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Abstract

Solder joints provide mechanical support, electrical and thermal interconnection
between packaging levels in microelectronics assembly systemoger functioning of
these interconnections and the reliability of the electronic packages depend lardnedy on t
mechanical properties of the solder jointgad free solders are common as interconnects
in electronic packaging due to their relatively high melting point, attractive mechanical
properties, thermal cycling reliability, and environment friendly champroperties.
However, environmental conditions, such as, operating temperature, aging temperature,
and aging time significantly affect these properties due to the microstructural evolution of
the solder that occurs during aging. Moreover, electroniceg, sometimes experience
harsh environment applications including well drilling, geothermal energy, automotive
power electronics, and aerospace engines, where solders are exposed to very high
temperatures from T = 1220 °C. Mechanical properties efld free solders at elevated
temperatures are limited. This research involves several projects to create a database of
extreme hightemperature mechanical properties and the associated microstructural
changes of several lead free solder alloys.

In the first project, several SAC and SAC+X lead free solder alloys, recommended
for high reliability applications have been chemically analyzed and then mechanically
tested in order to determine the temperature dependent mechanical properties of these
alloys. Thealloys include SAC305, Ecolloy (SAC_R), Cyclomax (SAC_Q), and Innolot.
The mechanical behavior of these alloys have been explored at several extreme high
temperatures from 125 to 200 °C. For each of 4 elevated temperatures (T = 125, 150, 175,
and 200 °@Q, tensile stresstrain tests were performed at three strain rates (SR = 0.001,



0.0001, and 0.00001 s&c For each alloy and testing temperature, the ssteam curve
shape and high temperature tensile properties (initial modulus, yield stresstiraate
tensile strength) were measured and compared.

In the second project, temperature dependent sitemia behavior of SAC305,
SAC_Q, and Innolot solders subjected to high temperature aging at 125 and 200 °C have
been reported. Before testing, smder uniaxial specimens were aged (preconditioned)
at the extreme high temperature of either T = 125 °C or T = 200 °C. At each of these aging
temperatures, several durations of aging were considered including 0, 1, 5, and 20 days.
Stressstrain and crep tests were then performed on the aged specimens. Using the
measured data, the evolutions of the stetissin and creep behaviors were determined as
a function of aging temperature and aging time.

In third project, SAC305 and doped SAC solder alloyAGSQ and Innolot)
recommended for high reliability applications have been chemically analyzed and then
mechanically tested in order to determine the nine Anand parameters. Anand parameters
were determined for SAC305 with both water quenched and refloveedstiuctures. For
SAC_Q and Innolot, only reflowed microstructures were explored to determine the Anand
parameters. The nine Anand parameters were determined for each unique solder alloy from
a set of uniaxial tensile tests performed at several st and temperatures. Testing
conditions included strain rates of 0.001, 0.0001, and 0.0000%) (sex! temperatures of
125, 150, 175, and 20C.

In the fourth project, nanoindentation methods were utilized to explore the creep
behavior, and aging effects of SAC305 solder joints at several extreme high testing

temperatures from 125 to 200 °C. A special high temperature stage and test protocol was



used within the nanoindentation system to carefully control the testing temperature, and
make the measurements insensitive to thermal drift problems. Solder joints were extracted
from 14 x 14 mm PBGA assemblies (0.8 mm ball pitch, 0.46 mm ball diam&ter)all

the experiments, only single grain solder joints were used to avoid introducing any
unintentional variation from changes in the crystal orientation across the joint cross
section. After extraction, the single grain solder joints were subjectearitlus aging
conditions. Nanoindentation testing was then performed on the aged specirfans at
different testing temperatures (T = 125, 150, 175, and°@)0 In order to understand
creep response of the solder joints at different temperatures,stagbiforce at max
indentation was applied for 900 sec while the creep displacements were monitored. With
this approach, creep strain rate was measured as a function of both temperature and prior
aging conditions. Nanoindentation pie effects, althougy insignificant at room
temperature, were observed during kigimperature testing and corrections were made to
limit their influence on the test results.

The changes in mechanical behavior of solder alloys that occur during isothermal
aging are a resulf the evolution of microstructure. In the final project, the microstructural
evolution ofsolder alloys werénvestigate for different aging conditions. In particular,
aging was performed at T = 125, 150, and 4Z%or up to 20 days, and the topogragiy
the microstructure of a fixed region was captured using the SEM system. This process
generated several images of the microstructure as the aging progressed. These images were
used to predict the microstructural evolution in SAC305 solder joints edpis high

temperature aging. Image analysis software was utilized to quantify microstructural



changes (total area, number and average diameter of IMC particles, interparticle spacing

etc.) with respect to aging time.
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CHAPTER 1

INTRODUCTION

1.1  Overview of Soldersin Microelectronics

Lead freesolders provide excellent theraneechanical properties and commonly
used as interconnections in electronic packages. As a joining material, in electronic
assemblies, Solder joints provide mechanical support, electrical and thermal
interconnection betwegnackaging levels in microelectronics assembly systems. It also
helps to dissipate the heat generated from thehipi[1].

With the emergence of the modern electronic packaging technolagythe last
few decades, solder alloys have been the primary interconnect material used in electronic
packaging.In the past, eutectic 63S3YPb has been the most extensively used soldering
alloy in the packaging industries. The eutectiePBnsoldersvere very attractive due to
their relatively low melting temperature (183 °C) and excellent ductility and good
reliability and for their superior wettability and compatibility with most substrates and
devicedq?2].

There is a general trend towards products that minimize harmful effects on the
environment and human healtiThis trend is further reinforced by the RoHS ban on
harmful substances and WEEE regulations on recycling and minimizing of electronic
wastes.In June 2000, the EU adopted two directives, the Waste of Electrical and Electronic

Equipment (WEEE) and the Dotve of the Restriction of the Use of Certain Hazardous
1



Substances (RoH$3]. The WEEE directive requires that lead has to be removed from
any endof-life electrical or electronic component§he RoHS specifically bans lead from
electrical and electronic componentsmatactured after July 1, 2006As a result of the
enforcement of thdirectives, all electrical or electronic equipment and devices produced
in or imported to E.U. member states must comply with thesefteadstandards except
those items that are exempted from the bansaddition to legislation enforcement there
are energing detection technologies to enforce complian8e.due to the general push
towards the ecefficiency and green electronics, manufacturers are motivated for the
adoption of lead free electronicsherefore, the conversion to lead free solders in the
global electronic market appears imminpgfjt

In the United States, as soon as l&ae solder legislation was proposed, the {ead
free solder project headed by the NCMS initiated research and developmentfoédead
solder in a program lasting 4 yed6$. The results of the project have been made available
in a database and offer information on such matters as modifying equipment and processes
for selecting alternative material§he project initially selected for study 79 types of alloys
consiered at the time to be potential candidates for use iFfleadolder.Basic attributes
considered included toxicity, resource availability, economic feasibility, and wetting
characteristics.The selection process narrowed the field down to the $ieaén alloys,
and these received secondary evaluation for reliability and ease of mounting
manufacturing.Evaluation of the individual alloys did not result in the final selection of a
single candidate, but three alloys,1S8Bi, Sri3.5Ad 4.8Bi, and Sh3.5Ag, were
recommended as candidates. Screening comments indicated that38BiQutectic alloy

was not suitable for use as standard solder due to the scarcity of Bi resdimoeser,



since this material can be used for mounting at less than 206d®aa chalked up a 20

year plus record of use in mainframe computers, this solder was deemed suitable for special
applications. These results were used to construct a database offrdeadolder that
includes the information in these tables along witlkeoitems such as (1) recommended
applications for leadree solder, (2) alloy composition guidelines reflecting price and
availability, (3) database of the 7 selected alloys and comparison wigth®utectic alloy,

(4) data on the characteristics of thther 70 eliminated alloys, (5) optimal process
conditions using various test PWBs, (6) strength evaluation and metallurgical reaction
analysis for the selected alloys and various surface mounting process reactions, (7)
predicted life (using NCMS Projegiroprietary life prediction software) and thermal
fatigue evaluation for 4 of the selected alloys, and (8) assessment of nontoxicity and alloy

composition.

1.2 Lead Free Solders Choices

In selecting suitable alternative of-Bitsoldering materials, it is important to take
into consideration that the properties of the alternative solders are comparable or superior
to SnPb solders. Compatible candidates of the -Bib solders must have the following

behaviord6]:

melting temperature similar to eutectic-Bh for a similar reflow profile

- sufficient wettability for good metallization process

- good electrical properties for transmigielectrical signals

- strong mechanical properties for good fatigue resistance and reliability

- inexpensive and easier manufacturability



Among various alloy systems that are considered asfieadsolder candidates,
SnAg-Cu alloys have been recognized las most promising because of their relatively
low melting temperature (compared with the-Am binary eutectic lead free solder),
superior mechanical properties, and good compatibility with other compdfiedjts Sn
Ag-Cu alloys are widely used as lefaide solutions for balgrid-array (BGA)
interconnection in the mioelectronic packaging industry as solder balls and pastes.
Al t hough no fidrop ino replacement has been
SnAg, SnAg-Cu (SAC), and other alloys involving elements such as Sn, Ag, Cu, Bi, In,
and Zn have beeidentified as promising replacements for standard €83b eutectic
solder. Industries have proposed several SAC alloys which include 98.&Sg0.5Cu
(SAC 305) in Japan, 95.5Sh8Ag-0.7Cu (SAC 387) in the EU, and 95.539A¢-0.6Cu
(SAC 396) in theaJSA. The International Printed Circuit Association has suggested that
96.5SR3.0Ag-0.5Cu (SAC305) and SB.9Ag 0.6Cu (two neaeutectic alloys) will be the
most widely used alloys in the futuf&0]. This prediction is attributed to their good
mechanical properties, acceptable wetting properties, and suitable melting[golirits
12].

A relatively large number of lead free solder alloys have been proposed so far,
including binary, ternary and even quaternary alloys. More than 70sdtlaye been
identified in the literature. Among them, the majority of the alloys are&8ed alloys,
that is, Sn is the preferred major constituéntfact, Sarich lead free alloys have occupied
more than 80% in the wave solder market share and mane%0% in the reflow solder
market share (Figure 1.1)T'he main benefits of the various SAC alloy systems are their

relatively low melting temperatures compared with the 96.83%Ag binary eutectic



alloy, as well as their superior mechanical and solderability properties when compared to
other leaefree solders.There are some major challenges for the current series efirézad
solders. SAC series alloys have a higher melting temperature, aroni@ 2dompared

to 183 °C for the eutectic SPb solders. They thus require higher reflow temperature
during the manufacturing process, which can lead to reliability probldins.excessive
buildup of intermetallic formed at the interface between theesg@ints and the copper

pad can also cause reliability problems. High costs are another issue fiseéeadlders.

SnAg

SnZn

SnZn

SnCuNi 204

14%

SnCuN
5%

SnCu

1% SnAgCu SnAgCuB

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

Figurel.l Lead Free SolddviarketShare

1.3 Candidatesfor Alternative Lead Free Solders

About 70 different alloys were proposed as an alternative to tHitbSolder. Most
of these are Sn based solder where Sn is the main constituent along with one, two or even
three other minor elements. These minor elements are added mainly to 1) decrease the
melting temperature and 2) improve wetting and reliability of the sfiflelhe properties
of Sn and the effects of different alloying elements on the Sn based solder alloys are

described below:



1.3.1 Tin

The melting temperature of elemental Sn is 231 °C. One of the main reasons of
choosing Sn as the principle component in the lead free solder fooelecpplications
is its ability to spread and wet a number of various different substrates. In the solid state,
tin can have two different p-8nansttetstragomal cr y s |
crystal st r uc t-Snrweh dmmond dic) crysial sarycture. r At thle room
temperature the ther modSnnHpon coalihg, whensthea b | e
temperature goes below 13 AC (Sambdcamesttepi ¢ t
thermodynamically stable phase. The allotropic fraosr ma t iSm n 1S, fresifts a
significant volume change (around 27%) causing blistering of the tin surface, cracking or
di sintegration. This phenomenon is mainly
The | ow d+Beis anbthetegsonmf cauking blistering and cracking of the tin
after the transformatiofi, 13, 14]. Al t hough the equdn itba iWm
Sn is 13 °C, the transformation occurs only after a significant undercooling and an
extensive incubation period as | ong as sev
on a SAC387 bulk sample after storing &40 °C for 5 yearg14]. Presence of
heterogeneous nuclei, also known as seeding, can considerably accelerate the kinetics of
the transformati on. The possibility of b
limited due to the constraints (component and substrate) on the both side of th&3oint
14].

Addition of other elements, as an impurity, can affect the allotropic transformation.
For example, the presence of Pb, Bi , Sb, Ci

the presece of As, Zn, Al and Mg promote the transformatj@s, 14].



Sn has a body <cent er e d-Sn, attraora teroperature, c r y s t
which is anisotropic. Hence, tin shows an anisotrdmenhal (e.g. CTE) and mechanical
(e.g. elastic modulus) properties as shown in Figure 1.2. As a result, during thermal cycling

experiment, cracking occurs along the grain boundgties
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Figurel.2 Elastic Modulus and Coefficient of Thermal Expansion (CTE) of Tin as a
Function of Crystal Orientatiofi]
1.3.2 Chromium (Cr)
Cr helps to improve shear ductility after long term agiBgsides, it also suppress

kirkendall void formation in the solder joinit$5].

1.3.3 Nickel (Ni)

Among all the micrealloy additives, Ni is one of the most common element.
Addition of Ni improves fluidity of SAC solders. Ni also improves the high strain rate
properties of solder joints. For example, ttp strength of SAC alloys can be

significantly improved by Ni addition. Although Ni does not have any significant influence

7



on the creep properties of the solder, it inhibits Cu diffusion and thus reduce the thickness
of CwSn intermetallic compoundNIC). The Ni addition greater than 0.01 wt% could
suppress the growth of €sn IMC even after long term (2000 hours) aging. SincSgGu

IMC is very brittle, the growth of G$n layer is very critical for the brittle failure of the
solder joints. Additiorof Ni on SAC solder causes to form more stable (CuS)IMC

which act as a barrier layer and suppress the growtha&rQGayer. Therefore, by reducing

the thickness of brittle G&n layer, Ni helps to improve strength of the solder joiiNs.

alsohelps to improve strength by refining solder microstructiég.

1.3.4 Zinc (Zn)

While Ni reduces only the formation €3n, Zn doping can retard both £Sm and
CwSrsl MCO6s i n SAC sol der s. Zn al so helps to
reflow and high temperature aging. Addition of 1.5% Zn in SAC207 solder could refine

AgsSnand CeSnsl MCO6s and hence increase 915 ength &

1.3.5 Cobalt (Co)

Co helps to reduce the growth of 4Sa layer during high temperature aging.
Addition of small amount of Co (<0.1 wt%) can improve the properties of SAC solders.
Co increases the number of nucleation sites andehsignificantly refine the grains of

SAC305 solder. Thus it helps to improve shear strength of the solde( jhts



1.3.6 Bismuth (Bi)

If added in small amount, Bi can improve the wetting ability and reduce melting
temperatureof lead free solder alloys. It also increases strength of the bulk solder and
inhibit the large AgSn formation in the bulk solder. It is recommended to avoid Pb
contamination in the solder before using Bi as an additive. Because Bi can react with Pb
to form a brittle IMC at the grain boundary and reduce strength significantly. If presentin
excess amount, Bi can cause solidification crack due to the increase in the gap between

solidus and liquidus temperatyrs].

1.3.7 Antimony (Sb)

Sb improves mechanical properties of lead free solders but it is toxic in nature. A
small percentage (0.5 wt%) of Sb can improve drop tesbr#jaof SAC solder joints
[16]. Besides, Sb also helps to enhance strength of the solder by solid solution

strengthening17].

1.3.8 Germanium (Ge)

Ge doped solders shows low Cu dissolution from the Cu pad and hence suitable for
the wave soldering process. Ge significantly improve wetting properties of the lead free
solders and refine the solder midrosture. As a result, Ge addition improves the strength

and ductility of the lead free soldgi6).



1.3.9 Sn-Ag-Cu System

As shown in Figure 1.1, $Ag-Cu (SAC) has been the most popular, widely used
|l ead free solder in todayds market. Al t ho
replacement for all applicationg variety of SAC alloys with different chemical
compositions have been the proposed by various user groups and industry experts. These
include: SAC105 (98.5Sh.0Ag0.5Cu), SAC205 (97.5S2.0Ag0.5Cu), SAC305
(96.5SR3.0Ag-0.5Cu), and SAC405 (95.58n0Ag-0.5Cu), known as the SACNO5 series;
SAC387 (95.5518.8Ag0.7Cu), SAC396 (95.5S8.9A¢0.6Cu), and SAC357 (95.2Sn
3.5Ag-0.7Cu), identified as near eutectic SAC choices; SAC3810 (98Z3wy1.0Cu),
SAC3595 (95.5558.5A¢-0.95Cu), SAC0307 (950.3Ag-0.7Cu) and SAC107 (98.3Sn
1.0Ag0.7Cu), designed for special needs such as high temperature application, drop and
shock optimization, etc. The main benefits of the various SAC alloy systems are their
relatively low melting temperatures compared with the 9635.SAg binary eutectic alloy,
as well as their superior mechanical and manufacturability properties when compared to
other lead free soldef48].

Figure 1.3 shows a typicat3@ 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 diagramthehere
isothermal lines reach the common, lowest point, is the eutectic point of the ternary system.

Figure 1.4 is the top view {R) of the ternary phase diagram of-8g-Cu.

10
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Figurel.4 SnAg-Cu Ternary Phase Diagram

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 regilime eutectic and near eutectic
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melting temperature has been determined to be 217 °C, although the presgse paint
is notknown[19].

In SAC alloys, the formation of intermetallic compuals between the primary
elements Sn and Ag, and Cu affect all the properties of the alloys. There are three possible
intermetallic compounds that may be formed:&wforms due to the reaction between Sn
and Ag (Figure 1.5) and @8rs forms due to the Sand Cu reaction.The compound
CwSn will not form at the eutectic point unless the Cu content is high enough for the
formation of CySn at higher temperatures, so in bulk specimenSiCis not presented.
There is no reaction between Ag and Cu to form any kind of intermetallic compounds. The
particles of intermetallic compounds possess much higher strength than the bulk material.
Fine intermetallic particles in the Sn matrix can therefore strengtheallthe. The
intermetallic compounds can also improve the fatigue life of the solders, as SAC alloys are
reported to be -3 times better fatigue properties than thePbneutectic soldersThe
higher fatigue resistance is believed to be contributed bynteespersed A¢pn and
CusSry particles, which pin and block the movement of dislocations. The many patents
that have been granted for SAC systems have limited their use and hindered research on
several of the SAC alloysHowever, many familiar alloy sticas SAC305 and SAC405
are not patented to avoid excessive licensing and 1&ks

Despite the benefits mentioned above, SAC family solders sometimestilar
guestionable as complete substitutes for eutectielBinecause of costs, some patent issues
(particularly outside Europe), aesthetic consideration (dross problem of SAC solders), and

relatively high melting temperature (21C vs. 183°C).
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1.3.10 Sn-Ag-Cu + X System

SnAg-Cu alloys have shown potential to be successful substitutes for eutectic Sn
Pb, however, the industry is stildl |l ooking
of many recent studies, performance characteristics ofersatioys are able to be
optimized by doping, that is, by adding a small amount of other alloying elements into the
SAC solder alloys.

The proposed doping element candidates include Bi, Ni, Co, Ge, Zn, La, Mg, Mn,
Ce, Ti, Fe, In, B, etc. For example,dath 0.05% (wt.) Ni can successfully stabilize the
microstructure, inhibit the excessive consumption of metal base and thus increase the
reliability of the solder joint$20-22]. In addition, doping rear earth (RE) elements can
significantly enhance wettability, refineicrostructure and improve ductility of SAC
alloys[23-26].

Even though dopants can greatly alter the mechanical, electrical and physical
behavior of SAC solders, the effect on melting temperature, however, is found to be
negligible. This is another advantage for doped solder alloys because chamn$acan
still use the same processing conditions as conventional SAC alloys.

Meanwhile, the known issues for SACsolders are also apparent. For instance,
the material properties and interfacial behavior of solder alloys have been demonstrated to
be very sensitive to the quantity of theaXlditive. As a result, it takes much more time

and cost to figure out the optimal composition levels for the dopants.
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1.4  Characteristics and Applications of SRAg-Cu Solder Material

The advantages of SAC series ovdren Pbfree systems include relatively low
melting temperatures, superior mechanical and solderability properties, and good tolerance
for Pb contamination.These characteristics give SAC alloys good compatibility with
existing electronics packaging infrastructure. In fact, there is a long history of using
95.5S14.0Ag 0.5Cu (SAC405) to form solder joints for BGA packages. The high market
shar e ( aAC&Ediésalloys gn aGlobal scale provides strong evidence of its-world
wide acceptanceAlso, nanoscale leair ee sol-detr def(8apnbave bee
and investigated in the development of naotering technique for nanoscale assembly
and intgyration. Tin (Sn)}based and indium (Ifased leadree nanesolders have been
synthesized directly onto multisegmented nanowires using electro deposition method in
nanoporous templateszurthermore, high temperature lead free solders are being used in
medical industries today where a variety of intrusive procedures used requiring tools,
instruments, sensors and components in materials that are inert with respect to reactions
with the body[27]. Also, new surgical techniques have been developed to improve the
guality of operations, reduce the risk to patients and reduce the pain experienced by
patients. Environmental congas and the concern about toxicity and health hazards

indicate that there is a drive to develop and usefiesdsolders.

1.5 Mechanical Properties of Lead Free Solders
In an electronic device, a number of different types of engineering materials exists
in aclose proximity. For example, a printed circuit board (PCB) is typically a glass fiber

reinforced polymer (composite material), a die is a semiconductor material which is often
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encapsulated in a plastic or a ceramic, and the tracking and the soldeajeimietallic
materials. Solder joints are used to create an electrical circuit by mounting chips and
components on the PCB. Hence an ideal solder joint should have a good conductivity to
transmit electrical signals and at the same time, adequatetbtterrovide mechanical
support and connection. Hence, mechanical properties of solder joints are critically
important to ensure reliability of the electronic products. Among all the mechanical
properties, tensile, fatigue, and creep performance ofdlter are critically important.

Thus an accurate measurement of mechanical properties and development of constitutive
eqguations for solder materials are required in mechanical design, process optimization and

reliability assessment.

1.5.1 TensileProperties (StressStrain Behavior)

Under the action of an increasing stress, metals usually exhibit elasticity, plasticity,
and a maximum in stress is followed by necking and fracitine.slope of the linear elastic
portion of the stress vs. strain plot is the modulus, and the stress at termination of elastic
behavior is the yield stressThe extent of deformation prior to fracture is known as
ductility. Ceramics display only elastiiehavior until fracture, which is associated with
cracking and very limited deformation (brittleness)Polymers may exhibit both
characteristics above according to the temperature. Above the glass transition temperature,
Tg, extensive deformation due tceshanisms quite unlike those in metals may follow a
small degree of elasticityBelow this temperature, polymers exhibit ceraiike behavior.

In all material categories, the maximum stress attained is the tensile/compressive/shear

strength according tthe mode of stressing employe@omposites are physical mixtures
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and exhibit the average properties of their components, taking into account the proportions
of each. These characteristic features of monotonic behavior are summarized in Figure

1.5. Thefracture strains of brittle materials and the yield strains of metals are generally

less than 1% (the yield strain of solders is arounti2P6). The amount of deformation

prior to the attainment of maximum strength is between about 3% and 7% for common

solder alloys.

Stress

(b)

Strain

Figurel.5 Schematic Overview of Mechanical Behavior of a) Ceramics, Polymers below
their Glass Transition Temperatyfeg) and Non Ductile Material b) Ductile Materials c)
Polymers abovég
Tensile properties indicate how the material will react to forces being applied in
tension. Although solder joints are rarely under pure tensile/compressive loading, tensile
properties are still crucial indicators for design purposes. Thrtangile tests, several
material properties can be determined, such as effective lospdgield stresqYS),

ultimate tensile strength (UTS), elongation, etc. In most of the cases that engineering

stressstrain curves are employed by neglecting the changess sectional area.
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Tensile properties are generally described by sstas curvesFigure 1.6 shows
a typical engineering stress strain curvA.typical engineering stressrain curve for
solder alloys consists of an elastic region and aiplesgion. In the elastic region, when
the stress is reduced, the material will return to its original shiaghis linear region, the
material obeys the relationship defined by Hooke's Ladowever, since the effective
modulus includes small inelastdeformations or timdependent deformations such as
creep, it is usually smaller than the dynamic modulus measured by the acoustic or
ultrasonic wave method, which largely eliminates the inelastic deformation due to rapid
wave propagatiof28-30]. Also, Ralls,et al. showed that the elastic modulus of metal will
decrease with increasing temperati8#]. The underlying reason for this is because the
distance between adgt atoms increases at higher temperatures which in turns decrease
the elastic modulus.

When the load is high enough to exceed the elastic limits the material will
experience plastic deformation, which is permanent. At this stage the material is
underging a rearrangement of its internal molecular or microscopic structure, in which
atoms are being moved to new equilibrium positions. Specimens subject to plastic
deformation will simultaneously elongate and decrease in dian¥dterYield 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 accepédde[32]. This is determined
by a parallel line drawn at 0.2% of the strain to the elastic slope (Figure 1.6). When the
load is removed at a point above the yield stress, the -stregs curve will be

approximately parallel to ¢hinitial modulus.
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The ultimate tensile strength (UTS) is the maximum engineering stress level
reached in a stresdrain test. In ductile materials similar to solders, the UTS are usually
well outside of the elastic portion and the elastic strain is sergll comparing to the
plastic strain. When necking occurs, the engineering stress decreases and the specimen

eventually fail.
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Figurel.6 Typical StressStrain Curve.

1.5.2 Creep Properties

Creep deformation refers to the time dependent plastic flow or deformation of a
material that occurs when the material is exposed to a constdntypeally below yield
stress for a long period of time. Creep deformation becomes significant when the material
operates at a high homologous temperatukg {Which is defined by the ratio of operating

temperature (T) and the melting temperaturg) @f the material.

T,=— (1.4)



Creep deformation becomes the dominant failure mode in a metallic materal if T
is greater than 0.5d[33]. The melting temperature of lead free SAC solder is around 217
°C (490 K) causing ffor the alloys, for room temperature (298 K) operating conditions,
is 0.61T. As aresult, lead free SAC solder alloys display creep deformation even in room
temperatureoperating condition. Due to the mismatches of the coefficient of thermal
expansion (CTE) of silicon chip and other assembly materials used in an electronic
package, solder joints are remain under mechanical stress. These mechanical stresses can
cause tine dependent creep deformation of solder materials. In microelectronic packaging,
creep deformation is regarded as one of the major failure mechanisms of sold¢B4pints

Creep test is typically conducted by applying a constant uniaxial load on the test
specimen at a pactilar temperature. During the test, deformation of the test specimen is
recorded as a function of test time and th
straindéd vs. O0timed plot. The extemliedof cr e
stress level and the test temperature. Figure 1.7 represents a typical creep curve which
consists of three distinct regions, after the initial jump, namely, primary, secondary, and

tertiary regions.
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Figurel.7 Typical Creep Curve.

Every creep test begins with an initial strain which corresponds to the instantaneous
response (mostly elastic) of the material due to the applied force/load. In the primary creep
stage, the materiatarts to deform with at a high strain rate (high slope at the beginning of
the primary region) and then the strain rate decrease gradually with increasing hime.
is due to the work hardening of the material which resists deformation. Eventudily, wit
increasing test time, the creep strain rate reaches to a steady state stage which is known as
steady state creep or secondary creep region. The constant creep rate, in the secondary
stage, is due to the dynamic balance between strain hardening arsdatbzayion[32].

The strain rate in the secondary stage is very important since very often researchers use
this parameter in the finite element simulations to predict reliability of the solder joints

under different test conditionsAfter secondary creep, the material enter into the tertiary
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creep region followed by an immediate ruptufertiary region begins when the strain rate

start increasing abruptly from the constant value.

1.5.3 Mechanismsof Creep Deformation

Several creep mechanisms have been proposed such as dislocation glide,
dislocation creep, grain boundary diffusion, and lattice diffusion which can be summarized
in a creep deformation map, as shown in Figurg[35336]. The deformation diagram
was first introduced by Ashby in 19736], and has been widely accepted and studied by
other researchers in the area. In the deformation map show in Figure 1.8, the abscissa is
the homologous temperature and the ordinate is normalized tensile or shear stress. The top
of the map is bounded tilve theoretical or ideal stress, below which is the onset of
dislocation glide.Dislocation glideoccurs at high stress levels over the entire homologous
temperature range. In this case, the dislocation moves along the slip [Bahes
Dislocation creep is characterized by a higimperature deformation mechanism with
homologous temperatures greater than Q.&1d requiring intermediate high streSihe
deformation results from diffusion controlled dislocation movement, with dislocations
climbing away from barriers.

Coble proposed grain boundary based diffusianechanism, which involves the
atomic or ionic diffusion along the grain boundarj88]. The deformation occurs at
intermediate low stress levels over an intermediate to low temperature rdagarro
Herring Creep olattice or bulk diffusioroccurs at low stiss level and high temperature.

In this case, interstitial atoms and lattice vacancies along the gradient of a grain boundary

migrate in reversed directions in the presence of tension or compression pressure. Lattice
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or bulk diffusion becomes the primadgformation mechanism under this circumstance
[39]. If there is no pressure, interstitial atoms and lattice vacancies will migrate in
proportion to the gradient of their concentrations. Umessure, the lattice defects tend

to move in directions to relieve the imbalance of pressure. The movement will eventually

cause creep deformation.
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Figurel.8 A Typical Creep Deformation Map

Grainboundary sliding may also be involved in the creep meftion at hgh
temperatureg30] where the displacement of grains can be induced by stress at high
temperatures. However, this is not an independent deformation mechanism, but may
accompany one or more of the above deformation mechanisms.

Due to the high homologous temperature (> )5df most solder alloys under
normal operating conditions, the stress level determines the creep deformation mechanism.

At low stress levels, the controlling mechanism is lattice diffusion and-gmindary
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diffusion. As the stress rises to intermediateels, dislocation creep takes over, and at
high stress level, dislocation gliding becomes dominant. Additionally, the contribution of

grain boundary gliding to creep deformation should be taken in account at all stress levels.

1.6  Nanoindentation

Indentdion testing is a technique where a hard tip, with known mechanical
properties, is pressed into the surface of
The load applied on the indenter tip caused it to penetrate into the test sample surface.
When the applied load reaches to the user specified value, it can be held for a certain period
of time (for creep properties) or remove instantaneously (for hardness and elastic modulus).
Removal of the applied load leaves an impression or indent cathgle surface.

Nanoindentation (NI) is a kind of indentation testing where the penetration length
is measured in nanometer. The development of the NI technique has been motivated by
the miniaturization of the engineering materials as well as the gewelt of the
nanostructured materials. Since the area of the indenter tip is well defined (known
geometry), the indent area can be easily determined from the tip penetration depth from the
sample surface. Elastic modulus, hardness and creep properaematerial can be
obtained from indentation load displacement {46

Because of hang very high hardness and elastic modulus, diamond is typically
used to make indenter tip Indenter tips are available in different shape and the choice of
indenter tip shape depends on the type of required information from a NI test. Berkovich

tip is used in this study (Figure 1.9).
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This is the most common indenter tip and used to measure mechanical properties
using a NI technique. The shape of a Berkovich tip is similar to a three sided pyramid
where the faces meet at a single point (Figure 1.5k tip can maintain its sesimilar

geometry to a significantly small scale. The center to face angle of the tip9s 65.3

Figurel.9 Berkovich Tip.

1.7  Harsh Environment applications of Electronics

The reliability of electronics used in various devices depends on the environmental
conditions experienced during field uda. oil and gas exploration, avionics, automotive,
and defense applications, electronics typically experience very harsh envitenmen
conmpared to consumer electronip$l, 42]. The electronic systems used in unttexhood
automotive applications can be opedatd temperatures over 150 @3, 44]. For
example, engine control modulesounted directly onto the engine experiences -high
temperature excursions while in operatidn. vehicles, when the engine is turned on, it
continues to ramp up to the maximum operating temperature from the ambient temperature
while the engine continues tme in operational stateElectronics experience extremely
high temperatures during this period, and there can be fluctuation in the temperature

conditions.
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The electronic systems used in oil and gas exploration applications, also
experiences ambient teenatures above 150 °C, even in sorppliaations, 200 °C or
higher[45]. Wireline logging represents a typical application in oil and gas drilling where
the electronics are exposed to very high temperatidesng this application, the logging
tool is lowered into the wellbore, and the electronics experience extremely low or high
temperatures depending on the location and type of the oil wiile reliability of
electronics is an important concern here sittfte wireline logging usually lasts 2 to 6
hours.

Electronics used in commercial and defense aircrafts and ground military vehicles
also experience extremely high temperatures. In-ggged civil transport and supersonic
aircraft, the highest ambient tperature experienced by actuatoount electronics
(wi thout c886Qand2§0)°C raspestiveiyl].1Also, temperatures in electric
propulsion system in the battle tank and other mobile ground defensetippfican reach

up to 200 °C
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Figure1.10 High Temperature Application of Electronics
1.8  Objectives of This Research
The motivation of this research is to explore the extreme high temperature

mechanical behavior of lead free solder alloys for harsh environmentajgplg; and to
develop new constitutive equations and reliability models that include aging effects to
predict solder joint reliability in microelectronic packaging. The Primary objectives of this
research involve:

(1) Investigate the uniaxial tensile propest of SAC305 and doped SAC solders at

very high temperatures (up to 200 °C).
(2) Compare the tensile properties of the solder alloys to examine the effect of the

dopants.
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(3) Explore high temperature creep behavior and determine secondary creep strain rate
for different lead free solders.

(4) Study the effects of extreme high temperature aging on the mechanical behavior
(tensile and creep) of lead free solders.

(5) Determine sets of Anand model parameters applicable for high temperature range
(such as, 125 to 200 °C) anvestigate the correlation of Anand model
predicted results and experimental results.

(6) Determine the effects of test temperature and aging time on the creep properties of
SAC305 solder joints using Nanoindentation method.

(7) Investigate the effects dfiifferent aging temperature and aging time on the
microstructure of lead free solders using Scanning Electron Microscopy system.

(8) Perform quantitative analysis of the microstructural evolution of SAC and SAC+X
alloys subjected to extreme high temperatuiagag

1.9 Organization of the Dissertation
This dissertation mainly focuses on investigating the aging dependent Mechanical
behavior and microstructural evolution leadfree Solder alloys and is presented in the

following chapters:

Chapter lintroduction to lead fresolders alloys and mechanical properties of
solder materials.

Chapter 2Literature review on isothermal aging effects, mechanical properties,
nanoindentation on SAC solder joints, nanoindentation at elevated

temperature, microstructural evolution during aging o€CS#loys, life
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prediction and reliability models of electronic packages that consist of
lead free solder materials based on coarsening of IMC patrticles.

Chapter 3Description of experimental procedure, sample preparation, uniaxial
tensile and nanoindentation crdepts, data processing and quantitative
analysis.

Chapter 4Characterization of uniaxial tensile properties of different lead free
solder alloys and comparison of the properties to examine the effect of
the dopants.

Chapter 5Study on the mechanical behavior of lead freeesaddloys subjected to
extreme high temperature aging.

Chapter 6Study on the applicability of Anand viscoplastic model for high
temperatures.

Chapter 7investigation on the effects of test temperature and aging time on the
nanoindentation creep response of lead free SAG8Ier joints

Chapter 8Study on the evolution of the microstructure of lead free solders as a
function of aging time and aging temperature.

Chapter 9Summary and conclusions of the dissertation.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

As the electronic industries transition to lead free soldering by the motivation of
environmental concerns, legislative mandates, and market differentiation, great efforts
have been undertaken to develop desirable lead free solders and establish ancomgespo
database of material propertiedlany researchers have attempted to measure the key
mechanical properties of lead free solders. However, large discrepancies have been found
in the published data from various groups. There are several reasonseser t
discrepancies. Firstly, the differences in specimen preparation methods among the
researchers cause different microstructures in the specimens that directly affect the
experimental results significantlySecondly, the testing methods and the testitimns
may also be different which will again affect the resulfirdly, mechanical properties
obtained from the bulk solders might be different from the measured properties of solder
joints. Finally, the lack of standardization in the data acqoisitand processing of
mechanical properties makes it difficult to obtain good Ilaboratmigboratory
comparisons.

Apart from the above mentioned reasons for the discrepancies in solder material
properties, another critical factor is aging effeéging is mostly neglected in the majority

of prior studies, which will further exacerbate these problelinisas been observed from
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recent studieghat isothermal aging leads to large reductions (up to 50%) in several key
material properties for lead free salglencluding stiffness (modulus), yield stress, ultimate
strength, and strain to failup@3]. Even more dramatic evolution has been observed in the
creep response of aged lead free soldehgre up to 100X increases were found in the
steady state (secondary) creep strain rate (creep compliance) of SAC solders that were
simply aged at room temperatyds, 47]. For elevated temperature aging at 12548],

the creep strain rate was obsentedchange even more dramatically (up to 10,000X
increase for SAC105).

In real applications, solder joints are continuously exposed to aging/thermal cycling
during service. It has been well documented that the microstructure, mechanical response,
and falure behavior of solder materials are constantly evolving under such circumstances
[49-84]. It has also been demonstrated that aging effects are universally detrimental to
reliability andcause reductions in stiffness, yield stress, ultimate strength, and strain to
failure, as well as highly accelerated creep. Solder joints with highly degraded
microstructure and material properties are so vulnerable that the service life of the package

is often severely shortened.

2.2  Aging Effectson Tensile Properties
Studies on the effects of aging on solder material properties are primarily divided
into two groups, which are aging effects on bulk solders and aging effects on solder joints.

These arelescribed in subsequent sséctions.
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2.2.1 Aging Effectson Bulk Solders

Evolution of mechanical properties with aging in bothF8nand lead free solders
has been reported in recent yedResearchers have done numerous studies on the effects
of aging on blk solder properties as well as some studies on solder joints in actual
componentsMost studies show aging has significant effects on the mechanical properties
of solder materials.In 1956, Medvedey62] reported a 30% loss of tensile strength for
bulk SnPb solder after 450 days of room temperature (RT) aging, and a 23% loss in tensile
strength for solder joints under a similar exposure. Room temperature aging @ffects
solder alloys has been presented by Lafg®k He showed that after 30 days of room
temperature aging, the shear strength and the hardnessRif &md S+Pb-Sb solders
reduced by approximately 20%Miyazawa [77] reported reduction of hardness and
microstructural coarsening for $tb solders aged at 25 and Z@for 1000 hours.

Xiao, et al.[66] investigated the stresdrain behavior of SAC396 solder alloy
which were subjected to aging at 25 and 18dor various amount of timeThey have
shown that the strength reduces by 25% for aging at room temperature for 35 days and a
33% reduction for aging at 180 C for 9 dayBing, et al.investigated the influence of
aging on fracture behavior of Sxg solder in tensile testfb6]. They have shown that the
solder samples tensile strength reduce very quickly foresatal aging at 186C for 120
hours. Ma, et al[85] studied the evolutionfo‘o ungds modul, and yltimgte e | d
tensile strength of SAC305 and SAC405 solder alloys under various aging condiions.
linearexponentiamodel was developed ttescribe the material property evolutidrhey

have shown that the material properties decreased dramatically in the first 20 days for both
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room temperature aging as well as elevated temperature agieg20 days of aging, the
properties change slowly and linearly and it continues for lorgjegdime.

Zhang, et al[86] also studied the aging effects on tensile properties of SACNO5 (N
= 1%, 2%, 3% and 4% silver) series soklfor different amount of aging at temperatures
25125 °C. They have demonstrated that the mechanical properties degraded more
dramatically when the aging temperature was increaddw data also shows that the
degradation becomes linear with longemagiime. Cai, et al[51] have also shown that
the aging effects are significant for lead free solders (SAC105, SAC205, SAD805
SAC405) for room temperature aging as well as elevated temperature agieyg.have
also shown that the aging effects can be reduced by using certain dopants to (e.g. Bi, In,
Ni, La, Mg, Mn, Ce, Co, Ti, Zn, etc.) SAC solder alloys to enhance thabiidy of lead
free solders.Finally, Mustafa, et al[78] have demonstrated that the hysteresis loop area
in cyclic (tension/compression) loading of various SAC solder alloys changes significantly
with aging. For strain controlled tests, the hysteresis loop area deceases and for the stress

controlled tests, thimop area increases with aging time.

2.2.2 Aging Effectson SoldersJoints

Isothermal aging effects have also been reported to lower the strength and to reduce
reliability of solder joints. The mechanical response of solder joints to external loading
can be dferent from the bulk solders due to fine microstructure, grain orientation (single
grain/ multigrain), and the presence of intermetallic compounds at joint boundaries.

Coyle, et al[87] reported 20% shearing strength reduction of BGA solder joints

after 240 hours of aging at room temperatuel 0% shearingtrength reduction has been
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reported by Lee, et dI88] for the BGA packages just after 3 days room temperatumg.ag
Chilton, et al.[89] reported a 15% fatigue strength reduction ofPBnsolder joints of a
SMD test package which were aged for 60 days at roopedeature Li, et al.[90] studied

the elevated temperature aging effects ondhp packages with SAC soldershey have
shown that the shear strength of solder bumps subjected to aging°@t&&reased
gradually with aging Also for the aging temperatures 150 and iC5the degradation of
shear strength of the bumps were much fasiéey also reported that the fracture of the
solder bumps occurred at the bulk sold&oo, et al.[91] found that63Snr37Pb solder
joint strength orelectroplated Ni/Au BGA substrate was significantly affected by aging at
170 °C for up to 21 days, while the deterioration of shear properties268g was much
smaller. Darveaux 92] indicated that after 24 hours of aging at 125 °C, all alloys showed
a 10% to 30% reduction in solder joint strength. All of the solder joints failed within the
bulk solder and exhibited high ductility. In addit, the ductility of all of the Pifree solder
joints deceased with increased agif@f]. Oliver et al[93] reported that the joint strength

of Sn3.5Ag and SAC325 solder on both Ni/Au and Sn/Pb pad metallizations were
unchanged after aging at room temperature as well as elevated temperature for 1000 hours.
However they found reduction in shear strength ofesglint in SAPb solders.

Pang, et al[94] studied the aging effects dime mechanical properties and fatigue
life of Sn-Pb solder joint specimens that were subjected to thermal cycling conditions from
-40 to 125°C. They have shown that the shear strength reduces significantly for specimens
that were subjected to 1000 thermal cycl€bey have also shown that the fatigue life of
the specimens dropped by 6 times compared tocyoled specimens.Zhou, et al.

comparedthe joint strengths of SAC387 on both Cu and Ag substrates at an aging
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temperature 0f70 °C,and concluded thatginghad little effect on the SAMBg interface

but dramatically softened the SAC/¢aint. The softening difference was said to be due

to lower residual stresses at &C/Agjoint interface Chen, et al[73] studiedthe effects

of aging on the solder bump shear strength for botPISand S8.5Ag solders. They
reported that shear strength for both solder materials decreases after aging@far50

1500 hours, 8.9% for SRAb solder bumps and 5.3% for-SmAg. Kim, et al.[59] also
reported similar results in which they reported an average 5% decrease in joint strength in
stud bump samples for aging at ®Dfor 300 hours.

The degradations of the stiffness, strength, and creep compliance with aging are
expectedo be universally detrimental to reliability of solder joints in lead free assemblies.
This has been demonstrated explicitly in the recent investigation of Lee and coworkers
[88], where aging has been shown to degrade the Thermal Cycling Reliability (TCR) of
lead freePlastic Ball Grid Array (PBGA) assemblies subjected to Accelerated Life Testing
(ALT). They have shown dramatic degradation in fatigue life of BGA components with
SAC 305 solders, which were subjected to thermal cycling from 0 td@QGth prior
aging a either 100 or 150C. The amount of life degradation was found to be dependent
on the surface finish of the PCB substrates, with 44% degradation observed for ENIG
surface finish and 20% degradation observed for OSP surface finish under the most severe
aging conditions (1000 hours at 130) prior to thermal cycling accelerated life testing.

In a similar study, Lee, et dB5] showed that the lifetime of watvel chip scale
packages with SAC305 solder interconnects was reduced by 29% for 50@hagnsg
at 150°C. Zhang, et al[81] have investigated the correlation between the effects of

isothermal aging on the reliability of PBGA components. They have shown that for 6
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months aging at 25 °C that the reliability of SAQ05 components dropped by 53%.
Smetana, et a[96] have performed an extensive study on the effects of prior isothermal
preconditioning (aging) on the thermal cycling lifetime for a variety of components.
Similar to the investigations discussaabve, it was observed that prior aging reduced the
thermal cycling characteristic life of SAC BGA assemblies subjected to 0 td@00
cycling. It was also found that changes occurred in the Weibull slope, suggesting other
failure modes were created byimg They also found that prior aging increased the
thermal cycling reliability of certain components (e.g. 2512 chip resistors and certain
QFNSs). Similar results of improved reliability with aging were found for components
subjected to a smaller therntgicling range of 20 to 80C. This led them to conclude that
aging does not universally reduce solder joint fatigue life.

The effects of aging on the degradation of the thermal cycling reliability of lead
free BGA assemblies have been studied recentlghang, et al[81]. In their studies,
PBGA daisy chain test assemblies were subjected to up to 2 years of aging (25, 55, 85, and
125°C), followed by thermal cycling from40 to 125°C or -40 to 85°C to failure. They
have shown that for all component sizes and lead free solder alloys, the solder joint thermal
cycling reliabilities of the BGA components were severely reduced by prior agargip
to 12 months prior aging for the coonents with IrrRAg PCB surface finish and thermal
cycling from -40 to 125°C, they have observed clear degradation in life for aged
components relative to neaged components and the amount of degradation was
exacerbated with higher aging temperaturgsing the 63.2% Weibull characteristic life

(d) as a failure metric, the reliability
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and 53% (12 months aging) for the 19 mm BGA components subjected to aging@t 125
prior to thermal cycling

Gradual agin@lso occurs during thermal cycling tests due to the high temperature
dwells at the top of each thermal cycteveral recent studi§g7-101] have demonstrated
that there is a strong dwell time effect on thermal cycling reliability for lead free

electronics; with longer dwell times leading to reductions in the thermal cycling life.

2.3 Aging Effectson Creep Properties

It has been found in theditature that aging at room temperature as well as elevated
temperatures have significant effects on creep defwmatf lead free solder alloys.
Darveaux, et al92] reported a faster creep rate for aged solder specimens thagedn
specimensFor both SAC305 and SAC405 solders and for aging at 125 °C for 1 day, they
found 20 times increase in the creep rate for agedmapesi Xiao, et al.[66] found that
SAC396 showed much lower absolute creep ratempared with eutectic SPb and
ascribed thisncrease in creep resistanethefinely dispersed intermetallic compound
(IMC) precipitates in th&nmatrix. Wiese, et al[65, 107 investigated the creep behavior
of SAC 387 solder with short (1 day 825 °C) and long (49 days at 125 °C) thermal
storage timesThey found that the creep rate of solder increase significantly for short time
aging at 125 C but relatively smaller changes occurred for longer aging times.

Ma, et al.[103 studied the evolution of secondary creep rate with aging for
SAC305 and SAC405 soldershey showed that the secondary creep rates for SAC solders
increase with aging at either room temperature or elevatagerature.Also, for both

SAC solders exposed to elevated temperature aging, the effects were much higher than
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those for room temperature agirgmore detailed investigation was conducted by Zhang,

et al.[86] on aging effects on the creep behavior of lead free solders. They reported that
for 6 months aging at 125 °C, the secondary or steady state creep $&E 105 solder
increased by about 10000 timeAlso, for other aging temperatures (25 to 125 °C), they
found that the both the primary and secondary creep rates increase with 6 months aging.
Finally, Cai, et al[51] demonstrated that by using certain types of dopants in SAC solders,
the aging effects on steady state creep rate cardbea@. They showed that for no aging

the creep rates of doped solders were higher than SAC105 and SAC205 due to lower silver
contents of the doped solders compared to SACH®&wever, with 6 months aging at
temperatures 25 to 125 °C, the secondary cratgs of the doped solders were smaller

than the creep rates of SAC105.

2.4  Constitutive Modeling for Solder Materials

In microelectronics packaging, complex stresses and strains are usually generated
in the components due to the CTE mismatch of different matei&kier interconnects
are usually subjected to deformations that lead to-thireensional stress and stratates.
The solder material constitutive law plays an important role in the development of thermo
mechanical models for microelectronic assembligsder thermemechanical loading, the
solder material undergoes elastic aneliamstic deformations.Elagdic deformations are
recoverable, while inelastic deformations consist of intependent plastic deformations
and timedependent creep deformations, which are not recover&@éder constitutive
behavior can be represented by a combination of elgdasfic (isotropic or kinetic

hardening), and viscoplastic/creep models.
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2.4.1 Constitutive Modeling for StressStrain Tests

The linear elastic region in a uniaxialstras¢ r ai n cur ve can be mo
law where stress and strain are related byelastic modulus (E).The plastic strain
hardening region can be modeled by a timdependent nctinear stresstrain
relationship based on either isotropic or kinematic strain hardemsogropic hardening
assumes that the origin of the von Misesd/girface remains stationary in the stress space
and the size of its yield surface expands resulting from strain hardehlinginematic
hardening, the von Mises yield surface does not change in size, but the origin of the yield
surface is allowed to trafate in the stress space to model strain hardening effects of
increasing plastic flow stress. For solder materials, the tensile stress and strain curves are
dependent on the test temperature and strain f&te. elastic modulus (E), yield stress
(YS) andthe tensile strength (UTS) properties vary with temperature and strain rate.

For a typical thermal cycling temperature range fred0 to 125°C, these
mechanical properties reduce with the increase in temperafheesolder material has a
homologous teperature from 0.5 to 0.8 for this temperature rangéso, the creep
deformation in a solder material is highly dependent on the stress and temperature state.
Thus, a timedependent elastiplasticcreep constitutive model, or viscoplastic
constitutivemodel, is needed to facilitate finite element modeling for simulation of solder
joint reliability during thermal cycling testsHigh temperatures induce transitions in
macroscopic fracture, and these transitions parallel the changes in ththsarehdautility
of materialg[104]. Materials lose strength at lgr temperaturesHertzberg stated that

the material strength increases with the testing strain rate, following a form similar to
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Hol | o man 6 §104E whera sstiess ns related to strain rate through some strain
hardening exponent.

Solder alloys possess very high homologous temperatures. The properties of solder
alloys are strongly dependent on both the temperature and strain rate. Jon¢&D&t al.
106 have observed an approximately linear relationship between thegtt and
temperature.Pang, Shi and eworkers[107] have observed similar experimental results,
with a nearihear relationship with temperature and a power law relation with the strain
rate. Several other studies have also observed similar material behavior for #lth Sn
eutectic and leaffee solder alloy$108-111].

The Rambergdsgood model describes the elagtiastic behavior of materialand
can be used to describe to describe the sstea curve of solder materidisl2. In prior
work, the Ramber@sgood model hardening exponent n andtress coefficierf were
modified to be temperature and strain rate depend€he temperature and straiate

dependent modified Rambe@gsgood model was also applied by Pang, 4tLaP,.

2.4.2 Constitutive Modeling for Creep

In general, the creep behavior of materials consists of three different stages: primary
creep, secondary creep, and tertiary creép.the primary creep réme, the material
undergoes strain hardening, resulting in a decreasing strain rate withrtithe secondary
stage, also known as steagtate creep regime, the creep strain rate is essentially constant,
showing a very slow decreasdn tertiary stage strain rate increases with time and
ultimately results in failure of the material. Solder alloys are often subjected to-stassly

creep regime under typical thermmechanical loading condition€onstitutive modeling
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of creep deformation is neededd@dict the enaf-life of electronic components by using

finite element analysisA constitutive creep model is established by conducting creep tests
at different temperatures and stress levelthe materials constants are important in
determining theaccuracy of enafi life predictions for solder joints using finite element
analysis. Large discrepancies between the creep model and experimental data would
degrade the accuracy of these predictions.

The minimum creep rate may be linked with the appliegiss A, by a series of
eqguations according to the dominant creep mobleere are mainly three types of creep
modes, namely, power law creep, exponential creep, and combination €esgp is
highly sensitive to both applied stress level and to test temperature. As a thermally activated
process, the creep rates increase exponentially with temperatneeeffect of stress is
dependent upon the controlling creep mechanishe two wicly used creep models are
the Dorn power law moddl113, and the Garofalo hyperbolic sine mod#&ll4. In
logarithmic coordinates, the Dorn power law model yields a linear relationship between
the creep strain rate and applied stress for a specified temperature. Nonlinear experimental
curves for creep, however, have beeanit over the entire stress rangehe high stress
regime exhibits the largest stress exponent n, and the low stress regime exhibits the smallest
n value for any given temperature. This p
downo and indicates t ha trfittindhdata ddtained oventarges | i s
stress ranges.

The Garofalo model was established for matching creep behavior at both low and
high stressesAt low and medium stresses, the creep strain rate depends on stress to the

power n. At high stresses, the @pestrain rate is an exponential function of stress. The
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model is able to predict the creep deformation over intermediate temperature regimes for
the entire stress range, but it underestimates the creep deformation at bedio It®) @énd
high (125 and 80 °C) temperatures.

Ma and Suhlind33] have evaluated the creep parameters in the two models for
various Pkcontaining and Plfree solder alloys and found large discrepancies in the creep
data for solder alloys of the same chemical composition. There are several reasons that
could explain the differences, including the specimen design, variations in testing method
and test conditions used by different researchers, and storage time ancterapmfore
the creep test. Moreover, it is important to recognize thatrdep dehavior of bulk solder
significantly differs from solder in a joirdtue to the effects of microstructure evolution,
intermetallic compound formation, and constraint duditierent methods of assembly.
Since creep modeling is often to be incorporatefinite element analysit predictthe
endof-life of electronic packagehé discrepancies in material constants will directly affect
the accuracy of prediction.

A third widely used creep constitutive model was proposed by Weise,[£03],
and is often referred to as the double power Iavey identified two mechanisms for
steady state creep deformation for the bulk and PCB samplesy attrbuted them to
climb controlled (low stress process) and combined gliding/climbing (high stress process)
behavior and represented steady state creep behavior using two power law lierms.
electronic packages, thermal mismatch induced stresses can resxiernsive plastic
deformation at solder joints, which is responsible for the low cycle thermal fatigue failure
of solder materials. An expression for the strain was proposed by Yand1€0alwhere

total strain was divided into elastic, plastic, and creep strains.
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Apart from these models, several other creep constitutive models have been
proposed by researcheiShi, et al[10]] established a unified dislocati@ontrolled creep
constitutive model that described the creep deformation of solder alloy over a wide
temperature range40 to 150 °C) and explained the temperature dependencies of the stress
exponent n and activation eggrQ. For creep strain rates at very low stress levels, they
further developed a unified diffusiesontrolled creep constitutive model to describe low
temperature Coble creep and high temperature Nabteming creep. Clech [99]
established obstackontrolled creep models for both #bntaining and Pifree solder
alloys. Creep deformation is impeded by discrete obstacles (phases, precipitates, grain
boundaries, and other a@ets) distributed throughout tt@&+matrix in Snbased solders.

By taking these impeding elements into consideration, thedegiendent obstacle
controlled creep models are able to resolve the anomalies observed in the classical analysis
of creep data icluding stress and/or temperature dependences of activation energies and

stress exponents in the Power Law or Hyperbolic Sine models.

2.5 Application of Anand Model for Solder Joint

In the electronic packaging industry, it is important to be able to rae&erate
predictions of board level solder joint reliability during thermallicgcexposures.The
Anand viscopastic constitutive model is often used to represent the material behavior of
the solder in finite element simulationsThis model is defined sing nine material
parameters, and the reliability prediction results are often highly sensitive to the Anand
parameters. The viscoplastic constitutive equations proposed by Hridhtlave become

popular for ratedependent deformation of metals at high temperatures. They were initially

42



developed for structural metals, but have been adopted for microelectronic soldels (Sn
and lead free) for homologous termgteires in excess of 0.AT The secalled Anand
model has been widely applied for the solder ststég8n relations in finite element
simulations of electronic packages, where solders undergo small elastic deformations and
large viscoplastic deformationd-or example, Che, et §lL16 have considered multiple
constitutive theories, and then demonstrated that the Anand equations were well matched
with predictions of lead free soldetifgue life. In addition, Pei and coworkddsl7] have
calculated the nine parameters of the Anand model by conducting tensile testing of
Sn3.5Ag and Sn3.8Ag0.7Cu lead free solders at several temperatures and strain rates.
Mysore, et al.[11§ have found the Anand material parameters for SAC305
(Sn3.0Ag0.5Cu) lead free solder alloy by performing double lap shear tests. They
suggested that the Anand parameters for solder joint samples are significantly different
than those measured by testing of bulk solder specimens. In addition, Motalald, X al.
have evaluated the Anand parameters for SAC305 solder using two approaches, including
stressstrain testig and creep testing. Bai and coworkft( suggested a modified
approach for SAC305 (Sn3.08¢Cu) lead free solder where strain rate and temperature
dependent values were included for Anand model parameterThe Anand model
constants for SAC105 (Snl.0Ag0.5Cu) lead free solder have been reported by Amagai, et

al.[121] and Kim, et al[127].

2.6  Reduction of Aging Effect by Dopant
Addition of 4th element in the SAC solder is known as doped SAC alloy. Dopants

play an important role to control microstructure and mechanical properties of the alloy.

43



Dopants have been found to strongly influence the properties and behaviors of lead free
solders. For example, addition of Bismuth (Bi) as a dopant has been demonstrated to have
several beneficial effects. Bi helps to reduce solidification temperature, increases strength
by means of precipitation hardening, and also helps to reduce IMErn(ietallic
Compound) layer thickness in lead free solder mated&1§. The Effect of Bi on the
mechanical properties of a SAC (Sn3.5Ag0.9Clgyalvas investigated by Mahirand
coworkers[124. They reported that the shear strength increased with increasing Bi
addition up to 2 wt%. Beyond that point, the shear strength decreased with increasing Bi%.
Improved shear strength might attribute to the role of Bi on the morphology of
microstructure andistribution of dominant IMC (Agbn). Reduction of strength at higher

Bi content was due to the evolution of Bi rich phase and fragmentation of the IMC.
Pandher, et a[125 also reported that addition of 2% Bi in SAC alloys improves wetting
and alloy spreading.

Zhao, et al.[12¢§ found that addition of 0.02% Ni to SAC105 increased the
formation of NiCuSn IMC and reduced the localized grain sizeo&der/NiAu pad
interface. In addition, the effects using various doped elements (i.e. Co, Fe, In, Ni, Zn and
Cu) in SAC305 BGA solder joints on Cu pads were studied by Sousa[E2Al. They
concluded that addition of low levels of Zn had a significant beneficial effect on the
interfacial IMC. Lee and coworke[42§ found that micrealloying SAC alloys with Ni
and Bi improved thermal fatigue life and drop impact resistance. Yeung, [d2§].
studied a novel leaftee solder SACQ. Based on drop test, thermal cycling, and finite

element simulation, they conclude that the doped alloy has improved board level reliability
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when compared to SAC105. Additional literature publications on fieetefof dopants
have been reviewed in refereriéd].

Sun et. al[13(reviewed the effects of different alloying elements (M, Bi, Ni,

In, Zn, Ga, Sb, M Rear Earth (RE) Elements (Cea,lY, Er, Pr, Nd, Yh and
nanoparticles (AOsz, Al, TiO2, ZnO, ZrQ, CNT, Graphene, CeQTiB>, Ni-Coated CNT,
Mo, SiC, SrTiQ, Co) on melting temperature, wettability, mechanical properties,
microstructure, interfacial reaction and Sn whiskers.

For SAC305 solder, average width dof eut:
grain Sinzeasf 2B. 8N5. 9 & m. | ndi urich phasen ) , he
as well as makes the microstructure more uniform. Titanium (Ti) can significantly reduce
Sn grain size and width of eutectic region by heterogeneous nucleatio€d@ 1. |1 r on ( F
forms large FeSnlt MC whi ch has a Jbemdrix.i Magnesiurh @gle wi t
helps to coarsen eutectic regioAd di t i on of Al -Bmden8rde€and5 r e f
enlarge eutectic regions. Besides, it also prevesSAg@nd CsSns and forms two new
IMC AgszAland ALC u . Zn al s o-Sndendrpes sighiftcantlye Ni was éounfl
to reduce the size of Sith phase and refine the microstructure. Since Antimony (Sb) has
higher affinity towards Sn, presence of Sb reduces thindgrforce toformCeSn | MC6 s
resulting a narrow IMC layer in the solder joint. Sb also helps to refine IMC grain size.

RE elements can significantly refine the microstructure of SAC solders. Er can
reduces the particle size of &8n and CesSrswhereas® r and NShdendrifesance b
IMC particle size by forming uniformly dispersed fine RESithese fine particles act as

heterogeneous nucleation sites during solidification. However, excessive amount of RE
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elements will cause to form bulk RESrhase which has a negative effect on mechanical
properties. La, Gaand Y also have a similar effect on solder microstructure.

Al and Ni nanoparticle was found to reduce IMC particle size, spacing and IMC
layer thickness by forming very fine and uniformlysplersed SiNi-Cu and SrSgAl
IMCs. Addition of small amount of Fe nanopatrticles refine the microstructure and forms
FeSn phase. AOs nanoparticles increase the size of eutectic region and reduSm Ag
particle size. Ti@and SiC nanoparticle reduces the size and spacing betweSm Ag
particles. SrTi@ nanoparticle reduces the size of 38g and CsSrs particles by
promoting the rate of nucleation during solidification. ZnO suppresssavand CsSre
IMC formation and educe$-Sn grain size by 22%.

The Effect of dopants on the aging induced changes in microstructure was also
studies by a number of scientists. Sadiq €tl8l1] worked with different Lanthanum (La)
doped SAC305 alloys and recorded the changes in microstructure and mechanical
properties during isothermal aging at 1%Dfor 6 differentaging conditions (i.e. 0 , 10,

25, 50, 100 and 200 hours). They reported that La drastically reduces the IMC patrticle size

and also significantly inhibit the growth of IMC particles during isothermal aging. Based

on polarized light image they found thiatas cast condition, grain size of SAC305 was ~8

mm and was significantly reduced (~1 mm) after La addition. From the graph presented

in that paper, it is also clear that aging
grain size.

In another stug Lee et al[132 studied the effect of Lanthanum (La) addition and
high temperature storagen the microstructure and microhardness of3&#Ag solder

joints.  Their experimental results confirms that addition of La refine the solder
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microstructure. They explained that during solidification of the solder,i@®npounds
form at the beginning ahprovide extra nucleation sites for Z&gn IMC to grow resulting
a refine microstructure. Addition of La was also found to reduce the thickness of IMC
layer after soldering as well as isothermal aging. They also reported that La addition helps
to improvemicrohardness and thermal resistance of solder joints.

Hao etal. [133 studied the effects rare earth elemenaédition on the evolution
of microstructure of lead free eutectic SAC {&B8Ag0.7Cu) solder joints during
isothermal aging. Aging was conducted at 1ZCdor 4 different holding periods (i.e. 0,
200, 500 and 1000 hours). The authors measured the thickness of IMC lay&.8A§n
0.7Cu and S13.8Ag-0.7Cu0.15Er alloy after different aging duration. They found that Er
addition reduces the thickness of INKyer in as reflowed condition and also significantly
reduces the growth during aging. They argued that Er combines with Sn to forgn ErSn
IMC and reduces the activity of Sn which subsequently suppress the formatiogSo§ Cu
IMC layer. They also obsersi¢hat ErSeIMCs formed during solidification of solder act
as a heterogeneous nucleation site fogSkgand CsSrs precipitates. The increase in
nucleation sites results a refinement of:8ig and CeSre particles. Addition of Er also
found to make the iorostructure more uniform and reduce the coarsening rate of the IMCs
during isothermal aging.

Witkin [134] and Delhaise et 1135 studied the effect of aging &i doped SAC
alloys. In both study, the authors reported an elimination or at least reduction of aging

induced degradation in SABI alloys.
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2.7  Nanoindentation on SAC Solder Joints

Most prior work on solder mechanical behavior and aging effects has idvolve
tension, compression, and shear testing of miniature bulk solder specimens. Sample
geometries have included traditional uniaxial tensile specimens, small cylinders in
compression, lap shear specimens, and losipescu shear specimens. A more limiged numb
of researchers have examined aging effects by mechanical loading of solddbj6ié4s
65, 92]. These studies have involved shearing of custom fabricated solder ball&#&ays
65, 92, as well as impression creep experim¢bi.

Nanoindentation techniqudg0] have recently become popular for measuring
mechanical properties and creep defdrama behavior of extremely small material
samples, and several investigatprs, 136-148 have applied them to lead free solders.
Early solder nanoindentation studies included room temperature measurements of the
el astic modul us -38dendritgs, dueatidphases, and khdividfiabHg
and CySre intermetallic compound§l136, 137, 146, 148. Hasnine etl. [75, 140-147,
haveexaminedaging effects in SAC solder joints extracted from PBGA assemblies using
nanoindentation Their resultsshowed that the aging induced degradations of the room
temperature mechanical properties (modulus, hardness) of single grain SAC joints were of
similar magnitudes to those seen previousl
with hundreds of gram However, the degradation of the creep response, while still
significant (15100X increase), was less in the solder joints relative to larger uniaxial
tensile specimens (20b00X increase). This was due to the single grain nature of the

joints consideed, and the lack of the grain boundary sliding creep mechariibey also
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tested very small tensile specimens (10 mm long) witteA@rains, and the creep
degradation results were similar to the single joint specimens.

Knowledge of elevated temperaturehavior, especially creep behavior, is critical
to understanding solder joint reliability in thermal cycling and accelerated life testing.
Elevated temperature nanoindentation measurements of modulus and hardness of bulk
SAC305 and SAC357 solder sampiesre performed by Gao, et §.3§, and Han and
coworkers[139. In addition, the latter authors also examined the sensitivity of the creep
response of lead free solder to temperature. Sadiq, g€i4dhave investigated the
nanoindentation el ast i-8n andoedtacticuphasea within & ar d n
SAC305 solder joint at temperatures ranging from885°C. Another solder
nanoindentation study over a larger temperature rangd5@3C) was perforred by
Lotfian, et al.[143, where they reported the mechanipabperties of the constituent
phases of SAC397 solder joints. Marques, gtld4, 145 used nanoindentation tausly
mechanical properties and creep behavior of SAC305 solder joints over a wide temperature
range (25175°C). Based on finite element simulations, they also developed a method to
correlate nanoindentation creep results with uniaxial creep data.

Nanoindatation pileup, defined by an uplift of material near the edges of an
indent, is often observed in testing of solddr36, 137, 143 147, 148. Pileup depends
significantly on the work hardening ability of the matefid9. For a material that easily
work hardens, the top surface near the indent will be hardened during the deformation and
thus will prevent pile up by resisting upward flow of the material. Prior researchers have
used different techniques to include theepip area in their measurement. Kese, et al.

[150 proposed a semi ellipse method for pile up correction, which was based on the
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assumption that the Iptup contact area had a seetliptical shape. While some
researchergl47, 148 151] have used the Kese, et al. method, otfE33 have used FEA

simulations to guide pitep corrections.

2.8  Effects of Aging on the Microstructure of Solder

Due to their low melting temperatures, solders are exposhaajhohomologous
temperatures in most product applications. Thus, there is a continuous state of active
diffusion processes in the solder alloys, and their microstructures are inherently unstable
and will continually evolve during normal operating tempan@tconditions of electronic
packaging assemblies. High temperature storage, which is also known as isothermal aging,
of the solder alloys causes a significant change in the microstructure leading to a
degradation of mechanical properties. Chbe?] studied the effect of isothermal aging
on microstructure of SRb and lead free SAC solder joints. He reported a significant phase
coalescence of eutectic -$b solder joint after aging.

Xu etal. [61] measured the thickness of IMC layer of differentFnalloys with
different surface finishes after isothermal and thermal cycling agBgsed on their
experimental results they had proposed an integrated model to predict the IMC layer
growth under different isothermal aging and thermal cycling environment.

Ubachs et al[153 developed a model to predict microstructural evolution during
isothermal aging of SRb alloy by numerical simulation. They focused their study on a
fixed region and compared experimental observation of phasehychwing isothermal

aging at 150C, for 0 to 15 hours, with the predicted phase growth by simulation.

50



In recent days, electronic industries are moving towards lead free solders due to the
growing concern about environment. Effect of aging in lead free solder is even more
significant. Sahaym et 4154 examined the evolution of microstructure of bulk SAC105
and SAC305 solder during isothermal aging at 160 They observed the changes of
identical region after 4lifferent aging durations (0, 110, 194, and 310 hHour® as
reflowed condition, they found that the microstructure is consisted of severmlijgctic
c ol o n iSa grains $urrdunded by eutectic regions. Most of the grains ireauf@ctic
colony has low angle (<2bboundaries with the neighboring grainshey reported that
after 310 hours of aging, the average si ze
to 2.5 e€m and the average grain size has i

The authors al so obser ve d-Sngnmg specially ma | |
those near the eutectic region, has went through recrystallization during isothermal aging.
They cl ai med -Brigminsg due tetbeggrowtmof IM® partidbe, is responsible
for the recrystallization. The extent of recrystallizatiwas less in SAC105 than in
SAC305 due to the relative difference in IMC volume fraction. Although not mentioned
clearly in the text, it is evident from their graph that the number of high angle grain
boundary has been reduced and low angle grain bouhdarieen increased after aging
for 100 hours.

Maleki etal. [155 studied the eolution of microstructure of SAC405 and pure Sn
during isothermal aging at 15C after 144 hours and 296 hours. They also performed
Mechanical testing (shear test) to correlate changes in microstructure and mechanical
properties. Sample size was appnoxtely 1 x 0.3 x 0.3 mm and it was attached te Cu

pad. They reported that in-esflowed condition, the microstructure of SAC405 was
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consisted of ~70 vol % o f-Snadendréecwhéreas tipehmaasmne an.

diameter of IMC particles and erparticle distance was ~250nm and ~630 nm,

respectively. Average particle size increases with aging time due to Ostwald ripening.

During IMC growth, they attributed bulk diffusion to be the main rate controlling

mechanism. On the other hand, aspea @dd¢creases and interparticle spacing increases

with aging due to the driving force to reduce surface energy. Electron backscatter

di ffraction (EBSD) analysis confirmed the

solder before aging. After 296 heuwof aging at 150Ct hey di dndét find ar

change in grain size and orientation. On

mi crostructure before aging which grows si

after aging. They aitvuted the reduction of mechanical properties during aging for SAC

405 to the | MCbs coarsening whereas for pu
Telang etal. [156 worked on the e#fcts of aging at 150C on microstructure,

especially grain size and graimundary misorientation, of several alloys including Pure

Sn (ingot and reflowed), Eutectic SmbAg (ingot), Eutectic S8.8Ag-0.7Cu (ingot), Sh

1.6Ag (solder ball), S13.0Ag (soler ball), and S8.0Ag-0.6Cu (solder ball). For Sn

3.5Ag alloy they studied three different aging conditions (i.e. 0, 200, and 400 hours.)

whereas for rest of the alloys they studied two different aging conditions (i.e. 0. and 200

hours). Before aging,rgin size of pure Sn ingot and Reflowed Pure Sn was 500 & m

(equiaxed)and162 50 em (equi axed), respectively.

size of pure Sn for both condition was >50

in SEM image, ng the grain boundary (confirmed by polarized light microscopy) of

sample after aging. According to the authors, these ledges were formed due to anisotropic
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nature of thermal expansion coefficient (CTE) of Sn grain. After aging, when the sample
was talen out from the oven, different grains contracted with different magnitudes leading
to the ledges. They also argued that the extent of contraction depends on the size and the
orientation of the grain. Before aging, the sample had smaller grain sizeregdt, when
the sample was kept inside the oven, difference in expansion of different grains was
relatively small. This resulted small ledges along the grains of as reflowed sample.
Although the grain boundaries moved during the aging process, dugmss lwere retained
throughout the experiment.

After comparing the microstructure of eutectic-Am (3.5% Ag) ingot with pure
Sn ingot, they found that Sig alloy has a much finer (3®0 e m) grain si ze,
very stable. Aging of Agn alloy did nottause any significant grain growth due to the
pinning effect of AgSn IMC particles. On the other hand, the grain size of SAE (Sn
3.8Ag-0.7Cu) ingot was similar to that of &gy ingot (163 0 & m) . But , agi |
hours caused a significant growthin¢ gr ain si ze (~120 em) of
stated clearly in the text, it is evident from the misorientation histogram that the extent of
misorientation, among the grains, for the both alloys decrease with increasing aging time.
From their expemental observations the authors also have discussed the effect of Ag and
Cu on preferred grain orientation and grain size.

Allen etal. [70] studied two near eutectic lead free SAC solders (bull.S5Ag
0.9Cu and SAC405 joint). They used 3 different aging temperatures (152, 177, and 201
°C) and 5 different aging durations (0, 1, 2, 4, and 8 weeks). They measured the density
of IMC particle dter different aging conditions and based on their experimental results

they conclude that the rate controlling mechanism for coarsening is volume diffusion (n=3).
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They also reported that the coarsening kinetics of eutectic SAC solder is slower than that
of eutectic SPb solders.

Kumar etal. [157] worked with SAC105 and SAC305 alloys. For smimal aging
experiments, they polished a bulk reflowed solder samples and then aged the samples at
150°C in high vacuum (to prevent oxidation). After different aging intervals (i.e. 0, 110,
194, 220, and 330 hours) they captured the SEM image of tleersgian, of any particular
sample, to quantify the coarsening behavi o
of CusSrs particles are much faster than g particles, due to the higher diffusivity of
Cu than Ag in Sn matrix. Besides, the fraotaf AgSn particles was significantly higher
than Cy4Sns particles. Hence, they decided to focus their study on the coarseningSsf Ag
particles only. The authors introduced a new parameter named as explicit parameter
0 fgDagt / TO, Awénd D areGolubility and diffusivity of Ag in Sn matrix,
respectively, to capture the thermomechanical history of a lead free solder during
isothermal aging. Utilizing this parameter, they predicted coarsening rate 38hAg
particles, during isothermal aging, amén compared with the experimental observations.
They conclude that the model could efficiently measure thermomechanical history during
isothermal aging and thermomechanical cycling (TMC) below 200 cycles. After 200
cycles the IMC particles undergo distion and reprecipitation/redistribution which
canot be captured properly by this model
aging, they also had observed recrystallization near the eutectic region. They explained
that the growth of IMC parties might play an important role in recrystallization.

Besides bulk solder samples, researchers have also explored the effect of aging on

the atual solder joints. Chauhan &t [158 monitored the effect of isothermal aging at
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100 °C on phase coarsening and evolution of SAC305 solder joint. They used image
processing software to quantify size, intetjgée spacing and volume fraction of £&n

and C4Srs| MC6 s . | mpact of these changes on se
using multiscale creep model. The authors performed their experiments in 4 different aging
conditions (0, 24, 600, and 1000 hours.) and presented average results of 3 samples (solder
joint) for each aging condition. They found that the size aSA&gncreases monotonically

with increasing aging time whereas the size ofStsidecreased after 600 hours of aging.

They didndét find any signifi c®haurs@hdays)ge i n
of aging.

Yang etal. [159 prepared solder joints using 2 different soldering methods (laser
and infrared soldering) and captured the evolution of microstruatuiregcaging up to 190
°C for times up to 300 days. They reported that the evolution is consisted of the growth of
| MCO6 s a nSh layehreear e interface. Although they had studied two different
initial microstructure, obtained from 2 different sedothg methods, aging at 190 caused
the final microstructures to be the same.

Chiu etal. [16( examined the effect of aging time and temperature on the board
level reliability during the drop test of lead free SAC solder joints. They reported that
kirkendall void fornation, at the interface of Cu pad and:&u IMC, is the main reason
for getting lower drop reliability during drop test.

Fix etal.[79] explored the effect of aging time (0 to 1000 hours) and temperatures
(125 to 175°C) on the microstructure of SAC405 solder joint. They have confirmed a
significant growth of AgSn and Cs6ns IMCs with aging time. The authors modeled phase

growth based on Ostwald ripening mechanism. They conclude that a growth exponent n =
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3, which indicated volume diffusion as the growth rate controlling mechanism, matches
very well with the experimental gwth rate data.

The effect of aging at 15 on the evolution of eutectic Shg solder joint for up
to 800 hours was studied by Ahatat[161]. From experimental results, they conclude
that the thickness of IMC layer increases linearly with square root of aging time. Choi et
al.[167] investigated the effect of different soldering and aging time on the interface layer
of Sn3.5Ag solder and Cu substrate. They used the same solder joint to agé@fdr30
different time duration up to 800 hours They found that thickness of IMC layer continue
to grow with increasing aging duration. However, the growth behavior of IMC layer during
aging strongly depends on the initial morphology and hence on theisgltare.

Akhtar etal. [163 studied the eVation of microstructure near the interface of a
solder joint during isothermal aging at 180, for four different aging duration (0, 250,
500, and 1000 hours). They used SAC305 solder joint (ball diameter 500 um) with two
different surface finish (Immseion Gold (ImAu) and Immersion Tin (Sn)). Image analysis
software ImageJ was used to measure the thickness of the IMC layer. They also calculated
the activation energy based on the measured thickness data. They found that the thickness
of the IMC layerincreases with increasing aging time. Besides, the morphology of the
IMC layer, for both surface finishes, change from scallop type to layer type after the aging
treatment. Based on their calculations they found that the activation energy of
SAC305/ImSrsystem was less than SAC305/ImAu system resulting a higher IMC layer
growth rate in SAC305/ImSn system.

A comparative study was performed by Berthou ef{X64 where the authors

compared the failure mechanism of BGA packages with SAC305 solder joints subjected
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to two different conditions: (a) accelerated thermal cycling (ATC) betwgeto 125°C

and (b) thermastorage at 80, 125, and 1%0 for 1000 hours. During ATC, they found
recrystallization of big Sn grains to small grains in the regions of high stress accumulation.
Cracks initiates and grows at interface of the new recrystallized grains. On theaoither h

thermal storage for 1000 hours caused a significant growth of IMC layer near the interface

as wel |l as the I MCs in the bul k. They did

storage.

2.9 Summary

In this chapter, the existing literature on #féects of aging on the mechanical
properties and the microstructure of lead free solder was extensively discussed. The
mechanical properties of a solder are strongly influenced by its microstructure, which is
controlled by its thermal history including isolidification rate and thermal exposures after
solidification. Aging of lead free solders leads to degradations in their constitutive and
failure behaviors. For example, research in the literature has shown that aging leads to
large reductions in sdér material properties including shear strength, elastic modulus,
nanoindentation joint modulus and hardness, high strain rate mechanical behavior, creep
response, and Anand model parameters. Other studies have shown that aging causes severe
degradationsn uniaxial cyclic stresstrain curves and fatigue life, shear cyclic stress
strain curves and fatigue life, fracture behavior, drop reliability, and thermal cycling
reliability.

Dopants have been found to strongly influence the properties and belod\ead

free solders. For Example, Bi helps to reduce solidification temperature, increases strength
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by means of precipitation hardening, helps to reduce IMC (Intermetallic Compound) layer
thickness, and also reduce aging induced degradation of mectmapjwadties in lead free
solder materials. Ni helps to improve thermal fatigue life and drop test performance by
refining Sn grain size and reducing the IMC layer formation near the Cu pad. The effects
of rear earth (RE) elements and nanoparticle adddiothe properties of lead free solder
was also discussed in this chapter.

Nanoindentation methods have shown great potential for characterizing solder
materials and aging effects at the joint scale. Nanoindentation is mainly used to extract
elastic modlus and hardness of solder joints. Some of the prior works have also used
nanoindentation technique to characterize the creep properties although most of the
nanoindentation experiments, on solder joints, were conducted at room temperature.

The changes inolder mechanical behavior are a result of the evolution of the SAC
solder microstructure that occurs during aging. The mostkmelvn and widely observed
changes are coarsening of thes8ig and CeSrs intermetallic compounds (IMCs) present
in the eutetic regions between befn dendrites. Several researchers have proposed
empirical models to describe the growth of these secondary phase particles as a function of

aging temperature and aging time, and related this growth to mechanical property changes.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Introduction

The specimen preparation and testing techniques are presented in this chapter.
Micro-scale uniaxial tensile specimens were prepared in a rectangular shaped hollow glass
tube using a vacuum suction method. Té& specimens were then cooled either by a
water quenched profile or an industry standard reflow profile. Typical dimension of the
uniaxial tensile specimens were 80 (IengzthB (Width)3 0.5 (height) mm. Uniaxial
tensile tests were performed using a micro tension torsion testing system.

Solder joints were typically extracted from 14 x 14 mm PBGA assemblies (0.8 mm
ball pitch, 0.46 mm ball diameter) that are part of the INEMI Charaetigon of PbFree
Alloy Alternatives Project. After extraction, a typical sample mounting and polishing
procedure was followed to make the solder joints suitable for nanoindentation tests. Since
the properties of SAC solder joints are highly dependermrystal orientation, polarized
light microscopy techniques was utilized to determine the orientation of the tested joints.
For all the experiments, only single grain solder joints were used to avoid introducing any
unintentional variation from changes the crystal orientation across the joint cross

section.
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3.2  Uniaxial Test Sample Preparation

Initially, bulk solder material is melted in a quartz crucible using circular heating
elements (see Figure 3.1). The heater in the melting process is excitec ukgil
controller, which uses feedback from a thermocouple attached on the crucible. The solder
is drawn into the glass tube by inserting one end into the molten solder in the crucible, and
then applying suction to the other end using a rubber tuliected to a vacuum source.
The amount of solder drawn into the tube is controlled using a regulator on the vacuum
line. After the desired amount of solder fills the tube, it is solidified by quenching in a

room temperature water bath.

Heater - Portable

Controller Vacuum
. Pump
" oy

Voo™

Crucible with=
Thermal
Couplg
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Ceramic

Base Control
Vacuum
Valve

Figure3.1 Equipmentused for Specimen Preparation

Tensile specimens were prepared using two different solidification profiles.
1) Water quenched (WQ) solidification profile, leading to fine microstructures and

the upper limits of thenechanical properties for each alloy.
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2) Reflowed (RF) solidification profile, leading to a coarse microstructure very
similar to an actual solder joints. The solder test specimens were passed
through a controlled heating and cooling chamber using a SMT (surface mount

technology) reflow oven.

300
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Temperature (°C)
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Time, 1 (sec)

Figure3.2 Water Quenched (WQ) Cooling Profiles

The temperature vs. time variations for the WQ profile is shown in Figure 3.2. For
the samples with reflowed profile, test specimens were initially prepared using WQ profile
and then the samples within the glass tubes were sent through a 9 zone Heller 1800EXL

reflow oven (Figure 3.3).
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Figure3.3 Heller 1800EXLReflow Oven

Inside the oven, solder samples weremedted and experienced to paeset
temperature profile which is very similar to that used for the actual solder joints. The

reflow temperature profile used in this study is presented in Figure 3.4.
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Figure3.4 Reflow (RF) Cooling Profiles

A typical glass tubes filled with solder and final solder samples after extraction
from the glass tubes are shown in Figure 3.5. Glass has lower coefficient of thermal

expansion (CTE) compared to solder. As a result, for some solder alloy and coeling rat
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combinations, solidified solder samples were easily pulled out from the glass tube due to
the difference is the CTE of glass and solder. Another way followed to extract the solder
sample from the glass tube is by carefully breaking the glass. Thenubéeswork had

a length of 120 mm, and a cressctional area of 3.0 x 0.5 mm. A thickness of 0.5 mm
was chosen since it matches the height of typical BGA solder joints. The nominal
dimensions of the final test samples were 80 x 3 x 0.5 mm. Thersgecivere stored in

a low temperature freezer after the water quenched/reflow process to minimize any aging
effects. The solder microstructure has been verified to be consistent throughout a specimen
volume, and from specimen to specimen by eeesgionng. A micrefocus xray system

was used to inspect the samples for the presence of flaws (e.g. notches and external
indentations) and/or internal voids (Reisible). Specimens with no flaws and voids were
generated using proper experimental technicares Figure 3.6 illustratesnays scans for

good and poor specimens.

(b) After Extraction

(c) CrossSection
Figure3.5 Solder Uniaxial Test Specimens
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Figure3.6 X-Ray Inspection of Solder Test Specimens (Good and Bad Samples)

3.3  Uniaxial Tensile Testing System

The tension/torsion therrmmechanical test system (Wisdom Technology-ROD)
used to perform the stresiain tests in this study is presented in Figurgé 3This
instrument is optimized for loading small specimens such as thin films, solder joints, gold
wire, fibers, etc. It provides an axial displacement resolution of 0.1 micron. Samples can
be tested over a temperature rangel8b to +300°C using sipplemental environmental
chambers added to the systeHowever, the high temperature system has been calibrated
to accurately control the specimen temperature. Appendix A.1 represents the variation in
set temperatures and specimen temperatures. Tibeatadl temperature table has also

been included in Appendix A.1.
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Figure3.7 Mechanical Test System with Uniaxial Sample

Forces and displacements were measured in the uniaxial tests, and the axial stress

andaxial strain were calculated using

F DL d
S:— e:—=—
A L L (3.1)
where F Iis the measured uniaxi al f orce,
G is the wuniaxial stress, U -dectional Area, andiLi a x i

is the chosen specimen gage length (initial length between the gfipspage length of

the specimen was kept as 60 mm (thus the length to width ratio was 20 to 1).

3.4  Typical Testing Data and Data Processing
3.4.1 Typical Test Data

A typical SAC solder tensile stress strain curve is illustrated in Figure 3.8. The
standard material pperties are labelled on the graph including the effective elastic
modulus E (initial slope of the stresgain curve). This effective modulus is rate
dependent since solder behavior is viscoplastic. The value of the effective modulus will

become the tre elastic modulus as the testing speed is increased to the limit of infinite
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strain rate. The yield stress, (YS) is defined using the typical definition of the stress

level that results in a permanent strairecf .002 = 0.2% upon unloading. The maximum
(saturation) stress on the strasin curve is the ultimate tensile strength (UTS). As
shown the figure, the stresfrain curve for the solder material has an elastic region at the
beginning, a small transition region followed by a plastic region. As the strain becomes
significantly high, localized deformation takes place whilalso known as necking.
Necking causes a visible reduction in cresstional area and a drop in the applied load,

near the end of the stress strain curve, leading towards a rupture.

W

Stress

002 Strain

Figure3.8 SAC StressStrain Curveand Material Properties

3.4.2 StressStrain and CreepData Processing

Figure 3.9 illustrates a typical set of 5 solder stress strain curves measured for the
same alloy under similar environmental and aging conditions. In this work, a four

parameter hyperboli@angent empirical model
s =C, tanh(C,ge) + C, tanh(C,e) (3.2)

has been used t o r e-straisuwethroughtaset of expeamenta e 0

data (red curve in Figure 3.9). Material constanisXx; Cs, and G are determined through
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regressiorfitting of the model to experimental data. The effective elastic modulus E at

zero strain is calculated from the model constants using

E=si(0)=C,C, +C,C, (3.3)

100

8015 =C, tanh(C,e) + C, tanh(C,e)

.

40 A

Stress, o (MPa)

20 4

0 . . . .
0.000 0.005 0.010 0.015 0.020 0.025

Strain, ¢

Figure3.9 Empirical Model Fit to Solder Stresrain Curves

For the creep testing, 5 constant load/stress tests were performed for each leg of the

test matri x. The f o-dashpg) modelgieenhl®yr Bur ger 0s

U=C,+Ct+C,(1- € %) (3.9

was usedo fit theaveragagaw experimental data, whe@g, Ci1, C;, and G are fitting

constants. Constant€ e pr esent s the fAsteady stateo c¢
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3.5  Microstructure Study

For microstructure analysis, the fabricated solder samples were cut into small
pieces and potted in epoxy. Details of the preparation process included mechanical
grinding with several SiC papers (#320 to #400, #600, #800 and #1200) in a rotating
metallogaphic disc as shown in Figure 3.10. The final polishing was conducted with 0.02
pm colloidal silica suspension8 UEHLER MasterMet 2 and BUEHLER ChemoMet
polishing cloth. This procedure resulted in mirror finish samples suitable for optical
microscopy, Scanning Electron Microscopy (SEM), as well as nanoindentation.
Microstructure analysis of the solder alloys was performed on the mounted and polished
testing coupons by using an OLYMPUS BX60 Optical Microscope (Figure 3.11), Zeiss
Polarized Light Microscpe (Figure 3.12), and a JEOL JSM 7000F Field Emission SEM
(Figure 3.13). In addition, EDS (Eneryspersive Xray Spectroscopy) was employed

to explore the chemical composition of different phases in the microstructure.

Figure3.10 Grinding and Polishing Machine
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gy 3
Figure3.12 Zeiss Polarized Light Microscope
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Figure3.13 JEOL JSM7000F Field Emission SEM

3.6  Nanoindentation Method for Creep Tests on Solder Joints
3.6.1 Sample Preparation for Nanoindentation

SAC305 (96.5S18.0Ag-0.5Cu) lead free solder joints were extracted from PBGA
assemblies (Amkor CABGA, 14 x 14 mm, 192 balls, 0.8 mm ball pitch, 0.46 mm ball
diameter) that were assembled for the INEMI Characterization eFr@&b Alloy
Alternatives Projec{Figure 3.14). Prior to cross sectioning, the PBGA test assemblies
were stored in a freezer at T-30 °C to minimize any aging effects after board assembly.
The assembled PBGA components were cut out from the test boards and then cross
sectioned using BEHLER IsoMet 1000 Precision Cutter (Figure 3.15). The space inside
the high temperature stage, attached with the nanoindentation system, is limited. The
maximum allowable sample height is around 3 mm, which impose a restriction of using an
epoxy mountedsample inside the high temperature stage. As a result, an alternative
approach was developed to polish solder joint samples without any epoxy eateapas|
shown in Figure 3.l16crosssectional samples were mounted on a cylindrical epoxy
preform by doble-sided tape to facilitate polishing. The polished solder joint array-cross

sections were then carefully extracted from the preform.
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Figure3.14 INEMI Test Board and BGA Package

Figure3.15 IsoMet1000 Precision Cutter
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Cross Sectioned

Sample
Attached Sample on a Polishing Machine
Preform with Double
Sided Tape and Covered 1
with a Mask

Polished Sample

Polished Sample Polished Sample with
without Musk Musk

Figure3.16 SamplePreparatiorProcedurdor High Temperature Nanoindentation

3.6.2 Nanoindentation Machine and Test Procedures

The nanoindentation tests in this work were performed usingnsirumented
Hysitron TI 950 nanoindentation system (Figure73.&and a Berkovich indenter tip.
During each indentation experiment, load versus indentation displacement response of the

test samples in the direction normal to the csEsgional surface vgameasured.
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Figure3.17 HysitronT1950 Tribolndenter

Figure 3.18shows a typical crossectioned SAC305 lead free solder joint sample
after nanoindentation testing. A set of30 indents were made, and the measured test
data were averaged to obtain statistically relevant results and consistency of inspection.
The irdents in a set were positioned at least 3b apart, where b is the width of a single indent,
to avoid interactions between the plastic zones created by the indentations. Figure 3.1
shows a typical example of loading profile used during nanoindentatiomafdness and
modulus testing. The loading profile has three segments 1) loading from 0 mN to 10 mN
force, 2) holding 10 mN force for a few seconds, and 3) unloading from 10 mN to 0 mN.
Depending on the type of the test material, the different parameters loading profile

was adjusted to get an accurate measurement.
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Auburn COMPO 200kY X120 100pm WD 11.0mm

Figure3.18 SAC305 Solder JoirdfterNanoindentation Testing
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Figure3.19 An example of the loading profile used during nanoindentation testing
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3.6.3 Measurement of Elastic Modulus and Hardness

A typical load (P) versus displacement (h) curve, obtained after a nanoindentation
test, is presented in Figure 3.2This curve has thregifferent segments where the first,
second, and third segments represent the displacements during the loading, holding and

unloading period, respectively.

12

10 A1

Load, P (mN)
(o)}

0 50 100 150 200 250 300

Displacement, h (nm)

Figure3.20 An example of loadlisplacementurveobtained after anoindentatiol est

During a nanoindentation experiment, the effects of therigidity of an indenter,
during a nanoindentation experiment, can be addressed by introducing a term called

reduced modulus ¢Ethrough the following equation:

1_@-r), @-n’)
E E E

r

(35)

where E is the elastic modulus of the test specimes e known elastic modulus

of the indenter tip materiah andnar e t he Poissondés ratio of
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indenter tip, respectively. Typically reduced modulus was measured from an indentation

experiment using the following equation

P s
Er_TXﬁ (3.6)

where S is the stiffness of the test specimen at the maximum load and A is the

projected contact area at the maximum load. Stiffness was determined from the initial

slope(g:) of the unloading segment of a load displacement curbie.cntact area A was

measured following the technique proposed by Oliver and Pt&8rwhere they assumed
the contact area to be a function of contact depth. For an ideal Berkovich tip, it can be

expressed as
A(h,) = 24.5Kf (3.7)
In order to address any deviation from the ideal Berkovich geometry due to tip

blunting, a modifiedrersion of Ejuation 3.Avas utilized.

Ah) =245+ G+ G+ GRf+ Gli+ Gl (38)
where G, Cy, G, C4, and G are fitting constants. In order to determine the values

of these constants, multiple indents were made at multiple depths on a quartz sample with
known elastic modulus (69.6 GPa). The contact areas at the different known depths were
determined fronquaion 3.7 and these values were plotted to get a A verspioh The
values of constants:@ Gs were determined by fitting the plot by EquatioB.30nce the
values of the constants are knofen a particular tip geometry,daation 36 was used to
determine the value of reduced modulus) {il@r any unknown material andglation 35

was used to convert BB elastic modulus E.
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Hardness is a material property that defines the resistance of the surface against
plastic deformation. During a nanoindentatexperiment, hardness H was determined by

dividing the maximum load by the projected contact area.

H=—% (39)

Tabor[166 developed an approximate relationshipwestn hardness and yield

stres=f whichis true for many metals.

H
Hx3s, or Syz§ (3.10

The above equation was used to determine stress during nanoindentation

experiments.

3.7  Summary and Discussion

All the experimental procedures and the data processing steps were presented in
this chapter.Micro-scale uniaxial tensile specimens were prepared in a rectangular shaped
hollow glass tube using a vacuum suction method. Typical dimension of the uniaxial
tensile specimens were 80 (Ieng%h)B (Width)3 0.5 (height) mm. Uniaxial tensile tests
were performed using a micro tension torsion testing system. Nanoindentation
experiments were conducted on actual soldetgovhich were typically extracted from
14 x 14 mm PBGA assemblies (0.8 mm ball pitch, 0.46 mm ball diameter).

Nanoindentation experiments were performed using Hysitron TI950 Tribolndenter.
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CHAPTER 4

HIGH TEMPERATURE MECHANICAL BEHAVIOR OF SAC AND SAC+X

LEAD FREE SOLDERS

4.1  Introduction

Solder joint reliability in harsh environment applications are big concerns in the
electronic packaging industryThe reliabilities of electronic packages used in various
products depend on the environmental conditions experiehoed) field use. Consumer
electronics are typically designed using maximum operating temperatures of 100 °C or
less. However, there are several important harsh environment uses of electronic packaging,
where electronics can be exposed to temperaturés AP0 °C. This leads to reduced
values of the solder mechanical properties due to the normal temperature dependencies
exhibited by metals. It is important to make accurate predictions of solder joint reliability
at extreme high Temperatures.

In this chapter, several SAC and SAC+X lead free solder alloys, recommended for
high reliability applications have been chemically analyzed and then mechanically tested
in order to determine the temperature dependent mechanical properties of thes&ladoys.
alloys include SAC305, Ecolloy (SAC_R), Cyclomax (SAC_Q), and Innolot. The
mechanical behavior of these alloys have been explored at several extreme high
temperatures from 125 to 200 °C. For each of 4 elevated temperatures (T = 125, 150, 175,

and 2@ °C), tensile stresstrain tests were performed at three strain rates (SR = 0.001,
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0.0001, and 0.00001 s&c For each alloy and testing temperature, the ssteam curve
shape and high temperature tensile properties (initial modulus, yield stnelssltimate
tensile strength) of the solder alloys were measured and compegstispecimens were

initially solidified with both water quenched (WQ) and reflowed (RF) cooling profiles.

4.2  Chemical Composition of the Solder Alloys

Chemical compositions ahe SAC305 and doped solder alloys (SAC+X) are
presented in Table 4.1. SAC305 is consisted of tin, silver and copper with 96.5 %, 3.41%
and 3.80%, respectively. Innolot is an engineering alloy wilehent target composition
having additional bismuthnickel, and antimony. The compositions of SAC_R (also
known as Ecolloy) and SAC_Q (also known as Cyclomax) are unpublished. Energy
Dispersive XRay Spectroscopy (EDX) was used to explore the compositions of these
doped alloys. All three alloys were falino employ Bismuth (Bi) as the primary- X
additive. SAC_R alloy does not have any measureable silver (Ag) content, contrary to all
other SAC alloys. This is most likely the reason it is marketed as a low cost (economy)
material. The silver contents oAS_Q and Innolot are similar to SAC305, with 3.41%

and 3.80%, respectively. Nickel (0.15%) and antimony (1.4%) are present in Innolot.

Table4.1 Chemical Compositions of the Solder Alloys

Alloy Sn Ag Cu Bi Ni Sb
SAC 305 | 96.50 | 4.00 | 0.50 | 0.00 | 0.00 | 0.00
SAC_R 96.62 | 0.00 0.92 | 246 | 0.00 | 0.00
SAC_Q 92.77 | 3.41 0.52 | 3.30 | 0.00 | 0.00
Innolot 90.95 | 3.80 0.70 | 3.00 | 0.15 | 1.40
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4.3  StressStrain Data for Various Temperature and Strain Rates

The measured high temperature stssain curves for SAC305, SAC_R, SAC_Q,
and Innolot alloys are shown in Figures-4.5. For each alloy, results are given for three
strain rates of 0.001, 0.0001, and 0.0000t1sec Each col oredo curve
experimental stresstrain curve for a particular strain rate and temperature. They were
determined by performing nonlinear regresditsof the empirical model indtiation 3.2
(chapter 3) to the experimental data (ten recorded sttesa curves foeach alloy and
set of conditions). The colors of the curves represent the testing temperature with blue =
125 °C, green = 150 °C, orange = 175 °C, and red = 200 °C. Again, in each plot, the top
curve represents the average ststssin curve at 125 °Cand the bottom curve is the
average stresstrain curve at 200 °C For each alloy, the initial elastic modulus, yield stress,
and UTS decrease with increasing temperature. In addition, they also decrease with

decreasing strain rate.
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4.4  Comparison of Mechanical Behavior of Solder Alloys at Various
Temperature and Strain Rates

Comparisons of the uniaxial tensile test results for the four solder alloys at different
test temperature and strain rate are shown in Figured.8.6 Figure 4.6 represents
comparison a®.001 set strain rate. Figures 4.7 and 4.8 correspond to the comparison of
similar results obtained at 0.0001 and 0.00001* sér@in rate respectively. In each plot,
different color curve represents different alloy with blue = SAC_Q, green = Inodoige
=SAC_R and red = SAC305. It can be easily seen that both the SAC_Q and Innolot alloys
strongly outperform SAC305 and SAC_R at all strain rates at a particular temperature, with
much higher ultimate tensile strength (UTS) and superior initialielestdulus. The
stressstrain curves for SAC_Q and Innolot are very similar at each strain rate, but SAC_Q
exhibits slightly higher mechanical properties. The strength of SAC_R is slightly higher
than SAC305, even though SAC_R does not contain any AgilaBresults were found

for all testing temperatures.
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4.5

The mechanical properties of the three alloys have been extracted from the
measured stressrain data and tabulated in Tables-4.2. These properties, such as,
initial effective elastic modulus, ultimatensile strength, and yield stress have been plotted
in Figures 4.94.11 as a function of temperature at each of the three strain rates.
plot, different color curve represents different alloy with blue = SAC_Q, green = Innolot,
orange = SAC_R anad = SAC305. Large reductions in the properties were observed to
occur between T =125 °C and T = 200 °C. For example, ultimate tensile strength dropped
40-50% for each alloy and strain rate. Linear variations in the properties with temperature
were olserved. By comparing the analogous results for the same temperature and alloy,
but different strain rates, it has also been observed that as the strain rate decreases, the

effective elastic modulusijtimate tensile strengttand yield stress also decreas

Mechanical Properties

Table4.2 Comparison of Effective Modulus

N Str_air Effective Modul
(s®c| 125[ 150] 175/ 200

(Ac) (Ac| (Ac| (Ac

0.00| 34.( 27.] 21.| 15.

SAC_Q 0.00Q¢ 32.§ 25.| 18.| 13.
0.000 23.¢17.] 12.] 7.7

0.00| 28.4 22.] 17.] 12.
Innol| 0.00Q 24.¢ 19.| 14.| 9.7
0.000 22.¢ 16.| 11.| 6.8

0.00| 26.7 20.| 16.| 12.
SAC_R 0.00¢ 23.¢ 19.| 13.] 8.6
0.000 20.% 16.| 10.| 6.1
0.00| 25.71 18.[ 13.] 7.6
SAC30 0.00(¢ 15.7 13.] 10.| 7.4
0.000 14.9¢ 11.| 8.5 4.6
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Table4.3 Comparison of Ultimate Tensile Strength (UTS)

Ultimate Tensil e
Strai.f
Al |l o ;
s®c| 125| 150 175/ 200
(AC) (AC|I (AC| (AC
0.00 37.¢ 31. 2 6. 21.
SAC_Q 0.00Q¢ 31.17 25. 18. 13.
0.000 22.¢ 17. 12. 8.2
0.00 36.9¢ 31. 2 6. 21.
l nnolf 0.000 29.¢§ 24. 18. 13.
0.000 22.( 16. 11. 7.9
0.00 22.4 20. 17. 14.
SAC_KR 0.00(¢ 18.¢ 16. 15. 12.
0.000 15.17 13. 10. 7.5
0.00 21.73 17. 14. 10.
SAC30, 0.00¢ 16.% 13. 10. 7.5
0.000 14.% 10. 8.4 6. 4
Table4.4 Comparison of Yield Stress (YS)
Yield Stress,
Strai.f
Al l o .
(s®c| 125| 150/ 175 200
(AC) (AC| (AC| (AC
0.00 36. (¢ 30. 25. 19.
SAC_Q 0.000¢ 30.% 23. 17. 11.
0.000 21.( 15. 11. 7.2
0.00 34.¢ 29. 2 4. 19.
l nnolf] 0.00Q 29.% 23. 16. 11.
0.000 20.(C 14. 10. 6.5
0.00 21. 5% 18. 15. 13.
SAC_R 0.00Q¢ 17.9% 15. 14. 11.
0.000 14.17 11. 8.9 6.3
0.00 19. 7 16. 12. 8.5
SAC30f 0.00¢ 16.(¢ 13. 10. 7.4
0.000 13.7 10. 8.3 5.2
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4.6  Discussion

In this work, the mechanical behavior of several SAC and SAC+X lead free solder
alloys at extreme higtemperatures up to 200 °C has been investigated. The studied alloys
included SAC305 (96.5S8.0Ag0.5Cu), SAC_R (96.658.9Cu2.5Bi), SAC Q
(92.8SR3.4Ag0.5Cu43.3Bi), and Innolot (90.95S8.8Ag-0.7Cu3.0Bi-0.15Ni1.4Sb).
The solder uniaxial test specingewere formed in high precision rectangular cisesstion
glass tubes using a vacuum suction process. The samples were initially cooled in a water
bath and were later reflowed. The reflow profile was chosen to closely mimic profiles used
for BGA assemiis, so that the obtained microstructures were similar to those found in
typical solder joints.

For each of 4 elevated temperatures (T = 125, 150, 175, and 200 °C), tensHe stress
strain tests were performed at three strain rates (SR = 0.001, 0ad@0Q,00001 set).
For each alloy and testing temperature, the ss&ag curve shape and high temperature
tensile properties (initial modulus, yield stress, and ultimate tensile strength) of the solders
were measured and compared. As expected, é¢sealts have shown significant
degradations of the mechanical properties of -feegl solders at higher temperatures.
However, it was found that the addition of dopants (e.g. Bi, Ni, and Sb) in the SAC+X
alloys improved their high temperature propertigsigicantly. Both SAC_Q and Innolot

alloys significantly outperformed SAC305 and SAC_R at all temperature levels.
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CHAPTER 5

EFFECTS OF EXTREME HIGH TEMPERATURE AGING ON THE

MECHANICAL BEHAVIOR OF SAC AND SAC+X SOLDER ALLOYS

5.1 Introduction

Prolonged exposures t¢éad free solders at high temperatures will cause aging
effects, which involve evolution (coarsening) of the intermetallic compound (IMC)
particles in microstructure resulting in further degradations of their mechanical properties.
Most prior researchesndead free solder have been restricted to testing temperatures and
aging temperature at or below T = 125 °C. Extreme high temperatures propertiesupto T
=200 °C are relatively unexplored. Mechanical behaviors of lead free solder alloys at such
extremehigh temperatures are necessary to support several harsh environment electronics
applications. In chapter, we have reported the temperature dependerststragsehavior
of SAC305, SAC_Q, and Innolot solders subjected to high temperature agingatdL25
200 °C. Before testing, the solder uniaxial specimens were aged (preconditioned) at the
extreme high temperature of either T = 125 °C or T = 200 °C. At each of these aging
temperatures, several durations of aging were considered including 0, #l, ) days.
Stressstrain and creep tests were then performed on the aged specimens. Using the
measured data, the evolutions of the stetissn and creep behaviors were determined as

a function of aging temperature and aging time.
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5.2  StressStrain Data for Various Test Temperatures and Aging Conditions

The recorded experimental tensile test results for SAC305 solder alloy with
different test temperatures and aging durations (Aging T = 125 °C) are plotted in Figure
5.1. Graphs in each plot shows the terapee dependent uniaxial stredsain behavior
of SAC305 solder alloy at a particular aging duration (0, 1, 5, or 20 days.), with the various
colored curves representing the different test temperature with blue= 125 °C, green= 150
°C, orange= 175 °C, anméd= 200 °C. Again, in each plot, top curve corresponds to 125
°C and bottom curve represents 200 °C test result. Similar results for SAC_Q and Innolot
are shown in Figures 5.2 and 5.3. We found a significant degradation of mechanical
properties with th increase in test temperature at each aging condition for all the alloys.
Similar behavior has been observed at extreme high temperature aging as well (aging at T=
200 °C). Uniaxial tensile test results correspond to 200 °C aging for all the alloys are

shown in Figures 5.4 to 5.6.
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5.3  Comparison of Average StressStrain Results between SAC305 and SAC_Q

The uniaxial tensile test results between SAC305 and SAC_Q have been shown in
the same plot for comparison (Figure 5.7). Each of the graphs shows a comparative
analysis of the uniaxial stresrain behavior of bothlloys at a particular test temperature,
with the various colored curves representing the different aging durations with blue= no
aging, green= 1 day aging, orange= 5 days aging, and red= 20 days aging at T = 125 °C).

As mentioned before, the curvestilh e pl ot s ar e -strameurvBsav er ag
found by fitting the raw experimental data with the empirical modEluation 3.2.The
results are grouped in two sets of curves in each graph. The first set (top four curves)
shows the aging dependesttessstrain behavior of SAC_Q, and the second set (bottom
four curves) represents the same for SAC305. For each material, the top (blue) curve
represents the average stretggin curve for no aging, and the bottom (red) curve shows
the average strestrain curve at 20 days of aging.

At each test temperature, SAC_Q exhibited the best mechanical properties, and
typically both the ultimate tensile strength (UTS) and effective elastic modulus (E) of
SAC_Q were twice as large of the corresponding valueSA€C305. Furthermore, the
SAC305 alloy demonstrated large aging induced degradations with significant drop in
mechanical properties after only 1 day of high temperature aging, while the SAC_Q alloy
appeared to have negligible aging effects for all agingations. Similar behavior is

observed at extreme high temperature aging (aging ay T= 200 °C), shown in Figure 4.8.
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5.4  Comparison of Mechanical Properties between SAC305 and SAC_Q

Table 5.1 and 5.2 show the aging dependetthanical properties of SAC 305 and
SAC_Q solder alloys for aging at 125 and 200 °C. Variation of Effective Elastic Modulus
are shown in Table 5.1 and Ultimate Tensile Strength (UTS) in Table 5.2. These properties
have been extracted from the averagessstrain data, and plotted as a function of test
temperature in Figure 5.9 (aging T= 125 °C) and Figure 5.10 (aging T= 200 °C). Again,
these properties are plotted as a function of aging duration in Figure 5.11 (aging T= 125
°C) and Figure 5.12 (aging=T200 °C). As mentioned before, the results are grouped in
two sets of curves in each graph. The first set (top four curves) shows the aging dependent
mechanical properties of SAC_Q, and the second set (bottom four curves) represents the
same for SAC305.For each material, the top (blue) curve represents the average stress
strain curve for no aging, and the bottom (red) curve shows the averagestaessurve
at 20 days of aging.

Large aging induced degradations are evident for SAC305 with a sagntifirop
in properties after 5 days of aging at both 125 and 200 °C. After that point, the properties
degrade at a much slower rate. Conversely, the properties of SAC_Q were found to

degrade very slowly or remain nearly constant at all aging conditions.
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Table5.1 Comparison of Effective Elastic Modulus between SAC305 and SAC_Q

Effective Modu
Agi n( Test (GPa)
Al l aTemper Temper
( AC) ( AC) N o 1 Da 5 Da| 20 D
Agin Agin Agin Agin
125 25.1 9.4 9.0 8. 6
150 18.4 8.1 7.6 7.6
125
175 14.( 6.6 6. 4 6. 2
200 8. 6 5.1 4.7 4. 4
SACS3
125 25. 1 11.7 10.¢ 10.°1"
150 18.4 9.0 8. 8 8. 4
200
175 14.( 6.9 6.7 6. 4
200 8. 6 5.2 5.0 4.7
125 34.( 32.9¢ 32.(¢ 30.(
150 27.% 26.( 24.7 23. ]
125
175 21.% 19. 7 18.¢ 17. ¢
200 15.¢ 14.9¢ 14.4 13. ]
SAC_
125 34.( 32.3 32.4 30.°1"
150 27.Y% 26.1 25.171 23. 14
200
175 21.% 20.( 19.4 18. 1
200 15.¢ 15.% 14.7 14.(
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Table5.2 Comparisorof Ultimate Tensile Strength between SAC305 and SAC_Q

Ulti mate Tensil e
Agi n( Test (MPa)
Al l aTemper Temper
( AC) ( AC) N o 1 Da 5 Da 20 D
Agin Agin Agin Agin
125 21.7 12.¢ 12.71 11. ¢
150 17.¢ 11.1 10.4 9.7
125
175 14. 9.5 8. 8 8. 4
200 10.¢ 7.7 7.6 7. 4
SACS3
125 21.7 12.7 11.9¢ 11. ¢
150 17.9¢ 10.7 10.(¢( 9.6
200
175 14. 8. 4 8. 1 7. 8
200 10. ¢ 6.9 6.7 6. 2
125 37.¢ 36.7 36.1 35. 1
150 31.¢ 30.¢ 29.¢ 29. 1
125
175 26.9 25.4 24. 7 24. 1
200 21.7 20.% 20.(¢ 19. 7
SAC_
125 37.¢ 37.1 36.9¢ 36. ¢
150 31.¢ 31.( 30.9¢ 30. 1%
200
175 26. Y1 25.4 25.¢ 24. ¢
200 21.7 21.4 20.9¢ 20. ¢
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5.5 Comparison of Average StressStrain Results between SAC305 and Innolot

Figure 5.13shows he comparison oftressstrain behaviobetween SAC305 and
Innolot. Each of the graphs shoemmparisorof the uniaxial stresstrain behavior of both
alloys at a particular test temperature, with the various colored curves representing the
different aging durations with blue= no aging, greehday aging, orange= 5 days aging,
and red= 20 days aging at T = 125 °C).

As mentioned befordhe results are grouped in two sets of curves in each graph.
The first set (top four curves) shows the aging dependent-strags behavior of Innolot,
ard the second set (bottom four curves) represents the same for SAC305. For each
material, the top (blue) curve represents the average-strass curve for no aging, and
the bottom (red) curve shows the average sst#am curve at 20 days of aging.

At each test temperature, Innolot exhibited the best mechanical properties, and
typically both the ultimate tensile strength (UTS) and effective elastic modulus (E) of
Innolot were twice as large of the corresponding values for SACB@seover SAC305
alloy demonstrated large aging induced degradations with signifidaateasein
mechanical properties after only 1 day of agatdnigh temperaturewhile the Innolot
showednegligible aging effectén all aging durations. Similar behavior is observed at

extreme high temperature aging (aging ay T= 200 °C), shown in Figure 5.14.
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5.6  Comparison of Mechanical Properties between SAC305 and Innolot

The aging dependent mechanical properties of SAC 305 and Innolot solder alloys
were shown in Table 5.3 and 5.%¥ariation of Effective Elastic Modulus are shown in
Table 5.3 and Ultimate Tensile Strength (UTS) in Table 5.4. These properties have been
extracted from the average strasssain dataat different test and aging conditgrand
plotted as a function of test temperature in Figure 5.15 (aging T= 125 °C) and Figure 5.16
(aging T= 200 °C). Again, these properties are plotted as a function of aging duration in
Figure 4.17 (aging T= 125 °C) and Figure 5.18 (aging T= 200 °G)m@éntioned before,
the results are grouped in two sets of curves in each graph. The first set (top four curves)
shows the aging dependent mechanical properties of Innolot, and the second set (bottom
four curves) represents the same for SAC305. For emthrial, the top (blue) curve
represents the average stretggin curve for no aging, and the bottom (red) curve shows
the average stresdrain curve at 20 days of aging.

Large aging induced degradations are evident for SAC305 with a significant drop
in properties after 5 days of aging at both 125 and 200 °C. After that point, the properties
degrade at a much slower rate. Conversely, the properties of Innolot were found to degrade

very slowly or remain nearly constant at all aging conditions.

130



Table5.3 Comparisorof Effective Elastic Modulus between SAC305 and Innolot

Ef fective Modu
Agin¢g Test (GPa)
Al oTemper'Temper
(AC) (AC) N o 1 Da 5 Da/ 20 D
Agin Agin Agin Agin
125 25 . ] 9. 4 9.0 8. 6
150 18. 4 8.1 7.6 7.6
125
175 14 . ( 6. 6 6. 4 6. 2
200 8. 6 5.1 4 . 7 4 . 4
SAC3
125 25 . ] 11. ¢ 10. ¢ 10. %
150 18. 4 9.0 8. 8 8. 4
200
175 14 . ( 6. 9 6. 7 6. 4
200 8. 6 5.2 5.0 4 . 7
125 29.¢ 28.9¢ 28.¢ 2909
150 24 .1 23.9¢ 23.1 24.%1%
125
175 17.¢ 17.71 17.1 18. (
200 12.9¢ 12.¢ 12.91 13.
l nno
125 28.4 29.¢ 29.1 29. 1
150 22. 17 24.( 23.9¢ 23.4
200
175 17 . ¢ 18. ] 17 . ¢ 17 . °
200 12.¢ 13.7 13.7 13. 73
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Table5.4 Comparisorof Ultimate Tensile Strength between SAC305 and Innolot

Ulti mate Tensil e
Agin¢g Test ( MPa)
Al oTemper'Temper
(AC) (AC) N o 1 Da 5 Da/ 20 D
Agin Agin Agin Agin
125 21. 717 12.¢ 12.71 11. ¢
150 17 . ¢ 11. ] 10. ¢ 9. 7
125
175 14 . | 9.5 8. 8 8. 4
200 10. { 7. 7 7. 6 7. 4
SAC3
125 21 . 1 12. ] 11. ¢ 11. ¢
150 17 . ¢ 10. ] 10. ( 9. 6
200
175 14 . 1 8. 4 8.1 7. 8
200 10. ¢ 6.9 6. 7 6. 2
125 36.¢ 36.4 36.1 37.1
150 31.¢ 30.¢ 30.¢ 31. 1
125
175 26. 4 2D, 25. 6 2 ®.
200 21.( 20.Y% 20.71 21.
l nno
125 36.9¢ 40.7 39.7 39.+H1
150 31.¢ 33.717 33.¢ 33. 4
200
175 26.4 26.¢ 26.1 25. ¢
200 21.( 21.¢ 21.4 21. 1
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5.7  High Temperature Creep Behavior of SAC305 Solder

Aging effects on the creep behavior of SAC305 solder allogte examined by
performing creep tests with a test matrix of different stress levels, testing temperatures, and
aging conditions Both water quenched (WQ) and reflowed (RF) specimens were explored.

The stress levels for the creep tests were determawedding to the UTS of the solders.

5.7.1 High Temperature Creep Behavior of Water Quenched SAC305 Solder

In one study, SAC305 uniaxial test specimens were formed by water quenched
solidification profile and kept at room temperature for 10 days. Creepvistperformed
in these aged specimens at two stress levels, such as, 7.5 and 10 MPa. The creep tests were
conducted at 100, 125, 150, 175, and 200 °C. Figure 5.19 illustrates creep curves of
SAC305 (WQ) under fixed stress levelslef 7.5 and 10 MPa. He five colored curves in
each plot represent five different testing temperatures (T = 100, 125, 150, 175, and 200
°C). In each plot, we can see variations of secondary creep strain rate as temperature
changes. However, the variations appear to be ngmiéisant at higher stress levels. For
example, in Figure 5.19b, the creep rate increases dramatically at higher temperatures of
150200 °C. At T = 200 °C, the samples experiences tertiary creep when the load was
applied for about 2 hours. Increasedlatation movements occur for the higher creep
rates at higher stress levels. At higher temperatures, the dislocation movements occur more

easily, resulting in more creep for the same applied loading.
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The average secondary creep strain rates have been extracted from the fitting
equation and tabulated in Table 5.5. Also, the variations of creep rate with temperature

and strestevel are shown in Figure 5.20.

Table5.5 SecondarCreep Strain Rate of SAC305 (WQ)

Strain Rat

Temper : ( x 106l
(AC )
7.5 ME§ 10 MP
100 1.3 1.8
125 2.3 3.1
150 3.9 15. 5
175 7.5 61. 0
200 18. 6 114.0
105
—e— 7.5 MPa
—e— 10 MPa
A 106 -
[&]
(]
N
Ao
g 107 A
ol
o
S
© b
& 100
109 . . . . .
100 120 140 160 180 200 220
Temperature, T (°C)

(d)

Figure5.20 Variation of CreepStrain Rate with Test Temperature and Appldess
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5.7.2 High Temperature Creep Behavior of Reflowed SAC305 Solder

In this study, SAC305 specimens were reflowed with a controlled reflow cooling
profile described in earlier sections. The creep study in this work involved specimens with
prior aging at T = 125 °C for similar aging intervals (0, 1, 5, and 20 days aging) to the
aging studies for the stresfrain specimens. The creep tests were wcted at four test
temperatures (125, 150, 175, and 200 °C) under 4 MPa stress level.

Figure 5.21 illustrate the recorded creep curves for the reflowed SAC305 solder
specimens. Each curve represents the average of four/five creep curve fitted with four
paameteBurge® s ( slgshpot)mmgdel in 3.4In this figure, there are four graphs for
the four different aging conditions. In each graph, the various creep curves are for different
testing temperatures, illustrating the variation of the creep respuwiith testing
temperature at a particular aging condition. For example, in Figure 4.4 (a), the blue curve
at the bottom is the creep response for-aged specimens at a testing temperature of 125
°C, and the top red curve shows the creep responsestiragttemperature of 200 °C. As
expected, it is observed from the figures that creep rates are much higher at elevated

temperatures than at room temperature at each aging condition.
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5.7.3 High Temperature Creep Behavior of SAC_Q Solder

In this study, SAC_Q specimens were reflowed with a controlled reflow cooling
profile described in earlier sections. The creep study in this workvied@pecimens with
prior aging at T = 125 °C for similar aging intervals (0, 1, 5, and 20 days aging) to the
aging studies for the strestrain specimens. The creep tests were conducted at four test
temperatures (125, 150, 175, and 200 °C) under 4 MEssdevel.

Figure 5.22 illustrate the recorded creep curves for the reflowed SAC_Q solder
specimens. Each curve represents the average of four/five creep curve fitted with four
par amet er B-ashpet)mbddel in(3slp this figuyge, there are four graphs for
the four different aging conditions. In each graph, the various creep curves are for different
testing temperatures, illustrating the variation of the creep response with testing
temperature at a particular agioondition. For example, in Figure 5.22 (a), the blue curve
at the bottom is the creep response for-aged specimens at a testing temperature of 125
°C, and the top red curve shows the creep response at a testing temperature of 200 °C. As
expected, itis observed from the figures that creep rates are much higher at elevated

temperatures than at room temperature at each aging condition.
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Figure5.22 Variation of Creep Behavior with Aging Time (SAC_Q)
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5.7.4 High Temperature Creep Behavior ofinnolot Solder

High temperature creep behavioroholotsolder alloys has also been explored in
this study. The experimental and aging conditions were kept similar to the SAC305 and
SAC_Q alloys.

The recorded creepurvesof Innolot solder specimenhave been presented in
Figure 5.23 in a similar way as other two alloysor example, in Figure 5.28), the blue
curve at the bottom is the creep response foraged specimens at a testing temperature
of 125 °C, andhe top red curve shows the creep response at a testing temperature of 200
°C. As expected, creep rates are much higher at elevated temperatures than at room

temperature at each aging condition.

146



No Aging

0.010
Innolot
0.008 - (=4 MPa
® 0.006 -
£
©
¢n 0.004 -
0.002 — 125°C
— 150 °C
175 °C
— 200 °C
0.000 : : : : : :
0 1000 2000 3000 4000 5000 6000 7000
Time, t (Sec)
(@
1 Day Aging
0.010
Innolot
0.008 - u =4 MPa
@ 0.006 -
£
©
¢H 0.004 -
0.002 — 125°C
— 150 °C
175 °C
— 200 °C
0.000 : : : : : :
0 1000 2000 3000 4000 5000 6000 7000
Time, t (Sec)
(b)

147




5 Days Aging
0.010
Innolot
0.008 - u=4Mpra
® 0.006 -
S
©
¢n 0.004 -
0.002 - — 125°C
— 150 °C
175 °C
— 200 °C
0.000 . . . . . .
0 1000 2000 3000 4000 5000 6000 7000
Time, t (Sec)
(©
20 Days Aging
0.010
Innolot
0.008 - u =4 Mpa
® 0.006 -
S
©
¢n 0.004 -
0.002 - — 125°C
— 150 °C
175 °C
— 200 °C
0.000 . . . . . .
0 1000 2000 3000 4000 5000 6000 7000
Time, t (Sec)
(d)
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5.7.5 Comparison of Creep Behavior of SAC305 and SAC_Q

Figure 5.24illustrates the aging dependent creep curves for SAC305 and SAC_Q
under a fixed stress level of 4 MPa. Each of the graphs shows a comparative analysis of
the creep behavior of both alloys at a particular test temperature, with the various colored
curvesrepresenting the different aging durations (no aging, and 1, 5, and 20 days of aging
at T =125 °C). The solid curves represent average creep curves for SAC305 and the dashed
curves correspond to SAC_Q. In all cases, the creep rates for SAC_Q arénbowtbiose
for SAC305 under comparable test conditions. Comparing the different graphs, we can see
significant increases in the secondary creep strain rate for both alloys as the temperature
increases. For testing at T = 200 °C, the samples experienta/tereep when the load
was applied for about 2 hours. Increased dislocation movements occur for the higher creep
rates at higher temperatures.

It is observed that SAC305 shows a significant degradation in its creep properties
(sharp increase of thesondary creep strain rate) as the aging time increases. However,
the creep rate for SAC_Q varied only slightly with aging, similar to the small changes
observed in the tensile test properties with aging time. In addition, the creep behaviors of
SAC_Q fa all aging conditions were comparable to the creep behavior of SAC305 with

no aging (the solid blue curve is within all the dashed curves at each test temperature).
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Figure5.24 Comparison of CreeBehaviorbetweerSAC305and SAC_Q

The average secondary creep strain rates extracted from the data are tabulated in

Table 5.6. The variations of secondary creep strain rate with testing temperature and aging
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time of both dloys are plotted in Figur6.25for comparison. Each of the graphs shows
comparison of secondary creep strain rate of both alloys at different test temperature and
aging condition, with various colored curves representing @ifiteaiging durations (Figure
5.25(a)) and different & temperatures (Figure 5.2Zb)). The solid curves represent
average creep curves for SAC305 and the dashed curves correspond to SAC_Q.

Large aging induced degradation in secondary creep strain rate are evident for
SAC305 with a significant increasedrday of aging at 125 °C. After that point, the creep
rate increases at a much slower rate. On the other hand, the properties of SAC_Q were

found to degrade very slowly or remain nearly constant at all aging conditions.

Table5.6 Secondary Creep Strain RateSAC305and SAC_QRF)

Test Strain %&ﬁe ( x
Str
Al l ¢Temper M P
(Ac |(MPl No | 1 Dg5 Dg20 D
Aginn Agin Agin Agin
125 6.5 9.1] 11. 14. ¢
150 25. 48.1 60. 71. 2
SAC3
175 92.| 206. 281| 304.
200 A 220 496. 597 705.
125 5. 4 6. 2 6.9 7.7
150 20. 22.( 22. 25 . ¢
SAC_
175 77 . 83. 1] 87. 9 3. ¢
200 181 197. 205 217.
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Figure5.25 Variation of Creep Strain Rate with Test Temperature and Aging Time
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5.7.6 Comparison of Creep Behavior of SAC305 anthnolot

Figure 5.26illustrates the aging dependent creep curves for SAC30%nantbt
under a fixed stress level of 4 MPa. Each of the graphs shows a comparative analysis of
the creep behavior of both alloys at a particular test temperature, with the various colored
curves representing the different aging durations (no aging, and 1 8Qatays of aging
at T =125 °C). The solid curves represent average creep curves for SAC305 and the dashed
curves correspond fanolot In all cases, the creep rates lfumolot are lower than those
for SAC305 under comparable test conditions. Coimpdhe different graphs, we can see
significant increases in the secondary creep strain rate for both alloys as the temperature
increases. For testing at T = 200 °C, the samples experienced tertiary creep when the load
was applied for about 2 hours. teased dislocation movements occur for the higher creep
rates at higher temperatures.

It is observed that SAC305 shows sharp increasieecdecondary creep strain rate
as the aging time increases. However, the creep rabenfolot varied only slightly with
aging, similar to the small changes observed in the tensile test properties with aging time.
In addition, the creep behaviorsloholot for all aging conditions were comparable to the
creep behavior of SAC305 with no aging (gwid blue curve is within all the dashed

curves at each test temperature).
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Figure5.26 Comparison of Creep BehavibetweenSAC305andInnolot

The average secondary creep strain rafelnolot extracted from the data are

tabulated in Table 3. The variations of secondary creep strain rate with testing
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temperature and aging tinoéboth dloys are plotted in Figure 5.Z@r comparison. Each
of the graphs shows comparison of secopdaeep strain rate of both alloys at different
test temperature and aging condition, with various colored curves representing different
aging durations (Figure 5.2(&)) and differentest temperatures (Figure 5.@%). The
solid curves represent aveeagreep curves for SAC305 and the dashed curves correspond
to Innolot

SAC305shows &rge aging induced degradation in secondary creep strain rate with
a significant increase in 1 day of aging at 125 °C. After that point, the creep rate increases
at a meh slower rate. On the other hand, the propertiésnafiot were found to degrade

very slowly or remain nearly constant at all aging conditions.

Table5.7 Secondary Creep Strain RateSAC305andInnolot (RF)

Test Strain 8Fsaejt)ce ( x
Str
Al l ¢Temper M P
(Ac |(MPl No | 1 Dg5 Dg20 D
Aginn Agin Agin Agin
125 6.5 9.1| 11. 14 . ¢§
150 25. 48. ] 60. 71. 7
SAC3
175 92.] 206. 281| 304.
200 A 220 496. 597 705.
125 7.2 8.4 8.6 8.9
150 25. 28. 1 30. 31. 7
l nno
175 7 2. 77. 1 81. 86 . ¢
200 210 222. 227 235.
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Figure5.27 Variation of Creep Strain Rate with Test Temperature and Aging Time
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5.8 Summary and Discussion

A comparative study of the aging dependent mechanical behavior of SAC305
SAC_Q, and Innolot solder alloys at extreme high temperatures (T= 125, 150, 175, and
200 °C) were investigated. Before testing, the solder uniaxial specimens were aged
(preconditiond) at the extreme high temperature of either T = 125 °C or T = 200 °C, and
several different durations of aging were considered (no aging, and 1 day, 5 days, and 20
days of aging). Stressdrain and creep tests were then performed on the aged specimens.
Using the measured data, the evolutions of the sstess: and creep behaviors were
determined as a function of aging temperature and aging time, and models describing the
evolution of the mechanical properties (effective elastic modulus and ultimaiée ten
strength, secondary creep strain rate) with extreme aging were established.

Our experimental measurements show that-20%® drop in strength and modulus
occurred between T =125 °C and T = 200 °C. Comparisons between SAC305 and SAC_Q
indicatethat SAC_Q had significantly better mechanical properties at all test temperatures
and prior aging conditions. Substantial degradations of the mechanical properties (initial
modulus, ultimate tensile strength, and secondary creep strain rate) occuC305A
during extreme high temperature aging, whereas, SAC_Q exhibited relatively small
variations in its properties during aging. Innolot shows similar mechanical behavior as

SAC_Q at all testing and aging conditions.
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CHAPTER 6

ANAND VISCOPLASTIC CONSTITUTIVE MODE L FOR SOLDER ALLOYS

6.1  Anand Viscoplastic Constitutive Model

The Anand viscoplastic constitutive modéaily is often used to represent the
material behavior ofrie lead free solders in finite element simulations. This model is
defined using nine material parameters, and the reliability prediction results are often
highly sensitive to the values of the Anand parameters. There are several publications
listing valles of Anand parameters for particular solder alloys. For example, Anand
parameters for alloys such as-&8Ag, SAC105, SAC305, and SAC387 have been
documented121, 167-171].

In this chapterstressstrain data presented in Chapter 4 has been utilized
determine the nine Anand parametensSAC305 and doped SAC solder alloys (SAC_Q
and Innolot) recommended for high reliability applications. Anand parameters were
determined for SAC305 withdbh water quenched and reflowed microstructures. For
SAC_Q and Innolot, only reflowed microstructures were explored to determine the Anand
parameters.

The nine Anand parameters were determined for each unique solder alloy from a
set of uniaxial tensile sts performed at several strain rates and temperatures. Testing

conditions included strain rates of 0.001, 0.0001, and 0.0000%) (sex! temperatures of
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125, 150, 175, and 200 °C. The Anand parameters were calculated from each set of stress

strain da& using an established procedure that is described in detail in the chapter.

6.2 Review of Anand Model Equations (1D)

Several authorgl67, 168 172 have previously revieweithe general equations of
the Anand constitutive model for oigémensional (uniaxial) stress states. The theoretical
approach is based on a scalar internal variable s, which represents the material resistance
to plastic flow. The model includes three atjons: (1) stress equation, (2) flow equation,
and (3) evolution equation. These expressions unify thenmaépendent plastic behavior
of the material. The Anand model does not contain an explicit yield condition or a
loading/unloading criterion.

Thestress equation is expressed as
U=cs;c<1 (6.1)

where s is the scalar internal valuable. Quantity c is a function of the temperature

and strain rate, and is given by

BaFf 4Q0 g
, 1. T %00
c=c®&,T) =Zsinh ] e%eGRT’
> 1€
f

u (6.2)
A g

< oo

where q) is the plastic strain rate, A is the pEeponential factorz is the

multiplier of stress, m is the strain rate sensitivity, Q is the activation energy, R is the
universal gas constant, and T is the absolute temperature. Byuidostif EQuation6.2

into Equation6.1, the reformatted stress equation becomes:
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The Anand model flow equation is found by solving for the strain reEejuation

6.3:
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The evolution equatiodescribes the variation of internal variable s with time. In

its differential form, it can be expressed as:

é o ,.ﬁ o 6.5
s=ch 3 38 sond- 5§ as1 (©5)
é (o S =+ c S —g

The term h(fl S,T) in Equation6.5 is associated with dynamic hardening and

recovery, and its initial value is the hardening constant h(Q) Parameter a is the strain
rate sensitivity of the hardening process, and parameter s* is the saturation value of the

deformation resistanagven by

Q)
I oo

(e e ey o]

(6.6)

where § is a coefficient, and n is the dtrarate sensitivity. Equation 6&an be

expressed as
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(6.7)

o

ds=h, &- i dC)
c s

s oo:b,

for s < s*, and then integrated resulting in an evolution expression for the internal

variable s:

1

s=s [(s -5, ) +(a- 1){(h )(s )}qj]l (6.8)
where the initial value is s(0) < at time t = 0. Combiningquationss.6and 6.8
results in an evolution equation for the internal variable s in terms of the plastic strain and

plastic strain rate:

_&f 493g %Véqj sogg 877 e évéli’g, I ER
S=E%§RT'U _ Y é*egRT_u _Sog + (a_ 1)l| (ho) ;%eQRT+l:J§ {JQ)D (6 9)
AR A - AR Ko
1 Yy u
or
[~} o
s=s{, ) (6.10)

The final versions ahe Anand model equatisrare the stress equation in Equation
6.3, the flow equation ikEquation6.4, and the integrated evolution equatiofcquation

6.9. These expressions include 9 material parametets: @/R, m inEquations5.3 and

6.4, and constantsoha, s, §, and n iEquation6.9.

6.3  Uniaxial StressStrain Theoretical Response
Equations$.3and6.9 can be combined to give an expression for the uniaxial-stress

strain law (post yield) predicted by tA@and model:
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u=u(e,e) (6.11)

For a uniaxial tensile test performed at fixed (constant) strairégtcand constant

temperature T, this equation represents nonlinear sthess behavior in the form of a

power law type function after yielding:
=0(Y,) (6.12)

The yield stress $y ) and the Ultimate Tensile Strength (UTS = maximum or

saturation stress) can be obtained fiequation6.11 by taking the limits for small and

large plastic strains. The yield stress is given by the lim@,agoes to O:

1 Feg 24
SY:%)_OZC% :;SiNh 118Ke§ T_I:I S =cs,t 0, (6.13)
fe ¥) Y
while the UTS is given by the limit a&, goes to® :
P
ep a 8ﬂn EéP anﬂmﬂ
UTS:%_ EeL—{’e@ 0 sinh’ {gliegﬁg bt o (6.14)
AR B - ¥

By substitutingEquation6.14 into Equation6.11, the stresstrain power law

relation after yielding can be expressed as:
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s =s"- [(s* - cs, )Y +(a- 1) {(cho)(s*)' a} ep]ll(l_a) (6.15)

6.4  Procedure for Determining the Anand Model Parameters from Uniaxial
Stress Strain data
Anand [115 suggested using stressain data measured over a wide range of

temperatures and strain rates to determine the 9 parameters/R, m, h, a, s, &, and

n) in the viscoelastic constitutive relations presented above. Several previous|&tiflies
168 172, have outlined a procedure for performing this task. Values of the saturation

stress §° = UTS) can be extracted from the peak stress vandke stresstrain curves
for several temperatures and strain rates. Also, stress vs. plastic strai \@a€g)(can

be extracted from the recorded stresgin curves $,€) at the various temperatures and

strainrates. The conversion of total strain to plastic strain for each data set is performed

using:

(6.16)

=0

mlce

where E is the initial elastic modulus. The sequential procedure for calculating the

Anand model parameters consists of:

1. Thesix Anand parameterE, 3, A, Q/R, n and m are determined using a nonlinear

leastsquares regression fit Bfjuation6.14to the recorded saturation stress (UTS)

vs. temperature and strain rate data.
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2. The remaininghree Anand parameters,($o, and a) are found using nonlinear
regression fits oEquation6.15 to the recorded stress vs. plastic strain data at

several temperatures and strain rates.

6.5 Anand Model Parameters for SAC305

The Anand model parameters for tBRAC305 lead free solder materials, for both
water quenched and reflowed microstructures, have been determined from the temperature
and strain rate dependent stref®in data in Figures 4.1 and 4.2. The curves in each
Figure were first processed to edt saturation stress (UTS) vs. strain rate and temperature
data for each alloy, as well as stress vs. plastic strain data at several strain rates and
temperatures for each alloy. From the extracted data from each Figure, the nine Anand
parameters werelculated for each alloy usinggations 6.13 and 6.15, and the nonlinear
regression analysis procedure discussed in section 6.1.3. The results are tabulated in Table

6.1.
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Table6.1 Anand Parameters for SAC305

Const Ananc Units SAC305
Numbe Const
WQ RF
1 S MP a 27.2 6.5
2 Q/ R 1/ K 9380 1150
3 A séc 2800 3700C¢
4 X Di mensi 4 4
5 m Di mensi 0.28 0. 4]
6 h, MP a 150, ( 7000
7 £ MP a 44.6] 7.7
8 n Di mensi| 0.01] 0. 03
9 a Di mensi 1.72 1.9

6.6  Correlation between Anand Model Predictions and Experimental Results

Once the Anand constants are determined for each alloy, it is possible to predict the
stress ) vs. plastic strain lZL) curve at a particular set of temperatwstrain rate, and

alloy using Ejuation 6.11. This result can be adjusted to a steggsss( total strain curve

(e) by adding the elastic strain to the plastic strain:
& O ,0 e:% (4.17)

where E is the initial elastic modulus at the particular temperature, strain rate, and

aging conditions.
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Figure 6.1 illustrates the correlation between the model predictions and the
experimental stresstrain curves for 8C305 (WQ). In this case, the Anand model
constants from Table 6.1 for the alloy SAC305 were utilized. The experimental curves
were those shown earlier in Figure 4.1. Good correlations are obtained, with the Anand
model able to represent the strsfisin curves accurately over a wide range of
temperatures and strain rates. Analogous comparisons for SAC305 (RF) are shown in
Figure 6.2. In these cases, the appropriate Anand model constants from Table 6.1 were
utilized, along with the experimental curvigem Figure 4.2. Again, good correlations

were obtained.
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6.7 The Anand Parameters for SAC_Q

The data in Figure 4.4 were used to extract the nine Anand parameters for the
SAC_Q material. As discussed previously, a lsgsiares regression fitting procedure was
utilized to exract the optimal set of Anand parameters using the sitesig curves for
each preest conditions a#t different temperatures and 3 different strain rates. The

calculated Anand parameters are tabulated in Table 6.2.

Table6.2 Anand Parameters for SAC_Q

ilcl)Jrr]nT) teer CAonnasntdE Units| SACQRR)
1 S, MP a 6.2
2 Q/ R 1/ K 11200
3 A s 6'c 12000
4 X Di mensi 6
5 m Di mens i 0.5
6 h, MP a 45000
- F: MP a 23.97
3 n Di mensi 0.032
9 a Di mensi 1.05

The calculated values of the Anand parameters were used to predicssagss
behavior for the SAC_Q solder alloy with the various microstructures. For example, the
results for SAC_Q are presented in Figures 6.3(a), 6.3(b) and 6.3(c) for 3 diffement s
rates (i.e. 0.001, 0.0001 and 0.00001¥e®Reasonable correlations were found for all of

the temperatures.
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6.8 The Anand Parameters for Innolot

The data in Figure 4.5 were used to extract the nine Anand parameters for the
Innolot. As discussed previously, a leaguares regression fitting procedure was utilized
to extract the optimal set of Anand parameters using the -stira@s curves for each @r
test conditions at 4 different temperatures and 3 different strain rates. The calculated
Anand parameters are tabulated in Table 6.3.

Table6.3 Anand Parameters for Innolot

consta Anandl ynits| inolot(RF)
1 S, MP a 5.6
2 Q/ R 1/ K 11200
. A s é'c 12000
4 X Di mensi 6
5 m Di mens i 0.48
6 h, MP a 48000
- £ MP a 24.50
3 n Di mensi 0.030
9 a Di mensi 1.15

The calculated values of the Anand parameters were used to [steelssstrain
behavior for the Innolot solder alloy with the various microstructures. For example, the
results for Innolot are presented in Figures 6.4(a), 6.4(b) and 6.4(c) for 3 different strain
rates (i.e. 0.001, 0.0001 and 0.00001¥e®Reasonableorrelations were found for all of

the temperatures.
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6.9 Summary and Discussion

In this chapter, SAC305, SAC_Q, and Innolot lead free solder materials
recommended for high reliability applications have been chemically analyzed and then
mechanically tested in order to determine the nine Anand parameters. Test specimens were
initially solidified with both water quenched (WQ) and reflowed (RF) coolingilesof
Results from the uniaxial tensile test, performed at three different strain rates (0.001,
0.0001 and 0.00001 s&cand four different test temperatures (125, 150, 175, and 200 °C)
were used to determine the Anand parameters for all the alloysomeshtbefore. These
parameters were used to predict the stsérssn behavior of the corresponding solder alloy.
The experimental results and the model predicted results were compared. A good
correlation was found between Anand model predicted and imgnlly obtained
results. The correlation of experimental results with anand model prediction shows a very
small difference (< 10% in most conditions), thus, confirming the applicability of the model

for a wide range of temperatures and strain rates.
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CHAPTER 7

MECHANICAL BEHAVIOR OF SAC305 SOLDER JOINTS AT EXTREME

HIGH TEMPERATURES USING NANOINDENTATION

7.1  Introduction

In this chaptenmechanical behavior, and aging effects of SAC305 (96 :8Ag-
0.5Cu) solder joints at several extreme high testing temperatures (T = 125, 150, 175, and
200 °C) havebeenexplored using nanoindentationethod A special high temperature
stage and test prmtols were used within the nanoindentation system to carefully control
the testing temperature, and to make the measurements insensitive to thermal drift
problems. Solder joints were extracted from 14 x 14 mm PBGA assemblies (0.8 mm ball
pitch, 0.46 mm badiameter) that were built as part of the INEMI Characterization ef Pb
Free Alloy Alternatives Project. Since the properties of SAC solder joints are highly
dependent on crystal orientation, polarized light microscopy was utilized to determine the
oriertation of the tested joints. For all of the experiments, only single grain solder joints
were used to avoid introducing any unintentional variation from changes in the crystal
orientation across the joint cressction. To study the aging effects, solpents were
preconditioned for 0, 1, 5, 10, and 30 days at T = 125 °C in a box oven. Nanoindentation
testing was then performed on the aged specimens at four different test temperatures (T =
125, 150, 175, and 200 °C) to extract the elastic modulusyéssdand creep performance

of the aged material. Throughout this study, a constant force of 10 mN was applied for
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900 seconds to monitor the creep displacements and measure the creep strain rate as a
function of both temperature and prior aging condsgio

As expected, mechanical properties and rsiain rate of solder joints were
highly dependent on the test temperature and degrade significantly as the temperature
increases. In addition, the effects of aging on solder joints properties becomenorech

significant as the aging time and test temperature increases.

7.2  Sample Preparation for High Temperature Nanoindentation

Sample crossectioning and polishing procedure outlinedapter 3, section 3.5
and 3.6 was followed to prepare samples for Wigemperature nanoindentation
experimentsSince the mechanical behavior of solder alloys depends on crystal orientation,
the orientation of the SAC305 solder joints were initially determined using polarized light
microscopy. Only singkgrain solder joits were identified and used in this study to avoid
any variation in properties associated with different crystal orientation. Five different
SAC305 solder joints with single grain orientation and uniform IMC distributions were
chosen used for the high tparature creep study: one for temperature study and remaining
four for aging study Figures 7.3hows polarized light images of muigirain and single

grain solder joint samples.
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Single Grain

Figure7.1 Multi-GrainandSingle Grain Solder Joint

7.3  High Temperature Nanoindentation System and Test Procedures

Hysitron Tl 950 nanoindentation system has been used to perform the
nanoindentation creep tegtsigure 3.16) A Berkovich indenter tip was chosen in this
work. The &treme high temperature tests were perfornmed high temperature stage
(xSOL 400). During each indentation experiment, load versus indentation displacement
response of the solder material in the direction normal to the-seati®nal surface was
measued. Figure Z shows the high temperature stage within the nanoindentation system,

while Figure 73 shows images of a test sample in the high temperature stage.
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Top Plate

Sample

Bottom Plate

a0

Figure7.3 Solder Joint Sample in the High Temperature Stage

Typical permanent indentation mark of indent after a nanoindentation experiment
is shown inFigure 7.5. At a particular test condition (e.g. temperature pndr aging),
about 58 indentations were performed, and the average results of all the indents were
considered for comparison between different test conditions. The indents were made in
50-80 um apart to avoid locations that were deformed plasticaltiidoprevious indents.

As discussed in the previous section (2.2), all tests in this work were performed on

single grain (Sn crystal) solder joints, so that there were no orientation effects caused by
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an indentation array covering two or more grain bouedanf grains with different crystal
orientations (different material properties).

In all test conditionsas shown in Figure 4, the indentation marks were ensured
to cover the available phases of the material. Thus, the nanoindentation tests represents
the global properties of the solder joints, instead of the localized mechanical properties of
t he p hSadeadsites(obAgpn and CeSns IMC particles). Calibration of the indenter

tip shape was performed on a standard fused quartz sample.

Figure7.4 Permanent Indentation after Testing

The maximum load of 10 mN was chosen for all the creep tests. Once the peak
load reaches to 10 mN, the load was held constant for 900Aslead versus time graph
for a single indentation test performed in this work is shown in FigbreA& we can see,
a small sinusoidal load was introduced with the static load of 10 mN during the start of the

dwell period. Thermal drift has negligibdéfects in the beginning at constant load during
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