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1
Introduction

Reliability is one of the major research topics of modern electronic pack-
aging technology. The characterization of Au-Sn solder fundamental ma-
terial properties, including viscoplastic properties, are driven by develop-
ing tides of studying new lead-free solder materials, and also requested
by demand of fast and accurate reliability assessment by industry. This
chapter provides background information and the main objectives of this
thesis.

1.1. Die-attach Solder in Semiconductor Packages
Rapid development of electronic technology promotes the sustained evo-
lution of human life in recent centuries. In the year 1958 when the very
first integrated circuit was developed, themicroelectronic technology has
been dramatically changing the way of people living in the past decades.
A bare silicon chip cannot perform a single function without a pack-
age. Being introduced in the final stage of semiconductor fabrication, a
package not only physically protects and supports the enveloped silicon
die, but also gives possibility of interconnection between silicon die and
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2 1. Introduction

outer world. In some cases the package also fulfill a function of the heat
sink or an optimized footprint for the convenience of system-level man-
ufacture. Package types are classified into a great deal of international
standards to meat various requirements of electronic devices.

Die-attachment is one of the major steps of some silicon chip packag-
ing, when the diced silicon die (or sometimes multiple dies) is mounted
to a supporting substrate via a bonding layer, or the die-attach material
(Figure 1.1). The die-attach bonding layer provides two major functions:

• Physically fixation between silicon die and packaging substrate

• Heat dissipation of heat generated by silicon die

In low cost and low power devices glue or epoxy adhesive are often
used as the bonding media. Nevertheless in high power devices the
silicon die will be attached by alloy materials such as alloy solders or
sintered metal since it requests higher fatigue resistant materials with
good thermal, electrical and mechanical performance. In the following
part of this thesis, all solder discussed refers to die-attach bonding sol-
der, instead of other applications, and the study will also be driven by
die-attach applications.

Figure 1.1: A typical chip packaging with die-attach layer
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1.2. Au-Sn Solder and Fabrication Process
Research on new Pb-free die-attach solders is driven by the pressure
of environmental restrictions and also pushing requirements of perfor-
mance by industry, especially on applications for harsh working envi-
ronments. For many decades the Au-Sn solder system has been attract-
ing research interests for its natural advantages of high stability and
performance on high operating temperature, and being considered as
relatively hard solder with better creep resistance, compared with other
Pb-free solder system such as Sn-Ag-Cu(SAC). Au-Sn is one of the pre-
ferred Pb-free solders for high power density devices, for advantages of:

• High melting point(280∘C)

• High creep resistance

• High thermal conductivity(58W/mK)

• Excellent corrosion resistance

• Good soldering wettability on many surface treatments

The Au-Sn solder allows flux-less soldering because of the minimal
surface oxidation of the high content of gold(Au), thus low cost and fast
soldering process without the use of flux could be performed in vacuum
or under forming gas [1]. Therefore the Au-Sn solder system is widely
used in flip-chip die attaching products in power electronic and opto-
electronic [2][3].

Au-wt%20Sn(29.0 atomic percent Sn) eutectic alloy is the most com-
mon used solution, which has melting point at 280∘C. This composi-
tion is widely utilized for the reason that the solidified alloy is formed
at phase transition point(Figure 1.2) between two steep liquidize lines
to provide favourable soldering and bonding performance [4]. A typical
process temperature from 300∘C to 320∘C provides rapid liquidus period
as well as fast solidification to effectively shorten the solder processing
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time. A high melting point also gives possibility for subsequent process
using other Pb-free solder with lower melting point over Au-Sn soldered
component, such as board level assembly of die-attached devices, or fol-
lowing packaging process that needs to be operated at high temperature.
Almost all studies on Au-Sn solder are based on this composition for its
wide industrial utilization. In this work, Au-Sn refers to Au-wt%20Sn
unless indicated otherwise.

Figure 1.2: Phase diagram of binary Au-Sn systems [5]

Deposition and reflow are two major steps of Au-Sn die-attachment
processes. Since solder wire or foil are no longer favoured because Au-
Sn is relatively brittle compared to other Pb-free solders like SAC, solder
preform is a conventional technology to deposit Au-Sn. Gold(Au) and
tin(Sn) components are mechanically mixed, where the particle scale
can be range from several micrometers to hundreds of micrometers for
different purposes of use, even nano-particle paste is sometimes used
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for special applications. The mixture then is moulded into preforms with
tailored dimensions. In most cases no flux or additives is added into Au-
Sn preforms. This technology allows Au-Sn to have desired shape before
soldering process, to increase the consistency of products.

Advanced technology such as electroplating provides a more cost ef-
fective alternate, by applying less material(especially for expensive gold)
in faster process speed and higher material availability, and it has al-
ready been introduced into volume production [6][7]. A layer of gold
and another of tin are electro-plated sequentially then reflow process
is directly taken to form eutectic alloy, where interdiffusion condition
induces microstructure variability [8]. This deposition technology pro-
vides lower inner-stress, better uniformity and less risk of oxidation im-
purity [9].

No matter what type of deposition method is used, the Au-Sn sol-
der needs reflow process, in which the deposited Au-Sn is heated above
its melting temperature than cooled down to solid, bonding between a
silicon die and a packaging substrate. Programmed reflow profile in-
cluding temperature controlling and ambient gas configuration is used
to achieve better soldering performance.

1.3. Solder Reliability Assessment
Fast growing of electronics competing market requires short research
and develop duration for new products, thus a rapid reliability assess-
ment for microelectronic packaging is highly demanded. Accelerated life
test(ALT) is introduced as a common methodology for lifetime predic-
tion in electronics industry. By applying laboratory tests with specified
harsh conditions, ALT reduces the test time from real-life test condi-
tions but still give accurate lifetime prediction on basis of several fail-
ure modes, such as strain energy accumulation and crack propagation
which often heavily determine the total lifetime of the entire product. A
typical thermal-mechanic accelerated life test for power electronic chips
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is achieved by a series of thermal cycling tests(Figure1.3). Additionally,
with the help of finite element analysis(FEA) the industry now has a
strong tool to rapidly predict lifetime of devices by simulating thermal
cycling tests, and to improve the lifetime performance during package
design phase.

Figure 1.3: A typical test temperature profile for packaging lifetime prediction

Material properties, especially viscoplastic properties characteriza-
tion is one of the most significant topic to solder material fundamental
study, which also has great value for reliability assessment. It is known
as rule of thumb that the creep behaviour becomes notable when tem-
perature exceeds half of the melting point(in Kelvin). As mentioned, for
its superior properties at high temperature, the 280∘𝐶 melting point Au-
Sn solder has been applied for many years in power electronic and op-
toelectronics, where operating temperature often reaches up to 175∘𝐶.
In these conditions, viscoplastic performance has dominant influence
on total thermal-mechanic response of the die-attach solder, and failure
modes like strain accumulation and crack propagation might be heavily
influenced by solder viscoplastic response.
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1.4. Challenges for Die-attach Solder in Electron-

ics Packaging Technology
Although Pb-free solders including Au-Sn have been brought to market
for several decades, challenges remain in modern electronics packaging
technology that require further study. Following closely to these existing
challenges the value and objectives of investigations in this work are
established.

1.4.1. Fundamental Investigation of New Pb-free Solders
Being accused as potential dangerous and harmful materials, Pb(Lead)-
based solder system is no longer favoured by industry after decades of
popular since strict environmental requirements were pushed by Re-
striction of Hazardous Substances(RoHS) and Waste Electrical and Elec-
tronic Equipment(WEEE) in EU countries since 2006, that Pb-free ma-
terials are musts during electronics manufacturing and assembly to be
certified as green products. Figure 1.4 indicates during last decade the
fast decrease in using of Pb-based solders, and on the contrary the rapid
increase in using of Pb-free solders. In some countries, traditional Pb-
based materials are even banned from use in certain applications. Con-
ventional packaging process uses Pb-Sn, Pb-In-Sn or Pb-Ag-Sn systems
as die-attach solder materials. Not satisfied the environmental require-
ments, these Pb-based solder systems lost market share against new
generation of Pb-free solders, such as SAC, Bi-based or Au-Sn systems.
There always lies challenges under a huge growth of Pb-free solders,
when new materials were developed continuously to fulfill growing in-
dustrial needs. Though Au-Sn has been applied to electronic industry
for many years, it is still a rather new type of solder that has not been
studied as intensively as other transitional Pb-based solders or early-
applied Pb-free solders, and does not have such systematic study of
their fundamental properties as conventional Pb-based solders, not to
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mention even further research that taking microstructure effects into
consider. Great deal of scientific value lies on the fundamental study
of material properties, including viscoplastic properties, of evolutionary
new solder materials.

Figure 1.4: Historical Trend in Proportion of Lead-free Versus Lead-based Solder Con-
sumption Worldwide. (Source: 2016 IPC Global Solder Statistical Program and Global
Solder Market Report)

1.4.2. Material Characterization Method for Fast Reliability
Assessment

Au-Sn solder is broadly used as die-attach material for high power elec-
tronics, such as solid state lightning, power electronics, radio frequency
electronics or laser optoelectronics, which always have common features
like high operating temperature, heavy duty-time and frequently switch-
ing. These harsh operating features can potentially shorten device life-
time by triggering multiple failure modes of die-attach solders. Many
efforts have been made to study failure mechanism and fatigue models
of die-attach structures, since the reliability of packaging is increasingly
important in industry of mass production power electronic devices, and
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huge price will be paid for any failure or break-down in these applica-
tion inevitably. With the help of finite element analysis(FEA) the industry
now has a strong tool to rapidly assess lifetime of devices, which rests on
various of numerical models describing material properties. Figure 1.5
shows a typical IC product development procedures where simulation-
based reliability improvement becomes a significant step among process
of designing new products.

Mechanical properties, including viscoplastic properties characteri-
zation is the centerpiece of building mechanical models especially for
die-attach solder materials. For manufacturers of electronics using Au-
Sn die-attachment, the Au-Sn raw material is very likely bought from
supplier rather than self-fabricated. Most reflow profiles are recom-
mended by solder supplier by considering soldering feasibility, product
reliability and process economics, after experiments of raw materials.
However due to many reasons, the actual solder in products might have
very different properties, which means it is very necessary for manu-
facturer willing to gain best soldering performance to have customized
solder characterization with tailored preference on their products. Nev-
ertheless, challenges exist when other side effects like microstructure
effect might appear under certain circumstances and need to be con-
sidered. There is not a standard characterization method regarding the
microstructure variation effect on mechanical properties for Au-Sn sol-
der, especially the viscoplasctic properties, which makes it extra difficult
to accurately evaluate product reliability by using FEA simulations. Be-
ing highly demanded by industry, an accurate characterization method
for solder material properties always contributes to industry values, or
in long-term view as economical values.

1.5. Research Objectives
The main object of this thesis project is to investigate on viscoplastic
properties of Au-Sn die-attach solder while considering microstructure
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Figure 1.5: A typical development logistics for IC product reliability improvement

as an effect factor, by analyzing data from a series of mechanical experi-
ments, and conclude the investigation by a group of viscoplastic models.
To fulfill the goal, following objects need to be achieved:

Establish a reliable method for Au-Sn solder viscoplastic prop-
erties characterization and modelling

Develop a consistent experimental method to authentically observe
and precisely measure the viscoplastic behaviour of Au-Sn solder.
The experiment data must contribute to a viscoplastic model sys-
tem that ought to agree with real experimental result and has prac-
tical value to be adopted in reliability assessment.

Investigate microstructure effect on Au-Sn solder viscoplastic
properties

Develop a consistent method to control Au-Sn solder microstruc-
ture and apply mechanical experiment upon different microstruc-
tures. Explain the influence on viscoplastic properties using mate-
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rialogy theory for Au-Sn solder. Build viscoplastic models for Au-
Sn solder with different microstructures, and compare the lifetime
predictions corresponding to different microstructures.

1.6. Outline
This following thesis consists four parts: a chapter that provides fun-
damental of Au-Sn solder properties and a theoretical methodology of
characterize its viscoplastic properties; a chapter explains a detailed ex-
perimental based methodology that is able to characterize Au-Sn sol-
der’s viscoplastic properties, including raw material introduction, test
specimen preparation, shear creep experiments and test data analyze;
a chapter presents a study of microstructure effect on Au-Sn solder vis-
coplastic performance by experiments and following analysis; and sum-
mary chapters consist conclusion and suggestions for future work.





2
Viscoplastic Models of Au-Sn

Solder

As a new Lead-free solder, Au-Sn solder has been widely used in many
heavy-duty applications as die-attach material, for its unique excellen-
cies in many properties, including viscoplastic properties. Theories are
given to support characterization frommeasurement to convincing mod-
els. This chapter provides a theoretical methodology for characterizing
its viscoplastic properties.

2.1. Introduction
Mechanic properties have been heavily studied for solder materials to
predict their reliability behaviours even before the devices existing. It
is important to study viscoplastic properties of solders that are used in
high power density applications, because the harsh thermal-mechanical
environment these applications can potentially meet. Currently in in-
dustries constitutive models simulated by finite element analysis(FEA) is
popularly used as tools to predict thermal-mechanical behaviours such
as strain-stress response and lifetime assessment, where the numerical

13



14 2. Viscoplastic Models of Au-Sn Solder

models are acquired from standard tests on materials. A good thermal-
mechanic viscoplastic model helps the industry to design robust prod-
ucts or improve manufacture processes to achieve higher economical
value by estimation of product lifetime with better accuracy. Therefore
it is necessary to build a methodology of characterize solder viscoplastic
properties. Creep models are often used to describe viscoplastic prop-
erties of material, by connecting multiple mechanical variables, such
as strain, stress, temperature and time, with one or a set of equations.
Most classic creep models are built subjectively to match experimental
data. With more studies being carried out on this subject, new models
with more capability were introduced.

2.2. Solder Viscoplastic Properties
Solder material properties have been divided into time-independent elas-
tic component, time-independent plastic component and time-dependent
viscoplastic component. Viscoplasticity is described as the phenomenon
that solid objects have non-elastic, time-dependent deformation under
constant mechanical stress, or time-dependent stress relaxation under
constant strain deformation. The phenomenon is also named as creep
behaviour, while the non-elastic, time-dependent strain is also named
as creep strain. The phenomenon occurs when the object is under ten-
sile, compressing or shear stress. Figure 2.1 shows a typical strain-time
curve for solder alloy under constant tensile or shear stress. Behaviour
of strain against time in Au-Sn solder is expected to be clearly observed
in three main stages [10]. The time-domain strain curve starts at a cer-
tain level of non-time dependent elastic and plastic strain. Then a very
short primary creep stage reflects a rapid decrease in strain rate after
the very beginning of creep. The strain rate then becomes steady when
it has decreased to a certain level, entering the steady-state creep stage,
or also known as secondary creep stage. The stable strain-rate will fi-
nally lead to a large strain that strain rate suddenly rapidly rises until
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an rupture occurs, which means the solder joint is mechanically broken.

Figure 2.1: Strain versus time curve for Au-Sn under constant shear stress

The Burger’s model is able to well describe solder’s three-stage strain
versus time curve, where material elastic, rate-dependent plastic and
viscoplastic strain are well fitted into one Equation 2.1:

𝜖(𝑡) = 𝑘ኺ + 𝑘ኻ𝑡 + 𝑘ኼ(1 − 𝑒𝑥𝑝(−𝑘ኽ𝑡)) (2.1)

The Burger’s model simplifies the creep mechanism into three ele-
ments in parallel, including a spring element representing elastic re-
sponse, a dashpot element representing steady-stage creep response,
and a frictional element representing primary creep response (Figure 2.2).
The equation form is a sum of three terms, where 𝑘ኺ is the non time-
dependent term refers to total elastic strain and pure plastic strain,
𝑘ኻ refers to the steady-state creep strain rate during secondary creep
stage, and the last non-linear term indicates the non-linear primary
creep strain.
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Figure 2.2: The Burger’s model and three-stage viscoplastic strain-time response

From the view of materialogy, although the precise mechanisms are
not completely clear, dislocation climb and grain boundary sliding are
deducted as two major mechanisms of viscoplasticy in solder alloys.

Dislocations are defects in crystal lattice structure, including edge
dislocations and screw dislocations. When shear stress inside the mate-
rial exceeds critical resolved stress, dislocation slip occurs and develops
an increase of dislocation density, until dislocations may not slip after
reaching the grain boundary due to orientation. The piled up disloca-
tions have to climb to another slip plane by atomic spacing. This process
leads to time-dependent plastic creep deformation, and the rate of steady
state dislocation movement increases exponentially with increasing tem-
perature in a certain range of stress. Significant literature exists sup-
porting dislocation slip and climb assisted with core diffusion is one of
the dominant creep mechanisms in SAC solder [11][12][13]. The mecha-
nism of void formation involves grain boundary sliding, which occurs un-
der the action of shear stresses on the boundaries, when grain boundary
sliding and grain decohesion caused creep deformation is the dominant
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mechanism leading to thermo-mechanical fatigue in some lead-free sol-
ders [14]. Researches revealed that the grain boundary sliding is one of
the major creep mechanisms in Pb-Sn solder [15][16], and similar result
was also given in Au-Sn solder by Zhang et al. [17]. Nevertheless, not all
viscoplasticy mechanism is constant when dominant mechanism could
switch, or becomes as the combination of several mechanisms under
specific conditions such as microstructure, temperature or stress level.

2.3. Viscoplastic Models
2.3.1. Classic Creep Models
As stated previously that a typical creep strain-time response has three
main stages. Elastic response has individual principle that is non time-
dependent, so as plastic response. Both two non time-dependent re-
sponses are not described in time-dependent creep models, but by in-
dividual elastic models and plastic models. Primary creep stage exits
in very short time, and the creep rupture only happens at extremely
large strains which is far from realities of die-attach application that
total creep response is dominated by steady-state creep stage. Thus fol-
lowing classic creep models only take steady-state creep into consider.
And they are the most adopted models in creep behaviour studies of
solder materials.

To describe steady-state creep behaviour, the classic Bailey-Norton’s
law [18], or sometimes called power creep law, is commonly used to
fit the general experimental results for solder materials [19][20][21][22].
The equation has a simple format as Equation 2.2

̇𝜖 = 𝐴𝜎፧ (2.2)

where ̇𝜖 is the steady-state creep strain-rate, 𝜎 is the stress, 𝐴 is a scaling
constant and 𝑛 is the stress exponent. Both 𝐴 and 𝑛 are expected as
temperature dependent parameters. The power law reveals the most
fundamental exponential relationship between stress and creep strain-
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rate. However it has limitation that the power law does not reveal any
connection between creep behaviour and temperature.

In the work of Zhang et al. [17] and Elmer et al [23], the Weertman-
Dornmodel [24] is used to fit the solder creep behaviour, which is defined
as Equation 2.3

̇𝜖 = 𝐴𝜎፧𝑒𝑥𝑝(− 𝑄
𝑅𝑇) (2.3)

The equation is developed from Bailey-Norton’s law, where 𝑄 is the
activation energy of the deformation, 𝑅 is the gas constant, and temper-
ature 𝑇 is brought into consideration. Then Garofalomodel [25] was also
introduced to comparison, which is defined as Equation 2.4

̇𝜖 = 𝐴[𝑠𝑖𝑛ℎ(𝛼𝜎)]፧𝑒𝑥𝑝(− 𝑄
𝑅𝑇) (2.4)

where hyperbolic sine function and a coefficient 𝛼 are introduced to
correct the fitting under very high stress condition. The result of the
work shows both models are able to provide better fit of Au-Sn creep
behaviour under certain temperature conditions, and Garofalo model
has a better agreement with experimental data due to a lower variance
of error. Furthermore, Liu et al [26] explains in their work when 𝑛
is between 3 and 7, the creep deformation is attributed to dislocation
climb and glide. Other creep models such as Larson-Miller [27], Manson-
Haferd [28], Monkman-Grant [29], are based on the similar principle of
Norton’s law but add adjusting parameters to have better agreement with
experiment data.

Parameters of these classic creep models can be obtained by non-
linear fitting with data groups of creep strain-rate ̇𝜖, applied stress 𝜎
and temperature 𝑇 from a series of tensile or shear experiments on tested
solder samples. But these models have limitation of focusing on steady-
state creep stage, and ignoring primary creep stage that also contains
viscoplastic information.



2.3. Viscoplastic Models 19

2.3.2. Anand Viscoplastic Model
The Anand model [30] is a constitutive model to describe the inelastic
behaviour including rate-dependent plastic and creep response under
high homogeneous temperature, giving a better fitting for experiment
results, when both primary creep and steady-state creep are described.
The equation of Anand model is defined as Equation 2.5

̇𝜖 = 𝐴[𝑠𝑖𝑛ℎ(𝜉𝜎𝑠 )]
Ꮃ
ᑞ𝑒𝑥𝑝(− 𝑄

𝑅𝑇) (2.5)

where an internal variable 𝑠 and stress scaling coefficient 𝜉 are intro-
duced on basis of classic equations. 𝑠 is defined by a set of evolution
equations as Equation 2.6

�̇� = ℎኺ|1 − 𝑠/𝑠∗|ፚ ⋅
1 − 𝑠/𝑠∗
|1 − 𝑠/𝑠∗| ⋅ ̇𝜖, 𝑎 > 1

𝑠∗ = �̂�[ ̇𝜖𝐴𝑒𝑥𝑝(
𝑄
𝑅𝑇)]

፧
(2.6)

where ℎኺ is the hardening constant, 𝑎 is the strain rate sensitivity,
𝑠∗ is the saturation value of 𝑠 and �̂� is the coefficient value. The evolu-
tion equation has an extra initial condition of 𝑠(0) = 𝑠ኺ, where 𝑠ኺ is the
initial value of 𝑠 at initial time 𝑡 = 0. Classic creep models have limita-
tion in describing complex viscoplastic functions, nevertheless complex
evolution models like Anand model was not applied in practical use un-
til computation ability has been strongly enhanced thanks to computer
science growth since 70s, which promises new opportunity and chal-
lenge to investigate complex viscoplastic models. When FEA has been
gradually used to predict the reliability behaviour of mechanical struc-
tures, yet the viscoplastic model is often involved into simulation only
after the model is input as user-defined codes, which is very compli-
cated and time consumptive. To solve this problem, some FEA tools
has pre-load viscoplastic model code to avoid complex user-defined set-
tings. The very complex Anand model is already available in commercial
FEA software, and has been often used in solder mechanical simulations
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corresponding to reliability assessment [31][32][33]. However it seems
limited literature exists that Anand model is used to investigate Au-Sn
solder viscoplastic properties.

In total nine parameters are needed to determine the Anand model:
𝐴, 𝑄, 𝜉,𝑚, ℎኺ, �̂�, 𝑛, 𝑎 and 𝑠ኺ, where the stress scaling coefficient 𝜉 is always
set to a constant. Parameters of Anand model can be differed due to
variation of experimental design or data fitting methods. The parameters
can be determined from experiment data of creep tests, where a series of
creep strain 𝜖 versus time curves are measured under various of applied
stress 𝜎 and temperature 𝑇. The determination of model parameters
steps are:

1. Measure creep strain versus time curves under multiple stress and
temperature conditions by standard tensile or shear tests.

2. Fit each strain versus time curve withBurger’smodel(Equation 2.1).

3. Obtain strain-rate versus time curves by differentiating Burger’s
equations.

4. Obtain all parameters by fitting strain versus strain-rates curves to
math deducted Equation 2.8 with corresponding stress and tem-
perature data [33].

𝜖 = 1
𝑐ኽ(𝐴ዅፚ ̇𝜖)፧

[{𝑐ኼ(𝐴ዅኻ ̇𝜖)፧ −
𝜉

𝑠𝑖𝑛ℎዅኻ(𝑐ኻ𝐴ዅኻ ̇𝜖)፦
}ኻዅፚ − {𝑐ኼ(𝐴ዅኻ ̇𝜖)፧ − 𝑠ኺ)}ኻዅፚ]

(2.7)

where

𝑐ኻ = 𝑒(
ᑈ
ᑉᑋ )

𝑐ኼ = �̂�{𝑐ኻ}፧

𝑐ኽ = (𝑎 − 1)ℎኺ(𝑐ኼ)ዅፚ
(2.8)



3
Viscoplastic Properties

Characterization for Au-Sn Solder
Based on Shear Creep Tests

This chapter provides an experimental methodology that is able to char-
acterize Au-Sn solder’s viscoplastic properties. Furthermore including
raw material introduction, test specimen preparation, shear creep tests
procedures and test data analyze are explained. At the end a validated
viscoplastic model of tested Au-Sn solder is given.

3.1. Introduction
As stated in Chapter 2, experimental data of creep tests, where a se-
ries of creep strain 𝜖 versus time curves are measured under various of
applied stress 𝜎 and temperature 𝑇, is required to derive a viscoplas-
tic model of Au-Sn solder. In die-attachment application, shear stress
is more likely to occur on Au-Sn solder when silicon die and packag-
ing substrate often have coefficient of temperature expansion(CTE) mis-
match. Therefore a viscoplastic model under shear stress condition is
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preferred for solder applications. Standard test procedures are often
used for study mechanical properties of common metal alloys. However
there is no existing standard test used in this project for testing Au-Sn
solder mechanical properties for following reasons;

In commercial application the scale of the Au-Sn joint is often limited
as BGA solder balls with diameter of tens of 𝜇𝑚, or a thin die-attach film
with a few 𝜇𝑚 thick and a few 𝑚𝑚 in length and width, which will pos-
sess very different physical performance compared to bulk standard test
specimens. The reason is assumed by existing studies that reveal the
Au-Snmicrostructure has heavily dependency on size-effect. In the work
of Hutter et al. [34], different sizes of Au-Sn solder bumps were observed
to have various microstructure geometry in cross section and achieved
different electrical yield performance in fatigue tests. The microstruc-
ture of 𝜇𝑚-scale Au-Sn solder joints has been studied by Yoon et al. [9],
which shows the phase distribution in Au-Sn joint is non-homogeneous
with irregular-shaped coarse grains. The grains of a single phase might
scale up to 10𝜇𝑚, thus under realistic applications Au-Sn solder might
not be considered as eutectic of a general composition as bulk materials.
That is to say, the microstructure effect can not be negligible with 𝜇𝑚-
sizedmaterials, like a thin layer of Au-Sn. Therefore, to perform accurate
mechanical analysis for Au-Sn die-attach solder, parameters from char-
acterization tests upon similar scale of specimens are considered more
reliable than conventional bulk-based standard tests.

Classic dog-bone tensile specimens or V-notched beam shear test
specimens aremajorly used in standardmetal viscoplastic property char-
acterization, which is normally in 𝑚𝑚-scale of length, width and thick-
ness. However considering the major content is pure-gold, the Au-Sn
solder is no doubting an extremely costly material. It is not realistic
for experiment operators to fabricate bulk Au-Sn specimens in large
amount, and neither to ask material supplier to mold specimens in tai-
lored dimensions.
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Therefore instead of standard test with bulk size specimens, charac-
terization must be taken by Au-Sn specimens with similar dimensions to
its realistic applications. That is to say, the Au-Sn solder in experiments
ought to have a geometry of very thin layer that its thickness should be
in range of 5 to 50 𝜇𝑚. In this work, Au-Sn preform films in certain
dimensions were sponsored. Then constant stress creep test profile is
used on test specimens, and information of Au-Sn solder including creep
strain 𝜖 versus time curves are measured under various of applied stress
𝜎 and temperature 𝑇.

3.2. Experiment Preparation

3.2.1. Specimen Design
As it is stated above, it is not only a obligatory but also a preference that
the scale of test specimens should be similar to actual application to
approach the real response. In this work a shear test set-up for Au-Sn
solder viscoplastic properties characterization is designed, where a sin-
gle shear test specimen consists two flanges and one Au-Sn preform, as
shown in Figure 3.1. SOT1250 ACP flanges were used as shear force con-
ductors and test joint supporters. In following part of this work flanges
or copper flanges refer to the SOT1250 ACP flanges. The flange has phys-
ical geometry parameters as shown in Figure 3.2. It is generally used
in mass production of SOT1250 ACP packages as package substrate.
The flange has a core of pure copper(Cu) which is considered to be rigid:
high elastic Young’s modulus, high plastic yield stress and very high
creep resistance. In ideal single side shear tests, parallel shear force
are operated on both sides of test Au-Sn joints. And the shear force
conductors should be ideally rigid materials to avoid false read-out of
set-up deformation. Among others it is also very essential to have the
creep deformation of flange under experimental temperature negligible.

The flanges have surfaces firstly coated with a 10𝜇𝑚 layer of silver(Ag)
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Figure 3.1: Shear test specimen with Au-Sn preform and two flanges

Figure 3.2: SOT1250 ACP flange dimensions
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as a stress relief layer, then a thin 0.5𝜇𝑚 layer of nickel(Ni) to prevent
atom diffusion against sliver layer. On top of nickel layer is fine coated
with 30-100𝑛𝑚 palladium(Pd) then 3-12𝑛𝑚 gold(Au) to give better sol-
dering wettability and also prevent surface oxidation. Two surface treat-
ment profiles are operated respectively on two sides: on top side, where
die and die-attachment are located, the middle area of flange, or so called
soldering area, is treated to have very fine surface roughness(maximum
bump size less than 1.5𝜇𝑚) and high flatness(maximum flatness toler-
ance within 0.01905𝑚𝑚), to achieve better soldering performance and
consistency. Other area on top surface has less treated surface rough-
ness that maximum bump size is less than 12.5𝜇𝑚. The bottom surface
is unused for die mounting or any other electrical connecting, there-
fore the whole surface has less treatment for cost saving, thus the fine-
treated area on top surface was used as soldering area. All flanges were
cleaned before shipment therefore no extra cleaning is needed before
sample preparation.

The tested Au-Sn solder raw material was chosen in a form of pre-
manufactured thin films, or so called preform. In the rest of this work,
Au-Sn preform refers to Au-Sn raw material before sample fabrication.
The Au-Sn preform dimension was designed as 0.079 x 0.079 x 0.002
𝑐𝑢𝑏𝑖𝑐𝑖𝑛𝑐ℎ(or 2.000 x 2.000 x 0.050 𝑚𝑚ኽ) manufactured by Corning. The
reasons this dimension was chosen are:

• to have good operability during manual specimen assembly, where
preforms need to be manually picked and placed by tweezers

• to have large margin of cross section area when the specimens need
to be sliced and examined under microscope for microstructure ob-
servation

• to have rather small shear area that the shear stress will be high
enough to initiate obvious creep deformation in short test time

It is rather necessary to mention that the Au-Sn preforms should
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be placed in a sealed package in cool, dry environment where direct
sun is kept out, to avoid contamination and extra oxidation on surfaces.
Figure 3.3 shows a Au-Sn preform on bottom flange with align holes.

Figure 3.3: Dimensions of Au-Sn preform on bottom flange with align holes

Figure 3.4: Dimensions of align holes in flanges(unit: mm)
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Single shear test requests that the shear forces on two sides must be
applied in parallel during whole test process. And it is also very hard
to measure joint height for all specimens before or after test, when joint
height is a must parameter for creep strain rate calculation. This is re-
questing that two flanges must be perfectly aligned to parallel with each
other for any specimens, and the distance between two flanges must be
controlled in advance during specimen preparation. Any misalignment
of flanges causes uneven distribution of shear stress at Au-Sn joint area,
or brings peeling force component to pure shear test. A feasible and
consistent specimen prepare process was operated in this work, where
a specially designed jig and spacer films are introduced. Flanges need
to be modified before they are assembled to test samples. Align markers
were precisely curved on the flange surface, where two align holes were
drilled through. Drawing design of the align holes and final appearance
of align holes are shown in Figure 3.4. These holes would be used as
align markers of sample assembly.

3.2.2. Specimen Preparation
In Figure 3.5, the fabrication of shear test specimens are listed in 8 steps:

Step 1 Clear any glitch or particles in align hols

Step 2 Place bottom flange through two align pins and on the align jig

Step 3 Place Au-Sn preform in soldering area by tweezers

Step 4 Put spacer films on bottom flange and dummy flange

Step 5 Place top flange through two align pins and on the spacers

Step 6 Place weight on the top flange

Step 7 Carefully load the set up into reflow oven, and run programmed
reflow profile
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(a) Step 1 (b) Step 2

(c) Step 3 (d) Step 4

(e) Step 5 (f) Step 6-7

(g) Step 8

Figure 3.5: Preparation procedures of Au-Sn shear creep test specimens
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Step 8 Unload the set up, remove the jig, spacers and dummy flange

A jig is designed to make alignment of two flanges(Figure 3.6). It is
made of a piece of pure copper(Cu) which has larger dimensions than
flanges. Two steel pins were riveted onto the copper piece and could
perfectly match the align holes on flanges. These two parallel mounted
align pins are able to fix two flanges during assembly. The diameter
tolerance of align pins and holes is controlled below 10%. Spacer films
and dummy flanges are introduced to control the joint height among all
specimens. The spacer films are pure copper(Cu) thin films in constant
thickness, which is 40𝜇𝑚 in this work. The dummy flange is same as
flanges being used in specimens, and supports the top flange to have
parallel alignment during reflow process. Weight is used to give vertical
pressure on top flange so that spacer films are properly pressed and
kept flat. In this work the weight was three flanges providing 15 grams
gravity weight, which was determined by experience from experts. The
assembled set-ups ready for reflow process are shown in Figure 3.7.

Thermal expansion during reflow process was also a necessity to be
considered. Several trial tests showed that the holes will choke align
pins due to thermal expansion of pin and shrinking of the hole, which
enhance the security of flange fixing. The copper expansion among jig,
flanges and spacer contributes to a joints thickness increasing of 0.2𝜇𝑚,
or 0.5% relative error in thickness, when maximum temperature during
reflow process could go up to 320∘C. The reflow process would be oper-
ated in reflow oven SRO702/704 (Figure 3.8). The reflow oven provides
an hermetically sealed and iso-thermal chamber where temperature can
be precisely programmed by profile input. Chamber atmosphere could
either controlled to vacuum or certain type of supplied gas.

In mass production of using Au-Sn preform as die-attach material,
a certain reflow temperature profile is used. The profile consists eight
phases that each phase has its own purposes. The temperature and
gas configuration profile is shown in Figure 3.9 where reflow phases
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Figure 3.6: A jig with two align pins and two copper flanges with matching align holes

Figure 3.7: Specimen set-ups ready for reflow process
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Figure 3.8: Reflow oven SRO702/704 used in sample preparation

Figure 3.9: Reflow temperature and gas ambience profiles
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are marked as (I) to (VIII). Key parameters are specified: heating rate is
3K/sec, temperature above liquidus(TAL) is 40∘𝐶, ramp rate is 3K/sec
and rapid cooling rate is 4K/sec. This standard profile is also used in
mass manufacture of products with Au-Sn solder in die-attach process.
Besides reflow temperature profile, it also requires pressure during re-
flow process to prevent voids in the solder, however high pressure occa-
sionally causes edge flaws or push the solder out of the die edge, even
damage the die [35]. Thus nowadays Au-Sn reflow process is mostly
carried out under vacuum then reductive atmosphere mixed gas of hy-
drogen and nitrogen, with efficient lower pressure to suppress oxidation
layer to form [36][37][38].

(I) Fast heat from room temperature to 200∘C, heating rate is 3K/sec.

(II) Temperature stays at 200∘C for 90 seconds, vacuum the chamber.

(III) Fast heat to 270∘C, heating rate is 3K/sec, charge reduction gas
(mixed of hydrogen and nitrogen) to reduce surface oxidation.

(IV) Temperature stays at 260∘C, wait 105 seconds for fully oxidation
layer reduction.

(V) Fast heat to 320∘C, heating rate is 3K/sec, Au-Sn preform starts to
melt and wets the soldering surface.

(VI) Temperature stays at 320∘C for 25 seconds, Au-Sn preform melts
into liquid state.

(VII) Cool the chamber to 270∘C in programmed rapid cooling rate of
4K/sec, charge nitrogen gas to maintain cooling rate. Total TAL
time is 48.3 seconds.

(VIII) Open chamber and cool the specimens down to room temperature
by air convection.
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After reflow process the align jig and spacers are detached from the
specimen. The preform melts and forms a thin layer of Au-Sn joint be-
tween two flanges. The joint is so brittle that the specimens need to
be kept in cases with cushioning foam pads to avoid joint cracking be-
fore shear tests. Figure 3.10 shows prepared specimens ready for shear
tests.

Figure 3.10: A prepared Au-Sn specimen for shear creep tests

3.3. Experimental Procedures
3.3.1. Dynamic Mechanical Analyzers(DMA)
The shear creep test will be operated by TA Instruments Q800 Dynamic
Mechanical Analyzers(Figure 3.11) with capability listed in Table 3.1.
DMA gives possibility of measuringmechanical properties as functions of
time, frequency and temperature, on various types of material like metal
or polymer. DMA is commonly used by scientific researchers as well as
industrial users for material characterization or performance tests. DMA
provides high accuracy displacement measurement with very fine pre-
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cision up to 1𝑛𝑚. It has also been used in viscoplastic property studies
on various solders.

Figure 3.11: TA Instruments Q800 Dynamic Mechanical Analyzers(DMA)

Table 3.1: Q800 DMA capabilities and specifications from user manual

The active shaft is the active part in DMA, which is driven by electro-
magnetic motors and floating on non-contact air bearings. This allows
the shaft to be active with little friction and less momentum lag. Test
samples fixed at active shaft, are also fixed by an alternative clamp on
the other side. A certain clamp is chosen to full fill one of mechani-
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cal tests: tensile, double-side shear, compress or 3-point bend. In this
work only standard tensile clamp was used(Figure 3.12). DMA also has
a furnace chamber that allows measurement under controlled temper-
ature or humidity profiles. The furnace is made of iso-thermal material
to secure temperature stability in the furnace.

Figure 3.12: DMA standard clamp and active shaft

3.3.2. Shear Creep Test Methods
Two flanges of one specimen were respectively fixed at the active shaft
and clamp(Figure 3.13). The fixer of active shaft can be slightly shifted
horizontally to align with flanges, making sure that the shear movement
is parallel to flanges. It is sufficient to do the alignment by naked eye
because the air bearing gives the shaft a tilting margin of several degrees
that the shaft is able to automatically compensate slight misalignment.
Fixer on active shaft was tightened before tightening clamp fixer, to avoid
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risk of break specimen from applying too much tightening force while
the shaft fixer could still be moving. The furnace was closed and locked
when specimen was secured by both fixers.

”Creep-and-hold” DMA test profile is shown in Figure 3.14. For fresh
load tests, i.e. the specimen is just loaded to DMA set-up and the furnace
needs to be heated from room temperature to set temperature, there was
a period of 20 minutes for thermal equilibrium, to ensure the whole set-
up has uniformly distributed temperature. For non-fresh load tests, i.e.
the specimen has just finished a test session and immediately starts
next test session, the thermal equilibrium time is reduced to 5 minutes,
reasons being the Au-Snmicrostructuremight change due to exposing in
high temperature especially in 175∘C and 200∘C tests, or in other words
to reduce thermal annealing effects. It is worth noticing that a very low
pre-load force(F=0.010N) was applied during thermal equilibrium period.
This pre-load force is taken for pre-tightening all potential clearances
between set up and fixers or in electro-magnetic motors. Before applying
shear creep tests on Au-Sn specimens, a dummy test was taken that
guaranteed no creep was detected on flanges or equipment under test
conditions.

After thermal equilibrium period a programmed load force was ap-
plied on active shaft. To avoid step shock of shear force, which might
generate vibration and inertia displacement, the force loading and un-
loading were programmed to linearly increase from pre-load force to set
force and decrease to pre-load force both in 1minute. Load force stopped
increasing when it reached set hold force. The active shaft position was
precisely recorded afterwards, which indicates the shear creep displace-
ment. The creep hold time was 30 minutes for 125∘C, 175∘C and 150∘C
tests since under lower temperature Au-Sn has lower creep rate, there-
fore it needs longer time to observe and record significant information.
The creep hold time was reduced to 20 minutes in 200∘C tests to avoid
thermal annealing effects. Shaft displacement, load force and tempera-
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Figure 3.13: Test set up on DMA clamps before shear tests

Figure 3.14: DMA force and temperature profiles of shear creep tests
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ture data were recorded every second. Figure 3.15 shows one of the test
output curves, where the test was done under 175∘C and load force was
18N.

Figure 3.15: DMA output: shear displacement versus time of test(F=18N, T=175∘C)

Two large step responses occur at the moment that shear force starts
to load or unload. It is caused by clearance between the test sample and
clamp fixers, or slight clearance in DMA air bearings. During very short
force loading and unloading steps, the total deformation increased or de-
creased almost in linear which can be considered as time-independent
deformation. However not only the deformation of Au-Sn test joint was
recorded but also other time-independent deformation of the flanges,
clamps and active shafts, which has similar spring factor(𝑘 ≈ 10). That
is to say, the time-independent element of Au-Sn test samples were not
able to be measured. Inevitably, part of primary creep strain occurs
in force load step, but the loading speed is set fast to reduce the over-
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lap period. Steady-state creep deformation was recorded during force
hold-and-creep step, and the slope, or creep rate was close to constant
as expected. It is necessary to point out that some tests, especially at
low shear force, a reduction of deformation is observed in steady state
stage(also seen in Figure 3.19), which indicates a strain drop or even
sub-zero strain. It is not very possible that the sample shrink when ap-
plied shear force, but probably because the force was too low to resist
external influence, such as temperature drifting or vibrations.

Figure 3.16: Full factorial DoE of 28 tests: 5 tests failed, 23 tests succeeded

A reasonable Design of Experiment(DoE) is able to effectively reduce
test workloads while maintaining sufficient information extracted from
experiments. Full factorial DoE provides maximized information from
tests by covering all combinations of factors. Considering test work-
loads and equipment capability, a full factorial DoE of 4 temperature
conditions and 7 shear force conditions was used. Figure 3.16 shows
total 28 full factorial tests done. Where 5 of 28 tests failed(in red) for not
having sufficient information of creep strain-rate, because at these tests
the shear force applied was too low to generate obvious creep strain in
limited test time, and the deformation slope was hidden or mixed with
equipment error. Eventually 23 of total 28 tests gave usable data.
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3.4. Experiment Result and Analysis
DMA output contains time 𝑡, shaft displacement Δ𝑑, load force𝐹 and
temperature 𝑇 data. Data processing is needed to extract required creep
strain, creep strain-rate and shear stress information by Equation 3.1.

𝜖 = Δ𝑑
ℎ

̇𝜖 = 𝑑𝜖
𝑑𝑡 =

1
ℎ
Δ𝑑
𝑑𝑡

(3.1)

where creep strain 𝜖 is determined as division of displacement Δ𝑑 and
joint height ℎ, which is 40𝜇𝑚 that was controlled by spacer films in spec-
imen preparation process. And creep stain-rate is deducted as the slope
of displacement versus time curve divided by joint height. The strain-
rate value is adopted as the average slope of total creep time, while ex-
perimental errors are also taken from minimum and maximum average
slope of 3 minutes during total creep time.

𝜎 = 𝐹
𝐴 (3.2)

Shear stress is determined as shear force 𝐹 dividing solder joint area
𝐴(Equation 3.2). Nevertheless it is impossible to measure the solder joint
area until the specimen is broken. Although the Au-Sn solder preform
has a regular shape, the solder is still possible to move in liquid state
because of surface tension, external vibration or displacement of the
set-up, which results the solder joint irregular in shape, and difficulty
in calculating solder area. As shown in Figure 3.17, the irregular area
size was measured by counting pixels from SEM images after deliber-
ately breaking the specimen. The value was averaged by multiple mea-
surements, and error bars indicate maximum and minimum measured
result. To simplify the calculation, engineering area was used, where the
stress is assumed to be constant during deformation, instead of being
slightly differed due to shear area or thickness changes as true stress.
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Figure 3.17: Au-Sn solder joint area measurement by counting pixels from SEM images

Figure 3.18: Au-Sn creep strain-rate versus shear stress under different temperature
conditions
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Processed data from the shear creep test of Au-Sn solder is shown
in Figure 3.18. The creep strain-rate shows exponential feature against
shear stress, and separation against temperature. The data is sufficient
for building classic creep models or advanced Anand viscoplastic model.

3.5. Numerical Procedures
3.5.1. Model Parameter Fitting
The viscoplastic properties of Au-Sn can be well described by Anand
model, and its parameters can be determined by a series of creep tests,
which were performed in previous sections. Following the steps stated
in Chapter 2, all strain-time curves were firstly fitted in form of Burger’s
equation(Equation 2.1). Since the full factorial experiment consists more
than 20 sets of data, only the fitting process of one group of tests are
shown as an example. Figure 3.19 shows strain versus time plots from
experiment at temperature of 175∘C, and the dot lines indicate fittings
for Burger’s equation. And processed strain versus strain-rate curves
are shown in Figure 3.20, where dot lines indicate the result of Equa-
tion 2.8 fitting. Non-linear aggression method was used to determine the
parameters of Anand model. Iterations are taken in other data groups
with different test temperature for the sake of goodness of fit that corre-
lation coefficient(r-square) during fitting process were all above 0.8. The
determined parameters for Anandmodel are listed in Table 3.2. It is nec-
essary to point out that not all FEA software are using same parameter
symbols. To avoid confusion in parameter definitions, it is always rec-
ommended to check model definition before apply model to simulation.

Table 3.2: Table of Anand model parameters determined from Au-Sn creep shear test
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Figure 3.19: Strain versus time plots from experiment output and Burger’s equation
fit curves(T=175∘C)

Figure 3.20: Strain versus strain-rate curve for parameter fit of Anand model(T=175∘C
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3.5.2. Model Validation
Since the parameters of Anand model have been determined by data
fitting, it is necessary to validate themodel by using it in a reconstruction
of shear creep tests simulation, then compare the model prediction data
with experiment data. A 2-D model of sample#58 was constructed in
COMSOL Multiphysics 5.2 with mesh shown in Figure 3.21. Horizontal
force is applied on a ideal rigid body that shear the Au-Sn solder joint.
The joint has dimensions measured from Au-Sn joint of sample#58.

Figure 3.21: 2-D FEA model of the Au-Sn shear creep test sample

Figure 3.22: Validate Anand model parameters with steady-state creep strain-rate ver-
sus shear stress for Au-Sn
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Same force loading profile as experiment was used in the simulation
for a time-dependent study, and it was repeated with different shear
stress and temperature settings. The compared steady-state creep strain
rates versus shear stress curves are shown in Figure 3.22. Apart from
several deviated data points, the steady-state creep strain rate from
Anand model prediction agrees with experiment data.





4
Microstructure Effect on

Viscoplastic Properties of Au-Sn
Solder

In general definition, microstructure is the physical structure of material
under observation of microscope. Inmanymaterials likemetal(especially
alloys), polymers and composites, microstructure can significantly in-
fluence macro-scale behaviors, such as thermal, chemical, mechanical
properties, etc. Therefore microstructure study is one of the most es-
sential discussions for material property study since it reveals most me-
chanical appearances with underlying mechanisms. In this chapter a
qualitative investigation of microstructure effect on Au-Sn solder vis-
coplastic performance is conveyed by the established characterization
method.

4.1. Introduction
Au-wt%20Sn composition consists of two major phases at solid state:
𝜁-phase(AuSn) and 𝛿-phase(AuSn)[39][40][41]. The microstructure of

47
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Au-Sn solder alloy varies in phase type, phase distribution and phase
conversion due to many factors such as reflow process and interface
effect.

In reflow process, Au-Sn die-attach solder is heated with a programmed
profile and attached to bond the die and package substrate. Many re-
search reveals that the reflow profile is one of the key facts that deter-
mine the microstructure of Au-Sn solder interconnects, which can re-
markably differ by changing key parameters in reflow temperature pro-
file. Higher TAL temperature or lower ramp rate during liquidus phase
is found to contribute to excessive large 𝜁-phase grains[42]. Same result
is observed by using lower cooling rate, when conversely a fast cooling
rate(>10K/sec) the large grains of 𝜁-phase start to be suppressed but
small particles of 𝛿-phase are expected to appear[43]. This study re-
veals the relationship between reflow cooling rate and microstructure
after solidified, when a slow cooling profile with conventional air cooling
processes results large dendrites of 𝜁-phase, while fast cooling rate by
copper injection and copper suction suppresses large primary phase to
generate and tends to result in uniform phase dispersion. The mecha-
nism of this phenomenon is discussed in following section.

Studies[44][45] have been carried out about the interfacial effect of
Au-Sn solder. Package substrates are often coated with Ni, Ti, Pt or Au to
adjust interfacial behaviour. Extra intermetallic compounds is expected
to form at the boundary between Au-Sn and substrate due to atom dif-
fusion and electrical reaction, even void might be created [46]. The mi-
crostructure variation introduced by interfacial effect also depends on
temperature which makes it more complex to analyze. In most cases
pure gold(Au) coating is used to avoid extra metal components into Au-
Sn system but still the microstructure near interface will be changed
due to Au proportion difference that gold-rich phases will be very likely
to group in to dominant phase near gold coating interface.

It is worth to investigate how the mechanical properties, especially
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viscoplastic properties of Au-Sn solder will be changed due to the mi-
crostructure variation, and so as how these changes will influence reli-
ability performance. Despite of lot of similar studies being carried out
on other widely used Pb-free materials such as SAC, surprisingly few
studies of the mechanical properties with regard to microstructure ef-
fect on Au-Sn solder exist in literature. In the work of Namazu et al.[10],
XRD tensile and creep tests were carried out to Au-Sn solder ball spec-
imens, with the creep properties measured temperature ranging from
323K to 373K. The test was taken on eutectic Au-Sn specimen, proper-
ties of individual phases were not given. Liu et al.[26] studied thermal
mechanical properties of the eutectic Au-Sn solder using nanoindenta-
tion, and the indentation mark was large enough to cover both 𝜁-phase
and 𝛿-phase grains so the measurement gave a global characterization
of mixed phases instead of a fully portable element model on each phase.
In the work of Chromik et al.[47], mechanical properties of the different
Au-Sn phases were tested respectively, including elastic modulus, hard-
ness and short-time creep behaviour. Quasi-static elastic and plastic
properties of multiple intermetallics were measured using nanoindenta-
tion. The 𝜁-phase and 𝛿-phase were found having higher hardness and
stress, and comprising enhance the creep behaviour of the eutectic sol-
der. However the experiment was taken only under room temperature.
In the work of An et al.[48] the elastic and plastic constants of single-
crystal 𝜁-phase and 𝛿-phase were determined by ab initio calculations
using psedopotential plane-wave method, however the values were not
perfectly matched with experimental results. Conclusion can be made
that many studies have been carried out for years about properties of
Au-Sn solder, including viscoplastic properties. Several literature in-
cludes classic creep models trying to generally describe the viscoplas-
tic behaviour under certain circumstances. However, there exists no
fully experiment-based model of viscoplastic properties that takes mi-
crostructure effect into consider. From related studies of other solder
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materials, the microstructure is one of the most significant factor that
determine the reliability properties of these solder joints, and so it might
be for Au-Sn solders. The objective of this part of work, it to study how
the viscoplastic properties of Au-Sn solder will change due to the mi-
crostructure variation, and so as how will the change influence reliability
or lifetime predictions, where the viscoplastic properties characterization
method established in Chapter 3 was used.

4.2. Change Au-Sn Microstructure by Controlling

Reflow Cooling Rate
4.2.1. Sample Preparation
In this work, the method to change Au-Sn microstructure is controlling
reflow cooling rate, which has been generally investigated in many other
materials. The sample design with flanges and Au-Sn preforms is identi-
cal as stated in the Chapter 3, and preparation procedures are very sim-
ilar. The only controlled parameter is reflow profile, specifically cooling
rate. In previous work the specimens were prepared with standard reflow
profile, which has rapid cooling rate(RC) of 4K/sec. Literature[43] indi-
cates that to obtain remarkable difference in microstructure, the cooling
rate between test groups should be very large. Therefore, slow cooling
rate(SC) of 0.2K/sec and fast cooling rate(FC) of 200K/sec are adopted
in following experiments. Including RC specimens in previous chapter,
there are three reflow profiles(Table 4.1 in total to be investigated.

Figure 4.1: Parameters of three reflow profiles
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Figure 4.2: Three reflow profiles with different cooling rates

Figure 4.2 presents three reflow profiles for potentially leading to dif-
ferent Au-Sn microstructures. Three profiles are identical in gas con-
figurations, i.e. the profile for vacuum and mixed gas of hydrogen and
nitrogen will be identical for all profiles. Temperature controlling in all
profiles have identical heating program, too. After TAL phase, both SC
and RC cooling rates were controlled by reflow oven when they are still
in range of reflow oven’s temperature controlling capability, yet it could
not provide higher cooling rate to achieve FC cooling rate of 200K/sec.
Therefore FC profile specimens were immediately taken out from reflow
oven to a water container, where water cooling method is able to fast
cool the whole set-up from 320∘C down to room temperature less than
1.5 seconds. It is noticeable that during TAL phase the oven cham-
ber was charged with mixed gas of hydrogen and nitrogen, therefore for
safety reasons, pure nitrogen gas was quickly charged before taking out
specimens to flush risky hydrogen out of chamber. Even safety action
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might slightly influence fast cooling rate because the specimens might
be slightly cooled down by flushing nitrogen gas before taken out from
chamber, the flushing action happened extremely fast that the Au-Sn
would still in melting state before taken into water cooling, and the cool-
ing rate was dominated by water cooling during Au-Sn solidification.

4.2.2. Microstructure Investigation
Scanning electron microscope(SEM) imaging is a necessity to examine
microstructure of An-Sn die-attach layer after reflow process. In this
work, cross-section SEM samples were made for energy filtered back
scattering electron(BSE) imaging, which were prepared in standard cross-
section SEM sample procedures:

1. Stabilized the soldered flanges by gluing two 2𝑚𝑚 brass rods in the
align holes

2. Smear additional epoxy around the specimen

3. Mark Au-Sn soldered area by optical microscope

4. Saw the epoxy stabilized specimen at soldered area

5. Grind and polish cross-section surface with 3𝜇𝑚 Mylar bonded di-
amond films on a glass plate

6. Polish using cloth sequentially from 3𝜇𝑚, 1𝜇𝑚, 0.25𝜇𝑚 to 0.1𝜇𝑚
diamond slurry

7. Polish using 60𝑛𝑚 colloidal alumina with propylene glycol as coolant
to highlight the microstructure

The prepared cross-section specimen ready for SEM imaging is shown
in Figure 4.3, and BSE SEM images of three types of specimens are
shown from Figure 4.4 to 4.6.
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Figure 4.3: Cross-section specimens for SEM imaging

(a) 1000X (b) 2500X

(c) 5000X (d) 10000X

Figure 4.4: BSE images of Au-Sn microstructure with slow cooling rate(SC)
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(a) 1000X (b) 2500X

(c) 5000X (d) 10000X

Figure 4.5: BSE images of Au-Sn microstructure with rapid cooling rate(RC)
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(a) 1000X (b) 2500X

(c) 5000X (d) 10000X

Figure 4.6: SEM BSE images of Au-Sn microstructure with fast cooling rate(FC)

Figure 4.7: Microstructure features of Au-Sn in three reflow profiles
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For the most simple case, only the two major phases in Au-Sn solder:
𝜁-phase and 𝛿-phase are considered. Identical feature for all three types
of specimens was found that these two major phases dominate entire
cross-section. This can be explained from the phase diagram of Au-Sn
alloy system(Figure 4.9). As stated previously, Au(80wt%)-Sn(20wt%)
composition is widely adopt as solder alloy for the reason that this eutec-
tic is formed at phase transition point between two steep liquidus lines
to provide favourable soldering and bonding performance, and so as the
Au-Sn preforms used in this work. Ideally the whole Au-Sn preform
melts at 280∘C, becomes liquid in reflow TAL phase, and re-solidifies at
280∘C, and forms eutectic composition when cools down. The composi-
tion should have Au:Sn atom fraction of 2.5:1, however there is no such
phase exists in Au-Sn crystal system. Therefore in reality a 𝜁ᖣ-phase
is formed, which is in fact a mixture of two phases: 𝜁-phase(atom ratio
Au:Sn=5) and 𝛿-phase(atom ratio Au:Sn=1). It also explains volume ratio
of two phases should theoretically be 3:5 to combine a total Au:Sn atom
fraction of 2.5:1 when no foreign atoms are brought into the system. It
is necessary to point out that during SEM imaging no elemental analysis
or chemical characterization methods were taken, such as Energy Dis-
persive X-ray spectroscopy(EDX) to identify phases. The following work
based on identifying phases in images are based on referring to similar
images in existing study.

Remarkable microstructure differences are found from SEM images
between three types of specimens treated with different reflow profiles,
mainly expressed in two regions: dominant phase region and inter-
facial phase region. The two features locate in different areas of Au-
Sn(Figure 4.8).

Dominant region phase morphology refers to the microstructure fea-
ture near centered area of Au-Sn solder, where bonding interfaces are too
far to influence Au-Sn microstructure. A standard reflow profile with RC
cooling rate results a fine matrix distribution where both 𝜁-phase and 𝛿-



4.2. Change Au-Sn Microstructure by Controlling Reflow Cooling Rate57

Figure 4.8: Two main microstructure morphology regions

Figure 4.9: Phase diagram of binary Au-Sn systems [5] and different solidification paths
near interface
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phase are uniformly dispersed into polygonal particles with around 1𝜇𝑚
size. White 𝛿-phase shows more continuity than dark 𝜁-phase islands
since the former has higher proportion. Compare to standard RC pro-
file, the slower cooling rate SC profile results a very different coarse den-
drite matrix morphology, where long dendrites of two phases appear with
coarse mono-phase areas. Most dendrites lay in the direction perpendic-
ularly to the interfacial boundary. The last reflow profile shows contrary
results that the extremely fast water cooling leads to a fine semi-eutectic
and highly uniform phase distribution, where both two major phases are
restrained into very fine size less than 0.2𝜇𝑚. The mechanism of mor-
phology difference against cooling rates can be explained from phase
nucleation rate. Both 𝜁-phase and 𝛿-phase are formed by nucleation at
the steep phase lines at melting point, and nucleation rate is limited by
atom diffusion. At slower cooling rate(i.e. SC profile) the long solidifica-
tion duration allows longer nucleation process under high temperature,
where more atom diffusion results larger dendrite phases. On the con-
trary at higher cooling rate(i.e. FC profile) the solidification temperature
has a instant drop that even supercooling in Au-Sn occurs. The phase
nucleation duration is significantly suppressed by limited atom diffusion
time, and results an eutectic microstructure. Similar phenomenon that
a fast cooling rate results a finer dispersion of microstructure has been
found in multiple solder alloys [49][50][11][51][52].

Interfacial region phase morphology refers to the microstructure fea-
ture near bonding interfaces where external materials can influence Au-
Sn microstructure. All three reflow profiles result an dominant phase
layer near interface, which is formed by 𝜁-phase bumps as shown in Fig-
ure 4.8. However different in cooling rates leads to variation on thick-
ness of interfacial phase layer, when SC profile results large 𝜁-phase
bumps that thickness of interfacial layer goes over 5𝜇𝑚 at most places,
while RC and FC profiles have similar interfacial phase morphology that
the 𝜁-phase layer thickness is around 1𝜇𝑚. The mechanism of 𝜁-phase
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layer forming at interface is explained with Au-Sn phase diagram. The
bonding surface of flanges has Pd-Au coating, which provides a gold-rich
environment at interface. External Au atoms migrate into Au-Sn solder
because of atom diffusion accelerated by high temperature during re-
flow [53], and change the solidification path. Au atom migration shifts
the composition of Au-Sn system to less Sn percent(solidification path
shifts left in Figure 4.9), resulting a gold-rich 𝜁-phase enrichment near
interface. Due to slow cooling rate in SC profile, the TAL time is much
longer than RC and FC profiles, in which case the 𝜁-phase enrichment
lasts longer in high temperature, leading to thicker 𝜁-phase layer near
interface.

4.3. Shear Creep Experiment
Same shear creep experiment in chapter 3 was taken with Au-Sn speci-
mens produced with SC and FC profiles. Design of experiment and result
shown in Figure 4.10, 37 groups of shear creep data were recorded out
of total 47 tests. Some test combinations of load force and temperature
were skipped for experiment simplification. The FC samples suffered too
short period of solidification that the microstructure might be changed
due to thermal annealing effect. To avoid irrelevant exposure of high
temperature condition, the hold-and-creep time for FC shear tests were
limited in 15 minutes.

Challenges were found during Au-Sn joint area measurement. In pre-
vious experiment on RC samples, the majority of soldered joints kept in
one solidified piece with barely consistent area. In this part of experi-
ment, the SC samples were treated with longer TAL time, which means
the Au-Sn solder had longer duration in liquid state, and tended to form
a circular joint area, but still has consistency in area measurement.
However during the preparation of FC samples, the set-ups were di-
rectly moved out of reflow oven when Au-Sn was still in liquid state, and
cooled by immersing into cold water, which created violent vibration of
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Figure 4.10: Design of experiment for shear creep tests

(a) SC and RC samples

(b) FC samples

Figure 4.11: Au-Sn joint shape inconsistency because of cooling methods



4.3. Shear Creep Experiment 61

seething boiling water. Furthermore, the hot set-ups first boiled water
at surface, creating steam bubbles around Au-Sn joints. Impacted and
squeezed by vibration flanges and bubbles, the Au-Sn joints were so-
lidified into irregular shapes, or even pushed out forming non-soldered
islands(Figure 4.11(b)), which eventually produced large inconsistency
in measuring joint area in FC samples. Most FC samples have smaller
joint area than SC, RC samples, which means they were applied higher
shear stress under same load force.

Steady-state creep strain-rate is used as a key indicator in comparing
different reflow profiles, or as explained in previous section of this chap-
ter, comparing different Au-Sn microstructures. The comparison of four
temperature conditions is shown in Figure 4.12. Separation of steady-
state creep strain-rate is observed in all tested temperature conditions
that at same shear stress the SC samples have higher creep strain-rate,
the standard RC samples come the second, and the FC samples have
better creep resistance. Similar phenomenon that the steady state creep
rate is suppressed when the phase particles in solder microstructure is
refined in many solder alloys[54][55][56][57]. Hypothesis was proposed
on basis of creep mechanisms of dislocation climb and grain boundary
sliding. The dislocation climb requires larger particles that provide un-
stable sharp transition between particles, where a finer dispersion of
phase particles becomes resistance force on dislocation. On the country
side, larger interfacial regions between two phase regions provide more
probability of grain boundary sliding. In this case, creep is easier to be
triggered in microstructure that has coarsened dispersion of phase re-
gions such as FC samples, where dislocation climb and grain boundary
slide are both enhanced.

Viscoplastic models of Au-Sn solder with SC and FC profile were also
built from experiment data, with same fitting method described in chap-
ter 3. Table 4.1 lists parameters of Anand viscoplastic models for both
two types of Au-Sn solders. Following Figure 4.13 depicts the valida-
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tion of model predictions with experimental data of SC an FC profiles.
Identical validation method including FEA model and mesh was used.

Table 4.1: Anand model parameters for SC and FC profiles

4.4. Reliability Simulation Based on Au-Sn Vis-

coplastic Models
The viscoplastic model of three types of Au-Sn die-attach solders with
different microstructures controlled by reflow profiles were obtained so
far. In order to find out how microstructure difference would influence
the reliability performance of devices that uses Au-Sn as die-attach sol-
der, temperature cycling simulations were performed by FEA method,
while viscoplastic models were used to predict creep strain energy den-
sity in a typical structure of die-attach device. Figure 4.14 shows the
simulated 2-D model of a typical die-attach structure, in which the ma-
terial properties of silicon die and copper substrate are adopted from
built-in library, and other parameters except viscoplastic models were
adopted from existing literature[47][58].

It is reported that the accumulation of creep strain energy density
in each thermal cycle becomes stable after 3 cycles[59], there for only
4 cycles were applied in simulation, which was sufficient for qualitative
comparison among three microstructures. Figure 4.15 shows the tem-
perature cycling profile used for FEA simulation.

To describe solder reliability performance corresponding to mechan-
ical properties, the energy based fatigue model theory[60] was referred
in this work, which gives a theory of predict solder fatigue possibility
on basis of accumulation of strain energy density. In the original the-
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(a) T=125∘C

(b) T=150∘C
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(c) T=175∘C

(d) T=200∘C

Figure 4.12: Creep strain-rate versus shear stress in different temperature
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(a) SC

(b) FC

Figure 4.13: Validation of Anand model parameters with steady-state creep strain-rate
versus shear stress for Au-Sn
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Figure 4.14: Die-attach structure model and mesh in simulation

Figure 4.15: Temperature cycling profile used for FEA reliability simulation
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ory three aspects of strain energy density generated by elastic strain,
rate-independent strain and viscoplastic strain, and the first two were
ignored in following simulations since investigation on viscoplastic strain
is requested. The total strain energy density accumulation in each tem-
perature cycle is expressed as Equation 4.1.

Δ𝑊 = Δ𝑊፯፩ = 𝑊ኾ፭፡ −𝑊ኽ፭፡ (4.1)

where Δ𝑊፯፩ is the viscoplastic strain energy density accumulation
and is calculated as the creep strain energy density difference between
the end of fourth and third cycle. Then the relationship between fatigue
prediction and energy accumulation was proposed[61] in Equation 4.2.

𝑁፟ = (
𝑊ኺ
Δ𝑊)

፤ (4.2)

where 𝑁፟ is the predicted lifetime, or number of cycles before fail-
ure during temperature cycling test. 𝑊ኺ and 𝑘(𝑘 < 1) are parameters for
model correction. The model indicates that a faster strain energy density
accumulation in temperature cycle is expected to result decrease in pre-
dicted lifetime, i.e. an earlier failure. The simulation in all cases clearly
shows a high creep strain energy density accumulated region near edge
of the Au-Sn solder die-attach layer(Figure 4.16), where is expected to
be the most critical region that has very high possibility to have early
crack during device lifetime. Most elements near center of Au-Sn solder
has very low creep strain energy density which means these regions are
less relevant to device fatigue caused by creep strain.

It is necessary to set a certain creep strain energy density threshold
to separate critical region and non-critical region. Figure 4.17 shows the
accumulated creep strain energy density distribution among all Au-Sn
solder elements. It shows that all plots has a deviation point near 90%
of elements, where the rest elements have much higher accumulated
creep strain energy density. In this case, assumption is made that the
elements after the deviation point, or so called critical point, are consid-
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Figure 4.16: High creep train energy density accumulation region

ered as critical elements, and are very likely to be responsible for failure
due to high strain energy density accumulation.

Simulation data implies that the both largest creep strain energy den-
sity accumulation and percentage of critical elements occur when SC
model is adopted, the FC model results a lowest creep strain energy ac-
cumulation and critical area, and standard RC model between the two.
According to the energy based fatigue theory, fast accumulation of creep
strain energy accumulation results a decrease in predicted lifetime on
basis of Equation 4.2. Therefore the predicted lifetime of three viscoplas-
tic models are

𝑁፟ፒፂ < 𝑁፟ፑፂ < 𝑁፟ፅፂ

The simulation result implies that the Au-Sn solder with FC reflow
profile, in other words higher cooling rate during reflow process, will
finally lead to a less creep strain energy accumulation, and a increase
of lifetime, compared to standard RC reflow profile. On the contrary,
SC reflow profile, or slower cooling rate for Au-Sn solder will result to
a decrease in lifetime, or is more probable to have early fatigue during
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(a) SC (b) RC

(c) FC

Figure 4.17: Accumulated creep strain energy density distribution among all Au-Sn
solder elements and critical points
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temperature cycling test.
It is important that simulations introduced in this chapter are noth-

ing but qualitative comparison among three viscoplastic models, and
cannot represent actual lifetime prediction since other material param-
eters such as elastic modulus or coefficient of thermal expansion are
considered identical for all models, which should differ in reality. More
material parameters are required for complete lifetime prediction.



5
Conclusions

In this work, an investigation on viscoplastic properties of Au-Sn die-
attach solder was presented. A reliable method for Au-Sn solder vis-
coplastic properties characterization and quantified modelling was es-
tablished by analyzing data from a series of mechanical experiments. A
consistent experimental method to authentically observe and accurately
measure the viscoplastic behaviour of Au-Sn solder was explained in de-
tail. A well designed test set-up consists of flanges and Au-Sn preforms
were fabricated with a certain sequence of procedures. A series of shear
creep tests were then operated by DMA controlled conditions of multi-
ple temperature and force, giving data groups that finally help to fitting
for viscoplastic models. Viscoplastic properties of Au-Sn solder under
tested conditions were described by a set of Anand model parameters
that could directly adopted in FEA reliability assessment.

Furthermore, an investigation of microstructure effect on Au-Sn sol-
der viscoplastic properties follows foregoing studies was presented. A
consistent method to control Au-Sn solder microstructure was developed
that by tuning reflow profile, specifically reflow cooling rate, the solidified
Au-Sn die-attach joint is able to have different microstructure. Different
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cooling rate influences both dominant phase morphology and interfacial
phase morphology and the phenomenon was explained by solidification
path and nucleation theory. Similar shear creep tests wear applied on
Au-Sn samples with three microstructures based on established method
in previous studies. Reliability assessment was then taken and simu-
lation results indicated that faster cooling rate results better creep re-
sistance, and is expected to have increased lifetime during temperature
cycling tests.

For fundamental material properties research, this study provides a
complete methodology of viscoplastic properties characterization for Au-
Sn solders, including experimental procedures and theoretical analysis.
This methodology can be also ported to other materials including but
not limited to new generation of Pb-free solder materials.

For industry applications, this study provides practical viscoplastic
models of Au-Sn solder to be adopted to an accurate reliability assess-
ments, and suggestions to potentially enhance Au-Sn solder reliability
by optimizing microstructure corresponding to reflow cooling rate.



6
Suggestions for Future Works

This work still have limitations and faultiness needs to be clarify, and it
can only be viewed as the beginning of fundamental studies on Au-Sn
solder. Many new areas can yet be explored in future works. Some sug-
gestions are presented as following.

Improve solder joint shape controlling
In present work, the Au-Sn preform shape was not restrained and re-
sulted irregular joint shape after reflow process. Uncertainty on joint
shape added extra work measuring joint area, and inevitably brought in-
consistency of experiments. Furthermore, the variation of joint area also
shifted shear stress away from desired testing range, potentially intro-
ducing extra mechanical deformation into pure creep tests, and making
model fitting more complex. Improving method would be done in spec-
imen preparation, that restricts the solder joints in a regular geometry
such as rectangle. Additionally, true stress is then able to be used in
calculations with benefits from regular joint shape. Potential designs are
suggested: machine trenches or fences around preform to restrain melt-
ing solder in a certain area; or pattern protect layer like photo-resistant
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to prevent melting solder flowing out. This will help to simplify experi-
ment steps and increase sample consistency.

Add phase analysis method to microstructure investigation
In present work, identification of 𝜁-phase and 𝛿-phase in SEM images
are based on referring to similar images in existing study, which may not
be correct due to variation of cross-section specimen preparation pro-
cedures. It is suggested that during SEM imaging, elemental analysis
or chemical characterization methods should be taken, such as Energy
Dispersive X-ray spectroscopy(EDX), to identify phases. Additionally,
SEM imaging of Au-Sn samples before and after creep tests are sug-
gested, to guarantee the microstructure not being changed due to creep
test conditions, and help investigate creep mechanism. These are not
for improving imaging quality or test accuracy, but for completeness of
the microstructure investigation.

Elastic-plastic characterization
The shear tests in this work were operated by DMA, which has its ca-
pability limitation. The maximum force is too low to cause remarkable
elastic deformation that it is a regret not to find Au-Sn elasticity parame-
ters under different temperature conditions or with different microstruc-
tures. A fact has to be admitted that DMA is not designed for measuring
hard and brittle metal alloy, when itself has complex iron clamp system
that has comparable elastic modulus with tested samples. Larger tensile
test platform with higher test force will be suggested to investigate other
fundamental mechanical properties, and then use them in a competed
reliability simulations.

Investigate microstructure effect on other properties
Being a die-attache material, other fundamentals of Au-Sn like electrical
properties and thermal properties are also significant in its application,
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and are remain unknown in this work. It is interesting to investigate how
microstructure variation can influence these properties, where key prop-
erties such as electrical conductance, thermal conductivity, coefficient of
thermal expansion(CTE) are measured. Based on these investigations,
product design can be even tailored as targeting to certain requirements.

Port characterization methodology to other materials
This work consists a complete methodology of viscoplastic properties
characterization for Au-Sn solders, and it can be also ported to other
materials including but not limited to new generation of Pb-free solder
materials.
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