In tpadar, this study investigates if
similar recrystallization and grain refinement accam TMM samples, under
isothermal cyclic mechanical fatigue. This similargoverns the relevance of post-
damage constitutive properties measured here.

In the current study, the evolution of the monatooonstitutive properties,
fatigue properties and microstructural grain feegunf the microscale TMM joints is
studied as a function of the loading history. Thuence of two kinds of loading
histories is investigated here. The first loadiyyetis cyclic fatigue loading that leads
to damage accumulation such as those seen by doattisolder joints under

operating field conditions. In order to mimic thantage induced under cyclic loads
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in field, cyclic damage is induced in SAC305 TMMespnens through isothermal
mechanical cycling tests at room temperature. Ttherdoad history investigated is
long-term isothermal aging, such as that seen ldesgoints during transportation
and idle time. The microstructure, and hence thehaical response of Pb-free
solder, is known to be sensitive to long-term theraging [5, 7-8, 54, 69, 71]. This
study characterizes the change in solder propetdtiesto long-term aging at room
temperature.

In addition to understanding the evolution of thatenial properties as a function
of fatigue damage, a phenomenological model thataapture the changes in the
material properties is investigated. A previouslyogosed continuum damage
mechanics model is applied, to explore whetherajitares the degradation in the
constitutive response as a function of mechaniatijde damage with sufficient

accuracy [231] [104, 232-233].

6.1.1. Objectives of the Study
Based on the background provided so far, the speaaifectives of this study on
SAC305 microscale solder are to:

e Investigate the extent of scatter exhibited by toastitutive (elastic and
plastic) and isothermal mechanical fatigue propsrtin the initial as-
fabricated state.

e Characterize the evolution of the constitutive 8 plastic and viscoplastic)

and scatter as a function of increasing fatigueatgnto the solder.
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e Investigate whether the observed degradation o$tttative properties as a
function of cyclic fatigue loading can be charaied by a previously
proposed [104, 231-232] model based on continuumaga mechanics.

e Investigate the microstructural evolution of asriedted SAC305 microscale
solder specimens as a function of isothermal mechbfatigue damage and
compare with that of functional microscale soldengs.

e Investigate the evolution of isothermal mechanizdigue properties as a

function of isothermal aging (and % Ag content A&C3.

6.2. APPROACH

Details of the test methodology, test matricescispen fabrication and loading

history, and the damage model used are describasisection.

6.2.1. Test Setup and Test Specimen

A microscale test setup, termed the thermomechlamzaoscale (TMM) setup,
is used for conducting isothermal cyclic mechanfaibue tests, as well as periodic
monotonic tests to characterize constitutive bedrags a function of cyclic fatigue
damage. The specimen configuration and fabricatiom described in detail in
Chapter 2 (Experimental Approach). Hence only th&itk relevant to the current
study are provided here. All specimens undergolaimfabrication steps until the as-
fabricated stage. Any additional changes to therastouctural state of the solder
joint in the TMM specimen in terms of damage acclation or aging histories are
described in Sections 6.2.1.1 and 6.2.1.2. Defafilshe fabrication process are

described next for continuity.
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The solder specimen is fabricated by manual saideat a reflow temperature of
248°C and 210°C for SAC305 and Sn37Pb solders cagply. The pre-heat time is
45s and the reflow time from the deposition of soltb stationary heating time is
60s. The specimen is then air-cooled at ~ 2°Clis. dre-heat and the reflow profile
are strictly monitored to be consistent acrossdicimens. All specimens are further
aged for 100 hours at 0.8,d;: (~132°C in the case of SAC305 solder) prior toings
to obtain a stable microstructure and also to retesidual fabrication stresses.
Sn37Pb is traditionally aged at 100°C, which cqoesls to a homologous
temperature of 0.8. Since solders exhibit viscdi#g the same homologous
temperature is chosen for SAC solders (~132°C) &ntain consistency. In the

current study, these thermally pre-conditionedtpare termed ‘as-fabricated’ joints.

6.2.1.1. Manufacturing History of Specimens Subjected to Damge Evolution

Studies

The tests for characterizing the fatigue properéied the evolution of elastic,
plastic and yield properties as a function of fatigdamage are conducted on ‘as-
fabricated’ joints. The changes in state of miguodtral damage are induced by
subjecting these joints continuously to isothermmdchanical fatigue loads. The
resulting changes in the elastic and plastic ptegseare monitored from the cyclic
hysteresis loops. The creep and stress relaxatiopefies are monitored as a
function of fatigue damage, by conducting monotoriscoplastic tests after
predetermined amounts of cyclic fatigue damageir{ddfby predefined amounts of

load drop) on different specimens.
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6.2.1.2. Manufacturing History of Specimens Subjected to Aging Stdies

The effect of aging on the isothermal mechaniciadfie properties is observed by
subjecting ‘as-fabricated’ specimens to additioaglng for 3000 hours at room

temperature, prior to the cyclic fatigue tests.

6.2.2. Test Matrix and Phenomenological Damage Models

The effect of aging on the isothermal mechanicaig@ properties is
investigated on as-fabricated specimens that agecuto additional aging in the
unstressed state for 3000 hours at room temper&iuree the constitutive properties
are measured as a function of increasing isothemeghanical fatigue damage, the
details of the fatigue testing are provided firstidwed by the details of the
constitutive tests. Table 6-1 lists the fabricatiaging and loading history of the

specimens for each of the conducted tests.
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Damage Statg¢As-Fabricated . Aging
> Undamaged Fatigue Damage Damage
continuously |end state of
StUdégng?UCtec ®=0 evolving damagedamaged = 308@0 Q.?.ur
from®=01t0 0.5 0.5
Elastic X X X
Plastic X X X
Yield X X X
Creep X X
Stress X X
Relaxation
Isothermal X X X X
Mechanical Fatigue
X
Microstructure X (post-creef
and fatigue

Table 6-1: Test matrix describing the constitutive anddtigue properties
characterization as a function of loading histories (damge and aging).
Parameter ‘@’ refers to the state of fatigue damage in terms of load drop #t

varies between 0 and 1.

6.2.2.1. Test Matrix: Isothermal Mechanical Fatigue Properties

Since plastic and creep deformation mechanismdt riesdifferent characteristics
of material damage, as assumed in various pamiticdamage models (strain-range
partitioning [1] and energy partitioning [95]),i& desirable to choose test conditions
that isolate the separate effects of these meahan(i8ppendix 6.1). Fatigue damage
due to creep deformation is rate-dependent andrggsiyely becomes the dominant
damage mechanism in solders, as the homologousetatupe increases and strain

rate decreases. On the contrary, fatigue damagetauate-independent plastic

174



deformation becomes the dominant contributor todesotlamage at low homologous
temperature and high strain rate.

In the current work, cyclic tests are conductetbaim temperature at a relatively
high deformation rate of 1@m/s, which corresponds to a strain rate of 5E-2s
Hence, the room temperature, high strain ratectmsdition provides a relatively low
ratio of creep to plastic damage. Furthermore, [®1iB7Pb and SAC solders have
creep deformation even at room temperature dueettiigh homologous temperature
(0.63 and 0.6 respectively). In this study, testihghis condition is labeled as a ‘low-
creep’ test, for convenience.

The displacement loading profile used in the meadhmatigue tests is triangular
( no dwell) and is shown in Figure 6-1, whexeand §, are the upper and lower
displacement amplitudescyde is the total cycle time, and, is the constant
displacement rate. The test matrix for low-creephisrmal mechanical cyclic tests is
detailed in Table 6-2. Fatigue tests in this stady conducted at a constant cyclic
inelastic strain range (ISR). As damage in soladeggesses (with increasing cycles),
the stiffness of the solder decreases, and theidSkIld constant by continuously
varying the load profiles in accordance with thandge accumulation. Fatigue
damage is quantified in terms of either the ISRher initial plastic work W (area

inside the initial stabilized hysteresis loop).
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)

Displaceme
um

Figure 6-1: Cyclic displacement loading profile for mechaical fatigue tests

Due to ISR-controlled cycling, cyclic W gradualleaeases with progressive
load drop due to the softening of solder with acelated damage. However, the
initial W is still a reasonable metric for characteg durability because cyclic W
experiences a similar decay in real joints undalicyfield loading, as the solder
accumulates damage (Appendix 6.2). Furthermore,peoad to ISR, W is a more
comprehensive descriptor of the loading historpcaiit includes both stress and
strain responses. A detailed review of the variomstrol modes used in isothermal

fatigue tests in the TMM setup is given by Has&ll4].

Test Conditions Load Levels
(Temperature, Strain Rate (Deformation Rangam)
25°C,5.5E-23 -55~55 -8~8 -10 ~ 10

Table 6-2: Test matrix for characterizing the isothermalmechanical fatigue
properties of SAC305 as a function of aging. The same test ma is used for
measuring the elastic, plastic and yield properties of miascale SAC305 solder

as a function of cyclic damage

Solder undergoes cyclic softening under isothermathanical fatigue due to
distributed damage and evolving microstructure. l&t pf the typical softening

behavior expected in SAC305 solder under ISR cortamdition is shown in
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Appendix 6.2. The maximum load-bearing capacity saider decreases with
progressive damage, and hence strain-controllechamézal cyclic failure models
typically use load drop as a failure criterion. Toad drop is monitored as a function
of number of cycles for various load levels (Seto2.3).

Similar to the Coffin-Manson fatigue model [1], avger law relationship is used

to relate the various damage metrics (D) to thdesyto failure () as follows:
D= CN? Equation (6.1)

where,C andn are material constants obtained by least squarefftest data. The
load drop with progressive cyclic damage and cysitening is monitored and

failure is defined at 50% load drop (Figure 6-2).

Cyclic load-displacement
hvsteresit
Initial P
St Final
Cycle
Load _ Pn
Po =
drop Po

Figure 6-2: Schematic of the load drop failure criterion usd in the fatigue tests

6.2.2.2. Test Matrix: Elastic, Plastic and Yield Properis and Microstructural
Evolution as a Function of Fatigue Damage
The elastic, plastic and yield properties are eaald using the hysteresis loops
continuously generated during the mechanical fatigasts in Table 6-2. The
properties are evaluated for the stress-strain esuryenerated up to a threshold

damage state (load drop) of 0.50. Testing is caetinuntil 0.80 load drop at which
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point the solder load bearing area is effectivebduced due to macro and
microcracking. Hence the measured properties stdowsr stress state than those
experienced by the joint at this damage state.hEuriore, 0.50 is chosen for
comparison with results in literature since thisaicommonly used criterion for

mechanical cycling tests.

In addition to the stress-strain data, the loaddristory is also measured as a
function of increasing damage/ load drop. Figur8 8hows a typical load drop
history generated from a mechanical fatigue tesstitin amplitude of +/-5.5E-2
(displacement amplitude of 1(im). The microstructure of the TMM joints is
analyzed for evidence of Sn grain recrystallizatfon the most damaging mechanical
fatigue loads (strain amplitude of +/-5.5E-2)

The elastic, plastic and yield behavior are euelidoy subtracting the creep
strain, from the total measured strain, as showBqguations 6.2-6.6 below. Average
creep strains are estimated with the constitutieeals presented earlier in Chapter 3.
A simple 1-D analytical viscoplastic model is usedsolate and identify the elastic,
plastic and creep contributions in the hysteresigp$. The methodology adopted is
similar to that presented earlier [95, 104] and phetitioned constitutive equations
are listed in Equations 6.2-6.6 for completeness.

Once the creep strains are eliminated, the slopekeounloading and loading
portions of these loops are evaluated to obtaineffective elastic modulus at this
strain rate. The resulting elastic strain is suité@ to obtain the hysteresis loops
between stress and plastic strain (see AppendiXoB.the resulting elastic, plastic,

creep and total strain). The Ramberg-Osgood poewer rhodel [234] is used to
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describe this resulting plastic hysteresis loopgeimms of the plastic model constants
(Cp, n). The yield stress is measured based on Olastigstrain offset at zero stress

state. The evolution of all these constants is itomd as a function of cyclic

damage.

€tot = €elast Ecrp T Eplast Equation 6.2
€crp = €sec t €prim Equation 6.3
€elas= O/E(D) Equation 6.4
Eelas= &tot —0/E(D) — €sec — €prim Equation 6.5
6 = Cy(D) (gptasd "o Equation 6.6

where, ¢ is the stress, s, €plas €op €sea Eprim  are the total, plastic, total creep,
secondary creep and primary creep straig; Go are current and initial Ramberg-
Osgood plastic coefficient;,ims Ramberg-Osgood plastic exponent; E is the elasti
modulus; and D is the instantaneous damage statee$vfrom 0 in undamaged state

to 1 in completely damaged state)

6.2.2.3. Test Matrix: Viscoplastic Creep and Stress Relaxatin Properties as a

Function of Fatigue Damage

As-fabricated TMM SAC305 joints are subjected tothermal mechanical
cycling loads of the highest intensity until thddgs reaches a damage state of 0.5
load drop. These joints are subsequently testedrwsrdep and stress relaxation loads

(Table 6-3).
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Test Type Test Conditions Load Levels

Isothermall 25°C, 5.5E-24, 0.5

i - +
Mechanical (Temperature, Strain Rat, 10 to +10um

(Cyclic Deformation Range)

Cycling Load Drop)

Creep 25°C 5 MPa 8 MPa 10 MiPa

Stress 25°C 10-12 MPd 13-16 MPa | 22MPs
Relaxation

Table 6-3: Test matrix for characterizing the creep andtsess relaxation

behavior of microscale SAC305 solder as a function of cycldamage

6.2.3. Phenomenological Damage Model for Degradation in QCutitutive

Properties

A study is conducted to explore whether the camsig degradation measured in
the test matrices described in Section 6.2.2.2 @loaw be described in terms of the
measured cyclic load drop (Figure 6-3), using atioomm damage mechanics
(CDM) model based on Kachanov’s linear damage diegien theory [232]. The use
of load drop for the damage metric was first pregubsy Haswell [104] for
accounting for the instantaneous load bearing @iréd@d TMM joint.

This model was later improvised to account for #wdtening in mechanical
properties [232] and utilized in the study of [23ERhuation 6.7 shows the proposed
CDM equation for the degradation in shear elasticutus, where ¢ refers to the
initial shear modulus in as-fabricated undamagateésand the damage state variable
D is the cyclic load drop. The equations fgr €, o, follow similar relations.

G=Gy* (1-D). Equation 6.7
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Figure 6-3: Load drop history in an ISR controlled mechanicéfatigue tests

(25°C, 5.5E-2 & strain rate, and 5.5 E-2 strain amplitude)

6.3. RESULTS: VISCOPLASTIC RESPONSE

The fatigue results are presented first followeg the evolution of the
constitutive properties and the microstructure wititreasing fatigue damage
accumulation in the solder. The effect of isothdrmaging loads on the fatigue
behavior of microscale SAC305 is investigated nédkte fatigue behavior of as-
fabricated microscale SAC305 solder specimens impemed with that of near
eutectic SAC396 and Sn37Pb specimens with simgdargaand fabrication history

from prior studies [95, 104].

6.3.1.Effect of Cyclic Fatigue Damage on the MechanicaProperties and
Microstructure
Isothermal mechanical fatigue durability of SAC3ider and the effect of such
fatigue damage accumulation on the constitutivepg@ries and microstructure

(damage and Sn grain features) of SAC305 soldetsj@ire investigated here.
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6.3.1.1.Isothermal Mechanical Fatigue Properties at Variousoad Drop Criteria

The results of the isothermal room temperature m@@chl durability tests of
microscale SAC305 solder specimens are presented Hee fatigue S-N curves for
SAC305 solder based on failure criterion of 50%dlalaop are presented in Figure
6-4 using both ISR and W as damage metrics. Theeptaw constants from
Equation 6.1, derived for SAC305 solder alloy fatth W-based and ISR-based
fatigue data, are listed in Table 6-4. The fatiggponent (n) obtained from this study
for the ISR based fatigue curve of SAC305 is -0.4%% comparison, Kariya et al.
[151] report an exponent of -0.55. The test spegiosed by Kariya is approximately
thrice as large as this study, with a width of 500. Comparison with other reports
on isothermal mechanical fatigue is not feasibfeeimost other researchers report
results from bulk specimens with non-representati@ostructures and some do not

report fatigue constants.

100 5
10 -
c E
2 W 89
[0 <><>
= O&/
c 1 °
S
g ISR
cDu 0.1 "
®
, & .
0.01 4
0.001 ‘ ‘
100 1000 10000 100000
Cycles to Failure (50% load drop)

Figure 6-4: Low-creep (25°C, 5.5E-2 §strain rate) cyclic fatigue S-N curves for

SAC305 alloy (failure criterion is 50% load drop)
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An interesting observation is that the fatigue dadaed on 50% load drop does
not show as much variability and scatter as thaeoked in monotonic creep and
stress relaxation measurements from similar mielestMM SAC305 specimens. In
both the fatigue and constitutive property testthg, specimens were in as-fabricated
state at the start of testing. This is an importabservation because the scatter
observed in the initial monotonic properties watrilaited to the highly non-
homogeneous and coarse grain structure (Figure 6Hdwn earlier in Section 3.3.2
of Chapter 3.The lack of similar scatter in cyclic results codlld indicative of
microstructural refinement and recrystallizatiomidg mechanical cycling, leading to
greater statistical homogeneity in the joints, anlll be explored further in Section
6.3.1.1 and Section 6.3.1.3 below. The scattémendurability data is somewhat less
(higher R value) in the W-based curves than in the ISR-baseeks.

In order to understand the minimal scatter in ihalffatigue properties (at load
drop of 50%), the evolution of scatter in the faggproperties from the initial as-
fabricated state up to 50% load drop is investmjateatigue curves are plotted at
increasing load drop levels between 10% and 50%, tae power-law Coffin-
Manson model of equation 6.1 is used to descrilee data (Figure 6-5). The
durability coefficient (C), durability exponent (@nd the goodness of fit {Rare
tabulated in Table 6-4 and plotted in Figure 6-6.

Figure 6-6 shows that there is significant scattethe durability curves at 10%
load drop (as expected) which gradually diminisheish increasing damage
(increasing load drop), until about 40% load drdjnis reduction in scatter is

consistent with the hypothesis that the highly homogeneous as-reflowed
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microstructure may be evolving and recrystalliztoga more homogeneous and
refined form, during the mechanical cycling anddgia¢ damage accumulation. The

damage criterion W is found to provide a bettethf#tin ISR, to the durability data.
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Figure 6-5: Evolution of scatter in fatigue S-N Curves as tunction of load drop

(dotted circles around yellow and black filled data poins represent tests at

identical displacement cycling loads)
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Figure 6-6: Goodness of fit (R value) of the power-law fatigue models, as a

function of load drop

ISR W

® (%) C n R° C n R
50 | 1.84] -0.50 0.65 | 472 -0.73 0.83
40 [3.120 -0.59 0.78 | 781 -0.83 0.91
30 | 0.46] -0.36 044 61 -0.52 0.55
20 | 0.1 -0.15 0.11 8 -0.25 0.18
10 | 01 -0.18 0.14 5 -0.21 0.13

Table 6-4: Fatigue constants of SAC305 as a function ofdd drop

6.3.1.2. Evolution of Constitutive Properties

The effect of accumulated fatigue damage on theatemic elastic, plastic, yield,

and viscoplastic constitutive behavior are repottece. Furthermore, the measured

evolution of the constitutive data is comparedi® €DM damage model of Equation

6.7.
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6.3.1.2.1. Elastic, Plastic and Yield Properties

The evolution of the inelastic stress-strain respoand yield strength, as a
function of cyclic fatigue damage is reported hdiee evolution of the elastic-plastic
behavior is compared to the CDM damage model ofakoo 6.7. All results
presented here are in terms of shear behavior. IReshow that the creep
contribution to the inelastic stress-strain curgeélatively insignificant at the test
conditions reported in this study (Appendix 6.3gnde the error introduced by using
the total strain in place of the elastic-plastiaist is negligible, when plotting the
inelastic stress-strain curves.

Based on these results, the shear elastic mod@luplastic coefficient (g) and
yield strength ;) (Figure 6-7, Figure 6-8 and Figure 6-9) are fotmadnonotonically
decrease with increasing fatigue damage, for amgngload condition. In contrast,
the plastic exponent (h does not show any monotonic trend with damage.
Furthermore the variation in ghis found to be negligible as a function of damage
and across samples tested at identical load conditHence the plastic exponent can
be assumed to be invariant with damage for modglurgoses. As expected, the rate
of degradation of the mechanical properties is @ridpgnal to the intensity of the
displacement amplitude of the fatigue loading. Tiitensity of the fatigue load is
represented by the work density (W) in Figure &igure 6-8 and Figure 6-9

An important observation is that the yield streg$ ifh the loading cycle is the
same as in the unloading cycle, thereby suggettimgthe SAC305 solder follows a

hardening rule similar to an independent hardetamgbut only in the initial cycle
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[234]. The measured hardening behavior is diffefearh the isotropic or kinematic
hardening laws traditionally used to model SAC sdd95, 104, 231].

The shear modulus measured from the current teasunements (~3 GPa, see
Appendix 6.4) are significantly lower than thospared in literature (~45 GPa) [98,
100-101, 235]. This arises because the strain nasesl (and achievable) in the
current test methodology are lower than the acoustiel strain rates typically used
for measuring elastic modulus. Similar magnitudésmmdulii were reported by
Zhang and Haswell [95, 104] using the same teshodeiogy for near eutectic
SAC387.

An important aspect of the elastic-plastic stréssits measurements is that
significant piece-to-piece variability exists iretproperties in the initial undamaged
state (indicated by circles in Figure 6-7, Figur@ &nd Figure 6-9). For example, the
normalized modulus measurements plot in Figure h@ws that the deviation in
properties can be as high as 60%. The upper aner lbaunds of the data are shown
in these figures. The scatter is comparable to dimerved in the viscoplastic
secondary creep properties of pristine, undamagleeisspecimens.

The scatter is believed to be due to the very lamiper of highly anisotropic Sn
grains in the TMM specimen reported in Chapter Bother interesting observation is
that, with increasing fatigue damage, the piecgiéze variability in the modulus
diminishes, possibly due to homogenization of thérostructure caused by
recrystallization. However the scatter is not ngigle, as in the case of the final
fatigue durability constants. The extent of vari&pin the properties measured in

samples at identical test loads is discussed mldetAppendix 6.4.
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The prediction of the CDM damage model describe8eantion 6.2.3s included
in Figure 6-7, Figure 6-8 and Figure 6-Fhe results show that the damage model
does a reasonable job of predicting the damageadation up to 25% of the failure
life of most specimens but fails past this poinbs$tble reasons include a
combination of data post-processing limitations amsh-homogeneous damage

distributions past this point (Appendix 6.5).
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Figure 6-7: Evolution of plastic properties, (a) Gand (b) n as a function of

damage. Work density W (mJ/mni) represents the severity of the fatigue load
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Figure 6-8: Elastic properties as a function of fatigue damage. Work density W

(mJ/mm?) represents the severity of the fatigue load
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6.3.1.2.2.Viscoplastic Properties as a Function of Fatigue: @ep and Stress

Relaxation

Softening and degradation of the effective cresstance of SAC305 solder with
increasing cyclic fatigue damage is presented Héreep measurements conducted
on as-fabricated solder specimens show that alththeyeffective creep resistance of
SAC305 specimens is initially much higher than tbatSn37Pb specimens, after
cyclic fatigue the creep resistance is much lovesel less than that of undamaged

Sn37Pb specimens). Similarly stress relaxation oreasents reported in Section
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5.3.1 of Chapter 5 shows that the magnitude anel oétstress relaxation in as-
fabricated SAC305 is much lower than that of Sn37Blress relaxation of
undamaged SAC305 does not catch up with Sn37Pb pasn3 hours at 125°C
(Table 5-6 and Figure 5-8). However, measurememtsycled SAC305 solder show
that with prior mechanical fatigue damage, the atiffe relaxation rate of fatigued

SAC305 increases so much that it is comparableaioaf undamaged Sn37Pb solder.
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Figure 6-10: (a) Creep and (b) Stress relaxation measements as a function of
cyclic fatigue damage. Measurements conducted on specimestressed to 50%

load drop (Table 6-3)

6.3.1.3. Evolution of Sn Grain Microstructure

The microstructural analysis of as-fabricated pres{unstressed and undamaged)
microscale SAC305 solder joints from Section 3.8t2Chapter 3 is included for
understanding the microstructural evolution aftegchranical fatigue. Typical TMM
specimens seem to exhibit around 2-5 grains ofrettdi80 um width (at most 3mm
length). The non-homogeneous structure in the lasetted specimen is shown in
Figure 6-11. The as-fabricated microstructure ofM gpecimens is representative of

that in as-fabricated functional solder joints lectronic packages.
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110
Figure 6-11: OIM Images of as-fabricated TMM joint showing5 Sn grains

across the length of the joint

The final microstructure that these non-homogenemists achieve under
mechanical fatigue at room temperature is presented. Since the focus of the
investigation is primarily on grain refinement thgh recrystallization, some prior
knowledge of potential recrystallization siteseguired. These regions are identified
by preliminary SEM analysis to identify potentiailire paths and high stress
concentration regions such as cracks and voids.

Regions of interest for analyzing recrystallizattgpically have an area of 20-150
pm x 180 um. The SEM image of a specimen cycleghtmitial maximum stress of
~20 MPa at RT is shown in Figure 6-12a. Apart fritv@ macro-fatigue crack, Figure
6-12 b also shows the crack path in the solder hveeems to be intergranular, i.e.,
decohesion at grain boundaries. Evident in the shguee are Sn dendrites and
intermetallic particles at different locations;arnficing Sn dendrites (white particles)
and bigger IMCs (grey particles).

The macro-crack is a potential site for recrystalion and the grain
microstructures are analyzed in this region. Restiibm the focused ion beam
microscopy (FIB) clearly show regions of varyingstallographic orientations in the
solder after mechanical cycling (Figure 6-13a).p&pdix 6.6 provides details on the

FIB analysis. The contrast variation in the cyctetter seen in the FIB images could
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be attributed either to the formation of new grado® to recrystallization or due to
new subgrains that precede recrystallization[201]

Based on the FIB image, the sizes of these redirgsth structures vary from
approximately 4um to 40um. The grain size decredlese to the crack boundaries,
due to higher stress fields. Analysis of the sizé distribution of these grain and sub-
grain structures as characterized by the FIB arsiyshe newly recrystallized solder
is shown in Figure 6-14. The results indicate r@ar trend with increasing distance
from the crack surface. The size reported heraaddrgest dimension in each grain
(or sub-grain) region and the distance is from thack to the centroid of the
grain/sub-grain regions. Recrystallization leadstmaximum reduction in average
grain size of around 98%. The SEM image (Figure36b) of the same region
analyzed with the FIB shows discernable grain festias well (marked by grain

numbers 1-2).
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Figure 6-12: SEM images showing a) macro and micro damage infergranular

cracks (indicated by arrows) in mechanically cycled SAC305older
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Figure 6-13: FIB cut at crack showing recrystallized grams (or sub-grains) in (a)

FIB image (b) SEM image
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However the biggest challenge in recognizing neangsubgrain formation using
FIB analysis is that the regions are discerneddasequalitative parameters such as
the contrast variation in the image. This in tuapends on the amount of sputtering,
stage alignment and surface finish, among othetoffac Hence the accuracy of
discerning grains and the quantitative grain sizayssis conducted by this method is
limited.

In spite of this drawback, an important outcomethed FIB study is that this
analysis does confirm the formation of regions efvrcrystallographic orientations in
microscale SAC305 solder joints after isothermathamical cycling, even at room
temperature. To obtain quantitatively definitiveogir of recrystallization and to
distinguish between subgrains and grains, oriematnaging microscopy (OIM) is

conducted on cycled TMM SAC305 specimens.
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Figure 6-14: Size distribution of recrystallized regios, based on FIB analysis

Results of the OIM analysis are presented in Figui®, Figure 6-16 and Figure
6-17. A step size of iim is used for the mapping the grain microstructuBark
regions in the EBSD image could potentially be wagiwhere the crystallographic

orientation data did not reach the detector owmdpdd surface finish or due to the
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presence of cracks and damage from cyclic mechHaesting. The crystal structures
are identified as hexagonal structure fors&y, orthorhombic structure for Ag§n
and body center tetragonal (BCT) unit cell for Sn.

Figure 6-15 and Figure 6-16 depict the subgraimkraarystallized grains around
the macrocrack of a cycled specimen based on tih& &alysis. The grains and
subgrains in Figure 6-16a are distinguished basegrain boundary angles. All three
phases, namely the IMCs and Sn phase are includéas image. The distinction
between grains and subgrains is made based on mlsmagles at boundary being
greater than or less than 5° respectively [201].

The grain boundary angle and crystallographic ¢aiteon of Sn phase only are
shown in Figure 6-16 a-b. As is evident from Fig€l6 a, majority of the
recrystallized grains comprise primarily of higraigr angle boundaries (between 15°
-180°). In addition to the individual crystallogkap orientations and grain
characteristics, such as grain mismatch anglespadaries, a statistical analysis of
the distribution of the dominant grain size in tkegion is provided by the OIM data
(Figure 6-17). The dominant grain size in the anadlyregion is in the 2-gm range
and the largest grain size in the region is p@b

Hence the OIM study clearly confirms that recry&ation occurs in the
microscale TMM specimen under isothermal mechanmalling even at room
temperature. This study hence validates that theviT8pecimens used this study
mimic not only the initial microstructure of funchal solder joints used in electronic
packages, but also mimic the microstructural evatuseen in functional joints under

life cycle loads (e.g. thermal and power cyclinggamanical cycling due to vibration,
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shock and drop). This observation improves the idente that the measured
viscoplastic and mechanical fatigue properties ftben TMM microscale specimens
are representative of the material behavior expecte functional solder
interconnects.

Another interesting observation from the recrystation observed under the
mechanical cycling (and thermal cycling[51]) is tthaew grain features could
significantly alter the underlying dominant creepeahanisms that dictate the
SAC305 viscoplastic deformation. In the as-fabadatpristine state, based on
Ochoa’s findings[11] dislocation climb was expected to dominate. Furtioee,
apart from the IMCs inhibiting grain boundary stigi(GBS), GBS is also possibly
not feasible across the large length scale of draundaries shared by the few grains
in the non-homogeneous microscale joint.

In the case of the cycled joint however, due toftmenation of larger number of
new and small grains sharing smaller grain bouedarGBS might now be more
feasible in the cycled joint. The inherent statedamage (in the form of distributed
microcracking) may also possibly assist the GBSidde as damage progresses, the

contribution of GBS to the creep deformation cquidsibly increase.
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Figure 6-15: Grain boundaries of various phases of soldé6n, AgSn, and
Cu6Snb) cross-referenced with the GB angles. Grain angle lnadaries between

5° and 18C are depicted here.
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Figure 6-17: Statistical distribution of the grain sizes @dent in the area of scan
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6.3.2.Effect of Alloy Composition and Isothermal Aging on Mechanical

Properties

The effect of isothermal room temperature agingohys on the mechanical
fatigue behavior of as-fabricated, unstressed mo@e SAC305 solder is
investigated and compared with that of similar asritated SAC387 and eutectic

Sn37Pb from prior studies [95, 104].

6.3.2.1.Isothermal Mechanical Fatigue Properties in As-Fabicated State: Effect

of Alloy Composition

The fatigue durability of as-fabricated SAC305 soldrom Section 6.3.1.1 is
compared with that of near-eutectic SAC387 andatigt&n37Pb, under similar test
conditions. Summaries of the test data and powerfils for Sn37Pb and SAC387
are presented in Table 6-5 and in Figure 6-18 donmeteness [95, 104]. SAC305 is
found to be more durable than eutectic Sn37Pbndiuas durable as the near-eutectic
SAC387. The difference in durability of the soldessmore visible in the W-based
plots. All the solder alloy results are based st tesults from identical specimen

configurations, pre-aging protocols and test pracesl

Damagge Sn3.0Ag0.5Cu Sn3.8Ag0.7Cu Sn63Pb3T
Criterion, D C,n R C,n R C,n R

1.84, 2.37, 0.67,

ISR 0.65 0.97 0.99
-0.497 -0.492 -0.428
472, 201.2, 88.8,

Work 0.83 0.96 0.99
-0.729 -0.575 -0.56

Table 6-5: Power-law durability parameters using W and ISRdamage criterion,

of SAC305, near-eutectic SAC387 and eutectic Sn37Pb

199



Microstructural investigations and the underlyinganthge progression
mechanisms in SAC alloys with varying Ag conterg aseful in understanding the
reasons behind the observed drop in durability vghcontent. Since Pb-free solders
are dispersion-strengthened materials, dislocapioming and climb at nanoscale
IMCs and other obstacles is expected to dominater Kt al. investigated creep
mechanisms in Sn3.5Ag solders and found evidengeirofing of dislocations by
AgsSn particles as a dominant cause of creep resestdncreasing Ag content in
SAC is found to decrease the interparticle separabietween nano-scale A&n
intermetallics in eutectic regions[15]. Thus witltieasing Ag% the mean free path
for dislocation motion between pinning at obstactedecreased thereby leading to

increased creep resistance.

100

3 Eutectic
1 Sn37Pb
o 10 E " N
2 - S SAC387
5 ]
= 1- %". Tasan_ l W
© SAC305 -
2 01- Nyt SAC387
(] L 38 - 08~ Gad -
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Cycles to Failure (50% load drop)

Figure 6-18: Comparison of creep-minimized (25°C, 5.5E-2"sstrain rate) cyclic
data; hypoeutectic SAC305, near- eutectic SAC387 [95, 104]chautectic Sn37Pb

alloy[104]

This leads to higher creep resistance and therdigytar fatigue resistance for the
near-eutectic SAC387 compared to the hypoeute@C385. This trend was also

seen in thermal cycling fatigue (which correspotalfigh creep loading condition)
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of SnAgCu solders with varying Ag content by Terash [15] and Nurmi[13]. The

dominant creep mechanism in Sn37Pb is known taré@ goundary sliding. Due to
the lack of intermetallic particles to pin the mebdislocations and restrict grain
boundary sliding, Sn37Pb solder undergoes highegpcdeformation than SnAgCu
solders. This could be one possible explanationiferobserved improved durability

of the SAC305 and SAC387 solders compared to Sn3dker.

6.3.2.2. Isothermal Mechanical Fatigue Properties under Isothermal Aging

The effect of storage-induced aging on mechanicabflity of SAC305 is
explored in this section using additional agingtpcols described earlier in Section
6.2.1.2. Fatigue test measurements show that reompdrature aging significantly
reduces the mechanical durability of the soldere Mwork-based (W) damage
criterion shows a much more significant drop th&R-{based damage criterion
(Figure 6-19). Table 6-6 lists the ISR-based andbasled fatigue constants for these
additionally aged solder specimens. Although theeral trends are quite
unambiguous, further testing and microstructuradists would help quantify the

precise statistical significance of these results.
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Figure 6-19: Effect of aging at room temperature on durabity under low creep

loading (25°C, 5.5E-2 3§ strain rate) for SAC305

Damage No RT aging 3000 hours RT aging
Criterion, D C,n R2 C,n R2
ISR 1.84, -0.497 0.65 0.21, -0.25Y 0.83
Work 472,-0.729  0.83 4.96, —0.281) 0.65

Table 6-6: Power law constants of ISR and Wased damage curves at 50% load
drop for low creep loading (25°C, 5.5E-2$ strain rate) for SAC305 as a

function of RT aging

Studies in literature show that additional isoth&rmaging causes increased
dendrite size, increased volume fraction and sfz#he intermetallics in the bulk of
the solder, and increased thickness of intermesalit the solder interface with the
bond pad at RT [52]. Hence, while intermetallic iidd to the softer Sn matrix does
increase the stiffness of the solder, a significaatease in the intermetallic volume
fraction (as seen in the aged specimens) can &ad to embrittlement [51].

Furthermore as the nanoscale IMC sizes and mearségaration increase, the extent
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of dispersion strengthening decreases via dislmegiinning and climb. The loss of
dispersion strengthening capability (leading ta@ased creep damage) and the loss
of the ductility (leading to increased crack progtamn rates), thus effectively degrade
fatigue resistance.

Post-failure analyses of the SAC305 mechanicahhllity test specimens as a
function of room temperature aging are shown iruf@gs-20. Failure images of the
aged specimens at all load levels tested showthieafailure mode is predominantly
closer to interface intermetallic (Figure 6-20 Klacrocracks were found in the bulk
of the solder along with large amount of soldergmpinterface cracking. Shear

bands and micro-cracks were also found to surrolanacro-crack.

a) b)
Crack

Figure 6-20: Post-failure images of hypoeutectic Sn3.0AgICu specimens: (a)
fatigue crack far away from IMC interface in joints without RT aging and (b)

fatigue crack close to interface IMC in joints with 3000 hrs BRT aging

6.3.3. Discussion of Experimental Results

Microscale SAC305 solder exhibits significant ahispy in the mechanical
behavior in the as-fabricated state, due to theseegrained Sn microstructure and
the anisotropy of single crystal Sn. The grain stmucture attains a much more
homogenous fine-grain state owing to the formatbrseveral recrystallized grains
under creep and mechanical fatigue loads. The egtdromogenization of Sn grains
microstructure is particularly stronger under fagdoads. Hence the admissibility of

utilizing the as-fabricated mechanical properti@srhodeling the behavior of solder
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throughout the entire service life is questionabl@ithermore the use of undamaged
properties provides non-conservative estimates ethanical response of solder.
Hence modeling the material behavior with evolvicanstitutive properties as a
function of damage (where available) is recommended

An important observation in the fatigued solder nostructure is that the
degradation of the mechanical response is initidilg to distributed micro-damage,
but is eventually due to a combination of macrazcksaand microdamage (structural
damage as seen in Figure 6-21) and evolving cohgram microstructure (Figure
6-16). Hence, evaluating the effective load-bearamga (and corresponding true
stress) as a function of increasing structural dg@ose significant challenges. The
current study presents average effective behavitineospecimen, assuming that the
initial undamaged load bearing area remains undawndtudies focusing on
evaluating the effective area are hence necessanrder to accurately assess and
isolate the contributions of structural macro-daenatgformation from that of
evolving grain microstructure, and distributed rmidamage, which should be the
focus of future studies.

Following on the same note, the elastic-plastapprties as a function of damage
are obtained by isolating the contributions of theep deformation from the total
strain-stress loops. However the creep constams here are those measured from
as-fabricated joints and do not include the effetctevolving grain features and
damage with continued cyclic loading. Thus thetelgsastic strains evaluated based
on the as-fabricated solder properties are expéotbd higher than that in reality and

need to be updated using creep properties as adnrof damage.
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(a)
Figure 6-21: TMM SAC305 solder joint showing (a) macrokacks, (b)

microdamage, due to mechanical fatigue

6.4. SUMMARY AND CONCLUSIONS

The evolution of the constitutive and the microstuue of microscale SAC305
solder specimens as a function of loading historeesnvestigated. The loads
considered include cyclic fatigue damage in thesgmee of different amounts of
isothermal aging. The test measurements show lbkagdatter previously reported in
the measured initial creep response of undamage@382 specimens is also
observed in the initial elastic-plastic responseldystrength. The properties degrade
with increasing cyclic fatigue damage and the ddteegradation is proportional to
the load severity.

The scatter is also seen to decrease with incigédaiigue damage. In particular,
the final fatigue properties exhibit negligible #ea Microstructural investigations
reveal that the coarse-grained Sn microstructungbégd by the microscale SAC305
joints evolve into a much more homogenized finarggd microstructure due to the
formation of several hundreds of small (2 u#dh) , recrystallized Sn grains around
regions of high deformation gradients and stresacewtrations, e.g. around

macrocracks. The chosen TMM microscale solder ispats are hence seen to
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mimic the microstructural evolution (and hence nagtal behavior evolution) of
functional solder joints in the as-fabricated statd under service conditions.

The isothermal fatigue properties of as-fabricaB8IC305 solder are seen to
degrade with additional isothermal room temperatgeng. However, even after
3000 hrs of aging at room temperature, SAC305 sdklestill found to be more
durable than as-fabricated eutectic Sn37Pb sol&asults of yield strength
measurements under reversed loading suggest tl@B@Asolder follows hardening
rules different from the isotropic or kinematic i@ning rules that are traditionally
used for modeling SAC solder behavior. CDM modeldugs a reasonable job of
describing the degradation of elastic, plastic gredd behavior, as a function of
mechanical cycling. After substantial cyclic damd§6% load drop) the effective
average creep and stress relaxation behavior of38BMecomes comparable to
those of as-fabricated, undamaged Sn37Pb. Furtingies are required to refine this
conclusion, by considering the effect of growingcnoacracks on the evolution of the

effective load bearing area of the TMM specimen.
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Chapter 7: Summary and Conclusions

Based on the current state-of-the-art of the ctuiste and fatigue behavior of
microscale Pb-free SAC solders, this dissertatomug$ed on four critical unresolved
research issues, that would enhance our understantithese solder alloys. The four
critical issues are:

1. Do microscale SAC305 joints indeed exhibit non-hgemeous microstructure
(lack of statistical homogeneity) in the as-fabtechstate? If so, what effect does
this non-homogeneous microstructure have on thehamécal viscoplastic
constitutive behavior and what is the magnitudehef variability exhibited by
these joints under identical loading conditions@an@he constitutive response be
characterized with conventional continuum-scalen@menological models?

2. If the microstructure is non-homogeneous (in thdabsicated state), does this
piece-to-piece variability exist just in the asfiahted state or in the fatigue
damaged state as well under isothermal mechanigaling? Is there a
microstructural explanation for the observed evolutof mechanical properties?
How do the viscoplastic constitutive properties legowith isothermal cyclic
mechanical loading and can this evolution be charaed with damage models
based on continuum damage mechanics?

3. Is there a mechanistic microscale model that caealsture the influence of key
microstructural features on the physics and mecisarfithe dominant viscoplastic

creep mechanisms?

207



4. What is the accuracy of macroscale phenomenologreadels measured from
constant force tests (creep) on the non-homogemati®scale SAC305 joints in

predicting the measured stress relaxation behavitbre same joints?

The conclusions of these investigations are presenext in the sequence of the
chapter presentation.
1. Constitutive creep behavior of as-fabricated nscade SAC solders

i.  Microscale as-fabricated SAC solder test specimeesl in this study do
exhibit significant piece-to-piece variability undddentical loading
conditions in the measured monotonic elastic, gleatd creep behavior.
The variability is more significant in the creephbgior compared to the
elastic and plastic behavior.

ii. The primary creep behavior exhibits significantlygher (orders of
magnitude) variability than the secondary creeg i@&ctor of two). In
particular, the saturated primary creep strain l@iimore scatter compared
to the rate of decay to the saturated regime optimeary creep.

iii.  The observed scatter in creep behavior is expesitext these joints lack
statistical homogeneity and comprise of a non-regide, coarse-grained
microstructure of anisotropic Sn in the as-fabedatstate. The grain
configurations vary between one to at most sevamgracross the entire
length of the TMM specimen. The microstructuraltéeas exhibited by the
TMM test specimens are representative of those deerfunctional

microscale SAC joints.
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Vi.

Vii.

viii.

For the grain configurations and loads studied,3hegrain microstructure
in the microscale SAC305 specimens heavily inflesnthe primary creep
behavior compared to the secondary creep behaM .variability in the
primary creep behavior is high as a factor of 100.comparison the
secondary creep behavior varies by a factor of(&®ilar to the elastic-
plastic curves) in specimens tested under identimadlitions.

The secondary creep rate is very sensitive tosstm&ls above 15 MPa.
This increase in the stress sensitivity and the@@ated increase in the
scatter predominantly evident in this region arebpbly indicative of a
change in the creep mechanism. Measurement accurdhis high stress-
sensitivity region is limited by the current exmpeental technique which
could be a possible contributor for the magnificatof the scatter.

For the grain configurations obtained in this stutihe specimen with the
single Sn grain across the entire length exhihisesor creep resistance
compared to the multi-grained configurations. Hogrefurther statistical
evidence is required to conclude that single gdhicenfigurations are the
optimal grain configurations for improved mechahigaoperties. This
aspect is further discussed in the limitations famare work (Chapter 8)

Sn grains with misorientation angles in excess @f 8how significant
damage (in the form of out-of-plane steps) at thengboundaries in the
post — creep and fatigue state.

The coarse-grained microstructure of the as-fataicanicroscale SAC305

specimen undergoes recrystallization during cregfprchation. The creep
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Xi.

Xii.

tested samples show new grains with their princgpa@s oriented at 450
the loading direction. However since the dimensiohshe recrystallized
grains are large, the specimens still exhibit arsmgrained, non-
homogenous microstructure.

In spite of the variability exhibited by the micoade SAC305 specimens;
the creep resistance is higher than that of mialeseutectic Sn37Pb
specimens. A decrease in Ag content decreasesréep resistance of
SAC305 relative to near-eutectic SAC387. The crampasurements
exhibited by microscale SAC305 specimen are highan (or comparable
to) those reported by other investigators.

The macroscale phenomenological models based ameom mechanics
(e.g. Garofalo model or multi-term Weertman modedpture only the
average behavior of the measured creep responsiee ahicroscale non-
homogenous joints. Both the primary and secondaegfc constants are
provided.

The measured macroscale creep model constants ssuiipge dislocation
climb assisted by core diffusion is the dominanthamism in SAC alloys.
These conclusions are consistent with those reporthterature.

Microscale Sn37Pb specimens tested using the seshenethodology and
protocols however exhibit homogenous microstructamé lower specimen
to specimen variability than SAC305 specimens dau¢hé presence of a

large number of small Sn (and Pb) grains. Thus fime-grained
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microstructure demonstrates much more uniform nespa@cross the entire

test matrix compared to the coarse grained miarostre.

2. Macroscale modeling: creep versus stress relaxagbavior

Stress relaxation behavior of microscale SAC30Xxispens exhibits joint
dependent behavior. However the variability if astsignificant as that seen
in the secondary creep behavior. The variabilitpreminent in the initial
stages of the relaxation history similar to therany creep behavior region
of the creep history.

FE results, utilizing the macroscale continuum premodels that are
calibrated to the non-homogenous creep responseniofoscale SAC
specimens, suggest that the viscoplastic stressxatgbn response to
constant-displacement tests can be captured usiegcteep constants
obtained from constant-force tests.

If the measured upper and lower bounds of the cceagtants are used in
the stress relaxation FEA, then the measured ratexeurves do fall within
the predicted bounds for RT and 75°C. Howeverhtirtesting is required
to improve this conclusion and is discussed in @ref

The prediction based on the upper bound ( andnmestases the average fit)
overestimate the extent of the measured stressat&la. This occurs since
the bounds are estimated from the scatter exhillnjethe data across the
entire stress range and not from individual loagle

The limit analysis shows that the creep constaraset® on lower

bounds/average behavior are best suited for pregithe stress relaxation
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measurements at room temperature. In contrast,|otiver bound creep
constants appear to be more suitable for the 7688ssrelaxation data.

Vi. Inclusion of primary creep models for representthg solder behavior
increases the extent and rate of stress relaxation.

Vii. Modeling the solder behavior using only secondargeg models (in
addition to elastic and plastic models) providdseter correlation between
the modeling predictions and measured stress tedadaehavior. Hence the
inclusion of primary creep to secondary creep bemaan be avoided.

Viil. SAC305 relaxes at a slower rate and reaches arhsgifess level than that
of microscale Sn37Pb specimens. In particular, Bb3/&laxes to close to
10% stress within 10 minutes and SAC305 does nathrethe same
relaxation even past 3 hours. This study hence esiggthat if stress
relaxation is taken as the metric for designing diaell in SAC solders,
traditionally used 15 minute dwell time for Sn3 8ot a feasible option

IX. The guidelines developed for estimating the optidvell time to be used in
accelerated thermal cycling of functional SAC BGinjs suggest that the
time could be as low as 15 minutes if acceleratamtors are used as the
criterion, and as high as 3 hours if stress relaras used as the criterion.
These results are based on modeling the soldeg usticondary creep

behavior only. Hence these results serve as caatber\estimates.

3. Microscale modeling of secondary creep behavior
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I Microscale viscoplastic constitutive model, based the athermal
detachment of dislocation climb and effective medihomogenization,
captures the sensitivity of the secondary creepordedtion to the
intermetallic and Sn dendrite configurations readdyn well. When
calibrated to properties in the eutectic Sn-Ag aoagj the calibrated model
has the potential to predict the effect of varyallgy compositions of SAC
and thermal aging on the secondary creep response.

i. The contributions of the soft Sn dendrites and asicale CgSn; IMC
reinforcements to the overall secondary creep teage of SAC solders is
less significant compared to that of the eutecticA§ regions with the
nanoscale Agbn dispersions. Higher volume fractions and smaitees of
nanoscale Agbn are seen to be beneficial to the creep strexf@AC.

ii. The creep resistance increases with decreasing-sat® IMC size,
increasing volume fractions of nano-scale IMCsreasing k, decreasing
dislocation densities, and decreasing volume foastof dendrites.

\2 The model can provide estimates of the amount @ @dn creep resistance
with decreasing Ag content.

V. Garofalo secondary creep model constants are mdvicthsed on the
micromodel predictions as a function of % Ag in SAQ aging.

4. Evolution of properties and microstructure as afiom of isothermal mechanical
fatigue damage

I. Significant scatter is exhibited by the elastic qubaistic properties and the

hysteresis curves of the as-fabricated microscalé3®5 specimens.
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The fatigue S-N curves however exhibit negligibtatter in the measured
damage versus cycles to failure. The conclusiobased on a commonly
used failure criterion of 50% load drop.

However, fatigue curves using failure criteria 64-40% load drop reveal
that significant scatter exists in the load drofesameasured during the
initial stages of the fatigue damage accumulati@¥-30%). The scatter
gradually decreases to insignificant amounts beyoad drops of 40%. The
evolution of the measured elastic and plastic pteggeand the hysteresis
stress-strain curves also suggest that scattereakxs with increasing
fatigue damage (as quantified by load drop).

Microstructural insights point towards the homogation of the coarse-
grained Sn (~ 18@m length scale) microstructure to a homogeneous fin
grained (~ 10um length scale) recrystallized state at high stres
concentration regions (such as macrocracks andibditsgd microcracks,

shear bands, IMCs, interface of solder angStyinterfacial IMC and GBs

in the as-fabricated coarse-grained solder). Theemied recrystallization
and decrease in variability in fatigue propertiaggests that the transition
from coarse grained to a homogenized microstructisrea possible

explanation to the reduction in scatter with insieg damage. This
recrystallization agrees with observations reportader other cyclic loads
like temperature cycling, power cycling, vibrati@md repetitive drop.

The constitutive properties are seen to degradie(sog) as a function of

increasing fatigue damage.
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Vi.

Vil.

viii.

The CDM model available in literature does a reabm job in capturing
the degradation in the elastic and plastic properéis a function of fatigue
damage up to 25% of the fatigue life of most specisn Possible reasons
for the deviation past this point is due to (i) kuang material damage in the
form of macro and micro damage (discussed in theréuwork) and (ii)
reduction in the available data (acquired) per ey@@maller hysteresis
loops) with increasing damage.

Creep strains do not contribute significantly te total strain measured in
the isothermal mechanical cycling tests conducte.BE-2 strain rate at
room temperature.

Microscale SAC305 specimens exhibit hardening yigdthavior different
from that of isotropic and kinematic hardening,tthee routinely used to
model solder behavior. The measured hardening lb@haxhibits the same
yield stress in the loading and unloading regimed does not exhibit
Bauschinger’s effect.

The effective creep resistance of SAC305 specinsemstially much higher
than the initial creep resistance of Sn37Pb spewmeut drops below this
level after mechanical cycling fatigue damage.

Similarly, prior testing shows that the magnituded arate of stress
relaxation in as-fabricated SAC305 is initially rhutower than that of
Sn37Pb but becomes comparable to that of as-fabdic&n37Pb after

mechanical cycling fatigue damage.
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Xi. Apart from the Sn grain recrystallization, signéit macro and distributed
micro-damage is evident in the fatigued joint. Tdegradation/softening
effect of the material properties is hence hypa#eesto be due to effects of
smaller recrystallized grains and growing matedahage.

Xii. Isothermal mechanical fatigue resistance of mi@alescas-fabricated
SAC305 specimens is lower than that of microscaléabricated SAC387
but superior to that of microscale as-fabricate@75b solder.

Xiii. Thermal aging reduces the fatigue durability of SA& solder and SAC305
is marginally higher than that of unaged as-faleids&c5n37PDb.

Primary Conclusion

This study demonstrates that although SAC305 akoibits superior
viscoplastic constitutive and cyclic creep-fatiduehavior over Sn37Pb solder, their
mechanical behavior is heavily dependent on thevighgial joint microstructure. The
lack of statistical homogeneity and isotropy ofrigrostructure limits their superior
behavior relative to Sn37Pb. The benefits of ifgsesior properties therefore have to
be considered in the context of the probability fofmation of grains that are
orientated favorable, relative to the loading diet under application conditions.
Theoretically their utility can be enhanced if astgynatic study is conducted on
obtaining controlled and repeatable grain configars (not necessarily making the
joint statistically homogenous) that are orientadofably relative to the loading in
the manufactured joints under application condgioAlternatively, for microscale

applications, it may be advisable to utilize dopdxdfree solders such as Lanthanum-
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doped SnAg alloys, which exhibit both superior nestbal properties and a

statistically homogenous microstructure.
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Chapter 8: Contributions and Future Work

The contributions and limitations of the dissedatiare listed in the sequence of

presentation of the chapters.

1. Constitutive creep behavior of as-fabricated micates SAC305 specimens

i. This study has demonstrated the ability to produderoscale SAC test
specimens that have coarse-grained, non-homogemeicusstructure (lack of
statistical homogeneity) similar to that observadiunctional microelectronic
solder interconnects.

ii. Based on the measured mechanical behavior of thesaiale test specimens,
this study provides valuable insights into the ekt piece-to-piece variability
that can be expected in SAC interconnects due éontm-homogenous, non-
repeatable microstructure. In the same contextfititeegrained homogeneous
specimens (as-fabricated Sn37Pb and mechanicallgadt\sAC305) produce a
much more homogenous behavior and lower specimspeacimen variability.
Finer grain sizes (and increasing grain numberduage the joint dependent
behavior.

iii. Average macroscale continuum model constants amwided based on
measured viscoplastic constitutive behavior of SB&3solder. The
experimental measurements from the study providggls into the dominant
deformation creep mechanism in these joints. Toatter in the model
constants due to the non-homogenous behavior abatale SAC305 joints are

provided.
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This is one of very few studies that has pointed that the Sn grain
distributions have a more severe effect on primamgep response than on
secondary creep response.

Experimental evidence on the effect of the initgal grain orientation and

successive grain evolution on the creep damage aneshs in the test

specimens is provided. Damage observed here refetsear bands and out-of-
plane steps at the grain boundaries. The insigimgged by the current study
are important since they point towards the follaywumresolved issues:

I. To what extent do grain boundaries contribute towathe total creep
measurements?

ii. If grain boundaries do contribute, as a corollaitys important to
understand the history and the extent of recryssibn that occurs during
the creep history.

lii. An understanding of the above questions could pitegide insights into
the lack of scatter in the secondary creep respandbe loads levels
where the microstructural study was conducted.

The creep behavior of microscale SAC305 solderispats is compared to that

of microscale Sn37Pb solder specimens, using ichntiest protocols.

Furthermore, the effect of reducing the Ag weighattion in SAC is provided

(near-eutectic SAC387 vs. SAC305). The measuremehtSAC387 and

Sn37Pb used for this comparison are taken frompedbcols that are very

similar to those used in this study [95, 104].
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2. Macroscale modeling: creep versus stress relaxbhgbavior of SAC solder

I. The existence of joint-dependent behavior in thesstrelaxation response of
microscale SAC305 specimens is provided.

ii. The macroscale creep models used here (and thsmciated constants), in
principle, are applicable to statistically homogesicand isotropic joints.
However most solder modeling efforts utilize macede modeling strategies
at microscale length-scales where the joint is heeit statistically
homogeneous nor isotropic. The accuracy of usingrosaale creep models
based on continuum mechanics, with model constabtained from non-
homogenous microscale SAC305 specimens, is addrestas study.

iii. The accuracy of using constants measured from @ong&irce creep tests for
predicting viscoplastic stress relaxation from ¢ans displacement tests has
not been experimentally demonstrated in prior ssidor SAC solder. The
accuracy of these stress relaxation predictiongwestigated using stress
relaxation measurements from consistent test metbges with due
attention to predicted versus measured scatteesang

Iv. The measured stress relaxation of microscale SAG3@8% is compared to
that measured from Sn37Pb joints using comparadde methods. Similar
comparisons in the literature are primarily basedmodeling approaches and
have not been validated with experiments. The atirseudy contributes to

improving this understanding.
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The role of primary creep constitutive behaviothe stress relaxation history is
provided. Guidelines are provided regarding theusion of primary creep for

capturing the measured stress relaxation.

Guidelines are provided, based on the measuredoplastic constitutive

response and FE modeling, for optimizing the hoeldlwme in accelerated

thermal cycling of functional SAC305 BGA joints. |marticular, the optimal

dwells for SAC305 are compared to current optimahdards adopted by the

microelectronics industry for Sn37Pb solder.

3. Microscale modeling of secondary creep behavi@A€ solders

A mechanistic framework for capturing the key mstractural features and
dominant creep mechanisms in the secondary creppmee of microscale SAC
joints is provided.

When calibrated to properties in the eutectic Srrdgjons, the calibrated model
has the potential to predict the effect of varyallgy compositions of SAC and
thermal aging on the secondary creep responsemBuohanistic model can be
combined with minimal testing to obtain the avecdhgeecondary creep

continuum model constants such as those in thef@anmodel.

4. Evolution of the mechanical properties and micrgdtire of SAC solder as a

function of isothermal mechanical fatigue damage
The evolution of the elastic-plastic, hysteresispomse and of the viscoplastic

constitutive behavior of microscale SAC305 specisnes quantified as a
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function of mechanical cycling damage. The studyifieel that for the same
reasons quoted in 1- (ii), microscale SAC305 spensrare expected to exhibit
scatter in the above mentioned properties. Howthewariability exhibited by
these properties is not as significant as that se¢ne primary creep behavior.
The amount of scatter generally decreases witheasing fatigue damage,
possibly due to dynamic recrystallization.

Isothermal mechanical fatigue properties (S-Nvesirbased on load drop) are
provided. The scatter in the fatigue curves armevided as a function of
increasingly severe failure criteria (increasin@dalrop), and shown to be
negligible beyond load drop of approximately 30-40Recrystallization is
confirmed to occur under isothermal mechanicalingcstudies. Hence the study
qualifies that TMM joints are representative of therostructure and properties
of functional joints not only in the as-fabricatsthge but also in the damaged
state. The study provides a qualitative correlatetween the microstructural
evolution (that homogenizes the initial coarse rggdi Sn microstructure through
recrystallization), and the measured drop in thdabdity of the measured
constitutive and fatigue properties.

The study quantifies the rate of degradation opprtes with increasing fatigue
damage. These properties is important for: (i) eorstive estimates of solder
constitutive behavior in as-damaged state; (iigatimg of progression of cyclic
fatigue damage progression in solder interconné€€BM model constants to

represent the evolution in elastic and plastic projgs with increasing fatigue
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damage are provided. In some cases, model treedshawn to be discrepant
with test data.

Room-temperature cycling at 5E-2 1/s strain rathswvn to produce a negligible
extent of cyclic creep damage.

The current study is among the first few studiediszuss that under mechanical
cycling, the yield strength of SAC305 solder followa hardening law different

from that of an isotropic hardening law or a kiném&ardening law, that are

routinely used to model the behavior of SAC soldeBgce the yield stress from
the measured hardening behavior is lower than ghasotropic hardening and

higher than that kinematic hardening, the statestkss and damage is
significantly different from that observed with pieusly used hardening laws for
the solder. Future work on the identifying the @meence of this assumption is
discussed in Chapter 8.

The study also provides an understanding of tregivel ranking of the isothermal

mechanical fatigue of SAC305 relative to two benwdwk solders: near-eutectic
SAC387 and eutectic Sn37Pb solders. Furthermorefthet of isothermal aging

of SAC305 on the mechanical durability is quantifie

Future Work

While this dissertation provides insights into #wslution of the mechanical behavior
and microstructure of SAC solder systems for micates and bulk application, the
results reveal several new unresolved researctedssthe understanding obtained

from the current study can be enhanced by improgmthe following limitations:

1. Constitutive creep behavior of as-fabricated, nscate, SAC solder
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The current study provides a qualitative correlatieetween the measured
creep behavior and the microstructure from the &nngmicrostructure
only. The effects of dendritic and IMC configurats play an important
role, as suggested by the microscale model. Howtese aspects have not
been sufficiently explored in the current study ameled be carefully
examined.

The influence of the grain microstructure on theeegr behavior of
microscale SAC305 solder is studied using OIM messents and TMM
measurements using three specimens each at two |évats. Further
repeatability should be explored to obtain a dtasi8y significant evidence
of the role of the grain numbers and orientationstloe measured creep
response. Possible reasons as to why the singie gpacimen exhibits
superior creep resistance compared to the mulinggaspecimens needs to
be explored.

The reasons for the extent of scatter observelddarptimary and secondary
creep regions need to be quantified and understodadrms of the grain
orientations and configurations observed relatiwethte loading and the
dislocation motion through the material. The latlsaatter in the secondary
region has been hypothesized to be due to lackmwirthnt slip planes with
increasing dislocation densities (see Chapter His fiypothesis needs to be
explored further. In addition, the influence of igrdoundaries and the

recrystallized grains on the observed scatter nelds examined.
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iv. Preliminary studies show that the recrystallizegirgg observed in the OIM
images correspond to shear bands in the post-sa@aples. Future studies
should investigate this aspect, since it helpsa®ghe correlation between
damage and the sources of recrystallization. Furtbee identifying key
locations of recrystallization from the SEM imadedps perform localized
OIM analysis.

v. The secondary creep rates are very sensitive tar ssieesses beyond
approximately 12 MPa. Scatter is dominant onlyhase high stress levels
in the secondary creep. Possible reasons for théereation should be
explored, including the possibility of a creep mealsm transition.

vi. Primary creep is described using a continuum-sgateralized exponential
model. This model does not include the influencahaf secondary creep
strain rates. Future studies should investigateetfextiveness of alternate
models such as the Pao-Marin model [236] that aelthe effects and
history of secondary creep behavior in the princ@eep behavior.

vii. The current study can be combined with the vissima creep
measurements conducted by other investigators sadifferent stress and
temperature conditions, to yield the Ashby deforamammaps for SnAgCu
solders.

2. Macroscale modeling: creep versus stress relaxation

I. The test matrix utilized for stress relaxationimiited compared to that of

creep characterization. In particular, the existeo€ scatter in the stress

relaxation response of microscale SAC305 specingedsduced from non-
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monotonic trends to stress and temperature. Mepbcates are needed at
identical load levels, to reinforce the currentdasion.

Guidelines for the optimal hot dwell time to be dise the accelerated
thermal cycling of functional SAC BGA joints areopided by modeling
only the secondary creep portion of the creep heha# solder. The effect
of including primary creep for modeling the streskxation in BGA joints
should be explored. Furthermore the stress relaxastudied through
modeling of BGA joints should be validated with exiental techniques
such as DIC.

The effect of the yield hardening rules, (isotropis. independent vs.
kinematic hardening) should be explored to undedsthe differences in the

stress-strain and durability behavior.

3. Microscale modeling of secondary creep behavior

The athermal detachment of dislocation climb istwagal through dilute
concentrations approximations and needs to acdourthe interactions of
the dislocations.

The model needs to be extended to include thetedfethe microstructural
features on the measured variability in the prin@geep.

The dendritic geometry needs to be extended tospberical geometries to
account for dimension changes from aging studies.

The micro-model calibration needs to be improveduiture by separately
tuning the dislocation model with respect to theeetic phase properties, and

that of the homogenization scheme with respedtedinal solder properties.
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The micro-model currently used polycrystalline ispic properties of Sn.
This work needs to be extended to include anisatnopase behavior.

On the same lines, the micro-model needs to bend&tkto include the effect
of the grain length scales so that grain boundiding can also be included

as a creep deformation mechanism.

4. Evolution of properties and microstructure as acfiom of isothermal

mechanical fatigue damage

Fatigue damage is induced through isothermal mechlafatigue at room
temperature. The effect of high temperature fatigaels on the evolution of
the constitutive properties, hysteresis curves #aedmicrostructure of as-
fabricated microscale SAC305 specimens needs stuoged. In addition the
fatigue life at high temperature also needs tothdiesd. This investigation
will provide insights into the material behavior dem creep-dominated
damage loads.

The statistical significance of the test measurdmaaed to be improved by
including more replicates per load conditions agicekploring a much more
extensive test matrix (more load levels, tempeestustrain rates relevant to
plasticity dominated loads)

The current study provides qualitative evidenceamls understanding the
evolution of constitutive properties and associaeatter at fatigue damaged
state, as well as the fatigue life. A quantitattegrelation between the effect

of the grain orientation and the observed mechéatiehavior needs to be
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provided. Furthermore recrystallization has beepokiyesized to be playing
a major role. The existence of recrystallizatiorstich fine grain sizes points
towards possible grain boundary sliding as a creephanism and needs to
be explored.

Furthermore softening of the material occurs dugrémn recrystallization as
well as material fatigue damage. The contributioos the latter
(macrodamage, microcracking) and other microstrattfieatures (dendrites,
grains, IMCs) have not been explored. A comprelvensnderstanding as to
why the fatigue properties do not exhibit scatted dor understanding
dominant deformation mechanisms in the damaged st& necessary. In
addition, proof of recrystallization has been pdad only in the final
damaged state ( after the tertiary region is redc¢hecreep, and at fatigue
failure state of 50% load drop ). Figure 6-5 anguFé 6-6 clearly indicate a
transition to reduced levels of scatter at fatigaenage at around 30% load
drop. Characterization of the corresponding graze @ind numbers will
facilitate a stronger understanding of the startd avolution of grain
recrystallization.

Literature suggests that thermal aging affects dh&/ dendritic and IMC
morphology, and not the grain microstructure (eanse the TMM joint in
Figure 3-6). In the current work, degradation dighae properties with aging
is observed. However this degradation is not cadeto the associated

microstructural evolution of the dendritic and IM©nfigurations. Such an
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Vil.

insight is valuable in the design of solder systemder various pre-testing
loads and should be presented in future studies.
Microscale SAC305 solder exhibits significant ahigpy in the mechanical
properties in the as-fabricated state, due to tloarse-grained Sn
microstructure and the anisotropy of single crysth. The grain
microstructure attains a much more homogenousdragied state owing to
the formation of several recrystallized grains undeeep and mechanical
fatigue loads. The extent of homogenization of &ing microstructure is
particularly stronger under fatigue loads. Henae phactice of utilizing the
as-fabricated mechanical properties for modeling behavior of solder
throughout the entire service life is questionatid needs to be investigated.
An important observation in the fatigued soldgcrostructure is that the
degradation of the mechanical response is initidilg to distributed micro-
damage, but is eventually due to a combination @fcnmcracks and
microdamage (structural damage) and evolving coltergyrain
microstructure. Hence, evaluating the effectivedibaaring area (and
corresponding true stress) as a function of inangastructural damage pose
significant challenges. The current study presamtsage effective behavior
of the specimen, assuming that the initial undamalgad bearing area
remains unchanged. This assumption is a serioutation of this study and
future efforts should focus on evaluating the d@ffecload-bearing area.
Furthermore, the softening /degradation of the natgroperties is a

combined effect of the evolving grain and damagerosiructure. In order to
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accurately assess the degradation of propertiesgdhtributions of the two
factors needs to be separated.

The elastic-plastic properties as a function of dgen are obtained by
subtracting the contributions of the creep deforomafrom the total strain.
However the creep constants used here are fromnttial as-fabricated
properties and do not include the evolution due ewolving grain
microstructure and cyclic damage. Thus the elgdéstic strains are over-

estimated as a function of damage. This has tedidied in future studies.
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Appendices

Appendix 3.1: Negative Creep and Post-processing of Cree@aa

An interesting occurrence in the long-term tests rabm and elevated
temperatures is the occurrence of negative creigor@g-A3.1.1a). Negative creep is
incremental creep strain in a direction oppositéhtt of the applied stress and has
been reported in SAC[77]. The negative creep oeoae shown here are from room
temperature measurements. However this phenomerasnoliserved at elevated
temperatures as well. Negative creep observeldearctirrent study is similar to that
reported by Vianco et al., on SAC396 solder[78].

Reports of negative creep have also been repantegpaxy and hypothesized to
be due to the chemical shrinkage in epoxy afteing{237]. Li, et al., and Vianco,et
al.,[78, 238] suggested that the source of negativnking in solders to be due to a
metastable microstructure. Studies conducted by Retegem and co workers[239]
on nanocrystalline Nickel, explain negative creegearms of the influence of local
and long-range stress fields on the ability ofatiations to bypass an obstacle [77,
237-239]. This explanation seems more plausible @pulicable to solders due to
their dispersion strengthened microstructure. Restrdies by Vianco, 2009 [240]
suggest that fluctuations in creep strain histeagh as that in negative creep, could
be possible indications of grain recrystallization.

Creep Regimes ldentificatioffhe creep strain rate and creep strain histanies

used to identify the primary, secondary and tertiereep phases. A robust local
regression method utilizing weighted linear leagiases method is used to smooth

the creep strain history. Moving averages (witha@propriate span) of this strain
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history are estimated using quadratic or linearcfiens. This scheme is found to
work well for the secondary creep but not necelsséor the primary creep as is
visible in Figure A 3.1.1-b where the strain (picikrve) is overestimated during the
early parts of the history’he corresponding slope of the smoothed data peswide
creep strain rate history.

The initial rapid decrease in the strain rate digaithe primary creep stage,
followed by a constant strain rate, which is theoselary creep stage. The tertiary
stage is marked by an increasing strain rate. gt iress/temperature conditions, the
time spent at the secondary phase is not very earss, and is generally identified
by the minima of the strain rate history [241]. Teecondary creep rate is first
obtained using moving averages of the strain rata th the secondary regime. The
dependence of the corresponding strain rate omsss@ad temperature is used to
extract the Garofalo secondary creep model corsst8irice the model is a non-linear
function ofa and n, non-linear least square fitting procedarresused to first obtain
the values ofr and n that minimizes the root mean square errM3R) of the stress
normalized fit across all test data. The optimdlea ofa. and n are then utilized to
obtain the constants A and activation energy ugiegemperature dependence.

The primary creep strains are obtained by subtrgdine measured secondary
creep strain history from the total strain histoffjae primary creep strain history is
characterized by a monotonically increasing creegprs(with high initial strain rates)
that plateaus out to reach saturation. The primoeggp model constants are obtained

from this data. The primary saturated creep sisathe moving average of the strain
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in the saturation regime and the decay term desxribe rate of approach of the
primary creep strain to saturation creep.

The decay is captured here by using an exponditttal describe the normalized
difference of the primary strain from the saturasé@in as a function of time. The
measured primary saturated creep strain and derayngters are consequently fit to
the proposed primary creep models using the sagression procedures as those
used for the secondary creep model constants. iTbéthe creep models to the test
data are provided in Figures A3.1.2 a-b. RMSE \alfigg the secondary Garofalo
creep model fit and the primary decay model fit pane as 1.24 versus 1.37 (both
models have the same dimensions fatirate and abscissa) The RMSE error in
Sn37Pb indicates lower scatter than that in SAGRD&er (0.4 in Sn37Pb as opposed
to 1.3 in SAC305). The error metric is the natdogl of the error between the data
and fit. Figure A3.1.3 presents the creep measurenw®nducted by Haswel[104] on

TMM Sn37Pb solder specimens.
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Figure A3.1.1: (a) Negative Creep at RT (depidtgdircles), (b) Creep Strain and

Strain Rate History (20 MPa and 25°C). Secondasgiregime is between 60-80 s.
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Figure A3.1.3: Secondary creep strain rate versass(Shear components) from

TMM testing of Sn37Pb solder by Haswell[104]. Creepasurements presented
here are from monotonic creep testing and thosrméted from the strain

hardening region of the stress-strain curves gésgtfeom monotonic plasticity

testing
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Appendix 3.2: Evidence of Scatter in Other Constitutive Prperties of SAC305
Scatter similar to that observed in the viscoptastieasurements of the as-
fabricated microscale SAC305 TMM joints is alsoderit in the elastic and plastic
response measured from these joints. Comprehedstads of the test measurements
are provided in Chapter. 6The extent of scatter in the elastic measuremasita
function of increasing state of damage in soldedapicted inFigure A3.2.1. The
elastic modulus varies as much as 60% from ondrapaco another. Cyclic damage
is induced through isothermal, mechanical cycliegfd at high strain rate and room
temperature. For comparison purposes, the as-#bdelastic and plastic response

refers to the data at “zero” cycles as depictethbydotted circle.
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Figure A3.2.1: Extent of Scatter in the Elasticg&nies of Microscale SAC305
Solder as a Function of Increasing Damage to thge&dotted circle depict the

measurements in the as-fabricated state of solder

Appendix 3.3: Anisotropy of Single Crystal Sn: Elastic, Plagc, Thermal and

Creep [30, 37-39]
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Tin exists a3 - Sn above ~13°C and ag - Sn at lower temperatures. For the
range of temperatures used here in the testingxiSits a3 - Sn, which has a body-
centered tetragonal structure (bct), witla & 0.546. In addition to atoms at the
corners of the cell and one at the centroid, feoma exist at (1/2, 0, 1/4) and (0, 1/2,

3/4) respectively (Figure A3.3.1).

Figure A3.3.1: (a) Sn BCT unit cell. Image adagdtedh [57] (b) Single crystal
elastic and thermal properties provided by [41]adm adapted from [41]

Sn is known to exhibit significant anisotropy iretalastic and thermal properties
as shown irFigure A3.3.1b. The measurements from several tigasrs has been
compiled and presented by Bieler [41].. For examfile elastic modulus of single
crystal Sn differs by as much as a factor of 3 thame the orientation. Review of
literature on the plastic properties also suggagtificant anisotropy in the stress-
strain curves based on the orientation (see fampig [32-33, 39].

However based on the review conducted this famethe significant variation
across the reports of various investigators. Tiserdpancy seems to be due to the
purity of Sn samples and test methodologies usethpgared to the elastic properties
of single crystal Sn, the reports on the creep mogs of single crystal Sn are
limited. Furthermore the results vary considerabbross different investigators.

However the results available do suggest that esinglystal Sn does exhibit
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anisotropy in the creep behavior as well. Figure3&B shows the secondary creep

rates reported by a single investigator acrosdairaiystal orientations[38].
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Figure A3.3.2: Variability in the creep propertm@ssingle crystal Sn. Data reported

by Weertman has been replotted here [38].

Appendix 3.4: Post Processing Details for the OIM Maps

The EBSD maps are post processed using KWKIANNEL5Flamenco software.
The grains are distinguished from subgrains usiggaen boundary angle definition
greater than 5°. In the OIM maps shown in this tdrapow angle grain boundaries
are defined as those with angles between 5°- 16°aa@ distinguished using silver

colored lines. High angle grain boundaries arendefias those with angles between
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10°-180° and are distinguished using black coldredndaries. All images are first
processed to remove “wild spikes” which are inccttieindexed data points. The
zero solutions are then processed and reduced to 0%

The as-fabricated specimens are analyzed usirgpasste of um. In the case of
the post-creep specimens (Specimen #5), indexifigsicconducted using a step size
of 3 um across the entire joint and locations of rectiygtdion are identified. These
regions are again indexed using a step size wilto capture finer grains. Figure

3-11 b shows the OIM mapping resulting from @M step size indexing.
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Appendix 4.1: Overview of Length Scales in Multi-scale Mdeling Strategies
Various multi-scale modeling schemes exist, whiahyvfrom atomistic modeling

to capturing the interactions of individual disltoa with obstacles to the meso-scale
(cracks) and finally down to structural level malélhe merit of each scheme lies in
the complexity and accuracy of the material resporexjuired. For example, the
detachment relaxation factor, ‘k’, requires to lkexivkd in reality from molecular
dynamics simulations that yield the line tensianghie particle and matrix portions of
the dislocations after climb. However, in the caotrstudy, these values are reverse

engineered from the multi-scale mechanistic moddlthe creep measurements.
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Figure A4.1.1: Multi-scale modeling approaches emdlesponding length scales
Appendix 4.2: Scope of Primary Creep Model
The primary creep regions are seen to be sensititiee grain configurations and

orientation. The effect of grains can be includea anisotropic single crystal Sn
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constitutive properties (elastic, plastic and cjedpng with the influence of the grain
boundary. Of all these microstructural features, dffect of the grain boundary is the
least understood aspect of this study and in tileea Hence implementing
appropriate constitutive models to represent tlangooundary interactions is a non-
trivial task. Furthermore prior to understanding thfluence of grain configurations
and the resulting grain boundaries, the influenicthe lower length scales (eutectic
Sn-Ag regions, microscale dendrites an@d®y) needs to be sufficiently understood.
An additional challenge posed in implementing thisdel, is the lack of
reliable and comprehensive measurements on creafb pdssible single crystal Sn.
The properties available in literature do suggessairopy in the creep response of
single crystal Sn, even though the measurementg s@nificantly from one
investigator to another. Since these propertiesgtagrimary feed to the model for
the Sn matrix, significant error can be expectedhs modeling output if the right
constitutive properties are not chosen. Howeveretstdnding the favorable grain
orientations is important enough to warrant futergek on implementing a model that
accounts for the mechanisms accounting for primemgep (such as evolving
dislocation densities to steady state)
Scope: Since the behavior of microscale SAC joints is acfion of the Sn grain
configuration, a mechanistic microscale model famary and secondary creep could
provide insights into favorable grain orientatiotigat optimize the mechanical
behavior of these joints. However, prior to progegdto the influence of the Sn
grains and grain boundaries, the influence of thal&ndrites and IMCs needs to be

understood and quantified using the secondary drebavior.
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Appendix 4.3: Dislocation Density and Burger’s Vector

As reported earlier, the extent of piece-to-pieagability in the creep response
of SAC305 solder is more significant in the primarngep region compared to the
secondary creep. Physically, the reduced influericeén grain anisotropy (dominant
slip direction for dislocation motion) in the sedany region can be hypothesized to
be due to the material achieving a higher dislocatiensity with increasing primary
creep strain. Eventually at the secondary creepmethe dominant slip systems may
become so ‘clogged’ due to high dislocation dendigt many other secondary slip
systems may become active in addition to the pynséip system. Thus, the creep
response becomes more isotropic and less senstav@referred slip system or grain
orientations.

The dislocation density in the secondary creep eplagsused in the current study
is based on a hypothetical assumption that alslipeplanes in bct Sn are completely
clogged with dislocations. Dislocation density enbe assumed to be the ratio of the
sum of the perimeters of the intersection of aligble slip planes with unit cell of Sn
versus the volume of the Sn unit cell. Possiblp planes in Sn are {110}, {100},
{211} [39, 213] and the dimensions of the unitlcale a = 0.58 nm, b=a, and ¢ =
0.32 nm [39, 242]. Literature shows that the skg khe highest probability in Sn are
in the [001] and [101] directions [39]. Burger'scter in the [001] and [101]
directions are 0.32nm and 0.66 nm respectivelyceSsgiip has a higher probability of
occurrence in the direction with the smallest brisgeector, [001] is chosen as the

slip direction and the corresponding burger’s vet@hosen for the model.
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Appendix 4.4: Dependence of k on Temperature and Stress

k as a function of stress and temperature
1 r f f f T f =

0.95 :
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Figure A 4.4.1: Calibrated curves of k as a fumtof temperature and stress,
showing the untruncated data at low stress.

Appendix 4.5: Microstructural Analysis for Parametric Studies on the Effect of
% Ag and Isothermal Aging in SAC Alloys

The effect of varying Ag% in SAC solder is modelsdvarying the dendritic and
eutectic regions in the SAC solder. As the Ag %reases the volume fraction of
dendrites increases. Correspondingly the volum&ifna of nano-scale Agn IMCs
in the eutectic Sn-Ag regions increases. In oraderdémonstrate the change in
microstructural features, image analysis is coretlicin TMM solder specimens of
SAC105 and SAC305. The fabrication methodology eptkconsistent across

different solder specimens. Figures 4.5.1 a-b stiedendritic and eutectic regions
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microstructure at low magnification in TMM SAC106AhSAC305 solder specimens
respectively. The volume fraction of the nanosc®&gSn particles in the eutectic
regions is seen to increase in the higher Ag car8&¢ solder (Figures 4.5.2 a-b).
Similarly, isothermal aging is expected to increéise volume fraction of Sn
dendrites per unit volume in addition to microstasal coarsening of the nanoscale
IMCs in the eutectic Sn-Ag region, as well as bulicroscale IMCS and interfacial
IMCs. Results from literature [5] are presented eheo understand these

microstructural changes induced by aging in Figu#e3 a-b.
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Figure A4.5.1: Dendritic and eutectic Sn-Ag micrasture in TMM specimens of (a)

SAC105 and (b) SAC305 solders

244



(@)

Eutectic Sn-Ag
Regions

Dendrites & (0)
CusSrsIMC

Eutectic Sn-Ag
Regions

104" 7

HV WD | Mag Spot| Sig| Tilt [X:-1.8 mm Pressure —10.0um—
20.0 kV/9.6 mm 4245x 2.0 BSE-0.0 °\Y:-0.3 mm

Figure A4.5.2: Lower volume fractions of nanoscatgSn IMCs in eutectic Sn-Ag

microstructure in TMM specimens of (a) SAC105 coregao (b) SAC305 solders
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Figure A4.5.3: Smaller sizes of Sn dendritic regiand IMCs in (a) unaged Sn3.5Ag
compared to (b) aged version of the same sampbgdrhas been adapted from

literature [5].
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Appendix 5.1: Material models used in FEA

1. SAC305 Solder Properties:
8=8d+€er%m+€pﬂ
gel = elastic straingp = plastic straingser = secondary creep straigher = primary
creep strain
Eal = oE(T) Hooke’s Law

n(T)

Cpl (Mo Ramberg-Osgood Plastic Law

Poison’s ratio: 0.35, CTE = 26E-6 (i

E=(-22.1E6*T + 24.7E9) Pa, Tis in K,

Cp = 121.6 — 0.4* T (°C) , units (MP4), n(T)= 0.29-4.6E-4 * T (°C) ,

Elastic and plastic constants used here are flddM measurements made on near-
eutectic SAC387 solder from [95].

2. Copper:

E=117E9 Pa, Poison’s Ratio =0.31, CTE=17E-B)(K

Appendix 5.2: Industrial application - Optimization of Dwell Time for
Accelerated Thermal Cycling of Sn3.0Ag0.5Cu Pb-Free Interecmects

ABSTRACT

The optimal hot dwell time in accelerated thermgtling profiles for Pb-free
Sn3.0Ag0.5Cu (SAC305) solder is determined, usisgoplastic testing and physics
of failure (PoF) modeling. Thermo-mechanical cyditigue damage saturation in
BGA256 SAC305 assemblies is matched with that aditionally used Sn37Pb

assemblies to determine the optimal dwell, using-liieear finite element analysis.
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Energy-partitioning methodology is used to prediatigue life. The damage
saturation rate is expressed, in terms of an awtela factor (AF), relative to the
damage in a typical field condition. SAC305 is fdun be almost twice as durable as
SnPb, for comparable dwell times. As expected, daenage saturation rate in
SAC305 is less than that in SnPb. The predictedadansaturation curves are further
compared with the measured stress relaxation cuneSAC305 and Sn37Pb at
elevated temperature. The optimal dwell times ai@viged in terms of various
damage saturation criteria proposed by sponsosstnda. Based on these criteria, the
dwell times range from 15 minutes to two hours.
INTRODUCTION

Eutectic Sn3.8Ag0.7Cu solder is among the soldbmssen as a substitute for
traditionally used Sn37Pb. Owing to cost benefits,industry is transitioning to low
Ag content SnAgCu (SAC) solders. The most popuéardiate is the reduced Ag
content Sn3.0Ag0.5Cu (SAC305). The solder interectsy are critical to the
reliability of the electronics under harsh enviramnts of temperature and mechanical
loading, since they form not only the electricalenconnection, but also the load-
bearing mechanical interconnection. Consequenigljccthermo-mechanical loading
throughout the life cycle can cause fatigue fasureQualification of the electronic
components is conducted using accelerated loadindittions.

The material response of Pb-free solder is knawbet significantly different

from eutectic Sn37Pb owing to the microstructurdfecences. In particular, the
viscoplastic creep resistance of SAC solders ikdrighan that of Sn37Pb. Hence the

stress response and fatigue life of these Pb-flkeisinterconnects used in typical
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electronic packages under typical usage loadspsa®&d to be different from that of
SnPb solder. Hence the objective of this studg idetermine if the traditionally used
accelerated thermal cycling profiles for SnPb woyikld the same damage in SAC.
In particular the primary focus is to determindl® minute dwell time at maximum
temperature is valid for SAC solders.
APPROACH
In the current study, the accelerated thermal ogclrofile used to qualify the
electronic products is designed using a combinatidnviscoplastic response
measurements and modeling. The measured viscaplastiavior corresponds to
constant-stress creep response and constant-stir@iss-relaxation response. The
optimal dwell time is determined based on matchinggrelative saturation of thermo-
mechanical cyclic fatigue damage in SAC305 assamblwith that in Sn37Pb
assemblies. Since these experiments are very sixpena physics of failure
modeling is conducted. In addition, an alternatenemical technique is explored by
measuring stress relaxation rates in simple sheanirmens [1]. The stress relaxation
saturation is correlated with damage saturatiogsrat thermal cycling.

In the physics of failure modeling, creep measur@seonducted in prior work
[2] are used for modeling the viscoplastic resporde solder. The creep
measurements are conducted using modified lap-dbsgescu solder specimens.
Significant scatter was observed in the creep mieasents. Microstructural
investigations reveal that at the given length esche solder joint has very few
grains. Hence due to this lack of statistical hoemmgty and isotropy of SAC solder,

the properties are dependent on the relative @tient of the grains and loading. It
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should be noted that the microstructure in the rslspacimen corresponds to the
microstructure seen in the solder interconnectéun€tional electronics. Since the
properties derived from the above mentioned micucsire are representative of a
wide range of grain orientations, average modestons are used. The applicability
of these average creep constants in predictingnémeesured stress relaxation data [1],
in the same average sense that is comparable taddbece of scatter in the
measurements has been reported by the authors [3].

Traditionally used primary (generalized exponehteadd secondary (Garofalo
hyperbolic) creep laws based on a continuum andolgemeous microstructure are
used. The saturation rates of thermal cycling danzegl durability is determined as a
function of different dwell times, using a 3D vigtastic finite element model of a
selected BGA256 assembly (Figure 1). In order s2ss the damage in the solder as
a function of dwell times, the response to acceterand field loads are considered.
It is important to assess the damage under bottitomms so that the accelerated load
damage can be related to the damage seen inekhbldads.

The accelerated thermal cycling profile used is stendard 125°C to -40°C
profile with a heating and cooling ramp of 6°C /naimd 10°C /min respectively. The
hot dwell time is parametrically varied from traditally used of 15 minutes for SnPb
solder to three hours. Three hours is chosen amthemum allowable dwell time.
The cold dwell is fixed at 15 minutes for all theadyses. The field profile modeled is
that seen typically in a laptop. The temperatureegxes are room temperature
(25°C) and 60°C. The dwell times adopted are thiags at hot and cold ends. The

ramps are 2°C/min during heating and cooling.
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The SAC305 solder is modeled using a partitionestoplastic constitutive
model which includes only the measured secondagpct2]. The primary creep is
ignored in this preliminary assessment to be ctersisvith the methodology used to
derive the Energy-Partitioning damage constantsupfd in this study. The elastic
and plastic properties used to model SAC305 s@dethose measured by Zhang [4]
from near-eutectic SAC387 solder. Cyclic plastial amveep work dissipation are
extracted to assess fatigue durability. The dansaggation rate is then expressed, in
terms of an acceleration factor (AF), relativehie lamage caused by a typical field

condition.

Overmold a) BGA 256

Die, Substrate,
Solder

X b) 3D FEA

z
Figure 1: a) BGA 256 10 package b) 3-D finite eletnglice model of the BGA

RESULTS

The optimal dwell results based on various critggtaposed by the industry
sponsors are detailed next. First the predictivyealdity of the measured creep
constants is addressed. Complete details are bleaidsewhere [3], and only the

conclusion is stated here for completeness. As seé&ig. (2), the measured creep
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constants (constant stress loads) can indeed loktogaredict the stress relaxation
response (variable stress history) [3]. Furthermbeetrends of the stress relaxation
predictions are consistent with the trends of theepg constants fit. The effect of
inclusion and exclusion of primary creep to mode solder’s viscoplastic response

is also investigated.

)

(o]

*

Shear Stress, MPa
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-
o
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Figure 2: Stress relaxation prediction based oma@eebehavior creep constants
relative to measurements - ~8MPa, 25°C

Once the predictive capability of the measuredgi@nstants is verified, the PoF
modeling of BGA256 assemblies is conducted to ptettie optimal dwell under
thermal cycling. The damage metric used for conmgarBAC 305 and SnPb
assemblies is in terms of AF. Based on the PoF hmggehe AFs for both SnPb and
SAC305 assemblies are found to increase asympgtgticaa saturated value as the
dwell time is increased. SAC305 assemblies areddarbe almost double the AFs of
the SnPb assembly, for comparable dwell times. @amage saturation rate in
SAC305 is less than that in SnPb. These resultsargstent with the trends reported
in the literature [5]. Consequently, the AFs in Bra@semblies for the typical 15 min
hot dwell can be easily exceeded with a similarltineSAC assemblies.

For comparison, the varying magnitudes of damageration in SAC305 and

SnPb are normalized to a common scale. Thuseifltlell time is chosen based on
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matching the normalized percent damage saturaditentnat the SnPb achieves in 15
minutes, the corresponding time for SAC is almesi hours (Figure 3). It is also
instructive to examine the damage accumulation (fagedamage per unit time) and

the corresponding saturation rate, instead of darpagcycle.

0 tsmn ‘Dwelvl Tirr:e,:sef:s 50
) | 4000- 000 12004 ' s )
005 ' ——— - 4 40 N of SAC @ 45 mins
SnPb
2-0.1- 230 "
w SAC305 ue
015 < 90 | :
s : B “SAC305
0.2 SnPb
% AFyqe Of SNPb @ 15 min = % A of 10 ! I
-0.25 1 SAC @ 110 mins 0 ! Dweell time, secs
) T
15 min
-0.3 0 4000 8000 1200‘1)

Figure 3: BGA plots of (a) normalized Ageversus hot dwell time and (b)
normalized AkmeVversus hot dwell time

When the AFs are re-estimated in terms of timeatiurfe as opposed to cycles to
failure, a critical difference is that while theotig damage (and related AF curves)
monotonically increased with increasing dwell tirttee damage rates (and the related
AF curves) are found to monotonically decrease. Gyute time grows faster than the
cyclic damage with increasing dwell. This is besza significant portion of the total
cyclic creep damage occurs during the ramp, andusbtduring the dwell. Once
again, the AF for SAC305 is found to be higher thiaat of SnPb for comparable
dwells (Figure 4).

This implies that SAC305 will require less dweling than SnPb to achieve
comparable durability (in terms of time to failuré&urthermore the time to failure

(and AF) will worsen as the dwell time is increas@the conclusions above are
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gualitatively generic and quantitatively dependemt the chosen assembly and
temperature profiles. Furthermore, these prelingimasults are based on modeling

of only the secondary creep in the solder and nbaste-assessed by including

primary creep. 12
1 Tnormalized™ [T(t) —‘C(3hI’S)]/ [c(lSmin) —’C(3hI’S)]
- 0.8
e SnPb, 75C, 4 MPa
% 0'6 Tnormal\zedOf SnPb @ 15 min :FnormahzedOf SAC
£ @ 80 mins
2 04
[
SAC305, 7iC, 9MPRa
0 L T T (A
0 1800 3600 5400 7200 9000 10800 12600
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Figure 4: Optimized hot dwell from TMM stress reddéion data

The predicted damage saturation curves are now a@dwith the measured stress
relaxation curves for SAC305 and Sn37Pb at eleviegberature. For consistency,
the initial stress for the SAC and SnPb stresxatilan curves are chosen to be the
stresses at the start of the hot dwell in the acatdd temperature cycling test (9 and
4 MPa respectively). The normalized data shows 8#&C305 will need to dwell
almost an hour and a half to achieve the same rizedgoercent stress relaxation as
Sn37Pb at 15 minutes (Figure 4). If the same irsti@ss is used for comparing stress
saturation of both solders, this value correspaaddmost an hour for SAC305.
CONLUSIONS

The optimal hot dwell time in accelerated thermatlling profiles for Pb-free
Sn3.0Ag0.5Cu (SAC305) solder is determined, usisgoplastic testing and physics
of failure (PoF) modeling. The fatigue durability BGA 256 assembly under

accelerated thermal cycling and field conditiongiiedicted using 3D viscoplastic
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FEA. The optimal dwell time based on PoF modelprisdicted by matching the
damage saturation of SAC305 with the damage of SR/l minute hot dwell. PoF
predictions show that SAC305 is almost twice asabler as SnPb, for comparable
dwell times. As expected, the damage saturatia irSAC305 is less than that in
SnPb. These results are consistent with findinggerature. The predicted damage
saturation curves are further compared with thesonmea stress relaxation curves for
SAC305 and Sn37Pb at elevated temperature. Thmalptiwell times are provided
in terms of various damage saturation criteria psal by sponsor industries. Based
on this study, the optimal hot dwell times to bedi$or the given 125C to -48 C
standard accelerated temperature profile range ftdmminutes to two hours, for
SAC305.
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Appendix 5.3: Results of sanity check under creep load
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Figure A5.3.1 : Results of creep loading sanityc&keat (a) 15 MPa, 25°C, and
(b) 20 MPa, 25°C. U, A, and L refer to the predins from upper bound, average fit
and lower bound based creep models. The materidéhuses both primary and

secondary creep.
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Appendix 5.4: Stress relaxation predictions at other loads
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Figure A5.4.1: Stress relaxation predictions atBayi75°C, using secondary
and primary creep models. The legends upper, aad.|ower refer to the predictions

from upper bound, average fit and lower bound baseep models.
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Figure A5.4.2: Stress relaxation predictions atBayi75°C, using secondary
creep models. The legends upper, avg., and lo&rteethe predictions from upper

bound, average fit and lower bound based creep mode
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Figure A5.4.3: Stress relaxation predictions aM2a, 75°C, using primary and
secondary creep models. The legends upper, awjlpaver refer to the predictions

from upper bound, average fit and lower bound baseep models.
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Figure A5.4.4: Stress relaxation predictions aMPa, 25°C, using primary and
secondary creep models. The legends upper, awdjlpaver refer to the predictions

from upper bound, average fit and lower bound baseep models.
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Appendix 6.1: Isothermal Mechanical Fatigue Test Load Condions

Plasticity dominated fatigue results are imporfantmechanical loading applications
such as quasi-static flexure, vibration, drop-imipadere creep damage is minimal.
Cyclic mechanical durability at elevated tempereguand low strain rate, where the
ratio of creep damage to plastic damage is highe as in thermal cycling loads, is
labeled as a ‘low-plasticity’ test, for convenienBairability data obtained under both
the above test conditions can then be consolidatederive fatigue curves using
partitioned cyclic plastic and creep work densideslamage metrics[104].

Appendix 6.2: Cyclic Softening and Evolution of Damage Meics Used in the

Fatigue Curves
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Figure A6.2-1: Variation of W, ISR and TSR in aRISontrolled test (test

conditions: creep-minimized 25°C, 5.5E-2train rate, 4.4 E-2 strain amplitude)
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Shear Strain

Figure A6.2-2: Cyclic softening evident in the hersisis loops of SAC305 solder
under ISR control low creep loading (25°C, 5.5E&8ain rate, and 4.4 E-2 strain
amplitude)

Appendix 6.3: Creep Contributions to the Stress-Stran Hysteresis Response in
the Low Creep Fatigue Loading Regime
The contribution of creep deformation to the hysses stress-strain curves measured
in the low-creep fatigue load regime is shown igufe A6.3-1. The plot shows that
for the purpose of calculation of the elastic atabfic properties, the contributions of
the creep strains to the total strain can be ighdfence the stress-total strain curves
can be used in place of the elastic-plastic sts&ssa curves for evaluating the elastic

modulus and the plastic response model constants.
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Figure A6.3-1: Contributions of elastic, plastiddasreep deformation to the total
strain hysteresis loops (25°C, 5.5E=2s¢rain rate, and 5.5 E-2 strain amplitude)

Appendix 6.4: Elastic-Plastic Measurements
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Figure A6.4-1: Shear elastic modulus from isoth@rmechanical fatigue data

measured at various displacement amplitude log&f<(5.5E-2  strain rate)
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Specimen Cycl(eqs):tg.lg;iu "C W (mamnd) Load level
SAC512 1200 3.1 Most damaging
SAC 525 8100 0.8 Least Damaging
SAC533 1200 2.3 Intermediate
SAC008 2771 1.2
SACO011 2867 1.4
SAC003 3208 1.1 Reﬂef‘t?‘rﬁgmféié*t
SAC004 3382 1.1 S'm'dznfage oo
SAC017 2681 1.3
SAC013 2732 1.6

Table A6.4-1: Isothermal mechanical fatigue loatgphtude (25°C, 5.5E-2 Sstrain

rate)

The shear modulus measurements show that the nsodaties by as much as a
factor of 3. In order to understand how this valtigbchanges with increasing
damage, measurements conducted at similar loadsleheuld be utilized, namely
specimens SAC-0xx series. Specimens SAC-5xx haea beluded to understand
the degradation of properties at different load l@ogles. The measurements on
SAC-0xx specimens show that the variability seen the shear modulus
measurements of as-fabricated state does not chaiggiicantly with increasing
damage. The performance of the damage model inridegr the degradation of

modulus is provided in Figure A6.4-2.
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Figure A6.4-2: Comparison of test and damage mpedbrmance at various test
damage loads — shear modulus

In comparison, the variability in the plastic coent, G,, is as high as a factor of
2.5 in the as-fabricated state and reduces totarfat 1.5 with increasing damage
(Figure A6.4-3). However, only a few specimens bitta decrease in variability. The
damage model does a better job at capturing theadation of G compared to G,
with increasing damage at all load levels. Simyiénle variability in the yield stress is
as high as a factor of 2 and decreases to 1.5 inttieasing damage. The damage
model does a reasonably good job of capturing dggatiation of yield stress (Figure

AB.4-4).
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Figure A6.4-4: Comparison of test and damage mpeldbrmance- yield stress
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Appendix 6.5: Possible Reasons for the Deviation ahe Damage Model
Predictions from the Measured Degradation of Elastic andPlastic Properties.

The fatigue tests are conducted by maintaining $tie constant (see Figures A6.2-1
and 2 in Appendix 6.2). Hence with an increasirgjestof fatigue damage to the
solder, the displacement amplitude required to taairthe ISR decreases. Since the
data acquisition rate is maintained constant, tnaber of data points available per
cycle is decreased. This limits the accuracy ofdhaluation the elastic and plastic
properties. Another possible reason is due to mndgeneous damage densities

caused by localization phenomena.

Appendix 6.6: Details of FIB analysis and Damage Féares in SAC305 TMM
specimens in Post-Mechanical Fatigue State

Optical microscopy and ESEM are first used to ierihe region of maximum
damage (cracks), where recrystallization is possilol the case of FIB analysis, FIB
milling is used to prepare the specimen surface. rElgion of interest for the milling
is set to 100um in length, 20um in height and Jum in depth (100x20xim?).
Figures A6.6.1 a-b show the scale and locationdtiBon the TMM solder specimen.
Depending on the crystal orientations relativeht® ibn beam, the grains are seen as
areas of varying contrast in the ion image, duélifterences in the reflection and

absorption of the ion beams.
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Solder Cu )

FIB cut

Figure A6.6.1: (a) FIB cut on the (b) TMM specimen

The ion beam and the electron beam are broughtfacics at the surface of the
specimen. However since the angle between theuba &nd the electron tube is
fixed (~53°) , the sample stage needs to be rotiatedn appropriate incident beam
angle. The quality of the image is hence dependerthe stage tilt angle. Once the
region of interest is identified, the material igstematically removed using an
accelerated ion beam. The material removal need® toontrolled closely to avoid
undercutting of the specimen. In order to viewdbality of the cut, the specimen can
be viewed simultaneously using the SEM beam. Howehies requires careful
alignment of the stage relative to FIB beam and3#&1 beam.

Depending on the crystal orientations relativeh® ibn beam, the grains appear
as areas of varying contrast in the ion imagehdfincident ion beam hits the crystal
at an angle, such that the ions recolil at the ahgsirface or atoms and electrons are
sputtered (which can be caught by the detector) the grains appear very bright in
an ion image. If the ion beam hits the surfacehefdrystal at an angle such that the
ions penetrate into the crystal structure of thergrthere will be no recoiling ions,
sputtered atoms or electrons (which can be caugtiidodetector of the FIB device).

This results in the grain appearing very dark im itn-beam image. This method of
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imaging can be used to quantitatively detect arstirdjuish regions of varying
crystallographic orientations as well as for makeu@ntitative measurements on the
size of these regions.

As an example, the grains as seen in the FIB infrage a succesful FIB cut in
the polycrystalline copper plates attaching thedeolin the TMM specimen are
shown in Figure A6.6.2. The grains in the coppeiae of FIB image show grains
with a size range of ~10 to 20um. The FIB imageshm solder region of TMM
SAC305 solder specimens is presented in Figure.3&.6 he corresponding region
when viewed under the XPM is shown in Figure A@&6.Both images reveal two

large Sn grains in the solder region.

multiple
grains

IMC ()

dendrite

Figure A6.6.3: Images of As-Fabricated TMM joinbshng 2 grains from (a) FIB
microscopy (b) XPM

Orientation imaging microscopy (OIM) using an etentback-scatter diffraction
(EBSD) stage on the SEM is discussed next. Theirspes for OIM study are

prepared using conventional manual grinding andspiolg techniques. Grinding is
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carefully conducted using emery paper of 1200 gmdl finally polished with
diamond paste (10, 4, 1, 0.5 microns) and finailyrwolloidal silica suspension. As
in FIB analysis, regions for local OIM investigatio namely regions near
macrocracks, are first identified using SEM. Thegke is then scanned in the OIM
chamber using a step size of 1 micron and dataceitfidence index of 0.1 or higher
is utilized.

This technique was adopted because the FIB technmpnnot distinguish
between grains and subgrains. OIM on the other ,hqnantitatively identifies and
measures not only the boundaries between regiodsfefent crystal orientations but
also distinguishes between grains and subgrairsddition, OIM yields information
on the grain boundary angles and characteristick as subgrain, low angle grain

boundary, high angle grain boundary, misorientasingles, twinning regions.

Long Ag Sn

Figure A6.6.4: Post-failure images of SAC305 soldéer isothermal mechanical
fatigue (no aging) showing (a) the influence of masized IMCs and (b)

shear band around macrocrack perpendicular ta#uirig direction
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