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Abstract

The microstructure, mechanical response, and failure behaiviead free solder
joints in electronic assemblies are constantly evolving when exposed to isothermal aging
and/or thermal cycling environments. Large degradations that occur in the material
properties (stiffness and strength) and creep behavior #AgStu (SAC) lead free
solders during aging have been demonstrated in the past several years. These effects are
universally detrimental to reliability and are exacerbated as the aging temperature and
aging time increases. Conversely, changes due to agmgregatively small in
conventional S+Pb solders.

In an attempt to reduce the aging induced degradation of the material behavior of
SAC solders, several doped SACalloys have been explored and studied. The doped
materials are lead free SAC solders thave been modified by the addition of small
percentages of one or more additional elements (X). Using dopants (e.g. Bi, In, Ge, Ni,
La, Mg, Mn, Ce, Co, Ti, Zn, Fe, etc.) has become widespread to enhance shock/drop
reliability, wetting, and other propegs; and this approach has been extended to examine
the ability of dopants to reduce the effects of aging and extend thermal cycling reliability.
In this research, four popular doped lead free solder alloys, including SACX0307 (SAC
X, where X is 0.1%Bi), 8C-Zn (0.21%Zn), SN100C (0.05%Ni + 0.01%Ge) and
SN96CI (0.05%Co), have been scrutinized. Also, the enhancement of aging resistance of

doped lead free solders has been explored when compared to corresponding reference



SAC alloys (SAC105, SAC205, SAC35%;}+0.7Cu, SAC3810).

The effects of aging on mechanical behavior have been examined by performing
stressstrain and creep tests on solder samples that were aged for various duratidns (0
months) at room temperature (Z5), and several elevated temperagi(50, 75, 100, and
125 °C). For all of the solders, variations of the mechanical and creep properties
(effectivemodulus, yield stress, ultimate strength, creep compliance, etc.) were observed
and modeled as a function of aging time and aging temperatlihe doped SAX
alloys illustrated reduced degradations with aging for all of the aging temperatures
considered. Also, the stressain and creep mechanical properties of doped solders are
better than those of reference solders after short duratioaging. After long term
aging, doped solder alloys were found to have more stable behaviors than those of the
standard SAC alloys.

A parallel microstructure study has shown that aging effects have significant
influence on phase coarsening and degrada grain/subgrain growth and internal
residual stress relaxation. However, the changes in microstructure have been
demonstratedo be smallerin doped solder materials when compared to-caoped

solders after severe aging.
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CHAPTER 1

INTRODUCTION

1.1 Lead Free Solders in Mcroelectronics

Throughout the history of electronics packaging, eutectic &% has been the
most extensively used soldering alloy. This eutectid®?Srsolder has a relatively low
melting temperature (183 €), features excellent ductility and outstandiliability, and
provides superior wettability and compatibility withost substrates and devices3lL,

However, despite thedaantages of S®b solders, thefpave been prohibiteth
many countrieslue to environmental and health concen®]3 The Waste Electrical and
Electronic Equipment (WEEE)Restriction of Hazardous Substances (RoHm)d
European Commissiondéds (EC) draft directive
electronics effective in July 2006 in European Union countries [5]. &umibre, several
Japanese electronics manufacturers have successfully created a market differentiation and
increased mar ket shar e ba$reedolders|7].MMherere,n 0 pr
the conversion to Pfree solders in the global electroniassembly business appears
imminent [8].

As a result, efforts to develop alternatives Rb-bearing solders have been
continuouslyincreasing n r ecent years. Al t hough there
replacementfor eutectic SrPb, some musgtave fatures are still required. In general,

good candidates are expected to have [9]:



1 physical behavior (melting temperature, etc) similar to eutectieltsn

1 adequate wettability for the metallization used in the electronics industry

1 good fatigue resistancdgetrical performance and reliability

1 compatibility with existing liquid flux systems

1 adequate shelf life and performance as a solder paste

1 low dross formation when used in a wave soldering operation

1 low cost

So far, approximately 70 Ficee solder ally compositions have been proposed,

including binary, ternary and even quaternary alloys [10]. Among ttlemajority of
the alloys are Sbhased alloys, that is, Sntise preferrednajorconstituant Even though
researchers still have not indentifiech y fdr o p i sfodeutecticpSkPa soltlene n t
in all applicationsalloys involving elements such as Sn, Ag, Cu,&id Zn have been
recognizedas promisingcandidates. In fact, Smch lead free alloys he occupied nore
than 80% in the wave s@dmarket share and methan 90% in the reflow solderarket

share Figure 1.} [11].

SnAg

SnZn

SnCuNi
14 %

SnCu

11% SnAgCu SnAgCuBi

SnAgBi 59% 3%
204 SnAgCuBi SnAgCu
3% 71%
(a) Wave Solders (b) Reflow Solders

Figurel.l Lead Free Solder Market &te[11]



1.2  Prevailing Lead Free Choices

As illustrated in Figure 1.1, Sioased lead free solders are widely used and have
been regarded as the best option for replacing eutectRbSolder thus farActually,
most of these lead free candidates originatent binary alloy systems and some are
further optimized by adding small amount of third chemical elements in order to lower
the melting point and/or increase the wettability and reliability [12]. Figure 1.2

summarizes popular lead free choices availahte tloe market and their current

applications.
Reflow  Wave Hand
230 — ‘ SnCu (+ dopants, e.g. Ni, Co, Ce) ‘ v v
SnAgCu (+ dopants, e.g. Mn, Ti, / / /
220 — | Al, Ni, Zn, Co, Pt, P, Ce, Fe) v v v
5 210 — | SnAg (+ Bi, + In, + dopents) v/ v/ v/
©
2 200 —
o
L SnZn (+ Bi) v
£ 190 —
|_
180 —
140 — SnBi (+ Ag) Developing
130 —

(Lee, C. N., Professional Development Course, ECTC 2011)

Figurel.2 Prevailing Lead Free Choices and Their Applications



1.2.1 SnCu System

The eutectic compositionf dinary SRCu alloy is 99.3S#0.7Cu, with a melting
temperature at 227C. According to the SiCu binary phase diagram shown in Figure
1.3, CusSny is the onlyintermetalliccompound dispersed in tfieSnmatrix. This alloy
is now mainly used in wave stdring, andmight be suitable for high temperature
applications required by the automotive industiowever, this solder materiad easily
contaminated anddsunsatisfactoryvettability as well asmechanical propertied3]. It

also has low thermal sestance and is known for causing corrosion in equipment.

1200 1 1 1 1 1 1 1 1 1
1000
800
%)
Q_ 600+
}—
400
20
w
:(D
O c
200 %, I
<«—(Sn) & v
3

0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Sn Mass % Cu Cu

(http://www.metallurgy.nist.gov/phase/solder/cugfpg)

Figurel.3 Sn-Cu Binary Phase Diagram



1.2.2 Sn-Ag System

The SnAg binary system has a eutectomposition 0f96.55n3.5Ag in weight
percentagend a eutectic temperature ofiX2. Fromthe Sn-Ag binary phase diagram
(Figure 1.4), lhe eutecticmicrostructureis composed ob-Sn matrix as primary phase
with a eutectic dispersion of A8n precipitées [14]. This alloy exhibitsmarginal
wettability butstrong joint strength [15]. Howeveshen soldered to copper base metal,
the diffusion rate for Cu frorthe Cu base intdhe solder is acceleratealy high reflow
temperatureas well as the concentian gradient ofSn between solder and base metal.
As a resulta layer ofbrittle CusSrs intermetallis is often observed near the interface
between Cu pahnd bulk solder bad] whichis known to be detrimental to theliability

of the electronic assably.

1000 1 1 1 1 1 1 1 1 1

900 +

800+
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T (°C)
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(http://www.metallurgy.nist.gov/phase/solder/agsipg)

Figurel.4 Sn-Ag Binary Phase Diagram
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1.2.3 SnZn System

The eutectic composition dfie Sn-Zn binary system is 9188Zn with a melting
temperatureat 199 € [13]. The lamellar microstructure consists of alternatingi&mn
and Znrich phases, which is similar the eutectic SFPb system. However Zn-Cu
phass areknown to decrease the reliability of -@m/Cu assemid@s The presence of Zn
in solder alloys easily leads to oxidation and corrosion due to the high oxidation potential
of Zn. Zinccontaining solder alloys are also known to react with the flux medium.
Despite the questionable compatibility with fluxes and storage stabilit¥nSolder has
an average wettability in reflow soldering, and produces excessive dross in wave

soldering.

1.2.4 Sn-Bi System

The SnBi alloy has a eutectic composition of 42888Bi and a relatively low
eutectic temperature of 13€. The low melting temperature kes the eutectic SBi
alloy a promising replacement for $b solders. Additionally, eutectic 91 solder has
provento havebetter manufacturability than F&n. However, Bi precipitates from the
solder matrix aggregate along boundaries of grains ghrevhich cracking occurs. The
sgyregation of Bi ofterresuls in unpredctable early failures of solder jointkie to the

embrittlement otheinterface betweethe Cu trace and bulk SBi solder joint [16, 17].

1.2.5 SnAg-Cu System

As shown in Figure 1.1, SmfCu (SAC) has been the most popular, widely used
|l ead free sol der i nheytaesgltaiyldols matr kiert d e n tAil ft ihe
replacement for all applications, a variety of SAC alloys with different chemical

compositions have been the pospd by various user groups and industry experts. These

6



include: SAC105 (98.5S4.0Ag-0.5Cu), SAC205 (97.5S+2.0Ag-0.5Cu), SAC305
(96.5SR3.0Ag-0.5Cu), and SAC405 (95.5S#.0Ag-0.5Cu), known asthe SACNO5
series; SAC387 (95.58%18Ag-0.7Cu), SAC396 (95.583.9A¢-0.6Cu), and SAC357
(95.2SR3.5Ag-0.7Cu), identified as near eutectic SAC choices; SAC3810 (95.2Sn
3.8Ag1.0Cu), SAC3595 (95.55Sh5Ag0.95Cu), SAC0307 (950.3Ag0.7Cu), and
SAC107 (98.3S11.0Ag0.7Cu), designed for special needs such as high eeype
application, drop and shock optimization, etc. The main benefits of the various SAC
alloy systems are their relatively low melting temperatures compared with the 96.5Sn
3.5Ag binary eutectic alloy, as well as their superior mechanical and mamafztty
properties when compared to other lead free solders [18].

It is known that the eutect8AC alloycomposition is near S8.5Ag-0.9Cu, with
a eutectic temperature at 23¢ [19, 20]. Figure & containsthe Sn-Ag-Cu ternary
phase diagram ned#ne pure Sn side with an enlarged scale. The contours in the figure
represent the isothermal lines. The red boxed region indicatesgibe containingsAC
alloy compositions currently available on the market.

Theternary phase diagraaisoshows two pesible precipitates neéne eutectic
SnAgCu region: AgSn and CgSns. The ternary eutectic microstructure of SAC solders
consists ofb-Sn dendrites (primary phase), eutecticARnregiors (needleshape AgSn
intermetallic dispersed withib-Sn matrix), ad eutectic SitCu regiors (scallopshape
CwSnsi nt er met al | i ¢ -Sdhimatpxe assshawn iw iFigurebln Thdse
interspersed fine intermetallic particles are capable of pinning and blocking the
movement of dislocations, amill thus enhance nechanical strength and reliability of

solder joints when compared to eutecticFnalloy [21, 22].
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Figurel.5 SnAg-Cu Ternary Phase Diagram
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Figure 1.6 SEM Micrograph ofTypical SnAg-Cu Solder



Despite the benefits mentioned above, SAC family soldersetimesare still
guestionable as completaibstituts for eutectic SAPb because of costs, sorpatent
issues (particularly outside Europe), aesthetic consideration (dross problem of SAC

solders)and relatively high melting temperature (2C7vs. 183C).

1.2.6 Sn-Ag-Cu + X System

SnAgCu alloys have shown potential to be successful substituteutecic Sn
Pb, howeverthei ndustry is stil]l l ooking for a fj
results of many recent studies, performance characteristics of solder alloys are able to be
optimized by doping, that is, by addimgsmall amount of other alloyip elements into
the SAC solder alloys.

The proposedoping elementandidates include Bi, Ni, Co, Ge, Zn, La, Mg, Mn,

Ce, Ti, Fe, In, B, etc. For example, adding 0.05% (wt.) Ni can successfully stabilize the
microstructure, inhibit the excessive constimmp of metal base and thus increase the
reliability of the solder joints [225]. In addition, doping rear earth (RE) elements can
significantly enhance wettability, refine microstructure and improve ductility of SAC
alloys [2629].

Even though dopantsan greatly alter the mechanical, electrical and physical
behavior of SAC solders, the effect on melting temperature, however, is found to be
negligible. This is another advantage for doped solder allegause manufacturers can
still usethe same procesg conditions as conventional SAC alloys.

Meanwhile, the known issues for SACsolders are also apparent. For instance,

the material properties and interfacial behavior of solder alloys have been demonstrated



to be very sensitive to the quantity of tKeadditive. As a resultit takes much more

time and cost to figure out the optimal compositerelsfor the dopants

1.3  Mechanical Properties of Solder Materials

In electronics, solder joints are used to mount£hip components onto printed
circuit baards (PCB) and thus create an electrical circuit. Therefareideal solder
material needs not only excellent conductivity to transmit signals, but also adequate
strength to provide mechanical support and connection. Since most failures in electronic
packages are caused by fatigue/fracture under certain thermal conditions [30], fully

understanding of mechanical behavior of solder materials will be extremely critical.

1.3.1 Tensile

Tensile properties indicate how the material will react to forces being applied
tension. Although solder joints ararelyunder pure tensile/compressiading tensile
properties are still crucial indicators for design purgos€hrough tensile tests, several
material properties can be determined, such as effective modudls,syiength (YS),
ultimate tensile strength (UTS), elongation, etc. The tensile behavisaddler material
is usually described by a load vs. elongation curve, which is then converted into a stress
vs. strain curve. It is often the case that engingestressstrain curves are mostly
employed because the physical size and sblagege®f the material are neglected.

Figure 17 shows a typical engineering stress strain curve. In engineering

practice theengineering stress and engineering straendafined as follow[31]:

S =

F
— 1.1
T A (1.1)
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e =

L, - L
%: — (1.2)

= C
whereF is the applied forced, the original (unstressedjrosssectbnal areal; the final
(current)gage length ant the initial gage length.

Note that the stress and strain initially increase with a linear relationship. This is
the linearelastic portion of the curvevhereno plastic deformation has occurrékhis
means thatvhen the stress is reduced, the material will returitstoriginal shape In
this linear region, the materiabeysthe relationship defined bjlooke's Law where the
ratio of stress to strain is a constant:

s =Ee (1.3)
whereE is called the effective modulus, which is the slope of initial part of a sitesg
curve. However, since the effective modulus includes small inelastic deformations or
time-dependent deformations such as creep, it is uswaligller than the dynamic
modulus measured by the acoustic or ultrasonic wave method, which largely eliminates
the inelastic deformation due to rapid wave propagatiorBE33

As strain progresses, many materials (e.g. solder) eventually deviate from this
linear proportionality, the point of departure being termed the proportional limit. This
nonlinearity is usually associated with strestuced plastic flow in the specimen. At
this stage the material is undergoing a rearrangement of its internal haolecu
microscopic structure, in which atoms are being moved to new equilibrium positions.
This plasticity requires a mechanism for molecular mobility, which in crystalline
materials can arise from dislocation motion. A closely related term is thesyreks,
denotedlys in Figure 1.7 this is the stress needed to induce plastic deformation in the

specimen. Since it is often difficult to pinpoint the exact stress at which plastic

11



deformation begins, the yield stress is usually taken to be the stress needed to induce a
specifiedamount of permanent strain, typically 0.2%y drawinga parallel line to the

elastic portion of the engineering stratsain curve but offset from the origin Iy002

strain, thish 0 . 2 % o f f s eisthen tkterimided astthe éntersamti between the
stressstrain curve and the offset line.

The ultimate tensile strength (UTS) or, more simply, the tensile strength, is the
maximum engineering stress level reached in a tension test. The strength of a material is
its ability to withstand eternal forces without breaking. In ductile materials, the UTS
will be well outside of the elastic portion into the plastic portion of the ssteams curve.

The engineering stress will decrease afterUTS is reachedas necking occurg the
specimen However, this type of localized deformation is beyond my research scope and

will not be further discussed in this dissertation.

Outs |— — — — — — — —
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(http://www.benbest.com/cryonics/lessons.html)

Figurel.7 Typical StressStrain Response for Ductile Materials
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1.3.2 Creep

Solder joints are often placed in servi
exposed to static mechanical stresses due to the Coefficient of Thermal Expansion (CTE)
mismatch between silicon chip and PCBhe$e stresses are less than the yield strength
of solder materials but nevertheless can cause plastic deformation to takei place
particularly over a long period of service time. This type of tdapendent yet
permanent deformation of a material whiledanan applied load that is below its yield
strength is known as creep deformati@reep is ofterregarded as one of the major
failure modes of solder joints in microelectronic packaging modules [36].

In engineering practice, creep data are usually wbthiunder conditions of
constant uniaxial loading and constant temperature. Results of tests are plotted as strain
vs. time up to rupture. As indicated in Figur®,lithe response begins with a quick
transition to the i noweadibathreestagesamdyjpcmary,st r ai n
secondaryand tertiarycreep In the primary stage, strain occurs at a relatively rapid rate
after the instantaneous strain but then tlate gradually decreases until it becomes
approximately constant during theceadary stage.This constant creep rate due to the
dynamic balance of strain hardening and recrystallization [31] is defindueaseady
state creep ratdt is often used by practicing engineers as one of the key material
parameters for solder in FigitElement (FE) simulations used to predict solder joint
reliability. The tertiary creep region occurs when rupture is imminent, and typically
features an abrupt change to a nearly constant but significantly increased creep rate.

In spite of similar shapes creep responses, the deformation mechanism of creep

varies with applied load and service temperature. Fig@enaps the possible creep

13



deformation mechanisms of eutectic-Bln solder material. This diagram features with
axesof normali e d s t ane omologousGemperatufély (whereUis shear stress

G the shear modulug; the ambient temperatyrand Ty, the melting temperatuye The

map is divided into fieldswhich show the regions of stress and temijpeeaover which

each of the deformation mechanisms is dominant. Superimposed on the fields are
contours of constant stramte: these show the net stra@ite (due to an appropriate
superposition of all the mechanisms) that a given combination of stress and temperature
will produce. For most cases, creep is considered critical with a homologous temperature
larger than 0.5. Therefore, creep is not negligible for most solder materials esemat

temperature (RT) due to théarge homologous temperatare

H,=—=—--=0.65 for eutectic S¥Pb (1.4)
T, 456K

H; = T 29 0.61 for SnAg-Cu (1.5)
T, 49K

In practice, solder joints are subject to high ambient tempesatun@/or low
stress levels in most cases. Thus, it is believed that disloeatitnolled creep and
lattice diffusiorcontrolled creep are the major deformation modes for eutectiebSn
solder [37]. At high homologous temperatures, the thermally activated dislocations are
able to move along preferred slip plans or cut through distoc&iarriers [38, 39], and
the interstitial atoms and lattice vacancies tend to migrate along the gradient of a grain

boundary in the presence of tensile or compressive pressure in reversed directions [40].

14



P
-

"

Rupture

stram, £ or

Primary
creep feniary

=| creep

Secondary creep

Initial stram
(elastic + plastic)

=
L

t (time)

(http://www.metallurgy.nist.gov/solder/adb/SnPb_Creep.htin

Figure1.8 Typical Creep Response for Ductile Materials

§ -200 -100 0 100
107 ¢ ' ; ' : ! 110°
f Ideal shear strength 63Sn/37Pb
2 d=30um 2
102 Plasticity 4102

-
<
w N

N

Normalized Shear Stress (T/G)
Shear Stress at 298 K (MPa)

10
Elastic Regime .
2| (rate < 1019 s v [ V. ¥ 2
1 0-5 \‘\ \‘-.\ \\\ 1 0-1
\, Nah"a’qo-norﬁns
B \Creep\\ b
2: \ \ 2
1 0-6 . 1 1 1 I " 1 1 : 1 A AN 1 0-2

00 01 02 03 04 05 06 07 08 09 10
Homologous Temperature (T/Tm)

Figurel.9 Creep Deformation Mechanism Map for EutecticFnSolder [37]

15



1.3.3 Fatigue

Thermally cycling induced solder joint fatigue is a common failure mode in
electronic packaging. When subjected to temperature changes, stresses in electronic
assemblies are typically developed due to the mismatches in CTE of the soldered
components andheé PCB. Cyclic temperature changes, either due to external
environment or power switching, can therefore lead to substantial alternating stresses and
strains within the solder joints. During cyclic loading, micro cracks form within the
solder material fabwed by macro cracks which leads to damage and ultimately to
fatigue failure (see Figure10). The facts that the original bulk design strengths are not
exceeded and the only warning sign of an impending fracture is an often-torabte
internal crackmakes fatigue damage especially dangerous for electronic packages.

Fatigue test results (see Figurel).are obtained by cycling smooth or notched
specimes until failure, andarepresented in a form &N diagram (wheré&is the stress
amplitude,and N the number of cycles to failure). Sinteel1 9500 s, research
developed several models to predict tmember of cycles to failure including the
EngelmaietWild equation [41], PalmgreMiner linear damage law, CoffiManson

relation [43], etc.

GRAIN MICRO- MICRO- MACRO-
___ GROWTH vOIDS - CRACKS __ CRACKS

0% N, 15% N,

100% N,

Figurel1.10 Depiction of the Effects of the Accumulating Fatigue Dan{dd¢
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1.3.4 Shear
It is known that solder joints in microelectronics systafien experience shear
loading due to the CTE mismatch. Similar to tensile sisessr ai n cur ves, Ho

also holds for shear stressain respores at small shear strains, as shown in Figurz 1.1

t =Gg (1.6)
Here shear stress and shearedbg:train, U and
A
Dx
== 1.8
9= (1.8)

where F is the applied shear forcéy, the crosssectional areagpxthe transverse

displacementh the initial length.
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In Eq. 1.6,G is called the shear modulus or modulus of rigidity, measured as the
slope of the linear portion on trehear stresstrain response The shear modulusan
alsobe estimated fromd he el asti ¢ modul uthe egquaton3Boi sson

G=—_F (1.9)

In addition,stressstrain in shear testingan also beonverted into the equivalent

stressstrain in tensildesing by usingvon-Mises relationship

s =3 (1.10)
e= g/\/é (2.12)
A
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Figurel.12 Typical Shear StresStrain Response for Ductile Materials
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1.4

Objectives of This Research

The motivation of lhis research is to systematically study the effects of aging on

mechanical behavior and microstructure evolution of lead free solder alloys. In order to

find possible solutions to minimize aging effects as well as expand the current database

of solder magrial properties for finite element analysis (FEA) purgpsiee following

objectives will be achieved in this research:

(1)

(2)

3)

(4)

(5)

(6)

(7)

Develop specimen preparation procedures that produce uniaxial testing
coupons with consistent microstructures comparable to actualrézadolder
joints in commercial electronic packages

Examine physical properties of lead free solders of interest and explore the
application in real packaging assemblies

Develop DoEtest matrix to systematically study aging effects on material
propertes of lead free solders

Perform uniaxial tensile and creep tests for doped/reference lead free solders
over a wide range of aging conditigns

Develop constitutive models for predicting uniaxial tensile and creep
behavios, and models of aging for estimagi mechanicaproperties of lead

free solders;

Investigate the effects of aging, casting method, testing conditions and
dopants on material properties of solder alloys

Examine the effects of aging on microstructure, grain structure and internal

residual gress.
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1.5 Organization of the Dissertation
This dissertation mainly focuses on understanding aging effects on mechanical
properties of lead free solder materials angrésented ithe following chapters:
Chapter lintroduction to lead free solders alloys and meadtanproperties of
solder materials
Chapter 2Literature reviewon isothermal aging effects, mechanical properties,
constitutive models, microstructure evolution andmetallurgical
modificationfoptimizationof lead free solder alloys
Chapter 3Description ofexperimental praedure uniaxial tensile and creep tests
and data processing.
Chapter 4investigation of aging effects on mechanigabperties of lead free
solder alloys.
Chapter 5Study on using dopants to reduce aging effe@a mechanical
behaviors of lead free solder alloys.
Chapter 6Study on tle effect of cooling profile and testing conditiam
mechanical properties of lead free solder alloys.
Chapter 7investigation of aging effects on microstructure evolution and residual
stress relaxation in lead free solder alloys.

Chapter 8Summary and conclusions of the digation

20



CHAPTER 2

LITERATURE REVIEW

2.1  Introduction

The ongoing transition to lead free soldering has been motivated by
environmental concerns, legislative mandates, and market differentiation. AltSBough
Ag, SnAg-Cu (SAC), and other alloys involving elementgtsias Sn, Ag, Cu, Bi, In,
and Zn have been identified as potential replacements for standareBBBBreutectic
solderthereisstiin o Adr op i nidentifieefar bllaagpkcations Even worse
large discrepancieare found in the published @afrom various groups [44].The
observed disagreemenh the test resultarel ar gel y attri buted to
including variatiors in the ascast/solidified microstructuseof the test specimsnand
differences in the test methadhnd dataacquisition All of these possibilities might make
the measured data incomparable to each other. Moreover, aging effects, mostly neglected
in majority of the studies, may furtheracerbate trseproblerns.

In real applications, addder joins are continously exposed to aging/thermal
cycling during service. It has been well documentedtti@microstructure, mechanical
response, and failure behavior of solder materials are constantly evalvitgy such
circumstance$25, 4562, 69, 71, 74, 78, 89, 1a22, 114, 117, 130 It has also been
demonstrated thaaging effectsare universally detrimental to reliability anthuse

reductions in stiffness, yield stress, ultimate strength, and strain to failure, as well as

21
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highly accelerated creegsolder joins with highly degraded microstructure and material
propertiesare so vulnerable that theervice life of the package ioften severely
shortened

Reliable, consistent, and comprehensive solder constitutive equati®rsso
needed for use in mechanicalsdm, reliability assessment, and process optimization.
Among all the widely used constitutive models, however, none of them take aging effect
into account. This drawback may significantly hinder déipplication of finite element
modeling to reach itsufl potential. Thereforeit is necessary to conduct andepth
study on theconstitutive models for lead free solder materialst only for the better
interpretation of experimentally measured data, but also for the incorporatexyingf

effects intothe models.

2.2  Aging Effectson Material Properties

Studies of aging effects on b solders can be traced backtte 1950s. In
1956, Medvedev [45reporteda 30% loss ofénsile strength for bullsn-Pb solderafter
450 days of room temperatufRT) aging,and a23% lossin tensile strengtlior solder
joints under asimilar exposure Similar work has also been conducteyLampe [46]
who observed an up to 20% loss in both strength and hardnessRi§ 8nd SfPb-Sb
solders after 30 days of RT aging.

Meanwhile, the effect of aging omensile properties of Pifree solders has been
studied extensively in recently yeamSing, et al.[47] investigated the influence of aging
treatment on deformation behavior of-8/8Ag solder during in situ tensile test§hey
observeda quick softening effecton solder samples subject to 180 isothermal

exposure for 120 hoursXiao, et al.[48] recorded theensile behavior of SAC396 solder
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alloy subject to both RT aging and elevated temperature (HT) agind@)86r various
durations. They observed a 25% reduction of tensile strength for 35 days of RT aging,
but a 33% reduction for merely 9 days of HT aginga, et al. [49] investigatedthe
evolution and saturation of Younsigsétengtnodul u
of SAC305 and SAC405 solder alloys under various aging conditions. They found that
the material propertiedecrease@xponentially in the first 2@ays for both RT and HT
aging, foll owed by a 0stetal{b§ asosystematigally de gr a
studiedthe aging effects on tensilgroperties of SACNO5 (N =1, 2, 3, 4) series solders.
They performed uniaxial tensileests on micrescale bulk solder samples with a full
aging test matrix. They alsproposed several empirical oglels to correlate the
degradationn tensile properties with aging

In addition, isothermal aging effects were also reported to reduce the shear
strength and change the failure mode of lead free solder joiGisen, et al. [51]
conducted a study on bo8BnPb and Sf8.5Ag solders and measured the variations in
solder bump shear strength with aging. They concluded that shear strength for both
solder materials decreases slightly after aging at 150% for 1500 hours, 8.9%Rbr Sn
solder bumps and 5.3% f&n-3.5Ag. Similar results were achieved by Kiet,al.[52].
They observed an average 5%cmase in joint strength in stumimp samples for the
first 300 hours of aging at 15. They also reported that the degradation was almost
negligible afterwards Anderson,et al. [53] extended the study to a wide selection of
SAC alloys, including SAC305, SAC3®, SAC379 and SAC396. Despite the
significant change in ductility, the solder materials were severely softenetbngtherm

HT aging.
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Moreover,the literature has alsdocumented the significant influence of agorg
creep behavior of lead free solder alloys. Mfaal. [49] initiated a parametric study of
aging on SAC305 and SAC405 soldeasid found that the secondary creep rates
increasedip to10X and 100X, respectively. A more systematic study was conducted by
Zhang,et al.[50]. They recorded the evolution of creep curves and corresponding steady
state creep rates as a function of aging (aging temperature + aging time), and agserved
to a9,700X deterioration inhe secondary creep rate for aging up to 6 mont&snilar
aging induced degradatisrin creep properties exe also reportedn bulk sampledy
Xiao, et al. [54], Mysore, et al. [55], and in solder joints byChavali, et al. [56].
Furthermoreseveralprevious studiefiavebeen conducted with respect to aging
effects on the fatigue behavior of lead free soldeBansl, et al. [57] observed a
significant degradation in reliability after 500 hours of aging at @fbr both SAC105
and SAC305 solder joints in 0.5 mm pitch BGAs and MLF packagé&devated
temperature aging effects @hearfatigue behaviorwas studied byenkatadri and
coworkers $8] on a SMD teswehiclewith SAC305solder joints. A decrease ofore
than70% in fatigueresistancavas observed aft&000 hours ofigingat 125°C. A more
systematic study of aging induced evolution of hysteresis loops for SAC solders was
conducted by Mustafat al.[59]. Theyreported a decrease in loop area with adarg

all SACNOS alloys indicatingreduction of energy dissipation the material.

2.3 Aging Induced Microstructure Evolution
Aging effects on microstructure evolution of lead free solders have been studied
extensively on both bulkamples and solder joints packages.In generalisothermal

aging leads tophase coarsening dfoth b-Sn and precipitates, the dispensing and
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coalescing of IMC particles, as well as the accelerated growth of gramas the
interfacial IMC thickness between Cu trace and bulk solder joints.
Allen, et al. [60] investigatedphase coarsening in SAC alloy fnoa kinetics

aspect.They concluded thathase coarsening is gawied by a® * t relationship

N w

. Lo &
re-ry :ﬁexpge Q*Q QD8 (2.1)

RT "¢ RT

whereK is a constant containing terms such aspaeicle/matrix interfacial energy and
volume fractioneffects,Qs is the heat of solution for the ratentrolling species in the
matrix, andQp is the activation energy fatiffusion of the ratecontrolling species in the
matrix. The sum ofQs and Qp, however, is assumed to be the effective activation
enery. By measuring the volume fraction of £€3ns IMC patrticles in each of the light
optical micrographs shown in Figure 2.1, they estimateeéffieetive activation energp

be 6915 kJ/mol, which perfectly matches the results from other researcheralplated

in Table 2.}, indicating that theoarsening of the G8n; rodswas the dominant process
(Qs+ Qo = 36 + 33 = 69 kJ/mol).

Similar research was also conducted by Eixal. [61]. They applied the same
procedure to determine the activation enefgym Figure 2.2 and the result was
compared to Al | Howdver, theybmsader & difterend nonclusion and
suggestd a Sn diffusion controlled process for £Z5aging.

Aging effects on dispensing and coalescing of IMC particles were also
investigatel by several researchers. Xiabal.[54] captured the IMC phase growth with
aging in bulk SAC396 samples (Figure 2.3), and Yaal. [62] graphed the growth of

the IMC particles near the SAC/Cu(Ni) interface, as shown in Figure 2.4.
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Solute Solvent Q (kd/mol)

Ag Sn (c axis) 55 (D)
Ag Sn (a axis) 77 (D)
Cu Sn (a axis) 33 (D)
Sn Sn (c axis) 107 (D)
Sn Sn (a axis) 123 (D)
Ag Sn Grain Boundaries 28 (D)
Sn Sn Grain Boundaries 40 (D)
Ag Sn 26 (S)
Cu Sn 36 (S)

Table2.1 Activation Energies foDiffusion andthe Heats ofSolution for Sn, Ag, Cu[60]

A
e

(a) As Soldered
Figure2.2 MicrostructureEvolutionof SAC405 Solder Joiat(Example 2)61]
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(b) 35 Days at RT

LANS A

(c) 1 Day at 180C (d) 3 Day at 186C
Figure2.3 SEM Micrograph of AsAged SAC396Sampleg54]

(a) 50 Hours (b) 200 Hours (c) 1000 Hairs

Figure2.4 Top Viewed SEMMicrographs of SAC/Ninterfaces
Aged forVariousDurations at 156C [62]
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Additionally, aging effects on the interfacial structure of lead free soldave
been well documend in the past few yeaf63-74]. As a rule of thumbthe growth
kinetics of an IMC layer is expressas a function of the expare time ata given
temperature

Q
X, - X, =\D,e 7t (2.2)

t
where Xy and X; are the IMC thinkness at timte= 0 andt = t, respectivelyDy is the
diffusion constantQ is the effective activation energiR is the universal gas constant
equal t08.314 J/mol K T is the isothermal aging temperaturekinand t is the aging

time. Table 2.2 summarizethe literatureresuts of activation energyestimationfrom

several researchers and groups.

SolgrSubsite  Sederno TEmPEAE e iayer (2 Ret
Sn37Pb/ Ni CSP SJ 80-160 NisSmny 45.4 [63]
Sn/Cu Electroplated 70-170 CusSn; + CwsSn 66 [64]
Sn/Cu Dipped 100170  CusSrs + CwSn 77 [65]
Sn0.6Cu0.05Ni/Cu Wave 80-150 CuwsSrs+ CusSn 76.16 [66]
Sn58Bi/Cu Dipping 55-120 CusSns 55 [67]

Sn3.3Ag4.8Bi/Cu  Immersing 70-170 CuSns+ CusSn 49+ 8 [68]
Sn3.5Ag5Bi/Cu Spreading 70-200 CwSns+ CwSn 886 [69]

Sn3.5Ag5BI/NiP/Cu  Spreading 100170 NisSmny 52.85 [69]
Sn3.5Ag/Cu SJ 70-170 CusSns + CusSn 64.82 [70]
Sn3.5Ag/Cu Sandwich 70-180 CusSny 116 [71]
Sn3.5Ag/Cu Dipping 70-205 CusSns + CusSn 59 [72]
Sn3.5Ag/Cu Speading 70-200 CusSn+ CusSn 654 [73]

Sn3.8Ag0.7Cu/Cu Reflow 100150 CuSns+ CwSn 417 [74]
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Sn3.8Ag0.7Cu/Ni Reflow 100-150 (Ni1xCuy)3Smny 72.9 [74]

Table2.2 Reported Effective Activation Energies for the Growth of IMC Layers

It is also know that the elevated temperature aging attributes to thnack
initiation and propagation near solder substrate intesfadeng, et al. [75] captured a
series of SEM micrograpl{&igure 2.5) illustrating the development of Kirkendall voids
(pointed out g white arrows)as aging progressed. It is widely acknowledged that
Kirkendall voids are formed due to the unbalanced -di#usion rates between Cu and
Sn. In particular Cu atoms diffuse from the Cu pad into the bulk solder joints ater fast
rate ttan Sn atoms diffuse from solder joint into Cu. The diffusion of Cu is further
accelerated by elevated temperature agieggds tothe coalescing of vacancies, and
finally cause the formation of micrwoidskracks.

Severalstudieshave documented agingfetts on grain growth in lead free -Sn
rich solder materials. Telangt al.[76] quantitatively compared the size, number, and
misorientation of grains within six different types of lead free solders by using OIM.
Figure 2.6 is an example of their OIMtdaillustrating the apparent growth of the grains.
Table 2.3 summarized their findings on the aging induced evolution of grains and

misorientation.

'’ o N 5y
P 2] »

S 2 O 0 i
X gy&-;’.‘y;«-ﬁi’;ﬁ.é\%v e

(a) 3 day (b) 10 day (c) 20 day
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Figure2.5 Micrographsfor Formation of Kirkendall Voidsvith Aging at 150°C [75]

—
Z50 0 pm = 25 wtops

(a) As Reflowed

—
2O ym = 23 etece

(b) Aging at 150°C for 200 Hours

Figure2.6 Evolutionof Grain Size an®rientaton with Agingfor Re p o wParelSn|[76]

Grain Boundary

Specimen Aging History Grain Size Misorientation
As received 50150 "¢ Sharp peaks at 4and60°
. equiaxed
Pure Sn ingot _
Aged 200 hours >500 ¢ Fewer boundaries,
at 150°C irregular peaks at 45 60° and 70
As reflowed 1002.508 m, Many small peaks
Pure Sn, equiaxed
reflowed Aged 200 hours >500 & Verystrong peak at 45
at 150°C irregular other small peaks
As received 10-30e m,  Nearly random distributior
Eutectic equiaxed of higher angle grain
Sn3.5Ag Aged 200,400 20-60e m, boundary misorientation,
hoursat 150°C equiaxed regardless of aging time
: 10-30e m, Random + low angle, 60
) As received )
Eutectic equiaxed 80° peaks superposed
Sn3.8Ag0.7Cu  Aged 200 hours  20-100e m,  Randomness decreases
at150°C equiaxed with aging, peaks sharpel
Solder ball . 1520 m Bi-modal; <15 low angle,
Sn1.63Ag As fabricated equiaxed and large 5&70° peak
Solder ball As fabricated 4i(:r2e5?JTarm ' Seweral small peaks <25
Sn3.0Ag 9 5560°, 70-80°
shapes
Solder ball As fabricated 100600 m Not scanned
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Sn-3.0Ag0.6Cu large, irregular

Table2.3 Summary of Typical Grain Size and Misorientation in Solders Samipis

2.4  Effect of Fabrication and Testing Conditions on Material Properties

The solidification cooling rate has significant effect orthe microstructureof
solder materia by determining the initiakize, distribution and morphology ofvIC
phases(e.g. AgSn and CySrs) [77]. For bulk solder, dst cooling rates result in
relatively thin and planar IMCs, while slow cooling rates lead to a relatively thick and
scalloped IMC morphologyFor a solder/substratmterface fast cooling ratereduce the
thicknessof the interfacial IMC layer, as well as the size of IMC particles [18ng, et
al. [79] compared the mechanical properties and oiadcro-structure of SAC387
formedwith different cooling rates.Figure 2.7 illustrates the typical macrostructure of
as-solidified test samples (etched by 10% HCihey found that fast solidification could
significantly lower the Sn dendrite arm spacing and enhance the creep resistance of
solder material.

Tensile properties of solder materials are known to be strorafly and
temperature dependent. the 1 98 06 s, Anand [ 80] proposed
constitutive model for describing the viscoplastic behavior of metals. The flow equation
in the Anand model establishes the relationship between flow stress asiit [si#ain,
with strain rate and ambient temperature as parameters. This model has been shown to
work well on solder materials and is widely used in finite element simulatidasg,et
al. [81] modified theRambergOsgood modeby introducing testingemperature and
strain ratein an attempt to predict tlstressstrainbehaviorfor SAC387. Nie, et al.[82]

characterized the ratdependent behavior of SAC387 solder over a wide range of strain
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rates, from 19 to 102 Although two different experiméal setups were utilized, the test
results demonstrated a remarkably consistent relationship between the yield stress and the
strain rate over eight decades of strain rate. It has also been demonstrated by several
researchers [8, 33, 37, 54], that botress level and testing temperature have a strong
effect on the steady state creep rate of solder materials. In general, higher loading of

stress/temperature significantly accelerates the creep and reduces th®-straiare.

0.3°C/s

Air Cooled

Figure2.7 As-Solidified Macrostructures of SAC3879]

2.5  Solder Material Optimization by Using Dopants

The ongoing transition to lead free soldering has been motivated by
environmental concerns, legislative mandates, and marketedifiation. However,
there is still nosingle replacementhat has been identified fochallenging operating
environmentsi.e. high temperatures and stress levels, as well as impact loatinthis
end, studies concerning to isothermal aging and thekrogcling have concentrated on
near eutecticSnAg-Cu (SAC) soldersAn ideal SAC solder alloy should not only

posses&nhancednechanical propertiefut alsoresistanceo isothermal agingeffects
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and thermamechanical fatigudor a wide range of tempatures. Therefore, hhere is
much interest in the industry on establishing optimal $a€ed lead free solder alloys
meet alldemands According to the results of many recent studibssé goals can be
accomplished bymetallurgical approachesi.e. mcro-alloying, to strengtheningthe
solder matrixor the matrix/intermetallic interfacegions of the solder joint

Bi additions tolead freesolders have been the subjetimany investigationsit
has been shown thBi can lower the solidus temperatun@mprove the wetting and alloy
spreathg, refine the Sn matrixhrough precipitation hardeningand suppress the
formation of large AgSn IMCs in the bulksolder B3]. On the negative sidet is also
reported thaBi atoms segregate alotige Cu/IMC inerfaceand lead to brittle fracture
[84]. However, according to the observation of Pandher and his coworkersu§itg,
the appropriate amount of Bi doping is hightyportant They found thathe addition of
0.01%Bi resuledin improved drop shock anghll pull responsédor low silver content
SAC solder, i.e. SAC0307In addition, they also observed the reductiortha IMC
growth andthe partition to the Cu/IMC interface for Bi-doped SACO0307 solder.
Tateyama et al. [86] conducted a study othe effects of Bi content on mechanical
properties and bump interconnection reliability ofAmnsolder alloys. Theguggestead
3% or less Bi doping level in $&g solder so that the optimal enhancement could be
achieved.

The effect of Ni doping has been dissed by several authof23-25], i.e. a
thorough review bylegehall B7]. It is reported that Ni doping can inhibit the allotropic
transformation of C4bns [23], suppress the formation of Kirkendall voi@sd slow the

growth of interfacial IMC layex[25]. On the other hand, it has also been demonstrated
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that the introduction of Ni would soften the SAC solder material and form britteiCu
Sn ternary IMCs [24]. Pandheet al. [85] proposed a 0.05% Ni doping to SAC0307 +
0.1%Bi solder to obtain the ojmal drop resistance and tarnish resistance.

With respect to mechanical propertiedy modified SAC alloyshave been
reported to exhibit a combination of high tensile strength and great ductility [88]. The
most tremendous benefit of Zn doping is attribute its enhancement aficrostructure
stability andaging resistance [89]. Sonet al. [88] studied the effect of Zn doping on
the microstructure characteristics of SAC solder. Tioemd that the addition of 0.5%

Zn significantly reduced the degreewfdercooling for St8.3Ag-0.5Cu solder, and thus
suppressed the formation of large;8g platelets. In addition, Ztoped SAC solders

were observed to have an increased volume fraction of eutectic phases without formation
of any Znbearing IMCs.Andersa, et al.[89] reported that no significant microstructure
evolution in bulk SB.5Ag0.74Cu0.21Zn solder joints was observed even after 1000
hours of aging at 158C. Similarwork was also performeby Kang,et al.[90]. They
concluded that a minor aiidn of Zn (<1%) to SAC387 was very effective in
suppressing the IMC growth on Cu pads.

It has been demonstrated that other transition metals such as Co and Fe can refine
the microstructurdor bulk solder joints, as well as hinder the IMC gtbwear the
interface P1-92]. According to the microstructure studies conducted by Andeetaal.

[91], Co exhibited a solidification catalysis effect ong&m phase in theSn3.7Ag
0.6Cu0.3Cosolder matrix witha desirabléreduced)volume fractionand size (smaller)
They also observethe significanteffect that the minorsubstitution of iron for copper

promotd highly refined Sn dendrites in the solidiéd soldematrix. Syed,et al. [92]
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carried out package level tests on a wide selection d@-%/Asolders, indicating that
SAC355Co solder had the best performance in both ball pull and ball shear test
regardless of aging conditions. Based on their observationsalg®suggested that the
refined, stabilized microstructure of €opedSAC solde was the fundamental reason
resuling intheimproved resistance to deformation.

Rare Earth (RE) elements(e.g. La, Ce)are also popular options for low level
doping in SAC solders. Wu and Worff] performed a thorough review discussing the
advantagesral issues of REEloped SAC soldersThey concluded that small addition of
RE elements caimprovethe tensile strength, creep strengémdwettability. Fromthe
microstructure aspecRE-dopedalloys weredemonstratedo generate weltontrolled
interfadgal IMC layers, especially in BGA packages. On the other hand, they also
suggested that more studiskould be conducted regarding soldering behavior under
common processes (i.e. SMT), as RE elements were known to be easily oxidized. The
addition of RE Ements was also reported to significantly improve the ductility of SAC
solders. Dudek et al. [94] modified conventional SAC397 solder by adding small
amount of La and theyneasureca more thana 1.5X increase infailure strain with a
negligible loss irshear strength

Other doping choices for optimizing SAC solders, such as Mn, Cr, Ge, Ti, Si, B,
Al, In, etc, have also beestudied extensively by various researchers and groups.
and Leg95] compared the interfacial IMC growth and drop performancé4adifferent
doped solder alloys, and concluded that SAC105 + 0.13Mn alloy outperformed all other
alloys, including conventional SiRb solder. Andersomt al.[89] claimed that the aging

resistance of SAC3595 improved tremendously by merely addin§e0/5 Amagai,et
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al. [96] found that dopingvith In could reduce Kirkendall voiding but had little effect on
the growth of CeSn IMC. Ge, different from othét ffusion compensatogssuch as Ni
and Co, is acknowledged to refine the Sn matrix as wethpsove corrosion behavior

[85].

2.6  Constitutive Modeling for Solder Materials

It is widely acknowledge that solder materials exhibilasteviscoplastic
behaviorwhen subject taleformation. In general the expression of totastrain can be
partitiored by decoupling the elastic and plastic parts

e=e, +e, (2.3)

where is the elastic strairfJ,p is the viscoplastic strainlf the strain hardening effect
(the stress continues to increase after yielding) is &ken into considet@an, the

constitutive model may be expressed in generic terms as:

e=e, :SE for|s|<s
(2.4)
#:#e+&p:§+f(s,sys,evp)s for|s|2 s

Based on the fact thateé mechanical behaviosuch as yield stress, ductility, and
tensile strength, of materialsill change with strain rate and t@erature an ideal
viscoplastic model for solder matesashould consist of at least the following four

elements:
Sy = f(evp,&p,T) (25)
where G, is the von-Mises flow stress;(, is the equivalent plasticstrain; &,, is the

equivalentplasticstrain rateandT is theabsolutetemperature. In the past few decades,

several physically and phenomenologically based models hee#e proposed for use in
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material characterization, including tensile and creep responses. In this section, four
constitutive models with approximately the same number of material constants, Johnson
Cook (3C) model, ZerilltArmstrong (ZA) model, KhanHuang (kH) model, and

Anand modelvill be discussed.

2.6.1 J-C Model

In 1983, Johnson and Cool®7 proposed a constitutive model for metals
subjected to large strains, high strain ragesl high temperatures. This particular model
is widely useddue toits simplicity and the availability of parameters foarious
materials of interestalthough it ispurely empirical In the 3JC model,the von Mises

flow stresstiis expressed as
se#T)=(A+Be fircmé Ju- T) (2.6)
whereA, B, C, m, n are material constant# = &/#, is the dimensionless strain rat,(

is normally taken to be 1.0 s8¢ andT" =(T - T.)/(T, - T,) whereT, is the reference

temperature |west temperature of inter¢sand T, is the melting temperature of the
material. With merely one term, the@ model in its mulfplication formis appropriate

for describing the temperature dependencemetals. However, this model will be
invalid for modeling any metals where the work hardening rate decreases with an
increased strain rate.In addition this model exhibitsunrealisticallysmall strainrate

dependence at high temperatures.

2.6.2 Z-A Model
In 1987, Zerilli and Armstrong[98] proposed constitutiveelationsbased ora

dislocation mechanism Despite therelatively smple expression compared to other
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microstructureaware constitutiverelations,the Z-A model still includesthe effecs of
strain hardening strairrate hardening, and thermal softening based on the thermal

activation analysisThe general form of the aqtion for the flow stress:is
s(e#T)=s, +Bexp(- bél)+B,Jeexp(- adl) 2.7)

In this model{l, is thethermal component of the flow stress given by:

s‘,ﬂ:sl_q+ﬁ+Ken (2.8)

JI

where (4 is the contribution due to solutes and initial dislocation dengityis the
microstructural stress intensityis the average grain diametandK, B, By are material
constants. Note that in the thermally activated terms, the functional forms of the
exponentgJandb are

a=a,- a,In(8)

(2.9)
b=b,- bn(&)
wherel, Uy, by, by are material parameters that depend on the crystal strijeigrECC,

BCC, HCP)

2.6.3 K-H Model
Based on the study of Bordner and Part8},[Khan and Huanglf0(QQ developed
a new constitutive model to predict the mechanical behavior of all@finum in the
strain rate range from fao 1¢ se¢'. In theirstudy, the model proposeths:
J,=f,(e,)f,(D,) (2.10)

wherel} is the equivalent plastic strain defined by:

e, :le e (2.11)

2ij ij
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Consideringheone dinensional case, Eq. 2.11 can be rewritten as:

s = g,(e)g,(#) (2.12)

whereg; andg, are expressed as:
(2.13)

An example of the particular forms gf andg, weregiven in their study:
9,(6)=s5,+E,e- ae?*

In(é) - (2.14)

where n,E, , (i, a andU are constants, anB, wasarbitrarily chosen to be &ec in

their work. Compared to the-C model, he K-H modelis more capable of predicting
strong workhardeningbehavior oveia large strairrate range However, snce the kH
model does not incorporate temperature féects into the proposed equations,
modificationsare neededso that the temperatuteendent characteristics ofraaterial

can be fully predicted

2.6.4 Anand Model

In 1985, Anand [101] proposed a simple sétconstitutive equations for large
isotropic viscoplastic deformations but small elastic deformatiombis constitutive
model has been embedded in commercial finite element simulation software such as

ANSYS, and is now widely used in prediction of etenic packaging reliability. The
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are three constitutiveequations in Anand modehamely thestress equation, flow
equation and evolution equation.
The stress equation is definegt
s=cs (c<1) (2.15)
wheresis the deformation sestancec is a material constant defined

m

|- OO

=lsinh'1eeé‘?&e‘9/RT
X @A :

[

U (2.16)
g

wheresais the multiplier of stress# is the inelastic strain raté is the preexponential
factor, Q is the activation energyn is the strain rate sensitivitig is the universal gas
constant, and is the absolute temperature

The flowequation was selected to accommodate the strain rate dependence on the

stressand isgiven by:
é= Ao 2 Fainti > & (2.17)
B ¢ S+

Note that temperature dependence has memporated into the model via an Arrhenius
term, while the stress arsthite @pendence wemaodified to be in form of the hyperbolic
sine from the original power law relationship.

The evolution equation for the internal variabie assumed to be:
g= f(éée,T) (2.18)

An explicit form of evolution equation expressed as:

& = A o ~
#= ehO% =8 sigréa- i%# (a>1) (2.19)
6 C S* = o S*—:g
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where hy is a constant fothe dynamic processa is the strain rate sensitivity of the
dynamic processaands* represents a saturation value of s associated with a given set of

testing conditions given by:

et A4Q @
S"=¢%5—€ } 2.20
A SR 220)

where € is a constant ana is the strain rate sensitivity for the saturation value of
deformation resistance.

To summarizethe Anand modehas nine material constani®. s, Q, A, 3; m, hy,
& n, anda (note thats, is the initial value of deformation resistajcelThese constants
can be determined from either strss®in responses or creep respondesracterized
over a wide temperature rangeThe Anand modd successfullyunifies both rate
dependent creep behavior and Hiatgependent plastic behavior occurring concurrently in
the alloys andit has been demonstrated to work well on solder mageri@n theother
hand, there are still some limitations tife Anand model, such as incapability of

predicting the primary and tertiary creep responses, no incorporation with aging effects,

etc.

2.7  Summary and Discussion

In this chapter, an extensiveview has beerperformedon threemajor topicsin
solder material chacterization including aging effects,-atditive modification and
constitutive modeling.

Aging effects areacknowledged to beesponsible forthe large discrepancies
existing in themechanical propeytdatabases for solder materials.vast body of studis

has already demonstrated that isothermal aging is the root cause for tHuhangng
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microstructure of lead free solders and thus gives rise to the softening effect on the
material properties. Most lead free solders, especiallye SnAg-Cu solder faily,
experience dramatic loss in strength (both tensile and shear), stiffness and creep
resistance as aging progresseBhis effect was found to bexacerbated for elevated
temperature exposurdVith respecto soldered components on substragggng lasalso

been extensively reported to accelerate the unfawratdrfacial IMC growth, caugbe
formation ofKirkendall voids and result in the coarsening of the phases in bulk solder
joints.

The effects of coolingrofile and testing conditions on ri@anical properties of
solder alloyswere also discussed through reviewipgevious work. In general, fast
cooling rate (i.e. water quenchg) during solidification yieldiner/smaller phases in the
microstructure, which in turn strengthens #wdder méerial. However, quickly cooled
samplegnay also exhibit more brittle behavior when subject to deformation, indicating a
loss in strairto-failure. Testing conditions such a#ain rate, stress levednd testing
temperature are also known to key fadors affecting the mechanical properties of
solders. In general, higher strain satkiring tensile test causestran hardening, and
thus increas¢he strength and stiffness of the material. In creentgghe reponse is
highly accelerated bgmall increass in the appliedstress loading.Softening effects in
materal properties have beeeported for bothensile and creegpestsperformed under
elevated temperatures.

In an attempt to optimize theegormance of lead free soldefsg. aging
resigance, drop resistance, gteesearchers have modified lead free solders by micro

alloying. The possible candidates of theadditive include Bi, Zn, Co, NiMn, Cr, Ge,
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Ti, Si, B, Al, In, etc. It has been demonstratdtht appropriate amouwsf additiveswill

not only refine the grains, phases and IMC particles in the bulk solder joints, but also
control the growth of interfacial IMC layers between the bulk joint and the cqaisr

on thesubstrate.

Lastly, four widely used constitutive models for egastic materialswere
discussed. In particulamhé Anand viscoplastic model, whigluccessfully incorporates
ratedependent creep behavisith rateindependent plastic behaviduring deformation
has been often adoptéal solder materialsHowever modifications to the Anond model

will be necessary to incorporate aging effects.
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CHAPTER 3

SPECIMEN PREPARATION AND EXPERIMENTAL

3.1 Introduction

In this chapter, a novel specimen preparation technique is presented. This unique
approach is able to fabricate miestale uniaxial tensile specimens without further
modification and machining. The test specimenare formed in glass tubes with
rectangular crossection by using a vacuum suction system. The specimens are then
cooled by eithea water quenched cooling diie or a specifically designated reflow
profile. Forthe current work, uniaxial sgstes with nominal dimensions &0 (Ilength)

3 3 (width) 3 0.5 (height) mm were utilized Uniaxial tensile and creep tests wehen
carried out by using a micro tension torsion testing system. Sevegirical
constitutive models weradopted tarepresenthe collected raw data and to extract the
desired mechanical propertiestbésolder materials of interest.

In this work, micostructure analysis waconducted on testingpupons mounted
upon epoxy stubsby usinga Scanning Electron Microscope (SEM), Normaski Optical
Microscope (OM)and Energy Dispersive-Kay analysis (EDX). Dferential Scanning
Calorimetry (DSC) was alsoused to study melting behavior ttie solder alloys such as
pasty range, melting point, phase transition temperature, etc. 2dmensionalX-ray
Diffraction (2D-XRD) was utilized to measure intednresidual stresses induced te

specimen solidificatin process.
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3.2 Uniaxial Test Specimen Preparation Procedure

Solder uniaxial samples have been fabricated by machining of bulk solder
material [D2], or by melting of solder paste in a mo#B| 54, 103, 104 Use of a bulk
solder bars is undesirable, beaadisey will have significantly different microstructures
than those present in the small solder joints used in microelectronics assembly. In
addition, machining can develop internal/residual stresses in the specimen, and heat
generated during turning o@@ions can cause localized microstructural changes on the
exterior of the specimens. Reflow of solder paste in a mold causes challenges with flux
removal, minimization of voids, microstructure control, and extraction of the sample
from the mold. In addibn, many of the developed specimens have shapes that
significantly deviate from being long slender rods. Thus, undesiredimarial stress
states will be produced during loading.

Other investigators have attempted to extract constitutive propertseddeis by
direct shear or tensile loadin§J5107], or indenting 10§, of actual solder joints (e.g.
flip chip solder bumps or BGA solder balls). While such approaches are attractive
because the true solder microstructure is involved, the unavoidaieniform stress
and strain states in the joint make the extraction of the correct mechanical properties and
stressstrain curves from the recorded ledidplacement data very challenging. Also it
can be difficult to separate the various contributiontheobserved behavior from the
solder material and other materials in the assembly (bond pads, silicon die,
PCB/substrate, etc.).

In an attempt to avoid many of the specimen preparation pitfalls identified above,

a novel specimen preparation procedure dagloped. Compared with other specimen
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fabrication approaches, this unique technique is able to make-stial® uniaxial tensile
specimens with no requirement of further machining/cuttifitne solder specimens in

this studywere formed in high precisin rectangular crossection glass tubes using a
vacuum suction process. The tubes were then cooled by water quenching and sent
through a SMT reflow to renelt the solder in the tubes and subject them to any desired
temperature profile (i.e. same as attsalder joints). The solder is first melted in a
quartz crucible using a pair of circular heating elements (see Figure 3.1). A
thermocouple attached on the crucible and a temperature control module is used to direct
the melting process. One end of tjlass tube is inserted into the molten solder, and
suction is applied to the other end via a rubber tube connected to the house vacuum
system. The suction forces are controlled through a regulator on the vacuum line so that
only a desired amount of soldsrdrawn into the tube. The specimens are then cooled to

room temperature using a usalected cooling profile.

Heater

Controller
1

Crucible with=7
Thermal
Couplg

Regulator

Ceramic

Base Control
Vacuum
Valve

Figure3.1 SpecimerPreparatiorHardware
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In order to see the extreme variations possibl¢ghe mechanical behavior and
microstructure, tw different cooling profiles weremployed in this work:

(1) Water Quenching (W.Q.): water quenching of the tubes (fast cooling rate),

(2) Reflowed (R.F.): controlled cooling using a surface mount technology solder

reflow oven.

Typical temperature versusne plotfor water quenching is shown in Figure 3.2(a). For
the reflow oven controlled cooling, the tubes are first cooled by water quenching, and
they are then sent through a reflow oven (9 zone Heller 1800&2€_Figure 3.3) to fe
melt the solder in the tube and subject it to the desired temperature profile. Thermo
couples are attached to the glass tubes and monitored continuously using-a radio
frequency KIC temperature profiling system to ensure that thelsarare formed using
the desired temperature profile (same as actual solder joints). Figure 3.2(b) illustrates the
reflow temperature profile used in this work for lead free solder specimens.

Typical glass tube asmblies filled with solder anfinal extracted specimerare
shown in Figure 3.4. For some cooling rates and solder alloys, the final solidified solder
samples can be easily pulled from the tubes due to the differential expansions that occur
when cooling the low CTE glass tube and higher CTiHesaalloy. Other options for
more destructive sample removal involve breaking the glass or chemical etching of the
glass. The final test specimen dimensions are governed by the useable length of the tube
that can be filled with solder, and the crssgtional dimensions of the hole running the
length of the tube. In the ment work, uniaxial samples wefermed with nominal
dimensions of 80 x 3 x 0.5 mm. A thickness of 0.5 mm was chosen because it matches

the height of typical BGA solder balls. Thpegimens were stored in the aging oven
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immediately after the reflow process to eliminate possible room temperature aging

effects.
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(a) Water Quenching Profile, W.Q.
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(b) Reflow Profile, R.F.

Figure3.2 Specimen Cooling/Reflow Profiles

48



Figure3.3 Heller 1800EXL Reflow Oven

(b) After Extraction

(c) CrossSection

Figure3.4 Solder Lhiaxial Test Specimens

Figure3.5 X-Ray Inspection of Solder Tesp&cimens (Good and Bad Samples)
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The described sample preparation procedure yielded repeatable samples with
controlled cooling profile (i.e.microstructure), oxide free surface, and uniform
dimensions. By extensively cressctioned on several specimens, the microstructure of
any given sample is proven to be very consistent throughout the volume of the sample.
In addition,the specimen prepation method has been demonstrated to yield repeatable
sample microstructures for a given solidification temperature profile. Samples were
inspected using a micifocus xray system to detect flaws (e.g. notches and external
indentations) and/or intern&bids (nonvisible). Figure 3.5 illustrates results for good
and poor specimens. With proper experimental techniques, samples with no flaws and

voids were generated.

3.3  Mechanical Testing System

A MT-200 tension/torsion thermmmechanical test system from isdlom
Technology, Inc., as shown in Figure 3.6, has been used to test the samples in this study.
The system provides an axial displacement resolution of 0.1 micron and a rotation
resolution of 0.001? Testing can be performed in tension, shear, totsmaing, and in
combinations of these loadings, on small specimens such as thin films, solder joints, gold
wire, fibers, etc. Cyclic (fatigue) testing can also be performed at frequencies up to 5 Hz.
In addition, a universal-éxis load cell was utilizedo simultaneously monitor three
forces and three moments/torques during sample mounting and testing. Environmental
chambers added to the system allow samples to be tested over a temperature +ange of
185 to +300 C.

During uniaxial testing, forces andsplacements were measured. The axial

stress and axial strain were calculated from the applied force and measuregearbss
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displacement using

F DL
Ss=— e=-—
A L

rla

(3.1)
where( is the uniaxial stres$)is the uniaxial strainf is the measured uniaxial foro,
is the original crossectional aredj is the measured crosshead displacementlasdhe
specimen gage length (initial length between the grips). The gage lehdtie o
specimens in this study was 60 mm, so that the specimen length to width aspect ratio was
20 to 1 (insuring true uniaxial stress states).

Two major types of testing in the current work, including uniaxial tension and
creep, were both conducted at rotemperature (25 €). The strain rates for the stress
strain testing wergf = 0.01 and 0.001 séc while the applied stresses for the creep

testing weral = 10 and 15 MPa.

Figure3.6 MT-200 Testing System with Solder Sample
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3.4  Typical Testing Data and Data Processing

Typical Testing Data

A typical recorded tensile stress strain curve for solder with labstkadard

materi al

properties i s sHowrs itrmkkinguroe b3®. 7

modulus, which is the initial slope of the strsssin curve. Since solder is viscoplastic,

this effective modulus will be rate dependent, and will apph the true elastic modulus

as the testing strain rate approaches infinity. The yield dikg®sS) is taken to be the
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(b) Typical Solder StresStrain Curve (Enlarged at Small Strain Range)

Figure3.7 Typical Solder StresStrain Curve an#laterial Properties
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standard 0.2% vyield stress (upon unloading, the permanent strain igezab.002.
Finally, the ultimate tensile strengh, (UTS) is taken to be the maximum stress realized

in the stresstrain data. As shawin Figure 3.7(a), the solders tested in this work
illustrated nearly perfect elastmastic behavior (with the exception of a small transition
region connecting the elastic and plastic regions). As the strain level becomes extremely
high and failure ismminent, extensive localized necking takes place. These visible
reductions in crossectional area lead to namiform stressstates in the specimen and
drops in the applied loading near the end of the stteaB curve.

Figure 3.8 illustrates a typial solder creep curve (strain vs. time response for a
constant applied stressJhe load input of a creep test was calculated as:

F=s3ws3t310°(9) (3.2)
whereF is the input holdindorce in gram{i is the chosen stress level for the creep test in
MPa, w is the specimen width in mnb,is the specimen thickness in mm, and the
acceleration of gravity (9.8 N/kQ).

Creepr esponse begins with a quick t,ransi't
followed by regions of primary, secondary, and tertiary creep. Depending on the applied
stress level, the primary creep region can be more extensive for the SAC alloys. The
secondary creep region is typically characterized by a very long durationady ne
constant sl ope. This slope is referred to
is often used by practicing engineers as one of the key material parameters for solder in
finite element simulations used to predict solder joint reliabilitih this work, the
measured creep rates were taken to be the minimum slope values in the secondary creep

regions of the observed versust responses. The tertiary creep region occurs when
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rupture is imminent, and typically featuras abrupt change to a nearly constant but

significantly increased creep rate.

Creepr esponse

followed by regions of primary, secondary, and tertiary creep. Depending on the applied
stress level, the primary creep region can be more extensive for the SAC alloys. The

secondary creep region is typically characterized by a very long duration of nearly

constant sl ope.

is often used by practicing engineers as one of the key material parameters for solder in
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In this work, the

measured creep rates were taken to be the minimum slope values inotihdasgcreep

regions of the observed versust responses. The tertiary creep region occurs when

rupture is imminent, and typically features an abrupt change to a nearly constant but

significantly increased creep rate.
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Testing Data Processing

For the uniaxial stresstrain tests, a total of 10 specimens have been tested at
specificagingtestingcondition. From the recordestressstrain data, a set of averaged
material properties were extracted. Variations of the average mechanical properties
(effective modulus, yield stress, ultimate strength, creep compliance, etc.) with aging
were observed and then modeled as a funatibaging time. Inthis work, a single
Ailaver agwadgerematedvtaepresenta set of 10 recorded strestsain curves for a
certain testing configuration. Although, several different mathematical models can be
used to represent the observed dateempirical four parameter dual hyperbolic tangent
modelhas been demonstrated to be the best option for accurately capturing the variations
in both elastic and viseplastic regions:

s(e) = C,tanHC,e) + C, tanHC,e) (3.3)
whereC,, G, G;, C, are material constants to be determined.

When consider extreme small strain situatioa-(0), the effective
modulus (E)xan be estimateaks:

lim d2—9 =lim ClCZ{(l- tanrf(Cze))+C3C4(1- tanrl"(C4e))}

=C.C,+CC,

(3.4)

When consider extremiarge strain situation €- @), the ultimate tensile strength

(UTS) can be obtained by:

lim s(e)=C, +C, (3.5)

Figure 3.9 illustrates a typical set of 46lder stress strain curves measured under
similar conditions, and the corresponding curve fitting of Eq. 3.3 to the data. Ten raw

stressstrain curves are truncated at their UTS and then fitted by the proposed Mioelel.
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excellent repremntation providd by thefour parameteempirical model suggests thiat
i ndeed provides a mat hemat i cal-strarecareerfor pt i on
a set of experimental curves measured under fpredonditioningkestng conditions.
From the various stssstrain curves obtained at a given aging temperature, the variations
in the material propertieeffective modulus, yield stress, and ultimate tensile strength)
werealso able to beetermined and modeled as a function of aging time.

In the solder creepxperimentsconstant stress levels on the order 05286 of
the observed UT®ereapplied. In this work, the applied stress as weare= 10 and 15
MPa, which areapproximately 50% of the neaged UTS value for the SAK alloy
tested. Due to the long testg time involved, only 5 specimens were tested for each alloy
andset of agingiestingconditions. The curveis each set were fiéd with an empirical
straint i me model to generate an nfAavefordhgsed r epi

conditions. For the range of test conditions considered in this work, the raw strain versus

Stress-Strain Curves and Model Regression Fit
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Figure3.9 Solder Stres$train Curves and Empirical Model
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time datain the primary and secondary creep regions were found to be well hyted

creep response of t he -dashpot) meddeseeaFigad 310) Bur ge
e=eft) =k, +kt+k,(1- ¢*) (3.6)

From the reorded strainvst i me curves under constant str

strain ratesk;) have been extracted. In practice, the measured creep rate for each curve

wasalso comparetb numericalevaluationof the minimum slope valuie the secondary

creep region fothe observedt versust response (see FiguBell). Variations of the

average creep rates with aging were determined and then modeled as a function of aging

time.

General model:
f(x) = ein+ean™(1-exp(-g™x))+ess™x
Coefficients (with 95% confidence bounds)]

ean = 0.0009008 (0.0008883, 0.0009132)
ein=0.001014 (0.001001, 0.001027) |
ess = 1.822e-006 (1.818e-006, 1.825e-006)
g= 0.006964 (0.006773, 0.007155)

Goodness of fit:

SSE: 3.011e-006

R-square: 0.99394 1
Adjusted R-square: 0.9994

RMSE: 4.186e-005

1 1 1 1
0 500 1000 1500 2000 2500 3000 3500

Figure3.10Sol der Creep Curve and Burgerod
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3.5  Microstructure Study and Physical Property Investigation

After fabricationby the process discussedGmapter 3.2solder specimenwere
quickly cut into shorter lengthand attached to a pmrepared epoxy resin stsiby using
doublesided carbondpe. This proceduraninimized anyaging induced microstructure
evolution at room temperature. h& exposed osssectional area of the uniaxial
specimen werethen grindedusingsilicon carbide (SiC) sand papeséth 320, 600, 1200
in grit size ona metallographic rotating disk.The subsequeninfe polishing process
included using a 3-¢ nparticlesize polycrystdline diamond suspension as the abrasive
onawoven silk clothas well asa 0.05¢ nparticlesizeBUEHLER MasterPrealumina
polishing suspensioan a porous neoprene clotiThe polished surface wakenrinsed
by distilled water to remove the residualgroduced during polishing process. In order

to create a better metallographic structaeshemical etchantvith a mixture of 5%
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hydrochloride and 95% methanol wappliedfor 3-8 secondsdepending on chemical
composition of solder alloyLastly, thespecimen was thoroughly cleaned by ethanol and
dried by compressed air.

Microstructureanalysis studieof the solder alloyswere then conductedn
mounted testing coupons, msing an OLYMPUS BX60 Optical Microscope (Figure
3.12) equipped with Normaskiipm for grain orientation/structure, ardJEOL JSM
7000F Reld Emission Scanning Electron Microscaffégure 3.13) for morphologyIn
addition, EDS/EDX was employed to identify intermetallic compounds (IMCs) and map

the distribution of chemical elemergsinterest.

Figure3.12 OLYMPUS BX60 Optical Microscope
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Figure3.13JEOL JSM7000F Field EmissioSEM

Furthermore, residual stress analysis was peddronsolder samplestilizing a
Bruker Discover D8 General Area Detector Diffraction System (GADDS), as shown in
Figure 3.14. The cuttingdge 2D XRD technique enables precise measures@hthe
internal residual stregsinduced bysolidificationproes®s

DSC (Figure 3.15) analysis was also applied to investigate the physical properties
of solder materials, such as melting temperature, pasty range, phase transition
temperature, etc. The solder specimareretrimmed into small pieces (around 10 mg)
and then a relative heat flow (aluminw®rved as referencevs. temperature curve was

recorded.
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Tia Vet

Figure3.14 BrukerDiscover DBGADDS and Goniometer Setup

Figure3.15DSCDevice Setup
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3.6  Summary and Discussion

A unique specimen preparation procedure was developed in this study to fabricate
micro-scale uniaxial tensile specimens. All soldpecimens wertormed in glass tubes
with rectangular crossection by using a vacuum suctiogstem. Two cooling profiles
were adapted in this study, including water quenching and controlled reflow oven
cooling. Typical uniaxial samples with nominal dimensions of383 3 0.5 mmwere
utilized.

Uniaxial tensile and creep testgere performed by using a multifunctional
microtester. In this study, the experimental dateeremodeled byempirical constitutive
laws so thatthe correspondingmechanical properties of solder maadésicould be
extracted

Microstructure analysigvas conducted orspecimens that were tapeg@on pre-
madeepoxy stulk by using £M andNormaski QM. DSCanalysiswasalso performed
to study melting/solidification behavior of solder alloyaurthermoreresdual stressem

the test samples were evaluated by using<BID technique.
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CHAPTER 4

EFFECT OF AGING ON MECHANICAL PROPERTIES
OF LEAD FREE SOLDER ALLOYS

4.1  Introduction

Due to the transition from Pearing to PHree solders more efforts have been
put in explorng the microstructure, mechanical propertesd failure behavior of lead
free solder joints in microelectronic package assemblies. As reviewed st Blq44],
there exists a large discrepancy in the current solder material database even though
consderable amount of work has been done on solder material characterization. It is
believed thathis issue is mainly caused by variations in specimen geometry, fabrication
procedure, data acquisition accuraapd microstructure of the specimens. However,
people began to realize that isothermal aging was not a negligible effect for lead free
solder alloys, and it might also contribute to the disagreement of the current solder data.
It has been known that the microstructure of lead free solder jointsstaodg evolving
when exposed to isothermal aging and/or thermal cycling environments, and the induced
variations in material behavior of lead free solders during aging were unexpectedly large
and universally detrimental to reliabilit§ (9.

In this chater, aging effects on solder material properties have been characterized
by performing tensile and creep tests over a wide range of aging conditions. The
parametric study on aging effects was conducted on SACX0307 (or SACX), a low silver

content SAC allg that has been proposed as a lower cost SAC variation suitable for
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enhancing drop reliability. Prior to tesy, SACX uniaxial specimensvere pre
conditioned according to a full aging test matrix. Reductions in stiffness, yield stress,
and ultimate sength were observed and correlated with aging. In addition, dramatic
evolution was observed in the creep response of aged SACX solders (up to 1000X

increase).

4.2  Effect of Aging on Tensile Behavior

Reflowed SACX specimens for tensile testing were prepargdsdmple
preparation procedure described in Chapter 3. Aging was then performed at five different
conditions including room temperature (25) and four elevated temperatures (50, 75,
100 and 125C) for various durations up to 12 months before test. afjireg test matrix
is shown in Table 4.1. In this section, all tensile tests were carried out under a constant
strain rate of 0.001 séat room temperature (T = 2&). Also, a set of ten specimens

were tested under each aging condition.

ging Temg
_ _ 25°C | 50°C | 75°C | 100°C | 125°C
Aging Time

As Reflowed X X X X X
5 Days X X X X X
10 Days X X X X X
20 Days X X X X X
30 Days X X X X X
60 Days X X X X X
120 Days X X X X X
180 Days X X X X X
270 Days X X X X X
360 Days X X X X X

Table4.1 SACX Aging Test Matrix (Tensile)
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4.2.1 Aging Effects on StressStrain Responses

Figure 4.1 illustrates plots of the average ststsmn curves for SACX for aging
at 25, 50, 75, 100, and 126. In each graph, the average strgtsain cures areshown
for each aging time (@60days). Each average curve represents the fit of Eq. 3.3 to the
10 recorded experimental measurements for a given set of aging conditions. The
highest/top curve (red color) in each plot is the ststs8n curve fothe noraged solder
(tested immediately after solidification and cool down). As shown in Figure 4.1, the
tensile strength as well as the initial slope of stedsEn curves decreases with

preconditioning duration at all of the aging temperatures.
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SACX, R.F. Aging at 75 °C
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4.2.2 Aging Effects on Tensile Properties

By following the data processing procedudescibed in Chapter 3.4, thensile
properties ofSACX under each aging conditiomere extractedrom every stressstrain
curve shown in Figure 4,5nd then characterized as a function of aging (see Figure 4.2)
From the recorded data, it is observed thath tensile propertgtarts with the same
point, but afterward decreasgisamatically wittin a short period of time (around 20 days
of aging) at all aging temperatures, and finally degrades continuously at a constant rate.
The strength and stiffness of EX under several representative aging conditions are
compared in Table 4.2, while the corresponding percentage changes of material
properties (Aged vs. Neaged) are summarized in Table 4Bor example, the average
ultimate tensile stress of -asflowed (nonaged) SACX specimens was measured to be
29.57 MPa. However, after 360 days of aging at room temperature (T°€)2fhe
material lost nearly 30% of its tensile strength (21.19 MPa), and the degradation was
even more severe after elevated temperatatthermal exposure (e.g. UTS degraded to

16.68 MPa at 128C aging, which led to a more than 40% loss in strength).

No Aging 25°C 50°C 75°C 100°C  125°C

E (GPa) 31.87 24.32 22.70 21.58 20.21 20.02
UTS (MPa) 29.57 21.19 20.40 18.08 16.71 16.68
YS (MPa) 21.87 15.71 15.06 13.81 12.68 12.43

Table4.2 Comparisons of Tensile Propert@sSACX Aged up to 360 Days

25°C 50°C 75°C 100°C 125°C
E 23.69% 28.77% 32.29% 36.59% 37.18%

UTS | 28.34% 31.01% 38.86% 43.49% 43.59%
YS | 28.17% 31.14% 36.85% 42.02% 43.16%

Table4.3 Percentage of loss in Tensile Properties of SACX Aged up to 360 Days
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Figure4.2 Variations in Tensile Properties with Aging for SACX (Data)
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4.2.3 Modeling of Aging on Tensile Properties
In this study, the aging inducecegltadation of SACX tensile properties were

modeled by a fivgparameter notinear relationship:
Q 1

y(EUTSYS = y(E,UTSYS), +(C, +Ce Rt) 2" (4.1)

wherey, , G, Ci, Qandn are material constants, aRd= 8.314 is the univesal

mol (K
gas constant.
The derivation of this model started from correlating aging effects to the yield
stress of solder materials. To begin with, the yield stress of the polycrystalline material,
which is inversely proportional to its grain size, can beressed by HalPetch Equation

[31]:

$,.=5,+ kdé (4.2)
where Up is a material constant representing the overall resistance of the lattice to
dislocation movementk is a constant measuring the contribution of hardening due to
grain boundaries; and is the grain size of the polycrystalline material. On the other
hand, the rate of grain growth is known to be proportional to the driving force, while the
driving force is proportional to the total amount of grain boundary energy. Therefore, the
time t required to reach a given grain size can be approximated by the Giawth
Equation [31]:

d"-d; = At (4.3)
whered, is the initial grain sized is the grain size after aging,is the exponentn(= 2
for most cases),ma A is an Arrhenius type temperature dependent constant given by an

exponential law:
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Q
A=Age R (4.4)

where Ag is a material constant, is the absolute temperature of aging, &hds the

activation energy for boundary mobility. ok that the activation energy for boundary
mobility should in theory equal that for seliffusion, but this is often found not to be the
case. By rearranging Eq. 4.3 and replaaghmto Eqg. 4.2, the yield strength can be

expressed in terms of the agithge and aging temperatures:

Q1
S, =S, +(dik > + Ak *"e RTt) 2n

y
(4.5)
For brevity, Eqg. 4.5 can be rewritten as:

o 1
YS=YS, +(C, +C,e Rt) 20 (4.6)

whereC, =dJk*", C,= Ak ™", andYS, =s,. Due to thehigh correlation between

effective modulus, yield stress and ultimate tensile stress, it is also reasonable to extend
the agingYS relationship in Eq. 4.6 to E and UTS. Thus, a multivariate-lmear
model describing aging effects on the tensile proggerof SACX solder has been
developed and expressedtire form of Eq. 4.1. However, due to the lack of evidence
showing that grain growth is the most dominant factor affecting the changes in tensile
properties of SACX, the proposed model was alternativalidated from a statistical
point of view by using the Adaptive Neyman TestNAtest) on SACNO5 (where N = 1,
2, 3, 4) series data measured by Zhang [50]. Detailed GoedfhEggest procedure and
model validation are discussed in detail in Apperflix

Figure 4.3 contains an example regression fit of the proposed model to the
measured yield stress data. As illustrated in Figure 4.3(a), the five curves in different
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colors represent predicted variations in yield stress of reflowed SACX for diffegerg
temperatures. As mentioned earlier, all curves have the same starting point but continue
to degrade at different rates according to the stofageg temperature prior to testing.

The common starting poiniiferally the yield stress of a neaged SACX specimen, can

be estimated by simply taking 0 in Eq. 4.1:

1

.= 1
YS,_, =YS +(C,+0) > =Y§, +C; ' 4.7)
In addition, if an infinite aging time is considereti== ), the yield stress of SACX

converges to a single constant value indejeat of the aging temperature:

1
Yg_, =YS +(C, +1) 2 =Y§ (4.8)
Furthermore, the transition region (aging time less than 20 days) is mostly dominated by

Co, C1 andn; while the spacing and degradation rate of le1gn aging are determined

by the activation energy Q. Finally, since the model is based on an Arrhenius

. Q
relationship, thee Rt term can thus be regarded as an indicator to the state of aging, and

the application of Arrhenius acceleration factor holds as well:

2

Q)

1

Q
t Qgl.
=1 =gk

t

>
e
-CDO

AF (4.9)

Similarly, the effective modulus and tensile strength data were also modeled by
Eg. 4.1 and the results are shown in Figure 4.4. The calculated model constants are
tabulated in Table 4.4. The average effective activatiengg® and exponent factar
for SACX are approximately 70 kJ and 2.33, respectively. The performance of the
proposed model in predicting the experimentally measured data is also examired in 3

plots, as shown in Figure 4.5.
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Yo Co C: Q (kJ) n
E 19.63 4762 10°  9.743 10’ 75.28 1.99
UTS| 1592 240 10° 3.871C° 71.44 2.48
YS 11.77 5.26810° 1.4% 10° 66.87 2.62

Table4.4 Constants in Model for Tensile Properties vs. Aging for Reflowed SACX
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4.3  Effect of Aging on Creep Behavior

Uniaxial specimens weifabricaed forcreep testindpy using the casting method
described in Chapter 3After reflow, the creep test specimensre prepared in sets of
five, whichwere then subjected to a specific set of aging condiasrtabulated in Table
4.5 Testing specimens were exposed to five different aging temperatures (T = 25, 50,
75, 100 and 128C) for up to 12 months.All creep tests in this parametric study were
conducted at room temperature (T =%5 with a constant applied stress leuet 15

MPa.

ging Temp
25°C | 50°C | 75°C | 100°C | 125°C
Aging Time
As Reflowed
0.5 Months
1 Month
2 Months
3 Months
4 Months
5 Months
6 Months
9 Months

12 Months

XX X[ X | X[ X|X]|X|X
XXX X | X[ X|X]|X|X
XIX|X|X|X|X]|X]|X|X
XIX|X|X|X|X]|X]|X|X

XIX|X|X[|X|X|X]|X|X]|X

X
X
X
X

Tale 4.5 SACX Aging Test Matrix (Creep)

4.3.1 Aging Effects on Creep Responses

Figure 4.6 illustrates typical recorded creep curves for the five different aging
temperatures (T = 25, 50, 75, 100, and £23. Each gaph is for agiven aging
temperature, and the various creep curves in a particular plot are for different aging times,

illustrating the evolution of the creep response with duration of aging. The lowest (red)
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curve in each plot represents the creep mespdor the normged SACX solder (tested
immediately after solidification and cool down). For brevity and clarity of the
presentation, only one of the five available creep curves is shown in each plot for each set
of aging conditions. The plots in Figudes clearly indicate a dramatic evolution of the
creep response at all of the aging temperatures. The slope of the secondary creep region

changes by several orders of magnitude as aging progresses.

.16
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Figure4.6 Creep Curves for SACX (R.F., Aged forl@ Months)
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4.3.2 Aging Effects on Creep Properties

The effects of aging on the creep rate can be better explored by plotting the
extracted secondary creep rates veithe aging time. Thereep rate for SACXunder
various aging conditions wermabtained from each creep curve in Figure 4.6 and then
plotted in Figuret.7. Inthisplot, the creep rate evolution is indicated for each of the five
aging temperatures. Eadata point represents the average creep rate measured for the
five samples tested at a given set of aging conditioAscording toFigure 4.7, it is
apparent thaBACX experience dramatic changes in creep rate for elevated temperature
aging. It isalsoobserved that the functional variations with aging at 50, 75, 100, and 125
° become approximately #Ain parallelo with
They are also significantly separated from the variation occurring with room temperature
aging. After the large changes that occur during the first month of aging, the vasiation
of the creep rate (log scale) for aljing temperaturesecome nearly linear with longer
aging timeq1-6 months approximately)However, it can be seen that some stahiion
of evolution of the creep rate has occurred after 6 months of aging, and that the rapid
degradation has stopped.

Table 4.64.7 lists the secondary creep rates of SACX under several
representative aging conditions and the corresponding increastesiity state strain rate
when compared to the n@yged samples. For exampllee creep rate of SACincreases
by a factor of56X after 12 months room temperatureaging (T = 25 °C), while
experiences nearly 1000X increase after same duration of isothetpuasure at elevated

temperature (T = 12%C).
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25°C 75°C 125°C
No Aging 3.2 107

1Month | 2.7210° 29910° 4.6¢°10°
3 Months | 7.4810° 8.06310° 1.4710*
6 Months | 1.6¢¢10°> 1.6%10* 3.1210*
12 Months | 1.8210° 2.60°10* 3.16 10

Table4.6 Comparisons of Creep Ragec’) for SACX Aged up to 12 Months

25°C 75°C 125°C
1 Month | 8.48X 91.04X  140.57X
3 Months | 22.77X 246.04X 449.63X
6 Months | 49.04X 515.78X 953.58X
12 Months | 55.66X 795.54X  966.94X

Table4.7 Increases in Creep Rates for SACX Aged up to 12 Months
(Aged vs. Noraged, Noraged as Baseline)
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10_10 T T T T T
0 2 4 6 8 10 12
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Figure4.7 Evolution of Creep Strain Rate with Aging for SACX (Data)
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4.3.3 Modeling of Aging on Creep Properties
For eachaging temperature, the evolution of tbeeep rate was fit with a nen
linearrelationship for the data up to 6 months ging:
g= S otci-e ) (4.10)
log#=C, +Ct+C,(1- ¢ ) (4.11)
If the strain rate versus aging time data are plotted with a log scale on the vertical axis (as
in Figures 4.8), constad is the intercept and constadi is the slope othe linear part
of the curve for large aging times. ConstabisandC; are associated with the nonlinear
transition region in the first 280 days of aging.

The model has been demonstratedviark well for up to6 montts of aging at all
temperaturesor SACX (Figure 4.9) as well as other SA#lloys including SAC105,
SAC205, SAC305 and SAC403210. However, the model does break down for SACX
if 9 and 12 month aging data are also includefls shown in Figure 4.10model
predictiors clearly deviated fsim the actual measurements for all aging temperatifirers
long-term aging.

Due to the breakdown of the proposed model (Eq. 4.10) in predictingdamg
creepaging behavior of SACX, another modglaging on creep rate of solder materials
has beerdevebped It is based on the empirical model of aging on effective modulus

(Eq. 4.1) as well as a creep model proposeDdnyeaux and Banerfi11]:
#= A Sindp LY e w (4.12)
€ ¢ G

In this model, shear strain rageis determined as function of testing temperatufie

applied shear stregactivation energ, and shear moduluS. In addition, by using

8C



S 101 SACX, R.F. # Aging at 125 °C
% s =15 MPa

21071 Transition Region:
C&C3

-§‘10-8 \_ Intercept = G

0 1 2 3 4 5 6
Aging Time (months)
Figure4.8 Example of Curve Fiing with the Proposed Aging Model

100
101 ] SACX, RF.
01079 s =15 MPa
5 102 -
D103
&U 10
10
€105
09}
9 10—6 4
© . o
¢n 107 4 ® Aging at 25 °C
> s Aging at 50 °C
5 10°1 ®  Aging at 75 °C
210 A Aging at 100 °C
(0)) . o

¢ Agingat125°C
10_10 T T T T T
0 1 2 3 4 5 6

Aging Time (months)
Figure4.9 Variations in Creep Rate with Aging Time for SAGRata + Model)

81



Steady State Strain Rate (1/sec) Steady State Strain Rate (1/sec)

Steady State Strain Rate (1/sec)

100

101
102 4
1034
104 4
105
106
107 A
108 4
109
1010

SACX, R.F.
s = 15MPa

Extension of
proposed model

Actual data

® Aging at 25 °C

T T T T T T T T T T T

o 1 2 3 4 5 6 7 8 9 10 11 12

100

Aging Time (months)
(a) Aging at T = 25C

10" 1
102
10—3 4
10
101
10—6 4
107
101
10

SACX, R.F.

s = 15MPa Extension of
proposed model

Actual data

Aging at 50 °C

101

T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12
Aging Time (months)

(b) Aging at T = 50C

10°
1014
1024
1034
1044
1054
10 4
1074
108+
10+
1010

SACX, R.F.

s = 15MPa Extension of
proposed model

Actual data

m  Aging at 75 °C

T T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10 11 12

Aging Time (months)
(c) Aging at T = 75C

82



Steady State Strain Rate (1/sec)

Steady State Strain Rate (1/sec)

Figure4.10 Breakdown of the Aging Model for the Creep Rate of SACX

100

SACX, R.F.
10" 15 = 15MPa Extension of
1021 proposed model
10
1044
105 4 Actual data
10—6 4
A
1074
10—8 4
-9 |
10 A Aging at 100 °C
101 T T T T T T T T T T T
o 1 2 3 4 5 6 7 8 9 10 11 12
Aging Time (months)
(d) Aging at T = 106C
10°
1014 SACX, R.F. Extension of
s = 15MPa proposed model

Actual data
10-5<
10>7<
10>8<
-9 |
10 ¢ Aging at 125 °C
1010 T T T T T T T T T : :
o 1 2 3 4 5 6 7 8 9 10 11 12

Aging Time (months)

(e) Aging at T = 125C

83



Eg 1.91.11,.Dar veauxb6s Model can be rewritten as:

R
D
3lo

(4.13)

where # is the tensilecreep strain raték is the effective modulus) is the applied stress
level,vi s t he Polil & sestimgdesnperatre,iadk,b are material constants.
Sinceall creep tests were performed under the same testing conditio2%°C and(l =

15 MPa), Eg. 4.13 can thus be further simplified t

o

a D (”ﬂm

e
#=D,E(T,t)in 2§ (4.14)
SR oY
by letting D, =;ée-% andD, = 2(1+V)b. Note that the effective modulus
2\3(1+V)T J3

E(T,) in Eq. 4.14 is aginglependent and can be associated with aging temperature and

Q1
aging time by usingE(T,t): E. +(C,+Ce Rt)  (Eq. 4.1), whereTl andt are for

aging temperature and aging time, respectively.

Model predictions and the experimental measurements are compared and plotted
in Figure 4.1314.12. The estimated constants (tabulated in Table 4.8) are chosen to b
consistent with the results obtained from the tensile data. Overall, the newcezgpg
model can accurately represent most of the experimentally measured data points except
for the transition regions with elevated temperature aging. This issue beidixed by

adding another term® in Eq. 4.14to include grain size effects

m

[e]

D,

&= D,E(T,t]d(T 1) "gsin*‘éﬁem )

(4.15)

-

d
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E, Co C: Q (kJ) n D1 D, m

This model | 19.46 4.193 10° 9.66* 10° 71.03 2.00 0.93 9.93 16.4
Tensile model 19.63 4.763 10° 9.743 10’ 75.28 1.99 / / /

Table4.8 Constantsn Model for Strain Rate vsAging for Reflowed SACX
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4.4  Summary and Discussion

In this chapter, the effects of aging on mechanical behavior have been examined
by performing stresstrain and creep tests on SACX solder samples that were aged for
various durations (@2 months) at roomemperature (25C), and several elevated
temperatures (50, 75, 100, and Z5. Under each aging condition, a set of 10 tests
were conducted fostressstrain testingwhile 5 tests were performefibr creeptesting
All tests were carried out by a mietester at room temperature (T = 26). The
experimentally measured strestsain curves and creep curves were then fitted by using
constitutive models discussed in Chapter 3. The material properties (setfeciive
modulus, yield stress, ultimate estigth, steady state creep rate, etc) under each aging
condition were determined from the modelifigf curves.

The variations of tensile and creep properties were observed as a function of
aging (aging timeand aging temperature). As expected, the medamproperties and
creep rates evolved (degraded) more dramatically when the aging temperature was
increased. The recorded data also demonstrate that the majority of degradation occurs
within first month of aging. Afterwards, the material propertiesinaetto decrease by a
linear manner with aging time.

A four parameter nehnearagingmodel fit well to the SACX creep data up to 6
months of aging; however, the extension of the model deviated from the experimental
measurements of samples with 9 and Iihtins of aging. The creep ratasfound to be
nearly constanafter 6 months of isothermal exposusedthusa saturation point fathe
degradation ofhecreep rate was reached.

Two models of aging for solder materials have been established. It eas be
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shown that both models can interpret data well and estimate the material prdpegies
given aging temperatureand aging timé&. Moreover, an aging indicator was proposed
to quantitatively estimate the state of aging. Theancept might be usefu for

applications such as life prediction of solder joints.
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CHAPTER 5

ENHANCED AGING RESPONSE
USING DOPED LEAD FREE SOLDER ALLOYS

5.1 Introduction

As demonstrated in the previous chapters, dramatic changes occur in the
constitutive and failure behavior of solder Brals and solder joint interfaces during
isothermal aging. However, these effects have been largely ignored in most studies
involving solder material characterization or finite element predictions of solder joint
reliability during thermal cycling. Itsi also widely acknowledged that the large
discrepancies in measured solder mechanical properties from one study to another are due
to differences in the microstructures of the tested samples. This problem is further
exacerbated by the aging issue, as ttlear that the microstructure and material behavior
of the samples used in even a single investigation are moving targets that are evolving
rapidly even at room temperatureAging inducedevolution of the soldematerial
propertiesalso greatly complidas the use of finite element analysis to make accurate
reliability predictions For all of these reasonthere ismuch interest in the industry i
establishing optimdkead free solder alloys that minimize aging effects and thus enhance
thermal cyclingand elevated temperature reliability.

In this study, ging was performedn four setsof lead free soldersDoped solder
materials under consideration include SACX, SN100C, &hG@nd SN96CI.Variations

in material properties were observadd modeled s a function of aging. Analogous
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tests

purposes.

doped/nordoped solder alloysAs is indicated, most depts areaddedinto the alloy as

wer e sptea nf doarrdoped)lear rireesolderalloys for comparison

Table 5.1 summarizes the designed (ideal) chemical compositions of

Arepl acementso for

C o @rpamnsunchabged. t he

amount

All solder specimens were prepared by using the same casting process and reflow

profile (controlled solidification) as mentioned in the previous chaptdfor Set 1,

design of experiments and partial test results of SACX have already been presented in

Chapter 4, whileanalogous data fo AC1 05

Dissertation 112]. Initial studiesof aging effects on lead freelders fom sets 2-4 were

and

SAC205 ar

e

aval

also conductedby performing both uniaxial tensile and creep tests on samples with

various aging conditions.

Fasimplicity, the specimendrom sets 24 were pre

conditioned for up to 180 daysit only oneagingtemperaturéT = 100°C) wasutilized.

The detaild design of experiments is summarized able 5.2.

Ag Cu Bi Ni Zn Co Sn
SACX 0.30 0.70 0.10 / / /
Setl | SAC105*| 1.00 0.50 / / / /
SAC205*| 2.00 0.50 / / / /
SN100C / 0.65 / 0.05 / /
Set 2
Sn0.7Cu / 0.70 / / / / Balanced
SAC-Zn | 350 0.74 / / 0.21 /
Set 3
SAC3595| 3.50 0.95 / / / /
SN96CI | 3.80 0.97 / / / 0.038
Set4
SAC3810| 3.80 1.00 / / / /
*: TestResultsof 8C1 05 and SAC205 are availltzhbl e

Table5.1 Chemical Compositions of Doped/N@oped Solder Materials (in wt.%)
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SN100C and S©0.7Cu

Solder Materia SAC-Zn and SAC3595
SN96CI and SAC3810
Casting Condition R.F.
Ttesting= 25°C (RT) for all tests
Testing Condition # = 0.001 set for tensile tests

s =15 MPa for creep tests

Aging Temperature| 100°C

0, 5, 10, 20, 30, 60, 120, 180 ddgstensile
0,0.5,1, 2, 3,4, 5, 6 months for creep

Aging Times

Table5.2 Design of Experiment for Doped/Nddoped Solders

5.2  Effect of Dopants on AgingResistance inStressStrain Behavior

By using the data processing proceduirem Chapter 3average stresstrain
curves forsoldersof interestwere geneated undethe choserset of aging conditions
Then, the tensile propertiegere extracted from each stresgain curveandplottedand
modeledagainst aging.Thus, theaging induced degradatisof the tensilestressstrain
properties ofloped soldersouldbe compared to those without dopantsdwaluating he

variations ineffectivemodulus, yield stresand ultimate tensile stresstbie soldes.

5.2.1 SACX, SAC105,and SAC205

The tensile behavior of SACX has been presented in Chapter 4 (Figure 4.1 for
stressstrain responses and Figure 4.2 for variations in tensile properties), while plots for
SAC105 and SAC205 can be foumdRef [112]. Figure5.1 containsan exampleset of
graphsthat illustrateghe evolution of the effectiveffectivemodulus (E) ultimate tensile
strength (UTS) and vyield stress (YS)f the three alloys for aging at 10C. It is

observed that the mechanical properties of SACX are better than those of SAC105 and
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approach those of SAC205 with longer aging times. This is surprggueg the low

silver content of the SACX alloy sindé has been documented that the strength of SAC
alloy highly depends on the amount and size of fingSAgparticles 113]. High silver
content SAC alloys are supposed to contain morgSAgntermetalliccompounds and
thus be much stiffer as well as stronger than low silver content SAC alloys. However,
due to the existence of 0.1% Bhet strength properties of SACMvith only 0.3% AQ)
exceed those of SAC1({@ith 1% Ag)for all aging times, while a cresver occurs for

the effectivemodulus variatiomearthe 20 day pointor elevated temperature agings
demonstrated in Figuseb.2-5.5, similar trends were observed for the other four aging
temperatures (T = 25, 50, 75, and £25. Thus,it is validto conclude thafor long term

aging at any temperature:

ESAQOS < ESACX < ESAQOS (51)
Y%ACIOS < Y%ACX < Y%ACQOS (52)
UT%ACIO5 < UT%ACX < UT%AQOS (53)

It can also be seen that the strength and stiffness propertiee SACX alloy
stabilize much more quickly with aging. After -BD days of aging, the properties of
SACX are basically constant, while those for SAC105 and SAC205 continue to
decline/degrade in a linear manner with time.

Similar comparisons were also drawn on water quedsampledor SACX and
SAC105(seeFigures 5.6-5.8). Further discussion of water quenched results will appear

in Chapter 6.
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5.2.2 SN100Cand Sn-0.7Cu

Average stressstrain curves for SN100C/Sr0.7Cu soldersagedat 100°C for
various durationgre illustrated in Figure 8. The corresponding tensile properties were
extractedfrom each stresstrain responsend then plotted with aging tinte one graph
for comparison purposdgFigure 510). It wasfound thatthe Ni-doped SN100Golder
has higher stiffness butworse strengththan eutectic SFCu. In addition an apparen

reductionin agingeffects wasobserved fothe SN100C solder.
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5.2.3 SAC-Zn and SAC3595

Figure 511illustratesthe evolutionof the averagestressstrainresponséor SAC-
Zn/SAC3595for 100°C aging Thetensile propertiesvere extractedfrom these results
andareplotted inFigure 5.2. It can be seen thateinclusionof theZn dopantnot only

improves the material properties of the solder, but inesetiee aging resistance as well.
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5.2.4 SN96Cland SAC3810

Figures 5.13-5.14 present the stresdrain behavia and variationf thetensile
propertiesof SN96CI/SAC3810solders undr different aging conditions Although
addition of 0.05 wt.% Cobalt does not help to improve the tensile behavior of SN96CI
solder, theaging resistancavasenhanced awith the other doped solderg~or long term
aging,the material properties @N96Clwereobserved talegradeat a slower ratéhan

thosefor SAC381Q althoughstabilization did not occur for either solder
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5.3 Effect of Dopants on Aging Resistance in CreeBehavior

The recorded straitime responses for solders of interasibjected to creep
loading werefirstfi t t ed by Burger ds Model, @saweak t hen
obtained fromthe calculatek; valuesin Eqg. 3.6. The evolution of the secondary creep
rates of solderswere thencompared by plotting# vs. agingon one graph. In this
section, the effect of dopants time aging resistance in creep behavior of soldeas

evaluated.

5.3.1 SACX, SAC105 and SAC205

Creep behaviarof SACX subject to various aging conditionsvaalready been
shown in Chapter 4 (Figure 4.6 for creep cureesl Figure 4.7 for evolution of
secondary <creep rate), whil e data for SAC
dissertation 112]. To compare the aging induced degradation of the creep properties of
SACX to those for SAC105 and SAC205, teagingdiagramshave been rplotted so
that all three alloys are included on each graph. FiguiB contain plots of the
secondary creep rates versus aging time for the 3 solders at each of the five aging
temperatures. Theonlinear model inEq. 4.10 wasagainused to fit the experimental
data. At zero aging time (neaged sample), the SACX alloy has the highest creep rate:

Enox > Bspaos > Baos (N0 AgGING) (5.4)

This is expected due to its low silver contedB¢o) relative to SAC10%1% Ag) and
SAC205 (2% Ag). However, as aging progresses, the creep rate of SACX increases at a
slower rate than those of both SAC105 and SAC205. For all 5 aging temperatures, a
crossover takes place where SAC105 begins to creep faster than SACX:

& pa0s5 > Gacx > Encos (with aging) (5.5)
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For elevated temperature aging (50, 75, 100, 25 these crosever points occurred
within the first few days of aging. For room temperature aging, the-ok@sgook place
after approximately 4 months ofiag.

Quantitatively, the reduction of the creep rate degradation during aging is quite
dramatic for the doped SAC alloy. The changes of the creep c&t&8ACX are
approximately 10X less than those of SAC105 at all five of the aging temperatures (see
tabdated values inTable 5.3. For example, the creep rate of SAC105 increases by a
factor of 9700X after 6 months aging at 125 while the creep rate of SACX increases
by 954X over the same exposure.

For water quenched samplése evolutions ofthesecomlary creep rateof SACX
and SAC105soldersconverge for room temperature aging; while crogsr points can
be observed irthe data for elevated temperature agifiggure 5.16) In general, the

relationship in Eq. 5.5 still holds for water quenchefdeximens:
& pex > snqos (no aging) (5.6)
éESAClOS > é:SACX (Wlth aglng) (57)

In generalit has been demonstrated tlaaldition of 0.1 wt.% Bi can stabilize the
degradation othecreep rate for SACXDue to the lower silver content, SACX creeps at
a faster rate than SACl@foreagingoccurs However,the reverse trend isbserved

for agedsoldersamplesiespitethe testingandsolidification conditiors.
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25°C 50°C 75°C 100°C  125°C

SAC105| 420X  5700X 7100X 9200X 9700X

SAC205 9X 473X 1342X  1684X  2895X
SACX 49X 261X 516X 783X 954X

Table5.3 Increases ilCreep Ratefor SACX, SAC105,and SAQ05
after6 Months of Agingl/Aged vs. Noraged, Noraged as Baseline)
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5.3.2 SN100Cand Sn-0.7Cu

The representative creep curves for SN100@S€u solders under 106C of
aging for various durations are illustrated in Figure75.1t can be seen that the
evoluions in slope othesecondary creeqggionwith aging are significantly different for
the two solders.This has beedemonstrateduantitativelyby plotting & vs. t diagrams
for both solders in one gragRigure 5.B). Another obseration is that SN100C has a
better aging resistance than-@@Cu even though it always creeps at a fastier for up

to 6 montls of aging.
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Figure5.17 Creep Curves for SN100C/€n7Cu
(R.F., Aging at 100°C for 0-6 Months)

111



R.F.,s 15 MPa
10" {Aging at 100 °C

10° °

SN100C
Sn-.7Cu

Steady State Strain Rate (1/sec)

4 0

0 1 2 3 4 5 6
Aging Time (months)

Figure5.18 Effect of Dopants on the Evolution of Creep Ratth Aging
(SN100CandSn-0.7Cu, R.F., Aging at 10T for up to 6 Months)

5.3.3 SAC-Zn and SAC3595

Figure 519 illustrates theevolutiors of the creep responses of SAL/SAC3595
soldersfor aging at 100°C. Most of the creep curves are close§pacedin the two
graphs. Thisis due to thechoserscaleon the strainaxis (a maximum strain od.16 was
chosenfor all 4 sets of solder matersafior comparison purpo¥e The aging resistanse
and thedegradatios of the creep rate can be evaluated from Figur®.5.imilar to the
observationgor stressstrain testingthe creep resistance and agirgsgistage of SAGZn
are both better than those of SAC3%85up to6 months of aging.
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Figure5.19 Creep Curves faBAC-Zn andSAC3595
(R.F., Aging at 100°C for 0-6 Months)
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Figure5.20 Effect of Dopants on the Evolution of Creep Ratth Aging
(SAC-Zn andSAC3595 R.F., Aging at 106C for up to 6 Months)

5.3.4 SN96Cland SAC3810

The creep responses unddifferent aging conditions andhe corresponding
evolutions of the steady state strain @&NI6CI/SAC3810 are plotted in Figsre. 21-
5.22. It can be seen that even though SN96CI creeps faster than SA€B8iDto 6
months of aging at 10%C, it is more resistant to aging. In othgords, the degradation
of creep rate for SN96CI is slower thdor the nondoped SAC3810 soldemland
eventuallya crossoverpointis expected.
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Figure5.21 Creep Curves for SN96(HAC3810
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5.4  Summary and Discussio

In the previous chapter, the effect of agiog material behaviorof lead free
solders habeeninvestigatedoy performing both tensile and creep test vatfull matrix
of aging time and aging temperatulso, it wasobserved that the material propes of
doped SACX solder stabilize quickly with aging. In this chapdewide selection of
dopedlead freesolderswas examinedand analogous tests were performed tbhe
correspondingi st andar do sol ders (wi tsoddopantshro pant s
aging resistance of lead free solder matedaldd bestudied.

In this study, d@otal of 9 different lead free solders were separated into 4 sets

Set 1: SACX, SAC105 and SAC205

Set 2: SN100C, SfD.7Cu

Set 3: SAC-Zn, SAC3595

Set 4: SN96CI, SAC3810
The chemical compositienof solders aretabulated in Table 5.1. The design of
experiment is summarized in Table 4.1 (for Set 1) Balole 5.2 (for Sets 2-4). All tests
were performed at room temperature (T =k

Table 5.4 summarizes the materiptoperties witfwithout aging and the
correspondin@ging induced degradatidar all the solders in this study The AAs R.
data were obtained from the t®s$hat were conducted immediately after the sangple
solidified. T h e iifeomehd test mesalts ahe waanples agekdtr act e
100°C for 60 days.The effecs of dopants on enhancirige aging resistance of lead free
solders were then studied by comparing the percentage change (ratio) in material

propertiedbetween the aged and nagel samples
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In general, it is observelom Table 5.4that doparg areable to improve aging
resistance for lead free solders. Contrary to-doped solders, the material properties of
doped solders, includingffective modulus (E), ultimate tensile stigth (UTS), yield
strength (YS) and steady state strain ratg 6tabilizequickly with aging. This result is
more obvious for the tensile properties of the doped solders, which becomes nearly
constantafter 1020 daysof aging. In contrast, the tensile properties of thest andar d o
solders without dopants continue to degrade in a linear manner with time.

Additionally, some Xadditives were discovered toimprove the material
properties ofthe solders. For example, due to the existeoic8.21 wt.% Zn, SAEZn
sol der has better stiffness and smarengt h
favorable creepesistance Another example is that SACX (0.3% Agfows superior
strength propertielo SAC105 (1% Aghfter longterm aging a#ll aging temperatures
regardless of its lower silver content

In summary, aging effects have been reported tonbeersally detrimentalo the
material properties of lead free soldg48, 46, 48, 54, 103, 105, 106,4t121]. Based
on the test resulteeported in this chapteit has been demonstrated that metallurgical
approaches (e.g. doping) ceaduce the effects afging on the degradatiasf material
properties. These observationsan beexplained byusing material science theorider
mechanismm of dislocation movement, solid solution strengthening, etc. Further

discussions argivenin Chapter 7.
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LTT

Property

E (GPa) UTS (MPa) YS (MPa) ¢ (12 10°sech)
As As As
Solder RE. Aged Decreass RE. Aged Decreasq RE. Aged Decreasq RE. Aged Increase

SACX 31.87 21.07 33.89% | 29.57 17.13 42.07% | 21.87 13.23 39586 | 0.33 63.41 192X
SAC105 | 32.77 17.47 46.49% | 26.28 14.84 43.53% | 20.45 10.87 46.85% | 0.1 240  2400X
SN100C | 26.49 2492 58B% | 21.49 16.89 21.41% | 17.25 1359 21.21%| 54.7 110.3 2X
Sn0.7Cu | 2495 2353 569% | 25.08 21.23 15.35% | 18.63 16.01 14.06% | 2.31 40.62 18X
SAC-Zn 35.72 29.84 16.46% | 45.92 32.04 30.23% | 36.22 25.23 30.34%]| 0.03 0.17 6X
SAC3595 | 349 28.79 17.60% | 42.95 29.82 30.57% | 32.21 22.73 29.43%| 0.03 0.76 25X
SN96CI 3542 27.24 23.09% | 39.16 29.86 23.75% | 32.00 22.66 29.19%| 0.07 1.26 18X
SAC3810 | 38.95 30.50 21.69% | 47.82 3156 34.00% | 35.11 23.87 32.01%| 0.02 0.56 28X

Table5.4 Changes of Material Properties with Aging for Lead Free Solders
(DopedandNon-doped, R.F.Aging at 100°C for 60 Days)




CHAPTER 6

EFFECT OF COOLI NG PROFILE AND TESTING CONDITIONS ON
MECHANICA L PROPERTIES OF LEAD FREE SOLDER ALLOYS

6.1 Introduction

It is well known that the mechanical properties and initial microstructure of solder
joints in microelectronic modules changsgnificantly when different reflow/coding
profiles are adpted. These diferences will affect the reliability of the assemblies for
various working conditions

In this chapter, the effects eblidification cooling profile and testing conditions
on mechanical properties of lead free solder alloys, such as SACX (or SACX0307, Sn
0.3Ag-0.7Cu0.1Bi) and SAC105ywere characterized. Two different types of cooling
profiles, Water Quenching Profile and Reflow Profieereutilized in the current study.
The reflow profilewas chosen to match a typical profile used for PBGA assembly to
PCBs Although in actual practigesolder jointsare never water quenched after melting,
this extremely fast cooling profilis still valuable because it yields a negatimal initial
microstructure folsolder materials. The test specimearesefabricatel with the casting
procedure described in Chapter 3, and the design of expesirmesutmmarized in Table
6.1.

Uniaxial stressstrain tests and creep tegis SACX and SAC105vereperformed
at Room Temperature (RT = 2&) on both Wadr Quenched (W.Q.) @nReflowed

(R.F.) samples. Pridp tesing, specimensverepre-conditioned at three different aging
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temperatures including RT and two Elevated Temperatures (HT = 100°C)2tor

various durations up to two months. Two strain rates,0.01 and 0.001 sé¢cwere

used forthe tensilestressstraint est s, whil e two strewee | evel
applied forthe creep tests.For each aging/testing condition, 10 tensile tests and 5 creep

tests were performednd the results &re averaged as discussed in Chapter 3

Solder Materia SACX and SAC105
Casting Conditios W.Q.andR.F.
Ttesting= 25°C (RT) for all tests
Testing Conditios #=0.001, 0.01 sétfor tensile tests
S =10, 15MPa for creep tests
Aging Temperature 25°C (RT), 100°C, 125°C

0, 25, 75, 150, 225, 500, 1000, 1500 hours for W
0, 5, 10, 20, 30, 60 days for R.F.

0, 25, 75, 150, 225, 500, 1000, 1500 hours for W
0, 15, 30, 60 dayf R.F.

Tensile

Aging Times
Creep

Table6.1 Design of Experimestfor SACX and SAC105
(Effect of Cooling ProfileandTesting Conditior)

6.2 Effect of Cooling Profile on Tensile Behavior

In this section, the effects gblidification coding profile on the tensile behavior
of lead free solder alloyare reported All of the tensile tests were conducted at a
constant strain rate of 0.001 Sed@he tensile properties were extracted and modeled as a
function of aging time, and the resufts reflowed samples were then compared to the
water quenched samples.

Figures 6.1-6.4 illustrate the experimentally measured averaged sttesn

curves for W.Q./R.F. SACX and SAC105. Each figure contains three plots for the three
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different aging tempatures (T = 25, 100 and 128). In each plot, each individual
stressstrain curve represents an average of 10 recorded-straBsresponses under the
same aging/testing condition. When compaiti$ obvious that water quencheegsults
in Figures 61 and 6.3llustrate much highestrengtls and stiffnesssthanthe analogous
results for theeflowed samples Figures 6.2 and 6.4

The tensile properties of SACX and SAC105 under different aging and casting
conditions were extracted froithe stresstrain curves in Figure 6.16.4. Similar to
previous discussion, theffective modulus and tensile strength of solder materials were
estimated using Eq. 3.4 and Eg. 3.5 respectively, while the standard 0.2% offset yield
strength was also used'he tensileproperties ofthe solder materials were then plotted
against agingime and modeled by using Eg.14.as shownn Figures 6.56.6. The
curves in red are curve fits for the water quenched datithe curves in blue are fdne
reflowed data. Accordingotdata listed inTables 6.2 and 6.3, the water quenched
specimens of both SAC solder materials skdan increase inensile propertiesrom
19-80% relative to theeflowed samplesif compared vth the same aging conditions.
Another interesting findingsithat the aging resistancetbé two SAC solders seemed to
be independentf the casting conditionwith the tensile propertiefor both materials

degradingapproximately 35% after isothermal aging regardless of cooling profile.
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