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The characterization of lead-free solders, especially after isothermal aging, is very 
important in order to accurately predict the reliability of solder joints.  However, due to 
lack of experimental testing standards and the high homologous temperature of solder 
alloys (T
h 
> 0.5T
m
 even at room temperature), there are very large discrepancies in both 
the tensile and creep properties provided in current databases for both lead-free and Sn-
Pb solder alloys.  In this research, mechanical measurements of isothermal aging effects 
and the resulting changes in the materials behavior of lead-free solders were performed.   
A novel specimen preparation procedure was developed where the solder uniaxial test 
specimens are formed in high precision rectangular cross-section glass tubes using a 
vacuum suction process.  Using specimens fabricated with the developed procedure, 
v
 
 
 
isothermal aging effects and viscoplastic material behavior evolution have been 
characterized for 95.5Sn-4.0Ag-0.5Cu (SAC405) and 96.5Sn-3.0Ag-0.5Cu (SAC305) 
lead-free solders, which are commonly used as the solder ball alloy in lead-free BGAs 
and other components.  Analogous tests were performed with 63Sn-37Pb eutectic solder 
samples for comparison purposes.  Up to 40% reduction in tensile strength was observed 
for water quenched specimens after two months of aging at room temperature.  Creep 
deformation also increased dramatically with increasing aging durations.  Microstructural 
changes during room temperature aging were also observed and recorded for the solder 
alloys and correlated with the observed mechanical behavior changes.  
 Aging effects at elevated temperatures for up to 6 months were also investigated.  
Thermal aging caused significant tensile strength loss and deterioration of creep 
deformation.  The thermal aging results also showed that after an initial tensile strength 
drop, the Sn-Pb eutectic solder reached a relatively stable stage after 200 hours of aging.  
However, for SAC alloy, both the tensile and creep properties continuously changed with 
increasing aging time.  The creep resistance of SAC alloy was lower than that of Sn-Pb at 
longer aging durations at elevated temperature.  Solder alloys are extremely sensitive to 
changes in both temperature and strain rate.  A linear relationship was found between the 
temperature and the tensile properties, while a power law relationship was found between 
strain rate and tensile properties.  Constitutive models have also been developed with 
multiple variables of strain rate and temperature.  Creep testing was conducted at 
different stress levels and temperatures to explore the constitutive modeling. SAC alloy 
was found to have higher creep resistance and activation energy than the Sn-Pb solder 
without thermal aging.   
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CHAPTER 1  
INTRODUCTION 
 
1.1 Lead-free Solders in Electronics 
 The use of solder alloys as metal joint materials can be dated back thousands of 
years.  With the emergence of the modern electronic packaging technology over the last 
few decades, solder alloys have been used as the interconnecting material in electronic 
packaging.  Solder joints provide both the electrical connection and mechanical support 
in electronic packaging modules. 
       Eutectic or near eutectic tin/lead (Sn-Pb) solder (melting temperature T
M
 = 183 
?C) has long been the predominant choice of the electronics industry due to its 
outstanding solderability and reliability.  However, legislation that mandates the removal 
of lead from electronics has been actively pursued in the European Union and worldwide 
during the last 15 years due to environmental and health concerns regarding the high lead 
content in eutectic Sn-Pb solder.  Lead is a proven toxic substance which can cause a 
range of negative impacts to both the environment and the human body [1].  Due to the 
current rapid improvements in electronic technology and the high cost of recycling 
processes, the recycling rate of electronic devices is very low, especially for high 
technology products, such as computers.   It has been reported that less than 2% of the 
computers produced were recycled in 1998 [2].  The majority of the used electronics will 
1
 
 
 
end up in landfills where the lead content will eventually leach out into the soil and hence 
the local ecosystem. 
The European Union is particularly aggressive in pursuing the banning of lead 
from electronics.  In June 2000, the EU adopted two directives, the Waste of Electrical 
and Electronic Equipment (WEEE) and the Directive of the Restriction of the Use of 
Certain Hazardous Substances (RoHS) [3].  The WEEE directive requires that lead has to 
be removed from any end-of-life electrical or electronic components.  The RoHS 
specifically bans lead from electrical and electronic components manufactured after July 
1, 2006.   As a result of the enforcement of the directives, all electrical or electronic 
equipment and devices produced in or imported to E.U. member states must comply with 
these lead-free standards except those items that are exempted from the bans.  
  In Japan, although there is no specific government ban of lead in electronic 
components, in 1998, the advisory committee of JEIDA (Japan Institute of Electronics 
Industry Development Association) put forward a roadmap for the commercialization of 
lead-free solders [4], and recommended lead-free alternatives for industry.  The 
electronic industry in Japan is very active in pursuing lead-free products and many 
companies have brought their lead-free products onto the market much earlier than the 
E.U. directives? effective dates [1, 5], including Panasonic in 2001, Sony in 2001: 
Toshiba in 2000, NEC in 2002, and Hitachi in 2001.  
  In the United States, there is again no specific government ban of lead from 
electrical and electronic devices.  However, the U.S. Environmental Protection Agency 
(EPA) has listed lead among the top 17 chemicals that pose the greatest threat to human 
health [1].  The IPC (formerly known as the Institute of Interconnecting and Packaging 
2
 
 
 
Electrical Circuits) has also developed a roadmap for the lead-free movement in the U.S. 
[6].  The roadmap is designed to encourage both industry and academic institutes to 
actively research and development of lead-free assembly processes and to be prepared to 
respond to the worldwide lead-free movement.  In recent years, many U.S. companies, 
including Motorola, Cisco, and Intel, have also been actively pursuing lead-free products 
in order to protect their world wide market shares. Many universities have also been 
actively funding lead-free related research. 
  Other countries, such as China, and South Korea, which are emerging electronic 
manufacturing bases, have also adopted directives similar to those of the European 
Union.  Although the implementation deadlines and products covered by such legislation 
continue to evolve worldwide, it is clear that laws requiring the conversion to lead-free 
electronics are becoming a reality worldwide.  Other factors that are affecting the push 
towards the elimination of lead in electronics are the market differentiation and advantage 
being realized by companies producing so-called ?green? products that are lead-free.  The 
companies who first successfully move into lead-free products will have a definite ?first 
move? advantage over their competitors, which in today?s competitive markets translates 
to profits and survival. 
1.2 Lead-free Solders 
1.2.1 Overview 
To be considered an alternative to Sn-Pb solder, lead-free candidates should have 
similar or better properties and reliability to those possessed by eutectic or near eutectic 
Sn-Pb solders.  According to recent reports [7, 8], Pb in solders contributes outstanding 
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properties to the overall reliability of the Sn-Pb solder, such as the following: 
- Pb reduces the surface tension of pure tin to improve the wetting ability.  
- Pb enables tin and copper to rapidly form intermetallic compounds by diffusion.  
- Pb provides ductility to Sn-Pb solders. 
- the addition of Pb prevents the transformation of ?-tin to ?-tin. If the 
transformation occurs, it will cause dramatic volume increase and loss of 
structural integrity and hence a loss of reliability. The ?-tin to ?-tin transformation 
in lead-free solders is also called ?tin pest? or ?tin disease?. Karlya et al. observed 
significant ?tin pest? phenomena in their lead-free solder specimens [9].  
- Sn-Pb solders have a low melting temperature of 183 ?C for eutectic solder, 
which allows the use of a low reflow temperature in the electronic packaging 
process and ensures the reliability of the packages.  
Besides all of the above benefits of Pb, the cost of Pb is also low and it is very abundant. 
However, Pb is toxic, which causes the pressure from legislations worldwide.  
  Lee proposed some basic criteria for ?perfect? lead-free alternatives [10].  The 
lead-free solder needs to have a similar melting temperature to existing Sn-Pb solders, 
particularly eutectic and near eutectic solders, in order have a similar reflow profile 
during the manufacturing process; good wetting ability to ensure good metallization in 
the manufacturing process; the same or better electrical properties to efficiently transmit 
the electrical signals; and adequate mechanical properties, such as creep, and fatigue, etc. 
to preserve the reliability of the electronic packaging products. The new lead-free solders 
also need to be non-toxic and relatively inexpensive. 
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  A great deal of research is currently underway in the lead-free solder area, 
including projects organized by consortia including the HDPUG (High Density 
Packaging Users Group), the National Center for Manufacturing Sciences (NCMS), the 
National Institute for Standard and Technology (NIST), the National Electronics 
Initiative (NEMI), and the Japan Electronic Industry Development Association (JEDIA).  
Although no ?drop in? replacement has been identified that is suitable for all applications, 
Sn-Ag, Sn-Ag-Cu (SAC), and other alloys involving elements such as Sn, Ag, Cu, Bi, In, 
and Zn have been identified as promising replacements for standard 63Sn-37Pb eutectic 
solder.  Several SAC alloys have been proposed by industrial consortiums.  These include 
96.5Sn-3.0Ag-0.5Cu (SAC 305) in Japan, 95.5Sn-3.8Ag-0.7Cu (SAC 387) in the EU, 
and 95.5Sn-3.9Ag-0.6Cu (SAC 396) in the USA.  In addition, 95.5Sn-4.0Ag-0.5Cu 
(SAC405) has been widely adopted as an alloy for use in BGA solder joints.  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 solderability properties when compared to other lead-free solders.  A 
survey conducted by Soldertec shows approximately 70% of the market for reflowing 
lead-free solders are in the SAC series (Figure 1.1) [11].  There are some major 
challenges for the current series of lead-free solders.  SAC series alloys have a higher 
melting temperature, around 217 ?C, compared to 183 ?C for the eutectic Sn-Pb solders. 
They thus require higher reflow temperature during the manufacturing process, which 
lead to reliability problems. The excessive build up of intermetallics formed at the 
interface between the solder joints and the copper pad can cause reliability problems.  
High costs are another issue for lead-free solders.  As shown in Table1.1 [7], the price of  
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Figure 1.1  The Market Share of Different Lead-free Solders [11]. 
 
 
 
Table 1.1  Cost of Basic Solder Elements [7]. 
 
Metal Element Cost (US$/kg)
Lead 1.10
Zinc 1.08
Copper 2.24
Antimony 2.64
Bismuth 7.15
Tin 8.67
Silver 153.19
Indium 194.59
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Ag is 150 times higher than that of Pb, and Cu is twice the price of Pb.  Even though the 
Ag and Cu content is very low, the overall price of lead-free solders will inevitably be 
much higher than that of Sn-Pb.  A typical SAC solder is reported to be over twice the 
price of the Sn-Pb eutectic solders [7].  The only good news about cost is that using SAC 
alloys will reduce the recycling cost by $0.13/Kg, which will also increase the overall 
electronics recycling rate in the future [12].  Regardless all of these problems, the SAC 
series lead-free solders have been widely accepted by both industry and academic 
institutions.   However, unless a ?perfect? lead-free solder is found to replace the Sn-Pb 
series solders, research into new lead-free solders will continue for years to come.  
1.2.2 Sn-Ag-Cu Lead-free Solders Series 
       Of the many lead-free solder series proposed in the last decade or so, Sn-Ag-Cu 
(SAC) series alloys have emerged as the most widely accepted (Figure 1.1).   Soldertec?s 
survey shows that the most popular SAC are the near eutectic SAC alloys [11], which 
consist of 3.0-4.0% of Ag and 0.5-1.0% of Copper (Figure 1.2).  The melting point of 
these near eutectic SAC alloys is 217?C, which is lower than the 96.5Sn?3.5Ag binary 
eutectic alloy at 221 ?C. In the SAC system, the addition of Cu both lowers the melting 
temperature and improves the wettability [13].  
Figure 1.3 shows a typical 3-D ternary phase diagram.  The contours on the top 
surfaces of the figure represent the isothermal lines.  Each of the 3 sectors represents the 
binary phase diagram of two of the three elements.  The center of the diagram, where the 
isothermal lines reach the common, lowest point, is the eutectic point of the ternary 
system [14].  Figure 1.4 is the top view (2-D) of the ternary phase diagram of Sn-Ag-Cu.  
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Figure 1.2  Survey of the Market Share of Different Types of SAC Alloys [11]. 
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Figure 1.3  Typical 3-D Ternary Phase Diagram [14]. 
 
 
Figure 1.4  Sn-Ag-Cu Ternary Phase Diagram [15]. 
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The area indicated in the red box is the near eutectic region.  Most of the SAC alloy 
compositions currently on the market are within this region. The eutectic and near 
eutectic melting temperature has been determined to be 217 ?C, although the precise 
eutectic point is not known [13].  
      In SAC alloys, the formation of intermetallic compounds between the primary 
elements Sn and Ag, and Cu affect all the properties of the alloys.  According to the 
binary phase diagram shown in Figures 1.5-1.7, there are three possible intermetallic 
compounds that may be formed: Ag
3
Sn forms due to the reaction between Sn and Ag 
(Figure 1.5) and Cu
6
Sn
5
 forms due to the Sn and Cu reaction (Figure 1.6), but Cu
3
Sn will 
not form at the eutectic point unless the Cu content is high enough for the formation of 
Cu
3
Sn at higher temperatures, so in bulk specimens Cu
3
Sn is not presented. Ag can also 
react with Cu to form Ag rich ? phase and Cu rich ? phase (Figure 1.7).  However, there 
is no reaction between Ag and Cu to form any kind of intermetallic compounds.  Figure 
1.8 shows a typical SAC structure with eutectic Sn matrix (2 in the picture) with Ag
3
Sn 
(1 in the picture) intermetallic compounds [16].  The particles of intermetallic compounds 
possess much higher strength than the bulk material [17, 18].  Fine intermetallic particles 
in the Sn matrix can therefore strengthen the alloys. The intermetallic compounds can 
also improve the fatigue life of the solders, as SAC alloys are reported to be 3-4 times 
better fatigue properties than the Sn-Pb eutectic solders [19]. The higher fatigue 
resistance is believed to be contributed by the interspersed Ag
3
Sn and Cu
6
Sn
5
 particles, 
which pin and block the movement of dislocations [19].  The many patents that have been 
granted for SAC systems have limited their use and hindered research on several of the 
SAC alloys, but fortunately the alloy Sn-4.0Ag-0.5Cu has not been patented [20]. 
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            Figure 1.5  Sn-Ag Binary Phase Diagram [15]. 
 
 
 
           Figure 1.6  Sn-Cu Binary Phase Diagram [15]. 
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         Figure 1.7  Ag-Cu Binary Phase Diagram [15]. 
 
 
 
       Figure 1.8  Typical Microstructure of SAC Alloys [16]. 
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1.3 Mechanical Properties 
In addition to conducting electricity, solder joints provide mechanical support for 
electronic devices.  The mechanical properties of solder alloys are therefore critically 
important in producing reliable products.  In determining the mechanical properties of 
solders, tensile properties and creep are of particular concern and have thus been most 
intensively investigated. 
1.3.1 Tensile Properties 
        Tensile properties are generally described by stress-strain curves.  In engineering 
practice engineering stress and engineering strain are defined as follows [21]: 
                                                          
0
A
P
=?                                               (1.1) 
                                                           
0
0f
l
ll ?
=?                                                     (1.2) 
where P is the load,  A
0
 is the initial cross-sectional area, l
f
 is the final gage length and l
0
 
is the initial gage length.  
        As shown in Figure 1.9, a typical engineering stress-strain curve for solder alloys 
consists of an elastic region and a plastic region.  In the elastic region, the engineering 
stress is linear, with the engineering strain conforming to Hooke?s law as follows [22]: 
                                                             ?=? E                                                         (1.3) 
E is the elastic modulus (Young?s modulus), which can be determined from the slope of 
the elastic portion of the stress-strain curve. ? is the engineering stress and ? is the 
engineering strain.  In the elastic region, if the load is removed the specimen can return to 
its original dimensions. 
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Figure 1.9  Typical Stress-Strain Curve. 
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 There is a wide range of values for the elastic modulus for different materials.     
Hertzberg described that the modulus of elasticity corresponds to the interatomic forces 
between adjacent atoms [21].  Gilman showed that the elastic modulus is negatively 
proportional to a power of the equilibrium adjacent atom distance X
0
 as follows [23]: 
                                                            
n
0
)X(
1
E ?                                                     (1.4) 
Thus, when the distance between the atoms is larger the elastic modulus will be smaller. 
Ralls et al. showed that the elastic modulus of metal will decrease with increasing 
temperature [24].  The underlying reason for this is because the distance between 
adjacent atoms increases at higher temperatures.  In engineering practice, the value of the 
elastic modulus obtained from the slope of the stress-strain curve is the static modulus, 
which is generally referred as the apparent or effective elastic modulus and also includes 
small inelastic deformations or time-dependent deformations such as creep.  The apparent 
elastic modulus 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 [62, 67, 82].  
       When the load is high enough to exceed the elastic limits the material will 
experience plastic deformation, which is permanent.  Specimens subject to plastic 
deformation will simultaneously elongate and decrease in diameter. The Yield Stress (YS) 
is defined as just enough stress to cause the onset of plastic deformation.  However, YS is 
difficult to determine.  In engineering practice, a specified small amount of plastic 
deformation is used, with 0.2% being the widely accepted value [21].  This is determined 
by a parallel line drawn at 0.2% of the strain to the elastic slope (Figure 1.9).  When the 
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load is removed at a point above the yield stress, the stress-strain curve will be 
approximately parallel to the initial modulus.  The Ultimate Tensile Stress (UTS) is the 
maximum stress level that the material can withstand before failure under uniaxial 
loading.  
1.3.2 Creep of Solders 
        Electronic packaging components constantly experience stresses due to CTE 
(Coefficient of Thermal Expansion) mismatches in the packaging modules.  Creep 
deformation is one of the major failure modes of solder joints for various electronic 
packaging modules due to its high homologous temperature [25].  The homologous 
temperature is the ratio of the temperature of the material and its melting temperature in 
degrees Kelvin [26].  
                                                           
m
h
T
T
T =                                                       (1.5) 
The homologous temperature is an empirical value.  When T
h
 is greater than 0.5T
m
, the 
creep deformation will be the dominate deformation mode in metallic materials [26]. 
Solders have extremely high homologous temperatures even at room temperature due to 
their low melting temperature.  T
h
 of Sn-Pb eutectic is 0.65T
m
 at room temperature (T
m
 = 
183 ?C), while the T
h
 of SAC alloys is 0.61T
m
 at room temperature (T
m
 = 217 ?C).  Both 
of these homologous temperatures are greater than 0.5T
m
, and so are considered ?hot? at 
room temperature.  Consequently, solder alloys will undergo creep even at room 
temperature.  In actual electronic applications, where circuits typically operate over a -40 
?C to +125 ?C range, eutectic solder is working at 0.51-0.87T
m
, while an SAC solder is 
working at 0.48 - 0.81T
m
.  Both of these ranges are within the rapid creep 
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deformation range when devices are under stress.  
1.3.3 Creep and Creep Curves 
       Creep generally refers to the time-dependent strain plastic deformations at 
constant uniaxial stress [27].  Creep deformation tends to be rapid when the homologous 
temperature is above 0.5T
m
.  Creep testing can be carried out with a constant load at 
elevated temperature by either tension or compression [28].  
       Figure 1.10 shows a typical creep curve, which generally consists of three stages 
after the initial instantaneous strain when a constant load is applied [27].  The initial 
strain may consist of elastic or time-independent plastic deformation as soon as the load 
is applied.  In this first stage, which is referred to as Primary Creep, the strain rate 
decreases rapidly over time.  This is caused by working hardening, which restricts the 
deformation.  Stage two is the Secondary Creep, or Steady-State Creep, which is very 
important since most of the plastic deformation and lifetime of products takes place in 
this period, and it is the dominant deformation for metals when the homologous 
temperature is above 0.5T
m
.  In this stage, the strain rate is retarded by strain-hardening, 
which decreases the deformation speed, while the associated recovery and 
recrystallization (softening) tend to accelerate the creep rate [21].  The two processes of 
hardening and softening achieve a dynamic balance in the secondary creep stage and the 
strain-rate is relatively stable.  The third stage is Tertiary Creep, where the nucleation and 
growth of cavities has been induced [27].  Necking and micro-cracking will subsequently 
occur, which will eventually lead to creep rupture of the specimen.  
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Figure 1.10  Typical Creep Curve. 
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1.3.4  Mechanisms of Creep Deformation 
       Many creep mechanisms have been proposed.  The major creep mechanisms, such 
as dislocation glide, dislocation creep, grain boundary diffusion, and lattice diffusion, can 
be summarized in a creep deformation map, as shown in Figure 1.11 [27, 28].  The 
deformation diagram was first introduced by Ashby in 1972 [29], and has been widely 
accepted and studied by other researchers in the area.  The deformation map is normally 
constructed with axes of normalized tensile or shear stress and homologous temperature.  
The top of the map is bounded to the theoretical or ideal stress, below which is the onset 
of dislocation glide.  Dislocation glide occurs at high stress levels over the entire 
homologous temperature range.  The deformation mechanism involves the dislocation 
moving along the slip planes [28].  Dislocation creep usually occurs at high temperatures, 
with T
h
 greater than 0.5T
m
, and intermediate high stress.  This creep mechanism was first 
introduced by Weertman [30].  The deformation is believed to be controlled by diffusion 
controlled dislocation movement, with dislocations climbing away from dislocation 
barriers.  This model is important because it can actually predict the strain rate through 
quantitative estimation.  Coble proposed a grain boundary based diffusion mechanism, 
which involves the atomic or ionic diffusion along the grain boundaries [31].  The 
deformation occurs at intermediate low stress levels over an intermediate to low 
temperature range.  
At low stress level and high temperature, lattice or bulk diffusion is believed to be 
the primary deformation mechanism [21].  This is also known as Nabarro-Herring Creep, 
since it was first reported by Nabarro and Herring independently [21, 32, 33].  The 
deformation is believed to involve the migration of interstitial atoms and lattice vacancies 
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Figure 1.11  A Typical Creep Deformation Map [27, 28]. 
 
       
 
 
 
 
20
 
 
 
along the gradient of a grain boundary in the presence of tension or compression pressure 
in reversed directions.  When there is no pressure the interstitial atoms and lattice 
vacancies will migrate proportional to the gradient of their concentrations.  However, 
under pressure these lattice defects tend to move in whichever direction will relieve the 
imbalance of pressure, which will eventually cause creep deformation [33]. 
      At high temperatures, grain-boundary sliding may also be involved in the creep 
deformation [21].  The displacement of grains can be induced by stress at high 
temperatures.  Grain boundary sliding is not an independent deformation mechanism, but 
may accompany one or more of the above deformation mechanisms.  
        Solder alloys possess high homologous temperatures greater than 0.5T
m
 in their 
typical operating range.  The creep deformation mechanism depends mainly on the stress 
level.  At lower stress levels, the deformation will be due to lattice diffusion and grain-
boundary diffusion, at intermediate stress levels dislocation creep is involved, and at high 
stress creep involves dislocation gliding.   
       Shi et al. recently proposed a new set of deformation maps for Sn-Pb eutectic 
solder [34].  It is believed that dislocation-controlled and lattice diffusion-controlled 
creep is the major deformation mode for eutectic solder. 
1.3.5 Constitutive Equations of Secondary Creep 
Secondary, or steady-state creep is the dominate deformation experienced by 
solder alloys.  The steady-state creep rate can be quantitatively estimated, and a series of 
constitutive models have been proposed.  The following two models are the most widely 
accepted for the characterization of solder alloys by considering the diffusion controlled 
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creep deformation mechanism.  
Dorn Power Law [35]:  
                                                          
?
?
?
?
?
?
??=?
RT
Q
expA
n
&                                              (1.6) 
Garofalo Hyperbolic Sine Law [27]: 
                                                            
?
?
?
?
?
??
??=?
RT
Q
n
e)][sinh(C&                                           (1.7) 
where R is the universal gas constant, T is the temperature in Kevin, ? is the applied 
stress, A and C are material dependent constants, n is the stress exponent, and Q is the 
activity energy.  The models show that the steady state creep strain rates are strongly 
stress and temperature dependent. 
1.4 Objectives of This Research 
Due to the uniqueness of solder alloys and the lack of standards for characterizing 
of solder alloys, current databases of the properties of lead-free solders are inadequate.  
The objective of this research is to consistently study the microstructure and mechanical 
behavior of lead-free solders, and to achieve the following objects:  
? Develop of test specimen preparation procedures that produce uniaxial test 
samples with comparable microstructures to the lead-free solder materials used in 
actual electronic packaging solder joints. 
? Measure consistent mechanical properties for lead-free solder materials for use in 
lead-free electronics through controlling the thermal profile and microstructure in 
the uniaxial test specimen preparation procedure. 
? Determine the effects of isothermal aging of the test specimens at room    
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temperature and elevated temperatures on the uniaxial stress-strain curves and 
mechanical properties of the lead-free solders. 
? Measure stress-strain curves for lead-free solders over a wide range of 
temperatures, strain rates, and aging conditions (Preconditioning), and determine 
the constitutive models of the key mechanical properties related to temperature 
and strain rate.  
? Measure creep curves for lead-free solders over a wide range of temperatures, 
applied stresses, and aging conditions (Preconditioning). 
? Elucidate the basic constitutive laws and mechanical properties of different lead-
free solder materials for use in finite element reliability simulations. 
? Obtain the material property data needed to compare different lead-free solder 
materials and to select the best alternative to tin-lead solder for a given 
application. 
1.5 Organization of the Dissertation 
        In Chapter 2, a wide-ranging survey of the literature on specimen preparation, 
room temperature aging effects, thermal aging effects, temperature and strain rate effects, 
and constitutive modeling of creep is discussed.  The literature reviews focus primarily 
on the SAC alloy series.   In Chapter 3 the experimental procedure used for the bulk 
specimen preparation procedure is described, and the Micro-Tensile testing machine is 
introduced.  A model of the stress-strain curve developed to accurately average 
experimental measurements is also presented in this chapter.  Room temperature aging 
effects on tensile and creep properties are summarized and discussed in Chapter 4.  In 
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Chapter 5, thermal aging effects on the tensile and creep properties will be discussed.  
Chapter 6 reports on an investigation of the effects of strain rate and temperature effects 
on the tensile behavior of lead-free solders compared with Sn-Pb eutectic solder, 
including a discussion of the constitutive models developed with the variables of strain 
rates and temperature.  Chapter 7 summarizes the investigations on constitutive models 
for SAC alloys and their comparison with Sn-Pb solder.  Chapter 8 summarizes the entire 
study and concludes the dissertation.   
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CHAPTER 2  
LITERATURE REVIEW 
 
2.1 Introduction 
Due to the continuous pressure of the EU?s WEEE and RoHS directives to ban of 
lead-free solders from electronic components, research and development into lead-free 
solders have attracted more and more attention from both industry and academic 
institutions.  Inputting the key words ?lead-free solder? to the ?Google? searching engine 
resulted in 162,000 links in March 2005, increasing to 1.44 million by September 2006.  
There are numerous technical research reports and articles in the area of mechanical 
characterization of lead-free solders.  However, due to a lack of uniform standards and 
the uniqueness of the properties of the solder alloys, there are large discrepancies in the 
current database of the mechanical properties of lead-free solders.  
2.2 Data Discrepancies in the Literature 
  Solder joint fatigue is one of the predominant failure mechanisms in electronic 
assemblies exposed to thermal cycling.  Reliable, consistent, and comprehensive solder 
constitutive equations and material properties are needed for mechanical design, 
reliability assessment, and process optimization.  Accurate mechanical characterization of 
solder materials has always been hampered by the difficulty of preparing test specimens 
that accurately reflect the material used in the actual solder joints (i.e. that match the 
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solder microstructure).  Solder uniaxial samples have generally been fabricated by either 
machining the bulk solder material [36-41] or by melting the solder paste in a mold [42-
50].  Using bulk solder bars is undesirable because they will have significantly different 
microstructures than those present in the small solder joints used in microelectronics 
assembly.  Machining can develop internal/residual stresses in the specimen, and the heat 
generated during turning operations can cause significant microstructural changes due to 
the low melting temperatures of solder alloys, which will cause a further deviation of 
mechanical properties.  Reflow of solder paste in a mold leads to challenges with flux 
removal, minimization of voids, microstructure control, and extraction of the sample 
from the mold.  Many of the approaches also lead to specimens with shapes that 
significantly deviate from the ideal long slender rods.  Thus, undesired non-uniaxial 
stress states will inevitably be produced during loading. 
  Other investigators have attempted to extract the constitutive properties of solders 
by directly loading [40, 51-58] or indenting [54, 59] actual solder joints such as 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 or stress-strain curves 
from the recorded load-displacement data very challenging.  
      The mechanical properties of most metals are both strain rate and temperature 
dependent [21].  The mechanical properties of solder alloys are heavily dependent to 
temperature and strain rate due to their high homologous temperature.  Unless the testing 
conditions for both temperature and strain rate are the same, the data will therefore not be 
comparable.  The lack of testing standards thus makes it very hard to compare the data in 
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the current data pool since different research groups use different specimen preparation 
methods and different testing conditions, such as strain rates and temperatures.   
       Table 2.1 provides a summary of the mechanical properties in the current research 
database of the major lead-free solders.  All the data in the table were recorded at room 
temperature.  There are large discrepancies in the tensile property values as well as the 
specimen preparation and testing approaches.  The elastic modulus for SAC ranges from 
30-54 GPa, although the majority of the values lie in the range of 40-50 GPa (Figure 2.1).  
The UTS values vary from 30 to 60 MPa, with the majority in the range of 35-45 MPa 
(Figure 2.2).  The yield stresses range from 20 to 47 MPa, with the majority in the range 
of 25-35 MPa (Figure 2.3). 
       All the differences in testing conditions, such as specimen geometry, testing 
methods, and testing strain rates, are likely to contribute to the variations.  Vianco?s SAC 
mechanical properties have been widely referenced [60-63].  Figure 2.4 shows the bulk 
specimen used for compression testing in their experiment.  As mentioned earlier, due to 
the low melting temperature of solder alloys, machining operations will cause significant 
changes in the microstructure and properties of solders. Residue stresses due to 
machining will also be significant.  Their research used compression testing, which may 
pose problems due to confinement issues affecting the uniaxial testing results.  Their 
results, shown in Figure 2.5, seem to be abnormal with the changes of testing temperature 
[61], and their testing results show large deviations across all the temperatures tested in 
their testing data. 
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Table 2.1 Tensile Properties of SAC Alloys. 
 
Solder 
Alloy 
Elastic 
Modulus, 
E(GPa) 
UTS 
(MPa) 
YS 
(MPa) 
Strain 
Rate  
(sec
-1
) 
Specimen 
Preparation 
Testing 
Method 
Reference 
Sources 
50.3 36.2 31.9 4.2x10
-5
Machined, 
Cylindrical 
Compression Vianco 
[60-63] 
54    Machined, 
Cylindrical 
Dynamic/Aco
ustic 
Vianco  
[60-63] 
 60  1.78x10
-3
Cast, Dog-
bone, Water 
Quenched 
Tension 
 
 
Sn-
3.9Ag
-0.5Cu 
 41  1.78x10
-3
Aged 35 
Days at 25?    
Tension 
Xiao 
[48,49] 
 
43.1    Solder Joints Nano-
indentation 
Xu [64] 
45 40 35 6.68?10
-4
Cast, 
Cylindrical 
Tension Hwang 
[36] 
50 45  1.67?10
-3
Cast, 
Cylindrical 
Tension Fouassier 
[65] 
44.4 39.6 35.1 5.6?10
-4
Cast,  
Dog-bone 
Tension Pang [66] 
46   10
-4
Cast, Dog-
bone 
Tension Schubert 
[67, 68] 
44.9    Solder Joints Nano- 
indentation 
Li [69] 
41 39 32 10
-3
Cast,  
Dog-bone 
Tension Lin [45] 
 
 
 
 
 
 
Sn-
3.8Ag
-0.7Cu 
46  47.1  Solder Joints Dynamic 
Analyzer 
Harrsion 
[70] 
Sn-
4.1Ag
-0.5Cu 
43 36 33 6.86?10
-4
Cast, 
Cylindrical 
Tension Hwang
[36] 
40    Cast, 
Dog-bone 
Tension Schubert 
[67] 
48.3    Solder Joint Nano-
indentation 
Rhee [71] 
45    Bulk Solder Nano-
indentation 
Allen  
[72, 73] 
 
 
Sn-
4.0Ag
-0.5Cu 
 51  10
-3
Cast,  
Dog-bone 
Tension Xiao [74]
54 41.8 25.3 4?10
-3
Machined, 
Cylindrical 
Tension Kanchano-
mai [75] 
 
Sn-
3.0Ag
-0.5Cu 37.4 43 37 5?10
-4
Cast,  
Dog-bone 
Tension Zhu [76] 
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Table 2.1 Tensile Properties of SAC Alloys (continued). 
Solder 
Alloy 
Elastic 
Modulus, 
E(GPa) 
UTS 
(MPa) 
YS 
(MPa) 
Strain 
Rate  
(sec
-1
) 
Specimen 
Preparation 
Testing 
Method 
Reference 
Sources 
Sn-
3.1Ag
-0.5Cu 
45 49 40 6.86?10
-4
Cast, 
Cylindrical 
Tension Hwang 
[36] 
 32 28  Cast, 
Cylindrical 
Quenched 
Sn-
3.2Ag
-0.8Cu 
 30 20  Air-cooled 
Tension Medini 
[77] 
Sn-
3.5Ag
-0.7Cu 
46.6 Cast, 
Dog-Bone 
Tension Schubert 
[67] 
Biglari [78] 
 
SAC1 
* 
30 38.1 28  Cast, 
Cylindrical 
Tension AIM 
Solder 
Guide  
[79, 80 ] 
SAC2 
* 
 
51 39.5 33.5  Cast, 
Cylindrical 
Tension AIM 
Solder 
Guide  
[79, 80] 
 
* The Solder Composition was not Specified.   
 
SAC
Elastic Modulus
Literature Reference
Elastic 
Mo
du
lu
s, E (GPa
)
0
10
20
30
40
50
60
E
 
Figure 2.1  Variation in the Elastic Modulus of SAC Solders. 
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Figure 2.2  Variation in the UTS for SAC Solders. 
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Figure 2.3  Variation in the of Yield Stress for SAC Solders. 
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Figure 2.4  Machined Cylindrical Solder Specimen for Compression Testing [61]. 
 
 
Figure 2.5  The Elastic Modulus of SAC Solders by Compression Testing [61]. 
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       As shown in Figure 2.6, Schubert et al. concluded that there are large 
discrepancies for the elastic modulus of both lead-free solders and Sn-Pb eutectic from 
different research reports due to variations in the testing conditions [67-68, 78, 83, 90-
91].  Pang et al. found that there are about 50% of variations in the values UTS for SAC 
alloys (Figure 2.7) [66, 75, 92-95]. 
        Table 2.2 gives a brief summary of the mechanical properties of Sn-Pb eutectic 
solders.  The collected data shows there are also large variations in the mechanical 
properties published for eutectic Sn-Pb solder, with the elastic modulus ranging from 16 
to 36 GPa, the  UTS values ranging from 26 to 47 MPa and the Yield stress ranging from 
27 to 41 MPa.  MacCabe and Fine reviewed the elastic modulus of Sn-eutectic solders 
and found a wide range, varying from 15 to 40 GPa [82].  They concluded that the large 
differences were caused by the contribution of the inelastic deformation (plastic) from the 
slope of the stress-strain curve due to the high homologous temperature of solders.  The 
slope of the stress-strain curve therefore does not represent the true elastic modulus.   
As the above data shows, there are large discrepancies in the current database of 
mechanical properties for both lead-free and Sn-Pb solders.  These discrepancies may 
have been caused by the lack of accepted standards for testing methods, specimen 
preparation and testing conditions.  However, none of the resources recognized the effect 
of room temperature aging, which may also lead to data variations even for the same 
testing conditions due to the high homologous temperature of solder alloys.  The room 
temperature aging effects may have played a significant role in the discrepancies in the 
published data. 
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Figure 2.6  Schubert?s Comparison of the elastic modulus of Lead-free Solders [67]. 
 
 
Figure 2.7  Pang?s Comparison of the UTS of Lead-free Solders [66]. 
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Table 2.2  The Tensile Properties of Sn-37Pb Eutectic Solder. 
Solder 
Alloy 
Elastic 
Modulus, 
E (GPa) 
UTS 
(MPa) 
YS 
(MPa) 
Strain 
Rate  
(sec
-1
) 
Specimen 
Preparation 
Testing 
Method 
References 
Sources 
33.5 33.9 30.2  Cast, 
Cylindrical 
Tension Seelig [79] 
27 47 41 6.86?10
-4
Cast, 
Cylindrical 
Tension Hwang [36] 
32 39  1.67?10
-3
Cast, 
Cylindrical 
Tension Fouassier 
[65] 
32  32.5  Solder Joints Dynamic 
Analyzer 
Harrison [70] 
36 54  2?10
-2
Lap-Joints Tension/
Shearing 
Enke [81] 
35 26  10
-3
Machined, 
Cylindrical 
Tension MacCabe 
[82] 
29  29    Lau [83] 
15.7 30.6 27.2    NCMS [84] 
32.1   Lau [85]
30.2    Wong [86] 
 31-46  Sigolko [87]
46.2    Welco 
Casting [88] 
 
 
 
 
 
 
 
 
 
Sn-Pb 
Eutectic 
 40.3     Hernadez
[89] 
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2.3 Isothermal Aging Effects 
The effects of aging on the mechanical properties and microstructure have been 
widely studied.  However, most of the research has focused on elevated thermal aging 
effects, which dramatically change the mechanical properties and microstructure of 
solders. Room temperature aging effects have been largely ignored. 
2.3.1 Effects of Aging on Tensile Properties 
   The microstructure, mechanical response, and failure behavior of lead-free solder 
joints in electronic assemblies are constantly changing when exposed to isothermal aging 
and/or thermal cycling environments [46, 48-49, 55-56, 96-110].  The observed material 
behavior variation during thermal aging/cycling is universally detrimental to reliability 
and includes reductions in stiffness, yield stress, ultimate strength, and strain to failure, as 
well as highly accelerated creep.  Such aging effects are greatly exacerbated at the higher 
temperatures that are typically used in thermal cycling qualification tests.  However, 
significant changes occur with aging even at room temperature [46, 48-49, 55-56, 96-
104]. 
  As early as 1956, Medvedev [96] observed a 30% loss of tensile strength for bulk 
solder Sn/Pb solder stored for 450 days at room temperature.  In addition, he reported 4-
23% loss of tensile strength for solder joints subjected to room temperature storage for 
280-435 days.  In 1976, Lampe [97] found losses in shear strength and hardness of up to 
20% in Sn-Pb and Sn-Pb-Sb solder alloys stored for 30 days at room temperature (Figure 
2.8).  Lampe explained that the softening at room temperature due to aging was caused 
by the equilibrium process of the solder as tin precipitated out of the supersaturated lead-
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rich phase, thus causing the reduction in strength [97].   
Miyazawa and Ariga [98-99] measured significant hardness losses and 
microstructural coarsening for Sn-Pb, Sn-Ag, and Sn-Zn eutectic solders stored at 25 ?C 
for 1000 hours, while Chilton and co-workers [100] observed a 10-15% decrease in the 
fatigue life of single SMD joints after room temperature aging.  Coyle et al. reported a 
shearing stress reduction of up to 20% after 240 hours at room temperature for BGA 
packaging (Figure 2.9) [102].  Lee et al. also found that the shearing stress dropped by up 
to 10% after 3 days room temperature aging after reflow (Figure 2.10) [104].   
Several other studies [101, 103] have also documented the degradation of Sn-Pb 
and SAC solder ball shear strength (10-35%) in area array packages subjected to room 
temperature aging.  Both Lampe and Coyle et al. observed dramatic coarsening of the 
phase microstructure [97, 102].  The effects of room temperature isothermal aging on 
constitutive behavior have also been reported [46, 48-49].  Chuang, et al. [46] 
characterized the reductions in yield stress and increases in elongations obtained in Sn-Zn 
eutectic solder during aging at room temperature.  In addition, Xiao and Armstrong [48-
49] recorded stress-strain curves for SAC 396 specimens subjected to various durations 
of room temperature aging, and finding losses of ultimate tensile strength of up to 25% 
over 60 days of room temperature aging.  
Thermal aging effects are the most widely studied due to the dramatic changes in 
the microstructure and mechanical properties that result. Aging softening has also been 
observed for solder subjected to elevated temperature aging (e.g. 125 
o
C) [45-46, 48-49, 
105-110].  Pang et al. [55] measured microstructure changes, intermetallic layer growth, 
and shear strength degradation in SAC single ball joints aging at elevated temperature.  
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Figure 2.8  Room Temperature Aging Effects on Sn-Pb Solder [97]. 
 
 
Figure 2.9  Shear Strength of BGA Solder Balls after 240 hours at RT [102]. 
 
  
Figure 2.10  Reduction in Ball Shearing Strength after 3 days at RT [104]. 
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Darveaux [56] performed an extensive experimental study on the stress-strain and 
creep behavior of area array solder balls subjected to shear.  He found that aging for 1 
day at 125 
o
C caused significant changes in the observed stress-strain and creep behavior.  
In addition to the room temperature aging experiments described above, Xiao and 
Armstrong also measured stress-strain curves for SAC 396 specimens subjected to 
elevated temperature aging at 180 
o
C [48-49].  At this highly elevated temperature, they 
observed a quick softening of the material during the first 24 hours, followed by a gradual 
hardening with time.  Several studies have been performed on the degradation of BGA 
ball shear strength with elevated temperature aging at 125 
o
C or 150 
o
C [105-109].  All of 
these investigations documented both microstructure coarsening and intermetallic layer 
growth.  In addition, Hasegawa, et al. [105] measured elastic modulus reductions with 
aging by testing thin solder wires. Wang et al. [109] found significant drop in tensile 
properties after aging at 125 
o
C for various periods of time.  Vianco also found large 
reductions in the elastic modulus and yield stress after thermal aging at 125 
o
C for 24 
hours for SAC alloys [60-63].  Finally, Ding, et al. [110] explored the evolution of 
fracture behavior of Sn-Pb tensile samples with elevated temperature aging. 
  The underlying mechanism for this reduction in strength in solder alloys after 
aging must be related to the microstructure coarsening process.  When the grain structure 
is coarser, there are fewer grain boundaries to block the dislocation movement, causing a 
loss of strength of the material.  Based on experimental data, Hall and Petch 
independently found that the yield strength of a polycrystalline material is inversely 
proportional to its grain size [21,130,131], as shown in Equation 2.1: 
?
y
 = ?
i 
+ kd
-0.5
                                                 (2.1) 
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where ?
y
 is yield strength of the polycrystalline material, ?
i
 is the constant for the 
material, which represents the overall resistance of the lattice to dislocation movement; k 
is a constant which measures the contribution of hardening due to grain boundaries; and d 
represents the grain size.  The Hall-Petch theory states that increasing grain size degrades 
the strength of materials.  The increasing grain size will cause the amount of grain 
boundaries to decrease, and with fewer grain boundaries to resist the movement of 
dislocations the hardening contribution due to grain boundaries will be diminished, and 
the material loses strength.  
  The grain and phase structure coarsening is promoted by the self diffusion of 
atoms, interstitials, and vacancies.  According to the diffusion fundamental equation (Eq. 
2.2) [22],  
                                                       
?
?
?
?
?
?
?=
RT
Q
expDD
0
                                           (2.2) 
where D is diffusivity, D
0 
is a constant that is independent of temperature, R is the 
Boltzmann constant, Q is the activation energy, and T is the absolute temperature. Higher 
temperatures will increase the diffusivity of the atoms, interstitials and vacancies, leading 
to grain growth.  
       As previously stated in Chapter 1, the elastic modulus is only related to the 
interatomic forces between adjacent atoms [21].  Under normal conditions, the atoms 
reach an equilibrium position to balance the attraction and repulsion forces.  When an 
external force is applied within the elastic region no interatomic bonds are broken, and 
only the balance of the attraction and repulsion forces changes.  When the external force 
is relieved, the atoms will return to their original equilibrium positions.  Consequently, 
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microstructural changes have little effect on the value of the true modulus.  However, in 
engineering practice, the apparent elastic modulus is obtained from the slope of the 
stress-strain curves and includes time-dependent inelastic deformations such as creep.  
Creep is strongly dependent on the dislocation movement and grain size.  Coarser grains 
will cause more grain gliding and dislocation movement, and thus lead to more severe 
creep deformation.  The contribution of plastic deformation to the apparent elastic 
modulus will therefore increase with increasing grain size.  This explains why isothermal 
aging can cause a reduction in the apparent elastic modulus.  Due to the high homologous 
temperature of solder alloys even at room temperature, creep deformation is more 
significant compared to other metals with higher melting temperature.  The aging effects 
also contribute more to the apparent elastic modulus for solder alloys.               
2.3.2 Effects of Aging on Creep 
No reports on the effects of room temperature aging on creep deformation were 
found.  All the current research reports have focused solely on the effect of elevated 
temperatures on creep deformation.  It is believed that thermal aging accelerates the creep 
deformation due to the growth of the grain structure and coarsening of the second phase 
in lead-free solders.  Darveaux found that aged specimens creep much faster than un-aged 
ones by a factor of up to 20 times after aging at 125 ?C for 24 hours for both SAC405 and 
SAC305 solder alloys (Figure 2.11) [111]. Note, however, that the lap shear joint 
specimens used in Darveaux?s tests may create non-uniform stress and strain states in the 
specimens. Several other studies have observed similar behavior regarding the aging 
deterioration of creep deformation [48, 62, 112-114].   
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(a) SAC405 
 
 
(b) SAC305 
 
Figure 2.11  Effects of Aging on Creep Deformation of SAC Solders [111]. 
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Sasaki et al. found that bulk specimens after thermal cycling experience a much higher 
creep deformation rate [115]. 
2.4 Effects of Strain Rate and Temperature on Tensile Properties 
        Mechanical properties are temperature and strain rate dependent for most metal 
alloys, especially for metals with low melting and high homologous temperatures.  High 
temperatures induce transitions in macroscopic fracture, and these transitions parallel the 
changes in the strength and ductility of materials [21].  Materials lose strength at higher 
temperatures. Hertzberg stated that the material strength increases with the testing strain 
rate, following a form similar to Holloman?s Equation [21]: 
                                                                                                                   (2.3) 
m
C?=? &
where m is the strain-rate sensitivity factor, or strain hardening exponent; ? is the strain 
rate; C is the material constant; and ? is the stress.  
&
        Solder alloys possess very high homologous temperatures.  The properties of 
solder alloys are strongly dependent on both the temperature and strain rate.  Jones et al. 
have observed an approximately linear relationship between the strength and temperature 
[116-117]: 
                                                            ?+??=? T                                                      (2.4) 
where ? is temperature strengthening coefficient; ? is the strength at 0 ?C in MPa, and T 
is the testing temperature in ?C.  Pang, Shi and co-workers have observed similar 
experimental results, with a near linear relationship with temperature and a power law 
relation (Eq. 2.3) with the strain rate [39, 118].  Several other studies have also observed 
similar materials behavior for both Sn-Pb eutectic and lead-free solder alloys [119-122].  
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2.5 Constitutive Modeling of Creep Deformation  
Constitutive modeling of creep deformation has been a heavily studied and 
researched area due to the importance of being able to predict the end of life of electronic 
packaging using finite element analysis tools.  Many models have been proposed and 
modified by researchers.  As mentioned in Chapter 1, the Dorn power-law and Garofalo 
Hyperbolic models are the most widely accepted models for solder alloys.  The 
constitutive model can be determined by creep testing at different temperature and stress 
levels.  Table 2.3 and Table 2.4 summarize some of the current data for both lead-free 
solder alloys and Sn-Pb; all the models are based on steady-state creep.  Materials 
constants, specimens, and testing methods are compared in the tables.  The majority of 
the data can be fitted into the Hyperbolic Sine model.   As with the testing of tensile 
properties, there are large discrepancies in the creep data and materials constants vary 
over a very large range.  The materials constants are important in determining the 
accuracy of end-of?life prediction for solder joints using finite element analysis.  Large 
discrepancies would degrade the accuracy of these predictions.  
Figure 2.12 summarize several of the hyperbolic sine models for SAC alloys at 
125 ?C, showing how the steady-state creep rate varies over a very large range.  Clech 
reviewed creep modeling for both Sn-Pb and lead-free solder alloys based on the 
currently available data under a NIST project [129], and commented that the current 
database are widely scattered.  Discrepancies may be caused by differences in the 
specimen, testing method, and testing conditions.  However, none of the previously 
documented data has recognized the possible effects of room temperature aging on creep 
deformation, which may be one of the major reasons causing these the data discrepancies.  
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Table 2.3  Garofalo Hyperbolic Creep Models of Solder Alloys. 
Constants Constitutive Models 
Garofalo 
Hyperbolic  
Sine Law 
 
Solder 
Alloy 
C ? 
(MPa
-1
) 
n Q 
(kJ 
/mol) 
Specimen 
Testing 
Method 
Reference 
Sources 
Sn-
40Pb 
0.1114 751 3.3 53.0 Lap-joints, 
Shear/Tensile 
Darveaux 
[123] 
0.158 0.406 1.38 50.0 Cast Bulk, 
Tensile 
Xiao [124] 
10.0 0.1 2 44.9 Flip Chip 
Joints, Tensile 
Wiese [67] 
 
 
2.87?10
-5
1300 3.3 52.8  Shi [34] 
 
 
 
 
 
Sn-
37Pb 
1999.4 0.2 2.1 54.1 Lap-Joint, 
Tensile 
Zhang [127] 
178.5 0.115 4.75 57.1 Bulk, tensile Wiese [67] 
23.17 0.0509 5.04 41.6 Bulk, tensile Clech [129] 
8.18?10
11
0.0266 8.67 77.4 Lap Joint, 
Shear 
Clech [129] 
 
 
 
Sn-
3.5Ag 2.46?10
5
0.0913 5.5 72.5 Lap Joint, 
Shear 
Clech/ 
Darveaux 
[90,129] 
Sn-
3.0Ag-
0.5Cu 
2631 0.0453 5.0 52.4  Vianco [62] 
0.184 0.221 2.89 62.0 Cast Bulk, 
Tensile 
Xiao [124] 
4.41?10
5
0.005 4.2 45 Bulk, 
Compression 
Lau & 
Vianco 
[125] 
3.49?10
4
0.005 4.3 43.13 Bulk, 
Compression 
Vianco [61] 
 
 
 
Sn- 
3.9Ag- 
0.6Cu 
248.4 0.188 3.79 62.3 Lap-Joint, 
Tensile 
Zhang [127] 
3.2?10
4
0.037 5.1 65.3 Bulk, Tensile Pang [126] Sn-
3.8Ag-
0.7Cu 
2.78?10
5
0.0245 6.41 54.2  Schubert 
[128] 
 
 
 
 
 
 
 
 
 
 
?
?
?
?
?
??
??=?
RT
Q
n
e)][sinh(C&
 
 
 
SAC 
Series 
7.93?10
5
0.0356 5 67.9 Fitting Data Clech [129] 
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Table 2.4 Dorn Power Law Creep Models of Solder Alloys. 
Constitutive 
Models 
Constants 
Dorn Power 
Law 
 
Solder 
Alloy A (s
-1
)  n Q 
Specimen 
Testing 
Method 
Reference 
Sources 
5?10
-6
 11 79.8 Flip chip, 
tensile 
Wiese [67] 
 
 
Sn-3.5Ag 
9.44?10
-5
 6.05 61.1 Bulk, tensile Clech [129] 
 
?
?
?
?
?
?
??=?
RT
Q
expA
n
&
 
Sn-4.0Ag-
0.5Cu 
2?10
-21
 18 83.1 Flip chip, 
tensile 
Wiese [67] 
  
 
SAC
T = 125 ?C
Stress (MPa)
10 100
Creep Stra
in
 
Ra
t
e
 (sec
-1
)
1e-9
1e-8
1e-7
1e-6
1e-5
1e-4
1e-3
1e-2
1e-1
1e+0
1e+1
Zhang 
Clech 
Schubert
Lau
Pang
Vianco
Xiao
 
Figure 2.12  Discrepancies in the Creep Models. 
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Both the Garofola Hyperbolic Sine model and Dorn Power-Law model focus on 
steady-state creep data, which only involve the time dependent creep deformation.    
Recently, more research has been carried out to investigate the Anand model, which is 
also offered in the ANSYS code.  The Anand model was initially proposed by Anand 
[137], and is considered to be a unified model that does not require explicit yield 
conditions or loading/unloading criteria.  The instantaneous response of the material is 
dependent on its current state.  The Anand model also employs a single scalar internal 
variable ?s? to represent the isotropic resistance to inelastic flow of the material.  There 
are series of equations for the Anand model. The flow equation is expressed as follows:  
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
??
=?
RT
Q
exp
s
sinhA
m
1
P
&                                     (2.5) 
where is the inelastic strain rate, A is a constant, 
p
?& ?  is the stress multiplier, ? is the 
stress, R is the gas constant, m is the strain rate sensitivity, Q is the activation energy and 
T is absolute temperature.  The flow equation can be easily modified to represent the 
hyperbolic sine model for secondary creep rate (Eq.1.7).  
       The scalar variable is believed to be related to the dynamic process of strain 
hardening and dynamic recovery, expressed as follows: 
p
*
0
*s
s
1
s
s
1
*s
s
1hs ?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?= &&                                          (2.6) 
and 
n
p
*
RT
Q
exp
A
s?s
?
?
?
?
?
?
?
?
?
?
?
?
?
=
&
                                                (2.7) 
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where s* represents a saturation value at a given temperature and strain rate, s? is a 
coefficient and n is the strain rate sensitivity at the saturation condition. 
       There are a total of nine constants from the above equations, A, Q, m, n, a, h
0
, ? , 
, and ss?
0
, the initial value of the deformation resistance, that need to be determined for 
the viscoplastic Anand model.  Currently, most researchers use multiple variable fitting 
methods to determine the constants based on experimental data.  However, as with the 
previously documented data, there are large variations in the current database for these 
constants, even for the same solder material under the same conditions [138-140].  
2.6 Summary 
   This review of the research literature has documented the dramatic changes that 
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 previous studies involving solder material characterization or finite element 
predictions of solder joint reliability during thermal cycling.  It is widely acknowledged 
that the large discrepancies in measured solder mechanical properties from one study to 
another arise due to differences in the microstructures of the tested samples.  This 
problem is 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 change 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 SnPb and SAC solders.  Without such well-defined 
relationship, it is doubtful that finite element reliability predictions can ever reach their 
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full potential. 
   For the current study, mechanical measurements of room temperature and thermal 
aging effects and material behavior evolution of lead-free solders were performed.   A 
broad range of room temperature research was conducted for Sn-Pb and SAC solders for 
both water-quenched and reflowed samples.  This study has avoided the specimen 
preparation pitfalls experienced in previous studies by a using a novel procedure where 
solder uniaxial test specimens were formed in high precision rectangular cross-section 
glass tubes using a vacuum suction process.  The tubes were then cooled by water 
quenching or sent through an SMT reflow to re-melt the solder in the tubes and subject 
them to any desired temperature profile to match those experienced by actual solder 
joints. 
  Using specimens fabricated with the newly developed procedure, changes in the 
isothermal aging effects and viscoplastic material behavior evolution were characterized 
for 95.5Sn-4.0Ag-0.5Cu (SAC405) and 96.5Sn-3.0Ag-0.5Cu (SAC305) lead-free solders, 
which are commonly used as the solder ball alloy in lead-free BGAs and other 
components.  Analogous tests were performed with 63Sn-37Pb (Sn-Pb) eutectic solder 
samples for comparison purposes.  The samples were solidified with both reflowed and 
water quenched temperature profiles, and isothermal aging was performed at room 
temperature (25 
o
C) and elevated temperatures (125 
o
C and 150 
o
C).   In this study, the of 
the room temperature (RT) aging experiment were extensively investigated to provide a 
baseline database for thermal aging, strain rate and temperature effects, as well as for use 
in the constitutive modeling of creep. 
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CHAPTER 3  
SPECIMEN PREPARATION AND UNIAXIAL TENSILE TESTING 
 
3.1 Introduction 
       As the literature review in Chapter 2 shows, there are various approached to 
produce bulk specimens, but due to the lack of standards for the specimen making 
process, the mechanical data are widely scattered.  A unique and microstructurally 
controllable process has been developed in this study.   
3.2 Uniaxial Test Specimen Preparation Procedure 
The solder specimens for this study were formed in rectangular cross-section 
glass tubes using a vacuum suction process.  The solder is first melted in a quartz crucible 
using a pair of circular heating elements (see Figure 3.1).  A thermocouple attached to the 
crucible and a temperature control module are 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 observe the extreme variations possible in the mechanical behavior and 
microstructure, a large spectrum of cooling rates were explored including water 
quenching of tubes (fast cooling rate), air cooling with natural and forced convection 
(slow cooling rates), and controlled cooling using a surface mount technology solder 
reflow oven.  Typical temperature versus time plots for water quenching and air cooling 
of the test samples are shown in Figure 3.2.  For the reflow oven controlled cooling, the 
solder in the tubes is first cooled by water quenching, and then sent through a reflow 
oven (9 zone Heller 1800EXL) to re-melt the solder in the tubes and subject them to the 
desired temperature profile.  Thermocouples 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, to match that of 
the actual solder joints.  Figure 3.3 illustrates the reflow temperature profiles used in this 
work for the SAC and Sn-Pb solder specimens. 
Typical glass tube assemblies filled with solder and a final extracted specimen 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.  For the current work, uniaxial samples with nominal dimensions of 80 
x 3 x 0.5 mm were utilized.  A thickness of 0.5 mm was chosen because this matches the 
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Figure 3.2  Sample Cooling Profiles. 
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(a) SAC Alloys 
        
(b) Sn-Pb 
Figure 3.3  Solder Reflow Temperature Profiles. 
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(a) Within Glass Tubes. 
 
(b) After Extraction. 
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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height of typical BGA solder balls.  The sample preparation procedure described above 
yielded repeatable samples with controlled cooling profiles (i.e. microstructures), oxide 
free surfaces, and uniform dimensions.  Samples were inspected using a micro-focus x-
ray system to detect flaws such as notches and external indentations, and/or internal voids 
that are non-visible.  Figure 3.5 illustrates the results for good (top) and poor specimens 
(middle and bottom).  With careful experimental techniques, samples with no flaws and 
voids could be reliably produced.   
3.3 Mechanical Testing System 
An MT-200 tension/torsion thermo-mechanical test system from Wisdom 
Technology, Inc., shown in Figure 3.6, was used to test the samples in this study.  The 
system provides an axial displacement resolution of 0.1 microns and a rotation resolution 
of 0.001?.  Testing can be performed in tension, shear, torsion, bending, and 
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 of 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.  The base 
environmental chamber provided with the system is capable of a temperature range of 
approximately -175
 o
C to 300 
o
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 
displacement using 
LL
L
A
F ?
=
?
=?=?                                              (3.1) 
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(a) With Thermal Chamber. 
                      
(b) With Cooling Chamber. 
Figure 3.6  MT-200 Testing System with Environmental Chamber. 
 
 
 
56
 
 
 
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.  Most uniaxial stress-strain testing in this work was 
conducted at room temperature (25 
o
C) with a strain rate of ?&  = 0.001 sec
-1
. 
A typical recorded tensile stress-strain curve with labeled standard material 
properties is shown in Figure 3.7.  Hence, the notation ?E? is taken to be the effective 
elastic 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 (YS) is 
taken to be the standard .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, 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. 
Creep testing was also carried out using the micro testing system. The solder 
specimens were tested under constant loads at various temperatures and stress levels.  
The various testing temperatures were achieved by using environmental chambers 
(Figure 3.6), capable of temperatures from -175 ?C to 300 ?C. 
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Figure 3.7  Typical Solder Stress-Strain Curve and Material Properties. 
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3.4 Microstructure Observations 
The microstructure of the samples was explored using a JEOL JSM-840 Scanning 
Electronic Microscope (SEM).  The microstructure of the solder alloys was found to be 
evolving rapidly even at room temperature, especially immediately after solidification.  
Thus, it is very difficult to prepare potted SEM samples without significantly affecting 
the results due to time delays and the higher temperatures present during curing of the 
molding compound. 
In this study, an SEM sample preparation procedure was developed that avoids 
potting and is relatively fast.  In the utilized method, a small length of the tensile 
specimen is attached to a pre-prepared resin stub using a fairly rigid double sided tape 
immediately after the specimen was cooled.  The exposed cross-sectional area of the 
uniaxial specimen was then carefully polished with the resin stub serving as a convenient 
grip.  For the SAC specimens, etching with a mixture of 5% hydrochloride and 95% 
methanol was also performed for 5-10 seconds. After the specimens were polished and 
etched, they were removed from the resin stubs and stuck to analogous aluminum stubs 
using carbon or copper double-side tape in order to get good conduction within the SEM. 
This procedure avoids the time required by resin solidification and gold coating.  
Generally, it takes 24 hours for typical epoxy resins to solidify at room temperature, or 1 
hour at 80 ?C.  The microstructure would be changed undesirably by either approach.  
Using the developed procedure, SEM samples were prepared for observation in less than 
one hour after casting of the tensile specimens.  This ensures that the first observations 
can be made during the early stages of the microstructure evolution. Energy Dispersive 
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X-ray Spectrometry (EDS/EDX) analysis was also used to identify the second phase in 
the SAC alloys. 
The tensile specimens were found to have a relatively uniform microstructure 
across their cross-sectional area, with the exception of a fine layer on their outside 
surface.  Typical observed microstructures near the centers of SAC405 and 63Sn-37Pb 
solder specimens are shown in Figure 3.8.  The phase size/structure of the final samples 
can be controlled by careful choice of the cooling rate (e.g. faster cooling rate will result 
in finer the phase structure). 
3.5 Mechanical Testing Results  
3.5.1 General Test Descriptions 
Using specimens fabricated with the casting procedure described above, RT aging 
effects and viscoplastic material behavior evolution were characterized for SAC405 and 
SAC305 lead-free solders.  Uniaxial stress-strain curves were recorded at room 
temperature and ?&  = 0.001 sec
-1
 after various durations of room temperature (25 
o
C) 
aging.  For each set of test conditions, a total of 10 specimens were tested and a set of 
averaged material properties were extracted.  Variations of the average temperature 
dependent mechanical properties (elastic modulus, yield stress, ultimate strength, creep 
compliance, etc.) were observed and modeled as a function of aging time. 
In the SAC creep experiments, constant stress levels on the order of 40-50% of 
the observed UTS were applied.  Due to the long test times involved, only 1-3 specimens 
were tested for any given set of test conditions.  The strain versus time responses was  
recorded, as were the ?steady state? creep strain rates (creep compliance) in the 
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Figure 3.8  Typical Solder Microstructures. 
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secondary creep region.  In this work, the ?steady state? secondary creep rate was defined 
to be the minimum value of the observed ?&  versus t response. 
The lead-free solder test samples in this investigation were solidified and tested 
with both water quenching (Figure 3.2a) and reflowed (Figure 3.3) cooling profiles.  The 
water quenching profile provided an ultra-fast cooling rate that resulted in test specimens 
with extremely fine initial microstructure, high values of the material properties (E, YS, 
UTS), and relatively low creep strain rates.  The reflow cooling profile, however, 
provides a cooling rate that more closely approximates that seen by actual solder joints 
during PCB assembly.  Finally, in all of the lead-free (SAC) testing performed, analogous 
experiments were also performed with Sn-Pb eutectic solder samples for comparison. 
3.5.2 Typical Stress-Strain Data and Empirical Model 
Figure 3.9 illustrates a set of typical solder stress-strain curves for solder at T = 25 
o
C.  In this case, 10 curves were recorded for SAC405 samples prepared with the same 
cooling profile (water quenching) and subjected to the same room temperature aging 
environment (63 days aging at RT).  The observed variation in the data between different 
tests is typical for solder samples subjected to very similar aging exposures, although 
considerably much more variation will be present if the aging is not well controlled.  The 
observed high strain behavior is close to ideally plastic, as the stress remains constant.  In 
addition, the curves are well matched except in their failure behavior at high strains, 
where extensive localized reductions in the cross-sectional area (necking down) are 
observed.  These large deformations lead to non-uniform stress-states in the specimen, as  
well as drops in the applied loading near the end of the stress-strain curve.  In this 
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Figure 3.9  Typical Set of Stress-Strain Curves for a Given Set of Constant Conditions. 
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study, the analysis of tensile properties focus on the portions of the stress-strain curve 
before extensive visible necking occurs (typically ? < 2-3%).  For example, the truncated 
curves in Figure 3.10 represent the data from Figure 3.9 with ? < 0.02 = 2%.  The curves 
in Figure 3.10 are closely distributed, and well suited for mathematical representation. 
In this study, the object was to replace the set of 10 recorded stress-strain curves 
for a certain testing configuration with a single ?average? curve that accurately represents 
the observed response for all strain levels.  Several different mathematical models could 
be used to represent the observed data. In this work, a linear model was used for 
extremely small strains ( << 0.0001), and a four parameter empirical representation 
called the Weibull model for larger strains: 
?
*C
10
*
3
C
2
eCC)(
E)(
????=??
????=??
??
                                (3.2) 
where E is the initial elastic modulus; C
0
, C
1
, C
2
, C
3
 are material constants to be 
determined; and ?* is the strain level where the two functions intersect (become equal).  
The two function approach is typical for elastic-plastic materials, where it is desirable to 
model the initial portion of the stress-strain curve as perfectly linear (elastic), and the 
remaining portion of the curve as nonlinear.  It is noted that the Weibull model is unable 
to match the extremely small strain behavior of solder accurately.  In particular, the slope 
of the Weibull model mathematically becomes infinite at small strains (when C
3 
< 1).  
Constant C
0
 in the Weibull model gives the limiting value of the stress for high strains, 
which is the ultimate tensile strength (UTS): 
C
0
 = ?
u 
= UTS                                                    (3.3) 
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Figure 3.10  Typical Set of Truncated Stress-Strain Curves for a 
                                         Given Set of Constant Conditions. 
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To utilize the model in Eq. 3.2 to fit a set of stress-strain data (e.g. the curves in 
Figure 3.10), the six constants E, C
0
, C
1
, C
2
, C
3
, and ?* must be determined.  In this work, 
the initial elastic modulus was found for each recorded curve by fitting the stress-strain 
data at very small strains using a linear regression analysis.  The calculated modulus 
values for the set of 10 curves recorded under the same conditions were then averaged to 
generate the single elastic modulus E for the set.  Secondly, a nonlinear regression 
analysis was performed to simultaneously fit the Weibull model to the combined data for 
all 10 stress-strain curves recorded under the same conditions.  This yielded constants C
0
, 
C
1
, C
2
, C
3
.  Finally, constant ?* was then found by solving the nonlinear equation that 
expresses the condition for the two functions in Eq. 3.2 to intersect: 
( )
3
*
2
C
C
10
**
eCCE)(
??
?=?=??                                   (3.4) 
With this procedure, the six material constants in Eq. 3.2 can be evaluated for any 
set of recorded stress-strain curves.  For example, the fit of the empirical model in Eq. 3.2 
to the curves in Figure 3.10 is shown in Figure 3.11.  In this case, the material constants 
in the empirical model are E = 39.9 GPa, C
0 
= 42.4 MPa, C
1
 = 48.6 MPa, C
2
 = 229.9, C
3
 
= 0.763, ?* = .0002.  
The excellent representation provided by the elastic-plastic empirical model suggests 
that it does indeed provide an accurate mathematical description of a suitable ?average? 
stress-strain curve for a set of experimental curves measured under fixed test conditions. 
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Figure 3.11  Model Fit to a Typical Set of Stress-Strain Curves. 
 
 
 
 
 
 
 
67
 
 
 
 
68
CHAPTER 4  
EFFECTS OF ROOM TEMPERATURE AGING  
ON THE PROPERTIES OF SOLDERS 
 
4.1 Introduction 
        Solder alloys have high homologous temperatures for most normal operating 
conditions of electronic components, being greater than 0.5T
m
 (T
m
 is melting 
temperature) even at room temperature.  At 25 ?C, the homologous temperature is 0.65T
m
 
for Sn-Pb eutectic solder and 0.61T
m
 for SAC405 and SAC305.  The unique properties of 
solder lead to significant aging effects on tensile and creep properties for solders even at 
room temperature.  However, the effects of room temperature have been overlooked by 
most researchers in both industry and academic institutions.  This chapter reports on 
research into the effects of room temperature aging on both tensile strength and creep 
properties.  
4.2 Effects of Room Temperature Aging on Tensile Properties
Several sets of 10 solder test specimens were prepared with water quenched and 
reflowed cooling profiles, as described in the previous chapter.  The solder alloys are 
SAC405, SAC305 and Sn-37Pb.  The sample sets were aged at room temperature (T = 25 
?C) for carefully controlled time periods, and then mechanically tested.  A single 
?average? stress-strain curve was found for each sample set with a defined cooling profile 
 
and aging duration, using the empirical model in Eq. 3.2, and the procedure described in 
Chapter 3.  For each solder alloy and cooling profile considered, nine sample sets (90 
specimens) were fabricated.  Each set was then tested after a different duration of RT 
aging.  The periods considered were: no aging, 5 hours, 1 day, 3 days, 6 days, 9 days, 21 
days, 42 days, and 63 days.  The average material properties (E, UTS, YS) were extracted 
from the recorded stress-strain data for each set of samples. 
The effects of RT aging on the stress-strain behavior of water quenched SAC405 
samples are illustrated in Figure 4.1.  It can be seen that the initial linear behavior of the 
average stress-strain curves is only slightly affected, while the post yield behavior 
changes dramatically with aging.  These conclusions are easily justified by extracting the 
material properties from the average curves in Figure 4.1.  Plots of the variation of the 
effective elastic modulus E and failure stresses (YS and UTS) with aging are shown in 
Figures 4.2 and 4.3, respectively.  During the 63 days of RT aging, the effective modulus 
dropped only 7.6%, from 43.0 MPa to 39.7 MPa.  However, the ultimate tensile strength 
UTS reduced by 38.6% (67.3 to 41.3 MPa), while the yield stress YS fell by 32.3% (57.6 
to 39.0 MPa). 
Similar data were collected for reflowed SAC405 samples.  The stress-strain 
curve variation with RT aging is shown in Figure 4.4, while the extracted material 
property dependence on aging is shown in Figures 4.5-4.6.  For this solidification profile, 
the elastic modulus dropped 6.1% with aging, while the UTS and YS degraded by 24.6% 
and 22.9%, respectively.  Note that there were only slight differences between the 
magnitudes and aging behavior of the elastic modulus for the water quenched and 
reflowed samples.  However, the results in Figures 4.4 and 4.6 clearly demonstrate that 
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Figure 4.1  SAC405 Stress Strain Curves for Various Room Temperature Aging Times  
                 (Water Quenched). 
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Figure 4.2  Elastic Modulus vs. RT Aging Time (SAC405, Water Quenched). 
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Figure 4.3  Failure Stresses vs. RT Aging Time (SAC405, Water Quenched). 
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Figure 4.4  SAC405 Stress Strain Curves for Various Room Temperature 
                                Aging Times (Reflowed). 
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Figure 4.5  Elastic Modulus vs. RT Aging Time (SAC405, Reflowed). 
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Figure 4.6  Failure Stresses vs. RT Aging Time (SAC405, Reflowed). 
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the failure stresses (YS and UTS) of the reflowed samples are much smaller than those of 
the water quenched samples at all aging times.  This reaffirms the strong dependence on 
the failure properties of solder joints on the cooling profile used in their formation.  For 
SAC405, it is clear that slightly stiffer and considerably stronger joints can be obtained 
with faster cooling during solidification.   
These results indicate that the material properties of the SAC405 solder continue 
to decline with further room temperature aging past 63 days.  However, the rates of these 
further reductions are extremely small.  The majority of the degradations in the effective 
elastic modulus and failure properties occur during the first 10 days (240 hours) of RT 
aging for both the water quenched and reflowed samples.  The data points in Figures 4.4 
and 4.6 were fitted using an empirical model that reflects this stabilization and asymptotic 
behavior: 
Material Property = 
?
?
?
?
?
?
?
? ?
?
+
+
3
2
C
Ct
1
0
e1
C
C           t ? 240 Hours               (4.1) 
Material Property = ?+?? t                         t ? 240 Hours              (4.2)      
       When the aging time is less than 240 hours (10 days), the relationship follows Eq. 
4.1.  For longer aging times, the tensile properties are a relatively stable, and follow a 
near linear relationship, with a small slope (Eq. 4.2).  The experimental data indicates that 
the tensile properties of lead-free solders continue to change at room temperature aging, 
although at a very low rate after the initial aging durations.  The linear relationship can be 
obtained based on the experimental data.                
The same sets of stress-strain versus RT aging experiments have been performed  
for both SAC305 and Sn-Pb eutectic solder samples.  For each alloy, both water 
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quenching and reflow cooling profiles have been utilized.  Figures 4.7-4.9 contain the 
observed stress-strain curves and extracted material properties for the water quenched 
SAC305 samples, while Figures 4.10-4.12 show the analogous results for the reflowed 
SAC305 specimens.   
      Comparison of the results for SAC405 and SAC305 reveals that there are only 
small differences in the uniaxial stress-strain responses of these alloys.  Both solders 
demonstrated significantly increased mechanical properties for the quick water quenching 
cooling profile relative to a standard reflow cooling profile.  Also, the variations of the 
mechanical properties with duration of RT aging showed similar trends.  Relative to the 
SAC405 response, the SAC305 stress-strain curves did illustrate slightly sharper 
transitions between the initial linear ?elastic? regions and the near horizontal plastic 
regions.  In addition, the effective elastic modulus of SAC405 was observed to be 3-5% 
higher than that of SAC305 after solidification, and this separation remained even as RT 
aging progressed.  The SAC405 alloy also demonstrated a similar 3-5% advantage in the 
UTS after solidification.  However, after 63 days of RT aging, the UTS values for the 
SAC405 and SAC305 alloys were essentially identical.   Based on the experimental data 
for E, UTS, YS, Table 4.1 summarizes the near linear relationship (Eq. 4.2) of room 
temperature aging effects with the tensile properties of both lead-free solders at long 
aging times. With increasing aging time at room temperature, the tensile properties 
steadily decrease.  The underlying reason for the continuous aging effects is due to the 
high homologous temperature of solders.  From these results for lead-free solders, aging 
over 20 years at room temperature would raise concerns for reliability. 
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Figure 4.7  SAC305 Stress Strain Curves for Various Room Temperature Aging Times    
                 (Water Quenched).        
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Figure 4.8  Elastic Modulus vs. RT Aging Time (SAC305, Water Quenched). 
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Figure 4.9  Failure Stresses vs. RT Aging Time (SAC305, Water Quenched). 
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Figure 4.10  SAC305 Stress Strain Curves for Various Room Temperature 
                                 Aging Times (Reflowed) 
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Figure 4.11  Elastic Modulus vs. RT Aging Time (SAC305, Reflowed). 
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Figure 4.12  Failure Stresses vs. RT Aging Time (SAC305, Reflowed). 
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    Table 4.1  Effects of Room Temperature Aging on Tensile Properties (t > 240 hours) 
Solders Tensile Properties Aging Time Dependence R
2
E (GPa) -0.0004t + 40.33 0.9231
UTS (MPa) -0.0008t + 42.50 0.9770
Water 
Quenched 
YS (MPa) -0.0005t + 39.53 0.9849
E (GPa) -0.0002t + 40.12 0.9747
UTS (MPa) -0.0005t + 36.92 0.9857
 
 
SAC405 
 
Reflowed 
YS (MPa) -0.0008t + 27.27 0.9231
E (GPa) -0.0005t + 39.02 0.9916
UTS (MPa) -0.0007t + 42.90 0.9423
Water 
Quenched 
YS (MPa) -0.0004t + 40.03 0.9231
E (GPa) -0.0002t + 38.12 0.9727
UTS (MPa) -0.0007t + 35.96 0.9957
 
 
SAC305 
 
Reflowed 
YS (MPa) -0.0006t + 27.60 0.9987
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The experimental results for the Sn-Pb alloy are contained in Figures 4.13-4.15 
and Figures 4.16-4.18 for the water quenching and reflow cooling profiles, respectively.  
The Sn-Pb stress-strain data revealed several different trends than the previously 
discussed data for SAC405 and SAC305.  In particular, the reflowed Sn-Pb samples 
uniformly showed better (higher) mechanical properties than the water quenched 
samples, and larger changes were observed during aging for the reflowed samples 
relative to the quenched samples.  This was in direct contradiction to the results found for 
the high tin content lead-free SAC alloys, where the water quenched samples illustrated 
superior mechanical properties, and the quenched samples experienced the larger changes 
in mechanical behavior with aging.  It does, however, correspond to the microstructure 
observed for the solder alloys, which will be explored in the next section. Other possible 
reasons maybe lie in the specimen preparation procedure.  Sn-Pb has far superior wetting 
ability compared to the SAC alloys. From observations of the new specimen preparation 
procedure used for this study, Sn-Pb fills the glass mold much faster than the SAC alloys, 
which may trap vaporized gas in the solder materials, without the time the SAC 
specimens have allow for the gas to be expelled. During the reflow process, all the 
trapped gas may have been released, and thus causing the difference in properties.  
The Sn-Pb samples also exhibited significant (25%) differences in the effective 
elastic moduli found for the water quenched and reflowed samples.  For the lead-free 
alloys discussed above, these differences were less than 2.5% for both SAC305 and 
SAC405.  The tensile properties for longer aging time were more stable than those of the 
SAC alloys. Table 4.2 contains a summary of the extreme values of the elastic modulus 
and ultimate tensile strength (before and after RT aging) for the 3 tested solder alloys.  
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Figure 4.13  Sn-Pb Stress Strain Curves for Various Room Temperature Aging Times  
                   (Water Quenched). 
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Figure 4.14  Elastic Modulus vs. RT Aging Time (Sn-Pb, Water Quenched). 
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Figure 4.15  Failure Stresses vs. RT Aging Time (Sn-Pb, Water Quenched). 
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Figure 4.16  Sn-Pb Stress Strain Curves for Various Room Temperature 
                                   Aging Times (Reflowed).              
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Figure 4.17  Elastic Modulus vs. RT Aging Time (Sn-Pb, Reflowed). 
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Figure 4.18  Failure Stresses vs. RT Aging Time (Sn-Pb, Reflowed). 
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Table 4.2  Maximum and Minimum Material Property Values  
                                        During Aging at Room Temperature. 
 
Solder Alloy & 
Cooling Profile 
E
max
 
(GPa)
E
min
 
(GPa)
UTS
max
 
(MPa) 
UTS
min
 
(MPa) 
SAC405, Quenched 43.0 39.7 67.3 41.3 
SAC405, Reflowed 42.5 39.9 48.0 36.2 
SAC305, Quenched 41.6 38.3 64.2 41.8 
SAC305, Reflowed 40.5 37.9 46.8 34.9 
SnPb, Quenched 22.5 21.5 38.0 32.0 
SnPb, Reflowed 29.8 27.7 58.1 40.8 
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4.3 Effects of Room Temperature Aging on Microstructure 
The microstructure changes that occur during room temperature aging of the 
SAC405 solder specimens are shown in Figure 4.19.  The mounting procedure described 
in Chapter 3 was utilized to generate samples suitable for SEM viewing within 1 hour of 
solidification.  These photographs show that the initial microstructures of both alloys 
were extremely fine, and that they coarsened significantly after only 9 days of RT aging.  
The basic structure of SAC405 (95.5Sn-4.0Ag-0.5Cu) is Sn-based dendrites.  The 
dendrites grow during the solidification process, and the second phase particles 
precipitate out between the arms of the dendrites.  The second phases are easily identified 
by EDS/EDX to be Ag
3
Sn and Cu
6
Sn
5
.  Since the Cu content in the SAC solder is very 
small, the majority of the second phase particles are needle like Ag
3
Sn intermetallics.   
During room temperature aging, the Sn-based dendrites grow larger, and the 
Ag
3
Sn and Cu
6
Sn
5
 second phase intermetallics congregate and grow longer between the 
arms of the dendrites.  As shown in Figures 4.19(a) and 4.19(c), the second phase 
particles were coarser for reflowed SAC405 specimens relative to the water quenched 
ones.  This trend continued with aging.  The dendrites were also bigger for the reflowed 
samples. The reflow process allows the solder to re-melt and recrystallize into a coarser 
structure. These effects caused the UTS of the reflowed SAC405 to be lower than water 
quenched SAC405.  Also note that the coarsening of the microstructure occurs much 
faster for the water-quenched SAC specimens relative to the reflowed ones. 
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(a) Quenched, No Aging                     (b) Quenched, 9 Days at RT 
   
(c) Reflowed, No Aging                      (d) Reflowed, 9 Days at RT 
Figure 4.19  Microstructure Evolution During RT Aging SAC405 (25 
o
C) 
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The equivalent set of Sn-Pb photographs is shown in Figure 4.20. The typical Sn-
Pb structure shows the well known Sn-rich and Pb-rich phase structures.  This 
microstructure coarsens with RT aging.  The softening occurring in the Sn-Pb solder 
samples is attributed to the precipitation of beta-tin out of the supersaturated lead-rich 
phases during room temperature aging.  
This transition causes coarsening of both the Sn-rich and Pb-rich phases.  The 
superior tensile properties for the reflowed Sn-Pb samples (relative to the water quenched 
samples) can also be explained by examining the microstructure.  As shown in Figure 
4.20(a) and 4.20(c), the phase structure of the water quenched specimens after 
solidification was coarser than that for the reflowed samples after solidification (opposite 
to the SAC results).  This trend continued with RT aging.  The quenched samples likely 
experienced rapid microstructure transitions during the brief time periods that occurred 
between placing molten solder into the tubes and immersing the tubes in the water bath.  
By the time the specimen reached the water, the temperature may well have already 
dropped below the melting temperature of the solder.  The use of a reflow oven is 
advantageous because it is a more controllable process.  For example, the peak 
temperature in the profile shown in Figure 3.4(b) is much higher than the solder melting 
point of 183 ?C.  Thus, there is more cooling required and more time for the alloy to 
reach a stable status upon cooling.  The microstructure evolution corresponds with the 
mechanical properties well; a coarser microstructure leads to worse mechanical properties 
for both the lead and lead-free solder alloys. 
The microstructure coarsening also corresponded with the tensile properties in the 
previous section.  As mentioned in Chapter 2, increasing grain size and phase  
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                (a) Quenched, No Aging                       (b) Quenched, 9 Days at RT 
   
 (c) Reflowed, No Aging                        (d) Reflowed, 9 Days at RT 
Figure 4.20  Microstructure Evolution During RT Aging 63Sn-37Pb (25 
o
C). 
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structure will cause a loss of tensile strength (Eq. 2.1).  Grain size coarsening also causes 
a reduction in the apparent elastic modulus due to the creep contribution to the apparent 
elastic modulus.  However, the reduction in the elastic modulus is relatively smaller than 
the UTS and YS because the major contribution of the apparent elastic modulus is elastic 
deformation which is relatively independent of microstructural changes.  The UTS and 
YS are mainly dependent on strain hardening due to the blocking of dislocation 
movement by the grain boundaries.  
4.4 Effects of Room Temperature Aging on Solder Creep Response 
As the literature review in Chapter 2 indicated, there is currently no documented 
data on the effects of room temperature (RT) aging on creep deformation, so an extensive 
study of the effects of room temperature aging on the creep response of solder was 
conducted.  In this study, the data obtained for SAC and Sn-Pb samples cooled by both 
water quenching and reflowed conditions is reported.  As in the uniaxial stress-strain tests, 
samples were tested with several levels of RT aging including no aging, 3 days, 6 days, 9 
days, 21 days, 42 days, and 63 days.  Due to the long test times involved, only 1-3 
specimens were tested for any given set of test conditions (alloy, aging time, temperature).  
The strain versus time responses were recorded, as were the ?steady-state? creep strain 
rates (creep compliance) in the secondary creep region were.  Here, the ?steady-state? or 
secondary creep rate was defined to be the minimum and constant value of the observed 
 versus t response through the creep curve.  Figure 4.21 illustrates a typical creep curve 
for solders.  Figure 4.21 shows the corresponding creep strain rate for the creep curve.  
The steady-state creep rate is the value in the relatively stable region (Figure 4.22). 
?&
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Figure 4.21  Typical Creep Strain vs. Time.  
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Figure 4.22  Typical Creep Strain Rate vs. Time.   
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In the SAC405 and SAC305 creep experiments, constant stress levels of ? = 25, 
30, and 35 MPa were chosen for the water quenched condition, and ? = 15, 20, and 25 
MPa for the reflowed condition.  These values cover the range of 40-50% of the non-aged 
UTS of the water quenched samples, and 60-85% of the non-aged YS of the water 
quenched samples.  The effects of RT aging on the creep responses of the SAC405 
samples are illustrated in Figures 4.23-4.24 for the three stress levels.  These plots show 
that the influence of aging duration on creep is even more pronounced than the aging 
effects observed for the tensile stress-strain behavior.  Both the strain rate in the 
secondary creep region, and the time to tertiary creep and rupture are strongly affected.  
Figures 4.25-4-26 illustrate the increases in the secondary creep strain rate with aging 
time for SAC405 for both the water quenched and reflowed conditions.  It was necessary 
to use semi-log plots because of the large magnitude changes that occurred.  For water 
quenched specimens the steady-state strain rate increased by factors 16X, 7X and 2X for 
the stress levels of 35 MPa, 30 MPa, and 25 MPa respectively.  The creep strain rate for 
the reflowed condition increased by 20X, 4X, and 1X for stress levels of 25 MPa, 20 
MPa, and 15 MPa respectively.  The corresponding creep curves for the SAC305 alloy 
are shown in Figures 4.27-4.28, and Figures 4.29-4.30 show the steady-state strain rate 
changes after room temperature aging for both the water quenched and reflowed 
conditions.   For SAC 305, the creep strain rate increased by factors of 73X, 7X and 1X 
for the water quenched, and 30X, 5X, and 1X for the reflowed conditions. As previous 
data showed that the tensile strength values of SAC405 and SAC305 are close, there are 
no significant difference in elastic modulus, UTS and YS.  Although the aging effects are 
similar for the two lead-free alloys, the magnitude of creep deformation is different. 
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(c) 35 MPa 
Figure 4.23  SAC405 Creep Curves for Various RT Aging Times (Water Quenched). 
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(c) 25 MPa 
Figure 4.24  SAC405 Creep Curves for Various RT Aging Times (Reflowed). 
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Figure 4.25  SAC405 Creep Strain Rate vs. RT Aging Time (Water Quenched). 
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Figure 4.26  SAC405 Creep Strain Rate vs. RT Aging Time (Reflowed). 
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(c) 35 MPa 
Figure 4.27  SAC305 Creep Curves for Various RT Aging Times (Water Quenched). 
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(c) 25 MPa 
Figure 4.28  SAC305 Creep Curves for Various RT Aging Times (Reflowed). 
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Figure 4.29  SAC305 Creep Strain Rate vs. RT Aging Time (Water Quenched). 
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Figure 4.30  SAC305 Creep Strain Rate vs. RT Aging Time (Reflowed). 
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Figures 4.31-4.32 compare the steady-state strain rate for SAC405 and SAC305 at 
all stress levels for both water quenched and reflowed conditions.  They clearly 
demonstrate that the creep deformation is more severe for SAC305 under the same stress 
level specimen conditions and that a higher stress level induces more significant 
differences.  Figure 4.33 and Figure 4.34 compare the specimen condition effects on 
creep for SAC405 and SAC305.  At the same stress level, the water quenched specimens 
have higher creep resistance than the reflowed specimens, which corresponds with the 
mechanical properties shown in previous section. 
All the above results show that there were significant creep resistance losses 
during the two month period of room temperature aging.  The results are consistent for 
both SAC405 and SAC305.  It is likely that such aging effects are responsible for the 
large variations in creep strain rate magnitudes for SAC alloys reported by various 
investigators in the current research database pool. 
For the Sn-Pb creep experiments, constant stress levels of ? = 5, 7, and 10 MPa 
were chosen for water quenched, and 15, 20, 25 MPa for reflowed condition.  The effects 
of RT aging on the creep response of the Sn-Pb samples are illustrated in Figures 4.35-
4.36 for the three stress levels of each condition.  For the water quenched samples, even 
though much lower stress levels were utilized (relative to the SAC creep experiments), 
far higher creep strains were recorded (e.g. ? = 50%).  Simply stated, Sn-Pb solder is 
much more prone to creep than the SAC alloys under water quenched condition which 
corresponds to the tensile properties stated in previous Section 4.2.  Creep resistance for 
reflowed condition samples were much higher for the water quenched ones, which 
corresponds with the superior tensile properties and microstructure in previous sections.  
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(c) 35 MPa 
Figure 4.31  Comparison of SAC405 and SAC305 Creep Rate (Water Quenched). 
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(c) 25 MPa 
Figure 4.32  Comparison of SAC405 and SAC305 Creep Rate (Reflowed). 
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Figure 4.33  Comparison of Water Quenched and Reflowed for SAC405. 
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Figure 4.34  Comparison of Water Quenched and Reflowed for SAC305. 
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(c) 10 MPa 
Figure 4.35  Sn-Pb Creep Curves for Various RT Aging Times (Water Quenched). 
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(c) 25 MPa. 
Figure 4.36  Sn-Pb Creep Curves for Various RT Aging Times (Reflowed). 
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The influence of aging on the secondary creep strain rate for Sn-Pb is shown in 
Figures 4.37-4.38.  The effect of room temperature aging on the creep strain rate is 
relatively less than for the SAC alloys.  The creep strain rates for Sn-Pb appear to almost 
stabilize with longer aging times, in contrast to those for the SAC alloys, which continued 
to rise rapidly even after 63 days of RT aging. The realized strain rates are much higher 
than those found for the SAC alloy for both water quenched and reflowed conditions.  As 
shown in Figure 4.39, at the same stress level, the creep deformation of Sn-Pb is more 
severe than that of either SAC305 or SAC405 for all room temperature aging times.  
Table 4.3 summarizes the linear fitting of the steady-state creep rate at long aging 
time (t > 500 hours) for all solders under both the water quenched and reflowed 
conditions.  At the same stress level (reflowed), it is apparent that the creep rate of SAC 
alloys increases more dramatically than that of Sn-Pb. For example, at 20 MPa, the creep 
rate of SAC405 and SAC305 are changing over 2X faster than that of Sn-Pb. 
As the data show, for both Sn-Pb and lead-free solder alloys, the RT aging 
continues to affect the creep deformation rate. SAC alloys have a higher creep resistance 
than Sn-Pb alloys for both water quenched and reflowed conditions due to the superior 
creep resistance contributed by the precipitation of Ag
3
Sn and Cu
6
Sn
5
 intermetallic 
compounds (as shown previously in Figure 4.19).  SAC405 has higher creep resistance 
than SAC305 at the same stress level for both water quenched and reflowed conditions, 
even with a similar tensile strength.  Room temperature aging continuously increases the 
creep strain rate for SAC alloys even after two months of aging.  In contrast, the RT 
aging effects for Sn-Pb tend to be minimal after longer aging times.  
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Figure 4.37  SAC305 Creep Strain Rate vs. RT Aging Time (Water Quenched). 
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Figure 4.38  SAC305 Creep Strain Rate vs. RT Aging Time (Reflowed). 
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Figure 4.39  Comparison of Sn-Pb and SAC Creep Rate At RT Aging. 
 
Table 4.3  Steady-State Creep Rate vs. Aging Time (t > 500 hours) 
Solder Stress Level  Steady-state Creep Rate 
15 MPa (5.95 ? 10
-10
)t + (1.30 ? 10
-7
) 
20 MPa (1.91 ? 10
-9
)t + (4.65 ? 10
-7
) 
 
SAC405 
Reflowed 
25 MPa (1.56 ? 10
-8
)t + (6.02 ? 10
-7
) 
15 MPa (4.85 ? 10
-10
)t + (1.59 ? 10
-7
) 
20 MPa (4.25 ? 10
-9
)t + (6.01 ? 10
-7
) 
 
SAC305 
Reflowed 
25 MPa (4.22 ? 10
-8
)t + (2.27? 10
-5
) 
15 MPa (9.26 ? 10
-11
)t + (3.56 ? 10
-6
) 
20 MPa (4.90 ? 10
-10
)t + (6.94 ? 10
-6
) 
 
Sn-Pb 
Reflowed 
25 MPa (6.32 ? 10
-9
)t + (2.18 ? 10
-5
) 
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4.5 Summary and Conclusions 
   The microstructure, mechanical response, and failure behavior of lead-free solder 
joints in electronic assemblies are constantly changing when exposed to isothermal aging 
and environments.  The observed material behavior variation during thermal 
aging/cycling is universally detrimental to reliability and includes reductions in stiffness, 
yield stress, ultimate strength, and strain to failure, as well as highly accelerated creep.  
The evolution in the creep response with material aging illustrates large increases in the 
steady state (secondary) creep strain rate (creep compliance) and a tendency to enter the 
tertiary creep range (imminent failure) at ever reducing strain levels.  The results in this 
study demonstrate that there are significant aging effects present in lead-free solder joints 
that remain at room temperature (25 ?C).  In addition, the magnitudes of the material 
behavior evolution occurring in lead-free SAC solder joints are much larger (e.g. 25X) 
than the corresponding changes occurring in traditional Sn-Pb assemblies.  Finally, 
current finite element models for solder joint reliability are based on traditional solder 
constitutive and failure models that do not evolve with material aging.  Thus, there will 
be significant errors in calculations with the new lead-free SAC alloys that illustrate 
dramatic aging phenomena. 
 In this work, the effects of aging on mechanical behavior have been examined by 
performing stress-strain and creep tests on SAC405 and SAC305 lead-free samples that 
were aged for various durations (0-63 days) at room temperature (25 
o
C).    Analogous 
RT aging experiments were performed with 63Sn-37Pb eutectic solder samples for 
comparison purposes.  When characterizing solders, it is critical that the uniaxial test 
specimens used for stress-strain testing reflect the true solder joint reflow profile and post 
106
 
 
assembly microstructure.  A novel and robust fabrication technique has been developed 
to formulate solder test samples with controlled cooling profile and microstructure.  This 
new technique reproducibly prepares techniques forms 80 mm x 3 mm x 0.5 mm solder 
uniaxial tension test specimens in rectangular cross-section glass tubes using a vacuum 
suction process. 
  Variations in mechanical properties were observed and modeled as a function of 
aging time.  For the SAC alloys, the initial linear behavior varies only slightly with aging, 
while the post yield behavior changes dramatically.  Reductions of up to 40% were 
observed for the UTS with 63 days of RT aging.  The failure stresses (YS and UTS) of 
the reflowed SAC samples were much smaller than those of the analogous water 
quenched samples at all aging times.  This reaffirms the strong dependence of failure 
properties of solder joints on the cooling profile used in their formation.  There were only 
small differences (3-5%) between the uniaxial stress-strain responses and mechanical 
properties of the SAC405 and SAC305 alloys. 
The Sn-Pb uniaxial stress-strain data illustrated several different trends relative to 
the SAC alloys.  In particular, the reflowed Sn-Pb samples uniformly showed better 
(higher) mechanical properties than the water quenched samples, and larger changes were 
observed during aging for the reflowed samples relative to the quenched samples.  This 
was in direct contradiction to the results found for the high tin content lead-free SAC 
alloys.  SEM observations of the Sn-Pb and SAC samples verified that these differences 
could be directly linked to the initial microstructure before aging.  In general, finer 
microstructure resulted in superior mechanical properties and reduced creep rates for all 
alloys.  In addition, the mechanical properties of all alloys changed most significantly 
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during the first 10 days of RT aging. 
For all alloys, RT aging affects both the strain rate in the secondary creep region, 
and the elapsed time before tertiary creep and rupture.  The steady-state creep strain rate 
significantly increased during the 63 days of RT aging for water quenched and reflowed 
for SAC alloys, although the reflowing process slightly reduced the room temperature 
aging effects.  The aging effects were similar for the two lead-free alloys.  However, the 
data clearly showed that SAC405 creeps less than SAC305 for the same levels of stress 
and aging.  For the Sn-Pb creep experiments, much lower stress levels were utilized 
relative to the SAC creep experiments.  However, the measured creep strains were much 
higher (e.g. ? = 50%).  Sn-Pb solders were much more prone to creep than the SAC 
alloys at same stress level.  The creep strain rates for Sn-Pb appeared to nearly stabilize 
with longer aging times, while those for the SAC alloys were continuing to rise rapidly 
even after 63 days of RT aging. 
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CHAPTER 5  
EFFECTS OF ELEVATED TEMPERATURE AGING ON THE MECHANICAL 
BEHAVIOR OF LEAD-FREE SOLDERS 
5.1 Introduction 
As mentioned in Chapter 2, there have been numerous studies of the mechanical 
properties of solders at elevated temperature.  However, there have been few studies on 
aging effects.  In this chapter, the effects of elevated temperature aging on the mechanical 
properties and creep behavior of reflowed lead-free solders is explored. Aging was 
performed at 125 ?C (homologous temperature of 0.81T
m
).  The measured data were 
compared to the room temperature aging results reported in Chapter 4. 
5.2 Effects of Thermal Aging on Tensile Properties 
Specimens were formed using the methods described in Chapter 3 and then aged 
at 125 ?C for up to 6 months.  Only reflowed samples were considered (no water 
quenched).  The specimens were stored in the aging oven immediately after the reflow 
process to eliminate the possible room temperature aging effects described in Chapter 4. 
For each aging time, 10 specimens were prepared to ensure the accuracy of the testing 
results.  A single ?average? stress-strain curve was found for each sample set (aging 
duration) with 10 individual curves using the empirical model in Eq. 3.2 and the 
procedure described in Chapter 3.   
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Figure 5.1 illustrates the stress-strain curves for SAC405 at various aging times. 
The tensile strength drops dramatically in the first 100 hours, but tends to slow down 
afterwards.  Figures 5.2-5.3 illustrate in the changes of elastic modulus, UTS and YS with 
aging time. All these key properties continuously decrease with increasing aging time. 
The initial aging data can be fitted with materials models similar to that described in Eq. 
4.1, becoming stable after a sufficient long aging time.  However, the data in Figure 5.2(b) 
and 5.3(b) show that the elastic modulus, UTS and YS of lead-free solder continue to 
decrease steadily in a near linear relationship, although at a very slow pace. The thermal 
aging data can thus be modeled with the following relationship:      
Material Property = 
?
?
?
?
?
?
?
? ?
?
+
+
3
2
C
Ct
1
0
e1
C
C              t ? 200 hours               (5.1) 
Material Property = ?+?? t                            t ? 200 hours              (5.2) 
where C
0
, C
1
, C
2
, C
3
, ?, and ? are materials constants. and t is the aging time in hours. 
The 200 hours aging time represents an experimental data. For the initial period, the 
tensile properties follow Eq. 5.1, and for aging time longer than 200 hours the tensile 
properties will follow Eq. 5.2.  Table 5.1 summarizes the near linear relationship for 
aging times longer than 200 hours.  
      Based on the failure data recorded for this study, the fitting relationships in Table 
5.1 show that aging at 125 ?C for over 6-8 years would cause the SAC solder to lose its 
strength to support electronic packaging module almost completely.  This would be a 
great concern for electronic devices designed to operate in harsh environments for 
example at a constant high temperature of 125 ?C, for such long periods of time.  
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Figure 5.1  SAC405 Stress-Strain Curves Aged at 125 ?C for Various Times. 
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(a) The Initial Period of Aging.  
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(b) Aging up to 6 Months.  
Figure 5.2  SAC405 Elastic Modulus Changes with Various Aging Times. 
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(a) The Initial Period of Aging. 
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 (b) Aging up to 6 Months. 
Figure 5.3  SAC405 UTS and YS Changes with Various Aging Times 
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Table 5.1  Thermal Aging Effects on Tensile Properties (t > 200hours) 
 
Tensile Properties Aging Time Dependence R
2
E (GPa) -0.00055t + 29.87 0.8994 
UTS (MPa) -0.00045t + 28.33 0.9260 
YS (MPa) -0.00040t + 21.66 0.9553 
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 The tensile properties of SAC305 reflowed specimens aged at 125 ?C were also 
collected.  Figure 5.4 illustrates the stress-strain curves for SAC305 aged up to 6 months.  
As with SAC405, the tensile properties of SAC305 continue to decease with increasing 
aging durations.  Figure 5.5 compares the tensile properties of SAC305 and SAC405.   
The values of the elastic modulus, UTS and YS for both alloys are very similar to each 
other across the entire aging durations. 
Corresponding data were also collected for Sn-Pb eutectic solder under the 
reflowed condition, as shown in Figures 5.6-5.8.  As with the SAC alloys, the tensile 
properties decreased dramatically during the initial aging period.  However, the tensile 
properties became relatively stable after 200 hours of aging, unlike for the SAC alloys, 
which continued to steadily decrease with time following a near linear relationship. The 
thermal aging time effects for Sn-Pb follow Eq. 4.1, which eventually stabilizes for 
sufficiently long aging times.  The tensile reliability of Sn-Pb aged for large durations is 
therefore more reliable than that of either of the lead-free solder alloys.  
Different aging temperatures will also significantly affect the tensile properties.  
In this study, most testing was carried out with aging at 125 ?C.  Aging at 150 ?C for 100 
hours was also performed to compare the aging effects at different temperatures.  Figures 
5.9-5.10 illustrate the stress-strain changes for SAC405 and Sn-Pb at different aging 
temperatures for 100 hours.  The results clearly shows that higher temperature will cause 
more reduction in the tensile strength for both the SAC alloy and the Sn-Pb eutectic 
solder.   The underlying reasons are that the higher aging temperature will accelerate the 
phase coarsening processes.  The microstructure evolution after aging at elevated 
temperature will be reported in later sections.  
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Figure 5.4  SAC305 Stress-Strain Curves Aged at 125 ?C for Various Times. 
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(a) Elastic Modulus  
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(b) UTS and YS 
Figure 5.5 Tensile Properties of SAC 405 vs. SAC305 Aged at 125 ?C. 
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Figure 5.6  Sn-Pb Stress-Strain Curves Aged at 125 ?C for Various Times. 
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(a) The Initial Period of Aging. 
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(b) Aging up to 6 Months. 
Figure 5.7  Sn-Pb Elastic Modulus Changes with Various Aging Times. 
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Sn-Pb, RF
T = 25 ?C
Aged at 125 ?C
Aging Time (hours)
0 1000 2000 3000 4000 5000
Stress (MPa)
0
10
20
30
40
50
60
70
UTS
YS
 
(b) Aging up to 6 Months. 
Figure 5.8  Sn-Pb UTS and YS Changes with Various Aging Times. 
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Figure 5.9  SAC405 Stress-Strain Changes at Various Aging Temperatures. 
 
Sn-Pb, RF
T = 25?C
Strain, ?
0.000 0.005 0.010 0.015 0.020 0.025 0.030
Stress, 
?
 (M
P
a
)
0
10
20
30
40
50
60
70
As Reflowed
Aged at 25 ?C for 144 hours
Aged at 125 ?C for 100hours
Aged at 150 ?C for 100hours
 
Figure 5.10  Sn-Pb Stress-Strain Changes at Various Aging Temperatures. 
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5.3 Thermal Aging Effects on Creep Deformation 
       Creep testing was performed at a constant stress level of 20 MPa, and the testing 
were carried out at room temperature for SAC and Sn-Pb specimens aged with various 
aging durations at 125 ?C.  The testing method and data acquisition procedure were as 
discussed in Chapter 3 and Chapter 4.  The steady-state strain rates were collected and 
compared.  
       As illustrated in Figure 5.11, the creep deformation of SAC405 was more severe 
after longer aging durations and the creep rupture was also faster. The steady-state creep 
strain rates for SAC405 are compared in Figure 5.12.  During the initial aging durations, 
the creep strain rates increased dramatically with increasing aging time.  The stain rate 
increase tended to slow down after 100 hours of aging, although it continued to steadily 
increase with aging time.  The relationship between strain rate and aging time followed a 
similar relationship to that shown in Eq. 5.1 and 5.2.  When the aging time was less than 
200 hours, the strain rate changes followed Eq. 5.1, while it followed Eq. 5.2 when aging 
time was greater than 200 hours. The experimental data reveal that as the aging times 
continue to increase, the stress applied will eventually exceed the yield stress of the 
material, resulting in a very fast failure that is similar to that of tensile failure.   
Creep testing was also carried out for SAC305 after aging at 125 ?C (Figure 5.13).  
The aging effects on SAC305 were similar to those for SAC405.  Figure 5.14 compares 
the creep rates changes for SAC305 and SAC405.  Although, the study reported in 
Chapter 4 showed that the creep resistance of SAC405 appear to be better than SAC305 
at room temperature, after aging at elevated temperature the differences in the creep rates 
of the two alloys are diminished.  
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Figure 5.11  SAC405 Creep Curves for Various Aging Times at 125 ?C. 
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(a) The Initial Period of Aging. 
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(b) Aging up to 6 Months. 
Figure 5.12  SAC405 Creep Strain Rate vs. Aging Time at 125 ?C. 
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Figure 5.13   SAC305 Creep Curves for Various Aging Times at 125 ?C. 
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Figure 5.14  Creep Strain Rate of SAC305 vs. SAC405. 
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To understand the underlying reason for the differences in the creep responses of 
SAC405 and SAC305, it is necessary to consider the microstructure changes involved.  
At room temperature the secondary phases, which are intermetallic compounds, are fine 
and uniformly distributed.  They are very effective dislocation blockers and thus 
significantly increasing the creep resistance of lead-free solders. SAC405 possesses a 
higher proportion of intermetallic compounds than SAC305 at room temperature, which 
is why SAC405 has higher creep resistance than SAC305.  Aging at elevated 
temperatures will significantly coarsen the microstructure, causing the intermetallic 
compounds to grow in large pieces.  The large secondary phases created no longer act as 
effective dislocation blockers, so the contribution to the creep resistance strengthening by 
secondary phases will diminish with time spent at an elevated temperature.  
       Corresponding creep data were recorded for reflowed Sn-Pb specimens. Figure 
5.15 illustrates the creep deformation changes with various thermal aging durations.  
Figure 5.16 shows the creep strain rate changes with aging at 125 ?C.  As with the SAC 
alloys, the initial creep deformation increases are significant.  However, after aging for 50 
hours, the creep rate tends to slow down, and creep rate changes become relatively 
uniform.  The creep rate changes with aging time follow Eq. 4.1.  
       As shown in Chapter 4, room temperature aging will significantly increase the 
creep deformation.  The room temperature aging and elevated temperature aging effects 
can be compared at the same applied stress level.  
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Figure 5.15  Sn-Pb Creep Curves for Various Aging Times at 125 ?C. 
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(a) The Initial Period of Aging. 
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(b) Aging up to 6 Months. 
Figure 5.16  Sn-Pb Creep Strain Rate vs. Aging Time at 125 ?C. 
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Figures 5.17-5.19 compare the aging effects at room temperature and at 125 ?C 
for up to 1500 hours for SAC405, SAC305 and Sn-Pb.  It is apparent that elevated 
temperature aging results in a higher creep deformation rate for all the solders alloys.  
However, the differences are more pronounced for SAC alloys. 
      Figure 5.20 shows a comparison of the creep strain rate between Sn-Pb and 
SAC405 after aging at 125 ?C for various aging durations.  At the same stress level, 
SAC405 has higher creep resistance for shorter aging times.  When aging durations are 
longer, there is a cross-over point at about 50 hours, after which Sn-Pb shows better creep 
resistance than that of SAC405.  The creep rate results show that SAC405 is more 
sensitive to aging temperature and aging time than Sn-Pb.  Overall, Sn-Pb is relatively 
more stable than SAC.   
The creep rate difference between the Sn-Pb and SAC alloys after aging can also 
be explained by the coarsening of the microstructure.  At shorter aging times, the 
microstructure is still relatively fine.  Secondary phases play a major role in blocking the 
dislocation movement and increase the creep resistance for SAC alloys, resulting in a 
higher creep resistance for the SAC alloys than Sn-Pb at shorter aging times (50 hours).  
However, after aging for longer periods, the contribution of the secondary phases to the 
creep resistance has diminished.  For Sn-Pb, the microstructure is a simple two phase 
eutectic structure. Even after aging at elevated temperatures, the coarsening of the 
eutectic phases does not affect the creep as significantly as the intermetallic compounds 
in SAC alloys do.  
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Figure 5.17  SAC405 Creep Rate Comparison of RT Aging and Elevated Temperature  
                       Aging at 125 ?C. 
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Figure 5.18  SAC305 Creep Rate Comparison of RT Aging and Elevated Temperature  
                       Aging at 125 ?C. 
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Figure 5.19  Sn-Pb Creep Rate Comparison of RT Aging and Elevated Temperature  
                         Aging at 125 ?C. 
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Figure 5.20  Comparison of Sn-Pb and SAC Creep Rates for Aging at 125 ?C. 
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5.4 Microstructure Evolution with Aging Time and Aging Temperature 
Aging at elevated temperatures dramatically changes the microstructure of both 
Sn-Pb and SAC alloys.  As mentioned in Chapter 2, the microstructure coarsening during 
aging is the underlying reason for the changes in the mechanical properties of the solder 
alloys.  
       Figure 5.21 and Figure 5.22 show the SEM images of reflowed Sn-Pb eutectic 
solder and reflowed SAC405 at 125 ?C and 150 ?C at various aging times.  Comparing 
the images after thermal aging to those of the as reflowed conditions in Figures 4.19-4.20, 
the coarsening of the microstructure for both alloys is clearly more significant at the 
elevated temperatures.  A typical Sn-Pb microstructure includes the Sn rich ? phase and 
Pb rich ? phase.  After aging, both of these phases grew even larger at higher 
temperatures for Sn-Pb than for the room temperature aging, which corresponds with the 
mechanical properties observed.  The mechanical properties decrease much more 
significantly for the thermally aged specimens. The typical microstructure of SAC alloys 
consists of a Sn matrix and Ag
3
Sn and Cu
6
Sn
5
 second phases.  After aging, the dendrites 
grow larger and at the same time the second phases develop into much larger needle like 
particles at higher aging temperatures and longer aging durations.  This coarsening of the 
second phase particles is caused by diffusion.  The diffusion rate of Ag and Cu at 
elevated temperatures will be much higher than at room temperature.  As mentioned in 
Chapter 2, the creep deformation mechanism for solders are mainly dislocation creep and 
grain sliding, which means the major reason for creep is dislocation movement related.  
Coarsened second phases will not be able to effectively block this dislocation movement 
and the resulting loss of strength.  At the same time the large secondary phases  
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(a) 25 hours at 125 ?C                                     (b) 100 hours at 125 ?C 
   
(c) 25 hours at 150 ?C                                     (d) 100 hours at 150 ?C 
Figure 5.21  Sn-Pb Aging for Various Aging Times and Aging Temperature. 
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(a) 50 hours at 125 ?C                                     (b) 100 hours at 125 ?C    
   
(c) 50 hours at 150 ?C                                     (d) 100 hours at 150 ?C 
Figure 5.22 SAC405 Aging for Various Aging Times and Aging Temperature. 
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themselves become weak points in the materials. 
Fine intermetallic compounds particles can also significantly reduce sliding of the 
grain boundaries.  The coarsened particles will also lose the ability to block grain 
boundary sliding.  In all, the coarsening of the secondary phases particles leads to a 
dramatic loss of creep resistance in SAC alloys.  
       Figure 5.23 shows the SEM images of the fracture surface of SAC405.  The 
images show more ?dimple rupture? after aging and at higher aging temperature, which 
indicates a typical ductile fracture and corresponds to lower strength at higher aging 
temperatures. 
5.5 Summary and Conclusions 
       Elevated temperature aging effects were investigated for aging durations of up to 
6 months.  Thermal aging significantly decreases the mechanical properties of both 
eutectic SAC and Sn-Pb solder alloys.  Compared to the room temperature aging 
described in Chapter 4, the aging at elevated temperature has a much more significant 
effect on both the mechanical properties and microstructure evolution.  The aging effects 
are more significant at higher temperature and for longer aging durations. 
Comparing the SAC solder with Sn-Pb, Sn-Pb eutectic solder proved to be more 
stable regarding elevated temperature aging.  The mechanical properties became 
relatively stable after about 200 hours of aging.  However, for the SAC alloy, the tensile 
properties and creep deformation continued to change with longer aging durations.  It is 
worth noting that the creep deformation of the SAC alloys is only better than Sn-Pb at 
room temperature and for shorter aging times at elevated temperature.  There is a cross-
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     (a) As Reflowed    
  
(b) 100 hours 125 ?C    
 
(b) 100 hours at 150 ?C 
Figure 5.23  The Fractography of SAC405. 
136
 
 
 
over point at about 50 hours of aging at 125 ?C,  and the creep resistance of SAC alloy 
was lower than that of Sn-Pb for longer aging durations. 
The continuous degradation of the mechanical properties is caused by the 
dramatic coarsening of the secondary intermetallic particles.  When the particles are 
small and fine precipitations, they can effectively block the movement of dislocations and 
reduce grain boundaries sliding, thus strengthening the materials.  When the second 
phases particle grows coarser, their ability to block the dislocation movements and grain 
boundary sliding, which are known to be the major reasons of creep failure, are 
significantly reduced.  
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CHAPTER 6  
EFFECTS OF TEMPERATURE AND STRAIN RATE ON THE TENSILE 
PROPERTIES OF LEAD-FREE SOLDERS 
6.1 Introduction 
        In actual electronic packages, due to the CTE mismatch and complexity of the 
operating conditions, solder joints will be under constant stress at various temperature 
and strain rates.  Due to the high homologous temperature of solder alloys (T
h 
> 0.5T
m
), 
the mechanical properties of solder alloys are strongly temperature and strain rate 
dependent and their properties will be significantly different under various conditions. 
The investigation of this dependence on temperature and strain rates is therefore 
important in order to fully understand the materials behavior of solder alloys, and 
accurately predict the reliability of solder joints. 
       As mention previously in Chapter 2, there have been various studies on the 
temperature and strain rate dependence.  However, none of the currently available 
documented data has considered the possible room temperature contribution in their data.  
As the presented data in Chapter 4 shows, room temperature aging effects will 
dramatically affect the mechanical properties of solder alloys.  Any difference in the 
testing conditions of specimens could seriously affect the accuracy of the data.  The data 
in Chapter 4 shows that the tensile properties of both lead-free solders and Sn-Pb solders 
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tend to become relatively stable after 10 days of aging at room temperature. In this study, 
in order to reduce any room temperature aging contribution in the investigation of the 
dependence of temperature and strain rates, all specimen tested were preconditioned after 
10 days of aging at room temperature. All tests were conducted under the same 
conditions. 
6.2 Effects of Temperature and Strain Rate on Tensile Properties 
        As mentioned in Chapter 2, the tensile strength follows a near linear relationship 
with changes in temperature (Eq. 2.4), and a power relationship with strain rates (Eq. 2-3). 
 In this study, reflowed specimens were aged at room temperature for 10 days 
before testing. 10 specimens were prepared for each testing condition, and stress-strain 
data were processed as described in Chapter 3.  Three strain rates were chosen, 10
-3
 sec
-1
, 
10
-4
 sec
-1
, 10
-5
 sec
-1
, and testing temperature ranges from -40 to 150 ?C. 
Figures 6.1-6.3 show the stress-strain curves for SAC405 tested at three strain 
rates and various temperatures.  Figures 6.4-6.6 illustrated the elastic modulus (Figure 
6.4), UTS (Figure 6.5) and YS (Figure 6.6) values change with temperature at the three 
strain rates. The tensile properties are nearly linear with the changing temperature.  The 
tensile properties of the SAC alloy decrease linearly with increasing temperature.  The 
linear relationships of the tensile properties at three strain rates are summarized in Table 
6.1. At a given strain rate, the tensile properties at various temperatures can be predicted 
with these linear models.  Figures 6.7-6.9 illustrate how the tensile properties changes 
with the changing strain rates at different temperatures.  The tensile properties follow a 
power law relationship.  The models are summarized in Table 6.2, for various  
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Figure 6.1  SAC405 Stress-Strain Curves at Various Temperatures and at 10
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Figure 6.2  SAC405 Stress-Strain Curves at Various Temperatures and at 10
-4
 sec
-1
. 
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Figure 6.3  SAC405 Stress-Strain Curves at Various Temperatures and at 10
-5
 sec
-1
. 
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Figure 6.4  SAC405 Elastic Modulus vs. Temperature at Different Strain Rates. 
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Figure 6.5  SAC405 UTS vs. Temperature at Different Strain Rates. 
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Figure 6.6  SAC405 Yield Stress vs. Temperature at Different Strain Rates. 
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Figure 6.7  SAC405 Elastic Modulus vs. Strain Rate at Various Temperatures. 
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Figure 6.8  SAC405 UTS vs. Strain Rate at Various Temperatures. 
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Figure 6.9  SAC405 Yield Stress vs. Strain Rate at Various Temperature. 
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Table 6.1  SAC405 Tensile Properties vs. Temperature at Different Strain Rates. 
 
Strain Rate Temperature Range Temperature Dependence R
2
E E = -0.1857T + 43.313 0.9953 
UTS ?
UTS
 = -0.1736T + 44.353 0.9966 
10
-3
 sec
-1
 
YS ?
0.2
 = -0.0928T + 30.953 0.9958 
E E = -0.1907T + 40.301 0.9966 
UTS ?
UTS
 = -0.1659T + 39.037 0.9992 
10
-4
 sec
-1
 
YS ?
0.2
 = -0.092T + 27.955 0.9988 
E E = -0.1919T + 36.553 0.9930 
UTS ?
UTS
 = -0.1545T + 32.79 0.9841 
10
-5
 sec
-1
 
YS ?
0.2
 
= -0.0983T + 24.167 0.9907 
 
Table 6.2  SAC405 Tensile Properties vs. Strain Rates at Various Temperatures. 
 
Elastic Modulus UTS
 
YS
 
Temperature 
(?C) 
E R
2
  
?
UTS
R
2
 
 
?
0.2
R
2
  
-40 ?C 
58.383( )?&
0.0229
0.9899 
73.581(?& )
0.0506
0.9991 
45.425( )?&
0.0379
0.9997 
-25 ?C 
55.875( )?&
0.0244
0.9831 
77.702(?& )
0.0657
0.9938 
46.664( )?&
0.0493
0.9915 
0 ?C 
55.605( )?&
0.0346
0.9786 
72.936(?& )
0.0712
0.9798 
44.819( )?&
0.0539
0.9689 
25 ?C 
56.742( )?&
0.0512
0.9851 
66.204(?& )
0.0718
0.9812 
43.493( )?&
0.0607
0.9832 
50 ?C 
57.353( )?&
0.0696
0.9807 
57.353(?& )
0.0696
0.9807 
47.358( )?&
0.0801
0.9871 
75 ?C 
54.119( )?&
0.0800
0.9632 
67.201(?& )
0.1071
0.9839 
45.621( )?&
0.0867
0.9748 
100 ?C 
46.859( )?&
0.0915
0.9989 
51.948(?& )
0.0974
0.9787 
41.952( )?&
0.0932
0.9609 
125 ?C 
35.455( )?&
0.0869
0.9995 
46.983(?& )
0.1044
0.9886 
39.343( )?&
0.0998
0.9677 
150 ?C 
27.545( )?&
0.0918
0.9963 
44.515(?& )
0.1204
0.9984 
37.092( )?&
0.1105
0.9631 
 
 
 
 
 
 
143
 
 
 
temperatures, the tensile properties of the solder alloy can be predicted using the power 
law models presented in this study at various strain rates.  The power constants continue 
to increase with increasing temperature, which implies that the properties are more 
sensitive to strain rates at higher temperatures.   
Corresponding tensile data for Sn-Pb were also collected at various strain rates 
and temperatures.   Figures 6.10-6.12 show the stress-strain curves of Sn-Pb solder at the 
various strain rates and temperature.  As with the SAC alloy, the stress-strain curves for 
Sn-Pb clearly show that the tensile strength decreased with increasing testing temperature 
and increased with increasing strain rates.  Figures 6.13-6.15 summarize changes in the 
elastic modulus (Figure 6.13), UTS (Figure 6.14), and YS (Figure 6.15) with changing 
temperature at three different strain rates. Near linear relationships were also found 
between key tensile properties (E, UTS, and YS) and temperature.  Similar to that of SAC 
alloy, the tensile properties decreased dramatically with increasing temperature.  The 
linear models at all three strain rates are summarized in Table 6.3.  Figures 6.16-6.18 
illustrate how the tensile properties (E, UTS, YS) change with changing strain rates.  
Tensile strength follows a power law relationship with the strain rates.  The power law 
models for Sn-Pb solder at different temperatures are summarized in Table 6.4.  The 
power constants continue to increase with increasing temperature.  Compared to the 
power constants in SAC, the Sn-Pb solder has noticeably higher constants at higher 
temperatures, which implies that the Sn-Pb is more strain rate sensitive at higher 
temperatures.  The previous data shows that both lead-free solder and Sn-Pb solder alloys 
follow a similar relationship between the tensile properties, temperature and strain rates.   
Figures 6.19-6.20 show the comparison of between Sn-Pb and SAC405, the elastic  
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Figure 6.10  Sn-Pb Stress-Strain Curves at Various Temperatures and at 10
-3
 sec
-1
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Figure 6.11  Sn-Pb Stress-Strain Curves at Various Temperatures and at 10
-4
 sec
-1
. 
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Figure 6.12  Sn-Pb Stress-Strain Curves at Various Temperatures and at 10
-5
 sec
-1
. 
145
 
 
 
Sn-Pb, RF
Temperature (?C)
-50 0 50 100 150 200
Elastic 
Mo
dulus, E (GPa)
0
5
10
15
20
25
30
35
40
10
-3
 sec
-1
10
-4
 sec
-1
10
-5 
sec
-1
 
Figure 6.13  Sn-Pb Elastic Modulus vs. Temperature at Different Strain Rates. 
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Figure 6.14  Sn-Pb UTS vs. Temperature at Different Strain Rates. 
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Figure 6.15 Sn-Pb Yield Stress vs. Temperature at Different Strain Rates. 
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Figure 6.16  Sn-Pb Elastic Modulus vs. Strain Rate at Various Temperatures. 
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Figure 6.17  Sn-Pb UTS vs. Strain Rate at Various Temperatures. 
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Figure 6.18  Sn-Pb Yield Stress vs. Strain Rate at Various Temperatures. 
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Table 6.3  Sn-Pb Tensile Properties vs. Temperature at Different Strain Rates. 
 
 
Strain Rate Temperature Range Temperature Dependence R
2
E E = -0.1352T + 29.875 0.9986 
UTS ?
UTS
 = -0.2455T + 50.691 0.9916 
10
-3
 sec
-1
 
YS ?
0.2
 = -0.2239T + 47.311 0.9939 
E E = -0.134T + 26.418 0.9952 
UTS ?
UTS
 = -0.2325T + 39.817 0.9877 
10
-4
 sec
-1
 
YS ?
0.2
 = -0.2097T + 36.196 0.9946 
E E = -0.1345T+ 23.474 0.9967 
UTS ?
UTS
 = -0.185T+27.437 0.9744 
10
-5
 sec
-1
 
YS ?
0.2
 = -0.1806T + 24.891 0.9677 
 
Table 6.4  Sn-Pb Tensile Properties vs. Strain Rates at Various Temperatures. 
 
Elastic Modulus UTS
 
YS
 
Temperature 
(?C) E R
2
?
UTS
R
2
?
0.2
R
2
-40 ?C 
47.096(?)&
0.0421
0.9999 
137.33(?& )
0.1121
0.9806 
130.11(?)&
0.1153
0.9946 
-25 ?C 
44.665(?)&
0.0436
0.9902 
136.71(?& )
0.1254
0.9972 
120.06(?)&
0.1187
0.9890 
0 ?C 
42.013(?)&
0.0485
0.9990 
140.85(?& )
0.1432
0.9951 
121.01(?)&
0.1321
0.9999 
25 ?C 
42.206(?)&
0.0652
0.9984 
135.03(?& )
0.1619
0.9858 
134.78(?)&
0.1690
0.9761 
50 ?C 
38.044(?)&
0.0739
0.9950 
126.27(?& )
0.1776
0.9802 
151.21(?)&
0.2053
0.9731 
75 ?C 
40.109(?)&
0.1020
0.9958 
148.11(?& )
0.2179
0.9915 
224.23(?)&
0.2834
0.9658 
100 ?C 
35.133(?)&
0.1132
0.9991 
141.23(?& )
0.2458
0.9895 
214.58(?)&
0.3055
0.9789 
125 ?C 
30.500(?)&
0.1259
0.9826 
144.60(?& )
0.2768
0.9978 
384.44(?)&
0.4148
0.9678 
150 ?C 
41.274(?)&
0.1990
0.9740 
364.34(?& )
0.4447
0.9794 
760.28(?)&
0.5485
0.9659 
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Figure 6.19  Elastic Modulus vs. Temperature for Sn-Pb and SAC405. 
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Figure 6.20  Elastic Modulus vs. Strain Rate for Sn-Pb and SAC405. 
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modulus of SAC405 is higher than Sn-Pb.  Figure 6.19 shows that the elastic modulus of 
SAC405 is more sensitive to temperature than that of Sn-Pb.  The strain rate dependency 
is similar for both alloys at lower temperature.  Sn-Pb is more sensitive to strain rates at 
higher temperatures, which may be due to the low melting temperature of Sn-Pb.  
   As mentioned in Chapter 2, higher temperature is thought to induce transitions in 
macroscopic fractures, which leads to a reduction in the tensile strength at higher 
temperature [21].  The elastic modulus is believed to be related to the interatomic bonds 
[21], and is negatively proportional to a power of the distance between adjacent atoms 
[23].  Higher temperatures will cause an increase in the distance between adjacent atoms, 
which will therefore lead to the reduction in the elastic modulus.  
        The strain rate dependence is believed to be related to the strain hardening process 
during testing.  At higher strain rates, strain hardening produces a dramatic increase in the 
number of dislocations and dislocation interactions in the materials.  High dislocation 
densities will quickly increase the strength of the material. 
6.3 Constitutive Modeling of the Effects of Strain Rate and Temperature on             
Tensile Properties of Lead-free Solders  
        In the previous section, a near linear relationship was found between tensile 
properties and testing temperature and a near power law relationship was found between 
tensile properties and strain rates. The underlying mechanism was also discussed in the 
previous section.  In real solder joints, the temperature and strain rates may be random, so 
a constitutive model that takes into account both temperature and strain rate is needed to 
effectively predict the material behavior of solder alloys.  
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        Most current reports have focused on a single variation such as linear relationship 
with respect to temperature, or the of power relationship with strain rate [119-122].  Shi, 
Pang and co-workers have proposed the following constitutive models for eutectic Sn-Pb 
solder that include variables for both temperature and strain rate [39, 118]:  
04321
k)kTk()log()kTk(),T(E +++?+=? &&                         (6.1) 
[ ]
)CTC(
21YS,UTS
43
)CC(),T(
+
?+=?? &&                                          (6.2) 
 
where, k
0
-k
4
, and C
1
-C
4
 are materials constants.  The model for the elastic modulus (Eq. 
6.1) considers both the near linear temperature effects and strain rate contribution.  The 
UTS and YS model also consider both the effects of temperature and strain rate.  Shi et al. 
[39] used experimental data for both the temperature variable and the strain rate variable.  
In this study, the commercial software suite, ?Datafit?, was used to fit multiple variables 
to the experimental data for both lead-free and Sn-Pb solders according to Shi?s models.  
The data fit the models perfectly. Figures 6.21-6.23 illustrate the 3-D mesh fitting to the 
elastic modulus (Figure 6.21), UTS (Figure 6.22), and yield stress (Figure 6.23) for 
SAC405, corresponding to the multiple variables mesh fitting of tensile properties for Sn-
Pb illustrated in Figures 6.24-6.27.  The constitutive models and all the materials 
constants were obtained for both alloys and are summarized in Table 6.5.  The R-square 
values indicate a near perfect fit to our experimental data with the constitutive models to 
both lead-free and Sn-Pb solders.  Figures 6.27-6.29 illustrate the comparison of the 
constitutive models obtained to the experimental data for the SAC alloys.  Corresponding 
comparisons between the models and the experimental for Sn-Pb are illustrated in Figure 
6.30-6.32, which also indicate a near perfect fitting to the models. 
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(b) Mesh Fitting with Constitutive Model 
Figure 6.21  SAC405 Elastic Modulus vs. Temperature and Strain Rate. 
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(b) Mesh Fitting with Constitutive Model 
Figure 6.22  SAC405 UTS vs. Temperature and Strain Rate. 
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(b) Mesh Fitting with Constitutive Model 
Figure 6.23  SAC405 Yield Stress vs. Temperature and Strain Rate. 
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(b) Mesh Fitting with Constitutive Model 
Figure 6.24  Sn-Pb Elastic Modulus vs. Temperature and Strain Rate. 
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(b) Mesh Fitting with Constitutive Model 
Figure 6.25  Sn-Pb UTS vs. Temperature and Strain Rate. 
 
156
 
 
 
 
0
10
20
30
40
50
60
70
10
-6
10
-5
10
-4
10
-3
10
-2
-50
0
50
100
150
200
Yi
e
l
d
 
S
t
r
e
s
s
 
(M
P
a
)
S
t
r
a
i
n
 
R
a
t
e
 
(
se
c
-
1
)
T
e
m
p
e
ra
tu
re
 (
 ?
C
)
Sn-Pb, RF
10
-3
 sec
-1
10
-4
 sec
-1
10
-5
 sec
-1
  
  (a) Experimental Data    
0
20
40
60
80
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
-50
0
50
100
150
200
Y
i
e
l
d
 
S
t
re
s
s
 
(M
P
a
)
S
t
r
a
i
n
 
R
a
t
e
 
(
s
e
c
-
1
)
T
e
m
p
e
ra
tu
re
 (
 ?
C
)
Sn-Pb, RF
10
-3
 sec
-1
10
-4
 sec
-1
10
-5
 sec
-1
Model Mesh Fitting
R
2
 =0.9855
 
(b) Mesh Fitting with Constitutive Model 
Figure 6.26  Sn-Pb Yield Stress vs. Temperature and Strain Rate. 
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Figure 6.27  SAC405 Elastic Modulus Experimental vs. Constitutive Model. 
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Figure 6.28  SAC405 UTS Experimental vs. Constitutive Model. 
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Figure 6.29  SAC405 Yield Stress Experimental vs. Constitutive Model. 
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Figure 6.30  Sn-Pb Elastic Modulus Experimental vs. Constitutive Model. 
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Figure 6.31  Sn-Pb UTS Experimental vs. Constitutive Model. 
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Figure 6.32  Sn-Pb Yield Stress Experimental vs. Constitutive Model. 
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Table 6.5  Constitutive Models of Tensile Properties at Various Temperature and Strain 
                   Rates for SAC405 and Sn-Pb Eutectic Solders. 
 
Solder Type Constitutive Models R
2
E (T, ?) = (1.35E-03T+3.20)log(& ?& )+-0.17701T+55.57 0.9944
?
UTS
 (T, ?& ) = (-0.2241T+70.98) [?& ]
 (2.00E-04T+0.06766)
0.9941
SAC405 
 
?
YS
 (T, ) = (-0.7103T+45.59) [?& ?& ] 
(2.76E-04T+0.05578)
0.9890
E (T, ?) = (-1.33E-04T+2.20)log(?& )+-0.14281T+36.12 0.9964
?
UTS
 (T, ?& ) = (-0.4197T+132.83) [?& ] 
(4.92E-04T+0.1403)
0.9890
Sn-Pb 
Eutectic 
 
?
YS
 (T, ?) = (0.7689T+132.03) [& ?& ]
 (1.55E-03T+0.14768)
0.9655
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The Shi et al.?s models were originally developed for Sn-Pb eutectic solder [39].  
The data in this study proves that the constitutive models (Eq. 6.1 and 6.2) are also a 
good fit for SAC alloys.  Compare with Shi et al.?s model for eutectic Sn-Pb, however, 
there are large variations.  Figure 6.33 shows comparison of the elastic constitutive 
models for elastic modulus between Shi et al.?s model and our model at 10
-3
 sec
-1
.  The 
data variation may be caused by the differences of specimen preparation (Shi?s specimens 
were machined), specimen geometry (Shi?s are cylindrical) and size (Shi?s dimensions 
are 30mm in gage length and 6 mm in diameter). It is also possible, as the data in Chapter 
4 indicates, that the room temperature aging effects may also contribute to these 
inconsistencies.  Shi et al.?s specimen was aged at 60 ?C for 24 hours to reduce the 
machining residual stress.  As explained previously, the machining method is not suitable 
for bulk specimen preparation for solder alloys due to the dramatic heating effects 
generated during the machining process.  The testing conditions of Shi et al?s room 
temperature aging periods are also unclear.  
6.4 Summary and Conclusions 
       Due to the CTE mismatch and variations in the operating conditions, solder joints 
will experience constant stresses at different strain rates and temperatures.  Solder alloys 
are extremely sensitive to strain rates and temperature changes due to their high 
homologous temperatures.  In this study, the effects of strain rates and temperature on the 
tensile properties of lead-free solder and Sn-Pb solders were investigated.  The effects of 
room temperature aging on the tensile properties was considered and eliminated by aging 
the specimens at room temperature for up to 10 days to reach a relatively stable region.   
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Figure 6.33  Comparison of the Constitutive Models with Shi?s Model. 
 
 
 
 
 
 
 
 
162
 
 
 
Constitutive models were obtained for both SAC405 and Sn-Pb solder alloys by fitting 
experimental data with Shi et al.?s models. The constitutive models provided a near 
perfect fit with the experimental data.  Using the new constitutive models, the mechanical 
properties of solder alloys can be predicted for any testing conditions by applying both 
variables of strain rate and temperature.  This data provided the baseline for finite 
element analysis by which the mechanical properties of the alloys at other conditions 
could be predicted.  The data also shows a large deviation between our models and Shi et 
al.?s data for Sn-Pb eutectic solder.  These discrepancies may be caused by the 
differences in specimen preparation and specimen dimensions. Room temperature aging 
effects may also have contributed to this discrepancy. 
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CHAPTER 7  
CONSTITUTIVE MODELS OF CREEP FOR LEAD-FREE SOLDERS 
 
7.1 Introduction 
       Solder joints in electronic packaging components are very complex elements.  
The study of solder joint reliability is also complex, especially in determining the 
mechanical reliability.  Creep deformation is the dominate deformation in solder joints 
due to its high homologous temperature.  Creep analysis is often adopted as one of the 
major approaches used to predict the end-of-life for solder joints by finite element 
analysis.  As the literature review in Chapter 2 revealed, creep analysis of solders has 
been heavily studied.  However, there are large discrepancies in the current data.  This 
data scattering is probably due to differences in specimen preparation, geometry and size. 
As the data in Chapter 4 shows, room temperature aging has a significant effect on creep 
deformation, although none of the currently documented data has recognized this.  In this 
study, reflowed specimens were aged at room temperature for 10 days before testing to 
reduce the contribution of decreasing creep resistance at room temperature.  All 
specimens were tested under the same testing conditions. As previously mentioned in 
Chapters 1 and 2, the most widely accepted constitutive models for solder creep of are the 
Garofalo Hyperbolic Sine Law model (Eq. 1.6) and Dorn power-law model (Eq.1.7).  
Steady-state creep strain rates were obtained and data fitted with the available 
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constitutive models in this study.  
7.2 The Constitutive Relationship for Lead-free and Sn-Pb Eutectic Solders 
       Creep testing was carried out at different stress levels and various temperatures.  
Four stress levels were chosen, 20 MPa, 15 MPa, 10 MPa, and 7 MPa for both reflowed 
SAC405 and Sn-Pb specimens.  Testing was completed at five temperature levels, 25 ?C, 
75 ?C, 100 ?C, 125 ?C and 150 ?C.  All tests were conducted using the MT-200 Micro-
tester with the thermal chamber attached.  Figure 7.1 illustrates a typical set of creep 
curves at different stress levels for SAC405 solder.  The creep deformation increases with 
increasing stress levels.  Higher stresses will accelerate the movement of dislocations, 
which includes dislocation gliding and climb.  Higher stresses will also induce greater 
grain boundary gliding.  Dislocation gliding and grain boundary sliding are the major 
creep mechanisms for creep deformation.  Figure 7.2 shows a set of typical creep curves 
at various temperatures and the same stress level, indicating that higher temperatures 
induces more severe creep deformation in solder alloys.  Creep deformation is diffusion 
controlled, so a higher temperature will lead to a higher diffusion rate and a higher creep 
rate (Eq. 2.2).  Figure 7.3 summarizes the steady-state creep strain rates vs. stress levels 
at various temperatures.  The experimental data were fitted by multiple variables data 
fitting according to both the Garofalo Hyperbolic Sine Law and the Dorn power-law.  
Figure 7.4 shows the hyperbolic fitting of the experimental data, and Figure 7.5 illustrates 
the power-law fitting to the same experimental data.  
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Figure 7.1  SAC405 Creep Curves at Different Stress Levels. 
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Figure 7.2  SAC 405 Creep Curves at Different Testing Temperatures. 
 
 
166
 
 
 
 
SAC405, RF
Stress (MPa)
10 100
Creep 
St
rain Rate (sec
-1
)
10
-9
10
-8
10
-7
10
-6
10
-5
10
-4
10
-3
25 ?C
75 ?C
100 ?C
125 ?C
150 ?C
 
Figure 7.3  SAC405 Steady-State Creep Strain Rate vs. Stress. 
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Figure 7.4  Hyperbolic Sine Creep Model of SAC405 Steady-state Creep Strain Rate. 
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Figure 7.5  The Power- Law Model of Steady State Creep Strain Rate of SAC405. 
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All the materials constants were obtained by multiple variable data fitting 
methods.  Eq. 7.1 is the hyperbolic sine law fitting of the SAC405 creep model.  Eq. 7.2 
is the fitting for the power-law model.  Figure 7.6 compares the two models at the same 
testing temperature and stress level for the SAC405 alloy. The results indicate that at 
higher stress levels above 15 MPa, both models have an almost identical fit to the 
experimental data.  However, at lower stress levels, hyperbolic sine model fits the 
experimental data better than the power-law model.  The obtained constitutive models 
can be used to predict the end-of-life of the solder joints in numerical techniques such as 
finite element methods.  Overall, Garofalo?s hyperbolic model is a better model to fit the 
current experimental data.  Figure 7.7 illustrates the comparison of the new constitutive 
model for SAC solder alloy with the models proposed by other researches (reviewed in 
Chapter 2), indicating that the new model appears to lie in the middle of all the current 
models for SAC alloys.  As previously mentioned in Chapter 2, there are large 
discrepancies in the current data on constitutive modeling of creep.  The discrepancies 
and data scattering may be caused by many factors, such as specimen preparation and 
cooling rate, specimen geometry and size, and testing conditions and testing methods.  
However, none of the currently documented data have recognized the possible 
contribution of room temperature aging effects in their studies of creep deformation 
analysis.  Room temperature aging effects may be one of the major factors that are 
causing the large discrepancies in the current data. 
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Figure 7.6 Comparison of Hyperbolic Sine Model and Power Law Model (SAC405).  
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Figure 7.7  Comparison of Constitutive Creep Models of SAC Solder Alloys. 
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Corresponding data were also collected for reflowed Sn-Pb eutectic solder alloy 
and are illustrated in Figures 7.8-7.13. The figures reveal a similar trend as that of 
SAC405, where the higher stress and higher temperature induced more severe creep 
deformation (Figures 7.8-7.9).  
The collected experimental data (Figure 7.10) were also fitted with multiple 
variables data fitting for both the Garofalo Hyperbolic Sine Law and the Dorn power-law 
models. The hyperbolic sine model for Sn-Pb is shown in Equation 7.3, and the power-
law model is shown in Equation 7.4.   Figure 7.13 shows the comparison between the two 
models for Sn-Pb eutectic solder alloy, and indicates similar results to those for SAC405. 
The two models show similar perfect fitting at higher stress levels above 15 MPa, and 
once again, the hyperbolic sine law model exhibits a better fit at lower stress levels.  
Overall, the Garofalo Hyperbolic Sine Law provides a better fit for the experimental data 
for Sn-Pb. 
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 Comparing to the materials constants of Sn-Pb (Eq. 7.3-7.4) with that of SAC405 
(Eq. 7.1-7.2), the activation energy of Sn-Pb is significantly smaller than that of the 
SAC405 alloy, indicating that the creep resistance of SAC405 is higher than that of the 
Sn-Pb.  The stress component of Sn-Pb is also significantly smaller than that of SAC405, 
which also indicates lower creep resistance for Sn-Pb. 
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Figure 7.8  Sn-Pb Creep Curves at Different Stress Levels. 
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Figure 7.9  Sn-Pb Creep Curves at Different Testing Temperatures. 
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Figure 7.10  Sn-Pb Steady-State Creep Strain Rate vs. Stresses 
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Figure 7.11  Hyperbolic Sine Creep Model of Sn-Pb Steady-State Creep Strain Rate. 
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Figure 7.12  The Power- Law Model of Steady State Creep Strain Rate for Sn-Pb. 
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Figure 7.13   Comparison of Constitutive Creep Models (Sn-Pb). 
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        Comparing Sn-Pb and SAC405, SAC405 has a higher creep resistance than Sn-Pb 
at the same stress level and testing temperature (Figure 7.14).  The constitutive models 
also show that the SAC alloy possesses higher activation energy than Sn-Pb, which 
indicates that the SAC alloy has a higher creep resistance than Sn-Pb.  Activation energy 
represents the height of the energy barrier the atoms have to overcome to diffuse and 
move to lower energy levels (Figure 7.15).  Dorn, Garofalo and Weertman independently 
found that the creep activation energy equals the self-diffusion activation energy when T
h  
? 0.5T
m
 [21, 27, 132, 133].  The homologous temperatures in the operational temperature 
range of solder alloys are greater than half of the melting points, indicating that the self-
diffusion activation energy is the barrier that atoms must overcome to cause creep 
deformation in solder alloys.  
        The stress component in creep models represents the contribution of the applied 
stress effects to creep deformation.  The values of these stress components are spread 
over a very large range.  Hanke et al. proposed that the steady-state creep rate can be 
categorized in four regions [135].  As illustrated in Figure 7.16, regions I and II are grain 
or phase size dependent which possess low stress component ranges from 1 to 3. Region 
III and IV are independent of grain or phase size, and have higher stress components 
ranging from 3 to above 10. Schubert et al. concluded that the steady-state creep rate for 
lead-free solders fit into region III and IV, and thus can be predict by Garofalo 
Hyperbolic Sine Model [68]. Grivas et al. studied the Sn-Pb solder creep phenomena 
[136], and found that the steady-state creep model for Sn-Pb lies in region II and III. The 
differences of creep phenomena between lead-free and Sn-Pb solders are very apparent.  
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Figure 7.14  Comparison of Creep Rate of Sn-Pb vs. SAC405.  
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Figure 7.15   Activation Energy Required for Atomic Diffusion. 
 
 
 
 
Figure 7.16  Steady-State Shear Creep Rate vs. Applied Shear Stress [68,135]. 
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In this study, the stress component n is 4.9 for SAC405, which falls in region III, 
and 1.5 for Sn-Pb, which lies in region II. 
7.3 The Mechanisms of Creep in Lead-free Solder Alloys  
       As discussed previously in Chapter 1, many mechanisms have been proposed for 
creep deformation (Figure 1.11).  At higher stress levels the creep deformation is likely to 
involve dislocation glide and climb, while grain boundary diffusion (Coble Creep) and 
lattice diffusion (Nabarro-Herring Creep) may be the dominate creep mechanism at lower 
stress levels.  Solder alloys are unique among other metals due to their extremely high 
homologous temperatures.  At higher stresses, it is believed that dislocation creep is the 
dominate creep mechanism in solders, involving the dislocation climb and moving away 
from barriers.  At lower stresses, the lattice diffusion is believed to be the dominate 
mechanism for solder alloys, involving the diffusion and migration of interstitial atoms 
and lattice vacancies along the grain boundaries due to the applied tension stresses.  
Grain boundary sliding can be accompanied with the above mechanisms at any stress 
level.  
   Dutta et al. proposed a so-called glide-climb mechanism at lower stress regime 
and particle-limited climb at high stresses for lead-free solders [134], arguing that creep 
is induced by dislocation glide and climb at lower stress levels.  The second phase 
particles (Ag
3
Sn and Cu
6
Sn
5
) act to pin down the dislocations, preventing them from 
contributing to deformation via climb at lower stresses.  When stresses are high enough 
for the dislocation to break the threshold stress, the previously stuck dislocations will 
move rapidly to cause creep deformation, so the creep rate will increase rapidly after the 
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applied stresses exceed the threshold stress needed for dislocations to break through.  
Grivas et al. suggested that the creep of Sn-Pb eutectic solder alloys exhibits both 
superplastic deformation and matrix creep [136].  Superplasticity occurs at high 
temperatures (> 0.5T
m
), where the material exhibits great ductility before failure. The 
total strain can reach 1000% [21].  The dominant superplasticity mechanism is grain 
boundary sliding.  For Sn-Pb, especially at elevated temperatures and low stress levels, 
the creep mechanism will be a combination of superplastic and matrix creep, involving 
both dislocation creep and lattice diffusion creep.  
7.4 Summary and Conclusions 
       Creep failure has been one of the major failure modes for solder joints in 
electronic packaging applications due to the high homologous temperature of solders.  
Constitutive models can be utilized to predict the end-of-life for electronic packaging 
products using finite elements methods.  As previous discussed in Chapter 2, there are 
large discrepancies in the published data.  In this study, the possible contribution of room 
temperature aging effects has been taken into account and minimized. All creep testing 
was carried out under controlled pre-testing conditions.  
      SAC405 was found to have a higher creep resistance than Sn-Pb solder at the 
same stress level and testing temperature.  The constitutive models obtained showed that 
the activation energy for SAC405 is much higher than that of Sn-Pb, which also indicates 
that SAC405 possesses higher creep resistance.  This higher creep resistance is 
contributed by the second phase intermetallic compounds, Ag
3
Sn and Cu
6
Sn
5
, which can 
effectively block dislocation movement.  The constitutive models can be used in finite 
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element analysis of actual electronic packages to predict the solder joints failure. 
       Creep mechanisms at high stresses involve both dislocation gliding and 
dislocation climb.  At low stresses, lattice diffusion and grain boundary diffusion are 
believed to be the major mechanisms for both SAC405 and Sn-Pb. At lower stresses, the 
superplastic deformation due to grain boundaries sliding is also believed to be a major 
creep mechanism for Sn-Pb.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
180
 
 
 
CHAPTER 8  
CONCLUSIONS 
 
8.1 Literature Review on the Properties of Lead-free Solders 
        Tensile properties and creep analysis were extensively reviewed for Sn-Ag-Cu 
(SAC) series lead-free solder alloys.  The review revealed large discrepancies in the 
documented research database.  The elastic modulus values for SAC alloys range from 
30-54 GPa, the UTS values are in the range of 30-60 MPa, and yield stresses range from 
20-47 MPa.  The constitutive creep modeling data are also widely scattered for both SAC 
alloys and Sn-Pb eutectic solder.  These large discrepancies of data may be due to the 
differences in testing conditions, such as specimen preparation, specimen geometry and 
dimensions, testing methods, and testing strain rates.  However, none of the sources took 
into account room temperature aging effects, which may lead to significant data 
variations even under the same testing conditions due to the high homologous 
temperatures of solder alloys.  Room temperature aging effects may have played a major 
role in the discrepancies in the data.  
8.2  Unique Specimen Preparation Procedure 
        A unique specimen preparation procedure was successfully developed for this 
study using a vacuum suction process.  Using this method, a controlled microstructure 
can be achieved.  Another advantage of this approach is that the specimen can be 
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reflowed with the glass tube mold on with an existing reflow profile which is similar to 
the real electronic packaging reflow profile.  As a result of this, it is hope that more 
researchers will adopt this method of acquiring outstanding bulk specimen in the future. 
Allowing data can be compared and reducing deviations in the data.   
8.3 Room Temperature Aging Effects  
        Room temperature aging effects for tensile and creep properties for both lead-free 
and Sn-Pb eutectic solders were investigated.  The results showed that there are 
significant tensile strength reductions over a two month long room temperature aging 
period.  The tensile strength reduced by up to 40% for the water quenched condition, and 
up to 30% for the reflowed condition samples.  The reflowing process slightly reduces 
the effects of room temperature aging on tensile strength loss.  The tensile properties of 
SAC305 are slightly poorer than that of SAC405. 
        Room temperature aging also significantly deteriorated the creep resistance of 
both lead-free and Sn-Pb solders.  Creep deformation increased dramatically with 
increasing aging time.  The results also showed that although the tensile strength of 
SAC305 is only slightly less than that of SAC405, the creep deformation at the same 
stress level for SAC305 is much more severe than that of SAC405, although the 
difference becomes smaller at lower stress level. 
        Microstructure coarsening during room temperature aging was also observed.  
The phase structure grew coarser at longer aging durations for both lead-free and Sn-Pb 
solders.  In Sn-Pb solders, both the Sn-rich phase and Pb-rich phase grew into a coarser 
phase structure.  In SAC alloys, the dendrites grew into larger dendrites, and the second 
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phase intermetallic compounds, Ag
3
Sn and Cu
6
Sn
5
, grew into a much coarser structure as 
the aging time increased.  
       By emphasizing the uniqueness of high homologous temperatures of solders 
alloys, this study of the effect of room temperature aging on the mechanical properties of 
solders provides a baseline for further studies in this area.  The experimental procedure 
given here can be used to investigate the properties of any other tin based lead-free or 
lead content solder alloys in a reproducible fashion.  The recognition of the importance of 
room temperature effects is likely to significantly reduce the scattering of the research 
data due the variations in the testing conditions for specimens.  
8.4 Aging at Elevated Temperatures 
       Elevated temperature aging effects were also studied by eliminating the possible 
contributions due to room temperature aging on the mechanical properties of solders.  
Aging at elevated temperatures exhibited much more significant effects than for the room 
temperature aging.  Thermal aging causes significant losses in tensile strength and 
increases in of creep deformation.  Thermal aging results also show that after an initial 
tensile strength drop, the Sn-Pb eutectic solder reached a relatively stable stage after 200 
hours of aging.  However, for the SAC alloy, both the tensile and creep properties 
continued to degrade with increasing aging time.  
        It is worth noting that the creep deformation of SAC alloy is only better than Sn-
Pb at room temperature and shorter aging times at elevated temperature.  There is a cross-
over point at about 50 hours of aging at 125 ?C.  The creep resistance of the SAC alloy 
was lower than that of Sn-Pb for longer aging durations. 
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8.5 Temperature and Strain Rate Effects 
        The mechanical properties of solder alloys are both temperature and strain rate 
dependent due to their high homologous temperatures.  In this study, both the effects of 
strain rate and temperature were investigated for lead-free and Sn-Pb solders by 
preconditioning the specimen at room temperature for 10 days to eliminate possible 
contributions due to room temperature aging.  Linear relationships were then found 
between the temperature and tensile properties. The tensile strength deteriorated 
dramatically with higher testing temperatures.  Power law relationships were found 
between strain rate and the tensile properties.  The tensile strength increased with 
increasing testing strain rates in power relationship.  Comprehensive constitutive models 
were also obtained for both strain rate and temperature.  The constitutive functions can be 
used to predict key mechanical properties under other testing conditions.  
8.6 Investigation of Constitutive Modeling of Solder Creep 
Previous studies of the constitutive modeling of creep have been extensive studies 
due to the important of the creep failure mode in solder joints.  However, none of the 
research data has considered, or even mentioned, the effects of room temperature aging.  
This study investigated constitutive modeling of creep of solders by taking into account 
the possible contribution room temperature aging.  
       Lead-free solder (SAC405) was found to have a higher creep resistance than Sn-
Pb solder at the same stress level and testing temperature.  The higher creep resistance 
was contributed by the second phase intermetallic compounds, Ag
3
Sn and Cu
6
Sn
5
.  The 
precipitation of these intermetallic compounds can significantly block the movement of 
dislocations and increase the creep resistance of the material.  
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       Constitutive models of creep for both lead-free and Sn-Pb eutectic solders were 
constructed based on the experimental data.  The activation energy for SAC405 is much 
higher than that of Sn-Pb, which also indicates that SAC405 possesses higher creep 
resistance.  The constitutive models can be used in finite element analysis of actual 
electronic packages to predict solder joint failure.  The creep mechanisms of both lead-
free and Sn-Pb eutectic solders were also extensively discussed in this dissertation.  
Dislocation gliding and climb is believed to be the major failure mode at high stresses, 
while lattice diffusion and grain boundary diffusion is believed to be the major failure 
mode at low stress levels.  Grain boundary sliding is believed to contribute to creep 
deformation at both high stresses and low stresses.  For eutectic Sn-Pb, superplastic 
deformation is a major the creep mechanism at low stresses and high temperatures.  
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