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1.1 Flexible electronic devices
1.1.1 Introduction

The era of the internet of things (IoT) emerged with the advent of wearable and
implantable technologies. Electronic devices are developing and becoming increasingly
popular in almost all fields of life. Flexible electronic devices are integrated into and on the
human body for a variety of purposes, from communication, to health monitoring and
treatment [1]. Flexible electronics are a class of electronic devices that are fabricated on
bendable or stretchable substrates, such as plastic, synthetic materials, and thin metal foil
[2,3]. Devices such as rollable displays, e-paper, smart flexible sensors, health monitoring
devices, and implantable devices, have recently attracted a lot of attention owing to their
low cost of manufacturing and inexpensive flexible substrates [4,5]. Given these advantages,
flexible electronics are regarded as a future trend in the development of next-generation
electronic devices that require lightweight, bendable, portable, and cost-efficient solutions
[3,5,6]. In addition, flexible hybrid electronics fabricated by integrating surface-mounted
components onto/into printed stretchable conductive circuits and flexible substrates, also
have the potential to revolutionise the electronic assemblies used for large-area applications,

such as wearable devices and automotive, medical, and aerospace components [7,8].

Flexible electronics have a long history. The first flexible devices were solar cell
arrays made in the 1960s on a plastic substrate using thin, single-crystal silicon wafer cells
(~100 pm) [9]. Since then, scientists have sought to improve technology and materials; the
timeline of the development and application of flexible electronics is shown in Figure 1.1
[3]. Future electronic systems need better mechanical integrity and electrical connectivity
between electrical components and substrates to fulfil the requirements of markets for
multiform application [3,4]. Recently, many researchers have paid attention to the
development of new materials [10-12] and manufacturing technologies [13—15] to fabricate
high-performance flexible electronic devices. While there have been significant advances
in research, many challenges need to be overcome before flexible devices can be used
widely in practice. Thus, there is an opportunity for researchers to continue to develop and

improve technology and materials in this field [3].
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Figure 1.1 Timeline of developments in materials, processing and application for flexible electronics [3].

In this chapter, the materials used for flexible devices and packaging technologies are
discussed. The technological challenges that need to be solved are also described, and

solutions are discussed in this thesis.
1.1.2 Substrate materials

The biggest difference between flexible electronic devices and conventional
electronic devices are the advantages offered by the substrate material; low cost, stretchable,
and flexible. However, the substrate material also needs to have appropriate physical and
mechanical properties so that it is not damaged during either manufacture or operation. The
construction of flexible electronic devices includes at least four main parts: flexible
substrates, backplane electronics, frontplane, and encapsulation (Figure 1.2) [9]. To make
the structure flexible, the adhesive layer used to link the parts must have sufficient

mechanical strength, must be flexible, and also temperature and chemically stable [2].
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Figure 1.2 Schematically typical design of flexible display & sensors [16].

However, the selection of an adhesive must take into account the manufacturing process

and materials. Thus, understanding the material properties of the flexible substrate will help

provide technological solutions and enable the best coupling material to be selected. Below

are the main properties that flexible substrates need to possess in order to replace rigid glass

substrates [9,10,17,18]:

Mechanical properties: A highly elastic modulus and hard-surface substrate are
desired to support the device layers under impact.

Thermal properties: Dimensional stability and a low coefficient of thermal
expansion (CTE) are important factors. The working temperature is also a concern
with plastic substrates. The glass transition temperature (7;) of a flexible substrate
must be compatible with the maximum processing temperature (7ax) to avoid
thermal damage of the substrate during fabrication. Polymer substrates with a CTE
below 20 ppm/°C are preferred as substrates for silicon-based device materials.
Optical transmission properties: Sufficient optical transparency and low
birefringence are the most important indicators of substrates for advanced
optoelectronic devices.

Surface quality: The absence of surface roughness is beneficial for the substrate of
the thin-film devices (such as display backplanes, OLED lighting, and photovoltaic
systems); with thinner film, the more sensitive the electrical function is to surface

roughness.



Generally, the substrate materials used for flexible electronic devices can be divided
into three main groups: thin glass foils, metal foils, and organic polymer (plastics) foils.
Different applications may emphasise flexibility, high transparency, surface smoothness,
low thermal expansion, low cost, thinness, or light weight. Therefore, the selection of the
substrate material will depend on the specific technical requirements and the scope of the
application. The first group, thin glass foil, with a thickness under 100 pum, is a candidate
flexible substrate for some applications (e.g., displays, touch sensors, photovoltaic systems,
and lighting). The advantages of thin glass foil include low-stress birefringence, high
optical transmittance (>90% in the visible), smooth surface, and high dimensional stability
[9,17,19]. However, flexible glass is fragile and difficult to handle, limiting its application
as a flexible substrate. The metal foil group, with a thickness of less than ~125 pm, is
attractive for emissive or reflective displays, which do not need transparent substrates. For
example, stainless steel foil is commonly used in amorphous silicon solar cells owing to its
excellent conductivity and high corrosion resistance. The plastics foil group is extremely
attractive, given that it is lightweight, inexpensive, and permits roll-to-roll (R2R)
processing. Plastic foils can be made with glass-like transparency, an essential property
required for photovoltaic applications or display devices where light has to either enter or
exit the device. Moreover, these polymer foils have a high degree of mechanical flexibility
and conformability. Therefore, thin plastic substrates are being studied and increasingly
used in flexible electronic devices [5,20,21]. A summary of the advantages and

disadvantages of the three groups of flexible substrates is given in Table 1.1 [22].

To date, many commercial polymer foils have been used as flexible substrates,
including thermoplastic semicrystalline polymers (e.g., heat-stabilised polyethylene
terephthalate (PET) and heat-stabilised polyethylene naphthalate (PEN)); thermoplastic
non-crystalline polymers (e.g., polycarbonate (PC) and polyethersulfone (PES)); and high-
T polymers (e.g., polyarylates (PAR), polycyclic olefin (PCO), and polyimide (PI)). Of
these polymer foils, PI, PET, and PEN have been the subject of most research because of
their comparatively low CTE (16, 15, and 13 ppm/°C, respectively), relatively high elastic

moduli, and acceptable resistance to process chemicals.



Table 1.1 Advantages and disadvantages of the three groups of flexible substrate [22].

Flexible substrate

Advantages

Disadvantages

Plastic/ polymeric foil

Rugged
Bendable, rollable

Poor dimension stability
Low process temperature

High H>O and O, permeation

Transparent Low chemical resistance
. Conformable Low mechanical stability
Glass foil
Transparent Low process temperature
Low H>0 and O, permeation
Rugged, conformable Opaque
Metal foil

Low H>O and O, permeation

High process temperature

Rough surface

Capacitive effect

Good dimension stability

Although PI has a high glass transition temperature of approximately 250°C, it is yellow
because it absorbs blue light, and it also absorbs as much as 1.8% moisture. The drawbacks
of the yellow colour and poor processability seriously limit application in the modern
optoelectronics field, especially in flexible electronic devices and display technology [23].
In contrast, both PET and PEN are optically clear (transmittance of > 85% in the visible
spectrum) and absorb relatively little water (~0.14%). Moreover, they provide good
resistance to solvents and a tolerance to temperature. Also, their transparency when coated
with indium tin oxide (ITO) make them suitable for optoelectronics, which require the
transmission of light and electrical conductivity. Therefore, PET and PEN are becoming
the two main transparent flexible substrates used today for the development of flexible
electronics. The properties of some popular flexible substrates are shown in Table 1.2

[19,21,24].
1.2 Interconnection technology in flexible electronic packaging
1.2.1 Introduction

To produce flexible devices simply and efficiently, and to meet the needs of different

markets, production technologies must be accessible, easy to use, and inexpensive.



Table 1.2 Properties of substrates for flexible backplanes [19,21,24,25].

Property Unit | Glass | Heat stabilized | Heat stabilized PI Stainless
PET PEN (Kinel) steel
(Melinex (Teonex
ST506) QO65FA)
CTE (x 10°%) K! 4 10 13 17-44 18
Transparency % 90 91 85 yellow None
Young modulus GPa 70 2-4 5-5.5 2-3 190-210
Tensile strength MPa - 207 138 231 505
Glass transition °C | 140-370 80-110 120-155 250 -
temperature
Upper working °C 600 115-170 155-180 250-320 1000
temperature
Melting temperature °C 1400- 255 270 375 - 1400-1450
1600 401

While conventional electronics are batch fabricated through film deposition and
nanofabrication, including photolithography and etching, flexible electronics are often
incorporated by pattern transfer, solution printing processes, R2R capabilities, and additive
manufacturing technologies [3]. Figure 1.3 is an example of a flexible printed circuit board
(FPCB) process using an R2R gravure printing system [25]. The flexible aspect of flexible
electronics is not only about the workability of the substrate material, but also about the
bonding strength as well as the ability to transmit electrical signals between the components
and the substrate material. To make the structure flexible, all parts need to be able to bend
to some degree without losing their function [20]. Interconnection technologies for flexible

electronics focusing on foil-based flexible systems are referred to as a system-in-foil (SiF).
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SiF is a composite structure comprising substrates, components and electrical
interconnections that are mechanically and electrically networked to each other, as shown
in Figure 1.4 [18]. To bond the electronic components and parts, metallurgical solder,
eutectic alloys, or organic polymer adhesives may be used. Below is a brief introduction to
the main advantages and disadvantages of two common bonding methods for flexible

electronics: the use of adhesives, and soldering.
1.2.2 Adhesives

Adhesives are widely used in the mass production of electronic hardware, including
for the assembly and packaging of electronic devices, such as semiconductor dies, single-
chip packages, and multi-chip assemblies. Adhesives come in paste form, as well as in film
for high-density laminated bonding substrates, flexible circuits, and a host of other new
applications including optoelectronics, flexible sensors, and smart cards. The advantages
of adhesives are their low cost, ease of rework, and low processing temperature. As a result,
polymeric adhesives have replaced many traditional connection materials, such as solder,
eutectic alloys, and wires in most commercial consumer electronics [27]. Adhesion serves
four main functions in the assembly of electronic circuits: mechanically attaching parts
(such as semiconductor dies, components, substrates, packages, and heat sinks); electrically
interconnecting components on a substrate or in a package; dissipating heat from

components and circuits; and dissipating stress.

o

. Functional
Battery subsystem
subsystem

Figure 1.4 Schematic representation of a system-in-foil structure comprising various of components and

sub systems [18].



In flexible electronics, flex circuits are used, which are analogous to rigid printed
circuit boards except that they are fabricated from a thin flexible dielectric film to which a
thin copper foil is bonded by adhesive. The copper is then optically treated to form a circuit
pattern using a conventional photolithography process. A plastic film (or coverlay) is then
adhesively bonded to the etched copper circuit, except for open areas that are left in order
to attach components later. The coverlay protects against moisture and contaminants and
acts as a protective coating to printed wire assemblies (PWAs). The most widely used
dielectric films are made from PI or PET/PEN. A wide variety of adhesives can also be
used, including acrylics, epoxides, and epoxides modified with plastics such as phenolic

butyral. Adhesives for flex circuits must meet several requirements, including [27]:

e Maintain adhesion while the circuit is flexed

e Have good wetting and bonding on both polymer film and copper foil
e Have low moisture absorption

e Have good dielectric properties

¢ Have low or no-flow characteristics

¢ Be thermally resistant to solder-reflow temperatures

Nonconductive adhesive (NCA), anisotropic conductive adhesive (ACA), and
isotropic conductive adhesive (ICA) are among the most common adhesive application
processes. Adhesive (such as NCA) is applied in paste or film form on the substrate or
wafer using conventional delivery, screen/jet printing or lamination. Figure 1.5 shows
electrical interconnections formed by jetting ICA between a foil component and the system
foil. This process involves the simultaneous application of pressure and temperature by a
die bonder, and the applied pressure ensures contact between pillars/bumps on the chip
bonding pads and the foil pad. Application heat, usually provided by the die bonder or
ultraviolet (UV) radiation applied across the substrate, cures the adhesive during chip
assembly. Shrinkage of the NCA provides mechanical integrity to the assembly,
maintaining electrical connections by compressing force reaching resistance values

comparable to soldered contacts.
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Figure 1.5 Electrical interconnections formed by jetted isotropic conductive adhesive (ICA) between a foil
component and the system foil. (a) Top; (b) cross-sectional view of a via-filling; and (c) top view of mounted
flexible PV cells (left) and microscopic view & 3-D topography of an isotropic conductive adhesive (ICA)
bridge. (d) 20 mm thick Si-chip (5x5 mm?) mounted on a 50 mm polyimide (PI) printed circuit foil in a
nonconductive adhesive (NCA) flip chip process and bent to 30 mm bending radius [18,20]

However, the shrinkage of NCA during curing has to withstand elastic deformation in the
system and possible expansion of the adhesive due to moisture uptake in the field. Extensive
care must be taken to prevent NCA contact with tools, especially in the case of very small
die sizes. The temperature and duration of this process provide a high throughput based on
materials that cure within seconds (quick-curing) at moderate temperatures, allowing less
expensive substrates to be used [20]. Adhesive and bonding materials need to meet certain
expectations regarding electrical bonding as well as chemical and mechanical resistance.
Interconnections are typically subjected to bending and other types of deformation during
temperature and humidity cycles in the manufacturing processes, as well as during storage
and service. For these reasons, the connecting materials must also be sturdy and at the same
time compatible with the primary raw materials used. However, to date, no commercially
available electrically conductive adhesive (ECA) or tape (ECT) has been found that can
replace Sn-based alloys in all applications. Some challenges need to be overcome: lower
electrical conductivity; fatigue conductivity in reliability tests, such as decreased
conductivity at elevated temperature and humidity with ageing or in normal use conditions;

limited current-carrying capability; and poor impact strength. Therefore, electronic chips,
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bar dies, and surface-mounted devices (SMDs), are assembled using both Sn-based
soldering and adhesive bonding. However, to prevent the integrity of bonding pads from
being harmed by flux residues and oxidation, the attachment of the SMDs by soldering
involves additional steps for cleaning and protection. The use of conductive adhesives for
chip mounting results in the lowest possible number of process steps on the production line

[18].
1.2.3 Soldering

According to the American Welding Society (AWS) A3.0 Standard, soldering is a
group of joining processes that produce coalescence of materials by heating them to the
soldering temperature and by using a filler metal with a liquidus temperature not exceeding
450°C (840°F) and below the solidus temperature of the base metals. The filler metal
(solder) is distributed between closely fitted faying surfaces of the joint by capillary action

or by wetting the surfaces of the workpieces.

In electronic packaging, the performance and quality of the solder are crucial to the
integrity of the alloy joint, which in turn is vital to the overall functioning of the assembly
[28]. When thin devices are attached to flexible substrates, the interconnects need to be
compliant to be able to accommodate the differential displacement due to CTE mismatch
or to facilitate stretching, twisting, or bending of the flexible substrates. Integration has two
components: mechanical integrity, and electrical connection. While the latter ensures signal
transmission through electrical interconnections, mechanical integrity is the basis for the
reliability and integration of the electronic system into its physical environment [20]. The
interconnection technology of conventional printed circuit boards (PCB) is mostly based
on soldering, including surface mount technology (SMT) and through-hole technology
(THT) processes [20,29]. Figure 1.6 shows the evolution of packaging technology from
the solder joint perspective and schematics of alloy joints in single-chip and multichip
packaging [29,30]. Leaded components with pin-in-hole joints dominated assembly
technology for many years until the emergence of SMT in the mid-1970s. SMT is now
widely used in a wide variety of applications because of the ease of automated assembly

and machine soldering by the wave soldering process, providing a means of reducing the
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size of the PCB. SMT has the advantage of using smaller components, thus allowing an
increase in lead quantity in semiconductor devices. SMT also eliminates the PCB regions
necessary for inserting lead components into plated holes (PTHs). Moreover, surface-
mounted devices, including plastic encapsulated quad-flat packs (P-QFP) and thin small-
outline packages (TSOP), are among the lowest cost and widely used semiconductor
packages [30]. The need for improved performance, higher I/O, and size reduction,
especially in flexible electronic devices, has resulted in the emergence of area-array
packages. Ball-grid arrays (BGA) are in widespread use, and their smaller counterparts,
chip-scale packages (CSP) are being introduced for use in many types of assemblies. In the
2020s, flip-chips are likely to emerge as a dominant architecture, as they solve the problems
with handling bare semiconductors by standardisation to achieve the goal of the known
good die — KGD (Tsukada, 1999). KGDs are defect-free semiconductors or chips,
unpackaged and ready for assembly. Encapsulation and packaging technology has evolved
with the development of semiconductor technology in both memory and microprocessors.
Specifically, chip size has increased steadily, and clock speed and transistor density on the
chip have also increased significantly. Flip-chip components are directly attached to the
printed wiring board; direct chip attach (DCA) is the most advanced joint configuration, as

shown in Figure 1.6.
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Figure 1.6 A schematic of the evolution of the alloy joint in relation to packaging architecture for

semiconductor components (left), and schematic of alloy joints in single chip and multichip packaging

(right) [29,30].
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Packaged flip-chips have been used in many specialised cases by major electronics
firms. DCA and/or encapsulation/packaging will become the main interconnection
technology in the industry in general, as wire bonding reaches the I/O supply limits required
for advanced chips [30]. Packaged SMD has been successfully integrated onto PI foils, and
the high cost of the PI foils can be offset by the flexibility of the device being compatible
with the soldering process. Foil-based technology with integrated circuits and auxiliary
electronics integrated directly onto/into flexible substrates, such as PI and inexpensive
PET/PEN foils, can be used for organic/inorganic (ultra-thin) components. This technology
is still in its infancy, but foil-based technologies will significantly increase packaging
density and provide decisive advantages over traditional PCBs for certain applications [20].
Adhesives and soldering have advantages and disadvantages; a comparison of metallurgical
soldering and polymeric adhesive methods is given in Table 1.3. Changes in technology
will place greater demands on the mechanical performance of alloy joints and, in turn, will
generate the need of joint designs and manufacturing processes, as new architectures and
alloy systems emerge in the market. The next section provides an overview of lead-free

solder in electronic packaging.

1.3 Lead-free solder in electronic packaging

1.3.1 Lead-free alloys

In electronic packaging, solder alloys are the most important joining materials in
different stages of the electronic assembly sequence and interconnection of the silicon chip
(or die). Alloy not only contributes to the mechanical properties of the connection, but also
helps transmit electrical signals between parts. For many years, tin-lead (SnPb) alloys were
the most widely used solders in electronic assemblies, for applications ranging from
consumer products to space communications systems [30]. However, Pb is a toxic element
and has adverse effects on the environment. Therefore, in the early 1990s, a series of
regulations were proposed to ban the use of lead in electronic applications. Subsequently,
the European Union directives on Waste Electrical and Electronic Equipment (WEEE) and
Restriction of Hazardous Substances (RoHS) dictated that consumer electronics sold in the

EU must be Pb-free from July 1, 2006.
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Table 1.3 Comparison of metallurgical soldering and polymeric adhesive methods [27].

Interconnection .
Advantages Disadvantages
method

Requires flux
Risk of flux residues and corrosion

Batch process Corrosion of solder in humidity, if not

Automated dispensing or over coated.

screen-printing Risk of voids under large components

Ideri i .
Soldering Long history of use/ mature Stress due to large CTE mismatches

Easy rework High-temperature exposure during

Good electrical connections reflow (conventional 200-240 °C)

Good thermal conduction Limited wetting and adhesion to some
surface

Easy rework

Low cost

Low-processing temperature

(<165°C)

Automated dispensing or Risk of outgassing in enclosed

o packages and for space hardware
screen-printing
Wide variety of commercially Most require moderate to long cures (1-
Adhesive available products to choose 2h)
f Limited thermal stabilities
rom

Ability to relieve stresses Fine absorption of water presents

Excellent adhesion to most delamination and cracking problem
during reflow soldering

surfaces

Snap-cure types cure in

seconds (120-160 °C)

Directional conductivity with

anisotropic forms

This issue led to an increase in research and development on new alloys to reduce and
eliminate lead (Pb-free solder) in many centres and research institutes, such as the National
Center for Manufacturing Science in the U.S., the Japan Institute of Electronics Packaging,

and the Japan Electronics Industries Development Association. The new Pb-free alloys
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used in the electronics industry need to be environmentally friendly and have various
properties, such as good wettability, low soldering temperature, low cost, adequate strength,
and good thermal fatigue resistance [28]. To date, several Pb-free alloy systems have
emerged as replacements for SnPb alloys, including binary alloy systems (e.g., SnAu, SnCu,
SnAg, SnZn, SnBi, Snln, and InBi) and ternary alloy systems (e.g SnAgCu) [28,30,32].
Table 1.4 summarises the classification of the most popular Pb-free solder candidates in
three groups (low, medium, and high-temperature alloys) as their solidus temperature (75)

according to the ISO 9453:2014 and JIS Z3282:2017 standards.

Table 1.4 Classification of some Pb-free solders.

Melting
temperature Liquidus Tensile .
Alloy . Elongation
Group . . (Tw) or solidus | temperature | strength Reference
designation (%)
temperature (1), °C (MPa)
(Ty, °C
Sn95Sb5 235 240 31 25 [28]

High Sn99.3Cu0.7 227 227 28 44 [33]
temperature
alloys Sn96.5Ag3.5 221 221 30-35 25-38 [34]
(Ts >
217 °C) Sn98.5Ag1Cu0.5 217 227 27 21 [35]

Sn96.5Ag3Cu0.5 216 221 25 20 [36]
Medium Sn91Zn9 198 203 42 20 [37]
temperature
alloys
(217 °C > $n89.97n9Cr0.1 198 203 43 30 [37]
Ts >
150 °C)
Low Bi58Sn42 139 139 50 31 [38]
temperature
alloys In52Sn48 118 118 10 38 [39-43]
(T, < .
150 °C) In60Bi40 72 83 13 43 [32]
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Among Pb-free alloys, binary eutectic alloys SnCu, SnAg, and ternary SnAgCu (SAC) are
some good candidates to replace SnPb alloy in major soldering applications (such as SMT
card assembly) owing to their good performance and suitable mechanical properties [44].
However, they have a higher melting temperature (~217°C) than eutectic SnPb alloy (7, =
183°C), resulting in a higher reflow temperature, which introduces the necessity for board
designs and component technology to be compatible. Thus, the near-ternary SAC
compositions are not appropriate for Pb-free alloy joints requiring a high ductility, low
modulus, or enhanced impact resistance [44]. The Sn91Zn9 alloy appears to be an attractive
alternative given its excellent mechanical properties with ultimate tensile strength (UTS)
of approximately 61 MPa [45]. However, its poor wettability on a Cu substrate, and
corrosion in humidity, are the two main concerns about this alloy [46,47]. Although its
melting temperature (7, = 199°C) is lower than that of SAC solder, it is still relatively high

for some flexible organic substrates.

Moreover, three-dimensional (3D) integrated circuit (IC) technology is a promising
way to maintain Moore's law of miniaturization, and solves the challenges of the
semiconductor industry such as: heterogencous integration, reduced power, and cost
reduction [48]. In 3D integration packaging, a stack of several device layers are electrically
interconnected by through-silicon-vias (TSVs) and micro-bumps in a vertical fashion
[49,50]. When the chips become more functionalized, the packaging structures become
more integrated. In this way, the chip size increases, and warpage issue during reflow is
serious [51]. Especially, with the trend for increasingly compact and flexible electronic
devices, polymeric substrate materials such as PET and PEN will be widely used. With
these groups of flexible substrate materials, the maximum heating temperature does not
exceed 180 °C because high-temperature processing would damage the mechanical
properties of the substrate. Therefore, alloys belonging to the medium- and high-

temperature alloy groups, as shown in Table 1.4, are not suitable for this application.

In flexible electronic devices and 3D IC packaging, thinner components with high-
density I/Os and smaller solder bumps are needed to connect ICs with the substrates. For

example, in a package-on-package (PoP) structure, which is widely used in mobile devices,
17



since two or more packages are assembled on top of each other, several reflows will be
required to do so. It means that low, medium, and high melting temperature alloys will
work together so that the different components can be integrated. Therefore, the melting
point of solder alloys is of concern. This is because the first level of solder joints should
have the highest melting point (~ 300 °C), so during the processing of the second-level
solder joints, the former will not melt. Furthermore, thermal warpage is a serious issue
during reflow because of CTE mismatch between parts. The application of low melting
point solder is the most effective way of resolving the warpage issue because the reflow
temperature can be reduced. Thus, research and development of solder materials with low

melting temperatures has become essential in the era of the loT [30].
1.3.2 Low-temperature alloys

According to the JIS Z3282:2017 standard, the solidus temperature of low melting
temperature alloys is less than 150 °C. From Table 1.4, it can be seen that the Bi58Sn42,
In60Bi40, and In52Sn48 alloys are the prime candidates for low-temperature applications
and flexible electronic devices using flexible substrate requiring an operating temperature
below 180°C [50]. The eutectic Bi58Sn42 alloy has good strength (UTS ~56 MPa [52]) but
poor wettability [53], ductility, and fatigue resistance [52]. The microstructure of the as-
solidified eutectic Bi58Sn42 alloy is composed of the Sn phase and Bi phase [54]. However,
coarsening of the microstructure during thermal ageing and the intrinsic brittleness of the
Bi phase are disadvantages of this alloy [38]. Many researchers have studied adding
alloying elements such as Cu [55], In [56], Ag [57], Zn [38], and Sb [58], in different
concentrations in order to improve the properties of the Bi58Sn42 alloy. For example, 0.5
and 1 wt.% Zn effectively refines the eutectic Sn58Bi alloy microstructure and improves
elongation and tensile strength, both before and after thermal ageing [38]. The wettability
of Sn-58Bi solder can be enhanced by adding 0.5 wt.% Ag or 0.1 wt.% rare earth (RE) [59].
Although some added elements can improve the mechanical properties of the SnBi alloy,
most do not change the melting point, which limits the use of the alloy as a low-temperature

solder for flexible substrates that require a low operating temperature, such as heat-
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stabilised PEN and heat-stabilised PET. To achieve a wider low-temperature packaging

window, a lower soldering temperature is needed.

In the other hand, the In60Bi40 alloy exhibits a good elongation (43%) and tensile strength
(13 MPa) [32]. However, it has been reported that even at room temperature most solder
alloys exhibit a homologous temperature (73) greater than 0.6, this leads to the solder joint
can be susceptible to creep deformation and fatigue failure [28]. Therefore, In60Bi40 alloy
with a very low melting temperature of approximately 72 °C (T, = T/T» = 298K/345K =
0.86), will be susceptible to creep deformation and fatigue failure even under normal
operating conditions. In addition, the large In content increases the cost leading to limited
use of this alloy. Besides, the binary InSn alloy has a eutectic composition of 51.7 at.% In
and 48.3 at.% Sn (known as In52Sn48 alloy commercially), which has a single melting
point of 118°C. The phase diagram of a binary InSn system is shown in Figure 1.7 [60].
The equilibrium phases are two intermediate phases -(In-rich, tetragonal crystal structure)

and y-(Sn-rich, hexagonal crystal structure).

Weight Percent Tin
0 10 20 30 40 50 60 70 80 90 100

100 4

50 4

Temperature °C

-50 1

-100 4

|
! [
| I
I |
' i
I @Sn)—

|
L
1 |
| [}
] \
| 1

-150 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

In Atomic Percent Tin Sn

Figure 1.7 The phase diagram of a binary InSn system [60].
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Both of the B and y intermetallic compounds have large compositional homogeneity ranges
[60,61]. Shepelevich reported that the microhardness (Hu) of InSn alloy depends on the
chemical composition of the alloy, and the microhardness is at a minimum with the eutectic
composition. The microhardness of the § phase increases as the content of Sn (in  phase)
increases (Hu = 30-40 MPa), and that of the y phase increases as the In content (in y phase)
increases (Hu = 126-137 MPa), based on the solid-solution hardening mechanism [62,63].
Although the y-phase is harder than the B-phase [43,62,64], both the B and y phases are
relatively soft and ductile, which explains the high ductility performance of the InSn alloy
[50,61,65]. It has been reported that the InSn alloy exhibits good wettability [61,66—68],
meaning that it can be used for many kinds of substrate, which can be either metal or non-
metal, such as Cu, glass, ceramic materials, and flexible polymer [69-73]. The two
intermediate y and B phases occupy a wide composition range, making it an ideal system to
investigate the nanoscale phase and phase transition [70]. The eutectic composition of InSn
solder, which has an intrinsically low electrical resistivity of (10.0—15.0) pQ.cm [42], is
much lower than that of the Sn58Bi alloy (72.3 pQ.cm [74]). Therefore, InSn solder can
facilitate the rapid transfer of electronic/electrical signals between microchips and within
conductive patterns on a substrate [72]. Table 1.5 summarises the main properties of

In52Sn48 in comparison with Bi58Sn42.

Table 1.5 The main properties of In52Sn48 and Bi58Sn42 alloys.

Property Inifl§;48 Bi48Sn42 alloy Remark
Melting temperature (°C, Kenvin) 118, 391 139, 412 [28], [54]
Tensile strength (MPa) 8-11 52-72 [39-42], [52]
Elongation (%) 36-38 23-31 [43], [54]
Electrical resistivity (puQ.cm) 10-15 72 [42], [74]
Elastic modulus (GPa) 24 42 [75], [28]
Coef:t;lcients of thermal expansion (CTE, 20 at 20 °C 15 at 20 °C [42]
x 107°/°C)
Thermal conductivity (W/mK) 34 at 85 °C 21 at 85 °C [28]
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The most significant difference under operating conditions for conventional
electronics and flexible electronic devices is that repetitive mechanical strains, such as
bending or folding, which result in direct mechanical stress on flexible electronics [76].
Thus, the reliability issue of flexible electronic devices are mainly caused by bending
fatigue or thermo-mechanically dynamic operations [77,78]. Therefore, flexible electronic
devices requires characterizing thermo-mechanical properties, including both strength,
stiffness, and ductility of the constituent materials [78]. As the polymer substrates (e.g.,
PEN, PET) are considerably less thermally stable compared to conventional rigid substrate
such as Si and glass, the low-melting temperature is the first selection criterion of solder
alloys for flexible electronic applications [79]. Next, a high ductility alloy can absorb the
thermal stress between the chip and its substrate and enhances the low cycle fatigue
resistance of solder joints [42,50]. So, elongation is the second important property of solder
alloys need to be considered. Moreover, the flexible electronics circuitry will experience
deformation during operation and application, a low elastic modulus is the third important
selection criterion for the joining material because the stress induced in the solder joint will
be lower for a given strain, based on Hooke's law [28,80]. Besides, a high tensile strength
of solder alloy will help improve the thermal fatigue resistance and service life of the solder
joint. As mentioned in Table 1.5, the InSn-based alloy has a lower melting temperature
(118 °C), lower elastic modulus (24 GPa), lower electrical resistivity (10-15 uQ.cm), higher
thermal conductivity (34 W/mK), and higher elongation (36-38 %) than Sn58Bi42 alloy.
Thus, this alloy is a good candidate for low melting temperature applications using a

flexible substrate.

1.4 Reliability concerns for In52Sn48 interconnection

1.4.1 Microstructural coarsening

The microstructure of a material is composed of different phases and their defects,
morphology, and distribution in a material. The composition and microstructure of an alloy
determine the electrical, thermal, and mechanical properties of the material [42]. Generally,
the microstructure of a material is described by the grain size, type of phases, and the

structure present.
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Figure 1.8 A typical microstructure of the eutectic In52Sn48 alloy.

Figure 1.8 presents a typical microstructure of the eutectic In52Sn48 alloy. It has been
reported that the eutectic InSn solder has an irregular microstructure with lamellar features
and equiaxed grains of the y and B phases [28,41,65]. When expressed in Kelvins, the
homologous temperature of the In52Sn48 alloy at room temperature (7~25°C~298 K) is
approximately 0.76 (T, = T/T,» = 298K/391K = 0.76), which results in an exponentially
higher rate of diffusion-dependent deformation [30]. Seyyedi observed a significant
microstructural coarsening in alloy joints on a Cu substrate after 174 days of ageing at
ambient temperature [28,41]; the phase coarsening and uneven microstructure are factors

that reduce strength and adversely affect the long-term reliability of the alloy joint.

1.4.2 Mechanical limitations

As discussed, InSn-based alloys exhibit better ductility compared to BiSn alloys;
elongation of the In-48Sn alloy is approximately four times greater than that of the Sn-37Pb
alloy at very low temperatures (-196°C) [81]. Moreover, the InSn alloy exhibits a more
diffusive deformation pattern than SnBi samples, and the microstructure of Snln remains

the same after testing because of the softness of the alloy [50].
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However, the tensile strength of the InSn alloy is low (8.0-11.0 MPa), and it decreases
further with an increasing proportion of the soft B (In-rich) phase. Elongation is an
important property because the high ductility of solder enhances the low-cycle fatigue
resistance of an alloy joint. It should be noted that if mechanical strength could be improved,
the InSn-based alloy would be a good candidate for solder material for flexible devices [42].
The ratio of the soft B (In-rich) phase in the alloy matrix is the main factor leading to the
poor strength of the InSn alloy. Reducing the B phase ratio is expected to improve the
mechanical properties of the In52Sn48 alloy. Table 1.6 summarises the advantages and

disadvantages of the In52Sn48 alloy.

1.4.3 Improvement of alloy properties by microalloying

It has been reported that minor alloy additions to Pb-free (SnCu-based, SnBi-based,
and SAC) solders can improve the physical, electrical, mechanical or metallurgical
properties of alloys [44]. This modification acts to reduce reliability issues affecting alloy
joints, such as excessive Cu consumption from the substrate, fatigue crack growth from
large intermetallic compounds (IMCs), and void formation during the soldering process
[44,82—-84]. The effects of minor alloying elements additions to Pb-free solders using Zn,
Co, Fe, Cu, Al, Ni, Ag and others have been investigated [84-90]. Of these, Zn is the most
promising and frequently evaluated addition to Sn-rich solders because of benefits that
include suppression of large AgiSn plate and IMC growth, especially Cu3Sn at the
Cu/solder interface; reduction in void formation at the Cu/Sn IMC interface; reduction in
Cu consumption during reflow and ageing; promotion of a uniform Sn dendrite

microstructure; and improved drop impact resistance [44].

Table 1.6 Advantages and disadvantages of the eutectic In52Sn48 alloy.

Advantages Disadvantages

Very low melting temperature (118 °C)

High ductility Microstructural coarsening
Low electrical resistivity Low tensile strength
Good wettability
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Wang et al. studied the effect of 1.0-6.0 wt.% Zn addition on the properties of an InSn
alloy, and the results revealed that the addition reduces the melting temperature; however,
the InSn-xZn alloys exhibit a low UTS of approximately 6 MPa and an average elongation
of 17-31% [91]. On the other hand, Ag and Cu are two elements with good electrical
conductivity [92]. Many studies have shown that adding a certain amount of Ag or Cu can
improve mechanical properties as well as the fatigue resistance of alloys and joints when
working at high temperatures [30,44,85,93,94]. Moreover, Ohnuma pointed out that adding
an InSn alloy with a content of less than 2 wt.% Ag helps this alloy to maintain a low-
temperature range [74]. Therefore, Cu and Ag are two good candidates that can be added
to the In52Sn48 alloy with the expectation of improving the mechanical properties and

solderability of the alloy.

It has been reported that Sn-In alloys with added Ag exhibit enhanced elongation and
creep resistance [43,95,96], but lower electrical resistance has also been investigated [95].
These studies have shown that amounts of Ag greater than 2.5% result in a higher melting
temperature of the InSn alloy. Furthermore, several studies have investigated the effect of
Cu on InSn alloys [97,98]. For example, Susan et al. investigated the solidification and
microstructures of InSn-Cu (ISC) alloys with 0.35 to 1.5 wt.% Cu [97]. They found that the
melting behaviour of ISC alloys is similar to eutectic InSn alloys, and a ternary IMC of
CuzIn3Sn was observed in the as-solidified alloy. Several studies have also reported phase
equilibria and solidification of InSn-Cu ternary alloys [99-101]. However, the effect of the
addition of Cu and Ag on the mechanical properties of eutectic InSn alloys has not been
fully investigated to date, especially the relationship between the microstructure and
mechanical properties of both alloy and joint. Therefore, these shortcomings will be

addressed in this thesis.
1.5 Research motivation

In recent years, flexible electronics have attracted considerable attention because of
their excellent flexibility and stretchability while maintaining electrical properties.
According to research by IDTechEx, flexible device market sales are growing by more than

30% annually and will reach $301 billion by 2028, which is more than double the sales of
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the current conventional integrated circuits industry [2,21]. Unsurprisingly, therefore, the
number of studies and publications on flexible electronic devices is increasing rapidly.
Figure 1.9 shows the number of publications with the keyword "flexible electronics"
according to statistics from the Web of Science website [3,21]. To meet the requirements
of new flexible electronic devices, research on alternative mounting and bonding materials,
such as lower temperature alloys or conductive adhesives, is essential. The selection of
material for the most flexible plastic circuits depends on a combination of performance,
processing, and cost. Heat-stabilised PEN/PET are mostly used as substrate materials for
flexible electronics because of advantages that include: low cost, transparency almost like
glass, low water absorption and moisture contamination, and competitive mechanical
properties [19,24]. However, the low melting temperature of heat-stabilised PET/PEN is
not compatible with conventional solder temperatures. Therefore, adhesives or low-

temperature solders must be considered for attaching components.
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Figure 1.9 Research publications per year obtained for the term “flexible electronics” on web of science [3].
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As previously discussed, the medium to high melting point solders group (such as SACI105,
SAC305, Sn91Zn9) has two undesirable effects on packaging technology: warpage of the
intermediate layer, and thermal stability of the polymer substrate [50]. Among low-
temperature alloys, the In52Sn48 alloy has a very low melting temperature, high ductility,
and low electrical resistivity, and could become a good candidate for joining material in
flexible electronics. However, phase coarsening and low tensile strength are disadvantages
of this alloy. The motivation for this study is therefore focused on solving and overcoming

the limitations of the eutectic In52Sn48 alloy.
1.6 Research purpose and outline
1.6.1 Research purpose

The main purpose of this study is to solve two main problems of the In52Sn48 alloy,
namely, microstructural coarsening and low tensile strength while maintaining or reducing
the melting temperature of the alloy. In this thesis, the effects of 0.5-1.5 wt.% Ag, and 1.0-
8.0 wt.% Cu additions on the microstructure and mechanical properties of the eutectic
In52Sn48 alloy were investigated. Then, the InSn-based alloys were selected to make the
alloy joint on a Cu substrate. The wettability of the new alloys on the Cu substrate, the
microstructure evolution, interfacial reaction, and mechanical properties of the alloy joints,

were studied. The joint reliability was also examined using a thermal ageing test.

Since flexible electronics technology is in the infancy of development, and the
requirements for solder alloys depend on many different factors such as: scope of
application, working conditions, life requirements, etc [20,102]. Therefore, there is not yet
a general regulation for joining materials applied in flexible electronic devices. However,
based on the above discussed, the thermomechanical properties including tensile strength
and elongation of solder should be considered. When compared with common solder
materials in Table 1.4, the mechanical properties of In60Bi40 alloy are taken as the basis

for comparison and evaluation for the research results in this thesis.
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1.6.2 Outline

Chapter 1 gives a brief introduction of flexible electronic devices and the
interconnection technologies used in flexible electronic devices, including Pb-free and low-
temperature alloys. Reliability concerns about the eutectic In52Sn48 alloy are discussed

and solutions proposed to address these concerns.

Chapter 2 describes the effects of Ag addition to the eutectic In52Sn48 alloy. The
microstructure refinement mechanism and mechanical properties of the new alloy are

investigated. The fracture surface of tensile test samples is examined.

Chapter 3 details the effects of Cu addition to the eutectic In52Sn48 alloy.
Microstructure refinement in relationship with the mechanical properties of the new alloy

is discussed. The fracture surface of tensile test samples was also examined.

Chapter 4 explains the selection of the new alloys described in Chapter 3 to create an
alloy joint on a Cu substrate. The wettability of the new alloy on the Cu substrate is
investigated. The evolution of the microstructure, interfacial reaction, and shear strength of

the alloy joints are investigated.

Chapter 5 describes the results of isothermal ageing to examine the reliability of the
new alloy bars (Chapter 3) and alloy joints (Chapter 4). For alloys, the microstructure
changes after thermal ageing are studied, and the mechanical properties are also
investigated. For the alloy joints, the microstructure evolution, interfacial reaction and shear

strength alloy joints are investigated.

Chapter 6 summarises the results obtained in each chapter and suggests future work.
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2.1 Introduction

As mentioned in Chapter 1, Ag and Cu are the two elements selected to be added
to the In52Sn48 alloy to overcome the limitations of this alloy, namely, uneven
microstructure and phase coarsening. Generally, the chemical composition, thermal
properties, mechanical properties and failure behaviour are the basic properties to be
considered when studying the performance of a solder alloy [1,2]. Studies have reported
that a small amount of Ag can reduce the melting point, improve the mechanical
properties, and reduce the grain size of some lead-free alloys [3—5]. With the aim of
maintaining or reducing the melting temperature and improving the mechanical
properties of the In52Sn48 alloy, the author investigated the effect of the addition of x
= 0.5, 1.0, and 1.5 wt.% of Ag on fusion start temperatures, microstructures, and
mechanical properties of the In52Sn48-xAg (ISA) alloys. The fracture behaviour of the

new alloys under the tensile test was also investigated.
2.2 Experimental procedure
2.2.1 Fabrication

We fabricated ISA alloys consisting of commercial In52Sn48 eutectic alloy and
0.5, 1.0, and 1.5 wt.% Ag from pure silver wire (99.99%; Nilaco Corporation, Japan).
These elements were alloyed at 700°C for 5 h in an alumina crucible inside an electric
furnace (HPM-ON, AS ONE) in a nitrogen atmosphere. The chemical composition of
the new alloys was analysed using a wet chemical titrimetric method (for Sn analysis)
and an inductively coupled plasma (ICP) for other elements. The results are summarised
in Table 2.1. Alloy bars (50 x 10 X 5 mm) were shaped using a casting mould, and then
further shaped into dumbbells by wire electric discharge machining (Soldick AG 360L,
Japan). Figure 2.1 presents a schematic of the experimental procedure and the

dimension of the dumbbells and the actual tensile specimen for a tensile test.
2.2.2. Characterisation methods

The melting behaviour of each ISA alloy was examined by differential scanning
calorimetry (DSC; 7020, Hitachi, Japan) under a constant flow of N> in the range 50-
250°C at a rate of approximately 10°C/min.
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Figure 2.1 Schematic of the experimental procedure.

Table 2.1 Chemical composition of the eutectic In52Sn48 alloy and In52Sn48-xAg alloys.

Element In52Sn48-0.5Ag In52Sn48-1.0Ag In52Sn48-1.5A¢g In52Sn48
(ISA4805), wt. % (ISA4810), wt. % (ISA4815), wt. % (IS48), wt. %

Sn 47.710 47.840 47.550 47.910
In Balance Balance Balance Balance

Ag 0.515 0.997 1.502 -

Cu 0.010 0.041 0.009 0.003

Bi 0.001 - - 0.006

Zn 0.005 0.011 0.006 -

Pb - - - 0.001

The fusion start temperature (7y) was determined as required by the JIS Z 3198-1
standard. The microscopic specimens were carefully polished. First, the samples were
ground flat with SiC grit paper #150 for 1-2 minutes. Then, the sample was further
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ground with finer SiC grit papers #400, #800, #1200, and #2000 until the surface was
shiny. Next, the samples were polished automatically for approximately 20-30 minutes
using an alumina suspension (Buehler, USA, in the following order: 1.0 and 0.3 pum).
Any alumina powders remaining on the surface of the sample after polishing were
cleaned by an ultrasonic cleaner. To show the phases clearly, the sample surface was
then etched with a solution of HCl 4% + ethanol in the ratio of 1:1 for 15-30s. The
microstructures of the ISAs were then examined using scanning electron microscopy
(SEM; SU-70, Hitachi, Japan). The crystal structures of the ISA alloys were determined
by X-ray diffractometry (XRD; Ultima IV, Rigaku, Japan) in the 30-80° 20 range at a
scan rate of 1°/min. The microstructures and elemental distribution of the ISAs were
determined by field-emission electron probe microanalysis (FE-EPMA; JXA-8530F
JEOL). ImagelJ software was used to calculate phase sizes and numbers. A total of 50
phases for each alloy were measured and used for calculating the average phase size.
Tensile testing was conducted under a strain rate of 5 x 10 s™! using a universal tensile
machine (Autograph AG-X, Shimadzu, Japan). The average elongation (EL) and UTS
were determined from tensile stress-strain curves and calculated based on the tensile
results of eight test pieces for each alloy. The fracture surface of each tensile specimen

was examined by SEM.
2.3 Results and discussion
2.3.1 Melting behaviour

The DSC curves for all the alloys are shown in Figure 2.2. In accordance with the
JIS Z 3198-1 standard, the fusion start temperatures of the In52Sn48-0.5Ag (ISA4805),
In52Sn48-1.0Ag (ISA4810), and In52Sn48-1.5Ag (ISA4815) alloys are defined by the
extrapolated beginning of the DSC curve, determined by the point of intersection of the
tangent with the point of maximum slope, on the principal side of the peak with the base
line extrapolated. The values are 112.6, 112.7, and 113.2°C, respectively, which are all
lower than that of the eutectic In52Sn48 (1S48) alloy (117.2°C). The addition of Ag
slightly decreases the fusion start temperature of the eutectic 1S48 alloy, which is
attributable to the ternary eutectic reaction and was calculated by Ohnuma et al. to be

114°C for Sn-52.2In-0.9Ag (eq. (1)).

Lo B+y+Agln (1)
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Figure 2.2 DSC curves of the various alloys: IS48, ISA4815, ISA4810 and ISA4805.
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Figure 2.3 Calculated isothermal section of Ag-In-Sn ternary system at 113 °C [9].

This result is consistent with calculated isothermal section of Ag-In-Sn ternary system
at 113 °C, as shown in Figure 2.3 [9]. In which, the ISA4815, ISA4810, and ISA4805

alloys (in circle zone) exhibit three phases included AgyIn+y+p phases as ternary
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reaction (1). Moreover, the melting temperature of Sn-51.7In with 1.0-5.0 wt.% added
Ag were predicted to increase with increasing silver content [6], in agreement with the

results in this study.
2.3.2 Phase constitution

The XRD patterns for all alloys are displayed in Figure 2.4, which reveals the
presence of e-Aglny in the new ISA alloys, as observed in other In-Sn-Ag alloys [19].
Although few studies have reported the presence of the AgoIn IMC in ISA alloys [5,7],
Chuang et al. [8] found that Ag>In and Agln, compete in In-49Sn/Ag alloyed specimens

during ageing. At temperatures under 75°C, the dominant reaction is:

Agoln + 3In 2 2AgIn, (2)

Hence, Ag-In IMC is transformed from AgzIn to Aglnz by Eq. (2) in ISA alloys during
slow cooling. In addition, EMPA maps of the alloys are shown in Figure 2.5, with
EMPA point analyses providing the elemental content of all phases, as summarised in
Table 2.2. Agln,, which is circular, exists in the In3Sn phase in ISA alloys because the
In-rich phase is required to transform according to Eq. (2). The diameter of the Agln,
phase becomes larger with the addition of more Ag, from 0.5-2.0 um in ISA 4805 and
4810 alloys to 2.0-4.0 um in ISA 4815 alloy.

v-InSn, B-In;Sn €-Agln,

cle Pey  p B P TTRY o
(a) ISA4815

-
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=
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Figure 2.4 XRD Patterns of the various alloys: 1S48, ISA4815, ISA4810 and [SA4805.
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Figure 2.5 EMPA mappings of the In52Sn48, ISA4805, ISA4810, ISA4815 alloys and the locations
of EPMA points in Table 2.2.

2.3.3 Microstructure

The microstructures of the eutectic In52Sn48 and ISA alloys are displayed in
Figure 2.6, which shows the two main In-rich B-In3Sn and y-InSn4 phases in both alloys
[5,10]. We measured 50 phases for each alloy then calculated the average phase size. As
shown in Figure 2.7, the B-In3Sn + &-Agln; phases in ISA4815 (135 um?2) are smaller
than the B-In3Sn in the eutectic In52Sn48 (270 um?2). Moreover, the average y-InSny4
phase in the eutectic In52Sn48 is 215 um?2 in size; ISA4805 and ISA4810 have a similar
v-phase of approximately 120 um?2 in size, while the average y-InSn4 phase in ISA4815
was found to be 300% smaller (65 pum?2).
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Table 2.2 Elemental compositions of the points in Figure. 2.5

Alloys Point Ag (at. %) In (at. %) Sn (at. %) Estimated IMC
1 - 22.73 77.27 v-InSny
1S48
2 - 77.40 22.60 B-In3Sn
3 34.45 61.29 4.26 e-Agln,
4 35.88 59.18 4.94 e-Agln,
ISA4805
5 0.49 24.82 74.69 v-InSn4
6 0.51 74.62 24.47 B-In3Sn
7 34.83 61.33 3.84 e-Agln,
8 33.91 62.48 3.61 e-Agln,
ISA4810
9 0.74 25.52 73.74 v-InSny
10 1.18 76.80 22.02 B-In3Sn
11 36.91 60.76 2.32 e-Agln,
12 34.79 59.42 5.79 e-Agln,
ISA4815
13 1.60 76.12 22.28 B-In3Sn
14 1.70 25.12 73.18 v-InSny

The B-In3Sn/y-InSn4 ratio is lowest in alloy I1S48 (1.3) and highest in alloy ISA4805
(1.8), followed by alloys ISA4815 (1.65) and ISA4810 (1.59). The sizes of the grains or
phases in alloys are usually determined by the number of nucleation sites during
solidification. When Ag was added into the eutectic In52Sn48 alloy, the formation of &-
AgIn2 along the phase boundaries created more sites for nucleation during cooling.
Therefore, the addition of Ag reduces the sizes of the  and y-phases, thereby it is
expected to effect on the mechanical properties of the ISA alloys.
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Figure 2.6 SEM image of various alloys: (a) In52Sn48, (b) In52Sn48-0.5Ag, (c) In52Sn48-1Ag, (d)
In52Sn48-1.5Ag.
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Figure 2.7 Phase calculation and the B-In3;Sn/y-InSny ratio in each alloy.
2.3.4 Mechanical properties

Figure 2.8 presents the tensile strength and elongation of S48, ISA4805, [SA4810, and

ISA4815 alloys; the error bar shows the maximum and minimum values, and the dots
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are the tensile test values of eight samples for each alloy. The results reveal that the
eutectic 1S48 and ISA4810 alloys exhibit the same average tensile strength of
approximately 10.5 MPa, while ISA4805 exhibits a lower tensile strength of 9.3 MPa,
and the ISA4815 alloy exhibits the highest average tensile strength at 12.5 MPa, as
shown in Figure 2.8a. In addition, the elongation of the new alloys improved with the
addition of Ag, as is evident in Figure 2.8b, which shows that the ISA4805 alloy has
the longest average elongation of 64%, which is twice that of the eutectic In52Sn48
alloy (32%), followed by ISA4810 (52%) and ISA4815 (46%). The new alloys exhibit
greater elongation but lower tensile strength compared to the 37.5% and 48.0 MPa,
respectively, of the eutectic Sn-58Bi alloy [11]. However, the tensile strength and
elongation of 1S48 and ISA alloys in this study are both higher than those of near-
eutectic In-Sn alloy when adding 1.0-6.0 wt.% Zn (UTS = 4.0-6.0 MPa, EL = 17.0-
30.9% ) [12].
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Figure 2.8 Tensile strength (a), and elongation (b) of In52Sn48, ISA4805, ISA4810, ISA4815 alloys.
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Generally, the mechanical properties of alloys are determined by the phase
composition and microstructure of the alloy [13,14]. The ability of a metal to deform
plastically depends on the ability of dislocations to move; by reducing the mobility of
dislocations the mechanical strength may be enhanced [15]. The decrease in grain size
could affect the dislocation density. A fine microstructure material with a higher total
grain boundary area will prevent dislocation motion, and will be stronger than one that
is coarse-grained [15,16]. In this study, after the addition of Ag to the IS48 alloy, the
microstructure was observed to be smaller in the ISA alloys; in particular, the B and y
phases are smallest in the ISA4815 alloy (with 1.5 wt.% Ag addition), which leads to an
increase in the number of grain boundaries. Therefore, the tensile strength of ISA4815

may be enhanced by its significantly smaller phases.

2.3.5 Fracture mode and fracture surface

Figure 2.9 shows typical stress-strain curves of alloys, and images of tensile
specimens before and after tensile testing at different magnifications; the maximum
stress point and maximum strain in each curve determine the tensile strength and
elongation of the alloy, respectively. The stress-strain curve of In52Sn48 is consistent
with a typical ductile mode with little plastic deformation; the curve tends to bulge
before dropping significantly (Figure 2.9a), while the specimen shows a typical brittle
mode with planar stress fractures on inclined planes (Figure 2.9b,c). We note that the
eutectic In52Sn48 exhibits a moderately ductile fracture [5] or semi-ductile behaviour.
Conversely, the ISA samples exhibit ductile behaviour with superior strain; the curves
transit smoothly and fall slightly with extensional tailing (Figure 2.9a). This behaviour
is in agreement with the macroscopic fracture morphologies of ISA samples, in which
ISA4805 shows extreme elongation with the longest necking region, followed by the
ISA4810 and ISA4815 alloys (Figure 2.9b, d-f). This alloy behaviour is consistent with
the elongation values, as shown in Figure 2.8b. Mechanical strength depends on
dislocation capacity during plastic deformation [15], and the dislocations that pile up at
grain or phase boundaries induce grain boundary strengthening in metals [17]. Figure
2.10 presents a schematic illustration of dislocation density gradients in large grains and
small grains. The grain boundary is weakened in a large grain when a considerable

dislocation density gradient exists between the grain interior and the grain boundary, as
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shown in Figure 2.10a [15]. An intergranular fracture usually occurs in crystals with
larger grains because dislocation pileups propagate cracks at the grain boundaries during
tensile testing [17]. Conversely, as shown in Figure 2.10b, the grain boundaries are not
the weakest regions during tensile testing in smaller grains with more uniform
dislocation distributions; transgranular fracturing, as opposed to intergranular fracturing,

is observed.

—— 1548
- - --ISA 4805
- - - - ISA 4810
————— ISA 4815
©
o
=
]
7]
o
2 i
0 1 5 T i T d T * -~-I .“-' ".‘“:I‘: ---- ¥ _---j--—- E
00 01 02 03 04 05 06 07

Strain

(d) ISA4805 e (f) ISA4815

Figure 2.9 Typical stress-strain curves of alloys (a), and (b-f) images of tensile specimens before and

after tensile testing at different magnifications.
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Figure 2.10 Schematic illustration of dislocation-density gradients in (a) large grains and (b) small

grains [15].

Fracture images at different magnifications following tensile testing are shown in
Figure 2.11, with phases determined by energy-dispersive X-ray spectroscopy (EDS);
the results are shown in Table 2.3. Figure 2.11d reveals that the eutectic In52Sn48,
with the largest phases, exhibits intergranular fracturing through cleavage along the
grain boundaries. Each cracked grain is oriented differently to give a crystalline structure
that resembles fractured rock candy [18,19]. The SEM images in Figure 2.11g-h and k-
I reveal that the phases in ISA4805 and ISA4810 are elongated through the grain
boundary sliding motion along their tensile axes, as well as by cleavages that lead to
grain cracking inside the phase [15]. On the other hand, the ISA4815 alloy, with the
smallest phase size (Figure 2.7), has the most transgranular fractures with collision
areas (Figure 2.11p-q) and the highest tensile strength, as shown in Figure 2.8a.
Moreover, the ISA samples all exhibit better elongation than the eutectic In52Sn48 alloy.
In the ISA4805 alloy, the hard y-InSns4 phase [20] experiences a significant decrease in

phase area, while the soft B-In3Sn phase [20] shows a slight size reduction, leading to
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the highest B-In3Sn/y-InSn4 ratio among ISA alloys, as shown in Figure 2.7. Further,
the ISA4805 alloy, with the smallest Ag content, exhibits the largest grains, while
ISA4815, with the highest Ag content, shows the smallest grains among the ISA alloys.
In addition, as shown in the EPMA maps in Figure 2.5, fewer hard y-InSn4 regions are
observed in ISA alloys; when &-Aglno is formed in B-In3Sn phases due to the

consumption of some of the In atoms and near -In3Sn/y-InSns4 phase boundaries.

— Tensile direction

() (e) @)

%

Overlap EDS images

Figure 2.11 Fracture images of (a-d) 1S48, (e-h) ISA4805, (i-1) ISA4810 and (m-q) ISA4815 alloys after

tensile testing at different magnifications.
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Table 2.3 Elemental compositions of the points in Figure. 2.11.

Alloys Point Ag (at. %) In (at. %) Sn (at. %) Estimated IMC
1 - 24.69 75.31 y-InSn4
1S48
2 - 75.25 24.75 B-In3Sn
3 33.47 61.33 5.20 e-Agln,
ISA4805 4 0.26 24.84 74.90 v-InSny
5 0.31 75.30 24.39 B-In3Sn
6 32.63 60.33 7.04 e-Aglny
ISA4810 7 0.95 21.57 77.48 v-InSny4
8 1.04 74.64 24.32 B-In3Sn
9 31.80 62.40 5.80 e-Agln,
ISA4815 10 1.43 75.12 23.45 B-In3Sn
11 1.52 23.27 75.21 v-InSny

Although the B-In3Sn regions in the ISA alloys include e-Agln, formation, hardness is
mostly dominated by the soft B-In3Sn phases. As mentioned in Chapter 1, the
microhardness (Hu) of the  phase (Hu = 30-40 MPa) is only approximately 1/4 that of
the y phase (Hu = 126-137 MPa) [20,21]. Accordingly, it is reasonable that ISA4805,
with the highest ratio of B-In3Sn/y-InSns and without a large number of small grains or
phases for grain boundary strengthening, is the softest of the alloys. Therefore, this study
reveals that the addition of Ag not only affects tensile strength, but also elongation of

the eutectic In52Sn48 alloy.
2.4 Conclusions

In this chapter, the addition of 0.5-1.5 wt.% Ag not only reduces the melting
temperature but also refines the microstructure of the In52Sn48 alloy and affects its

mechanical properties. The results may be summarised as follows:
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Due to the ternary eutectic reaction, the fusion start temperature of all the ISA alloys
is around 113°C, which is lower than that of the eutectic In52Sn48 alloy (117°C).
The e-Agln, forms in the B-In3Sn phases and near B-In3Sn/y-InSns boundaries in the
ISA alloys following the addition of Ag, which reduces the average area of both [3-
In3Sn phases and y-InSns phases; these smaller phases enhance tensile strength and
alter the fractured mode.

ISA4815, with the smallest phases, is the strongest of the alloys, with a tensile
strength of 12.5 MPa; this alloy fractures in transgranular mode, as commonly seen
in crystals with small grains.

In addition, all the ISA alloys exhibit better elongation than the eutectic In52Sn48
alloy, which is attributable to smaller hard y-InSns4 regions. Among the alloys,
ISA4805, with the highest soft-B-In3Sn/hard-y-InSn4 ratio and devoid of very small

phase sizes, is the softest, with an elongation of 64%.

Therefore, the addition of Ag influences the melting behaviour, microstructures, tensile

strength, and elongation of the eutectic In52Sn48 alloy. Table 2.4 below summarises

the results for this chapter.

Table 2.4 Summarized results of chapter 2.

Melting Microstructure Averages Averages tensile
Alloy temperature (B-In3Sn averaged elongation strength
O size) (%) (MPa)
1S48 117.2 270 um? 32 10.5
ISA4805 | Reduced (112.6) Refined (248 pm?) Better (64) Slight reduced (9.3)
ISA4810 | Reduced (112.7) Refined (220 pm?) Better (52) Equal (10.5)
ISA4815 | Reduced (113.2) Refined (135 pm?) Better (46) Better (12.5)
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3.1 Introduction

In Chapter 2, the effect of Ag addition on the elongation of the eutectic In-Sn alloy
was discussed, and the results revealed that the addition of 0.5-1.5 wt.% Ag enhances
elongation of the In-Sn eutectic alloy; furthermore, tensile strength was improved with 1.5
wt.% Ag. As mentioned, Cu is the second element selected to be added to the In52Sn48
eutectic alloy to improve its properties. Despite several previous studies [ 1-5], the effect of
Cu on the mechanical properties of the eutectic In-Sn alloy is not fully understood,
especially the relationship between the microstructure of the alloy and its mechanical
properties. Therefore, this chapter demonstrates the effects of various Cu concentrations
(1.0 wt.%, 2.0 wt.%, and 8.0 wt.%) on the melting behaviour, microstructure, tensile
strength, and elongation of the eutectic In52Sn48 alloy. The mechanisms, and relationship

between microstructure, fracture mode, and mechanical properties, are also discussed.
3.2 Experimental procedure
3.2.1 Fabrication

In-Sn-Cu (ISC) alloys comprising eutectic In52Sn48 solder and 1.0, 2.0, and 8.0 wt.%
Cu (99.8%; Nilaco Corporation, Japan) were alloyed in an electric furnace (HPM-ON, AS
ONE) under nitrogen atmosphere at 700°C for 5 h. The experimental procedure was the
same as shown in Figure 2.1 in Chapter 2. The alloy bar was cast in a steel mould and
naturally cooled in air. The chemical composition of the In-Sn eutectic and new ISC alloys
was analysed using a wet chemical titrimetric method (for Sn analysis) and an ICP for the
other elements; the results are summarised in Table 3.1. Subsequently, for the tensile test,
the bars were machined into a dog-bone shape by wire electric discharge machining

(Soldick AG 360L, Japan); the dimensions of the samples are shown in Figure 3.1.
3.2.2 Characterisation methods

DSC (DSC7020, Hitachi, Japan) was used to investigate the melting behaviour of the
ISC alloys during heating and cooling in the range of 50 to 550°C at a heating and cooling
rate of 5°C/min under a constant flow of N2 atmosphere. The crystal structure of each phase

in the alloys was determined by XRD (Ultima IV, Rigaku, Japan) in the 20 range of 30-80°
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Figure 3.1 Tensile test specimen.

at a scan rate of 1°/min. The tensile strength of the ISC alloys was measured using a
universal tensile machine (Autograph AG-X, Shimadzu, Japan) at a strain rate of 5 x 10
s'l. The average elongation (EL) and UTS were determined from tensile stress-strain curves
and calculated based on the tensile results of eight test pieces for each alloy. SEM (SU-70,
Hitachi, Japan) was used to examine the fracture surfaces of the alloys after the tensile test.
To investigate the microstructure of the alloys, the samples were polished with SiC grit
papers #150, #400, #800, #1200, and #2000, after which fine polishing was performed with
a 1.0 um alumina suspension (Buehler, USA). The surface polishing process was carried
out as described in detail in Section 2.2.2 of Chapter 2. Then, the samples were analysed
by SEM. Field-emission electron probe microanalysis (FE-EPMA; JXA-8530F JEOL,
Japan) was used to identify the elemental distributions of the alloys. ImageJ software was
used to measure the fractions of the phases shown in EPMA images for each alloy. A total

of 50 phases for each alloy were measured and used to calculate the average phase size.
3.3 Results and discussion
3.3.1 Melting behaviour and solidification process

Figure 3.2 shows the DSC curves of the In52Sn48 (IS48), In52Sn48-1.0Cu
(ISC481), In52Sn48-2.0Cu (ISC482), and In52Sn48-8.0Cu (ISC488) alloys. Figure 3.2a
displays the DSC curves of the eutectic In-Sn and ICS alloys, demonstrating the melting
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Table 3.1 Chemical compositions of the eutectic In52Sn48 and In-Sn-xCu alloys (x =1.0, 2.0, 8.0 wt.%).

Element In52Sn48-1.0Cu In52Sn48-2.0Cu In52Sn48-8.0Cu In52Sn48
(ISC481), wt. % (ISC482), wt. % (ISC488), wt. % (IS48), wt. %

Sn 47.970 47.720 45.000 48.200
In Balance Balance Balance Balance
Cu 0.803 1.530 7.370 0.003
Ni 0.001 0.001 0.001 0.001
Bi - - - 0.02
Pb 0.001 0.001 0.001 0.001

behaviours of the alloys during the heating process at a heating rate of 5°C/min. As shown
in the inset representing an enlarged image of region A, although the onset melting
temperatures (Zonser-endo) Of the ISC481 (114.6°C), ISC482 (114.7°C), and ISC488 (114.8°C)
alloys were slightly higher than that of the In52Sn48 alloy (114.4°C), they were all close to
115°C, indicating that the addition of Cu has no significant effect on the melting
temperature of the eutectic In-Sn alloy. Figure 3.2b shows the main solidification and
crystallisation of the phases in the eutectic In52Sn48 and ISC alloys during the cooling
process at a cooling rate of 5°C/min. In the large-scale B region, small peaks were observed
in the DSC curves of the ISC488 (390°C), ISC482 (310°C), and ISC481 (280°C) alloys,
which can be ascribed to the phase precipitation of m-(Cu,In,Sn). These results are
consistent with the calculation of Liu et al. [3] and the experiment of Riani et al. [5].
Furthermore, the solidification of the precipitated phases increases with an increase in Cu
content. Therefore, phase precipitation did not occur in the In52Sn48 alloy. Moreover, the
eutectic solidification of the B-(In,Sn) and y-(In,Sn) phases occurred in the eutectic In-Sn
alloy between 113°C and 115°C, whereas solidification occurred between 111°C and 114°C
in the ISC alloys.
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Figure 3.2 DSC curves of the (a) heating process and (b) the cooling process of the 1S48, ISC481, ISC482,
and ISC488 alloys.

The difference in the solidification temperature can be attributed to the occurrence of a
ternary reaction in the ISC alloy between 111°C and 116.8°C, which can be represented
using Equation (1) [5]. Additionally, a mushy zone was observed in the enlarged image of

the C region of the DSC curves (Figure 3.2b) of the ISC alloys, as evidenced by the two
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peaks in the curve, which can be attributed to the reduction in the In content in the alloys

due to the addition of Cu.
L < vy (In,Sn) + B (In,Sn) + 1 (Cu,In,Sn) (1)

Finally, in the 78°C to 83°C region, the DSC curves of the ISC alloys exhibit third
peaks, as shown in the enlarged image of the D region in Figure 3.2b. This can be attributed
to the solid state phase transformation of the n-(Cu,In,Sn) into t-Cu(In,Sn), phase [1,5]

through invariant equilibria, as shown in Equation (2).
N (Cu,In,Sn) + B (In,Sn) <> y (In,Sn) + 1-Cu(In,Sn), (2)

In this study, although the Cu content in Cu-In-Sn alloys is 1.0-8.0 mass.%, the
solidification of ISC481, ISC482, and ISC488 alloys during cooling is consistent with

vertical section at 10 mass% Cu of Cu-In-Sn ternary system, as shown in Figure 3.3 [6].
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Figure 3.3 Vertical section at 10 mass% Cu of Cu-In-Sn ternary system, plotted in at.% [6].
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3.3.2 Microstructure

Figure 3.4 shows the SEM images of the microstructures of the In52Sn48 and ISC
alloys. Here, the SEM samples were selected from the middle section of the alloyed bars,
and the eutectic spacing in each alloy was measured using ImagelJ software. In this chapter,
eutectic spacing is the distance between two consecutive lamellae of the y-InSn4 phase [7],
and the average values are calculated based on the measured results of 60 eutectic spacings
for each alloy. The rough and smooth regions in the SEM image of the In52Sn48 alloy
represent the soft B-In3Sn phase and the hard y-InSn4 phase in the In52Sn48 alloy [8—10],
respectively (Figure 3.4). As shown in Figure 3.4(b-d), the B-matrix of the ISC alloys is
composed of continuous regions comprising the n-(Cu,In,Sn) and 1-Cu(In,Sn), phases [1].
We note that the grain size in the § and y matrix in the ISC alloys is smaller than that of the
eutectic alloys. In other words, the microstructure of ISC alloys is refined, and the

refinement degree is specified by the eutectic spacing [11], as shown in Figure 3.5.

Figure 3.4 SEM images of the various alloys: (a) In52Sn48, (b) In-Sn-1.0Cu, (c¢) In-Sn-2.0Cu, (d) In-Sn-
8.0Cu.
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Figure 3.5 Eutectic spacing of IS48, ISC481, ISC482, and ISC488 alloys.

The ISC481 alloy with the smallest amount of Cu added has the highest eutectic
spacing (7.1 um), which is smaller than that of the In52Sn48 eutectic alloy (9.1 um),
followed by the ISC482 (6.8 um) and ISC488 (5.6 um) alloys. The finer microstructure in
ISC alloys can be attributed to the presence of Cu atoms in molten alloys. As Cu has a
higher melting temperature than In and Sn, it could act as a heterogeneous nucleation site
during the solidification process. Thus, with increasing Cu doping, the numbers of grains

and grain boundaries increase, leading to a more refined microstructure in the ISC alloys.

Although the boundaries between the n-(Cu,In,Sn) and t-Cu(In,Sn), phases could
barely be distinguished in the SEM images, these phases could be identified by EPMA
mapping, as shown in Figure 3.6. Herein, Figure 3.6a-b displays the EPMA maps of the
In52Sn48 alloy with only In and Sn elemental distributions. A significant distribution of
the 1-(Cu,In,Sn) and t-Cu(In,Sn); phases in the ISC alloys is distinguished by the Cu
elemental distributions in the ISC alloys, as shown in Figures 3.6g,k,0. Due to a partial
phase transformation of the n-(Cu,In,Sn) phase into the 1-Cu(In,Sn); phase, the latter (In-
rich) surrounds the former (Cu-rich), with both phases embedded in the B-In3Sn matrix,
owing to the consumption of Cu diffusion [12] by the neighbouring B-phase [4] during
cooling below 90°C, as described by Equation (2). Table 3.2 lists the elemental
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compositions at each marked point on the EPMA maps in Figure 3.6. The IMC n-
Cus(In,Sn)s and t-Cu(In,Sn)> phases observed by the EPMA mapping are consistent with
the aforementioned DSC results. Additionally, Figure 3.7 presents the XRD patterns of the
In52Sn48 and ISC alloys. The y-InSns4 and B-In3Sn phases were detected in the In52Sn48
and ISC alloys [9,13], whereas the ternary IMC phases were only observed in the ISC alloys,

which is consistent with the findings of previous studies [14,15].

BSE  In-maps Sn - map Cu - maps

_In525n48

-Cu(InsSn), ‘:
(8) Ty 4

-

M=Cuy( ln.Sn)gi

Jn-on-1Cn

Figure 3.6 EPMA maps of the (a-c) In52Sn48, (d-g) In-Sn-1.0Cu, (h-k) In-Sn-2.0Cu, and (I-0) In-Sn-8.0Cu
alloys and the locations of the EPMA points listed in Table 3.2.
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Table 3.2 Elemental composition of the points highlighted in Figure 3.6.

Alloys Point Cu (at. %) In (at. %) Sn (at. %) Estimated IMC

1 - 24.79 75.21 v-InSny

1S48

2 - 77.38 22.62 B-In3Sn

3 30.90 54.68 14.42 7-Cu(In,Sn),

4 53.53 21.60 24.87 Nn-Cus(In,Sn)s
ISC481

5 0.04 76.80 23.16 B-In3Sn

6 0.85 27.53 71.62 v-InSny4

7 27.76 56.83 15.41 1-Cu(In,Sn),

8 54.89 19.39 25.72 N-Cus(In,Sn)s
ISC482

9 0.58 76.71 22.71 B-In3Sn

10 0.10 25.03 74.87 v-InSny4

11 31.91 53.93 14.15 t-Cu(In,Sn),

12 59.19 21.74 19.07 Nn-Cus(In,Sn)s
ISC488

13 0.13 74.58 25.28 B-In3Sn

14 0.63 25.64 73.73 v-InSny4

Furthermore, the peak intensity of the n-Cus(In,Sn)s and t-Cu(In,Sn), phases is weak
in the ISC481 alloy and increases with the addition of 8 wt.% Cu, which is consistent with
the distribution of these phases in the EPMA Cu-maps shown in Figures 3.6g,k,0. This
indicates that the precipitation of the n-Cus(In,Sn)s and t-Cu(In,Sn)> phases increases with
an increase in the Cu concentration. Figure 3.8 displays the phase fraction in the In52Sn48
and ISC alloys. The size of the minimum measured area from EPMA images using Imagel
software is 1.2 pm?. Remarkably, the soft B-In3Sn phase was found to be dominant in all
the alloys. Also, the B-phase fraction increased from 55% in the In52Sn48 alloy to

approximately 59% in the ISC481 alloy and reduced to 53% in ISC482 and 31% in ISC488.
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Furthermore, the y-InSns fraction decreases with the addition of Cu. The y-phase fraction
decreased from 44% in the In52Sn48 alloy to 31% in the ISC488 alloy, which had the

smallest y-phase fraction among the ISC alloys.

Y=InSn, T— Cu(In,Sn),
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Figure 3.7 XRD patterns of the (a) ISC488, (b) ISC482, (c) ISC481, and (d) 1S48 alloys.

62



100 2.0

{ 4 B-IngSn ¢ B-InySn/ y-InSn, ratio |
90 m y_|nSn4 - 1.8
god ® mn-Cug(ln,Sn)s - 1.6
1 * tCu(@in,sn), 3 o
2 704 - 1.4 -g
~ 4 - fad
S 60+ % - L 1.2 ;’;;'
® 50 - * + 110 £
E 7] ¥ (103
§ 40 - ; -08 S
- - - ™
o 30- L] x L 0.6 i
20 4 L 0.4
10 - x L 0.2
1 , : O
0l=——=s $ . . 0.0
1S48 ISC481 1SC482 ISC488
Alloy

Figure 3.8 Phase fractions (left side) and B/y ratios (right side) of the IS48, ISC481, ISC482, and ISC488
alloys.

In the In-Sn-Cu ternary system, the n-phase continuously exists from the Cu-In to the
Cu-Sn system at high temperatures [3,4]. B-Sn with a higher melting temperature is
dominant in the reaction with Cu and In, forming n-(Cu,In,Sn) and y-(In,Sn) during
solidification, which is consistent with the thermodynamic modeling result of the In-Sn-Cu
ternary system by Riani and coworkers [5], and can be expressed as Equation (3).
Consequently, Sn is partly consumed to form the n-(Cu,In,Sn) phase, and the remaining Sn
reacts with In to form the y-phase, which reduces the y-InSns fraction in ISC alloys

compared with the eutectic In52Sn48 alloy.
L + B-Sn < n-(Cu,In,Sn) + y-(In,Sn). 3)

As previously discussed in Section 3.3.1, during the cooling process at temperatures
below 90°C, Cu atoms in the n (Cu-rich) phase slowly diffuse toward the  (In-rich) phase
in the alloy matrix, which is then transformed to 1-Cu(In,Sn) (Eq.(2)) [1,4,5,12], thereby

reducing the B-In3Sn fraction and increasing the t-phase fraction. It is important to note that
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due to the limited time available for the n-Cus(In,Sn)s phase to fully transform into the t-
Cu(In,Sn), phase, a small amount of the n-Cus(In,Sn)s remains in the ISC481 (1%), ISC482
(4%), and ISC488 (9%) alloys. These results reveal that the addition of Cu to the In52Sn48
alloy has a significant effect on its microstructure and the fraction of each phase, which
indicates that the mechanical properties of the ISC alloys differ from those of the eutectic

In52Sn48 solder.

3.3.3 Mechanical properties

Figure 3.9 shows a chart demonstrating a typical engineering stress—strain curves of
IS48, ISC481, ISC482, and ISC488 alloys, in which consists of an elastic region and a
plastic region. In the elastic region, the engineering stress is linear, with the engineering

strain conforming to Hooke’s law as follows [16]:
E=o0/¢ 4)

Here, E is the elastic modulus, which can be determined from the slope of the elastic portion
of the stress—strain curve, ¢ is the engineering stress, and ¢ is the engineering strain. We
calculated that the elastic modulus of S48, ISC481, ISC482 and ISC488 alloys are 24.1,
23.2, 25.1, and 26.9 GPa, respectively. The elastic modulus of I1S48 is in agreement with
the value reported by Kim [17]. All alloys exhibits a low elastic modulus compared to that
of commercial SAC305 alloy (54.0 GPa) [18] and Sn-58Bi alloy (41.3 GPa) [19]. This is
an advantage of S48, ISC482, and ISC488 alloys to be able to apply in flexible electronic
devices. Moreover, the tensile strength of ISC alloys increases with the increase of Cu
content, which is expected that Cu addition can help improve the creep resistance and

thermal failure resistance of the ISC alloys.

Figure 3.10 shows the average tensile strength and elongation of the In52Sn48 and
ISC alloys; the error bar displays the maximum and minimum deviation, and the dots
represent ten measured values for each alloy. The In52Sn48 and ISC482 alloys exhibit a
similar strength of approximately 11.0 MPa, which is higher than that of the ISC481 alloy
(~9.0 MPa), with the ISC488 alloy exhibiting the highest tensile strength of approximately

17.0 MPa. Also, the elongation of the ISC alloys improves with the addition of Cu, with
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the ISC481 demonstrating the highest elongation of 74%, which is approximately two times
that of the In52Sn48 alloy (32%); elongation for the ISC482 and ISC488 alloys was 55%
and 37%, respectively. The result of mechanical property of 1S48 alloy in this study are
compatible with tensile strength of In52Sn48 alloy in other reports (UTS = 8.0-11.5 MPa)
[20-22]. Previous studies have reported that the mechanical properties of alloys can be
determined from their microstructures, such as grain size and the fraction of each phase
[9,23-25]. Figure 3.8 demonstrates that the ISC481 alloy exhibits the highest soft f/hard y
ratio; the order of B/y among the alloys is ISC481 (1.7) > ISC482 (1.5) > In52Sn48 (1.2),
which coincides with the order of their elongation. In contrast, although the ISC488 alloy
has the lowest ratio of B/y (1.0), the In52Sn48 alloy has 1.42 times more hard y-phase (44%)
than the ISC488 alloy (31%), implying that the hardness of these alloys is dominated by
the hard y-phase. As a result, the ISC488 alloy containing the smallest amount of hard y
phase is softer, and exhibits better elongation than the In52Sn48 alloy. The relationship

between mechanical properties and the B/y ratio is shown in Figure 3.11.
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Figure 3.9 Representative stress-strain curves of the 1S48, ISC481, ISC482, and ISC488 alloys.

65



(MPa)

Tensile Strength

Tensile strength (MPa)

20 100
18 - - 90
16 - - 80
14 - - 70
12 - § 4 - 60
104 i - 50
8 - i - 40
6 - E - 30
4 - 20
2 @ Tensile strength B Elongation - 10
0 T T T T 0
1S48 ISC481 ISC482 ISC488
Alloy

Figure 3.10 Mechanical properties of the S48, ISC481, ISC482, and ISC488 alloys.
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It can be seen that an increase in the B/y ratio decreases the tensile strength and increases
the elongation of the alloy. Moreover, as discussed in Section 3.3.2, Cu atoms become
nucleation sites in liquid metal during cooling. Following nucleation at different catalytic
sites, the n-(Cu,In,Sn) phase may grow much earlier than the y-(In,Sn) and B-(In,Sn) phases
[26], and would suppress solidification of the B and y phases of the ISC alloys. Therefore,
the sizes of the f and y phases in the ISC alloys are smaller than those in the eutectic
In52Sn48 alloy. ISC488 in particular, as shown by the EPMA mapping in Figure 3.6,
exhibits the highest tensile strength among the alloys studied. Furthermore, owing to the
partial phase transformation of the Cus(In,Sn)s into the Cu(In,Sn), phase, only a small
amount of Cus(In,Sn)s remains because of the large phase boundaries in ISC488. During
the deformation of ISC488, the small phase sizes and the large phase boundaries between
the four phases enhance the tensile strength significantly, which is a type of classical
dislocation hardening [27,28]. In contrast, the Cus(In,Sn)s and Cu(In,Sn). phases do not
have any significant effect on the strength of the ISC481 alloy, owing to their low
concentration (7%) in the total area. However, these phases slightly increase the strength
of ISC482, where their concentration is 13%. Additionally, as shown in the chart in Figure
3.8, the area fraction of Cus(In,Sn)s + Cu(In,Sn), (~38%) phases is 7% higher than that of
the soft In3Sn (~31%) phase in ISC488; therefore, its elongation is nearly the same as the
In52Sn48 alloy.

3.3.4 Fracture mode

Figure 3.12 presents the fracture modes and surfaces of the alloys after the tensile
test. The In52Sn48 (Figure 3.12a,b) and ISC488 (Figure 3.12g,h) alloys exhibit a similar
brittle fracture mode. A typical brittle mode with planar stress fractures on inclined planes
can be observed in Figures 3.12a,g. Some cleavages with sharp edges, which can be
ascribed to transgranular fracture internal phases, can be observed on the surface, as shown
in Figure 3.12b,h. This fracture phenomenon can also be observed in ISC481 and ISC482
but at a higher density, where both alloys exhibit a ductile mode fracture (Figure 3.12d,f).
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Figure 3.12 (a) Typical fractured tensile samples before and after testing; fracture modes of the (b,c) IS48
(d,e) ISC481, (f,g) ISC482, and (h,i) ISC488 alloys

Next, the V-shaped necking areas were observed on both the broken side of the ISC481 and
ISC482 tensile sample, where ISC481 exhibits a narrower opened-V-shape than the [SC482
alloy, as shown in Figure 3.12c,e; this is consistent with the mechanical results in Figure
3.10, where ISC481 displays greater elongation (74%) than ISC482 (55%). Finally, EDX
mapping analysis revealed that the t-IMC phase appears on the fracture surface of the
ISC481 and ISC482 samples, and both n and t phases appear on the fracture surface of
ISC488. These results are consistent with the increase in the IMC fraction, as shown in
Figure 3.8. The increased number of IMC phases enhances the tensile strength of ISC488,

as discussed in Section 3.3.3.
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3.4 Conclusions

In this chapter, the effects of the addition of 1.0, 2.0, and 8.0 wt.% Cu on the
properties of the eutectic In52Sn48 alloy were obvious. Conclusions are given below and

the results are summarised in Table 3.3.

e Owing to the ternary eutectic reaction, the initial fusion temperatures of the ISC alloys
are all approximately 115°C, which is close to that of the eutectic In52Sn48 alloy.

e The ISC481 alloy with the highest dominant B-In3Sn phase fraction and comparatively
smaller IMC fraction displays the greatest elongation and lowest tensile strength, while
the ISC488 alloy with the largest total amount of the n-Cue(In,Sn)s + t- Cu(In,Sn)> IMC
phases exhibits enhancement of mechanical properties with a tensile strength of
approximately 17.0 MPa.

e All the ISC alloys fracture in transgranular mode, as is commonly observed in ductile
materials. These results confirm that the addition of Cu has a significant effect on the

microstructure, tensile strength, and elongation of the eutectic In52Sn48 alloy.

Table 3.3 Summarized results of chapter 3.

Alloy Onset melting Microstructure Elongation Tensile
temperature (Eutectic spacing of (%) strength
O v phase) (MPa)
1548 114.4 9.1 um 34 11.0
ISC481 Stable (114.6) Refined (7.1 pm) Better (74) Reduce (9.0)
ISC482 Stable (114.7) Refined (6.8 pm) Better (55) Slightly
’ oK increase (11.5)
ISC488 Stable (114.8) Refined (5.6 pm) Better (37) Better (17.0)
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4.1 Introduction

Based on the results in the previous two chapters, we can see that the addition of Cu
has a more significant effect on the mechanical properties of the In52Sn48 alloy than the
addition of Ag. The elongation of the In52Sn48 bulk alloy is enhanced by a factor of
approximately 2.0, and the tensile strength by a factor of approximately 1.5 with the
addition of 2.0 and 8.0 wt.% Cu, respectively. Moreover, Cu outperforms Ag in being low
cost [1]. Thus, the two developed alloys ISC482 and ISC488 with the best results in terms
of mechanical properties, were selected to fabricate joints with a Cu substrate. The results
of previous work imply that the interfacial reactions between the In-Sn alloy and the Cu
substrate are complicated, and the diffusion of Cu from the substrate into the alloy matrix
could affect the composition and thickness of the interface layer [2—9]. The relationships
between the microstructure evolutions of alloy matrix, interfacial reactions, and the
mechanical changes in the In-Sn/Cu joints with the addition of trace elements such as Cu,
are still not completely understood. Therefore, in this chapter, the effects of the addition of
Cu on wettability, microstructure evolution, interfacial reactions, and shear strength of the

In-Sn-xCu/Cu joints (x = 2.0 and 8.0 wt.%) is investigated.
4.2 Experimental procedure
4.2.1 Materials

The fabrication and characteristics of the new ISC482 and ISC488 alloys are given
in the previous chapter, and the chemical composition of the alloys is shown in Table 4.1.
The eutectic In-48Sn (IS48), In-Sn-2.0Cu (ISC482), and In-Sn-8.0Cu (ISC488) alloy bars
were rolled to 100 = 10 pum thickness foils using a rolling machine (DBR50, Daito
Seisakusho, Japan) and punched into 3 and 6 mm diameter alloy foils. Oxygen-free copper
discs with diameters of 5 and 10 mm and thickness of 3 and 5 mm were used as upper and
lower substrates, respectively. Cu plate (15x15X1 mm) was used as the substrate for the
wettability test. Before making the joints, the copper discs and Cu plates were polished with
#2000 SiC grit paper and a 1.0-um diamond paste (DP-spray P, Struer, USA). Subsequently,
the alloy foils and copper discs were cleaned with HCI (2 vol%) and ethanol.
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Table 4.1 Chemical compositions of the eutectic 1S48, ISC482, and ISC488 alloys.

Element In52Sn48-2.0Cu (IAC482), In52Sn48-8.0Cu (ISC488), In52Sn48 (1S48),

wt. % wt. % wt. %

Sn 47.720 45.000 48.200

In Balance Balance Balance

Cu 1.530 7.370 0.003

Ni 0.001 0.001 0.001

Bi - - 0.02

Pb 0.001 0.001 0.001

To make wettability test samples, four alloy discs (3-mm diameter, 100-um thickness) of
the S48, ISC482, and ISC488 alloys were coated with a drop of flux (IEC60068-69, SMIC,
Japan) then placed on the Cu plate and heated in a furnace (SK-5000 SMT-Scope,
Sanyoseiko, Japan) with a heating profile as shown in Figure 4.1a. To make the alloy joints,
six alloy foils (6-mm diameter, 100-pum thickness) of the [S48, ISC482, and ISC488 alloys
were coated with a drop of flux (IEC60068-69), then the alloy foils were placed between
the 5-mm upper copper disc and 10-mm bottom disc to make the joint samples. The samples
were then placed in an SK-5000 SMT-Scope furnace with a heating profile as shown in
Figure 4.1b. The joints were preheated at 110°C for 60 s and reflowed at 160°C for 90 s in

N> atmosphere; the concentration of oxygen in the furnace was maintained below 1000 ppm.
4.2.2 Characterisation methods

A colour 3D laser scanning microscope (VK-9700, Keyence, Japan) was used to
measure the wetting angles of the alloys on the Cu substrate. Four wettability test samples
were prepared and six positions were measured for each wettability sample; a typical
demonstration of this method is shown in Figure 4.2. The cross-section of the wettability
test samples was observed using SEM (SU-70, Hitachi, Japan). Then, ImageJ software was

used with the SEM images to measure the wetting angles of the 1S48, ISC482, and ISC488
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alloys on the Cu substrate. The shear strength of the joint was determined at room
temperature (20°C) using a shear test machine (STR-1000, Rhesca, Japan) operated at a
crosshead rate of 1 mm/min; a schematic of the shear test is shown in Figure 4.3. The shear
strength was calculated by dividing the maximum shear force at the failure site by the area
of the alloy joint. The average shear strength was calculated on six Cu/alloy/Cu joints for

the IS48, ISC482, and ISC488 alloys.
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Figure 4.1 Heating profile of the reflow process for wettability test samples, and alloy joint samples.
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Figure 4.2 Typical demonstration of using of color 3D laser scanning microscope to measure the contact

angle of alloy/Cu joints.
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1 mm/min
Shear direction \

Figure 4.3 Schematic illustration of the shear test.

To identify the IMC at the interfacial layer between the alloy and the Cu substrate, the top
Cu disc of the shear samples after the shear test of the Cu/IS48/Cu and the Cu/ISC488/Cu
joints was used as XRD samples. The fracture surfaces of the XRD samples were polished
using a 1.0-um alumina suspension (Buehler, USA) until the IMC layer was detected near
the substrate side. Subsequently, the samples were taken for X-ray diffraction (XRD;
Ultima IV, Rigaku, Japan) examination in the 26 range of 25-80° at a scan rate of 1°/min.
The microstructure, interfacial layer of the alloy joints, and top view of the shear-fractured
samples were examined by SEM equipped with EDS. The elemental distribution of the
alloy matrix and the interfacial layer was analysed using a field-emission electron probe
microanalyser (FE-EPMA; JXA-8530F JEOL, Japan). The shear-fractured samples were
sectioned, mounted, ground with SiC grit papers (#150, 400, 800, 1200, and 2000), and
finely polished using a 1.0-pm alumina suspension. SEM and EPMA were used to study
crack propagation in the alloy joints after the shear test. The thickness of the IMC layers
was measured using ImagelJ software. Four EPMA maps of Cu for each alloy were used for
the IMC thickness measurements. IMC thickness was measured at twenty different

locations on each Cu map, from which the average value of the IMC layer was calculated.
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4.3 Results and discussion
4.3.1 Wettability

The wetting phenomenon together with the dissolution of the substrate in the molten
alloy leads to the formation of IMC layers by complex surface reactions. As a result,
significant changes take place in the microstructure and composition of the interface and
the alloy itself, ultimately affecting both the wetting behaviour and the mechanical
properties of the alloy joint [10]. The contact angle (0) is typically used as a measure of the
wettability of an alloy on a substrate. In a state of equilibrium, the relationship between the
solid-liquid (ys), solid-vapour (ysv), and liquid-vapour (y») interfacial tensions is defined by

Young’s Equation [11]:

CosB = % (1)
v

Figure 4.4 shows a typical cross-section of alloy/Cu joints, in which the contact
angles of the IS48, ISC482, and ISC488 alloys on the Cu substrate are 16°, 25°, and 37°,
respectively. Combined with the results measured by the 3D laser scanning method, the
contact angle can be summarized as shown in Figure 4.5; the error bar displays the
maximum and minimum values, and the dots indicate the original test results at 24 positions.
It should be noted that the contact angle increases with an increase in Cu content.
Researchers [12,13] have studied the viscosity of the element Cu in liquid Cu-In-Sn alloys
and the surface tension of the same liquid alloy. Ali et al. reported that the viscosity values
of liquid Cu-In-Sn alloys at 1073 K increase from approximately 0.001 Paes to 0.003 Paes
when the Cu concentration increases from 20 at.% to 80 at.%, respectively. The surface
tension values of liquid Cu-In-Sn alloys at 1073 K increase from approximately 0.49 N/m
to 0.53 N/m when the Cu content increases from 20 at.% to 30 at.%, respectively. This
result is due to the higher viscosity of liquid Cu (4.5560 mPaes) than In (0.6995 mPaes) and
Sn (1.0878 mPaes) [12]. Therefore, the addition of Cu leads to an increase in the surface
tension of the ISC molten alloy (yw), thereby reducing the value of cos6 (in Equation (1));
this explains the increase in the 0 values of the ISC482 and ISC488 alloys relative to the
[S48 alloy. However, the wettability of the ISC482 and ISC488 alloys with the Cu substrate
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i1s acceptable because the contact angles are lower than those of other low melting

temperature alloys, as listed in Table 4.2.

(a)_Ig48/Cu Cross-section at (1)

(b)_ISb s Cross-section at (2)
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(c)-ISC488/Cu Cross-section at (3)
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Figure 4.4 Cross-sectional of (a) IS48/Cu, (b) ISC482/Cu, and (c) ISC488/Cu joints.
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Figure 4.5 Contact angles of IS48, ISC482, and ISC488 alloys on Cu substrate.
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Table 4.2 Wetting angle of IS48 and ISC alloys in comparison with other alloys.

Alloy Wetting angle, 0° Remark
1S48 16 This study
1SC482 25 This study
ISC488 37 This study
In-31.6Bi-19.6Sn 39 [14]
69.5Sn-30Bi—0.5Cu 45 [15]

4.3.2 Microstructure evolution and interfacial reaction

During the reflow process, the IMC layer is formed at the interface because some
reactions occur between the alloys and the Cu substrate. This IMC layer plays a crucial role
in the manufacture and reliability of the alloy joints [16]. Figure 4.6 shows the low-
magnification view of the cross-sectional SEM images of the Cu/IS48/Cu, Cu/ISC482/Cu,
and Cu/ISC488/Cu alloy joints. The continuous layers of the IMCs indicate good bonding
between the ISC alloys and the Cu discs; this can be attributed to the acceptable wettability
of all the alloys. Figure 4.7 shows the high-magnification view of the cross-sectional
backscattered electrons (BSE) and EPMA images of the Cu/IS48/Cu, Cu/ISC482/Cu, and
Cu/ISC488/Cu alloy joints. It is clear that two main phases, namely, B-(In,Sn) and the -

(In,Sn), are formed in the alloy matrixes of the In-Sn-xCu/Cu joints.

(a) — Cu/IS48/Cu (b) —Cu/ISC482/Cu (c) BCWAISC488/Cu

SRSt : ‘Z:l:nm e
E m}_@, 7.‘_

Figure 4.6 Low-magnification view of the cross-sectional SEM images of: (a) Cu/IS48/Cu, (b)
Cu/ISC482/Cu, and (¢) Cu/ISC488/Cu joints.
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Figure 4.7 The high-magnification view of the cross-sectional BSE and EPMA images of the: (a-d)
Cu/IS48/Cu joint, (e-h) Cu/ISC482/Cu joint, and (i-1) Cu/ISC488/Cu joint; and the locations of the EPMA
points listed in Table 4.2.

The B-(In,Sn) and the y-(In,Sn) phases are formed through eutectic reactions during cooling
from 115°C to 113°C, as discussed in our previous study [17]; these results are consistent
with the phase constitutions in the In-Sn phase diagram [18] and other reported results [19].
The (Cu,In,Sn)-IMC formed in the ISC482 and ISC488 alloy matrixes (Figures 4.7f.j) lead
to finer microstructures compared to those of the 1S48 alloy (Figures 4.7c,g,k). The
microstructural evolution of the S48, ISC482, and ISC488 alloy matrixes after the reflow
is consistent with the behaviours of bulk alloys after casting. However, it is well known

that the cooling rate during solidification process will effect on the microstructure of alloy
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[7,20,21]. Seah [22] reported that dendrite arm spacing decreases with increasing cooling
rate and hence fine-grained microstructures of cast iron then improved mechanical
properties of this alloy. The cooling rate used in a solder joint reflow process is
approximately 7 °C/min, which is slower than normal cooling rate as-cast condition [23].
As aresult, Figure 4.8 exhibits that the eutectic spacing in all alloy matrixes of solder joints
is higher than that of the bulk IS48 and ISC alloys, as mentioned in Section 3.3.2 of Chapter
3. The chemical composition of the B-(In,Sn), y-(In,Sn) phases and the IMC layers obtained
using EPMA point analysis are summarised in Table 4.3. The results indicate the formation
of two layers of IMCs at the interface between the ISC alloys and the Cu substrate: a Cu-
rich Cug(In,Sn)s layer near the Cu substrate and a Cu-deficient Cu(In,Sn); layer near the
alloy matrix. The total thicknesses of the IMC layers [Cus(In,Sn)s + Cu(In,Sn).] for each
interface, as calculated using the ImagelJ software and high-magnification EMPA Cu maps,
as mentioned in Section 4.2.2, are shown in Figure 4.9. The error bars show the maximum
and minimum deviations within the measured values of 80 positions in the four EPMA Cu
maps for each alloy. The total thickness of the IMC layer of IS48 is the highest,
approximately 6.6 um, followed by ISC488 (6.4 um), and ISC482 (5.8 pum).
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Cu/lS48/cu Cu/ISC482/Cu  Cu/ISC488/cu
Alloy joint

Figure 4.8 Eutectic spacing of alloy joints.

81



Table 4.3 Elemental composition of the points marked in Figure 4.7.

Alloy joint Point Cu (at. %) In (at. %) Sn (at. %) Estimated IMC
1 31.36 52.72 15.92 1-Cu(In,Sn),
2 56.51 20.60 22.89 Nn-Cus(In,Sn)s
Cu/IS48/Cu
3 0.05 75.75 24.20 B-In3Sn
4 0.07 24.53 75.40 v-InSny4
5 32.16 53.83 14.01 1-Cu(In,Sn),
6 56.89 20.39 22.72 N-Cug(In,Sn)s
Cu/ISC482/Cu
7 0.76 75.61 23.63 B-In3Sn
8 0.83 24.03 75.14 v-InSny4
9 30.95 54.93 14.12 7-Cu(In,Sn),
10 58.49 23.74 17.77 N-Cue(In,Sn)s
Cu/ISC488/Cu
11 0.93 73.98 25.09 B-In3Sn
12 0.87 24.94 74.19 v-InSny
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Cu-Poor

IMC. ;
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Figure 4.9 (a-c) Typical EMPA Cu maps images, and (d) total thickness of the IMC layer in Cu/IS48/Cu,
Cu/ISC482/Cu, and Cu/ISC488/Cu joints.
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Figure 4.10 illustrates the mechanism of IMC formation at the interfaces of the alloy joints.
At the initial stages of joint formation (stage 1), the Cu atoms from the substrate tend to
diffuse and dissolve into the liquid In-Sn alloy; after that they quickly react with In and Sn
atoms in the alloy matrix to form a thin Cue(In,Sn)s IMC layer at the interface (stage 2),
which is consistent with the n-CueSns phase formed during the Sn/Cu interfacial reaction
[9]. Subsequently, during the cooling process, the B and y phases are solidified; the
Cus(In,Sn)s IMC layer increases the thickness and some Cus(In,Sn)s IMC also formed in
the alloy matrixes of Cu/ISC482/Cu and Cu/ISC488/Cu joints owing to the presence of 2
wt.% Cu in the ISC482 and 8 wt.% Cu in the ISC488 alloys (stage 3). When the temperature
below 90 °C, the Cu-deficient Cu(In,Sn), IMC is formed surrounding a Cue(In,Sn)s IMC
(stage 4) as a result of solid-solid transformation from the Cus(In,Sn)s IMC [17,24], as
mentioned in Section 3.3.1 in Chapter 3.

Stage 1: Solid/liquid Stage 2: Thin layer of Stage 3: Cu-rich IMC Stage 4: Cu-deficient
initial stages Cu-rich IMC formation increase the thickness IMC formation

o Cu-atom ¢ In-atom e Sn-atom
()

Molten In525n48 alloy Molten In525n48 alloy Liquid + B and y phases Alloy matrix of  and y phases

e s uo..o ﬁ.o o

() . Cu-atoms existip alloy o o Cu-atomsexistipalloy o . C‘s(ln, Sn)s . c“‘('“ Sn)s+ g('“ Sn).
. Molten|sc482 alloy . Molten ISC482 alloy Liquid + B and y phases Alloy matrix of B and y phases
° ¢ LIPERs ° % e
e © @ 0 0 0 © o 0 0 0 o e ®© 0 0 0 ¢ © o 0 0 0 o '"OﬂO" °
-. s “ “
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° ° Q ° ° ° O

Figure 4.10 Illustration of the mechanism of IMC formation at the interface of (a) Cu/IS48/Cu, (b)
Cu/ISC482/Cu, and (¢) Cu/ISC488/Cu joints.
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The reduction in thickness of the IMC layer at the interface between the ISC482 alloy and
the Cu substrate when compared to the 1S48 alloy, can be attributed to the presence of 2
wt.% Cu in the ISC alloy (Figure 4.10b); this suppresses the diffusion of Cu from the
substrate to the molten In-Sn alloy. On the other hand, although the large amount of Cu in
the ISC488 alloy (8 wt.%) leads to little diffusion of Cu from the substrate into the liquid
alloy, the higher amount of (Cu,In,Sn)-IMC formed in the ISC488 alloy matrix near the
interface tends to merge with the Cue¢(In,Sn)s layer of the ISC488/Cu interfacial layer
(Figure 4.10c¢). Consequently, the ISC488/Cu interface exhibits greater total thickness and
surface roughness compared to the ISC482/Cu interface (Figure 4.9b,c¢).

Figure 4.11 shows the XRD patterns of the IS48/Cu and ISC488/Cu interfaces; [-
In3Sn and y-InSn4 phases are observed (PDF card # 00-007-0345 and PDF card # 00-007-
0396) because the alloy remains on the polished samples of the IS48/Cu and ISC488/Cu
interfaces. The peaks at 20 angles of 43.45° and 50.31° originate from the Cu substrate
(PDF card # 00-001-1241). The peaks at 29.98° and 34.19° correspond to the n-CusSns
phase (PDF card # 01-076-2703). It should be noted that Cus(In,Sn)s has a CusSns crystal
structure due to the solid solution effect of In atoms in the CusSns crystal lattice forming a
Cue(In,Sn)s IMC layer at the alloy/Cu interface [25]. Moreover, the peaks at 26.24°, 45.41°,
33.43°, and 68.93° correspond to the t-Culn, phase (PDF card # 01-080-3063). It has been
reported that Sn and In atoms have similar atomic radii, and so Sn atoms can substitute In
atoms through solid state diffusion during cooling after the reflow process [26,27]; hence,

the IMC near the alloy matrix should be represented as Cu(In,Sn). [27].

4.3.3 Shear strength

Generally, the fine microstructures of the alloy matrixes and the thickness and
roughness of the IMC layer, affect the reliability of the alloy/Cu joint [28,29]. Figure 4.12
shows the shear strengths of the Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu joints; the
error bar displays the maximum and minimum values, and the dots indicate the original test

results.
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Figure 4.11 XRD patterns of the (a) ISC488/Cu and (b) IS48/Cu alloys.
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Figure 4.12 Shear strengths of the alloy joints.
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The Cu/IS48/Cu joint exhibits an average shear strength of approximately 14.5 MPa, which
is nearly equal to that of the Cu/ISC488/Cu joint (14.3 MPa) and is approximately 14%
lower than that of the Cu/ISC482/Cu joint (16.5 MPa). Figure 4.13 shows the top view
SEM and EPMA images of the fracture samples of the Cu/IS48/Cu, Cu/ISC482/Cu, and
Cu/ISC488/Cu joints at the bottom disc side after shear testing. Figure 4.13 (b,¢) shows
that the void distribution in the shear fracture surfaces of ISC482/Cu and ISC488/Cu

increases with an increase in the Cu content, and is higher than that of IS48/Cu.

(a) Cu/IS48/Cu (b) Cu/ISC482/Cu (c) Cu/ISC488/Cu

SEM images

Sn maps Cu maps

In maps

1mm Low [l 1l High

Figure 4.13 Top view SEM and EPMA images of the fractured samples at the bottom disks after the shear
test: (a) Cu/IS48/Cu, (b) Cu/ISC482/Cu, and (c) Cu/ISC488/Cu joints.
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Figure 4.14 Percentage of void and non-wetting area on fracture surface of alloy joints.

The percentage of voids and non-wetting areas on the shear fracture surface samples
was measured using ImagelJ software. Four EPMA images of the fractured samples for each
alloy joint were used for this measurement; the smallest area was calculated as 0.01 mm?,
and the results are summarised in Figure 4.14. The results indicate that the percentage of
non-wetting (3.5%) and voids (15.7%) are largest on the fracture surfaces of ISC488/Cu
because ISC488/Cu exhibits the lowest wettability on the Cu substrate, as discussed
previously. The next largest values are for the Cu/ISC482/Cu joint (2.5% and 8.2%,
respectively), and Cu/ISC482/Cu joint (0.97% and 7.3%, respectively). The void formation
and non-wetting regions may be the reasons for the reduced shear strength of

Cu/ISC488/Cu joints.
4.3.4 Fracture behaviour

The void formation, thickness, and morphology of the IMC layer significantly affect
the strength of the alloy joint owing to its brittle nature [30,31]. Figure 4.15 shows that
although all the alloy joints exhibit ductile behaviour, with many dimples on the fracture
surface, the fracture surface of [IS48/Cu has fewer voids and no IMC. A few large fragments
of (Cu,In,Sn)-IMC are observed near the voids on the fracture surface of ISC488/Cu
(Figure 4.15i), which suggests stress concentration of voids; this confirms the low shear

strength of the ISC488/Cu joint.
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ples

Figure 4.15 SEM images of the fracture surface of shear test samples: (a-c¢) Cu/IS48/Cu, (d-f)
Cu/ISC482/Cu, and (g-i) Cu/ISC488/Cu joints.

Conversely, a few small fragments of (Cu,In,Sn)-IMC are found on the fracture surface of
ISC482/Cu (Figure 4.15f), and the number and size of the voids are smaller when compared
to those observed on the fracture surface of ISC488/Cu. Hence, the ISC482/Cu joint
exhibits greater shear strength compared to the other alloy joints. Figure 4.16 (a-c) shows
the SEM images of typical cross-sectional fracture samples. Crack propagation occurs in
the alloy matrixes of both the ISC alloy joints and along the alloy/IMC interfaces, with the
formation of a few non-wetting regions between the alloys and the substrates because of
the outgassing phenomenon during the reflow process [32]. Figure 4.16 (d-f) shows the
EPMA maps of Cu obtained from locations (1), (2), and (3) marked in Figure 4.16(a-c),
respectively. The ISC482/Cu interface has a smoother IMC surface than the IS48/Cu
interface, while the ISC488/Cu interface exhibits the roughest IMC surface among all the
alloy/Cu interfaces. These results are consistent with those of Figure 4.9; the 1S48/Cu

interface shows the greatest total thickness of the IMC layer owing to the absence of Cu in
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the alloy matrix. The [S482/Cu interface has a smaller total thickness of the IMC layer and
a highly smooth surface because of the presence of 2 wt.% Cu in the alloy matrix. Figure
4.17 shows the schematic of the crack propagation and void distribution in the Cu/IS48/Cu,
Cu/ISC482/Cu, and Cu/ISC488/Cu alloy joints. It can be seen that the fine microstructure
with a small amount of (Cu,In,Sn)-IMC in the ISC482 alloy matrix (Figure 4.7e-h) and the
thin interfacial IMC layer enhance the reliability of the Cu/ISC482/Cu joint. Large B and y
grains and the absence of a (Cu,In,Sn)-IMC layer in the 1S48 alloy matrix (Figure 4.7a-d)
[17] reduce the shear strength of the Cu/IS48/Cu joint compared to the Cu/ISC482/Cu joint.
The Cuw/ISC488/Cu joint has finer grains (Figure 4.7i-1); however, it also has the highest
number of voids (Figure 4.14) and the roughest interfacial IMC layer of all the alloy joints
(Figure 4.9¢); these may act as additional stress concentration points [33] causing a

reduction in the shear strength of the Cu/ISC488/Cu joint, as shown in Figure 4.12.

Cu Map

Location (1) (d)

Non-wetting Roughi IMC surface

Cu/IS48/Cu

Smoothest IMC surfage

Lecation (3) f)

€))

) Roughest IMC sulFface
Cu/ISC488/Cuy  Non-wetting W4, Ny o

Figure 4.16 SEM images of typical cross-sectional fractured samples of (a) Cu/IS48/Cu, (b) Cu/ISC482/Cu,
and (c) Cw/ISC488/Cu joints. (d—f) EPMA images of typical locations (1, 2, and 3) at the interface of the

fractured samples.

89



Crack path
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Figure 4.17 Schematics of crack propagation and void distribution in (a) Cu/IS48/Cu, (b) Cu/ISC482/Cu,
and (¢) Cu/ISC488/Cu joints.

4.4 Conclusions
In this chapter, the effects of the addition of 2.0 and 8.0 wt.% Cu on the wettability,
microstructure evolution, and shear strength of In-Sn-xCu/Cu joints were analysed and

compared with those of In-48Sn/Cu joints. Conclusions are set out below and the results

are summarised in Table 4.4.

e The addition of Cu increases the contact angle of the In-Sn-xCu alloys on the Cu

substrate because of the higher viscosity of liquid Cu than In and Sn. However, both
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the ISC alloys exhibit acceptable wettability, as indicated by the formation of a

continuous Cus(In,Sn)s + Cudn,Sn), IMC layer at the In-Sn-xCu/Cu interface.

e The In-Sn-2.0Cu/Cu joint exhibits a fine microstructure with small numbers of voids

and (Cu,In,Sn)-IMC in the alloy matrix. It also has the smoothest and thinnest IMC

layer at the interface; this enhances the shear strength of the alloy joint (16.5 MPa)

when compared to the In-Sn/Cu joint (14.5 MPa).

e Conversely, the In-Sn-8.0Cu/Cu joint has the highest number of voids in the alloy

matrix and has a thick and rough IMC layer at the interface, which reduces the shear

strength of the alloy joint (14.3 MPa).

Table 4.4 The summarized results data of chapter 4.

Alloy joint Wettability IMC layer Shear strength
(Contact angle) (Thickness)
Cue(In, Sn)s + Cu(In, Sn)
Cw/IS48/Cu 16° 14.5 MPa
(6.6 um)
Cug(In, Sn)s + Cu(In, Sn),
Cu/ISC482/Cu 25° Better (16.5 MPa)
Thinner (5.8 um)
Cug(In, Sn)s + Cu(In, Sn),
Cw/ISC488/Cu 37° Equal (14.3 MPa)

(6.4 um)
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5.1 Introduction

In Chapters 3 and 4, the addition of Cu (2.0 and 8.0 wt.%) was shown to refine the
microstructure of an as-cast In52Sn48 alloy and its joint on a Cu substrate. However, in
order to serve the function of joining electronic components to a printed wiring board circuit,
solder alloys are used at high homologous temperatures (usually exceeding 0.3-0.5 times
the melting temperature, T, of the alloy). At this temperature, diffusion processes are very
active. As a result, the microstructure of solder alloys is unstable at normal operating, and
storage temperatures for electronic equipment. As-cast microstructures coarsen over time
after the assembly is completed and, within the joints, the interphase spacing increases.
These changes, in turn, influence the mechanical properties and in-service performance of
a solder alloy [1]. Therefore, in this chapter, a thermal ageing test was conducted on the
[S48, ISC482, and ISC488 alloys and their joints on a Cu substrate to evaluate changes in

their microstructure and mechanical properties.
5.2 Experimental procedure
5.2.1 Materials

The 1S48, ISC482, and ISC488 alloys were fabricated as described in Section 3.2.1
of Chapter 3. Then, the alloy bars were machined into dog-bone shaped specimens (Figure
5.1a) by wire electric discharge machining (Soldick AG 360L, Japan) to prepare the tensile
samples for the ageing test. The Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu joints
(Figure 5.1b) were fabricated using the procedure described in Section 4.2.1 of Chapter 4.

5.2.2. Ageing condition and process

The working temperatures of some electronics devices are listed in Table 5.1 [1].
Based on the working temperatures and melting temperatures of alloys, the ageing
temperature was set at approximately 0.85 Tw (60°C). The tensile samples and alloy joint
samples were aged in an oil bath at a temperature of 60°C for 168, 504, and 1008 h, as
shown in Figure 5.1c-d. The number of samples for the thermal ageing test is summarised
in Table 5.2. After ageing, the samples were removed from the oil bath and cooled to room

temperature. The oil on the sample surfaces was removed with ethanol.
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34 mm

' ) RT MM 4‘mm B b .
(a) dog-bone shape specimen 1""" (b) Cu/alloy/Cu joint

Q (c) Thermal oil bath || 60 °C Q (d) Thermal oil bath || 60 °C

Figure 5.1 The geometry of (a) dog-bone shape specimen, (b) Cu/alloy/Cu joint, and the schematic of

thermal ageing test in oil bath.

Table 5.1 Working temperature condition of electronic devices (Worst case use environments for products

in the field based on IPC-SM-785) [1].

Use category Minimum extreme Maximum extreme
temperature (°C) temperature (°C)
Consumer electronics 0 +60
Computers +15 +60

5.2.3 Characterisation methods

The tensile strength of the alloys was measured using a universal tensile machine
(Autograph AG-X, Shimadzu, Japan) at a strain rate of 5 x 10 s’!. Then, SEM (SU-70,
Hitachi, Japan) was used to examine the fracture surfaces of the alloys after the tensile test.
The shear strength of the joint was determined at room temperature (20°C) using a shear

test machine (STR-1000, Rhesca, Japan) operated at a crosshead rate of 1 mm/min.
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Table 5.2 Number of samples for thermal ageing test at 60 °C.

Number of samples
Alloy/ alloy joint
168 h 504 h 1008 h
1S48 alloy 8 8 8
ISC482 alloy 8 8 8
ISC488 alloy 8 8 8
Cw/IS48/Cu joint 7 7 7
Cu/IS482/Cu joint 7 7 7
Cu/ISC488/Cu joint 7 7 7

The shear strength was calculated by dividing the maximum shear force at the failure site
by the area of the alloy joint. The average shear strength was calculated on six Cu/alloy/Cu
joints for the 1S48, ISC482, and ISC488 alloys. To investigate the microstructure of the
alloys and the interfaces of the alloy joints, the alloy joint samples were sectioned. Both
alloys and cross-sectional joint samples were polished with SiC grit papers of #150, #400,
#800, #1200, and #2000, after which fine polishing was performed with a 1.0 pm alumina
suspension (Buehler, USA). Then, the samples were analysed by SEM (SU-70, Hitachi,
Japan). Field-emission electron probe microanalysis (FE-EPMA; JXA-8530F JEOL, Japan)
was used to identify the elemental distributions of the alloys and fracture surface samples.
ImageJ software was used to measure the fractions of the phases and the eutectic spacing
of the B-phase. Four EPMA images for each alloy were used for this measurement (total
area of picture is approximately 7, =33.000 um? for each image). Total number of y—phase
(n) in each image was also counted, the average y phase size (y.) was measured and
calculated, and then the total y-phase area (7;) was calculated by multiplying the average

y-phase size by the total number of y-phases per each EPMA image. After that, the total -
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phase area (7p) per each image was calculated by subtracting the total area of the y-phases
from the total area of the image (73 = 7. - T,). The P/y ratio was then determined by dividing
the total measured PB-phase area by the total measured y-phase area (B/y = T3 /T;). The
eutectic spacing is the distance between two consecutive lamellae of the B-In3Sn phase, and
the average values were calculated based on the measured results of 60 eutectic spacings

for each alloy.
5.3 Characteristics of bulk alloys

5.3.1 Microstructure

Figure 5.2 shows the backscattered electron (BSE) and mapping images of the S48
alloy before (as-cast) and after (168, 504, 1008 h) ageing, obtained using EPMA. There are
two main B (In-rich) and y (Sn-rich) phases in the alloy matrixes. Both In and Sn have a
high homologous temperature at the ageing temperature (0.78 and 0.66, respectively).
Therefore, In and Sn atoms easily diffuse through the grain boundary of  and y during
isothermal ageing [1]. Moreover, it can be seen from the In-Sn phase diagram (Figure 1.7)
that the solubility of Sn in the In-rich phase decreases significantly as the temperature
decreases from the melting point to room temperature, while the solubility of In in the Sn-
rich phase is nearly constant at 28 at.% [2,3]. Normally, during solidification process such
as casting, the alloy could get the non-equilibrium phases, and during heat-treatment
process the phases tend to transform from non-equilibrium stage to equilibrium stage [4,5].
Therefore, in order to return to equilibrium of the  phase, Sn atoms tend to congregate in
several regions of the  phase to form a precipitate of the new Sn-rich solid solution. This
explains the presence of Sn-rich phase precipitates inside the In-rich matrix, which are
clearly visible in the In-maps/Sn-maps in Figure 5.2. Moreover, due to the constant
solubility of In in the Sn-rich phase, there is no precipitation of In inside the Sn-rich phase,
and the Sn-rich phase remains continuous as is visible in the Sn-maps in Figure 5.2. The
average grain size, and the /y ratio in the IS48 alloy before and after ageing, were measured
by ImagelJ software from EPMA mapping images, as shown in Figure 5.3. It should be
noted that both B and y phases increase in average grain size after thermal ageing, and the

IS hase increases faster than the Y hase. The average size of phase f was 340 pmz as-cast
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condition, then this size increased by 19%, 33%, and 52% (519 um?) after 168, 504, and
1008 h of ageing, respectively. The average size of the y phase was 272 um? in the as-cast
condition, then the y phase size increased by 17%, 25%, and 41% (384 um?) after 168, 504,
and 1008 h of ageing. In this study, the coarsening rate of the  (In-rich) and y (Sn-rich)
phases was calculated by dividing the difference in average phase size before and after
ageing by the ageing time, as summarised in Table 5.3. Freer et al. [6] reported that the
self-diffusion activation energies of In and Sn are 0.78 eV and 1.08 eV, respectively.
Moreover, In has a higher homologous temperature (0.78) than Sn (0.66). Therefore, during
ageing, In atoms diffuse more readily than Sn, resulting in the B phase increasing in size

faster than the y phase, as shown in Figure 5.3 and Table 5.3.

In maps Sn maps

IS48-as cast

I1S48-504h  1S48-168 h

1S48-1008 h

Figure 5.2 Microstructure of IS48 alloy before and after ageing at 60 °C: (a) as-cast (b) 168 h, (c) 504 h,
and (d) 1008h.
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Figure 5.3 Average grain size and the B/y ratio in IS48 alloy before and after thermal ageing.

Table 5.3 Coarsening rate of  (In-rich) and y (Sn-rich) phase in 1S48 alloy during ageing.

Phase Coarsening rate (um*h™)
168 h 504 h 1008 h
B (In-rich) 0.39 0.23 0.18
v (Sn-rich) 0.27 0.14 0.11

The microstructure evolution of the ISC482 and ISC488 alloys before and after ageing
are shown in Figures 5.4 and 5.5, respectively. The average grain size and the B/y ratio in
the ISC482 and ISC488 alloys before and after ageing were measured by ImagelJ software
from EPMA mapping images, as shown in Figures 5.6 and 5.7, respectively. As mentioned
in Chapter 3, when Cu is added, the ternary (Cu,In,Sn)-IMC including n (cu-rich) + 1 (Cu-
poor) forms in the matrixes of the ISC482 and ISC488 alloys, refining the microstructure

of these alloys in the as-cast condition, as shown in Figures 5.4a and 5.5a.
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ISC482-504 h ~ ISC482-168 h <I:SC‘_482-as cast

ISC482-1008 h

Figure 5.4 Microstructure of ISC482 alloy before and after ageing at 60 °C: (a) as-cast (b) 168 h, (c) 504 h,
and (d) 1008h.

Moreover, Cu from the addition and the substrate is known to diffuse into the solder matrix
during the heating process [2], and may affect the solidification process to produce a non-
lamellar eutectic microstructure in both the ISC482 and ISC488 alloys. After 168-1008 h
of thermal ageing, both the ISC482 and ISC488 alloys exhibit slight phase coarsening
(Figure 5.4b-d, Figure 5.5b-d) compared to IS48 (Figure 5.2b-d). In the ISC482 alloy,
the average size of phase y was 227 um? in the as-cast condition, then this size increased
by 14%, 17%, and 20% (272 um?) after 168, 504, and 1008 h of ageing, respectively
(Figure 5.6). The average size of the y phase in the ISC488 alloy was 207 pm? in the as-
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cast condition, then the y phase size increased by 7%, 15%, and 16% (241 um?) after 168,
504, and 1008 h of ageing, respectively (Figure 5.7). It should be noted that, after thermal
ageing, the ISC482 and ISC488 alloys have a more stable and finer microstructure than the
IS48 alloy. In other words, the addition of Cu not only refines the microstructure (as-cast
condition) but also reduces the microstructural coarsening (during thermal ageing) of the

IS48 eutectic alloy.

ISC488-as cast

ISC488-168 h

ISC488-504 h

ISC488-1008

Figure 5.5 Microstructure of ISC488 alloy before and after ageing at 60 °C: (a) as-cast (b) 168 h, (c) 504 h,
and (d) 1008h.
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Figure 5.6 Average grain and the B/y ratio in ISC482 alloy before and after thermal ageing.
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Figure 5.7 Average grain and the B/y ratio in ISC488 alloy before and after thermal ageing.
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5.3.2 Mechanical properties

Figure 5.8 illustrates the representative stress-strain curves of the [S48, ISC482, and
ISC488 alloys before and after thermal ageing. The stress-strain curves of both alloys are
consistent with a typical ductile mode, while the ISC482 alloy shows the highest plastic
deformation with extensional tailing (Figure 5.8b) compared to other alloys. Both alloys
exhibit better elongation after thermal ageing. The average tensile strength and elongation
of the IS48, ISC482, and ISC488 alloys were calculated based on eight samples for each
alloy and ageing condition, as shown in Figure 5.9; the error bars show the maximum and
minimum values. Figure 5.9a shows that all alloys exhibit a decrease in tensile strength
after ageing, whereas the ISC482 and ISC488 alloys exhibit greater tensile strength than
the 1S48 alloy. After 168 h of ageing, the IS48 alloy exhibits a sharp decrease in tensile
strength (14%), while the reduction in ISC482 and ISC488 alloys was 10% and 7%,
respectively. After 1008 h of ageing, the IS48 alloy exhibited the greatest decrease in tensile
strength (23% reduction), while the ISC488 alloy had only a 13% reduction. Also, Figure
5.9b demonstrates that elongation of the ISC alloys improves with the addition of Cu both
before and after thermal ageing. The ISC482 alloy shows the greatest elongation of
approximately 90%, 80%, and 70% after 168, 504, and 1008 h of ageing, respectively. This
result is consistent with the stress-strain curve of the ISC482 alloy in Figure 5.8b.
Meanwhile, the 1S48 and ISC482 alloys exhibit a slight increase in elongation after 168-
504 h of ageing (38-48%). Thereafter, both alloys exhibit equal elongation after 1008 h of
ageing (44%), as the grain size and phase ratio in the alloy directly affect the tensile strength
and elongation of the alloy [7-10]. Two basic theories explain the increase in strength of
the ISC482 and ISC488 alloys both before and after ageing: smaller average grain size, and
the presence of IMC in the solder matrix. Grain size refinement is well known to improve
the yield strength of most metals. Yield strength is related to grain size by the Hall-Petch
relationship [1,11]:

O'y=0'o+kyd'l/2 (1)
Here, oy is the yield stress (YS), d is the average grain size, o and ky are the material

constants.
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Figure 5.8 Typical strain-stress curves before and after thermal ageing at 60 °C of (a) S48, (b) ISC482,
and (c) ISC488 alloys.
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Figure 5.9 (a) Tensile strength, and (b) elongation before and after thermal ageing at 60 °C of IS48, ISC482,
and ISC488 alloys.

Figures 5.6 and 5.7 show that both ISC482 and ISC488 alloys have smaller average grain
sizes and more stable microstructures after ageing compared with IS48. The phenomenon
where (Cu,In,Sn)-IMCs serve as obstacles to the dislocation movement and impede the
grain boundary sliding and dispersion strengthening, can be explained by the Orowan

mechanism [12]. As a result, both ISC482 and ISC488 alloys exhibit higher tensile strength
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after ageing compared to that of the IS48 alloy. Furthermore, Figures 5.3, 5.6, and 5.7
demonstrate that the ISC482 alloy has the highest soft B/hard y ratio (1.6-1.8), both before
and after ageing, and so has the greatest elongation. Meanwhile, the IS48 and ISC488 alloys

have a phase ratio B/y in the range 1.2-1.4, and so the elongation shown is similar.
5.3.3 Fracture mode

Figure 5.10 presents the fracture modes and fracture surfaces of the 1S48, ISC482,
and ISC488 alloys after the tensile test in the as-cast condition. The IS48 and ISC488 alloys
exhibit a similar fracture mode with a planar stress fracture on inclined planes and sharp
edges on the fracture surface, which can be ascribed to the transgranular fracture internal
phases (Figure 5.10a and c). The ISC482 alloy exhibits the highest density of plastic
deformation with V-shaped necking areas observed on both of the broken sides (Figure
5.10b). This fracture behaviour is consistent with the mechanical results in Figure 5.9b, in

which the ISC482 alloy has the highest elongation of the alloys.

(a) 1548

(b) 1SC482

(c)1SC488

Figure 5.10 Fracture surfaces of tensile test samples of: (a) S48, (b) ISC482, and (c) ISC488 alloys before

ageing.
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After 168-1008 h of ageing, both alloys showed ductile fracture behaviour similar to
the as-cast condition (Figures 5.11-5.13). IS48 and ISC488 alloys show an inclined fracture,
and many dimples appear on the fracture surface. Sharp edges represent tearing within
phases and at the phase boundaries. The size of the dimples increases with ageing time,
which is compatible with the coarsening of the phase after ageing as discussed above. On
the other hand, the ISC482 alloy exhibits high-plastic fracture behaviour with V-shaped
necking. However, the opened-V-shaped angle of the tensile test samples after ageing
(Figure 5.11b-5.13b) was smaller than that of the fracture samples before ageing (Figure
10b). The fracture surface appears to have many overlapping phase locations, and the phase
tends to be stretched and elongated under the action of tensile force. Thus, traces of phase
slip appear on the fracture surface of the tensile samples of the ISC482 alloy; these results
further demonstrate the high elongation of the ISC482 alloy after ageing, as shown in
Figure 5.9b.

(b) 504 h

(c) 1008 h

Figure 5.11 Fracture surfaces of tensile test samples of IS48 eutectic alloy after thermal ageing: (a) 168 h,
(b) 504 h, and (c) 1008 h with different magnifications view.
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(b) 504 h

(c) 1008 h

Figure 5.12 Fracture surfaces of tensile test samples of ISC482 alloy after thermal ageing: (a) 168 h, (b)
504 h, and (c) 1008 h with different magnifications view.

(b) 504 h

(c) 1008 h

Figure 5.13 Fracture surfaces of tensile test samples of ISC488 alloy after thermal ageing: ((a) 168 h, (b)
504 h, and (c) 1008 h with different magnifications view.
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5.4 Solder joints
5.4.1 Microstructure

The microstructure evolution before and after thermal ageing of Cu/IS48/Cu,
Cu/ISC482/Cu, and Cu/ISC488/Cu alloy joints is presented in Figures 5.14-5.16,
respectively. The two main B-(In-rich) and y (Sn-rich) phases and (Cu,In,Sn)-IMC in the
alloy matrixes, were determined in Chapter 4, and can be seen in the cross-sectional
backscattered electrons (BSE) and EPMA images. Figure 5.14 shows that the
microstructures in the alloy matrix of the Cu/IS48/Cu joint coarsen after 168-1008 h of
ageing; this result is consistent with the behaviours of bulk alloys, as mentioned in Section
5.3.1. From the Cu maps images, a very small amount of Cu was detected in the alloy matrix
of the Cu/IS48 alloy joint, both before and after ageing, which indicates that Cu diffused
from the substrate into the alloy matrix during the heating process. On the other hand,
Figures 5.15 and 5.16 show that both Cu/ISC482/Cu and Cu/ISC488/Cu alloy joints exhibit
a smaller microstructure and a slight increase in phase size compared to [S/Cu after ageing
for 168-1008 h. The (Cu,In,Sn)-IMC size in the solder matrix is almost unchanged after

ageing (average grain size of 40 pm?).

Cu maps

Figure 5.14 Microstructure of Cu/IS48/Cu joint before and after ageing at 60 °C: (a) as-cast (b) 168 h, (c)
504 h, and (d) 1008h.
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Figure 5.15 Microstructure of Cu/ISC482/Cu joint before and after ageing at 60 °C: (a) as-cast (b) 168 h,
(¢) 504 h, and (d) 1008h.

504 h 168 h As cast

1008 h

Figure 5.16 Microstructure of Cu/ISC488/Cu joint before and after ageing at 60 °C: (a) as-cast (b) 168 h,
(c) 504 h, and (d) 1008h.
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Figure 5.17 Eutectic spacing of B phase of Cu/ISC48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu joints before

and after ageing.

The eutectic spacing of the B phase was measured by ImageJ software using EPMA In map
images, as shown in Figure 5.17; the alloy matrix of the Cu/IS48/Cu joint has the largest
average eutectic spacing both before and after ageing, compared with values for the
Cu/IS482/Cu and Cu/ISC488/Cu joints. These results support the conclusion that the
addition of Cu not only refines the microstructure but also prevents phase coarsening after
thermal ageing of the 1S48 alloy, as previously discussed in Section 5.3.1. A change in the
microstructure directly affects the mechanical properties of the alloy joint. The relationship
between microstructure evolution after thermal ageing and shear strength is discussed in

the next section.
5.4.2 Effect of thermal ageing on IMC growth

In the interfacial reaction between the In52Sn48 alloy and Cu substrates, both In and

Sn may react with Cu to form several types of IMC, which makes the Cu/IS48 alloy joints
exhibit particular and complicated microstructures [13]. It was explained in Chapter 4 that
the interface layer of the Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu joints before
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ageing consists of Cus(In,Sn)s IMC near the Cu-side and Cu(In,Sn). layer near the alloy
side. Figure 5.18 shows the typical EPMA elemental line profile of the Cu/IS48,
Cu/ISC482, and Cu/ISC interfaces aged at 60°C for 168 h. This EPMA result confirms the
existence of Cue(In,Sn)s and Cu(In,Sn); layers. However, it is difficult to distinguish these
two IMC layers in the BSE images. Therefore, EPMA Cu map images were used to
determine the thickness of the IMC layer, as shown in Figure 5.19. The plate-like
Cus(In,Sn)s IMC layer (green) next to the Cu substrate and the Cu(In,Sn)> IMC layer (blue)
with irregular morphology on the alloy side, can be clearly seen (Figure 5.19). This result
is compatible with the results of Kim et al. [14]. The thickness of the IMC layer at the
Cu/IS48, Cu/ISC82, and Cu/ISC488 interfaces increases with ageing time. The relationship
between the increase in IMC thickness and ageing time was measured by ImagelJ software

using EPMA Cu map images, as shown in Figure 5.20.
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Figure 5.18 Typical EPMA elemental-line profile of the IMC layers of Cu/IS48, Cu/ISC482, and

Cw/ISC488 interfaces after 168 h of ageing.
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Figure 5.19 EPMA Cu map images of Cu/IS48, Cu/ISC482, and Cu/ISC488 interface before and after

ageing.

The thickness of the Cue(In,Sn)s IMC layer and total IMC [Cus(In,Sn)s + Cu(In,Sn)z]
thickness increase linearly with the square root of ageing time, and growth is faster with a
longer ageing time. In Figure 5.20a, it can be seen that the thickness of the Cus(In,Sn)s
IMC layer of the Cu/ISC488 and Cu/ISC482 interfaces (3.6 pm and 3.2 pm) is smaller than
that of the Cu/IS48 interface (4.0 um) before ageing; this is because the addition of Cu
prevents Cu atoms from diffusing from the Cu substrate into the alloy matrix during the
heating process. After 168-1008 h of ageing, the thickness of the Cus(In,Sn)s IMC layer
increased slightly, and after 1008 h of ageing, the thickness of the Cue(In,Sn)s IMC layer
of Cu/ISC488 interface exceeds that of the Cu/ISC482, and Cu/IS48 interfaces (5.2 um, 4.0
um, and 4.8 um, respectively). On the other hand, the total IMC thickness of the Cu/ISC488
interface exhibited a significant increase after 168-1008 h of ageing compared with the
increase in the Cu/ISC482 and Cu/IS48 interfaces (Figure 5.20b). The relationship between
IMC thickness at a solder/Cu interface and ageing time can be adequately follows the

Equation (2) [15,16]:
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H=K.1",

2

Where H is the thickness of the interfacial IMC, K is the coefficient of IMC growth rate, ¢

is the reaction time, and # is the time exponent. Thus, Equation (2) can be converted into a

logarithmic expression:

In(H) = [nK + nin(t),

)

Therefore, /n(H) shows a linear relationship with /n(z). Based on the correlation graph

between /n(H) and /n(t), using the linear fitting function of OriginPro software, Equation
(3) of the line relating the logarithm of the Cus(In,Sn)s IMC thickness (d), total IMC

thickness (H), and the ageing time () for each alloy/Cu interface, is shown in Figure 5.20c-

d. The time exponent was determined and is summarised in Table 5.4.
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Figure 5.20 (a,c) The thickness of Cus(In,Sn)s IMC layer, and (b,d) total IMC thickness of interfacial layers

of alloy joints before and after ageing.
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Table 5.4 Time exponents (n) as a function of ageing time.

Alloy/Cu interface Intermetallic compounds (IMC) Time exponent (n)
Cw/1548 Cus(In, Sn)s IMC layer 0.1
[Cug(In, Sn)s + Cu(In, Sn),] IMCs layer 0.2
Cu/ISC482 Cue(In, Sn)s IMC layer 0.1
[Cug(In, Sn)s + Cu(In, Sn),] IMCs layer 0.2
Cu/ISC488 Cue(In, Sn)s IMC layer 0.2
[Cug(In, Sn)s + Cu(In, Sn),] IMCs layer 0.4

Generally, the atomic diffusion of In, Sn, and Cu through the IMC layer is the main
controlling process for IMC growth during ageing. The growth of intermetallic compounds
in the solid state follows linear or parabolic growth kinetics. When n=1/3, the interfacial
IMC growth follows the parabolic law and is grain boundary diffusion-controlled [17];
when n=1/2, interfacial IMC growth follows the parabolic law and is volume diffusion-
controlled; when n=1, the interfacial IMC growth follows the linear law and is reaction
controlled at the growth site [15,18]. Figure 5.20c-d indicates that the time exponents ()
after linear fitting were 0.1-0.4. This confirms that the growth of the IMC layers during
isothermal ageing is controlled by grain boundary diffusion. Moreover, because the melting
point of the IS48 and ISC alloys (~117°C) is much lower than that of the Cu substrate
(1084°C), the homologous temperature of the IS48 and ISC alloys during ageing at 60°C
(~0.85) 1s much higher than that of Cu (~0.25). As a result, diffusion is most likely to take
place on the alloy side [3]. Therefore, we can see that the Cue(In,Sn)s IMC layer grows very
slowly (confirmed by n=0.1-0.2). On the other hand, the total thickness of IMC increases
sharply with ageing; in other words, the Cu(In,Sn), IMC layer near the alloy side grows
very quickly with ageing. The sizes of Sn and In atoms are very similar, and so Sn atoms
can easily take substitutional sites of In in Cu(In,Sn), IMC (Culn; crystal lattices). In the

same way, the In atoms also can take substitutional sites of Sn in Cue(In,Sn)s IMC (CusSns
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crystal lattices). Since the Cu(In,Sn), IMC layer is closer to the alloy side, the In and Sn
atoms will diffuse more readily into the crystal lattice of this IMC layer, leading to a
significant increase in the thickness of the Cu(In,Sn), IMC layer. The diffusion and
substitution lead to the growth of the Cu-In-Sn IMCs at the Cu/IS48, Cu/ISC482, and
Cu/ISCA488 interfaces during isothermal ageing [19].

5.4.3 Shear strength and fracture surface

Figure 5.21 shows the average shear strength of alloy joints before and after
isothermal ageing at 60°C for 168-1008 h. It can be seen that all the Cu/IS48/Cu,
Cu/ISC482/Cu, and Cu/ISC488/Cu joints have reduced average shear strength after 168-
1008 h of ageing. However, after 1008 h of ageing, the Cu/ISC482/Cu and Cu/ISC488/Cu
joints have higher average shear strength (10.3 MPa and 10.9 MPa, respectively) than the
Cu/IS48/Cu joint (9.7 MPa). This result proves that Cu/IS482/Cu and Cu/ISC488/Cu joints
have better thermal reliability than a Cu/IS48/Cu joint. The decrease in the shear strength
of the alloy joints can be explained by the microstructural coarsening of the alloy matrix
during thermal ageing, as discussed in the previous section. Figure 5.17 indicates that the
eutectic spacing of the B phase in the alloy matrix of Cu/IS48/Cu and Cu/ISC482/Cu joints
increased by 17% and 14%, respectively, immediately after 168 h of ageing, while that of
the matrix Cu/ISC488 joint increased by 7%. This means that the microstructural
coarsening rate in the alloy matrix of the Cu/IS48 and Cu/ISC482 joints is faster, leading
to a larger decrease in shear strength (about 26-27%) than the decrease for the Cu/ISC488
joint (22%). Furthermore, after 1008 h of ageing, the eutectic spacing of the B phase of the
Cu/ISC482/Cu and Cu/ISC488/Cu joints increased slightly (20% and 16%), while that of
the Cu/IS48/Cu joint increased significantly (41%). This result explains why the decrease
in shear strength of the Cu/IS48/Cu joint (34%) is higher than that of the Cu/ISC488/Cu
joint (25%). In addition, the voids generated during the heating process and the IMCs in the
alloy matrix also have a significant influence on the shear strength of the alloy joints.
Figure 5.22 shows the top view and cross-sectional SEM images of shear-fractured samples

of alloy joints on the bottom disc before and after ageing.
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Figure 5.21 Shear strength of Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu joints before and after ageing.

The percentage of voids on the fracture surface of the shear test samples after ageing were
measured with the same method as described in Section 4.3.3 of Chapter 4 (Figure 4.13),
and the results are shown in Figure 5.23. The highest number of voids appear in the
Cu/ISC488 joint (15.8%) and the least in the Cu/IS48 joint (7.5%); this is because ISC488
has a lower wettability than 1S48, as mentioned in Chapter 2. Generally, voids in solder
joints are the factor that significantly affects joint strength. Moreover, from the cross-
sectional images (Figure 5.22b), it can be seen that all the Cu/alloy joints are destroyed in
the alloy matrix. This proves that the strength of the solder joint is determined mainly by
the mechanical properties of the alloy matrix. The (Cu,In,Sn)-IMCs available in the alloy
matrix of the Cu/IS482 and Cu/ISC488 joints (red arrow) are apparent in Figure 5.22b and
the EPMA Cu map shown in Figure 5.15-5.16. These IMCs not only contribute to the
stabilisation of the microstructure during ageing but also participate in strengthening the
alloy matrix. Therefore, the Cu/ISC482 and Cu/ISC488 joints are stronger than the Cu/I1S48
joint after ageing, as shown in Figure 5.21. The crack morphology through the alloy matrix
of the Cu/IS482 joint is serrated because the ISC482 alloy has the greatest elongation both
before and after ageing, as discussed in Figure 5.9b. The crack morphology of Cu/IS48

and Cu/ISC488 joints is flat, but all the alloys exhibit ductile behaviour under shear force.
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This is demonstrated through the results of SEM image analysis at high magnification of
the fracture surfaces of the alloy joints, as shown in Figure 5.24; it can be seen that many
dimples appear on the fracture surface, both before and after ageing. This ductile fracture

behaviour is owing to all bulk alloys exhibiting better elongation after isothermal ageing,

as shown in Figure 5.9.

(a) Topview As cast

Cu/1S48

Cu/ISC482

Cu/ISC488

(b) Cross-sectional view

As cast 168 h 504 h 1008 h

Cu/lS48

Cu/ISC482

Cu/ISC488

Figure 5.22 (a) Top view, and (b) cross-sectional SEM images of shear fractured samples of alloy joints at

the bottom disk before and after ageing.
119



18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00

Percentage (%)

Cu/lIS48/Cu  Cu/lISC482/Cu Cu/lSC488/Cu
Alloy joint

Figure 5.23 The percentage of void on fractured surface of shear test samples after ageing.
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Figure 5.24 Fractured surface of alloy joints before and after ageing.
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5.4 Conclusion

In this chapter, the addition of Cu has been shown to affect microstructural

coarsening of the S48 alloy during thermal ageing, thereby improving the strength of both

the alloy and the alloy on a Cu substrate with ageing. The conclusions are set out below:

For bulk alloys:

After isothermal ageing from 168-1008 h, the ISC482 and ISC488 alloys have a
stable and finer microstructure than the IS48 alloy. After 1008 h of ageing, the IS48
alloy exhibited the greatest increase in microstructure size; specifically, the average
size of the B phase increased by 41%. The ISC482 and ISC488 alloys had a more
stable microstructure, with the average size of the  phase increasing slightly by 20%
and 16%, respectively.

The stability of the microstructure combined with the amount of IMC appearing in
the alloy matrix improves the mechanical properties of ISC482 and ISC488 after
ageing. Specifically, the tensile strength of ISC488 after 1008 h of ageing was 14.5
MPa (13% reduction), which is still higher than that of 1S48 before ageing (~11.0
MPa).

On the other hand, the change in microstructure leads to a change in the B/y ratio.
After ageing, the B/y ratio in all alloys increases, leading to an increase in elongation
of the alloys. Specifically, the ISC482 alloy has the largest B/y ratio (1.6-1.8),
leading to it having the greatest elongation (~70%) after 1008 h of ageing. The value
is lower for the IS48 and ISC488 alloys (B/y = 1.2-1.4), with elongation of
approximately 44%. As a result, both alloys exhibit ductile fracture behaviour in the

tensile test.

For alloy joints:

After ageing, the alloy matrix of the Cu/IS48/Cu joint exhibits faster microstructural
coarsening than the matrix of the Cu/ISC482/Cu and Cu/ISC488/Cu joints. After
1008 h of ageing, the eutectic spacing of the P phase in the alloy matrix of the
Cu/IS48/Cu joint increased significantly (41%) compared to the Cu/ISC482/Cu and
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Cu/ISC488/Cu joints (20% and 16%, respectively). The result leads to a greater
decrease in the average shear strength of the Cu/IS48/Cu joint (34%) compared to
the Cu/ISC488/Cu joint (25%).

The interfacial layer of Cu/alloys includes the plate-like Cues(In,Sn)s IMC layer next
to the Cu substrate and the Cu(In,Sn)2 IMC layer with irregular morphology on the
solder side. The thickness of the Cus(In,Sn)s IMC layer and total IMC [Cue(In,Sn)s
+ Cu(In,Sn)2] thickness increases linearly with the square root of ageing time, and
growth is faster with a longer ageing time. The time exponent n=0.1-0.4 confirms
that the interfacial IMC layer growth during isothermal ageing follows the parabolic
law, and is grain boundary diffusion-controlled. Here, the Cus(In,Sn)s IMC layer
grows more slowly than the Cu(In,Sn); IMC layer under isothermal ageing at 60°C
for 168-1008 h.

All the alloy joints are destroyed in the alloy matrix, which proves that the strength
of the solder joint is determined mainly by the mechanical properties of the solder
matrix. The (Cu,In,Sn) IMCs in the solder matrix not only contribute to the
stabilisation of the microstructure during ageing but also participate in strengthening
the alloy matrix. Therefore, the Cu/ISC482 and Cu/ISC488 joints are stronger than
the Cu/IS48 joint after ageing.
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6.1 Summary

In this research, the author developed several new solder alloys by alloying 0.5-1.5
wt.% of Ag and 1.0-8.0 wt.% of Cu into a eutectic In52Sn48 alloy. The motivation was to
overcome issues with the eutectic In52Sn48 alloy, including microstructural coarsening and
low tensile strength. The author studied the microstructure and mechanical properties of
In52Sn48 (IS48), In52Sn48-0.5Ag (ISA4805), In52Sn48-1.0Ag (ISA4810), In52Sn48-
1.5Ag (ISA4815), In52Sn48-1.0Cu (ISC481), In52Sn48-2.0Cu (ISC482), In52Sn48-8.0Cu
(ISC488) alloys; the effect of the addition of Cu on the microstructure and mechanical
properties of the eutectic 1S48, ISC482, and ISC488 alloys during isothermal aging; and
the shear properties, microstructure evolution, interfacial reaction, and fracture surface of
Cu/IS48/Cu, Cu/ISC482/Cu, Cu/ISC488/Cu joints before and after thermal aging. The

main findings and conclusions in each chapter as follows:

Chapter 1 described the inevitable trend of flexible electronics, as well as the
problems faced by soldering technology and solder materials when joining electronic
components on plastic materials with low melting point temperature. Briefs on lead-free
solder and low-temperature solder are also included, thereby highlighting the weaknesses

of low-temperature solders and the motivation to improve them.

Chapter 2 investigated the effect of 0.5-1.5 wt. % Ag addition on the melting
temperature, microstructure, and mechanical properties of 1S48 eutectic alloy. Due to the
ternary eutectic reaction, the fusion start temperature of all the ISA alloys is around 113°C,
which is lower than that of the eutectic In52Sn48 alloy (117°C). The e-Agln, forms in the
B-In3Sn phases and near B-In3Sn/y-InSns boundaries in the ISA alloys following the
addition of Ag, which reduces the average area of both B-In3Sn phases and y-InSns phases;
these smaller phases enhance tensile strength and alter the fractured mode. ISA4815, with
the smallest phases, is the strongest of the alloys, with a tensile strength of 12.5 MPa; this
alloy fractures in transgranular mode, as commonly seen in crystals with small grains. In
addition, all the ISA alloys exhibit better elongation than the eutectic In52Sn48 alloy, which

is attributable to smaller hard y-InSn4 regions. Among the alloys, ISA4805, with the highest
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soft-B-In3Sn/hard-y-InSn4 ratio and devoid of very small phase sizes, is the softest, with an

elongation of 64%.

Chapter 3 demonstrated the effects of various Cu concentrations (1.0 wt. %, 2.0 wt. %,
and 8.0 wt. %) on the melting behaviour, microstructure, tensile strength, and elongation of
the eutectic In52Sn48 alloy. Owing to the ternary eutectic reaction, the initial fusion
temperatures of the ISC alloys are all approximately 115°C, which is close to that of the
eutectic In52Sn48 alloy. The ISC481 alloy with the highest dominant B-In3Sn phase
fraction and comparatively smaller IMC fraction displays the greatest elongation and lowest
tensile strength, while the ISC488 alloy with the largest total amount of the n-Cue(In,Sn)s
+ 1- Cu(In,Sn)2 IMC phases exhibits enhancement of mechanical properties with a tensile
strength of approximately 17.0 MPa. All the ISC alloys fracture in transgranular mode, as
is commonly observed in ductile materials. These results confirm that the addition of Cu
has a significant effect on the microstructure, tensile strength, and elongation of the eutectic

In52Sn48 alloy.

Chapter 4 studied the effect of Cu addition on the wettability, microstructure
evolution, interfacial reactions, and shear strength of the In-Sn—xCu/Cu joints (x = 2.0 and
8.0 wt. %). The addition of Cu increases the contact angle of the In-Sn-xCu alloys on the
Cu substrate because of the higher viscosity of liquid Cu than In and Sn. However, both the
ISC alloys exhibit acceptable wettability, as indicated by the formation of a continuous
Cue(In,Sn)s + Cudn,Sn), IMC layer at the In-Sn-xCu/Cu interface. The In-Sn-2.0Cu/Cu
joint exhibits a fine microstructure with small numbers of voids and (Cu,In,Sn)-IMC in the
alloy matrix. It also has the smoothest and thinnest IMC layer at the interface; this enhances
the shear strength of the alloy joint (16.5 MPa) when compared to the In-Sn/Cu joint (14.5
MPa). Conversely, the In-Sn-8.0Cu/Cu joint has the highest number of voids in the alloy
matrix and has a thick and rough IMC layer at the interface, which reduces the shear

strength of the alloy joint (14.3 MPa).

Chapter 5 evaluated the change of the microstructures and mechanical properties after
isothermal aging test on [S48, ISC482, and ISC488 bulk alloys and their joints on a Cu
substrate. The results indicated that:
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For bulk alloys:

After isothermal ageing from 168-1008 h, the ISC482 and ISC488 alloys have a stable
and finer microstructure than the 1S48 alloy. After 1008 h of ageing, the 1S48 alloy
exhibited the greatest increase in microstructure size; specifically, the average size of the 3
phase increased by 41%. The ISC482 and ISC488 alloys had a more stable microstructure,
with the average size of the B phase increasing slightly by 20% and 16%, respectively. The
stability of the microstructure combined with the amount of IMC appearing in the alloy
matrix improves the mechanical properties of ISC482 and ISC488 after ageing. Specifically,
the tensile strength of ISC488 after 1008 h of ageing was 14.5 MPa (13% reduction), which
is still higher than that of IS48 before ageing (~11.0 MPa). On the other hand, the change
in microstructure leads to a change in the B/y ratio. After ageing, the B/y ratio in all alloys
increases, leading to an increase in elongation of the alloys. Specifically, the ISC482 alloy
has the largest B/y ratio (1.6-1.8), leading to it having the greatest elongation (~70%) after
1008 h of ageing. The value is lower for the IS48 and ISC488 alloys (B/y = 1.2-1.4), with
elongation of approximately 44%. As a result, both alloys exhibit ductile fracture behaviour

in the tensile test.
For alloy joints:

After ageing, the alloy matrix of the Cu/IS48/Cu joint exhibits faster microstructural
coarsening than the matrix of the Cu/ISC482/Cu and Cu/ISC488/Cu joints. After 1008 h of
ageing, the eutectic spacing of the B phase in the alloy matrix of the Cu/IS48/Cu joint
increased significantly (41%) compared to the Cu/ISC482/Cu and Cu/ISC488/Cu joints
(20% and 16%, respectively). The result leads to a greater decrease in the average shear
strength of the Cu/IS48/Cu joint (34%) compared to the Cu/ISC488/Cu joint (25%). The
interfacial layer of Cu/alloys includes the plate-like Cus(In,Sn)s IMC layer next to the Cu
substrate and the Cu(In,Sn), IMC layer with irregular morphology on the solder side. The
thickness of the Cus(In,Sn)s IMC layer and total IMC [Cue(In,Sn)s + Cu(In,Sn)>] thickness
increases linearly with the square root of ageing time, and growth is faster with a longer
ageing time. The time exponent n=0.1-0.4 confirms that the interfacial IMC layer growth

during isothermal ageing follows the parabolic law, and is grain boundary diffusion-
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controlled. Here, the Cue¢(In,Sn)s IMC layer grows more slowly than the Cu(In,Sn), IMC
layer under isothermal ageing at 60°C for 168-1008 h. All the alloy joints are destroyed in
the alloy matrix, which proves that the strength of the solder joint is determined mainly by
the mechanical properties of the solder matrix. The (Cu,In,Sn) IMCs in the solder matrix
not only contribute to the stabilisation of the microstructure during ageing but also
participate in strengthening the alloy matrix. Therefore, the Cu/ISC482 and Cu/ISC488

joints are stronger than the Cu/IS48 joint after ageing.

The initial goal of the research was to overcome the weaknesses of alloy IS48. The
results show that the addition of Ag (0.5-1.5 wt.%) had a greater effect on reducing the
melting temperature of IS48 than the addition of Cu (1.0-8.0 wt.%). However, both Ag and
Cu help maintain the low temperature range of the In52Sn48 alloy, which is an advantage
that makes this alloy suitable in coupling applications for flexible devices using low melting
temperature substrate materials. In addition, All developed alloys have better elongation
than In60Bi40 alloy, and ISC488 alloy has a higher tensile strength (17 MPa) than that of
In60Bi40 alloy. Specifically, a small addition of 0.5-1.0 wt.% Ag and 1.0-2.0 wt.% Cu can
increase the elongation of the In52Sn48 alloy; Cu has a greater effect than Ag. With 1.0
wt.% Ag added to the 1S48 alloy, In is consumed to form Agln; IMC, thereby reducing the
ratio of the In-rich phase of ISA4810 alloy (B/y = 1.59). With 1.0 wt.% Cu added to the
IS48 alloy, both Sn and In are consumed to form Cu6(In,Sn)5 IMC, and so the ratio of the
In-rich phase in alloy ISC481 (B/y = 1.7) is larger than that in alloy ISA4810. As a result,
the ISC481 alloy has greater average elongation (74%) than the ISA4810 alloy (52%). The
addition of 1.5 wt.% Ag and 2.0 wt.% and 8.0 wt.% Cu increases tensile strength and
elongation, while ISC488 with the addition of 8 wt.% Cu exhibits significantly increased
tensile strength compared to the IS48 alloy. The isothermal aging test demonstrates that the
addition of 2.0 and 8.0 wt.% Cu helps to refine the microstructure and minimize phase
coarsening of the IS48 alloy under the influence of temperature. As a result, the new ISC482
and ISC488 alloys are good candidates to replace 1S48 in applications such as flexible

electronics, where low-temperature solder is required.

6.2 Life-cycle impact assessment on various solder alloys
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Life-cycle impact assessment (LCIA) was used to evaluate the environmental
impact of each of five major life-cycle stages: raw materials extraction/acquisition,
materials processing, product manufacture, product use, and final disposal/end-of-life [1-
3]. Figure 6.1 briefly describes each of these stages for a solder product system, and 16
impact categories, and a description of how each is calculated is presented in Table 6.1 [4].
Lead-free solders are expected to have a reduced toxic impact on the environment [4].
However, energy consumption and other related effects, such as global warming due to

emissions generated during manufacturing [1], need to be taken into account.

Life-cycle stages Outputs

Raw materials extraction/ acquisition (upstream)

Activities related to the acquisition of natural resources, including
mining non-renewable material, harvesting biomass, and
transporting raw materials to processing facilities.

Materials processing (Upstream)

Materials > JProcessing natural resource by reaction, separation, purification, > Wastes
and alteration steps in preparation for the manufacturing stage; and
transporting processed materials to product manufacturing facilities.

Product manufacture

Processing materials into solder and solder alternatives

Product use (use/ application)

Resources = Application of solders onto printed wiring boards, which are then = Products
incorporated into various electronics products.

Final disposition (end-of-life)

At the end of their useful lives, the solders, which are part of another
product that is produced in the use stage, are retired. If reuse and
recycle of the solder is feasible, the product can be transported to an
appropriate facility and disassembled or de-manufactured for
materials recovery. Materials that are not recoverable are then
transported to appropriate facilities and treated and/ or disposed of.

Figure 6.1 Life-cycle stages for solder alternatives [4].
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Table 6.1 Impact Categories [4].

Impact category Inventory type Description
Input Output
NATURAL RESOURCE IMPACTS
Non-renewable resource | Material, - Materials, such as metals or fossil fuels that
use/depletion fuel are not regenerated naturally.
Renewable resource use | Materials, | - Materials found in nature that are replenished
water through natural processes.
Energy use Electric, - The amount of energy consumed. The impacts
fuel associated with energy are included under

other impact categories.

Landfill space use

Solid/hazardous/radioactive
waste to landfill

The volume of landfill space required for
solid/hazardous/radioactive waste.

CTS

Global warming

ABIOTIC ENOSYSTEM IMPA
Air

The mass of greenhouse gases emitted
(chemical amounts are weighted according to
their potency relative to carbon dioxide).

Stratospheric ozone
depletion

Air

The mass of ozone depleting chemicals
emitted (chemical amounts are weighted
according to their potency relative to CFC-
11).

Photochemical smog

Air

The mass of smog-producing chemicals
emitted (chemical amounts are weighted
according to their potency relative to ethane).

Acidification

Air

The mass of acidifying chemicals emitted
(chemical amounts are weighted according to
their potency relative to sulfur dioxide).

Air particulates

Air

The mas of particulates emitted that have an
aerodynamic  diameter less than 10
micrometers. Note: also use TSP/dust only
when PM," is not available.

Water eutrophication
(nutrient enrichment)

Water

The mass of eutrophication chemicals
released (chemical amounts are weighted
according to their potency relative to

phosphate).

HUMAN HEALTH AND ECOTOXICITY
Chronic, non- Material -
carcinogenic human
health effects- Weighted score based on the amount and
occupational toxicity of non-carcinogenic  releases
Carcinogenic human Material - affecting workers.
health effects-
occupational

Carcinogenic non-
carcinogenic human
health effects-public
(and terrestrial
ecotoxicity)

Carcinogenic human
health effects-public

Air, soil, water

Weighted score based on the amount and
toxicity of carcinogenic releases affecting the
general public.

Aquatic ecotoxicity

Water

Weighted score based on the amount and
toxicity of releases affecting fish.

® Acronyms: particulate matter with average aerodynamic diameter less than 10 micrometers (PM); total suspended
particulates (TPS); biological oxygen demand (BOD); total suspended solids (TSS).
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On this basis, the low-temperature In52Sn48-based solder alloys are considered
environmentally friendly given the associated energy savings in mass production.
Compared to conventional solders, such as SnPb, Sn-Ag-Cu (SAC), Bi-Sn-Ag (BSA),
In52Sn48 (IS48) with its lower melting temperature exhibits the lowest power consumption
during the reflow process. Based on the results of the report in [4], the energy usage of
SnPb, SAC and SnBi alloys 1s 23.3 kW, 25.2 kW, and 15.7 kW, respectively [4]. The
relationship between energy consumption (£) and the melting temperature (¢) of the solder
alloy was analysed using the line fitting function of OriginPro software, as shown in Figure
6.2. The estimated energy consumption for the 1S48 alloy is 13.7 kW, which is 41.0% and
45% energy saving compared to SnPb and SAC alloys, respectively. Through the reduction
in energy consumption, the trend to use low melting point solder materials, the average
reduction of CO; emission, and the cost savings when using In52Sn48-based alloys
compared to commercial SAC solder are shown in Figure 6.3. Calculations are conducted
according to a report by the Tamura Corporation [5], where the average reduction in
electricity consumption is based on 300 working days per year and 18 working hours per
day. Calculation of the average reduction in CO» emissions is based on the average emission
coefficient of 0.401 kg-CO2/kWh [6]. The annual saving is calculated according to the
electricity price of 17 yen/kWh [7].
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Figure 6.2 The relationship between energy consumption and melting temperature of solder alloy.
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Low-temperature lead-free solder application trend >

SnPb alloy SAC alloy Sn-Bi alloy In52Sn48-based alloy

Power consumption during Power consumption during Power consumption during Power consumption during reflow

reflow process [5] reflow process [5] reflow process [5] process

23.3 «w) 25.2 xw) 15.7 w) 13.8 xw)

The average reduction of electricity consumption by the decrease of reflow process using In52Sn48 based alloy compared to SAC alloy [5]:

{25.2 - 13.8 (kW)} x {average operation hours 18 (h)} x {average operation days 300 (d)} = 6 1 y 560 (kWh)
The average reduction of CO.emission by the decrease of energy consumption using In52Sn48 based alloy compared to SAC alloy [6] :

61.560 (kWh) x {CO.emission coefficient 0.401 (kg-CO:/kWh)} = 24, 68 6 (kg-CO2)

Annual saving by decrease of reflow temperature under electricity rate of 17 (yen/kWh)[7]:

61,560 (kWh) x 17 (yen/kWh) = 1 ,046,520 (yen)

Figure 6.3 Calculating the average reduction of CO, emission and the annual saving by decrease of reflow

temperature by using In52Sn-based alloy [5-7].

6.3 Future work

The work in this thesis can be further enhanced and extended by the following

investigations:

1. Experiments with actual PET/PEN flexible substrate to evaluate joint reliability.

2. A small amount of Ag can enhance the elongation and reduced melting temperature
of [S48, and a larger amount of Cu can enhance tensile strength. Further study could
focus on the effect of combining a small amount of Ag (ex. 0.1-0.5 wt.%) with a
larger amount of Cu (ex. 3.0-7.0 wt.%) on the properties of the IS48 alloy.

3. The addition of 2.0-8.0 wt.% Cu has a significant effect on the properties of the 1S48
alloy. However, joint strength was affected by void formation. Therefore, further
studies of the mechanism for void formation and the optimising reflow process to

reduce the voids in solder would be valuable.
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