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Abstract The characterization of lead-free solders,
especially after isothermal aging, is very important in order
to accurately predict the reliability of solder joints. How-
ever, due to lack of experimental testing standards and the
high homologous temperature of solder alloys (7}, > 0.5T;,
even at room temperature), there are very large discrep-
ancies in both the tensile and creep properties provided in
current databases for both lead-free and Sn-Pb solder
alloys. Some recent researches show that the room tem-
perature aging has significant effects on mechanical
properties of solders. This paper is intended to review all
available data in the field and give rise to the possible
factors including room temperature effects which causes
the large discrepancies of data. This review of the research
literatures has documented the dramatic changes that occur
in the constitutive and failure behavior of solder materials
and solder joint interfaces during isothermal aging. How-
ever, 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 prop-
erties 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 under-
stood so that more accurate viscoplastic constitutive
equations can be developed for SnPb and SAC solders.
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Without such well-defined relationship, it is doubtful that
finite element reliability predictions can ever reach their
full potential.

General review of lead-free solders
and the mechanical properties of lead-free solders

Lead-free solders in electronics

The use of solder alloys as metal joint materials can be
dated back to thousands of years. With the emergence of
the modern electronic packaging technology over the last
few decades, solder alloys have been used as the inter-
connecting 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 (melt-
ing temperature Ty = 183 °C) has long been the
predominant choice of the electronics industry due to its
outstanding solderability and reliability. However, legisla-
tion that mandates the removal of lead from electronics has
been actively pursued in the European Union and world-
wide 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 end up in landfills
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where the lead content will eventually leach out into the
soil and hence the local ecosystem.

The European Union is particularly aggressive in pur-
suing 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 elec-
trical 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 EU 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 Japan Institute of Electronics Industry
Development Association (JEIDA) put forward a roadmap
for the commercialization of lead-free solders (http://www.
jeita.or.jp/english/press/2002/1217/attached.htm), and rec-
ommended lead-free alternatives for industry. The elec-
tronic industry in Japan is very active in pursuing lead-free
products and many companies have brought their lead-free
products into the market much earlier than the EU direc-
tives’ effective dates [1, 4], 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 govern-
ment 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
Electrical Circuits) has also developed a roadmap for the
lead-free movement in the U.S. [5]. The roadmap is
designed to encourage both industry and academic insti-
tutes to actively research and develop lead-free assembly
processes and to be prepared to respond to the worldwide
lead-free movement. In recent years, many U.S. compa-
nies, 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 cov-
ered by such legislation continue to evolve worldwide, it is
clear that laws requiring the conversion to lead-free elec-
tronics are becoming a reality worldwide. Other factors that
are affecting the push towards the elimination of lead in
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electronics are the market differentiation and advantage
being realized by companies producing so-called “green”
products that are lead-free. The companies that first suc-
cessfully 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.

Lead-free solders
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 [6, 7], Pb in
solders contributes outstanding 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 f-tin
to a-tin. If the transformation occurs, it will cause
dramatic volume increase and loss of structural integ-
rity and hence a loss of reliability. The f-tin to o-tin
transformation in lead-free solders is also called “tin
pest” or “tin disease.” Karlya et al. observed signif-
icant “tin pest” phenomena in their lead-free solder
specimens [8].

— 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 [9]. The lead-free solder needs to have a sim-
ilar melting temperature to existing Sn-Pb solders,
particularly eutectic and near eutectic solders, in order to
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,
to preserve the reliability of the electronic packaging
products. The new lead-free solders also need to be non-
toxic and relatively inexpensive.

A great deal of research is currently underway in the lead-
free solder area, including projects organized by consortia
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including the High Density Packaging Users Group
(HDPUG), the National Center for Manufacturing Sciences
(NCMS), the National Institute for Standard and Technol-
ogy (NIST), the International Electronics Manufacturing
Initiative (INEMI), and the Japan Electronic Industry
Development Association (JEIDA). 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 (Fig. 1)
[10]. 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 intermetal-
lics 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 Table 1 [6],
the price of 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 inevi-
tably be much higher than that of Sn—Pb. A typical SAC
solder is reported to be over twice the price of the Sn—Pb

Table 1 Cost of basic solder elements [6]

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

eutectic solders [6]. 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 [11]. 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 con-
tinue for years to come.

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 (Fig. 1). Soldertec’s survey
shows that the most popular SAC are the near eutectic SAC
alloys [10], which consist of 3.0-4.0% of Ag and 0.5-1.0%
of Copper (Fig. 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 [12].

Figure 3 shows a typical 3-D ternary phase diagram.
The contours on the top surfaces of the figure represent the
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Fig. 1 The market share of different lead-free solders [10]
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Fig. 4 Sn—Ag-Cu ternary phase diagram (http://www.metallurgy.
nist.gov/phase/solder/solder.html)

isothermal lines. Each of the three 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 (http://www.tulane.edu/ ~ sanelson/geol212/ternary
phdiag.htm). Figure 4 is the top view (2-D) of the ternary
phase diagram of Sn—Ag—Cu.

The area indicated in the red box is the near eutectic
region. Most of the SAC alloy compositions currently in the
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Fig. 5 Sn—Ag binary phase diagram (http://www.metallurgy.nist.
gov/phase/solder/solder.html)
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Fig. 6 Sn—Cu binary phase diagram (http://www.metallurgy.nist.
gov/phase/solder/solder.html)

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 [12].

In SAC alloys, the formation of intermetallic com-
pounds between the primary elements Sn and Ag, and Cu
affect all the properties of the alloys. According to the
binary phase diagram shown in Figs. 5, 6 and 7, there are
three possible intermetallic compounds that may be
formed: Ag;Sn forms due to the reaction between Sn and
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gov/phase/solder/solder.html)

Fig. 8 Microstructure of typical SAC Alloys [13]

Ag (Fig. 5) and CugSns forms due to the Sn and Cu reac-
tion (Fig. 6), but Cu3Sn will not form at the eutectic point
unless the Cu content is high enough for the formation of
Cu;Sn at higher temperatures, so in bulk specimens Cu3Sn
is not present. Ag can also react with Cu to form Ag rich o
phase and Cu rich f phase (Fig. 7). However, there is no
reaction between Ag and Cu to form any kind of inter-
metallic compounds. Figure 8 shows a typical SAC
structure with eutectic Sn matrix (2 in the figure) with
Ag3Sn (1 in the figure) intermetallic compounds [13]. The
particles of intermetallic compounds possess much higher
strength than the bulk material [14, 15]. 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

have 3—4 times better fatigue properties than the Sn—Pb
eutectic solders [16]. The higher fatigue resistance is
believed to be contributed by the interspersed AgzSn and
CueSns particles, which pin and block the movement of
dislocations [16]. 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 [17].

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.

Tensile properties
Tensile properties are generally described by stress—strain

curves. In engineering practice engineering stress and
engineering strain are defined as follows [18]:

P
- 1
=i (1)
ly

where P is the load, Ay is the initial cross-sectional area,
is the final gage length, and [y is the initial gage length.

As shown in Fig. 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 [19]:
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Fig. 9 Typical stress—strain curve of lead-free solders
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o= FEe (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.
There is a wide range of values for the elastic modulus
for different materials. Hertzberg described that the mod-
ulus of elasticity corresponds to the interatomic forces
between adjacent atoms [18]. Gilman showed that the
elastic modulus is inversely proportional to a power of the
equilibrium adjacent atom distance X, as follows [20]:

1

Eox g )
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 [21]. 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 deforma-
tions such as creep. The apparent elastic modulus is usually
smaller than the dynamic modulus measured by the
acoustic or ultrasonic wave method, which largely elimi-
nates the inelastic deformation due to rapid wave
propagation [22-24].

When the load is high enough to exceed the elastic
limits, the material will experience plastic deformation,
which is permanent. Specimens subject to plastic defor-
mation 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 [18]. This is deter-
mined by a parallel line drawn at 0.2% of the strain to the
elastic slope (Fig. 9). When the 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.

Creep of solders
Electronic packaging components constantly experience

stresses due to Coefficient of Thermal Expansion (CTE)
mismatches in the packaging modules. Creep deformation
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is one of the major failure modes of solder joints for var-
ious electronic packaging modules due to its high
homologous temperature [25]. The homologous tempera-
ture is the ratio of the temperature of the material and its
melting temperature in degrees Kelvin [26].

Th =+ (5)

The homologous temperature is an empirical value. When
Ty, is greater than 0.5T;,, 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 tem-
perature. 7, of Sn-Pb eutectic is 0.657,, at room
temperature (T, = 183 °C), while the T}, of SAC alloys is
0.61T,, at room temperature (7, = 217 °C). Both of these
homologous temperatures are greater than 0.57;,, 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 4125 °C range, eutectic solder is
working at 0.51-0.87T},,, while an SAC solder is working at
0.48-0.81T,,. Both of these ranges are within the rapid
creep deformation range when devices are under stress.

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 tem-
perature is above 0.57;,. Creep testing can be carried out
with a constant load at elevated temperature by either
tension or compression [28].

Figure 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
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Fig. 10 Typical creep curve of lead-free solders
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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 work 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},. In this stage, the strain rate is retarded by
strain-hardening, which decreases the deformation speed,
while the associated recovery and recrystallization (soft-
ening) tend to accelerate the creep rate [18]. 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 subse-
quently occur, which will eventually lead to creep rupture
of the specimen.

Mechanisms of creep deformation for solder alloys

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
Fig. 11 [27, 28]. The deformation diagram was first intro-
duced 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 tem-
perature. The top of the map is bounded to the theoretical
or ideal stress, below which is the onset of dislocation

10°
Ideal Strength
T T T T T T T T T T T
Dislocation Glide
10- 2 e
Dislocation Creep
104 }—
9/E
Coble Creep
(Grain Boundary Diffusion)
10~ L Nabarro-Herring
Creep
(Lattice Diffusion)
10-8 l 1 l |
0 0.2 0.4 0.6 0.8 1.0

Homologous Temperature T/Tn

Fig. 11 Creep deformation map of solder alloys [27, 28]

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 7}, greater than 0.5T,,, and intermediate
high stress. This creep mechanism was first introduced by
Weertman [30]. The deformation is believed to be con-
trolled 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 mech-
anism [18]. This is also known as Nabarro-Herring Creep,
since it was first reported by Nabarro and Herring inde-
pendently [18, 32, 33]. The deformation is believed to
involve the migration of interstitial atoms and lattice
vacancies 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 gra-
dient of their concentrations. However, under pressure
these lattice defects tend to move in whichever direction
will relieve the imbalance of pressure, which will eventu-
ally cause creep deformation [33].

At high temperatures, grain-boundary sliding may also
be involved in the creep deformation [18]. The displace-
ment 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 0.57), 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 interme-
diate 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.

Constitutive equations of secondary creep
Secondary, or steady-state creep is the dominant defor-

mation experienced by solder alloys. The steady-state creep
rate can be quantitatively estimated, and a series of

@ Springer



1148

J Mater Sci (2009) 44:1141-1158

constitutive models have been proposed. The following
two models are the most widely accepted for the charac-
terization of solder alloys by considering the diffusion
controlled creep deformation mechanism.

Dorn Power Law [35]:

. 0

> = Ao” e 6
¢ ’ eXP( RT ) (©)
Garofalo Hyperbolic Sine Law [27]:

i = C[sinh(ao)]"e(#) (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.

Data discrepancies in mechanical properties
of lead-free solders

Data discrepancies in the literature

Due to the continuous pressure of the EU’s WEEE and
RoHS directives to ban lead-free solders from electronic
components, research and development into lead-free sol-
ders 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.

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 diffi-
culty of preparing test specimens that accurately reflect the
material used in the actual solder joints (i.e., that match the
solder microstructure). Solder uniaxial samples have gen-
erally 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
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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 con-
trol, 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 con-
stitutive 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 micro-
structure 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 [18]. The mechanical
properties of solder alloys are heavily dependent on tem-
perature and strain rate due to their high homologous
temperature. Unless the testing conditions for both tem-
perature and strain rate are the same, the data will not be
comparable. The lack of testing standards thus makes it
very hard to compare the data in the current data pool since
different research groups use different specimen prepara-
tion methods and different testing conditions, such as strain
rates and temperatures.

Table 2 provides a summary of the mechanical proper-
ties 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 to 54 GPa, although the majority of the values lie
in the range of 40-50 GPa (Fig. 12). The UTS values vary
from 30 to 60 MPa, with the majority in the range of 35—
45 MPa (Fig. 13). The yield stresses range from 20 to
47 MPa, with the majority in the range of 25 to 35 MPa
(Fig. 14).

All the differences in testing conditions, such as speci-
men geometry, testing methods, and testing strain rates, are
likely to contribute to the variations. Vianco’s SAC
mechanical properties have been widely referenced [22,
60-62]. Figure 15 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. Residual stresses
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Table 2 Tensile properties of SAC alloys

Solder alloy Elastic UTS YS Strain rate Specimen preparation  Testing method Reference sources
modulus, (MPa) (MPa) (s}
E (GPa)
Sn-3.9Ag-0.5Cu 50.3 36.2 31.9 42 x 107° Machined, cylindrical ~ Compression Vianco [22, 60-62]
54 Machined, cylindrical ~ Dynamic/acoustic Vianco [22, 60-62]
60 1.78 x 1073 Cast, dog-bone, water ~ Tension Xiao [48, 49]
quenched
41 1.78 x 107> Aged 35 days at 25° Tension
Sn-3.8Ag-0.7Cu 43.1 Solder joints Nano-indentation Xu [109]
45 40 35 6.68 x 107*  Cast, cylindrical Tension Hwang [36]
50 45 1.67 x 1073 Cast, cylindrical Tension Fouassier [110]
44.4 39.6 35.1 56 x 107 Cast, dog-bone Tension Pang [68]
46 1074 Cast, dog-bone Tension Schubert [23, 63]
449 Solder joints Nano-indentation Li[111]
41 39 32 1073 Cast, dog-bone Tension Lin [45]
46 47.1 Solder joints Dynamic analyzer Harrsion [112]
Sn—4.1Ag-0.5Cu 43 36 33 6.86 x 107*  Cast, cylindrical Tension Hwang [36]
Sn—4.0Ag-0.5Cu 40 Cast, dog-bone Tension Schubert [23]
48.3 Solder joint Nano-indentation Rhee [113]
45 Bulk solder Nano-indentation Allen [114, 115]
51 1073 Cast, dog-bone Tension Xiao [116]
Sn-3.0Ag-0.5Cu 54 41.8 25.3 4 %1073 Machined, cylindrical ~ Tension Kanchano-mai [69]
374 43 37 5% 107 Cast, dog-bone Tension Zhu [117]
Sn-3.1Ag-0.5Cu 45 49 40 6.86 x 107*  Cast, cylindrical Tension Hwang [36]
Sn-3.2Ag-0.8Cu 32 28 Cast, cylindrical Tension Medini [118]
quenched
30 20 Air-cooled
Sn-3.5Ag-0.7Cu 46.6 Cast, dog-bone Tension Schubert [23]
Biglari [64]
SACI?* 30 38.1 28 Cast, cylindrical Tension AIM solder
guide [119, 120]
SAC2? 51 39.5 33.5 Cast, cylindrical Tension AIM solder
guide [119, 120]
? The solder composition was not specified
60 70
SAC
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Fig. 12 Variations in the elastic modulus of SAC solders Fig. 13 Variations in the UTS for SAC solders
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Fig. 15 Machined cylindrical solder specimen for compression
testing [61]
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Fig. 16 The elastic modulus of SAC Solders by compression testing
[61]

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 Fig. 16, seem to be abnormal with
the changes of testing temperature [61], and their testing
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Fig. 18 Pang’s comparison of the UTS of lead-free solders [68]

results show large deviations across all the temperatures
tested in their testing data.

As shown in Fig. 17, 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 [23, 63—
67]. Pang et al. found that there are about 50% of variations
in the UTS values for SAC alloys (Fig. 18) [68-73].

Table 3 gives a brief summary of the mechanical
properties of Sn—Pb eutectic solders. The collected data
show 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 [24]. 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.
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Table 3 The tensile properties of Sn—37Pb eutectic solder

Solder alloy Elastic UTS YS Strain rate Specimen Testing method References sources
modulus, (MPa) (MPa) s™h preparation
E (GPa)
Sn-Pb eutectic 335 33.9 30.2 Cast, cylindrical Tension Seelig [119]
27 47 41 6.86 x 1074 Cast, cylindrical Tension Hwang [36]
32 39 1.67 x 1073 Cast, cylindrical Tension Fouassier [110]
32 325 Solder joints Dynamic analyzer Harrison [112]
36 54 2 x 1072 Lap-joints Tension/shearing Enke [121]
35 26 1073 Machined, cylindrical Tension MacCabe [24]
29 29 Lau [65]
15.7 30.6 27.2 NCMS [122]
32.1 Lau [123]
30.2 Wong [124]
31-46 Sigolko [125]
46.2 Welco Casting [126]
40.3 Hernadez [127]

As the above data show, 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.

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.

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,
74-88]. The observed material behavior variation during
thermal aging/cycling is universally detrimental to reli-
ability and includes reductions in stiffness, yield stress,
ultimate strength, and strain to failure, as well as highly
accelerated creep. Such aging effects are greatly exacer-
bated 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, 74-82].

As early as 1956, Medvedev [74] observed a 30% loss of
tensile strength for bulk 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 tem-
perature storage for 280435 days. In 1976, Lampe [75]
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 (Fig. 19). 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-rich phase, thus causing the
reduction in strength [75].

Miyazawa and Ariga [76, 77] measured significant
hardness losses and microstructural coarsening for Sn—Pb,
Sn—-Ag, and Sn-Zn eutectic solders stored at 25 °C for
1000 h, while Chilton and co-workers [78] observed a 10—
15% decrease in the fatigue life of single SMD joints after
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Fig. 19 Room temperature aging effects on Sn—Pb solders [75]
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Fig. 21 Reduction in ball shearing strength after 3 days at RT [82]

room temperature aging. Coyle et al. reported a shearing
stress reduction of up to 20% after 240 h at room tem-
perature for BGA packaging (Fig. 20) [80]. Lee et al. also
found that the shearing stress dropped by up to 10% after
3 days room temperature aging after reflow (Fig. 21) [82].

Several other studies [79, 81] have also documented the
degradation of Sn—Pb and SAC solder ball shear strength
(10-35%) in area array packages subjected to room temper-
ature aging. Both Lampe and Coyle et al. observed dramatic
coarsening of the phase microstructure [75, 80]. 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 °C) [45, 46, 48, 49, 83-88]. Pang et al. [55]
measured microstructure changes, intermetallic layer
growth, and shear strength degradation in SAC single ball
joints aging at elevated temperature.

@ Springer

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°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 °C [48, 49]. At this highly elevated temperature, they
observed a quick softening of the material during the first
24 h, 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 °C or 150 °C [83-87]. All of these investigations
documented both microstructure coarsening and interme-
tallic layer growth. In addition, Hasegawa et al. [83]
measured elastic modulus reductions with aging by testing
thin solder wires. Wang et al. [87] found significant drop in
tensile properties after aging at 125 °C for various periods
of time. Vianco also found large reductions in the elastic
modulus and yield stress after thermal aging at 125 °C for
24 h for SAC alloys [22, 60-62]. Ding et al. [88] explored
the evolution of fracture behavior of Sn—Pb tensile samples
with elevated temperature aging.

Recently, Ma et al. of Auburn University has discovered
that up to 40% reduction in tensile strength was observed
after 2 months of aging at room temperature [89]. Room
temperature aging also significantly deteriorated the creep
resistance of both lead-free and Sn—Pb solders. Creep
deformation increased dramatically with the increasing of
aging durations. Microstructural changes during room
temperature aging have also been observed and recorded
for the solder alloys and correlated with the observed
mechanical behavior changes. Our results on room tem-
perature aging effects would provide the baseline database
for the further study in the properties of both lead-free and
lead containing solders, such as aging and elevated tem-
perature, strain rate and temperature effects, and the
constitutive modeling of creep.

The underlying mechanism for this reduction in strength
in solder alloys after aging must be related to the micro-
structure 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 polycrys-
talline material is inversely proportional to its grain size
[18, 90, 91], as shown in Eq. 8:

oy = a; +kd (8)

where oy is yield strength of the polycrystalline material; o;
is the constant for the material, which represents the overall
resistance of the lattice to dislocation movement; k is a
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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 disloca-
tions 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. 9)
(191,

D = Dyexp <— RQT) )

where D is diffusivity, D, is a constant that is independent
of temperature, R is the Boltzmann constant, Q is the
activation energy, and 7 is the absolute temperature.
Higher temperatures will increase the diffusivity of the
atoms, interstitials, and vacancies, leading to grain growth.

As previously stated in “General review of lead-free
solders and the mechanical properties of lead-free solders”
section, the elastic modulus is only related to the inter-
atomic forces between adjacent atoms [18]. Under normal
conditions, the atoms reach an equilibrium position to bal-
ance 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, microstructural changes have little
effect on the value of the true modulus. However, in engi-
neering 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 dis-
location 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.

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 unaged ones by a factor
of up to 20 times after aging at 125 °C for 24 h for both
SAC405 and SAC305 solder alloys (Fig. 22) [56]. Note,
however, that the lap shear joint specimens used in Dar-
veaux’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 [22, 48, 92-94].

Sasaki et al. found that bulk specimens after thermal
cycling experience a much higher creep deformation rate
[95].

Ma et al. also investigated the effects of elevated tem-
perature aging up to 6 months [96]. Aging at elevated
temperature has been found to have much more significant
effects on the mechanical properties and microstructure
evolution than that of the room temperature aging. The
thermal aging has caused significant tensile strength loss
and deterioration of creep deformation. The thermal aging
results also showed that after initial tensile strength drop,
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Fig. 23 Comparison of Sn—-Pb and SAC creep rates for aging at
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the Sn—Pb eutectic solder reached a relative stable stage
after 200 h of aging. However, for SAC alloy, both the
tensile and creep properties continuously change with the
increasing of aging time. It is noteworthy that the creep
deformation of SAC alloy is only better than Sn-Pb at
room temperature and shorter aging time. There is a cross-
over point at about 50 h of aging at 125 °C (Fig. 23). The
creep resistance of SAC alloy was lower than that of Sn—Pb
at longer aging durations. So lead-free solder reliability
need to be carefully analyzed especially after aging.

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 [18]. 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 [18]:

o =Ci" (10)

where m is the strain-rate sensitivity factor, or strain
hardening exponent; éis the strain rate; C is the material
constant; and o is the stress.

Solder alloys possess very high homologous tempera-
tures. 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 [97, 98]:

¢=—ol +p (11)

where o is temperature strengthening coefficient; f§ is the
strength at O °C in MPa, and T is the testing temperature
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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. 10) with the
strain rate [39, 99]. Several other studies have also
observed similar materials behavior for both Sn—Pb
eutectic and lead-free solder alloys [100-103].

Constitutive modeling of creep deformation

Constitutive modeling of creep deformation has been a
heavily studied and researched area due to the impor-
tance 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 previous section, the Dorn
power law and Garofalo Hyperbolic models are the most
widely accepted models for solder alloys. The constitu-
tive model can be determined by creep testing at
different temperature and stress levels. Tables 4 and 5
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 material 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 24 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 [104], and commented that the current data-
base are widely scattered. Discrepancies may be caused by
differences in the specimen, testing method, and testing
conditions and the possible effects of room temperature
aging as highlighted before.

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
[105], and is considered to be a unified model that does not
require explicit yield conditions or loading/unloading cri-
teria. 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
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Table 4 Garofalo hyperbolic creep models of solder alloys

Constitutive models Solder alloy Constants Specimen testing Reference sources
. ) method
Garofalo hyperbolic C oa(MPa™') n QO (kJ/mol)
Sine Law
&= C[sinh(ao)]"e(fg) Sn—40Pb 0.1114 751 33 530 Lap-joints, shear/tensile Darveaux [128]
Sn-37Pb 0.158 0.406 1.38 50.0 Cast bulk, tensile Xiao [129]
10.0 0.1 2 44.9 Flip chip joints, tensile ~ Wiese [23]
2.87 x 107 1300 33 528 Shi [34]
1999.4 0.2 2.1 54.1 Lap-joint, tensile Zhang [130]
Sn-3.5Ag 178.5 0.115 475 57.1 Bulk, tensile Wiese [23]
23.17 0.0509 5.04 41.6 Bulk, tensile Clech [104]
8.18 x 10" 0.0266 8.67 7174 Lap joint, shear Clech [104]
246 x 10°  0.0913 55 725 Lap joint, shear Clech/Darveaux
[66, 104]
Sn-3.0Ag-0.5Cu 2631 0.0453 50 524 Vianco [22]
Sn— 3.9Ag- 0.6Cu 0.184 0.221 2.89 62.0 Cast bulk, tensile Xiao [129]
441 x 10° 0.005 42 45 Bulk, compression Lau & Vianco [131]
3.49 x 10* 0.005 43 4313 Bulk, compression Vianco [61]
248.4 0.188 379 623 Lap-joint, tensile Zhang [130]
Sn-3.8Ag—0.7Cu 3.2 x 10* 0.037 5.1 65.3 Bulk, tensile Pang [132]
278 x 10° 0.0245 6.41 542 Schubert [133]
SAC series 7.93 x 10° 0.0356 5 67.9 Fitting data Clech [104]
Table 5 Dorn power law creep models of solder alloys
Constitutive models Solder alloy Constants Specimen testing method Reference sources
Dorn power law As™hH ]
é=Ad"exp(—2) Sn-3.5Ag 5% 107° 79.8 Flip chip, tensile Wiese [23]
9.44 x 1073 6.05 61.1 Bulk, tensile Clech [104]
Sn—4.0Ag—-0.5Cu 2 x 107 83.1 Flip chip, tensile Wiese [23]
1e+1 . #

e ) ?P;CQS c ép=A {sinh <%>} exp ( %) (12)

T Tt .. . . . . .

f"’i 102 ] “ 7 Ztang where &,is the inelastic strain rate, A is a constant, ¢ is the

2 jes ] - g'cicuhbeﬂ stress multiplier, o is the stress, R is the gas constant, m is

& — Lau the strain rate sensitivity, Q is the activation energy and T

= le4 3 — — — Pang . . .

T s Vianco is ab'solute temperature. The flow §qua}t10n can be easily

o 1 7 oz | T Xiao modified to represent the hyperbolic sine model for sec-

§ 16-6 1 ondary creep rate (Eq. 7).

S e The scalar variable is believed to be related to the
1e8 4 dynamic process of strain hardening and dynamic recovery,
1e-9 " expressed as follows:

10 100

Stress (MPa)
Fig. 24 Discrepancies in the creep models
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:

_ s =3)

S = _ho‘l—g}ﬁ D (13)
and

o2

v =i[zew(Z)] (14)
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where s* represents a saturation value at a given temper-
ature and strain rate, §is a coefficient, and # 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, hy, &, §, and s, the initial value of
the deformation resistance, which need to be determined
for the viscoplastic Anand model. Currently, most
researchers use multiple variable fitting methods to deter-
mine 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
[106-108].

Summary

This review of the research literature has documented the
dramatic changes that occur in the constitutive and fail-
ure 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
full potential.

Due the fundamental differences in microstructure and
properties between traditional Sn/Pb solder and lead-free
solders, great care needs to be taken in the conversion of
lead-free solders. Recent researches showed that the aging
effects will significantly decrease the mechanical proper-
ties of lead-free solders, and it is much severe than that of
Sn/Pb solders. The current and future research need to pay
particular attentions in long term aging effects in the
implementation of lead-free solders, especially for high
risk and infrastructure equipment which operate at harsh
environment. In regard to developing new lead-free sol-
ders, the microstructure evolution and its impact to the
mechanical and electrical properties to the solder joints
during the product operating life need to be carefully
examined.

@ Springer
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