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Abstract 
 
 
 The microstructure, mechanical response, and failure behavior of lead 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 of Sn-Ag-Cu (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 aging are relatively small in 
conventional Sn-Pb solders.  
In an attempt to reduce the aging induced degradation of the material behavior of 
SAC solders, several doped SAC-X alloys have been explored and studied.  The doped 
materials are lead free SAC solders that have 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 properties; 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), SAC-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  
 iii 
SAC alloys (SAC105, SAC205, SAC3595, Sn-0.7Cu, SAC3810).  
The effects of aging on mechanical behavior have been examined by performing 
stress-strain and creep tests on solder samples that were aged for various durations (0-12 
months) at room temperature (25 oC), and several elevated temperatures (50, 75, 100, and 
125 oC).  For all of the solders, variations of the mechanical and creep properties 
(effective modulus, yield stress, ultimate strength, creep compliance, etc.) were observed 
and modeled as a function of aging time and aging temperature.  The doped SAC-X 
alloys illustrated reduced degradations with aging for all of the aging temperatures 
considered.  Also, the stress-strain and creep mechanical properties of doped solders are 
better than those of reference solders after short durations of aging.  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 degradation, grain/sub-grain growth and internal 
residual stress relaxation.  However, the changes in microstructure have been 
demonstrated to be smaller in doped solder materials when compared to non-doped 
solders after severe aging.     
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CHAPTER 1  
INTRODUCTION 
1.1 Lead Free Solders in Microelectronics 
Throughout the history of electronics packaging, eutectic 63Sn-37Pb has been the 
most extensively used soldering alloy.  This eutectic Sn-Pb solder has a relatively low 
melting temperature (183 ?C), features excellent ductility and outstanding reliability, and 
provides superior wettability and compatibility with most substrates and devices [1, 2]. 
However, despite the advantages of Sn-Pb solders, they have been prohibited in 
many countries due to environmental and health concern [3-6].  The Waste Electrical and 
Electronic Equipment (WEEE), Restriction of Hazardous Substances (RoHs), and 
European Commission?s (EC) draft directives have approved banning the use of lead in 
electronics effective in July 2006 in European Union countries [5].  Furthermore, several 
Japanese electronics manufacturers have successfully created a market differentiation and 
increased market share based on ?green? products that use Pb-free solders [7]. Therefore, 
the conversion to Pb-free solders in the global electronics assembly business appears 
imminent [8]. 
As a result, efforts to develop alternatives to Pb-bearing solders have been 
continuously increasing in recent years.  Although there is no standard for the ?perfect? 
replacement for eutectic Sn-Pb, some must-have features are still required. In general, 
good candidates are expected to have [9]: 
 2 
? physical behavior (melting temperature, etc) similar to eutectic Sn-Pb 
? adequate wettability for the metallization used in the electronics industry  
? good fatigue resistance, electrical performance and reliability  
? compatibility with existing liquid flux systems  
? adequate shelf life and performance as a solder paste  
? low dross formation when used in a wave soldering operation  
? low cost 
So far, approximately 70 Pb-free solder alloy compositions have been proposed, 
including binary, ternary and even quaternary alloys [10].  Among them, the majority of 
the alloys are Sn-based alloys, that is, Sn is the preferred major constituant.  Even though 
researchers still have not indentified any ?drop in? replacements for eutectic Sn-Pb solder 
in all applications, alloys involving elements such as Sn, Ag, Cu, Bi, and Zn have been 
recognized as promising candidates.  In fact, Sn-rich lead free alloys have occupied more 
than 80% in the wave solder market share and more than 90% in the reflow solder market 
share (Figure 1.1) [11]. 
 
 
  (a) Wave Solders                                           (b) Reflow Solders 
Figure 1.1 Lead Free Solder Market Share [11] 
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1.2 Prevailing Lead Free Choices 
As illustrated in Figure 1.1, Sn-based lead free solders are widely used and have 
been regarded as the best option for replacing eutectic Sn-Pb solder thus far.  Actually, 
most of these lead free candidates originate from 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 available on the market and their current 
applications. 
 
 
 
(Lee, C. N., Professional Development Course, ECTC 2011) 
Figure 1.2 Prevailing Lead Free Choices and Their Applications 
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1.2.1 Sn-Cu System 
The eutectic composition of binary Sn-Cu alloy is 99.3Sn-0.7Cu, with a melting 
temperature at 227 oC.  According to the Sn-Cu binary phase diagram shown in Figure 
1.3, Cu6Sn5 is the only intermetallic compound dispersed in the ?-Sn matrix.  This alloy 
is now mainly used in wave soldering, and might be suitable for high temperature 
applications required by the automotive industry.  However, this solder material is easily 
contaminated and has unsatisfactory wettability as well as mechanical properties [13].  It 
also has low thermal resistance and is known for causing corrosion in equipment. 
 
 
(http://www.metallurgy.nist.gov/phase/solder/cusn-w.jpg) 
Figure 1.3 Sn-Cu Binary Phase Diagram 
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1.2.2 Sn-Ag System 
The Sn-Ag binary system has a eutectic composition of 96.5Sn-3.5Ag in weight 
percentage and a eutectic temperature of 221 ?C.  From the Sn-Ag binary phase diagram 
(Figure 1.4), the eutectic microstructure is composed of ?-Sn matrix as primary phase 
with a eutectic dispersion of Ag3Sn precipitates [14].  This alloy exhibits marginal 
wettability but strong joint strength [15].  However, when soldered to copper base metal, 
the diffusion rate for Cu from the Cu base into the solder is accelerated by high reflow 
temperatures as well as the concentration gradient of Sn between solder and base metal.  
As a result, a layer of brittle Cu6Sn5 intermetallics is often observed near the interface 
between Cu pads and bulk solder balls, which is known to be detrimental to the reliability 
of the electronic assembly.   
 
(http://www.metallurgy.nist.gov/phase/solder/agsn-w.jpg) 
Figure 1.4 Sn-Ag Binary Phase Diagram 
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1.2.3 Sn-Zn System 
The eutectic composition of the Sn-Zn binary system is 91Sn-9Zn with a melting 
temperature at 199 ?C [13].  The lamellar microstructure consists of alternating Sn-rich 
and Zn-rich phases, which is similar to the eutectic Sn-Pb system.  However, Zn-Cu 
phases are known to decrease the reliability of Sn-Zn/Cu assemblies.  The presence of Zn 
in solder alloys easily leads to oxidation and corrosion due to the high oxidation potential 
of Zn.  Zinc-containing solder alloys are also known to react with the flux medium.  
Despite the questionable compatibility with fluxes and storage stability, Sn-Zn solder has 
an average wettability in reflow soldering, and produces excessive dross in wave 
soldering.  
1.2.4 Sn-Bi System   
The Sn-Bi alloy has an eutectic composition of 42Sn-58Bi and a relatively low 
eutectic temperature of 139 oC.  The low melting temperature makes the eutectic Sn-Bi 
alloy a promising replacement for Sn-Pb solders.  Additionally, eutectic Sn-Bi solder has 
proven to have better manufacturability than Pb-Sn.  However, Bi precipitates from the 
solder matrix aggregate along boundaries of grains through which cracking occurs.  The 
segregation of Bi often results in unpredictable early failures of solder joints due to the 
embrittlement of the interface between the Cu trace and bulk Sn-Bi solder joint [16, 17]. 
1.2.5 Sn-Ag-Cu System 
As shown in Figure 1.1, SnAgCu (SAC) has been the most popular, widely used 
lead free solder in today?s market.  Although they are still not indentified as the ?drop in? 
replacement for all applications, a variety of SAC alloys with different chemical 
compositions have been the proposed by various user groups and industry experts.  These 
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include: SAC105 (98.5Sn-1.0Ag-0.5Cu), SAC205 (97.5Sn-2.0Ag-0.5Cu), SAC305 
(96.5Sn-3.0Ag-0.5Cu), and SAC405 (95.5Sn-4.0Ag-0.5Cu), known as the SACN05 
series; SAC387 (95.5Sn-3.8Ag-0.7Cu), SAC396 (95.5Sn-3.9Ag-0.6Cu), and SAC357 
(95.2Sn-3.5Ag-0.7Cu), identified as near eutectic SAC choices; SAC3810 (95.2Sn-
3.8Ag-1.0Cu), SAC3595 (95.55Sn-3.5Ag-0.95Cu), SAC0307 (9Sn-0.3Ag-0.7Cu), and 
SAC107 (98.3Sn-1.0Ag-0.7Cu), designed for special needs such as high temperature 
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 manufacturability 
properties when compared to other lead free solders [18]. 
It is known that the eutectic SAC alloy composition is near Sn-3.5Ag-0.9Cu, with 
a eutectic temperature at 217 oC [19, 20].  Figure 1.5 contains the Sn-Ag-Cu ternary 
phase diagram near the pure Sn side with an enlarged scale.  The contours in the figure 
represent the isothermal lines.  The red boxed region indicates the region containing SAC 
alloy compositions currently available on the market.    
The ternary phase diagram also shows two possible precipitates near the eutectic 
SnAgCu region: Ag3Sn and Cu6Sn5.  The ternary eutectic microstructure of SAC solders 
consists of ?-Sn dendrites (primary phase), eutectic Sn-Ag regions (needle-shape Ag3Sn 
intermetallic dispersed within ?-Sn matrix), and eutectic Sn-Cu regions (scallop-shape 
Cu6Sn5 intermetallic dispersed within ?-Sn matrix), as shown in Figure 1.6.  These 
interspersed fine intermetallic particles are capable of pinning and blocking the 
movement of dislocations, and will thus enhance mechanical strength and reliability of 
solder joints when compared to eutectic Sn-Pb alloy [21, 22]. 
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(http://www.metallurgy.nist.gov/phase/solder/agcusn-ll.jpg) 
Figure 1.5 Sn-Ag-Cu Ternary Phase Diagram 
 
 
 
Figure 1.6 SEM Micrograph of Typical Sn-Ag-Cu Solder 
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Despite the benefits mentioned above, SAC family solders sometimes are still 
questionable as complete substitutes for eutectic Sn-Pb because of costs, some patent 
issues (particularly outside Europe), aesthetic consideration (dross problem of SAC 
solders), and relatively high melting temperature (217 oC vs. 183 oC). 
1.2.6 Sn-Ag-Cu + X System 
SnAgCu alloys have shown potential to be successful substitutes for eutectic Sn-
Pb, however, the industry is still looking for a ?perfect? solution.  According to the 
results of many recent studies, performance characteristics of solder alloys are able to be 
optimized by doping, that is, by adding a small amount of other alloying elements into 
the SAC solder alloys.   
The proposed doping element candidates 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 consumption of metal base and thus increase the 
reliability of the solder joints [23-25]. In addition, doping rear earth (RE) elements can 
significantly enhance wettability, refine microstructure and improve ductility of SAC 
alloys [26-29].   
Even though dopants can 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 alloys because manufacturers can 
still use the same processing conditions as conventional SAC alloys. 
Meanwhile, the known issues for SAC-X solders are also apparent.  For instance, 
the material properties and interfacial behavior of solder alloys have been demonstrated 
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to be very sensitive to the quantity of the X-additive.  As a result, it takes much more 
time and cost to figure out the optimal composition levels for the dopants. 
1.3 Mechanical Properties of Solder Materials 
In electronics, solder joints are used to mount chips and components onto printed 
circuit boards (PCB) and thus create an electrical circuit.  Therefore, an ideal 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 in 
tension.  Although solder joints are rarely under pure tensile/compressive loading, tensile 
properties are still crucial indicators for design purposes.  Through tensile tests, several 
material properties can be determined, such as effective modulus, yield strength (YS), 
ultimate tensile strength (UTS), elongation, etc.  The tensile behavior of a solder 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 engineering stress-strain curves are mostly 
employed because the physical size and shape changes of the material are neglected.   
Figure 1.7 shows a typical engineering stress strain curve.  In engineering 
practice, the engineering stress and engineering strain are defined as follows [31]: 
0A
Fe ??                        (1.1) 
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0
0L LLLL fe ?????                                                                                 (1.2) 
where F is the applied force, A0 the original (unstressed) cross-sectional area, Lf the final 
(current) gage length and L0 the initial gage length.   
Note that the stress and strain initially increase with a linear relationship.  This is 
the linear-elastic portion of the curve where no plastic deformation has occurred. This 
means that when the stress is reduced, the material will return to its original shape.  In 
this linear region, the material obeys the relationship defined by Hooke's Law where the 
ratio of stress to strain is a constant:   
                                             (1.3) 
where E is called the effective modulus, which is the slope of initial part of a stress-strain 
curve.  However, since the effective modulus includes small inelastic deformations or 
time-dependent deformations such as creep, it is usually smaller than the dynamic 
modulus measured by the acoustic or ultrasonic wave method, which largely eliminates 
the inelastic deformation due to rapid wave propagation [33-35].  
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 stress-induced plastic flow in the specimen.  At 
this stage the material is undergoing a rearrangement of its internal molecular or 
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 the yield stress, 
denoted ?YS 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 
?? E?
 12 
deformation begins, the yield stress is usually taken to be the stress needed to induce a 
specified amount of permanent strain, typically 0.2%.  By drawing a parallel line to the 
elastic portion of the engineering stress-strain curve but offset from the origin by 0.002 
strain, this ?0.2% offset yield stress? is then determined as the intersection between the 
stress-strain 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 external forces without breaking.  In ductile materials, the UTS 
will be well outside of the elastic portion into the plastic portion of the stress-strain curve.  
The engineering stress will decrease after the UTS is reached as necking occurs in the 
specimen.  However, this type of localized deformation is beyond my research scope and 
will not be further discussed in this dissertation. 
 
(http://www.benbest.com/cryonics/lessons.html) 
Figure 1.7 Typical Stress-Strain Response for Ductile Materials 
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1.3.2 Creep 
Solder joints are often placed in service at ?relatively high temperatures? and thus 
exposed to static mechanical stresses due to the Coefficient of Thermal Expansion (CTE) 
mismatch between silicon chip and PCB.  These stresses are less than the yield strength 
of solder materials but nevertheless can cause plastic deformation to take place ? 
particularly over a long period of service time.  This type of time-dependent yet 
permanent deformation of a material while under an applied load that is below its yield 
strength is known as creep deformation. Creep is often regarded as one of the major 
failure modes of solder joints in microelectronic packaging modules [36].  
In engineering practice, creep data are usually obtained under conditions of 
constant uniaxial loading and constant temperature.  Results of tests are plotted as strain 
vs. time up to rupture.  As indicated in Figure 1.8, the response begins with a quick 
transition to the initial ?elastic? strain level, followed by three stages; namely, primary, 
secondary, and tertiary creep.  In the primary stage, strain occurs at a relatively rapid rate 
after the instantaneous strain but then the rate gradually decreases until it becomes 
approximately constant during the secondary stage.  This constant creep rate due to the 
dynamic balance of strain hardening and recrystallization [31] is defined as the steady 
state creep rate. It is often used by practicing engineers as one of the key material 
parameters for solder in Finite Element (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 of creep responses, the deformation mechanism of creep 
varies with applied load and service temperature.  Figure 1.9 maps the possible creep 
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deformation mechanisms of eutectic Sn-Pb solder material.  This diagram features with 
axes of normalized stress ?/G and homologous temperature, T/TM  (where ? is shear stress,  
G the shear modulus, T the ambient temperature, and TM the melting temperature).  The 
map is divided into fields, which show the regions of stress and temperature over which 
each of the deformation mechanisms is dominant.  Superimposed on the fields are 
contours of constant strain-rate: these show the net strain-rate (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 even at room 
temperature (RT) due to their large homologous temperatures: 
 65.0
456298 ??? KKTTH MT
  for eutectic Sn-Pb                (1.4) 
61.0490298 ??? KKTTH MT   for Sn-Ag-Cu                 (1.5) 
In practice, solder joints are subject to high ambient temperatures and/or low 
stress levels in most cases.  Thus, it is believed that dislocation-controlled creep and 
lattice diffusion-controlled creep are the major deformation modes for eutectic Sn-Pb 
solder [37].  At high homologous temperatures, the thermally activated dislocations are 
able to move along preferred slip plans or cut through dislocation barriers [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].  
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(http://www.metallurgy.nist.gov/solder/clech/Sn-Pb_Creep.htm) 
Figure 1.8 Typical Creep Response for Ductile Materials 
 
 
Figure 1.9 Creep Deformation Mechanism Map for Eutectic Sn-Pb Solder [37] 
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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 and the 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 followed by macro cracks which leads to damage and ultimately to 
fatigue failure (see Figure 1.10).  The facts that the original bulk design strengths are not 
exceeded and the only warning sign of an impending fracture is an often unable-to-see 
internal crack, makes fatigue damage especially dangerous for electronic packages. 
Fatigue test results (see Figure 1.11) are obtained by cycling smooth or notched 
specimens until failure, and are presented in a form of S-N diagram (where S is the stress 
amplitude, and N the number of cycles to failure).  Since the 1950?s, researchers have 
developed several models to predict the number of cycles to failure including the 
Engelmaier-Wild equation [41], Palmgren-Miner linear damage law, Coffin-Manson 
relation [43], etc. 
 
 
Figure 1.10 Depiction of the Effects of the Accumulating Fatigue Damage [41] 
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(http://www.mdme.info/MEMmods/MEM30007A/properties/Properties.html) 
Figure 1.11 Typical S-N Curve for Ductile Materials 
1.3.4 Shear 
It is known that solder joints in microelectronics systems often experience shear 
loading due to the CTE mismatch.  Similar to tensile stress-strain curves, Hooke?s Law 
also holds for shear stress-strain responses at small shear strains, as shown in Figure 1.12: 
?? G?                                            (1.6) 
Here shear stress and shear strain, ? and ?, can be similarly obtained by:  
0A
F??             (1.7) 
hx???             (1.8) 
where F is the applied shear force, A0 the cross-sectional area, ?x the transverse 
displacement, h 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 the shear stress-strain response.  The shear modulus can 
also be estimated from the elastic modulus and Poisson?s ratio by the equation [31]:    
 ? ?
vEG ?? 12
            (1.9) 
In addition, stress/strain in shear testing can also be converted into the equivalent 
stress/strain in tensile testing by using von-Mises relationship: 
 ?? 3?           (1.10) 
3/???           (1.11) 
 
 
 
(http://www.benbest.com/cryonics/lessons.html) 
Figure 1.12 Typical Shear Stress-Strain Response for Ductile Materials 
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1.4 Objectives of This Research 
The motivation of this 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 material properties for finite element analysis (FEA) purposes, the following 
objectives will be achieved in this research: 
(1) Develop specimen preparation procedures that produce uniaxial testing 
coupons with consistent microstructures comparable to actual lead free solder 
joints in commercial electronic packages; 
(2) Examine physical properties of lead free solders of interest and explore the 
application in real packaging assemblies; 
(3) Develop DoE test matrix to systematically study aging effects on material 
properties of lead free solders; 
(4) Perform uniaxial tensile and creep tests for doped/reference lead free solders 
over a wide range of aging conditions; 
(5) Develop constitutive models for predicting uniaxial tensile and creep 
behaviors, and models of aging for estimating mechanical properties of lead 
free solders; 
(6) Investigate the effects of aging, casting method, testing conditions and 
dopants on material properties of solder alloys; 
(7) Examine the effects of aging on microstructure, grain structure and internal 
residual stress. 
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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 and is presented in the following chapters: 
Chapter 1: Introduction to lead free solders alloys and mechanical properties of 
solder materials. 
Chapter 2: Literature review on isothermal aging effects, mechanical properties, 
constitutive models, microstructure evolution and metallurgical 
modification/optimization of lead free solder alloys. 
Chapter 3: Description of experimental procedure, uniaxial tensile and creep tests 
and data processing. 
Chapter 4: Investigation of aging effects on mechanical properties of lead free 
solder alloys. 
Chapter 5: Study on using dopants to reduce aging effects on mechanical 
behaviors of lead free solder alloys.  
Chapter 6: Study on the effect of cooling profile and testing condition on 
mechanical properties of lead free solder alloys. 
Chapter 7: Investigation of aging effects on microstructure evolution and residual 
stress relaxation in lead free solder alloys. 
Chapter 8: Summary and conclusions of the dissertation. 
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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.  Although Sn-
Ag, Sn-Ag-Cu (SAC), and other alloys involving elements such as Sn, Ag, Cu, Bi, In, 
and Zn have been identified as potential replacements for standard 63Sn-37Pb eutectic 
solder, there is still no ?drop in? replacement identified for all applications.  Even worse, 
large discrepancies are found in the published data from various groups [44].  The 
observed disagreements in the test results are largely attributed to the lack of ?standards? 
including variations in the as-cast/solidified microstructures of the test specimens, and 
differences in the test methods and data acquisition.  All of these possibilities might make 
the measured data incomparable to each other.  Moreover, aging effects, mostly neglected 
in majority of the studies, may further exacerbate these problems. 
In real applications, solder joints are continuously exposed to aging/thermal 
cycling during service.  It has been well documented that the microstructure, mechanical 
response, and failure behavior of solder materials are constantly evolving under such 
circumstances [25, 45-62, 69, 71, 74, 78, 89, 102-112, 114, 117, 120].  It has also been 
demonstrated that aging effects are universally detrimental to reliability and cause 
reductions in stiffness, yield stress, ultimate strength, and strain to failure, as well as 
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highly accelerated creep.  Solder joints with highly degraded microstructure and material 
properties are so vulnerable that the service life of the package is often severely 
shortened. 
Reliable, consistent, and comprehensive solder constitutive equations are also 
needed for use in mechanical design, reliability assessment, and process optimization.  
Among all the widely used constitutive models, however, none of them take aging effects 
into account.  This drawback may significantly hinder the application of finite element 
modeling to reach its full potential.  Therefore, it is necessary to conduct an in-depth 
study on the constitutive models for lead free solder materials, not only for the better 
interpretation of experimentally measured data, but also for the incorporation of aging 
effects into the models. 
2.2 Aging Effects on Material Properties 
Studies of aging effects on Sn-Pb solders can be traced back to the 1950s.  In 
1956, Medvedev [45] reported a 30% loss of tensile strength for bulk Sn-Pb solder after 
450 days of room temperature (RT) aging, and a 23% loss in tensile strength for solder 
joints under a similar exposure.  Similar work has also been conducted by Lampe [46], 
who observed an up to 20% loss in both strength and hardness of Sn-Pb and Sn-Pb-Sb 
solders after 30 days of RT aging.   
Meanwhile, the effect of aging on tensile properties of Pb-free solders has been 
studied extensively in recently years.  Ding, et al. [47] investigated the influence of aging 
treatment on deformation behavior of Sn-3.5Ag solder during in situ tensile tests.  They 
observed a quick softening effect on solder samples subject to 180 oC isothermal 
exposure for 120 hours.  Xiao, et al. [48] recorded the tensile behavior of SAC396 solder 
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alloy subject to both RT aging and elevated temperature (HT) aging (180 oC) for 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 aging.  Ma, et al. [49] investigated the 
evolution and saturation of Young?s modulus, yield strength, and ultimate tensile strength 
of SAC305 and SAC405 solder alloys under various aging conditions.  They found that 
the material properties decreased exponentially in the first 20 days for both RT and HT 
aging, followed by a ?steady? linear degradation.  Zhang, et al. [50] also systematically 
studied the aging effects on tensile properties of SACN05 (N = 1, 2, 3, 4) series solders.  
They performed uniaxial tensile tests on micro-scale bulk solder samples with a full 
aging test matrix.  They also proposed several empirical models to correlate the 
degradation in 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 joints.  Chen, et al. [51] 
conducted a study on both Sn-Pb and Sn-3.5Ag 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% for Sn-Pb 
solder bumps and 5.3% for Sn-3.5Ag.  Similar results were achieved by Kim, et al. [52].  
They observed an average 5% decrease in joint strength in stud bump samples for the 
first 300 hours of aging at 150 oC.  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, SAC3810, SAC379 and SAC396.  Despite the 
significant change in ductility, the solder materials were severely softened with long term 
HT aging. 
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Moreover, the literature has also documented the significant influence of aging on 
creep behavior of lead free solder alloys.  Ma, et al. [49] initiated a parametric study of 
aging on SAC305 and SAC405 solders, and found that the secondary creep rates were 
increased up to 10X 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 observed up 
to a 9,700X deterioration in the secondary creep rate for aging up to 6 months.  Similar 
aging induced degradations in creep properties were also reported in bulk samples by 
Xiao, et al. [54], Mysore, et al. [55], and in solder joints by Chavali, et al. [56].     
Furthermore, several previous studies have been conducted with respect to aging 
effects on the fatigue behavior of lead free solders.  Bansal, et al. [57] observed a 
significant degradation in reliability after 500 hours of aging at 150 oC for both SAC105 
and SAC305 solder joints in 0.5 mm pitch BGAs and MLF packages.  Elevated 
temperature aging effects on shear fatigue behavior was studied by Venkatadri and 
coworkers [58] on a SMD test vehicle with SAC305 solder joints.  A decrease of more 
than 70% in fatigue resistance was observed after 3000 hours of aging at 125 oC.  A more 
systematic study of aging induced evolution of hysteresis loops for SAC solders was 
conducted by Mustafa, et al. [59].  They reported a decrease in loop area with aging for 
all SACN05 alloys, indicating reduction of energy dissipation in the material. 
2.3 Aging Induced Microstructure Evolution 
Aging effects on microstructure evolution of lead free solders have been studied 
extensively on both bulk samples and solder joints in packages.  In general, isothermal 
aging leads to phase coarsening of both ?-Sn and precipitates, the dispensing and 
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coalescing of IMC particles, as well as the accelerated growth of grains, and the 
interfacial IMC thickness between Cu trace and bulk solder joints. 
Allen, et al. [60] investigated phase coarsening in SAC alloy from a kinetics 
aspect.  They concluded that phase coarsening is governed by a tr ?3  relationship: 
?????? ???? ?? RT QQRTKt DSe x p23023 ??          (2.1) 
where K is a constant containing terms such as the particle/matrix interfacial energy and 
volume fraction effects, QS is the heat of solution for the rate-controlling species in the 
matrix, and QD is the activation energy for diffusion of the rate-controlling species in the 
matrix.  The sum of QS and QD, however, is assumed to be the effective activation 
energy.  By measuring the volume fraction of Cu6Sn5 IMC particles in each of the light 
optical micrographs shown in Figure 2.1, they estimated the effective activation energy to 
be 69?5 kJ/mol, which perfectly matches the results from other researchers (as tabulated 
in Table 2.1), indicating that the coarsening of the Cu6Sn5 rods was the dominant process 
(QS + QD = 36 + 33 = 69 kJ/mol). 
Similar research was also conducted by Fix, et al. [61].  They applied the same 
procedure to determine the activation energy from Figure 2.2 and the result was 
compared to Allen?s observation.  However, they made a different conclusion and 
suggested a Sn diffusion controlled process for 175 oC aging. 
Aging effects on dispensing and coalescing of IMC particles were also 
investigated by several researchers.  Xiao, et al. [54] captured the IMC phase growth with 
aging in bulk SAC396 samples (Figure 2.3), and Yao, et al. [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 (kJ/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) 
Table 2.1 Activation Energies for Diffusion and the Heats of Solution for Sn, Ag , Cu [60]  
 
         (a) As Soldering           (b) 4 Weeks at 152 oC 
Figure 2.1 Microstructure Evolution of SAC405 Solder Joints (Example 1) [60] 
  
         (a) As Soldered             (b) 500 Hours at 175 oC 
Figure 2.2 Microstructure Evolution of SAC405 Solder Joints (Example 2) [61] 
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         (a) As Quenched             (b) 35 Days at RT 
 
         (c) 1 Day at 180 oC             (d) 3 Day at 180 oC 
Figure 2.3 SEM Micrograph of As-Aged SAC396 Samples [54] 
  
 
           (a) 50 Hours    (b) 200 Hours    (c) 1000 Hours 
Figure 2.4 Top Viewed SEM Micrographs of SAC/Ni Interfaces  
Aged for Various Durations at 150 oC [62] 
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Additionally, aging effects on the interfacial structure of lead free solders have 
been well documented in the past few years [63-74].  As a rule of thumb, the growth 
kinetics of an IMC layer is express as a function of the exposure time at a given 
temperature: 
teDXX RTQt ??? 00            (2.2) 
where X0 and Xt are the IMC thinkness at time t = 0 and t = t, respectively; D0 is the 
diffusion constant; Q is the effective activation energy; R is the universal gas constant 
equal to 8.314 J/mol K, T is the isothermal aging temperature in K; and t is the aging 
time.  Table 2.2 summarizes the literature results of activation energy estimation from 
several researchers and groups. 
 
Solder/Substrate 
Couple 
Soldering 
Method 
Temperature 
Range (oC) IMC Layer 
Q 
(kJ/mol) Ref. 
Sn37Pb/ Ni CSP SJ  80-160 Ni3Sn4 45.4 [63] 
Sn/Cu Electroplated 70-170 Cu6Sn5 + Cu3Sn 66 [64] 
Sn/Cu Dipped 100-170 Cu6Sn5 + Cu3Sn 77 [65] 
Sn0.6Cu0.05Ni/Cu Wave  80-150 Cu6Sn5 + Cu3Sn 76.16 [66] 
Sn58Bi/Cu Dipping 55-120 Cu6Sn5 55 [67] 
Sn3.3Ag4.8Bi/Cu Immersing 70-170 Cu6Sn5 + Cu3Sn 49 ? 8 [68] 
Sn3.5Ag5Bi/Cu Spreading 70-200 Cu6Sn5 + Cu3Sn 88.6 [69] 
Sn3.5Ag5Bi/NiP/Cu Spreading 100-170 Ni3Sn4 52.85 [69] 
Sn3.5Ag/Cu SJ 70-170 Cu6Sn5 + Cu3Sn 64.82 [70] 
Sn3.5Ag/Cu Sandwich 70-180 Cu6Sn5 116 [71] 
Sn3.5Ag/Cu Dipping 70-205 Cu6Sn5 + Cu3Sn 59 [72] 
Sn3.5Ag/Cu Speading 70-200 Cu6Sn5 + Cu3Sn 65.4 [73] 
Sn3.8Ag0.7Cu/Cu Reflow 100-150 Cu6Sn5 + Cu3Sn 41.7 [74] 
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Sn3.8Ag0.7Cu/Ni Reflow 100-150 (Ni1-xCux)3Sn4 72.9 [74] 
Table 2.2 Reported Effective Activation Energies for the Growth of IMC Layers 
It is also known that the elevated temperature aging attributes to the crack 
initiation and propagation near solder substrate interfaces.  Zeng, et al. [75] captured a 
series of SEM micrographs (Figure 2.5), illustrating the development of Kirkendall voids 
(pointed out by white arrows) as aging progressed.  It is widely acknowledged that 
Kirkendall voids are formed due to the unbalanced inter-diffusion rates between Cu and 
Sn.  In particular, Cu atoms diffuse from the Cu pad into the bulk solder joints at a faster 
rate than Sn atoms diffuse from solder joint into Cu.  The diffusion of Cu is further 
accelerated by elevated temperature aging, leads to the coalescing of vacancies, and 
finally causes the formation of micro-voids/cracks. 
Several studies have documented aging effects on grain growth in lead free Sn-
rich solder materials.  Telang, et 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 OIM data, illustrating the apparent growth of the grains.  
Table 2.3 summarized their findings on the aging induced evolution of grains and 
misorientation. 
 
  
(a) 3 day        (b) 10 day        (c) 20 day 
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Figure 2.5 Micrographs for Formation of Kirkendall Voids with Aging at 150 oC [75] 
 
              (a) As Reflowed               (b) Aging at 150 oC for 200 Hours 
Figure 2.6 Evolution of Grain Size and Orientation with Aging for Re?owed Pure Sn [76] 
Specimen     Aging History Grain Size Grain Boundary Misorientation 
Pure Sn ingot 
As received 50-150 ?m, equiaxed Sharp peaks at 45o and 60o 
Aged 200 hours 
at 150 oC 
>500 ?m,    
irregular 
Fewer boundaries,           
peaks at 45o, 60o and 70o 
Pure Sn, 
reflowed 
As reflowed 100-250 ?m, equiaxed Many small peaks 
Aged 200 hours 
at 150 oC 
>500 ?m,   
irregular 
Very strong peak at 45o,   
other small peaks 
Eutectic          
Sn-3.5Ag 
As received 10-30 ?m, equiaxed Nearly random distribution of higher angle grain 
boundary misorientation,            
regardless of aging time Aged 200, 400 hours at 150 oC 20-60 ?m, equiaxed 
Eutectic  
Sn3.8Ag0.7Cu 
As received 10-30 ?m, equiaxed Random + low angle, 60
o, 
80o peaks superposed 
Aged 200 hours 
at 150 oC 
20-100 ?m, 
equiaxed 
Randomness decreases 
with aging, peaks sharpen 
Solder ball      
Sn-1.63Ag As fabricated 
15-20 ?m, 
equiaxed 
Bi-modal; <15o low angle, 
and large 50-70o peak 
Solder ball      
Sn-3.0Ag As fabricated 
40-250 ?m, 
irregular 
shapes 
Several small peaks <25o, 
55-60o, 70-80o 
Solder ball      As fabricated 100-600 ?m,  Not scanned 
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Sn-3.0Ag-0.6Cu large, irregular 
Table 2.3 Summary of Typical Grain Size and Misorientation in Solders Samples [76] 
2.4 Effect of Fabrication and Testing Conditions on Material Properties  
The solidification cooling rate has a significant effect on the microstructure of 
solder materials by determining the initial size, distribution and morphology of IMC 
phases (e.g. Ag3Sn and Cu6Sn5) [77].  For bulk solder, fast cooling rates result in 
relatively thin and planar IMCs, while slow cooling rates lead to a relatively thick and 
scalloped IMC morphology.  For a solder/substrate interface, fast cooling rates reduce the 
thickness of the interfacial IMC layer, as well as the size of IMC particles [78].  Liang, et 
al. [79] compared the mechanical properties and macro/micro-structure of SAC387 
formed with different cooling rates.  Figure 2.7 illustrates the typical macrostructure of 
as-solidified test samples (etched by 10% HCl).  They 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 strongly rate and 
temperature dependent.  In the 1980?s, Anand [80] proposed a unified plastic/creep 
constitutive model for describing the viscoplastic behavior of metals.  The flow equation 
in the Anand model establishes the relationship between flow stress and plastic strain, 
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 simulations.  Pang, et 
al. [81] modified the Ramberg-Osgood model by introducing testing temperature and 
strain rate, in an attempt to predict the stress-strain behavior for SAC387.  Nie, et al. [82] 
characterized the rate-dependent behavior of SAC387 solder over a wide range of strain 
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rates, from 10-6 to 10-2.  Although two different experimental 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 both stress 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 the strain-to-rupture. 
 
 
Figure 2.7 As-Solidified Macrostructures of SAC387 [79] 
2.5 Solder Material Optimization by Using Dopants 
The ongoing transition to lead free soldering has been motivated by 
environmental concerns, legislative mandates, and market differentiation.  However, 
there is still no single replacement that has been identified for challenging operating 
environments, i.e. high temperatures and stress levels, as well as impact loading.  To this 
end, studies concerning to isothermal aging and thermal cycling have concentrated on 
near eutectic Sn-Ag-Cu (SAC) solders. An ideal SAC solder alloy should not only 
possess enhanced mechanical properties, but also resistance to isothermal aging effects 
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and thermal-mechanical fatigue for a wide range of temperatures.  Therefore, there is 
much interest in the industry on establishing optimal SAC-based lead free solder alloys to 
meet all demands.  According to the results of many recent studies, these goals can be 
accomplished by metallurgical approaches, i.e. micro-alloying, to strengthening the 
solder matrix or the matrix/intermetallic interface regions of the solder joint. 
Bi additions to lead free solders have been the subject of many investigations.  It 
has been shown that Bi can lower the solidus temperature, improve the wetting and alloy 
spreading, refine the Sn matrix through precipitation hardening, and suppress the 
formation of large Ag3Sn IMCs in the bulk solder [83].  On the negative side, it is also 
reported that Bi atoms segregate along the Cu/IMC interface and lead to brittle fracture 
[84].  However, according to the observation of Pandher and his coworkers [85], using 
the appropriate amount of Bi doping is highly important.  They found that the addition of 
0.01% Bi resulted in improved drop shock and ball pull response for low silver content 
SAC solder, i.e. SAC0307.  In addition, they also observed the reduction in the IMC 
growth and the partition to the Cu/IMC interface for Bi-doped SAC0307 solder.  
Tateyama, et al. [86] conducted a study on the effects of Bi content on mechanical 
properties and bump interconnection reliability of Sn-Ag solder alloys.  They suggested a 
3% or less Bi doping level in Sn-Ag solder so that the optimal enhancement could be 
achieved. 
The effect of Ni doping has been discussed by several authors [23-25], i.e. a 
thorough review by Tegehall [87].  It is reported that Ni doping can inhibit the allotropic 
transformation of Cu6Sn5 [23], suppress the formation of Kirkendall voids, and slow the 
growth of interfacial IMC layers [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 brittle Cu-Ni-
Sn ternary IMCs [24].  Pandher, et al. [85] proposed a 0.05% Ni doping to SAC0307 + 
0.1% Bi solder to obtain the optimal drop resistance and tarnish resistance. 
With respect to mechanical properties, Zn modified SAC alloys have been 
reported to exhibit a combination of high tensile strength and great ductility [88].  The 
most tremendous benefit of Zn doping is attributed to its enhancement of microstructure 
stability and aging resistance [89].  Song, et al. [88] studied the effect of Zn doping on 
the microstructure characteristics of SAC solder.  They found that the addition of 0.5% 
Zn significantly reduced the degree of undercooling for Sn-3.3Ag-0.5Cu solder, and thus 
suppressed the formation of large Ag3Sn platelets.  In addition, Zn-doped SAC solders 
were observed to have an increased volume fraction of eutectic phases without formation 
of any Zn-bearing IMCs.  Anderson, et al. [89] reported that no significant microstructure 
evolution in bulk Sn-3.5Ag-0.74Cu-0.21Zn solder joints was observed even after 1000 
hours of aging at 150 oC.  Similar work was also performed by Kang, et al. [90].  They 
concluded that a minor addition 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 microstructure for bulk solder joints, as well as hinder the IMC growth near the 
interface [91-92].  According to the microstructure studies conducted by Anderson, et al. 
[91], Co exhibited a solidification catalysis effect on Cu6Sn5 phase in the Sn-3.7Ag-
0.6Cu-0.3Co solder matrix with a desirable (reduced) volume fraction and size (smaller).  
They also observed the significant effect that the minor substitution of iron for copper 
promoted highly refined Sn dendrites in the solidified solder matrix.  Syed, et al. [92] 
 35 
carried out package level tests on a wide selection of SAC-X solders, indicating that 
SAC355Co solder had the best performance in both ball pull and ball shear tests 
regardless of aging conditions.  Based on their observations, they also suggested that the 
refined, stabilized microstructure of Co-doped SAC solder was the fundamental reason 
resulting in the improved resistance to deformation. 
Rare Earth (RE) elements (e.g. La, Ce) are also popular options for low level 
doping in SAC solders.  Wu and Wong [93] performed a thorough review discussing the 
advantages and issues of RE-doped SAC solders.  They concluded that small addition of 
RE elements can improve the tensile strength, creep strength, and wettability.  From the 
microstructure aspect, RE-doped alloys were demonstrated to generate well-controlled 
interfacial IMC layers, especially in BGA packages.  On the other hand, they also 
suggested that more studies should be conducted regarding soldering behavior under 
common processes (i.e. SMT), as RE elements were known to be easily oxidized.  The 
addition of RE elements 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 they measured a more than a 1.5X increase in failure strain with a 
negligible loss in shear strength. 
Other doping choices for optimizing SAC solders, such as Mn, Cr, Ge, Ti, Si, B, 
Al, In, etc, have also been studied extensively by various researchers and groups.  Liu 
and Lee [95] compared the interfacial IMC growth and drop performance for 14 different 
doped solder alloys, and concluded that SAC105 + 0.13Mn alloy outperformed all other 
alloys, including conventional Sn-Pb solder.  Anderson, et al. [89] claimed that the aging 
resistance of SAC3595 improved tremendously by merely adding 0.05% Al.  Amagai, et 
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al. [96] found that doping with In could reduce Kirkendall voiding but had little effect on 
the growth of Cu3Sn IMC.  Ge, different from other ?diffusion compensators? such as Ni 
and Co, is acknowledged to refine the Sn matrix as well as improve corrosion behavior 
[85]. 
2.6 Constitutive Modeling for Solder Materials 
It is widely acknowledged that solder materials exhibit elasto-viscoplastic 
behavior when subject to deformation.  In general, the expression of total strain can be 
partitioned by decoupling the elastic and plastic parts: 
vpe ??? ??             (2.3) 
where ?e is the elastic strain; ?vp is the viscoplastic strain.  If the strain hardening effect 
(the stress continues to increase after yielding) is also taken into consideration, the 
constitutive model may be expressed in generic terms as: 
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 Based on the fact that the mechanical behavior, such as yield stress, ductility, and 
tensile strength, of materials will change with strain rate and temperature, an ideal 
viscoplastic model for solder materials should consist of at least the following four 
elements: 
? ?Tf vpvpvp ,,??? ??            (2.5) 
where ?vp is the von-Mises flow stress; ?vp is the equivalent plastic strain; ?? vp is the 
equivalent plastic strain rate; and T is the absolute temperature.  In the past few decades, 
several physically and phenomenologically based models have been 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 (J-C) model, Zerilli-Armstrong (Z-A) model, Khan-Huang (K-H) model, and 
Anand model will be discussed. 
2.6.1 J-C Model 
In 1983, Johnson and Cook [97] proposed a constitutive model for metals 
subjected to large strains, high strain rates, and high temperatures.  This particular model 
is widely used due to its simplicity and the availability of parameters for various 
materials of interest, although it is purely empirical.  In the J-C model, the von Mises 
flow stress, ? is expressed as: 
? ? ? ?? ?? ?mn TCBAT ** 1ln1,, ???? ????? ??         (2.6) 
where A, B, C, m, n are material constants; 0* ??? ??? ?  is the dimensionless strain rate ( 0??  
is normally taken to be 1.0 sec-1), and ? ? ? ?rmr TTTTT ???*  where Tr is the reference 
temperature (lowest temperature of interest) and Tm is the melting temperature of the 
material.  With merely one term, the J-C model in its multiplication form is appropriate 
for describing the temperature dependence of metals.  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 exhibits unrealistically small strain-rate 
dependence at high temperatures. 
2.6.2 Z-A Model 
In 1987, Zerilli and Armstrong [98] proposed constitutive relations based on a 
dislocation mechanism.  Despite the relatively simple expression compared to other 
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microstructure-aware constitutive relations, the Z-A model still includes the effects of 
strain hardening, strain-rate hardening, and thermal softening based on the thermal 
activation analysis.  The general form of the equation for the flow stress is: 
 ? ? ? ? ? ?TBTBT a ????????? ??? ????? e x pe x p,, 0       (2.7) 
In this model, ?a is the thermal component of the flow stress given by: 
  nh
ga Klk ??? ???
           (2.8) 
where ?g is the contribution due to solutes and initial dislocation density, kh is the 
microstructural stress intensity, l is the average grain diameter, and K, B, B0 are material 
constants.  Note that in the thermally activated terms, the functional forms of the 
exponents ? and ? are 
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where ?0, ?1, ?0, ?1 are material parameters that depend on the crystal structure (e.g. FCC, 
BCC, HCP).  
2.6.3 K-H Model 
Based on the study of Bordner and Partom [99], Khan and Huang [100] developed 
a new constitutive model to predict the mechanical behavior of 1100 aluminum in the 
strain rate range from 10-5 to 104 sec-1.  In their study, the model proposed was: 
 ? ? ? ?22212 DffJ ??          (2.10) 
where ?2 is the equivalent plastic strain defined by: 
  
ijij??? 212 ?
          (2.11) 
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Considering the one dimensional case, Eq. 2.11 can be rewritten as: 
  ? ? ? ???? ?21 gg?          (2.12) 
where g1 and g2 are expressed as: 
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An example of the particular forms of g1 and g2 were given in their study: 
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where n, ?E , ?0, a and ?. are constants, and 0D  was arbitrarily chosen to be 106 sec-1 in 
their work.  Compared to the J-C model, the K-H model is more capable of predicting 
strong work-hardening behavior over a large strain-rate range.  However, since the K-H 
model does not incorporate temperature effects into the proposed equations, 
modifications are needed so that the temperature-dependent characteristics of a material 
can be fully predicted. 
2.6.4 Anand Model 
In 1985, Anand [101] proposed a simple set of constitutive equations for large 
isotropic viscoplastic deformations but small elastic deformations.  This constitutive 
model has been embedded in commercial finite element simulation software such as 
ANSYS, and is now widely used in prediction of electronic packaging reliability.  There 
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are three constitutive equations in Anand model; namely the stress equation, flow 
equation and evolution equation.   
The stress equation is defined by: 
 ? ?1               ?? ccs?          (2.15) 
where s is the deformation resistance, c is a material constant defined as:  
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where ? is the multiplier of stress, ??  is the inelastic strain rate, A is the pre-exponential 
factor, Q is the activation energy, m is the strain rate sensitivity, R is the universal gas 
constant, and T is the absolute temperature. 
 The flow equation was selected to accommodate the strain rate dependence on the 
stress, and is given by: 
  m
sRTQA
1s in he x p
?????? ???????????? ?? ????        (2.17) 
Note that temperature dependence has been incorporated into the model via an Arrhenius 
term, while the stress and state dependence were modified to be in form of the hyperbolic 
sine from the original power law relationship. 
 The evolution equation for the internal variable s is assumed to be: 
  ? ?Tfs ,,????           (2.18) 
An explicit form of evolution equation is expressed as: 
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where h0 is a constant for the dynamic process, a is the strain rate sensitivity of the 
dynamic process, and s* represents a saturation value of s associated with a given set of 
testing conditions given by: 
  n
RTQAss ?????? ??????? exp?* ??
         (2.20) 
where s?  is a constant and n is the strain rate sensitivity for the saturation value of 
deformation resistance. 
To summarize, the Anand model has nine material constants, i.e. s0, Q, A, ?, m, h0, 
s? , n, and a (note that s0 is the initial value of deformation resistance).  These constants 
can be determined from either stress-strain responses or creep responses characterized 
over a wide temperature range.  The Anand model successfully unifies both rate-
dependent creep behavior and rate-independent plastic behavior occurring concurrently in 
the alloys and it has been demonstrated to work well on solder materials.  On the other 
hand, there are still some limitations of the 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 extensive review has been performed on three major topics in 
solder material characterization including aging effects, X-additive modification, and 
constitutive modeling. 
Aging effects are acknowledged to be responsible for the large discrepancies 
existing in the mechanical property databases for solder materials.  A vast body of studies 
has already demonstrated that isothermal aging is the root cause for the ever-changing 
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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, especially the Sn-Ag-Cu solder family, 
experience dramatic loss in strength (both tensile and shear), stiffness and creep 
resistance as aging progresses.  This effect was found to be exacerbated for elevated 
temperature exposure.  With respect to soldered components on substrates, aging has also 
been extensively reported to accelerate the unfavorable interfacial IMC growth, cause the 
formation of Kirkendall voids, and result in the coarsening of the phases in bulk solder 
joints.  
 The effects of cooling profile and testing conditions on mechanical properties of 
solder alloys were also discussed through reviewing previous work.  In general, fast 
cooling rates (i.e. water quenching) during solidification yield finer/smaller phases in the 
microstructure, which in turn strengthens the solder material.  However, quickly cooled 
samples may also exhibit more brittle behavior when subject to deformation, indicating a 
loss in strain-to-failure.  Testing conditions such as strain rate, stress level, and testing 
temperature are also known to be key factors affecting the mechanical properties of 
solders.  In general, higher strain rates during tensile tests cause strain hardening, and 
thus increase the strength and stiffness of the material.  In creep testing, the response is 
highly accelerated by small increases in the applied stress loading.  Softening effects in 
material properties have been reported for both tensile and creep tests performed under 
elevated temperatures.   
In an attempt to optimize the performance of lead free solders (e.g. aging 
resistance, drop resistance, etc.) researchers have modified lead free solders by micro-
alloying.  The possible candidates of the X-additive include Bi, Zn, Co, Ni, Mn, Cr, Ge, 
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Ti, Si, B, Al, In, etc.  It has been demonstrated that appropriate amounts of additives will 
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 copper pads 
on the substrate. 
Lastly, four widely used constitutive models for viscoplastic materials were 
discussed.  In particular, the Anand viscoplastic model, which successfully incorporates 
rate-dependent creep behavior with rate-independent plastic behavior during deformation, 
has been often adopted for solder materials.  However, 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 micro-scale uniaxial tensile specimens without further 
modification and machining.  The test specimens are formed in glass tubes with 
rectangular cross-section by using a vacuum suction system.  The specimens are then 
cooled by either a water quenched cooling profile or a specifically designated reflow 
profile.  For the current work, uniaxial samples with nominal dimensions of 80 (length) 
?  3 (width) ?  0.5 (height) mm were utilized.  Uniaxial tensile and creep tests were then 
carried out by using a micro tension torsion testing system.  Several empirical 
constitutive models were adopted to represent the collected raw data and to extract the 
desired mechanical properties of the solder materials of interest. 
In this work, microstructure analysis was conducted on testing coupons mounted 
upon epoxy stubs by using a Scanning Electron Microscope (SEM), Normaski Optical 
Microscope (OM), and Energy Dispersive X-ray analysis (EDX).  Differential Scanning 
Calorimetry (DSC) was also used to study melting behavior of the solder alloys such as 
pasty range, melting point, phase transition temperature, etc.  Also, 2-dimensional X-ray 
Diffraction (2D-XRD) was utilized to measure internal residual stresses induced by the 
specimen solidification process. 
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3.2 Uniaxial Test Specimen Preparation Procedure 
Solder uniaxial samples have been fabricated by machining of bulk solder 
material [102], or by melting of solder paste in a mold [48, 54, 103, 104].  Use of a bulk 
solder bars is undesirable, because they 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 operations 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 addition, many of the developed specimens have shapes that 
significantly deviate from being long slender rods.  Thus, undesired non-uniaxial stress 
states will be produced during loading. 
Other investigators have attempted to extract constitutive properties of solders by 
direct shear or tensile loading [105-107], or indenting [108], 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 unavoidable non-uniform stress 
and strain states in the joint make the extraction of the correct mechanical properties and 
stress-strain curves from the recorded load-displacement data very challenging.  Also it 
can be difficult to separate the various contributions to the observed 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 was developed.  Compared with other specimen 
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fabrication approaches, this unique technique is able to make micro-scale uniaxial tensile 
specimens with no requirement of further machining/cutting.  The solder specimens in 
this study were formed in high precision rectangular cross-section glass tubes using a 
vacuum suction process.  The tubes were then cooled by water quenching and sent 
through a SMT reflow to re-melt the solder in the tubes and subject them to any desired 
temperature profile (i.e. same as actual solder 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 the glass 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 solder is drawn into the tube.  The specimens are then cooled to 
room temperature using a user-selected cooling profile. 
 
 
Figure 3.1 Specimen Preparation Hardware 
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In order to see the extreme variations possible in the mechanical behavior and 
microstructure, two different cooling profiles were employed 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 versus time plot for 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 1800EXL, see Figure 3.3) to re-
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 the samples are 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 assemblies filled with solder and final extracted specimens are 
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 CTE solder alloy.  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 cross-sectional dimensions of the hole running the 
length of the tube.  In the current work, uniaxial samples were formed 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.  The specimens were stored in the aging oven 
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immediately after the reflow process to eliminate possible room temperature aging 
effects. 
 
 
 
(a) Water Quenching Profile, W.Q. 
 
 
(b) Reflow Profile, R.F. 
 
Figure 3.2 Specimen Cooling/Reflow Profiles 
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Figure 3.3 Heller 1800EXL Reflow Oven 
 
(a) Within Glass Tubes 
 
(b) After Extraction 
 
(c) Cross-Section 
Figure 3.4 Solder Uniaxial Test Specimens 
 
Figure 3.5 X-Ray Inspection of Solder Test Specimens (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 cross-sectioned 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 preparation method has been demonstrated to yield repeatable 
sample microstructures for a given solidification temperature profile.  Samples were 
inspected using a micro-focus x-ray system to detect flaws (e.g. notches and external 
indentations) and/or internal voids (non-visible).  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 thermo-mechanical test system from Wisdom 
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, torsion, bending, 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 6-axis load cell was utilized to 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 range of -
185 to +300 ?C. 
During uniaxial testing, forces and displacements were measured.  The axial 
stress and axial strain were calculated from the applied force and measured cross-head 
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displacement using: 
LLLAF ???????                                                                  (3.1) 
where ? is the uniaxial stress, ? is the uniaxial strain, F is the measured uniaxial force, A 
is the original cross-sectional area, ? is the measured crosshead displacement, and L is the 
specimen gage length (initial length between the grips).  The gage length of the 
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 room temperature (25 ?C).  The strain rates for the stress-
strain testing were ??  = 0.01 and 0.001 sec-1, while the applied stresses for the creep 
testing were ? = 10 and 15 MPa. 
 
 
 
Figure 3.6 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 labeled standard 
material properties is shown in Figure 3.7.  The notation ?E? is taken to be the effective 
modulus, which is the initial slope of the stress-strain curve.  Since solder is viscoplastic, 
this effective modulus will be rate dependent, and will approach the true elastic modulus 
as the testing strain rate approaches infinity.  The yield stress ?Y (YS) is taken to be the  
 
 (a) Typical Solder Stress-Strain Curve (Whole Curve) 
 
(b) Typical Solder Stress-Strain Curve (Enlarged at Small Strain Range) 
Figure 3.7 Typical Solder Stress-Strain Curve and Material Properties 
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standard 0.2% yield stress (upon unloading, the permanent strain is equal to ? = 0.002).  
Finally, the ultimate tensile strength u? (UTS) is taken to be the maximum stress realized 
in the stress-strain data.  As shown in Figure 3.7(a), the solders tested in this work 
illustrated nearly perfect elastic-plastic behavior (with the exception of a small transition 
region connecting the elastic and plastic regions).  As the strain level becomes extremely 
high and failure is imminent, extensive localized necking takes place.  These visible 
reductions in cross-sectional area lead to non-uniform stress-states in the specimen and 
drops in the applied loading near the end of the stress-strain curve. 
Figure 3.8 illustrates a typical solder creep curve (strain vs. time response for a 
constant applied stress).  The load input of a creep test was calculated as: 
)( 10 3 gtwF ???? ?                                                                      (3.2) 
where F is the input holding force in gram, ? is the chosen stress level for the creep test in 
MPa, w is the specimen width in mm, t is the specimen thickness in mm, and g is the 
acceleration of gravity (9.8 N/kg).   
Creep response begins with a quick transition to the initial ?elastic? strain level, 
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 slope.  This slope is referred to as the ?steady state? secondary creep rate, and it 
is often used by practicing engineers as one of the key material parameters for solder in 
finite element simulations used to predict solder joint reliability.  In this work, the 
measured creep rates were taken to be the minimum slope values in the secondary creep 
regions of the observed ??  versus t responses.  The tertiary creep region occurs when 
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rupture is imminent, and typically features an abrupt change to a nearly constant but 
significantly increased creep rate. 
Creep response begins with a quick transition to the initial ?elastic? strain level, 
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 slope.  This slope is referred to as the ?steady state? secondary creep rate, and it 
is often used by practicing engineers as one of the key material parameters for solder in 
finite element simulations used to predict solder joint reliability.  In this work, the 
measured creep rates were taken to be the minimum slope values in the secondary creep 
regions of the observed ??  versus t 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. 
 
Figure 3.8 Typical Solder Creep Curve and Material Properties 
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Testing Data Processing 
For the uniaxial stress-strain tests, a total of 10 specimens have been tested at a 
specific aging/testing condition.  From the recorded stress-strain 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 function of aging time.  In this work, a single 
?average? curve was generated to represent a set of 10 recorded stress-strain curves for a 
certain testing configuration.  Although, several different mathematical models can be 
used to represent the observed data, an empirical four parameter dual hyperbolic tangent 
model has been demonstrated to be the best option for accurately capturing the variations 
in both elastic and visco-plastic regions: 
? ? ? ????? 4321 t a n ht a n h)( CCCC ??                                                             (3.3) 
where C1, C2, C3, C4 are material constants to be determined. 
When consider extreme small strain situation ( 0?? ), the effective  
modulus (E) can be estimated as: 
? ? ? ?? ? ? ?? ?? ?
4321
4243222100 t a n h1t a n h1limlim
CCCC
CCCCCCdd
??
????
??
?????
??
        (3.4) 
When consider extreme large strain situation ( ??? ), the ultimate tensile strength 
(UTS) can be obtained by: 
? ? 31lim CC ???? ???                                                                                 (3.5) 
Figure 3.9 illustrates a typical set of 10 solder stress strain curves measured under 
similar conditions, and the corresponding curve fitting of Eq. 3.3 to the data.  Ten raw 
stress-strain curves are truncated at their UTS and then fitted by the proposed model.  The 
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excellent representation provided by the four parameter empirical model suggests that it 
indeed provides a mathematical description of a suitable ?average? stress-strain curve for 
a set of experimental curves measured under fixed preconditioning/testing conditions.  
From the various stress-strain curves obtained at a given aging temperature, the variations 
in the material properties (effective modulus, yield stress, and ultimate tensile strength) 
were also able to be determined and modeled as a function of aging time. 
In the solder creep experiments, constant stress levels on the order of 25-50% of 
the observed UTS were applied.  In this work, the applied stress as were ?  = 10 and 15 
MPa, which are approximately 50% of the non-aged UTS value for the SAC-X alloy 
tested.  Due to the long testing time involved, only 5 specimens were tested for each alloy 
and set of aging/testing conditions.  The curves in each set were fitted with an empirical 
strain-time model to generate an ?average? representation of the creep response for those 
conditions.  For the range of test conditions considered in this work, the raw strain versus 
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Figure 3.9 Solder Stress-Strain Curves and Empirical Model 
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time data in the primary and secondary creep regions were found to be well fitted by 
creep response of the four parameter Burger?s (spring-dashpot) model (see Figure 3.10): 
? ? ? ?tkektkkt 31210 ?????? ??                                                      (3.6) 
From the recorded strain vs. time curves under constant stress, the ?steady state? creep 
strain rates (k1) have been extracted.  In practice, the measured creep rate for each curve 
was also compared to numerical evaluation of the minimum slope value in the secondary 
creep region for the observed ??  versus t response (see Figure 3.11).  Variations of the 
average creep rates with aging were determined and then modeled as a function of aging 
time. 
 
 
 
Figure 3.10 Solder Creep Curve and Burger?s Model 
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Figure 3.11 Extraction of ?Steady State? Creep Rate 
 
3.5 Microstructure Study and Physical Property Investigation 
After fabrication by the process discussed in Chapter 3.2, solder specimens were 
quickly cut into shorter lengths and attached to a pre-prepared epoxy resin stubs by using 
double-sided carbon tape. This procedure minimized any aging induced microstructure 
evolution at room temperature.  The exposed cross-sectional area of the uniaxial 
specimens were then grinded using silicon carbide (SiC) sand papers with 320, 600, 1200 
in grit size on a metallographic rotating disk.  The subsequent fine polishing process 
included using a 3-?m-particle-size polycrystalline diamond suspension as the abrasive 
on a woven silk cloth, as well as a 0.05-?m-particle-size BUEHLER MasterPrep alumina 
polishing suspension on a porous neoprene cloth.  The polished surface was then rinsed 
by distilled water to remove the residuals introduced during polishing process.  In order 
to create a better metallographic structure, a chemical etchant with a mixture of 5% 
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hydrochloride and 95% methanol was applied for 3-8 seconds, depending on chemical 
composition of solder alloy.  Lastly, the specimen was thoroughly cleaned by ethanol and 
dried by compressed air. 
Microstructure analysis studies of the solder alloys were then conducted on 
mounted testing coupons, by using an OLYMPUS BX60 Optical Microscope (Figure 
3.12) equipped with Normaski prism for grain orientation/structure, and a JEOL JSM-
7000F Field Emission Scanning Electron Microscope (Figure 3.13) for morphology.  In 
addition, EDS/EDX was employed to identify intermetallic compounds (IMCs) and map 
the distribution of chemical elements of interest.  
 
 
Figure 3.12 OLYMPUS BX60 Optical Microscope 
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Figure 3.13 JEOL JSM-7000F Field Emission SEM 
Furthermore, residual stress analysis was performed on solder samples utilizing a 
Bruker Discover D8 General Area Detector Diffraction System (GADDS), as shown in 
Figure 3.14.  The cutting-edge 2-D XRD technique enables precise measurements of the 
internal residual stresses induced by solidification processes. 
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 specimens were trimmed into small pieces (around 10 mg) 
and then a relative heat flow (aluminum served as a reference) vs. temperature curve was 
recorded.  
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Figure 3.14 Bruker Discover D8 GADDS and Goniometer Setup 
 
 
 
Figure 3.15 DSC Device 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 solder specimens were formed in glass tubes 
with rectangular cross-section by using a vacuum suction system.  Two cooling profiles 
were adapted in this study, including water quenching and controlled reflow oven 
cooling.  Typical uniaxial samples with nominal dimensions of 80 ?  3 ?  0.5 mm were 
utilized. 
Uniaxial tensile and creep tests were performed by using a multifunctional 
microtester.  In this study, the experimental data were modeled by empirical constitutive 
laws so that the corresponding mechanical properties of solder materials could be 
extracted. 
Microstructure analysis was conducted on specimens that were taped upon pre-
made epoxy stubs by using SEM and Normaski OM.  DSC analysis was also performed 
to study melting/solidification behavior of solder alloys.  Furthermore, residual stresses in 
the test samples were evaluated by using 2D-XRD 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 Pb-bearing to Pb-free solders, more efforts have been 
put in exploring the microstructure, mechanical properties, and failure behavior of lead 
free solder joints in microelectronic package assemblies.  As reviewed by Ma, et al. [44], 
there exists a large discrepancy in the current solder material database even though 
considerable amount of work has been done on solder material characterization.  It is 
believed that this issue is mainly caused by variations in specimen geometry, fabrication 
procedure, data acquisition accuracy, and 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 joints is constantly 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 reliability [109].   
In this chapter, 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 alloy that has been proposed as a lower cost SAC variation suitable for 
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enhancing drop reliability.  Prior to testing, SACX uniaxial specimens were pre-
conditioned according to a full aging test matrix.  Reductions in stiffness, yield stress, 
and ultimate strength 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 prepared by sample 
preparation procedure described in Chapter 3.  Aging was then performed at five different 
conditions including room temperature (25 oC) and four elevated temperatures (50, 75, 
100 and 125 oC) for various durations up to 12 months before test.  The aging 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 sec-1 at room temperature (T = 25 oC).  Also, a set of ten specimens 
were tested under each aging condition. 
 
 25 
oC 50 oC 75 oC 100 oC 125 oC 
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 
Table 4.1 SACX Aging Test Matrix (Tensile) 
Aging Temp 
Aging Time 
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4.2.1 Aging Effects on Stress-Strain Responses 
Figure 4.1 illustrates plots of the average stress-strain curves for SACX for aging 
at 25, 50, 75, 100, and 125 oC.  In each graph, the average stress-strain curves are shown 
for each aging time (0-360 days).  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 stress-strain curve for the non-aged solder 
(tested immediately after solidification and cool down).  As shown in Figure 4.1, the 
tensile strength as well as the initial slope of stress-strain curves decreases with 
preconditioning duration at all of the aging temperatures. 
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(a) Aging at T = 25 oC 
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(b) Aging at T = 50 oC 
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(c) Aging at T = 75 oC 
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(d) Aging at T = 100 oC 
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(e) Aging at T = 125 oC 
Figure 4.1 Stress-Strain Curves for SACX (R.F., Aged for 0-360 Days) 
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4.2.2 Aging Effects on Tensile Properties 
By following the data processing procedures described in Chapter 3.4, the tensile 
properties of SACX under each aging condition were extracted from every stress-strain 
curve shown in Figure 4.1, and then characterized as a function of aging (see Figure 4.2).  
From the recorded data, it is observed that each tensile property starts with the same 
point, but afterward decreases dramatically within 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 SACX under several representative aging conditions are 
compared in Table 4.2, while the corresponding percentage changes of material 
properties (Aged vs. Non-aged) are summarized in Table 4.3.  For example, the average 
ultimate tensile stress of as-reflowed (non-aged) SACX specimens was measured to be 
29.57 MPa.  However, after 360 days of aging at room temperature (T = 25 oC), the 
material lost nearly 30% of its tensile strength (21.19 MPa), and the degradation was 
even more severe after elevated temperature isothermal exposure (e.g. UTS degraded to 
16.68 MPa at 125 oC aging, which led to a more than 40% loss in strength).   
 No Aging 25 oC 50 oC 75 oC 100 oC 125 oC 
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 
Table 4.2 Comparisons of Tensile Properties of SACX Aged up to 360 Days 
 25 oC 50 oC 75 oC 100 oC 125 oC 
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% 
Table 4.3 Percentage of loss in Tensile Properties of SACX Aged up to 360 Days  
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(b) UTS 
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(c) YS 
Figure 4.2 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 induced degradation of SACX tensile properties were 
modeled by a five-parameter non-linear relationship: 
? ? nRTQ teCCYSU T SEyYSU T SEy 2110 )(,,),,( ??? ???             (4.1) 
where ?y , C0, C1, Q and n are material constants, and R = 8.314 KmolJ?  is the universal 
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 be expressed by Hall-Petch Equation 
[31]: 
  210 ??? kdys ??             (4.2) 
where ?0 is a material constant representing the overall resistance of the lattice to 
dislocation movement; k is a constant measuring the contribution of hardening due to 
grain boundaries; and d 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 Grain Growth 
Equation [31]: 
  Atdd nn ?? 0                                                                                           (4.3) 
where d0 is the initial grain size, d is the grain size after aging, n is the exponent (n = 2 
for most cases), and A is an Arrhenius type temperature dependent constant given by an 
exponential law: 
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RTQeAA ?? 0              (4.4) 
where A0 is a material constant, T is the absolute temperature of aging, and Q is the 
activation energy for boundary mobility.  Note that the activation energy for boundary 
mobility should in theory equal that for self-diffusion, but this is often found not to be the 
case.  By rearranging Eq. 4.3 and replacing d into Eq. 4.2, the yield strength can be 
expressed in terms of the aging time and aging temperatures: 
nRTQnnnys tekAkd 2120200 )( ???? ??? ??            
(4.5) 
For brevity, Eq. 4.5 can be rewritten as: 
nRTQ teCCYSYS 2110 )( ??? ???                         (4.6) 
where nnkdC 200 ?? , nkAC 201 ?? , and 0???YS .  Due to the high correlation between 
effective modulus, yield stress and ultimate tensile stress, it is also reasonable to extend 
the aging-YS relationship in Eq. 4.6 to E and UTS.  Thus, a multivariate non-linear 
model describing aging effects on the tensile properties of SACX solder has been 
developed and expressed in the 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 alternatively validated from a statistical 
point of view by using the Adaptive Neyman Test (A-N test) on SACN05 (where N = 1, 
2, 3, 4) series data measured by Zhang [50].  Detailed Goodness-of-Fit test procedure and 
model validation are discussed in detail in Appendix A.   
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 different aging 
temperatures.  As mentioned earlier, all curves have the same starting point but continue 
to degrade at different rates according to the storage (aging) temperature prior to testing.  
The common starting point, literally the yield stress of a non-aged SACX specimen, can 
be estimated by simply taking t = 0 in Eq. 4.1: 
nnt CYSCYSYS 2102100 )0( ????? ?????            (4.7) 
In addition, if an infinite aging time is considered ( ??t ), the yield stress of SACX 
converges to a single constant value independent of the aging temperature: 
   ????? ????? YSCYSYS nt 210 )(          (4.8) 
Furthermore, the transition region (aging time less than 20 days) is mostly dominated by 
C0, C1 and n; while the spacing and degradation rate of long-term aging are determined 
by the activation energy Q.  Finally, since the model is based on an Arrhenius 
relationship, the teRTQ?  term can thus be regarded as an indicator to the state of aging, and 
the application of Arrhenius acceleration factor holds as well: 
???????? ??? 21 11
2
1 TTR
Qe
ttAF
             (4.9) 
Similarly, the effective modulus and tensile strength data were also modeled by 
Eq. 4.1 and the results are shown in Figure 4.4.  The calculated model constants are 
tabulated in Table 4.4.  The average effective activation energy Q and exponent factor n 
for SACX are approximately 70 kJ and 2.33, respectively.  The performance of the 
proposed model in predicting the experimentally measured data is also examined in 3-D 
plots, as shown in Figure 4.5.        
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(a) Experimental Data vs. Model 
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(b) Residual Plot (Absolute Residuals) 
Figure 4.3 Variations in YS with Aging Time for SACX (Data + Model) 
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(a) E vs. Aging Time 
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(b) UTS vs. Aging Time 
Figure 4.4 Variations in E and UTS with Aging Time for SACX (Data + Model) 
 ?y  C0 C1 Q (kJ) n 
E  19.63 4.76? 10-5 9.74? 107 75.28 1.99 
UTS 15.92 2.40? 10-6 3.87? 106 71.44 2.48 
YS 11.77 5.26? 10-6 1.49? 106 66.87 2.62 
Table 4.4 Constants in Model for Tensile Properties vs. Aging for Reflowed SACX 
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Figure 4.5 Variations in Tensile Properties with Aging for SACX (3D Plots) 
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4.3 Effect of Aging on Creep Behavior 
Uniaxial specimens were fabricated for creep testing by using the casting method 
described in Chapter 3.  After reflow, the creep test specimens were prepared in sets of 
five, which were then subjected to a specific set of aging conditions as tabulated in Table 
4.5.  Testing specimens were exposed to five different aging temperatures (T = 25, 50, 
75, 100 and 125 oC) for up to 12 months.  All creep tests in this parametric study were 
conducted at room temperature (T = 25 oC) with a constant applied stress level ? = 15 
MPa. 
 
 25 
oC 50 oC 75 oC 100 oC 125 oC 
As Reflowed X X X X X 
0.5 Months X X X X X 
1 Month X X X X X 
2 Months X X X X X 
3 Months X X X X X 
4 Months X X X X X 
5 Months X X X X X 
6 Months X X X X X 
9 Months X X X X X 
12 Months X X X X X 
Table 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 125 oC).  Each graph is for a given 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) 
Aging Temp 
Aging Time 
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curve in each plot represents the creep response for the non-aged 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 Figure 4.6 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. 
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(a) Aging at T = 25 oC 
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(b) Aging at T = 50 oC 
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(c) Aging at T = 75 oC 
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(d) Aging at T = 100 oC 
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(e) Aging at T = 125 oC 
Figure 4.6 Creep Curves for SACX (R.F., Aged for 0-12 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 versus the aging time.  The creep rates for SACX under 
various aging conditions were obtained from each creep curve in Figure 4.6 and then 
plotted in Figure 4.7.  In this plot, the creep rate evolution is indicated for each of the five 
aging temperatures.  Each data point represents the average creep rate measured for the 
five samples tested at a given set of aging conditions.  According to Figure 4.7, it is 
apparent that SACX experiences dramatic changes in creep rate for elevated temperature 
aging.  It is also observed that the functional variations with aging at 50, 75, 100, and 125 
oC become approximately ?in parallel? with long term aging and are closely spaced.  
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 variations 
of the creep rate (log scale) for all aging temperatures become nearly linear with longer 
aging times (1-6 months approximately).  However, it can be seen that some stabilization 
of evolution of the creep rate has occurred after 6 months of aging, and that the rapid 
degradation has stopped.   
Table 4.6-4.7 lists the secondary creep rates of SACX under several 
representative aging conditions and the corresponding increases in steady state strain rate 
when compared to the non-aged samples.  For example, the creep rate of SACX increases 
by a factor of 56X after 12 months room temperature aging (T = 25 oC), while 
experiences nearly 1000X increase after same duration of isothermal exposure at elevated 
temperature (T = 125 oC). 
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 25 oC 75 oC 125 oC 
No Aging 3.27?10-7 
1 Month 2.77?10-6 2.99?10-5 4.60?10-5 
3 Months 7.44?10-6 8.05?10-5 1.47?10-4 
6 Months 1.60?10-5 1.69?10-4 3.12?10-4 
12 Months 1.82?10-5 2.60?10-4 3.16?10-4 
Table 4.6 Comparisons of Creep Rate (sec-1) for SACX Aged up to 12 Months  
 
 25 oC 75 oC 125 oC 
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 
Table 4.7 Increases in Creep Rates for SACX Aged up to 12 Months  
(Aged vs. Non-aged, Non-aged as Baseline) 
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Figure 4.7 Evolution of Creep Strain Rate with Aging for SACX (Data) 
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4.3.3 Modeling of Aging on Creep Properties 
For each aging temperature, the evolution of the creep rate was fit with a non-
linear relationship for the data up to 6 months of aging: 
? ?tCeCtCCe 3210 1 ???????           (4.10) 
 ? ?tCeCtCC 31lo g 210 ???????         (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), constant C0 is the intercept and constant C1 is the slope of the linear part 
of the curve for large aging times.  Constants C2 and C3 are associated with the nonlinear 
transition region in the first 20-30 days of aging.   
The model has been demonstrated to work well for up to 6 months of aging at all 
temperatures for SACX (Figure 4.9) as well as other SAC alloys including SAC105, 
SAC205, SAC305 and SAC405 [110].  However, the model does break down for SACX 
if 9 and 12 month aging data are also included.  As shown in Figure 4.10, model 
predictions clearly deviated from the actual measurements for all aging temperatures after 
long-term aging. 
Due to the breakdown of the proposed model (Eq. 4.10) in predicting long-term 
creep-aging behavior of SACX, another model of aging on creep rate of solder materials 
has been developed.  It is based on the empirical model of aging on effective modulus 
(Eq. 4.1) as well as a creep model proposed by Darveaux and Banerji [111]: 
RTQ
m e
GTGA ??????? ????????????? ??? s in h?
        (4.12) 
In this model, shear strain rate ??  is determined as a function of testing temperature T, 
applied shear stress ?, activation energy Q, and shear modulus G.  In addition, by using  
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Figure 4.8 Example of Curve Fitting with the Proposed Aging Model  
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Figure 4.9 Variations in Creep Rate with Aging Time for SACX (Data + Model) 
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(a) Aging at T = 25 oC 
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(b) Aging at T = 50 oC 
S A CX , R .F.
?? =  15 MP a
Ag in g  Time  (mo n ths )
0 1 2 3 4 5 6 7 8 9 10 11 12
Ste
a
d
y Sta
te Stra
in
 Ra
te (1
/se
c)
10 -10
10 -9
10 -8
10 -7
10 -6
10 -5
10 -4
10 -3
10 -2
10 -1
10 0
A gi ng  at  75  
o
C
E x ten sio n o f 
prop os ed  mod el
A ctu al da ta
 
(c) Aging at T = 75 oC 
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(d) Aging at T = 100 oC 
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(e) Aging at T = 125 oC 
Figure 4.10 Breakdown of the Aging Model for the Creep Rate of SACX  
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Eq. 1.9-1.11, Darveaux?s Model can be rewritten as: 
 ? ? ? ? RTQm e
EvvETA ??????? ???????? ??? ??? 312s i n h1231?
      
(4.13) 
where ??  is the tensile creep strain rate, E is the effective modulus, ? is the applied stress 
level, v is the Poisson?s ratio, T is testing temperature, and A, ? are material constants.  
Since all creep tests were performed under the same testing condition (T = 25 oC and ? = 
15 MPa), Eq. 4.13 can thus be further simplified to: 
   ? ? ? ? m
tTE DtTED ?????? ????????? ,s in h, 21??
       (4.14) 
by letting ? ? RTQe
TAvD ??? 132 11
 and ? ??
3122 vD ??
.  Note that the effective modulus 
E(T,t) in Eq. 4.14 is aging-dependent and can be associated with aging temperature and 
aging time by using ? ? nRTQ teCCEtTE 2110 )(, ??? ???  (Eq. 4.1), where T and t are for 
aging temperature and aging time, respectively. 
 Model predictions and the experimental measurements are compared and plotted 
in Figure 4.11-4.12.  The estimated constants (tabulated in Table 4.8) are chosen to be 
consistent with the results obtained from the tensile data.  Overall, the new aging-creep 
model can accurately represent most of the experimentally measured data points except 
for the transition regions with elevated temperature aging.  This issue might be fixed by 
adding another term d-p in Eq. 4.14 to include grain size effects: 
? ? ? ?? ? ? ? mp tTE DtTdtTED ?????? ????????? ? ,s i n h,, 21??       (4.15) 
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Figure 4.11 Variations in Strain Rate with Aging for SACX (New Model) 
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Figure 4.12 Variations in Strain Rate with Aging for SACX (3D Plot) 
 ?E  C0 C1 Q (kJ) n D1 D2 m 
This model 19.46 4.19? 10-5 9.66? 105 71.03 2.00 0.93 9.93 16.4 
Tensile model 19.63 4.76? 10-5 9.74? 107 75.28 1.99 / / / 
Table 4.8 Constants in Model for Strain Rate vs. Aging 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 stress-strain and creep tests on SACX solder samples that were aged for 
various durations (0-12 months) at room temperature (25 oC), and several elevated 
temperatures (50, 75, 100, and 125 oC).  Under each aging condition, a set of 10 tests 
were conducted for stress-strain testing while 5 tests were performed for creep testing.  
All tests were carried out by a micro-tester at room temperature (T = 25 oC).  The 
experimentally measured stress-strain curves and creep curves were then fitted by using 
constitutive models discussed in Chapter 3.  The material properties (such as effective 
modulus, yield stress, ultimate strength, steady state creep rate, etc) under each aging 
condition were determined from the model fitting curves. 
The variations of tensile and creep properties were observed as a function of 
aging (aging time and aging temperature).  As expected, the mechanical properties 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 properties continue to decrease by a 
linear manner with aging time. 
A four parameter non-linear aging model 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 12 months of aging.  The creep rate was found to be 
nearly constant after 6 months of isothermal exposure, and thus a saturation point for the 
degradation of the creep rate was reached. 
Two models of aging for solder materials have been established.  It has been  
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shown that both models can interpret data well and estimate the material properties for a 
given aging temperature T and aging time t.  Moreover, an aging indicator was proposed 
to quantitatively estimate the state of aging.  This concept might be useful 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 materials 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.  It is 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 it is clear 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 temperature.  Aging induced evolution of the solder material 
properties also greatly complicates the use of finite element analysis to make accurate 
reliability predictions.  For all of these reasons, there is much interest in the industry in 
establishing optimal lead free solder alloys that minimize aging effects and thus enhance 
thermal cycling and elevated temperature reliability.  
In this study, aging was performed on four sets of lead free solders.  Doped solder 
materials under consideration include SACX, SN100C, SAC-Zn and SN96CI.  Variations 
in material properties were observed and modeled as a function of aging.  Analogous 
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tests were performed on ?standard? (non-doped) lead free solder alloys for comparison 
purposes.  Table 5.1 summarizes the designed (ideal) chemical compositions of 
doped/non-doped solder alloys.  As is indicated, most dopants are added into the alloy as 
?replacements? for copper, but the amount of silver remains unchanged. 
All solder specimens were prepared by using the same casting process and reflow 
profile (controlled solidification) as mentioned in the previous chapters.  For Set 1, 
design of experiments and partial test results of SACX have already been presented in 
Chapter 4, while analogous data for SAC105 and SAC205 are available in Zhang?s 
Dissertation [112].  Initial studies of aging effects on lead free solders from sets 2-4 were 
also conducted by performing both uniaxial tensile and creep tests on samples with 
various aging conditions.  For simplicity, the specimens from sets 2-4 were pre-
conditioned for up to 180 days but only one aging temperature (T = 100 oC) was utilized.  
The detailed design of experiments is summarized in Table 5.2.  
 
 Ag Cu Bi Ni Zn Co Sn 
Set 1 
SACX 0.30 0.70 0.10 / / / 
Balanced 
SAC105* 1.00 0.50 / / / / 
SAC205* 2.00 0.50 / / / / 
Set 2 
SN100C / 0.65 / 0.05 / / 
Sn-0.7Cu / 0.70 / / / / 
Set 3 
SAC-Zn 3.50 0.74 / / 0.21 / 
SAC3595 3.50 0.95 / / / / 
Set 4 
SN96CI 3.80 0.97 / / / 0.03 
SAC3810 3.80 1.00 / / / / 
*: Test Results of SAC105 and SAC205 are available in Zhang?s Dissertation [112] 
Table 5.1 Chemical Compositions of Doped/Non-Doped Solder Materials (in wt.%) 
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Solder Materials 
SN100C and Sn-0.7Cu 
SAC-Zn and SAC3595 
SN96CI and SAC3810 
Casting Condition R.F. 
Testing Conditions 
Ttesting = 25 oC (RT) for all tests 
??  = 0.001 sec-1 for tensile tests 
? = 15 MPa for creep tests 
Aging Temperature 100 oC 
Aging Times 0, 5, 10, 20, 30, 60, 120, 180 days for tensile  0, 0.5, 1, 2, 3, 4, 5, 6 months for creep 
Table 5.2 Design of Experiment for Doped/Non-Doped Solders 
5.2 Effect of Dopants on Aging Resistance in Stress-Strain Behavior 
By using the data processing procedures from Chapter 3, average stress-strain 
curves for solders of interest were generated under the chosen set of aging conditions.  
Then, the tensile properties were extracted from each stress-strain curve and plotted and 
modeled against aging.  Thus, the aging induced degradations of the tensile stress-strain 
properties of doped solders could be compared to those without dopants by evaluating the 
variations in effective modulus, yield stress, and ultimate tensile stress of the solders. 
5.2.1 SACX, SAC105, and SAC205  
The tensile behavior of SACX has been presented in Chapter 4 (Figure 4.1 for 
stress-strain responses and Figure 4.2 for variations in tensile properties), while plots for 
SAC105 and SAC205 can be found in Ref [112].  Figure 5.1 contains an example set of 
graphs that illustrates the evolution of the effective effective modulus (E), ultimate tensile 
strength (UTS), and yield stress (YS) of the three alloys for aging at 100 oC.  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 surprising given the low 
silver content of the SACX alloy since it has been documented that the strength of SAC 
alloy highly depends on the amount and size of fine Ag3Sn particles [113].  High silver 
content SAC alloys are supposed to contain more Ag3Sn intermetallic compounds and 
thus be much stiffer as well as stronger than low silver content SAC alloys.  However, 
due to the existence of 0.1% Bi, the strength properties of SACX (with only 0.3% Ag) 
exceed those of SAC105 (with 1% Ag) for all aging times, while a cross-over occurs for 
the effective modulus variation near the 20 day point for elevated temperature aging.  As 
demonstrated in Figures 5.2-5.5, similar trends were observed for the other four aging 
temperatures (T = 25, 50, 75, and 125 oC).  Thus, it is valid to conclude that for long term 
aging at any temperature: 
205105 S A CS A C XS A C EEE ??           (5.1) 
205105 S A CS A C XS A C YSYSYS ??            (5.2) 
205105 S A CS A C XS A C U TSU TSU TS ??           (5.3) 
It can also be seen that the strength and stiffness properties of the SACX alloy 
stabilize much more quickly with aging.  After 10-20 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 quenched samples for SACX and 
SAC105 (see Figures 5.6-5.8).  Further discussion of water quenched results will appear 
in Chapter 6. 
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Figure 5.1 Effect of Dopants on the Evolution of Tensile Properties with Aging 
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Figure 5.2 Effect of Dopants on the Evolution of Tensile Properties with Aging 
 (SACX, SAC105, SAC205, R.F., Aging at 25 oC for up to 60 Days) 
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Figure 5.3 Effect of Dopants on the Evolution of Tensile Properties with Aging 
 (SACX, SAC105, SAC205, R.F., Aging at 50 oC for up to 60 Days) 
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Figure 5.4 Effect of Dopants on the Evolution of Tensile Properties with Aging 
 (SACX, SAC105, SAC205, R.F., Aging at 75 oC for up to 60 Days) 
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Figure 5.5 Effect of Dopants on the Evolution of Tensile Properties with Aging  
(SACX, SAC105, SAC205, R.F., Aging at 125 oC for up to 60 Days) 
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Figure 5.6 Effect of Dopants on the Evolution of Tensile Properties with Aging  
(SACX, SAC105, SAC205, W.Q., Aging at 25 oC for up to 60 Days) 
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Figure 5.7 Effect of Dopants on the Evolution of Tensile Properties with Aging 
 (SACX, SAC105, SAC205, W.Q., Aging at 100 oC for up to 60 Days) 
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Figure 5.8 Effect of Dopants on the Evolution of Tensile Properties with Aging 
 (SACX, SAC105, SAC205, W.Q., Aging at 125 oC for up to 60 Days) 
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5.2.2 SN100C and Sn-0.7Cu 
Average stress-strain curves for SN100C/Sn-0.7Cu solders aged at 100 oC for 
various durations are illustrated in Figure 5.9.  The corresponding tensile properties were 
extracted from each stress-strain response, and then plotted with aging time on one graph 
for comparison purposes (Figure 5.10).  It was found that the Ni-doped SN100C solder 
has higher stiffness but worse strength than eutectic Sn-Cu.  In addition, an apparent 
reduction in aging effects was observed for the SN100C solder.  
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Figure 5.9 Stress-Strain Curves for SN100C/Sn-0.7Cu 
 (R.F., Aging at 100 oC for 0-180 Days) 
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Figure 5.10 Effect of Dopants on the Evolution of Tensile Properties with Aging 
 (SN100C and Sn-0.7Cu, R.F., Aging at 100 oC for up to 180 Days) 
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5.2.3 SAC-Zn and SAC3595 
Figure 5.11 illustrates the evolution of the average stress-strain response for SAC-
Zn/SAC3595 for 100 oC aging.  The tensile properties were extracted from these results 
and are plotted in Figure 5.12.  It can be seen that the inclusion of the Zn dopant not only 
improves the material properties of the solder, but increases the aging resistance as well. 
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(b) SAC3595 
Figure 5.11 Stress-Strain Curves for SAC-Zn/SAC3595 
 (R.F., Aging at 100 oC for 0-180 Days) 
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Figure 5.12 Effect of Dopants on the Evolution of Tensile Properties with Aging 
 (SAC-Zn and SAC3595, R.F., Aging at 100 oC for up to 180 Days) 
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5.2.4 SN96CI and SAC3810  
Figures 5.13-5.14 present the stress-strain behaviors and variations of the tensile 
properties of SN96CI/SAC3810 solders under different aging conditions.  Although 
addition of 0.05 wt.% Cobalt does not help to improve the tensile behavior of SN96CI 
solder, the aging resistance was enhanced as with the other doped solders.  For long term 
aging, the material properties of SN96CI were observed to degrade at a slower rate than 
those for SAC3810, although stabilization did not occur for either solder. 
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(b) SAC3810 
Figure 5.13 Stress-Strain Curves for SN96CI/SAC3810 
 (R.F., Aging at 100 oC for 0-180 Days) 
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Figure 5.14 Effect of Dopants on the Evolution of Tensile Properties with Aging 
 (SN96CI and SAC3810, R.F., Aging at 100 oC for up to 180 Days) 
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5.3 Effect of Dopants on Aging Resistance in Creep Behavior 
The recorded strain-time responses for solders of interest subjected to creep 
loading were first fitted by Burger?s Model, and then the steady state strain rates were 
obtained from the calculated k1 values in Eq. 3.6.  The evolution of the secondary creep 
rates of solders were then compared by plotting ??  vs. aging on one graph.  In this 
section, the effect of dopants on the aging resistance in creep behavior of solders was 
evaluated. 
5.3.1 SACX, SAC105, and SAC205  
Creep behaviors of SACX subject to various aging conditions have already been 
shown in Chapter 4 (Figure 4.6 for creep curves and Figure 4.7 for evolution of 
secondary creep rate), while data for SAC105 and SAC205 are available in Zhang?s 
dissertation [112].  To compare the aging induced degradation of the creep properties of 
SACX to those for SAC105 and SAC205, the ?? -aging diagrams have been re-plotted so 
that all three alloys are included on each graph.  Figure 5.15 contain plots of the 
secondary creep rates versus aging time for the 3 solders at each of the five aging 
temperatures.  The non-linear model in Eq. 4.10 was again used to fit the experimental 
data.  At zero aging time (non-aged sample), the SACX alloy has the highest creep rate: 
205105 S A CS A CS A C X ??? ??? ??  (no aging)        (5.4) 
This is expected due to its low silver content (0.3%) relative to SAC105 (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 
cross-over takes place where SAC105 begins to creep faster than SACX: 
205105 S A CS A C XS A C ??? ??? ??  (with aging)        (5.5) 
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For elevated temperature aging (50, 75, 100, 125 oC), these cross-over points occurred 
within the first few days of aging.  For room temperature aging, the cross-over took place 
after approximately 4 months of aging. 
Quantitatively, the reduction of the creep rate degradation during aging is quite 
dramatic for the doped SAC alloy.  The changes of the creep rates of SACX are 
approximately 10X less than those of SAC105 at all five of the aging temperatures (see 
tabulated values in Table 5.3).  For example, the creep rate of SAC105 increases by a 
factor of 9700X after 6 months aging at 125 oC, while the creep rate of SACX increases 
by 954X over the same exposure. 
For water quenched samples, the evolutions of the secondary creep rates of SACX 
and SAC105 solders converge for room temperature aging; while cross-over points can 
be observed in the data for elevated temperature aging (Figure 5.16).  In general, the 
relationship in Eq. 5.4-5.5 still holds for water quenched specimens:  
105SACSACX ?? ?? ?  (no aging)             (5.6) 
SACXSAC ?? ?? ?105  (with aging)             (5.7) 
In general, it has been demonstrated that addition of 0.1 wt.% Bi can stabilize the 
degradation of the creep rate for SACX.  Due to the lower silver content, SACX creeps at 
a faster rate than SAC105 before aging occurs.  However, the reverse trend is observed 
for aged solder samples despite the testing and solidification conditions. 
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 25 oC 50 oC 75 oC 100 oC 125 oC 
SAC105 420X 5700X 7100X 9200X 9700X 
SAC205 9X 473X 1342X 1684X 2895X 
SACX 49X 261X 516X 783X 954X 
Table 5.3 Increases in Creep Rates for SACX, SAC105, and SAC205                          
after 6 Months of Aging (Aged vs. Non-aged, Non-aged as Baseline) 
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(c) Aging at T = 75 oC 
 
(d) Aging at T = 100 oC 
 
(e) Aging at T = 125 oC 
Figure 5.15 Effect of Dopants on the Evolution of Creep Rate with Aging 
 (SACX, SAC105, SAC205, R.F., Aging up to 6 Months) 
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(a) Aging at T = 25 oC 
 
(b) Aging at T = 100 oC 
0 
(c) Aging at T = 125 oC 
Figure 5.16 Effect of Dopants on the Evolution of Creep Rate with Aging  
(SACX, SAC105, SAC205, W.Q., Aging up to 2 Months) 
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5.3.2 SN100C and Sn-0.7Cu 
The representative creep curves for SN100C/Sn-0.7Cu solders under 100 oC of 
aging for various durations are illustrated in Figure 5.17.  It can be seen that the 
evolutions in slope of the secondary creep region with aging are significantly different for 
the two solders.  This has been demonstrated quantitatively by plotting ??  vs. t diagrams 
for both solders in one graph (Figure 5.18).  Another observation is that SN100C has a 
better aging resistance than Sn-0.7Cu even though it always creeps at a faster rate for up 
to 6 months of aging. 
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Figure 5.17 Creep Curves for SN100C/Sn-0.7Cu 
 (R.F., Aging at 100 oC for 0-6 Months) 
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Figure 5.18 Effect of Dopants on the Evolution of Creep Rate with Aging 
 (SN100C and Sn-0.7Cu, R.F., Aging at 100 oC for up to 6 Months) 
 
5.3.3 SAC-Zn and SAC3595 
Figure 5.19 illustrates the evolutions of the creep responses of SAC-Zn/SAC3595 
solders for aging at 100 oC.  Most of the creep curves are closely spaced in the two 
graphs.  This is due to the chosen scale on the strain axis (a maximum strain of 0.16 was 
chosen for all 4 sets of solder materials for comparison purpose).  The aging resistances 
and the degradations of the creep rate can be evaluated from Figure 5.20.  Similar to the 
observations for stress-strain testing, the creep resistance and aging resistance of SAC-Zn 
are both better than those of SAC3595 for up to 6 months of aging. 
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(b) SAC3595 
Figure 5.19 Creep Curves for SAC-Zn and SAC3595 
 (R.F., Aging at 100 oC for 0-6 Months) 
 
 
Figure 5.20 Effect of Dopants on the Evolution of Creep Rate with Aging 
 (SAC-Zn and SAC3595, R.F., Aging at 100 oC for up to 6 Months) 
5.3.4 SN96CI and SAC3810  
The creep responses under different aging conditions and the corresponding 
evolutions of the steady state strain rate of SN96CI/SAC3810 are plotted in Figures 5.21-
5.22.  It can be seen that even though SN96CI creeps faster than SAC3810 for up to 6 
months of aging at 100 oC, it is more resistant to aging.  In other words, the degradation 
of creep rate for SN96CI is slower than for the non-doped SAC3810 solder, and 
eventually a cross-over point is expected. 
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(a) SN96CI 
 
(b) SAC3810 
Figure 5.21 Creep Curves for SN96CI/SAC3810 
 (R.F., Aging at 100 oC for 0-6 Months) 
 
Figure 5.22 Effect of Dopants on the Evolution of Creep Rate with Aging 
 (SN96CI and SAC3810, R.F., Aging at 100 oC for up to 6 Months) 
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5.4 Summary and Discussion 
In the previous chapter, the effect of aging on material behavior of lead free 
solders has been investigated by performing both tensile and creep test with a full matrix 
of aging time and aging temperature.  Also, it was observed that the material properties of 
doped SACX solder stabilize quickly with aging.  In this chapter, a wide selection of 
doped lead free solders was examined, and analogous tests were performed on the 
corresponding ?standard? solders (without dopants) so that the effects of dopants on 
aging resistance of lead free solder materials could be studied.   
In this study, a total of 9 different lead free solders were separated into 4 sets:   
Set 1: SACX, SAC105 and SAC205 
Set 2: SN100C, Sn-0.7Cu 
Set 3: SAC-Zn, SAC3595 
Set 4: SN96CI, SAC3810  
The chemical compositions of solders are tabulated in Table 5.1.  The design of 
experiment is summarized in Table 4.1 (for Set 1) and Table 5.2 (for Sets 2-4).  All tests 
were performed at room temperature (T = 25 oC). 
 Table 5.4 summarizes the material properties with/without aging and the 
corresponding aging induced degradation for all the solders in this study.  The ?As R.F.? 
data were obtained from the tests that were conducted immediately after the samples 
solidified.  The ?aged? data were extracted from the test results of the samples aged at 
100 oC for 60 days.  The effects of dopants on enhancing the aging resistance of lead free 
solders were then studied by comparing the percentage change (ratio) in material 
properties between the aged and non-aged samples. 
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 In general, it is observed from Table 5.4 that dopants are able to improve aging 
resistance for lead free solders.  Contrary to non-doped solders, the material properties of 
doped solders, including effective modulus (E), ultimate tensile strength (UTS), yield 
strength (YS) and steady state strain rate (?? ), stabilize quickly with aging.  This result is 
more obvious for the tensile properties of the doped solders, which becomes nearly 
constant after 10-20 days of aging.  In contrast, the tensile properties of the ?standard? 
solders without dopants continue to degrade in a linear manner with time. 
Additionally, some X-additives were discovered to improve the material 
properties of the solders.  For example, due to the existence of 0.21 wt.% Zn, SAC-Zn 
solder has better stiffness and strength than ?standard? SAC3595, as well as a more 
favorable creep resistance.  Another example is that SACX (0.3% Ag) shows superior 
strength properties to SAC105 (1% Ag) after long-term aging at all aging temperatures 
regardless of its lower silver content.   
In summary, aging effects have been reported to be universally detrimental to the 
material properties of lead free solders [45, 46, 48, 54, 103, 105, 106, 114-121].  Based 
on the test results reported in this chapter, it has been demonstrated that metallurgical 
approaches (e.g. doping) can reduce the effects of aging on the degradation of material 
properties.  These observations can be explained by using material science theories for 
mechanisms of dislocation movement, solid solution strengthening, etc.  Further 
discussions are given in Chapter 7. 
 
   
 E (GPa) UTS (MPa) YS (MPa) ??  (1?10-6 sec-1) 
As 
R.F. Aged Decrease 
As 
R.F. Aged Decrease 
As 
R.F. Aged Decrease 
As 
R.F. Aged Increase 
             
SACX 31.87 21.07 33.89% 29.57 17.13 42.07% 21.87 13.23 39.51% 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 24.92 5.93% 21.49 16.89 21.41% 17.25 13.59 21.21% 54.7 110.3 2X 
Sn-0.7Cu 24.95 23.53 5.69% 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 34.94 28.79 17.60% 42.95 29.82 30.57% 32.21 22.73 29.43% 0.03 0.76 25X 
             
             
SN96CI 35.42 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 31.56 34.00% 35.11 23.87 32.01% 0.02 0.56 28X 
             
 
Table 5.4 Changes of Material Properties with Aging for Lead Free Solders  
(Doped and Non-doped, R.F., Aging at 100 oC for 60 Days) 
Solder 
Property 
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CHAPTER 6  
EFFECT OF COOLING PROFILE AND TESTING CONDITIONS ON 
MECHANICAL 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 change significantly when different reflow/cooling 
profiles are adopted.  These differences will affect the reliability of the assemblies for 
various working conditions. 
In this chapter, the effects of solidification cooling profile and testing conditions 
on mechanical properties of lead free solder alloys, such as SACX (or SACX0307, Sn-
0.3Ag-0.7Cu-0.1Bi) and SAC105, were characterized.  Two different types of cooling 
profiles, Water Quenching Profile and Reflow Profile, were utilized in the current study.  
The reflow profile was chosen to match a typical profile used for PBGA assembly to 
PCBs.  Although in actual practice, solder joints are never water quenched after melting, 
this extremely fast cooling profile is still valuable because it yields a near optimal initial 
microstructure for solder materials.  The test specimens were fabricated with the casting 
procedure described in Chapter 3, and the design of experiments is summarized in Table 
6.1. 
Uniaxial stress-strain tests and creep tests for SACX and SAC105 were performed 
at Room Temperature (RT = 25 oC) on both Water Quenched (W.Q.) and Reflowed 
(R.F.) samples.  Prior to testing, specimens were pre-conditioned at three different aging 
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temperatures including RT and two Elevated Temperatures (HT = 100, 125 oC) for 
various durations up to two months.  Two strain rates, ??  = 0.01 and 0.001 sec-1, were 
used for the tensile stress-strain tests, while two stress levels, ? = 10 and 15 MPa, were 
applied for the creep tests.  For each aging/testing condition, 10 tensile tests and 5 creep 
tests were performed, and the results were averaged as discussed in Chapter 3.    
 
Solder Materials SACX and SAC105 
Casting Conditions W.Q. and R.F. 
Testing Conditions 
Ttesting = 25 oC (RT) for all tests 
?? =0.001, 0.01 sec-1 for tensile tests 
? =10, 15 MPa for creep tests 
Aging Temperatures 25 oC (RT), 100 oC, 125 oC 
Aging Times  
Tensile 0, 25, 75, 150, 225, 500, 1000, 1500 hours for W.Q. 0, 5, 10, 20, 30, 60 days for R.F. 
Creep 0, 25, 75, 150, 225, 500, 1000, 1500 hours for W.Q. 0, 15, 30, 60 days for R.F. 
Table 6.1 Design of Experiments for SACX and SAC105 
 (Effect of Cooling Profile and Testing Conditions) 
6.2 Effect of Cooling Profile on Tensile Behavior 
In this section, the effects of solidification cooling profile on the tensile behavior 
of lead free solder alloys are reported.  All of the tensile tests were conducted at a 
constant strain rate of 0.001 sec-1. The tensile properties were extracted and modeled as a 
function of aging time, and the results for reflowed samples were then compared to the 
water quenched samples. 
Figures 6.1-6.4 illustrate the experimentally measured averaged stress-strain 
curves for W.Q./R.F. SACX and SAC105.  Each figure contains three plots for the three 
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different aging temperatures (T = 25, 100 and 125 oC).  In each plot, each individual 
stress-strain curve represents an average of 10 recorded stress-strain responses under the 
same aging/testing condition.  When compared, it is obvious that water quenched results 
in Figures 6.1 and 6.3 illustrate much higher strengths and stiffnesses than the analogous 
results for the reflowed samples in Figures 6.2 and 6.4. 
The tensile properties of SACX and SAC105 under different aging and casting 
conditions were extracted from the stress-strain curves in Figure 6.1-6.4.  Similar to 
previous discussion, the effective modulus and tensile strength of solder materials were 
estimated using Eq. 3.4 and Eq. 3.5 respectively, while the standard 0.2% offset yield 
strength was also used.  The tensile properties of the solder materials were then plotted 
against aging time and modeled by using Eq. 4.1, as shown in Figures 6.5-6.6.  The 
curves in red are curve fits for the water quenched data; and the curves in blue are for the 
reflowed data.  According to data listed in Tables 6.2 and 6.3, the water quenched 
specimens of both SAC solder materials showed an increase in tensile properties from 
19-80% relative to the reflowed samples, if compared with the same aging conditions.  
Another interesting finding is that the aging resistance of the two SAC solders seemed to 
be independent of the casting condition, with the tensile properties for both materials 
degrading approximately 35% after isothermal aging regardless of cooling profile. 
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(c) Aging at T = 125 oC 
Figure 6.1 Stress-Strain Curves for SACX 
 (W.Q., ??  = 0.001 sec-1, Aging for 0-60 Days)  
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(b) Aging at T = 100 oC 
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(c) Aging at T = 125 oC 
Figure 6.2 Stress-Strain Curves for SACX  
(R.F., ??  = 0.001 sec-1, Aging for 0-60 Days) 
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(c) Aging at T = 125 oC 
Figure 6.3 Stress-Strain Curves for SAC105 
 (W.Q., ??  = 0.001 sec-1, Aging for 0-60 Days) 
 124 
SAC 1 0 5 , Agi n g  at 2 5  
o
C
Stra in ,??
0.000 .005 .010 .015 .020
Stre
ss, 
??
(MPa
)
0
10
20
30
40
50
As  R eflow ed
5 da y s
10  da y s
20  da y s
30  da y s
45 da y s
60  da y s
0 0 1.0???
 
(a) Aging at T = 25 oC 
SAC 1 0 5 , Agi n g  at 1 0 0  
o
C
Stra in ,??
0.000 .005 .010 .015 .020
Stre
ss, 
??
(MPa
)
0
10
20
30
40
50
As  R eflow ed
5 da y s
10  da y s
20  da y s
30  da y s
45  da y s
60  da y s
0 0 1.0???
 
(b) Aging at T = 100 oC 
SAC 1 0 5 , Agi n g  at 1 2 5  
o
C
Stra in ,??
0.000 .005 .010 .015 .020
Stre
ss, 
??
(MPa
)
0
10
20
30
40
50
As  R eflow ed
5 da y s
10  da y s
20  da y s
30  da y s
45  da y s
60  da y s
0 0 1.0???
 
(c) Aging at T = 125 oC 
Figure 6.4 Stress-Strain Curves for SAC105 
 (R.F., ??  = 0.001 sec-1, Aging for 0-60 Days) 
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(c) YS 
Figure 6.5 Effect of Solidification Cooling Profile on the Tensile Properties of SACX 
 (W.Q. and R.F.)  
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(c) YS 
Figure 6.6 Effect of Solidification Cooling Profile on the Tensile Properties of SAC105 
 (W.Q. and R.F.)  
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 No Aging 60 Days       @ 25 oC 60 Days       @ 100 oC 60 Days       @ 125 oC 
E 1.38X 1.41X 1.50X 1.43X 
UTS 1.28X 1.24X 1.25X 1.19X 
YS 1.40X 1.46X 1.39X 1.29X 
Table 6.2 Increases in Mechanical Properties of SACX  
(W.Q. vs. R.F., R.F. as Baseline) 
 No Aging 60 Days       @ 25 oC 60 Days       @ 100 oC 60 Days       @ 125 oC 
E 1.39X 1.23X 1.75X 1.80X 
UTS 1.47X 1.25X 1.33X 1.35X 
YS 1.66X 1.48X 1.64X 1.64X 
Table 6.3 Increases in Mechanical Properties of SAC105  
(W.Q. vs. R.F., R.F. as Baseline) 
6.3 Effect of Cooling Profile on Creep Behavior 
In this section, results for creep tests performed at a constant stress level of 15 
MPa are presented.  The steady state creep rates were obtained from the measured creep 
curves, and then modeled as a function of aging time.  Moreover, the influence of 
solidification cooling profile on the steady state strain rates was investigated. 
The creep responses of W.Q./R.F. SACX and SAC105 specimens are shown in 
Figures 6.7-6.10.  Each Figure contains three ? vs. t plots for the three aging temperatures 
(T = 25, 100 and 125 oC).  In each plot, a set of representative creep curves for different 
aging times are illustrated.  Large differences in the slopes of secondary creep regions of 
the water quenched (Figure 6.7 and 6.9) and reflowed (Figure 6.8 and 6.10) specimens 
can be observed for analogous aging conditions. 
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(b) Aging at T = 100 oC 
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(c) Aging at T = 125 oC 
Figure 6.7 Creep Curves for SACX 
 (W.Q., ? = 15 MPa, Aging for 0-60 Days) 
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(a) Aging at T = 25 oC 
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(c) Aging at T = 125 oC 
Figure 6.8 Creep Curves for SACX 
 (R.F., ? = 15 MPa, Aging for 0-60 Days) 
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(a) Aging at T = 25 oC 
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(b) Aging at T = 100 oC 
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(c) Aging at T = 125 oC 
Figure 6.9 Creep Curves for SAC105 
 (W.Q., ? = 15 MPa, Aging for 0-60 Days) 
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(c) Aging at T = 125 oC 
Figure 6.10 Creep Curves for SAC105 
 (R.F., ? = 15 MPa, Aging for 0-60 Days) 
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As discussed in Chapter 3, the steady state strain rates of the creep curves shown 
in Figures 6.7-6.10 were extracted by using Eq. 3.6, and then plotted and modeled against 
aging time, as illustrated in Figures 6.11-6.12.  Similar to the previous Figures, the curves 
in red are for the water quenched samples; and the curves in blue are for the reflowed 
samples.  It is clear that the water quenched solder samples creep much slower, in other 
words, have better creep resistances than the reflowed samples.  The increases in steady 
state creep rates (R.F. vs. W.Q., W.Q. as reference) are tabulated in Table 6.4.  Even after 
severe aging conditions, for example, 60 days of aging at 100 oC, reflowed SACX 
samples still crept 11X faster than the analogous water quenched samples.  However, 
similar to the situation of tensile properties discussed in Chapter 6.2.2, the aging induced 
degradation of the creep resistance of lead free solder alloys appears to be insensitive to 
the solidification cooling profile utilized for casting the samples.  
 No Aging 60 Days        @ 25 oC 60 Days       @ 100 oC 60 Days       @ 125 oC 
SACX 4.25X 5.83X 11.35X 5.43X 
SAC105 1.06X 1.60X 8.29X 7.21X 
Table 6.4 Increases in Creep Rate (R.F. vs. W.Q., W.Q. as Baseline) 
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 Figure 6.11 Effect of Cooling Rate on Creep Rate for SACX 
 (W.Q. and R.F.) 
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Figure 6.12 Effect of Cooling Rate on Creep Rate for SAC105 
(W.Q. and R.F.) 
6.4 Effect of Strain Rate on Tensile Behavior 
The rate-dependent stress-strain behavior of solder materials has been reviewed in 
Chapter 2.  It is widely acknowledged that the tensile properties of lead free solder 
materials, such as effective modulus, tensile strength, etc., are highly sensitive to the 
strain rate during testing.  Therefore, most constitutive models for tensile behavior of lead 
free solder materials are rate dependent, such as the well-known Anand viscoplastic 
model.  In this chapter, a brief study of strain rate effects on tensile behavior of lead free 
solder materials is presented.      
The stress-strain responses at a higher testing rate (??  = 0.01 sec-1) are depicted in 
Figures 6.13-6.14 for SACX and SAC105.  These tests were conducted on water 
quenched specimens after various durations of isothermal aging exposure at RT (25 oC) 
and HT (125 oC).  As before, the averaged stress-strain curves in these Figures were 
obtained by non-linear fitting of the ten individual experimental measurements.  The 
results were then compared to the stress-strain data measured at the slower strain rate of 
0.001 sec-1 as plotted in Figure 6.1 (a), (c) and Figure 6.3 (a), (c).  An example of the 
 134 
strain rate effects on the stress-strain responses is given in Figure 6.15.  The conclusion is 
clear and as expected: a faster testing rate yields a higher stiffness and a better tensile 
strength for equally pre-conditioned (aged) lead free solder materials.     
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(b) Aging at T = 125 oC 
Figure 6.13 Stress-Strain Curves for SACX  
(W.Q., ??  = 0.01 sec-1, Aging for 0-60 Days) 
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(b) Aging at T = 125 oC 
Figure 6.14 Stress-Strain Curves for SAC105 
 (W.Q., ??  = 0.01 sec-1, Aging for 0-60 Days) 
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Figure 6.15 Effect of Strain Rate on the Stress-Strain Curves of SACX and SAC105 
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By applying the same procedures described previously, the tensile properties of 
SACX and SAC105 were extracted from the average stress-strain curves shown in 
Figures 6.13-6.14.  The obtained data points were then plotted and modeled against aging 
time.  As illustrated in Figures 6.16-6.17, all of the tensile properties are dramatically 
increased for the higher testing speed when comparing data for the same aging time.  It is 
observed that the tensile strength of SACX and SAC105 increased approximately 20% 
for the higher strain rate testing.  Tables 6.5-6.6 summarize the increases in the 
mechanical properties with the higher strain rate. 
 
 
 No Aging 1500 Hours         @ 25 oC 1500 Hours         @ 125 oC 
E 1.11X 1.01X 1.03X 
UTS 1.12X 1.18X 1.23X 
YS 1.02X 1.04X 1.08X 
Table 6.5 Increases in Mechanical Properties of SACX 
 (high ??  vs. low ?? , low ??  as Baseline) 
 
 
 No Aging 1500 Hours  @ 25 oC 1500 Hours  @ 125 oC 
E 1.14X 1.01X 1.01X 
UTS 1.16X 1.23X 1.23X 
YS 1.16X 1.11X 1.09X 
Table 6.6 Increases in Mechanical Properties of SAC105 
 (high ??  vs. low ?? , low ??  as Baseline) 
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Figure 6.16 Effect of Strain Rate on Tensile Properties of SACX   
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Figure 6.17 Effect of Strain Rate on Tensile Properties of SAC105   
Ag in g  Time  (h rs)
0 200 400 600 800 1000 1200 1400 1600
Te
n
sil
e
 Stre
n
g
th (M
Pa
)
0
10
20
30
40
50
d ? / dt=0 . 00 1, Agin g at 25  
o
C
d ? / dt=0 . 00 1, Agin g at 12 5 
o
C
d ? / dt=0 . 01 ,  Agin g at 25  
o
C
d ? / dt=0 . 01 ,  Agin g at 12 5 
o
C
S A C105,  W .Q.
T = 2 5 
o
C
d ? /dt =0. 01
d ? /dt =0. 001
Ag in g  Time  (h rs)
0 200 400 600 800 1000 1200 1400 1600
Yi
e
ld
 Stre
n
g
th (M
Pa
)
0
10
20
30
40
50
d ? / dt=0 . 00 1, Agin g at 25  
o
C
d ? / dt=0 . 00 1, Agin g at 12 5 
o
C
d ? / dt=0 . 01 ,  Agin g at 25  
o
C
d ? / dt=0 . 01 ,  Agin g at 12 5 
o
C
S A C105,  W .Q.
T = 2 5 
o
C
d ? /dt =0. 01
d ? /dt =0. 001
 140 
6.5 Effect of Stress Level on Creep Behavior 
It is well known that the creep behavior of solder materials is notably affected by 
the magnitude of the applied load.  In this section, the effect of stress level on creep 
behavior is reported.  Water quenched specimens were aged at 100 oC and 125 oC for up 
to 1500 hours before creep testing at loads of 10 and 15 MPa.  The representative creep 
curves under each aging condition were plotted and the corresponding steady state creep 
rates were calculated. 
The creep curves for aged SACX and SAC105 specimens subjected to ? = 10 
MPa are shown in Figures 6.18-6.19.  These data were compared with the creep data for 
? = 15 MPa shown earlier in Figures 6.7 (b), (c) and Figures 6.8 (b), (c).  The various 
creep curves were fit using Eq. 3.6, and then the extracted steady state strain rate data 
were plotted against aging time, as shown in Figures 6.20-6.21.  In these plots, specimens 
tested under a stress level of 15 MPa are colored in blue; while those for 10 MPa are in 
red.  As stated in the previous chapters, the creep behavior of solder materials is strongly 
influenced by the applied stress level.  Even an increase of 5 MPa in stress caused drastic 
increases in the creep rates of the SAC alloys.  More detailed comparisons are 
summarized in Table 6.7 for two solder materials and three different aging conditions.  
Interestingly, the effect of stress level was relatively small for the non-aged SAC solder 
materials, but became an order of magnitude larger for the aged samples.  Therefore, it is 
valid to conclude that the effect of stress level on the creep rate is highly exacerbated by 
aging.  
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Figure 6.18 Creep Curves for SACX 
 (W.Q., ? = 10 MPa, Aging for 0-60 Days) 
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Figure 6.19 Creep Curves for SAC105 
 (W.Q., ? = 10 MPa, Aging for 0-60 Days) 
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Figure 6.20 Effect of Stress Level on Creep Rate for SACX   
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Figure 6.21 Effect of Stress Level on Creep Rate for SAC105   
 
 
 
 
 No Aging 1500 Hours @ 100 oC 1500 Hours @ 125 oC 
SACX 3.61X 60.59X 54.38X 
SAC105 5.72X 162.19X 89.58X 
Table 6.7 Increases in Creep Rate 
 (high ?  vs. low ? , low ?  as Baseline) 
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6.6 Summary and Discussion 
In this chapter, the effects of solidification cooling profile and testing conditions 
on the material properties of SAC alloys have been examined by performing a series of 
tensile and creep tests.  The specimens were prepared with two different types of cooling 
profile, namely, Water Quenching Profile and Reflow Profile.  The testing specimens 
were subject to isothermal aging exposures (3 aging temperatures and up to 8 aging time 
durations) before testing.  The tensile tests were performed at two different strain rates (??  
= 0.01 and 0.001 sec-1), while the creep tests were conducted under two different applied 
stresses (? = 10 and 15 MPa). 
It has been demonstrated that the higher cooling rate (water quenching) resulted in 
enhanced material properties for both SAC solder materials under the same testing 
condition.  The water quenched samples have higher stiffness, better tensile and yield 
strength, as well as larger creep resistance than the analogous reflowed specimens.  
Although it is impossible to ?water quench? real electronic packages, the water quenched 
data is still meaningful because it approaches the optimal case of extremely fine 
microstructure, and can serve as a guideline for design purposes.  The effects of testing 
conditions (such as strain rate effect for tensile and effect of stress level for creep) were 
also presented in this chapter.  The testing results in this study agreed with prior studies 
in the literature.  Higher strain rates led to enhanced tensile performance for both SAC 
solder materials.  Additionally, the steady state strain rate in creep has proven to be 
significantly sensitive to the applied stress level. 
In general, it was found that neither the adoption of a different solidification 
cooling profile or the use of other testing conditions were able to reduce aging effects.  In 
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fact, the use of higher stress levels in creep tended to exacerbate the observed 
degradations due to aging. 
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CHAPTER 7  
AGING INDUCED MICROSTRUCTURE EVOLUTION AND 
RESIDUAL STRESS RELAXATION OF LEAD FREE SOLDER ALLOYS 
7.1 Introduction 
The work in this dissertation has documented the dramatic changes occurring in 
the constitutive and failure behavior of solder materials and solder joint interfaces during 
isothermal aging.  It is also acknowledged 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 temperature.  Furthermore, the effects of aging on solder behavior 
must be better understood so that more accurate viscoplastic constitutive equations can be 
developed for lead free solders.  Without such relations, it is doubtful that finite element 
reliability predictions can ever reach their full potential. 
In Chapter 4, a parametric study of aging effects on material properties of lead 
free solder alloy has been conducted.  A low silver content solder, SACX0307 (X = 0.1 
wt.% Bi), has been characterized by performing both tensile and creep testing with a full 
aging test matrix (aging temperature + aging time).  It has been found that aging is 
detrimental to the material properties of SACX; in other words, SACX continues to lose 
its strength as well as stiffness as aging progresses. 
In Chapter 5, however, it has been demonstrated that the aging induced 
degradation in mechanical properties can be mitigated by metallurgical approaches such 
as doping.  By adding small amount of X elements (i.e. Bi, Ni, Ge, Co, La, Zn, Al, Fe, 
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Mn, Mg, etc) into the lead free SAC+X solder, the material properties were observed to 
stabilize quickly with aging.   
Along with the study of aging effects on extrinsic mechanical properties of 
solders, it is also necessary to examine the intrinsic responses of solder material to aging, 
namely, the aging induced microstructure evolution, so that the aging effects on 
mechanical behavior of lead free solders can be fully understood.  Therefore, this chapter 
will concentrate on the presentation of results on correlation of aging effects and three 
possible factors that affect the material properties: phase coarsening, grain/sub-grain 
growth, and relaxation of internal residual stress.   
7.2 Melting Behavior of Lead Free Solder Alloys 
To start with, a study on melting behavior of lead free solder alloys was 
performed by DSC analysis.  The data was collected over a temperature range from 190 
oC to 250 oC, at a heating rate of 10 oC/min.  The results are plotted as shown in Figure 
7.1.  Such information is useful for a microstructure study because any phase reaction, 
especially which occurs during melting process, will be indicated on the heat flow-
temperature diagram.  Thus, the possible phases that exist in solidified solder materials 
can be extrapolated.  For example, the two peaks in Figure 7.1 (a) indicate the occurrence 
of two phase reactions for SACX solder during heating process: 
(1) Ag3Sn(s) + Cu6Sn5(s) + Sn(s) ? L  
(2) Cu6Sn5(s) + Sn(s) ? L  
Therefore, 3 possible phases that may exist in as-solidified SACX solder are Ag3Sn, 
Cu6Sn5, and ?-Sn as the matrix.  The melting temperature of SACX can be obtained from 
the location of the first peak (Tm = 218.78 oC).  The pasty range is approximated by 
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estimating the difference between the onset temperature (218.03 oC) and the location of 
the last peak (227.89 oC), which yields 9.86 oC in this case.   
   Similar calculations were performed on all other solders using the graphs in 
Figure 7.1 to extract the melting temperature, pasty range and major phase reactions that 
occur during heating.  The results are summarized in Table 7.1.  Note that the large pasty 
ranges of SACX and SAC105 are caused by their hypo-eutectic compositions.  For the 
doped solders, the amount of dopant is so small that the variation in heat flow cannot be 
noticed even though there exist phase reactions involving the doping element. 
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(h) SAC3810 
Figure 7.1 DSC Analysis of Lead Free Solder Alloys 
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Alloy 
Melting 
Temperature 
(oC) 
Pasty  
Range    
(oC) 
 Major Phase Reaction 
SACX 218.78 9.86 1) Ag3Sn
(s) + Cu6Sn5(s) + Sn(s) ? L  
2) Cu6Sn5(s) + Sn(s) ? L  
SAC105 220.47 9.01 1) Ag3Sn
(s) + Cu6Sn5(s) + Sn(s) ? L  
2) Cu6Sn5(s) + Sn(s) ? L  
SN100C 231.92 2.83 1) Cu6Sn5(s) + Sn(s) ? L  
Sn-0.7Cu 230.49 1.12 1) Cu6Sn5(s) + Sn(s) ? L  
SAC-Zn 220.34 2.67 1) Ag3Sn(s) + Cu6Sn5(s) + Sn(s) ? L  
SAC3595 220.01 1.64 1) Ag3Sn(s) + Cu6Sn5(s) + Sn(s) ? L  
SN96CI 221.03 1.22 1) Ag3Sn(s) + Cu6Sn5(s) + Sn(s) ? L  
SAC3810 220.17 1.69 1) Ag3Sn(s) + Cu6Sn5(s) + Sn(s) ? L  
Table 7.1 Melting Temperature and Pasty Range of Solders of Interest 
7.3 Effect of Aging on Phase Coarsening 
As shown in a typical micrograph of a ternary Sn-Ag-Cu (SAC) solder alloy 
(Figure 7.2), the microstructure of SAC solders consists of primary ?-Sn dendrites, and a 
honeycomb structure of uniformly dispersed fine precipitates over the ?-Sn matrix 
throughout the bulk solder material.  A closer look at the SAC solder (Figure 7.3) shows 
the different morphology of intermetallic compounds (IMCs) that exist and distribute 
around the ?-Sn dendrite arms.  Furthermore, by correlating the results from qualitative 
elemental mapping (Figure 7.4) with quantitative EDX analysis (Figure 7.5) conducted 
on the particles of interest (pointed out by red arrows in both figures), two types of IMCs 
were identified: (1) needle-shaped ?-Ag3Sn; (2) scallop-shaped ?-Cu6Sn5. 
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Figure 7.2 Typical Metallography of a Sn-Ag-Cu Solder 
(SACX, As Reflowed, 250X) 
 
 
Figure 7.3 Typical Morphology of Intermetallic Compounds in a SAC Solder 
(SACX, As Reflowed, 1000X) 
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(a) Ag 
 
 
(b) Cu 
 
Figure 7.4 Elemental Distribution Maps for SACX Solder and EDX Spots 
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(a) Needle-Shaped Precipitates Distributed on ?-Sn Matrix 
 
 
(b) Scallop-Shaped Precipitates Distributed on ?-Sn Matrix 
 
Figure 7.5 EDX Analysis of Typical IMCs in a SAC Solder Alloy 
 
 
 
 
Aging causes phase coarsening in SAC solder alloys, which consists of growth, 
coalescence, and dispersing of IMCs with increased isothermal exposure [54, 55].  
Microstructure evolution with different aging durations for SACX solder is pictured in 
Figures 7.6-7.7 (250X and 1000X magnifications, respectively).  In this study, the water 
quenched SACX specimens were aged at 100 oC for up to 60 days and then prepared 
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according to the molding and polishing procedure described in Chapter 3.  In general, it 
can be seen that the number of IMCs decreases while the average particle size increases 
with an increased aging time.  For the first 2-3 days of aging, the microstructure of SACX 
evolved significantly so that the honeycomb structure in the as-quenched SACX sample 
could not be easily distinguished.  Instead, a vast number of randomly distributed IMCs 
were observed and the microstructure evolution entered a steady state.  Fine IMC 
particles gradually dispersed away from their original locations to the grain boundaries 
and conglomerated as aging progressed (Figure 7.8(b)).  As a result, large IMCs were 
expected to emerge in the microstructure.  Figure 7.9 is an example of an extreme case 
where a gigantic Cu6Sn5 IMC was captured.  This particle measured approximately 20 
?m in diameter. 
 Similar aging time effects were also found in reflowed SACX solders.  In 
addition, the effect of aging temperature was examined through a parametric study on the 
reflowed samples.  The SEM micrographs in Figure 7.10 were taken on both non-aged 
and aged samples.  In this study, two aging temperatures (T = 25, 125 oC) and four aging 
durations (t = 0, 1, 3, 6 months) were considered.  This resulted in a total of 7 different 
aging conditions (note that microstructure for zero-aging will be identical for the two 
aging temperatures, as shown in Figure 7.10(a)).  By comparing the graphs with the same 
aging time, it is observed as expected that the microstructure evolved much more 
significantly with an increased aging temperature.  The microstructure of SACX aged for 
1 month at 125 oC appeared to be much more coarsened than that of SACX exposed to 6 
months of room temperature aging.  In fact, this result can be verified by using the 
Arrhenius relationship.  According to Eq. 4.9, an acceleration factor (AF) of 1211X was 
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estimated (note that according to Table 4.4, the activation energy Q is approximated to be 
70kJ for reflowed SACX solder): 
  121139812981314.8 7011 21 ??? ?????? ????????? ? kTTRQ eeAF          (7.1) 
Therefore, theoretically it takes 1211 months of aging at room temperature for SACX 
solder to achieve the same microstructure that occurs for aging of 1 month at 125 oC. 
 More importantly, the observations of the aging induced microstructure evolution 
of SACX solder alloy can explain the observed degradation in the material properties.  As 
stated before, due to the high homologous temperature, SAC solder materials are 
thermally activated even at room temperature, which results in the dispersing, 
coalescence, and growth of phases with time.  Therefore, the IMCs, as the second phase 
particles in the microstructure of a SAC alloy, gradually lose their effectiveness in 
pinning moving dislocations caused by external stresses.  Hence, as aging progresses, 
weaker pinning effects from precipitates cause the reduction in resistance to deformation 
and finally leads to the losses in strength and stiffness, as well as the increases in the 
creep rate of the SAC solder material. 
 Another observation is that the cooling rate during solidification greatly affects 
the initial microstructure.  By comparing Figure 7.6(a) to Figure 7.10(a), it can be seen 
that faster cooling rate during solidification yields finer IMC particles and smaller ?-Sn 
dendrites.  Therefore, the findings in Chapter 6, where water quenched solder samples 
possessed better material properties than reflowed samples, can be easily explained. 
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   (a) Non-aged (As W.Q.)         (b) 1 day 
  
       (c) 2 days          (d) 3 days 
  
       (e) 6 days          (f) 9 days 
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       (g) 15 days          (h) 20 days 
  
       (i) 30 days          (j) 60 days 
Figure 7.6 Microstructure Evolution of SACX with Aging  
(250X, W.Q., Aged at 100 oC) 
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   (a) Non-aged (As W.Q.)         (b) 1 day 
  
       (c) 2 days          (d) 3 days 
  
       (e) 6 days          (f) 9 days 
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       (g) 15 days          (h) 20 days 
  
       (i) 30 days          (j) 60 days 
Figure 7.7 Microstructure Evolution of SACX with Aging  
 (1000X, W.Q., Aged at 100 oC) 
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(a) Non-aged          (b) Aged 
Figure 7.8 Distribution of IMC Particles in SACX before/after Aging  
 
 
 
 
 
 
Figure 7.9 Extremely Large Cu6Sn5 IMC Particle 
(W.Q., Aged at 100 oC for 60 days) 
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(a) As Reflowed 
         
         (b) 1 Month at 25 oC        (c) 1 Month at 125 oC 
         
         (d) 3 Months at 25 oC        (e) 3 Months at 125 oC 
         
         (f) 6 Months at 25 oC        (g) 6 Months at 125 oC 
Figure 7.10 Microstructure Evolution of SACX with Aging (250X, R.F.) 
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7.4 Effect of Aging on Grain Growth 
Aging has also been reported to be a driving force for grain growth in many 
alloys.  However, for all bulk solder samples in this dissertation, aging induced grain 
growth was hardly noticed.  In contrast, significant sub-grain growth with aging was 
captured and quantitatively measured. 
A typical grain structure in a SACX solder specimen is depicted in Figure 7.11.  
The first graph consists of 21 pictures that were individually taken by using an 
OLYMPUS BX60 optical microscope equipped with an analyzer/polarizer.  In this cross-
polarized picture, grains with different orientations can be obviously distinguished, and 
for better presentation, each grain has been colored as shown in Figure 7.11(b).  Note that 
the observation area captured in these two graphs is approximately 3 ? 10 mm, resulting 
in an estimate of the average grain size in a reflowed SACX specimen to be 0.55 mm in 
diameter. 
One interesting observation is that some grain boundaries contain a zig-zag shape.  
Similar results were discussed by Kumar, et al. [122].  In this case, the grain boundary 
serration is largely caused by the difference in the growth orientation of the secondary ?-
Sn dendrite arms, as can be seen in the two enlarged polarized pictures in Figure 7.12.  
According to the theory of cross polarization, high contrast in color represents a large 
misorientation of the grain boundary.  As indicated in the figures, two types of grain 
boundary are observed, i.e. high angle grain boundary (HAGB, whose misorientation is 
greater than 11o) and low angle grain boundary (LAGB, whose misorientation is smaller 
than 11o).  When subject to stresses, grain boundaries, as defects in crystal structure, are 
acknowledged to be preferred sites for crack initiation and propagation due to their 
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relatively low bonding and stress concentration.  On the other hand, grain boundaries are 
also known for their capability in blocking the movements of dislocations.  Therefore, 
such information on grain structure will be useful to explain the mechanical and failure 
behavior of SAC solders. 
    
         (a) Polarized Optical Micrograph                 (b) Grains with Different Orientation  
Figure 7.11 Grain Structure in a SACX Specimen 
 
 
 
Figure 7.12 Typical Types of Grain Boundaries and Grain Boundary Serration
HAGB 
LAGB 
HAGB 
LAGB 
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However, the effects of aging on grain growth for SAC alloys are not as obvious 
as those for phase growth discussed in the previous section.  No significant evolution 
with aging was observed at the grain scale.  Instead, dramatic changes in the sub-grain 
size with aging were captured for the SACX alloy.  Compared to LAGB, sub-grains 
possess an even smaller grain boundary misorientation (< 1o, typically 0.6o).  Such small 
differences in angles are not easily observed in a polarized optical microscope.  However, 
the sub-grain boundaries can be inspected if an appropriate etchant was used.  Figure 7.13 
illustrates typical sub-grains in an etched SACX sample.  The average sub-grain size was 
approximated to be 3 ?m, which is around 200 times smaller than the average grain size 
(550 ?m).  In Figure 7.14, it is demonstrated that sub-grains in the SAC-Zn solder grow 
notably as aging progresses, and the growth is even more dramatic with increased aging 
temperature.  Quantitatively (see tabulated values in Table 7.2), the average sub-grain 
size in an as-reflowed SAC-Zn solder sample was approximated to be 4 ?m; after one 
month of room temperature aging, the size was almost tripled (11 ?m).  However, the 
average size increased to 22 ?m for elevated temperature aging (125 oC).  In fact, similar 
trends were observed for all solders of interest in this dissertation. 
It is widely acknowledged that smaller/finer grain size enhances the ability for the 
solid to disrupt the motion of dislocations, and thus improves the strength of the material.  
This phenomenon has been empirically represented by the Hall-Petch relationship (Eq. 
4.2), stating that the yield strength of a material is inversely proportional to its grain size.  
In fact, this relationship also holds for sub-grains.  Since it has been demonstrated that 
aging is attributed to the growth of sub-grains in size, the observation in Chapter 4 that 
the yield strength of solder materials degrades with aging can thus be explained. 
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Figure 7.13 SEM Micrograph of Sub-Grain Structure in SACX 
 
 
(a) As Reflowed 
 
 
Large 
Sub-grains 
Small 
Sub-grains 
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(b) 1 Month at 25 oC 
 
(c) 1 Month at 125 oC 
Figure 7.14 Sub-Grain Growth with Aging in SAC-Zn 
 No   Aging 1 Month @ 25 oC 1 Month @ 125 oC 
Sub-grain 
Size (?m) 4 11 22 
Table 7.2 Sub-Grain Size of SAC-Zn under Various Aging Conditions 
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7.5 Effect of Dopants on Aging Induced Microstructure Evolution  
As discussed earlier, aging has been ascribed to expedite the coarsening of 
microstructure and thus negatively impacted the material properties of lead free solder 
alloys.  In an attempt to effectively reduce aging induced degradation, several strategies 
may be considered: 
(1) Refinement of ?-Sn dendrites; 
(2) Mitigation of the coalescence and coarsening of precipitates; 
(3) Inhabitance of grain/sub-grain growth. 
According to the results from Chapter 5, it has been demonstrated that the 
enhancement of aging resistance of solder materials can be achieved by adding small 
addition of alloying elements, such as Bi, Ni, Zn, and Co.  In this section, the refining 
mechanisms of dopants are investigated. 
7.5.1 Bi 
Extensive studies have been conducted on SACX (X = 0.1% Bi) solder material 
regarding to aging effects.  For material characterization, it has been demonstrated that 
SACX solder possessed better properties than SAC105 after long term aging despite of 
its coarsened as-solidified microstructure.   
Figure 7.15 compares the initial (as reflowed) microstructure of SACX and 
SAC105.  Attributed to its higher silver content, SAC105 has finer/smaller ?-Sn dendrites 
and IMCs with a compacted honeycomb structure (relative to SACX), and thus results in 
better initial material properties of SAC105 solder for no-aging condition.  However, as 
aging progresses, the IMC particles in the SAC/SACX solders gradually lose their 
abilities to block moving dislocations due to the phase coarsening.  Therefore, after long-  
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(a) SACX 
 
 
(b) SAC105 
Figure 7.15 As-Reflowed Microstructure of SACX and SAC105  
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term aging, the strengths of low silver content solders, such as SACX and SAC105, 
largely are determined by their primary phase, namely, ?-Sn matrix.  As expected, ?-Sn 
dendrites in SAC105 solder are observed to coarsen/grow with aging [112].  However, 
for the SACX solder material, the degradation of ?-Sn dendrites is offset by adding Bi.  
Due to the large solid solubility of Bi in Sn, dissolved Bi atoms were observed to be 
uniformly distributed in the ?-Sn matrix, as shown in the EDX mapping in Figure 7.16.  
Thus, there is improved strength of the Sn matrix by a solid solution strengthening (SSS) 
mechanism.  Furthermore, the Sn-Bi binary phase diagram in Figure 7.17 also indicates 
that the solubility of Bi increases dramatically with temperature.  As a result, this 
strengthening effect is expected to be even more significant at higher aging temperatures. 
 
 
 
(http://www.metallurgy.nist.gov/phase/solder/bisn-w.jpg) 
Figure 7.16 Sn-Bi Binary Phase Diagram 
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Figure 7.17 Distribution of Bi in a SACX Solder Sample (1000X, R.F., Non-aged) 
 
7.5.2 Ni 
SN100C is a well-known Ag-free solder for wave soldering.  By replacing 0.05% 
Cu with Ni in the eutectic Sn-0.7Cu, the aging resistance of the solder is significantly 
enhanced.  As shown in Figure 7.18, the aging induced microstructure evolution of 
SN100C is almost negligible when compared to Sn-0.7Cu.  In contrast, IMC particles in 
the eutectic Sn-Cu solder are significantly coarsened even under room temperature 
isothermal exposure (Figure 7.19).  Several literatures have also documented the 
observations that micro-alloying of Ni can successfully inhibit the allotropic 
transformation of Cu6Sn5 [23], and thus ensure the integrity of major IMCs in the 
microstructure.  In the absence of Ni, hexagonal closed packed (HCP) Cu6Sn5 
transformed to the monoclinic form upon cooling below 186 oC.  This transformation is 
accompanied by 26% of volume change that could lead to possible micro-voids/cracks 
inside the bulk solder, resulting in the loss of stiffness and strength of the solder material. 
Bi 
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(a) As Reflowed 
         
         (b) 1 Month at 25 oC         (c) 1 Month at 125 oC 
Figure 7.18 Microstructure Evolution of SN100C with Aging (250X, R.F.) 
 
(a) As Reflowed 
         
         (b) 1 Month at 25 oC         (c) 1 Month at 125 oC 
Figure 7.19 Microstructure Evolution of Sn-0.7Cu with Aging (250X, R.F.) 
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In fact, there exists a Sn-Ni IMC (Ni3Sn4) according to phase diagram, as shown 
in Figure 7.20.  However, no evidence has been shown that Ni3Sn4 is formed in the bulk 
sample used in this study.  Instead, Figure 7.21(a) captured a ternary Cu-Ni-Sn IMC 
particle.  Similar to Cu6Sn5, this type of IMC largely takes a pie shape in morphology.  
Quantitatively, the atomic ratio of Ni + Cu to Sn is approximated to be 6 to 5, indicating 
that the ternary IMC can be recognized as (Cu6-xNix)Sn5.  Due to the similar atomic size 
(128 pm for Cu and 124 pm for Ni) and same crystal lattice structure (FCC), Ni atoms 
from ?-Sn matrix can occupy the vacancies created by the diffusion of Cu in the Cu6Sn5 
lattice.  Meanwhile, it has also been demonstrated based on energy and density states 
calculations that stoichiometric ternary Cu6-xNixSn5 compounds are more stable  
 
 
 
(https://sites.google.com/site/atdinsdale/nisn.png) 
Figure 7.20 Sn-Ni Binary Phase Diagram  
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than Cu6Sn5 [123].  Since the phase stability of Cu6Sn5 is notably enhanced by the 
presence of Ni, a small variation in mechanical properties of solder material with aging is 
anticipated, as manifested in Chapter 5.  On the other hand, however, as the addition of 
Ni is based on the cost of Cu, fewer Cu6Sn5 IMC particles are formed in SN100C solder, 
causing the lower strength of material when compared to Sn-0.7Cu. 
 
 
(a) EDX Spot  
 
(b) EDX Analysis 
Figure 7.21 EDX Spot and Analysis of IMC Particle in SN100C 
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7.5.3 Zn 
Aging induced microstructure evolutions of SAC-Zn and SAC3595 are illustrated 
in Figures 7.22-7.23.  It is observed that the average and the variance of IMC particle size 
in SAC-Zn solder are much smaller after aging when compared to SAC3595, although 
both solders have similar initial microstructures.  Several large and severely coarsened 
IMC particles were found in SAC3595 sample as shown in Figure 7.23(c), but no such 
large particles were observed in SAC-Zn solder with the same aging condition, as shown 
in Figure 7.22(c).   
The ability of Zn in stabilizing the microstructure is ascribed to its strong affinity 
with Cu.  As illustrated in elemental mapping for Zn in SAC-Zn solder (Figure 7.24), the 
distribution of Zn atoms is favorably near/in the IMC region.  According to the Cu-Zn 
binary phase diagram (Figure 7.25), there exist several possible phases in Cu-Zn crystal 
structure, i.e. brass.  The formation of these phases can effectively slow down the 
diffusion rate of Cu within ?-Sn matrix, and thus improve the microstructure stability of 
Sn-rich solder [124].  Furthermore, it has also been documented that the minor Zn 
addition can reduce the amount of undercooling during solidi?cation process and thereby 
suppress the formation of large Ag3Sn IMC particles [125].  Therefore, ascribed to the 
refined as-solidified microstructure and enhanced microstructure stability, it is obvious 
that the SAC-Zn solder possesses better material properties than SAC3595, as discussed 
in Chapter 5. 
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(a) As Reflowed 
         
         (b) 1 Month at 25 oC         (c) 1 Month at 125 oC 
Figure 7.22 Microstructure Evolution of SAC-Zn with Aging (1000X, R.F.) 
 
(a) As Reflowed 
         
         (b) 1 Month at 25 oC         (c) 1 Month at 125 oC 
Figure 7.23 Microstructure Evolution of SAC3595 with Aging (1000X, R.F.) 
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Figure 7.24 Distribution of Zn in a SAC-Zn Solder Sample (1000X, R.F., Non-aged) 
 
 
(https://sites.google.com/site/atdinsdale/cuzn.png) 
Figure 7.25 Cu-Zn Binary Phase Diagram  
Zn 
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7.5.4 Co 
Figure 7.26-7.27 illustrate the microstructure of SN96CI and SAC3810 solder 
alloys under different aging conditions, showing the apparent coalescence and growth of 
the IMC particles in SAC3810 solder after aging than those in SN96CI solder.    
Similar to Ni, the addition of Co can remarkably hinder the diffusion of Cu in Sn.  
According to the result of EDX analysis in Figure 7.28, the majority of Co were found in 
a ternary (Cu6-xCox)Sn5 IMC, taking a scallop morphology.  Even though the addition of 
Co is merely about 0.05% in weight, the atomic percentage of Co in the ternary IMC is 
measured to be 10% on average.  Since Co also has a similar atomic size as Cu (128 pm 
for Cu and 125 pm for Co), the vacant Cu sites in Cu6Sn5 crystal can be taken by Co 
without introducing any lattice distortion.  Therefore, the vacancy diffusion of Cu is 
hampered, resulting in the slower growth of Cu6Sn5 IMC particles with aging in SN96CI 
solder than in SAC3810. 
However, by comparing Figure 7.26(a) to 7.27(a), it is suggested that the Co 
addition leads to an increase in size of ?-Sn dendrites and a shrinkage in area of 
eutectic/IMC phase.  In general, the strength and stiffness of Sn-rich solder alloys is 
determined by the volume fraction of IMC phase.  Therefore, less IMC phase regions of 
SN96CI solder result in the decrease of material properties when compared to SAC3810.  
Moreover, as shown in Figure 7.29, several large IMC platelets can be observed and 
identified as CoSn3, according to the phase diagram (Figure 7.30) and EDX analysis.   
However, since the addition of Co is at the expense of Cu, formation of CoSn3 may 
further reduce the properties due to the lower modulus (94 GPa for ?-CoSn3 [126] and 
112 GPa for Cu6Sn5 [127]) and undesirable morphology when compared to Cu6Sn5.                      
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(a) As Reflowed 
         
         (b) 1 Month at 25 oC         (c) 1 Month at 125 oC 
Figure 7.26 Microstructure Evolution of SN96CI with Aging (1000X, R.F.) 
 
(a) As Reflowed 
         
         (b) 1 Month at 25 oC         (c) 1 Month at 125 oC 
Figure 7.27 Microstructure Evolution of SAC3810 with Aging (1000X, R.F.) 
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(a) EDX Spot 
 
 
 
(b) EDX Analysis 
 
Figure 7.28 EDX Spot and Analysis of Sn-Co-Cu IMC Particle in SN96CI 
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(a) EDX Spot 
 
 
(b) EDX Analysis 
 
Figure 7.29 EDX Spot and Analysis of Sn-Co IMC Particle in SN96CI 
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Figure 7.30 Enlarged Sn-Co Binary Phase Diagram in Sn Side 
7.6 Aging Induced Relaxation of Residual Stress in Solder Alloys  
Recently, a vast body of studies has been focusing on the effect of residual stress 
on ATC reliability of lead free solder joints.  Largely introduced during solidification, the 
residual stress in solder joints has been reported to accelerate the formation of Kirkendall 
voids, and finally results in micro-cracking or failure of the package.  However, few work 
has been done regarding to residual stress evolution with aging.  In fact, heat treatment 
such as annealing (aging) has been used to reduce the residual stress for a long time.  In 
the case of lead free solders, there is still no clue whether the changes in residual stress is 
the cause of aging induced degradation in material properties.  In this study, a non-
destructive stress measurement technique was utilized to examine the effect of aging on 
residual stress relaxation in solder materials. 
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In order to produce the maximum residual stress within the material, water 
quenching cooling profile was adapted during solidification process.  The measurements 
were conducted on a SACX sample by using Bruker Discover D8 General Area Detector 
Diffraction System (DADDS).  Note that the sample was subject to different isothermal 
exposures prior to test, including non-aging (as quenched), moderate aging (15 days at 
125 oC) and severe aging (30 days at 125 oC). 
Figure 7.31 depicts the brief introduction to methodology of residual stress 
determination by XRD.  A collimated X-ray beam of wavelength ? is focused onto a 
specimen and the number of X-rays diffracted (diffracted intensity) is counted as the 
angle between the X-ray tube and X-ray detector ???is changed.  This allows the 
construction of a plot of diffracted intensity vs. 2?.  From these peaks the lattice spacing, 
d?, which will vary from stressed to non-stressed materials, can be determined using the 
Bragg equation: 
 ?? sin'2dn ?                 (7.2) 
where ? is the wavelength of the incident X-ray; n is a constant; and ? is the diffraction 
angle. 
Stress magnitudes are determined through measurement of changes in the 
materials lattice spacing d, due to the presence of a stress.  From knowledge of the non-
stressed lattice spacing, any stresses present can then be calculated using established 
equations: 
 ??
??? 20 0 s in1 E vd dd ???
          (7.3) 
 
 185 
Diffraction of X-Ray by a Crystal Lattice 
  
 
 
Bragg?s Law 
?? sin'2dn ?  
 
 
 
Strain Measurement 
0
0d ddnz ???  
 
 
Stress Determination 
                                        
 
 
sin2? Method 
      
 
Figure 7.31 Brief Introduction to Methodology of Residual Stress Determination by XRD 
Assume Elasticity and Plane 
Stress in an Isotropic Solid 
mvE ?????? ?? 1??
???????? ??? n nd ddv E ?? ?? 2s in)1(
 186 
where d?? represents inter-planar spacing in the direction defined by ? and ?; d0 the 
inter-planar spacing for unstressed material; ?, E Poisson?s ratio and Young?s modulus, 
respectively; and ?? the surface stress defined by the angle ?. 
Then, by repeating several measurements regarding to different ?, the residual 
stress can be indirectly determined by calculating the slope m for the plot of d vs. sin2? 
for a given set of Miller Indices (indices for crystal lattice structure) at each location on 
the specimen:   
 m
vE ?????? ?? 1??
            (7.4) 
In the current study, {3 1 2} plane was selected for all measurements due to its 
ideal multiplicity and peak location for Sn-rich solder material (Figure 7.32), ensuring to 
eliminate the oscillation in the sin2 ? plot.  The measurements were conducted under four 
different ? tilt angles (? = 0, 15, 30, 45o), with eight frames for each ?.  In each frame, 
the scanning route was set to be 6 mm in length, and located in the middle of the sample, 
as illustrated in Figure 7.33.  Furthermore, since the peak location of {3 1 2} is expected 
to be 79.5o for SACX, only data with 2? angle in the range from 73.5o to 85.5o were 
collected.  The experimentally measured effective modulus of SACX was used in 
residual stress calculation, and ? is approximated to be 0.3.  Moreover, the crystalline 
anisotropic factor was set to be 1, assuming isotropy of SACX solder material.  In 
summary, the parameter settings are tabulated in Table 7.3. 
Figure 7.34 is a typical 2D-XRD pattern for SACX solder material.  Instead of the 
even intensity distribution around the Debye ring, only several sporadic bright spots can 
be observed in the diffraction pattern, indicating the large grain size (at least 100 ?m) 
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within the test specimen.  However, it is still possible to integrate the intensity around a 
small section of the ring to reduce (but not eliminate) these intensity variations. 
 
 
 
 
Figure 7.32 Typical Peaks for Crystallographic Planes of Sn-Rich Solder Alloys 
 
 
Figure 7.33 Schematic Illustration of Scanning Routes on a SACX Sample 
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Settings Parameters 
{H K L} {3 1 2} 
? (o) 0, 15, 30, 45 
Frames for each ? 8 
Scanning Length (mm) 6 
Starting 2??(o)  73.5 
Ending 2??(o) 85.5 
Starting ?(o) -96.2 
Ending ? (o) -82.9 
Step Size (o) 0.05 
? 0.3 
Arx 1 
? (o) 0 
Table 7.3 Settings for Residual Stress Measurement Using 2D-XRD 
 
 
Figure 7.34 Typical 2D X-Ray Diffraction Pattern for a SACX Sample 
Bright Spots 
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After calculating the actual lattice spacing from each frame and estimating the 
slope m according to sin2 ? plot, the average residual stress was estimated to be -37.24 
MPa with a standard deviation of 29.99 MPa for an as-quenched SACX solder sample, as 
shown in Figure 7.35.  The negative average value indicated the residual stress within the 
specimen appeared to be compressive, while the large variance was mainly caused by:  
 (1) large grain size in the sample;  
 (2) approximation of isotropy;  
 (3) micro-strains and inter-granular strains.   
Referring to the grain structure of the testing specimen illustrated in Figure 7.36, 
it is evident that the grain size is so large (750 ?m) that only four grains were examined 
on half of the scanning route.  In common cases, residual stress is assumed to be 
uniformly distributed in each single grain, although stresses may vary significantly within 
different grains.  Statistically, specimen with larger grains (fewer grains in a fix volume) 
provides inadequate number of observations, attains large variance in estimation, and 
finally reduce the precision to achieve reliable result from XRD residual stress analysis. 
 
Figure 7.35 Example of Output for Residual Stress Analysis  
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Figure 7.36 Polarized Optical Graph of Grain Structure in a SACX Sample 
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Similar measurements were also conducted on the same SACX sample after aging 
at 125 oC for 15 and 30 days, respectively.  The variation in average residual stress with 
aging was plotted in Figure 7.37, inferring that the average compressive residual stress 
within the specimen diminishes as aging progresses.  This observation may also explain 
the aging induced degradation in material properties of lead free solder materials.  Due to 
the existence of large compressive stress established in the initial microstructure after 
solidification, extra forces are needed to deform the samples in tensile or creep test.  
However, heat treatment such as annealing, or isothermal aging in this case, relieves the 
residual stress within the specimen.  As a result, lower external stresses are required to 
produce the same deformation for nearly stress-free solder specimens after aging.  
Therefore, a loss in strength for aged solders is expected when compared to as-solidified 
samples. 
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7.7 Summary and Discussion 
In this chapter, the melting behavior and major phase reactions during 
solidification were studied by performing DSC analysis on all solders of interest.  In 
addition, the aging effects on intrinsic responses of solder materials were investigated so 
that aging induced degradation of material properties can be fully understood.  In 
summary, the study was conducted from the following three aspects: 
(1) aging effects on phase coarsening; 
(2) aging effects on grain/sub-grain structure; 
(3) aging effects on internal residual stress. 
Firstly, it has been demonstrated that the microstructure evolves with aging for all 
solder alloys in this study.  In more details, both primary phase (?-Sn matrix) and 
secondary phase (IMCs) grow in size as aging progresses.  There exist two types of IMCs 
in standard SAC alloys, i.e. needle-shaped Ag3Sn and scallop-shaped Cu6Sn5.  The 
dispersing, coalescing and coarsening of the both types of IMCs with aging were 
observed.  In addition, it is also found that aging temperature appears to have a more 
significant effect on the microstructure evolution of lead free SAC solders.  It is believed 
that the coarsened IMC particles cannot effectively block the movement of dislocations 
and thus caused the reduction in material properties. 
Secondly, the grain structure of SAC solders was examined by optical microscope 
with cross-polarizer.  Large grains can be seen even in the as-quenched SAC alloys, but 
the growth of the grains was not obvious.  In contrast, aging effects were found to have a 
strong impact on the sub-grain growth of SAC alloys.  Correlating with Hall-Petch 
relationship, it is suggested that aging increases the sub-grain size of the solder, and thus  
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results in the loss of yield strength. 
Thirdly, the residual stresses introduced by fast cooling rate during solidification 
were also observed to change with aging.  By utilizing 2D-XRD system, the residual 
stresses within grains were measured on the same SACX sample subject to different 
aging conditions.  The result suggests the existence of large compressive stresses in the 
as-quenched solder sample, but the stresses gradually diminished with an increased aging 
time. 
The effect of dopants on aging induced microstructure evolution was also 
examined by comparing the results to the ?standard? solders in this study.  It can be 
concluded that the aging resistance was improved for all doped solders, even though the 
enhancing mechanisms are different.  In general, the reduction of aging effects can be 
realized by: 
(1) refining ?-Sn dendrites,  i.e. Bi; 
(2) mitigating the coalescence and coarsening of IMCs, i.e. Ni, Zn, Co; 
(3) inhibiting grain/sub-grain growth. 
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CHAPTER 8  
CONCLUSIONS 
8.1 Literature Review 
An extensive review has been performed on three major topics in solder material 
characterization including aging effects, X-additive modification, and constitutive 
modeling. 
Aging effects are acknowledged to be responsible for the large discrepancies 
existing in the mechanical property databases for solder materials.  A vast body of studies 
has already demonstrated that isothermal aging is the root cause for the ever-changing 
microstructure of lead free solders and thus gives rise to the softening effect on the 
material properties.  Most lead free solders, especially the Sn-Ag-Cu solder family, 
experience dramatic loss in strength (both tensile and shear), stiffness and creep 
resistance as aging progresses.  This effect was found to be exacerbated for elevated 
temperature exposure.  With respect to soldered components on substrates, aging has also 
been extensively reported to accelerate the unfavorable interfacial IMC growth, cause the 
formation of Kirkendall voids, and result in the coarsening of the phases in bulk solder 
joints.  
 The effects of cooling profile and testing conditions on mechanical properties of 
solder alloys were also discussed through reviewing previous work.  In general, fast 
cooling rates (i.e. water quenching) during solidification yield finer/smaller phases in the
 195 
microstructure, which in turn strengthens the solder material.  However, quickly cooled 
samples may also exhibit more brittle behavior when subject to deformation, indicating a 
loss in strain-to-failure.  Testing conditions such as strain rate, stress level, and testing 
temperature are also known to be key factors affecting the mechanical properties of 
solders.  In general, higher strain rates during tensile tests cause strain hardening, and 
thus increase the strength and stiffness of the material.  In creep testing, the response is 
highly accelerated by small increases in the applied stress loading.  Softening effects in 
material properties have been reported for both tensile and creep tests performed under 
elevated temperatures.   
In an attempt to optimize the performance of lead free solders (e.g. aging 
resistance, drop resistance, etc.) researchers have modified lead free solders by micro-
alloying.  The possible candidates of the X-additive include Bi, Zn, Co, Ni, Mn, Cr, Ge, 
Ti, Si, B, Al, In, etc.  It has been demonstrated that appropriate amounts of additives will 
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 copper pads 
on the substrate. 
Lastly, four widely used constitutive models for viscoplastic materials were 
discussed.  In particular, the Anand viscoplastic model, which successfully incorporates 
rate-dependent creep behavior with rate-independent plastic behavior during deformation, 
has been often adopted for solder materials.  However, modifications to the Anond model 
will be necessary to incorporate aging effects. 
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8.2 Specimen Preparation and Experimental 
A unique specimen preparation procedure was developed in this study to fabricate 
micro-scale uniaxial tensile specimens.  All solder specimens were formed in glass tubes 
with rectangular cross-section by using a vacuum suction system.  Two cooling profiles 
were adapted in this study, including water quenching and controlled reflow oven 
cooling.  Typical uniaxial samples with nominal dimensions of 80 ? 3 ? 0.5 mm were 
utilized. 
Uniaxial tensile and creep tests were performed by using a multifunctional 
microtester.  In this study, the experimental data were modeled by empirical constitutive 
laws so that the corresponding mechanical properties of solder materials could be 
extracted. 
Microstructure analysis was conducted on specimens that were taped upon pre-
made epoxy stubs by using SEM and Normaski OM.  DSC analysis was also performed 
to study melting/solidification behavior of solder alloys.  Furthermore, residual stresses in 
the test samples were evaluated by using 2D-XRD technique. 
8.3 Effect of Aging on Mechanical Properties of Lead Free Solder Alloys 
The effects of aging on mechanical behavior have been examined by performing 
stress-strain and creep tests on SACX solder samples that were aged for various durations 
(0-12 months) at room temperature (25 oC), and several elevated temperatures (50, 75, 
100, and 125 oC).  Under each aging condition, a set of 10 tests were conducted for 
stress-strain testing while 5 tests were performed for creep testing.  All tests were carried 
out by a micro-tester at room temperature (T = 25 oC).  The experimentally measured 
stress-strain curves and creep curves were then fitted by using constitutive models 
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discussed in Chapter 3.  The material properties (such as effective modulus, yield stress, 
ultimate strength, steady state creep rate, etc) under each aging condition were 
determined from the model fitting curves. 
The variations of tensile and creep properties were observed as a function of 
aging (aging time and aging temperature).  As expected, the mechanical properties 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 properties continue to decrease by a 
linear manner with aging time. 
A four parameter non-linear aging model 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 12 months of aging.  The creep rate was found to be 
nearly constant after 6 months of isothermal exposure, and thus a saturation point for the 
degradation of the creep rate was reached. 
Two models of aging for solder materials have been established.  It has been  
shown that both models can interpret data well and estimate the material properties for a 
given aging temperature T and aging time t.  Moreover, an aging indicator was proposed 
to quantitatively estimate the state of aging.  This concept might be useful for 
applications such as life prediction of solder joints.  
8.4 Enhanced Aging Response Using Doped Lead Free Solders 
A wide selection of doped lead free solders was examined, and analogous tests 
were performed on the corresponding ?standard? solders (without dopants) so that the 
effects of dopants on aging resistance of lead free solder materials could be studied.   
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In this study, a total of 9 different lead free solders were separated into 4 sets:   
Set 1: SACX, SAC105 and SAC205 
Set 2: SN100C, Sn-0.7Cu 
Set 3: SAC-Zn, SAC3595 
Set 4: SN96CI, SAC3810  
 In general, it is observed that dopants are able to improve aging resistance for lead 
free solders.  Contrary to non-doped solders, the material properties of doped solders, 
including effective modulus (E), ultimate tensile strength (UTS), yield strength (YS) and 
steady state strain rate (?? ), stabilize quickly with aging.  This result is more obvious for 
the tensile properties of the doped solders, which becomes nearly constant after 10-20 
days of aging.  In contrast, the tensile properties of the ?standard? solders without 
dopants continue to degrade in a linear manner with time. 
Additionally, some X-additives were discovered to improve the material 
properties of the solders.  For example, due to the existence of 0.21 wt.% Zn, SAC-Zn 
solder has better stiffness and strength than ?standard? SAC3595, as well as a more 
favorable creep resistance.  Another example is that SACX (0.3% Ag) shows superior 
strength properties to SAC105 (1% Ag) after long-term aging at all aging temperatures 
regardless of its lower silver content.   
In summary, aging effects have been reported to be universally detrimental to the 
material properties of lead free solders [45, 46, 48, 54, 103, 105, 106, 114-121].  Based 
on the test results reported in this chapter, it has been demonstrated that metallurgical 
approaches (e.g. doping) can reduce the effects of aging on the degradation of material 
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properties.  These observations can be explained by using material science theories for 
mechanisms of dislocation movement, solid solution strengthening, etc. 
8.5 Effect of Cooling Profile and Testing Condition on Mechanical Properties 
The effects of solidification cooling profile and testing conditions on the material 
properties of SAC alloys have been examined by performing a series of tensile and creep 
tests.  The specimens were prepared with two different types of cooling profile, namely, 
Water Quenching Profile and Reflow Profile.  The testing specimens were subject to 
isothermal aging exposures (3 aging temperatures and up to 8 aging time durations) 
before testing.  The tensile tests were performed at two different strain rates (??  = 0.01 
and 0.001 sec-1), while the creep tests were conducted under two different applied 
stresses (? = 10 and 15 MPa). 
It has been demonstrated that the higher cooling rate (water quenching) resulted in 
enhanced material properties for both SAC solder materials under the same testing 
condition.  The water quenched samples have higher stiffness, better tensile and yield 
strength, as well as larger creep resistance than the analogous reflowed specimens.  
Although it is impossible to ?water quench? real electronic packages, the water quenched 
data is still meaningful because it approaches the optimal case of extremely fine 
microstructure, and can serve as a guideline for design purposes.  The effects of testing 
conditions (such as strain rate effect for tensile and effect of stress level for creep) were 
also presented in this chapter.  The testing results in this study agreed with prior studies 
in the literature.  Higher strain rates led to enhanced tensile performance for both SAC 
solder materials.  Additionally, the steady state strain rate in creep has proven to be 
significantly sensitive to the applied stress level. 
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In general, it was found that neither the adoption of a different solidification 
cooling profile or the use of other testing conditions were able to reduce aging effects.  In 
fact, the use of higher stress levels in creep tended to exacerbate the observed 
degradations due to aging. 
8.6 Aging Induced Microstructure Evolution and Residual Stress Relaxation 
The melting behavior and major phase reactions during solidification were studied 
by performing DSC analysis on all solders of interest.  In addition, the aging effects on 
intrinsic responses of solder materials were investigated so that aging induced 
degradation of material properties can be fully understood.  In summary, the study was 
conducted from the following three aspects: 
(1) aging effects on phase coarsening; 
(2) aging effects on grain/sub-grain structure; 
(3) aging effects on internal residual stress. 
Firstly, it has been demonstrated that the microstructure evolves with aging for all 
solder alloys in this study.  In more details, both primary phase (?-Sn matrix) and 
secondary phase (IMCs) grow in size as aging progresses.  There exist two types of IMCs 
in standard SAC alloys, i.e. needle-shaped Ag3Sn and scallop-shaped Cu6Sn5.  The 
dispersing, coalescing and coarsening of the both types of IMCs with aging were 
observed.  In addition, it is also found that aging temperature appears to have a more 
significant effect on the microstructure evolution of lead free SAC solders.  It is believed 
that the coarsened IMC particles cannot effectively block the movement of dislocations 
and thus caused the reduction in material properties. 
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Secondly, the grain structure of SAC solders was examined by optical microscope 
with cross-polarizer.  Large grains can be seen even in the as-quenched SAC alloys, but 
the growth of the grains was not obvious.  In contrast, aging effects were found to have a 
strong impact on the sub-grain growth of SAC alloys.  Correlating with Hall-Petch 
relationship, it is suggested that aging increases the sub-grain size of the solder, and thus  
results in the loss of yield strength. 
Thirdly, the residual stresses introduced by fast cooling rate during solidification 
were also observed to change with aging.  By utilizing 2D-XRD system, the residual 
stresses within grains were measured on the same SACX sample subject to different 
aging conditions.  The result suggests the existence of large compressive stresses in the 
as-quenched solder sample, but the stresses gradually diminished with an increased aging 
time. 
The effect of dopants on aging induced microstructure evolution was also 
examined by comparing the results to the ?standard? solders in this study.  It can be 
concluded that the aging resistance was improved for all doped solders, even though the 
enhancing mechanisms are different.  In general, the reduction of aging effects can be 
realized by: 
(1) refining ?-Sn dendrites,  i.e. Bi; 
(2) mitigating the coalescence and coarsening of IMCs, i.e. Ni, Zn, Co; 
(3) inhibiting grain/sub-grain growth. 
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APPENDIX A  
VALIDATION OF MODEL FOR AGING EFFECTS ON MECHANICAL 
 PROPERTIES OF SAC SOLDERS BY USING ADAPTIVE NEYMAN TEST 
A.1 Parametric Non-linear Regression and Residual Analysis  
Variations of yield stress (YS) for SACN05 (N = 1, 2, 3, 4) solders were modeled 
as a function of aging by the following parametric nonlinear curve fitting procedure:  
(1) Obtain ?ys from each uniaxial tensile test from all aging conditions   
(2) Perform a Least Square fit to the collected data by the proposed model (Eq. 
A.1, which is a more formal expression of Eq. 4.1 in statistics aspect) 
? ?22110 ,0~,)( ??????? ??? nRTQ teCCYSYS       (A.1) 
Table A.1 lists the estimated constants for all SAC series solders and sum of 
square errors of the model.  Residual analysis was also performed on each alloy, as 
shown in Figure A.1-A.4.  According to the result of Shapiro-Wilk test at ? = 0.05, the 
residuals of SAC305 and SAC405 were found to be normally distributed (0.12 and 0.12 
respectively) while those of SAC105 and SAC205 were not (0.01 and 0.03 respectively). 
 
 ?YS  C0 C1 Q (kJ) n SSE 
SAC105 11.62 1.50?10-4 1.6? 1012 96.22 1.95 802.7479 
SAC205 16.17 1.61? 10-4 6.9? 109 83.42 1.76 758.2741 
SAC305 16.83 1.70? 10-4 4.4? 107 68.56 1.71 731.2150 
SAC405 17.99 1.77? 10-4 2.9? 105 55.07 1.67 707.7834 
Table A.1 Constants of Model for Yield Stress vs. Aging for SACN05 
 214 
 
(a) YS vs. YS_Pred 
 
(b) Student Resid vs. YS_Pred 
 
(c) Q-Q Plot 
Figure A.1 Residual Analysis for Non-linear Regression 
(SAC105) 
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(a) YS vs. YS_Pred 
 
(b) Student Resid vs. YS_Pred 
 
(c) Q-Q Plot 
Figure A.2 Residual Analysis for Non-linear Regression 
(SAC205) 
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(a) YS vs. YS_Pred 
 
(b) Student Resid vs. YS_Pred 
 
(c) Q-Q Plot 
Figure A.3 Residual Analysis for Non-linear Regression 
(SAC305) 
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(a) YS vs. YS_Pred 
 
(b) Student Resid vs. YS_Pred 
 
(c) Q-Q Plot 
Figure A.4 Residual Analysis for Non-linear Regression 
(SAC405) 
Y S  v s .  Y S _ P r e d
16
18
20
22
24
26
28
30
32
34
16 18 20 22 24 26 28 30 32 34
Y S _ P r e d
YS
S t u d e n t  v s .  Y S _ P r e d
-4
-3
-2
-1
0
1
2
3
4
18 19 20 21 22 23 24 25 26 27 28
Y S _ P r e d
S
tud
e
nt
 218 
A.2 Adaptive Neyman Test and Thin Plate Spline Smoothing 
The Adaptive Neyman test was also performed to test the goodness of fit of the 
nonlinear model.  Similar to other test statistics, the basic idea of A-N test is that the 
residuals should be mostly zero bias if the proposed parametric model fits data 
adequately.  As discussed by Fan and Huang [A1], let (x1, Y1),?,( xn, Yn) be independent 
observations from a population, 
? ? ? ?2,0~, ????? xmY          (A.2) 
where x is a p-dimensional vector and ???m  is a smooth regression surface.  Let ? ??,?f  be 
a given parametric family.  The null hypothesis and its corresponding saturated non-
parametric alternative are: 
? ? ? ?? ? ? ?
??
??
 a l lf o r                  ,:
 s o m ef o r                  ,:
1
0
???
???
fmH
fmH            (A.3) 
      Meanwhile, let ? ?Tn??? ,...,1? , where ? ? ? ?0,?? iii xfxm ?? , the problem becomes  
0:0 ??H  vs. 0:1 ??H          (A.4) 
which is based on the observation of residual vector.  Then, the techniques for 
independent samples such as the adaptive Neyman test continue to apply [A2].  The 
resulting residual vector ??  is estimated from a least squares fit and then, the discrete 
Fourier transformation (DFT) was applied to ?? .  Therefore, the transformed residual 
vector ? ?Tn**1* ,...,??? ??? ?  can be calculated as: 
? ?2/,...,1,2s i n2
,2c o s2
1
*
2
1
*
12
njn ijn
n
ij
n
i
n
i
j
i
n
i
j
??
?
??
?
??
???????
?
?
?
?
?
???
???
?
?
       (A.5) 
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Note that an additional term ?
??
n
i in n 1
* 2 ?? ?  is needed if n is odd.   
Meanwhile, the residuals are needed to be ordered before using the adaptive 
Neyman test because the A-N test statistics depend on the order of the residuals.  A 
desired ordering should smoothen the sequence ? ? ? ?? ?niii xfxm 10, ?? ? as good as possible 
for the given function m, and the large Fourier coefficients are focusing on low 
frequencies.  As suggested by Fan [A1], one possible approach to ordering the residuals 
is to first assign a score si to the ith observation and then order the observations according 
to the rank of si.  In this work, the problem is considered from the viewpoint of principal 
component (PC) analysis [A3].  Let S be the sample covariance matrix of the covariate 
vectors ? ?nixi ,,1, ?? .  Then, the ordered eigenvalues p?? ,,1 ?  of S can be computed 
with corresponding eigenvectors p?? ,,1 ? .  Denote iTkki xz ??,  is the score for the ith 
observation on the kth sample PC, and k?  to be the sample variance of ? ?knk zz ,,1 ,... .  
Since 22,11, ?? iii zzxx ???  (p=2 in this case), where x  is the sample average, the sample 
score of variation may be obtained by: 
???? 2 1 2,11 k kiki zns ?           (A.6) 
By ordering the transformed residual vector *??  according to Si, the adaptive 
Neyman test statistic is defined as 
? ????? ?? mi inmAN mT 1 212*4
11
* 1, ?2 1m a x ??? ??,        (A.7) 
? ????? ?? mi inmAN mT 1 212*2
21
* 2, ?1m a x ??? ??,        (A.8) 
 220 
where 2
1
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1
2*21 11?
??
?
??
? ???? ??
????
n
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Ii in nn InIn
??? ?? and 2
1
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1
4*22 11?
??
?
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? ???? ??
????
n
Ii in
n
Ii in nn InIn
??? ??.  
According to Fan?s article [A1], In is given by [n/4].  The null hypothesis will be rejected 
when  *,iANT  is large.  Note that TAN,1 is good if the noise is normally distributed while 
TAN,2  will be more robust against the normality assumption.  Additionally, the test 
statistics may also be normalized as: 
? ?? ??4l o g5.0l o gl o gl o g5.0l o gl o g2l o gl o g2 * ,, ???? nnTnT jANjAN    
for j = 1,2.     (A.9) 
Table A.2 tabulated the calculated adaptive Neyman test statistics.  According to 
Fan [A4], the critical value of A-N test is 3.89 at a confidence level of 05.0??  for 
sample size near 200.  Therefore, the nulls failed to be rejected for all models. 
On the other hand, a nonparametric regression was also performed to validate the 
proposed nonlinear model.  In this study, thin-plate (TP) spline smoothing technique was 
used to interpolate the behavior of the sample and the results were compared to the 
proposed model, as shown in Figure A.5.   
 
 
 TAN,1 TAN,2 
SAC105 2.73 3.34 
SAC205 2.68 2.38 
SAC305 2.59 2.73 
SAC405 -2.30 -2.28 
Table A.2 ? Adaptive Neyman Test Statistic Values for SACN05 Solders 
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(d) SAC405 
Figure A.5 ? Thin Plate Spline versus Proposed Nonlinear Model  
(Blue ? TP Spline; Pink ? Proposed Model) 
A.3 Conclusions 
A five-parameter nonlinear model was validated by Adaptive-Neyman (A-N) test.  
The experimental data is also compared by predictions from thin plate moving spline 
smoothing. 
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APPENDIX B  
EMPIRICAL AGING MODELS AND CONSTANTS 
B.1 Empirical Model and Constants for ??  vs. Aging 
Model:  ? ?tCeCtCC 31lo g 210 ???????  
  Model Constants:  
 C
0 C1 C2 C3 
25 oC -14.93 0.38 1.92 3.23 
50 oC -14.93 0.37 3.40 5.02 
75 oC -14.93 0.35 4.29 4.64 
100 oC -14.93 0.34 4.55 4.68 
125 oC -14.93 0.33 4.89 5.32 
Table B.1 SACX, R.F., Aged 0-6 Months 
 
 C
0 C1 C2 C3 
SN100C -9.81 3.32?10-3 1.05 0.07 
Sn-0.7Cu -12.98 2.88?10-3 2.91 0.53 
SAC-Zn -17.33 3.11?10-3 1.81 0.24 
SAC3595 -17.23 5.04?10-3 3.06 0.58 
SN96CI -16.41 3.55?10-3 2.92 0.25 
SAC3810 -17.74 5.44?10-3 3.25 0.21 
Table B.2 Steady State Creep Rate, R.F., Aged at 100 oC for 0-6 Months 
 
Temperature 
Constants 
Constants 
Temperature 
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B.2 Empirical Model and Constants for Tensile Properties vs. Aging 
Model:  ? ?tCeCtCCYSU TSEy 31),,( 210 ????? 
  Model Constants: 
 C
0 C1 C2 C3 
SN100C 26.49 3.30?10-3 1.57 0.14 
Sn-0.7Cu 24.95 2.27?10-3 1.27 0.30 
SAC-Zn 35.72 1.30?10-2 4.82 0.29 
SAC3595 34.94 1.35?10-2 5.06 0.42 
SN96CI 35.42 7.42?10-3 7.16 0.31 
SAC3810 38.95 1.44?10-2 7.56 0.14 
Table B.3 Elastic Modulus, R.F., Aged at 100 oC for 0-6 Months 
 C
0 C1 C2 C3 
SN100C 21.49 2.03?10-3 4.50 0.19 
Sn-0.7Cu 25.08 1.58?10-2 2.69 0.78 
SAC-Zn 45.92 1.25?10-2 12.62 0.20 
SAC3595 42.95 1.27?10-2 12.42 0.41 
SN96CI 39.16 1.37?10-2 8.33 0.58 
SAC3810 47.82 1.77?10-2 15.37 0.30 
Table B.4 Ultimate Tensile Stress, R.F., Aged at 100 oC for 0-6 Months 
 C
0 C1 C2 C3 
SN100C 17.25 9.83?10-4 3.68 0.17 
Sn-0.7Cu 18.63 8.71?10-3 2.22 0.25 
SAC-Zn 36.22 7.38?10-3 10.08 0.41 
SAC3595 32.21 7.66?10-3 8.87 0.52 
SN96CI 32.00 1.06?10-2 8.68 0.75 
SAC3810 35.11 1.14?10-2 10.35 0.29 
Table B.5 Yield Stress, R.F., Aged at 100 oC for 0-6 Months 
Temperature 
Constants 
Temperature 
Constants 
Temperature 
Constants 

