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ABSTRACT

Soldering is a widely used metallurgical process to join two materials without actually
melting it. The solder alloy forms a joint between the parent materials by wetting and
joining. Sn-Pb alloy was used as solder material around the globe for many years. Sn-
Pb has low melting point, good hardness and wetting properties and low cost which
make it a famous solder material. Lead in the alloy is found to be toxic. Lead usage is
discouraged to be used in solder alloy making because of its inherent toxicity. WEEE
(Waste Electric and Electronic Equipment) and RoHS (Restriction on Hazardous
Substances) norms also banned lead from alloy making. The toxic nature of the lead
was not the only the reason to search for lead-free solder joints. According to the
Moore’s law, “the number of transistors in a dense integrated circuit doubles about
every two years”. As the transistor density increases the solder joint pattern also
changes. The pitch of these solder arrangement will have adverse effect if Sn-Pb
solder alloy is used in dense electronic packages. Behaviour of customer towards
environmental friendly tag and economy is another reason. The ‘environmental
friendly’ tag necessitated search for new alloys. Another reason is the need for high
temperature solder alloys. With the ban of lead, researchers around the world were
looking for new lead free solder alloys. Melting temperature, hardness, contact angle
(wetting characteristics), shear strength and cost are some important properties that
should be considered while developing new lead free solder alloys. Melting
temperature, contact angle and cost should be minimal. Shear strength and hardness
should be more. SAC305 (Sn-3Ag-0.5Cu) and SAC 405 (Sn-4Ag-0.5Cu) were
emerged as the alternate solder joints in electronic industry. SAC 305 and SAC405

are having high cost due to patent coverage and silver content. None of them were



able to replace the Sn-Pb solder alloy in all respects.

In this investigation, two novel lead free solder joints were developed (Sn-0.5Cu-3Bi
and Sn-1Cu-1Ni). The melting temperature was analysed using Thermo Gravimetric
and Differential Thermal analysis (TG-DTA) set up. Hardness property was analysed
using HMV-G micro Vickers hardness tester. Contact angle (wetting characteristics)
measurement was done with the sessile drop method. Micro-force test system couple
to software was used to measure shear strength of the alloys. The impact toughness
property was analysed using Charpy test. The chemical composition of the alloys was
tested using ICP-OES (Inductively coupled plasma - optical emission spectrometry)
setup.

The effect of addition of Ag into the two alloys was experimentally investigated. With
the addition of Ag, the properties were enhanced. Melting temperature and contact
angle decreased, hardness, shear strength and impact toughness was increased. The
corrosion tests were also carried out. It was found that the corrosion rate also
decreased with the addition of Ag. The properties were compared with SAC305 and
SACA405. From the comparison it was concluded that the novel alloys were having
better properties than SAC305 and SAC405. The cost of the new alloys was found to
be less than SAC305 and SAC405. The optimum amount of Ag that should be added
was found to be 1% by wt. Therefore it can be concluded that Sn-0.5Cu-3Bi-1Ag and

Sn-1Cu-1Ni-1Ag are two novel lead free solder alloys which can replace Sn-Pb alloy.
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CHAPTER 1

INTRODUCTION

1.1. SOLDERING PROCESS

Soldering is a metallurgical joining process happening without the melting of parent
metals and occurs at a temperature less than 450°C. This joining process is very
significant in the field of electronic package industries. Two solid metals (parent metals)
or metal parts are joined using another material (solder alloy). The solder alloy is in a
liquid state while this joining process is taking place (Schwartz, 2014). The solder alloy
in the molten form during the joining process flows in the space in between the parent
metals, wets the surface and after solidification joins them. Thus the principle behind the
soldering operation is wetting and joining. The solder alloy will have low melting
temperatures when compared to the parent metals. A bond is created between the parent

metals after solidification (Handwerker, 2007).

Fig. 1.1 Soldering process
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The soldering process is very different from welding and brazing process. In welding
process, the parent metals also melt to form the joint. While in brazing operation, parent
metal substrates do not melt. The filler metal will have a higher melting temperature than
the used solder alloy. Oxide layer should not be present on the External surface of the
work piece or parent metal substrate. This is necessary to form a good solder joint.
Soldering technology has a vital role in all the electronic devices and packages and also

in the industries.

Soldering iron

Fig. 1.2 Schematic diagram of soldering process

1.2. A SHORT HISTORY OF SOLDERING PROCESS

Soldering is a widely known joining process. Most of the people do not know the fact
that soldering was in use for thousands of years already. The importance of joining for

making tools and ornamental purposes, a primitive form of soldering was discovered.

2



Joining of metals for making tools and other materials were the necessities. From ancient
times, ornaments had a vital role, people were often buried with their best jewellery. The
burial sites were considered as sacred and therefore these sites were maintained and
preserved well. Archeologists got immense information from these sites. Those pieces of
information were helpful to identify the level of technical skills used by human beings in
ancient times. The usage of fire in joining process was a revolution in the history of
human beings. At very earlier stages after the usage of fire in joining process and metals,
human beings uncovered the fact that metals can be easily melted using the wood fire.
About 5500 years ago, the earliest data of hard solder were found in Sumeria and Egypt.
In the figure 1.3 a painting of Egyptian goldsmith soldering with a blowing pipe on coal
fire is shown (Demortier, 1989). This painting is from an Egyptian tomb, Thebe, 1475
BC. During this era, Ag-Cu, Au-Cu, and Pb-Cu alloys were used as solders. From the
jewellery obtained from these places, the advancement in the skills was studied. The
craftsmanship of the recovered jewellery items is so superior that it is very difficult to see

that these are soldered joints.



Fig. 1.3 Painting of Egyptian goldsmith performing soldering with a blowing pipe on coal

fire ( Demortier, 1989)

Sn is used in the soldering operation to lower the melting point of the final alloy. It is
known as soft solder. The exact period of starting the usage of Sn cannot be traced due to
the fact that Sn will transform easily into Sn acids. Therefore several ancient artifacts
using soft solder which were recovered is limited in number. Before 2000 BC, Sn was
unknown to Egyptian society. ‘Treasure of Priamos' gave light about the fact that the
Greeks had mastered the jewelry soldering. These pieces of evidence were found during
the excavations of Troje 1l during 2600 BC. The pieces of evidence after 1400 BC give
strange observation that the soldering technique usage has a decreasing trend. During and
after 350 BC, Greeks were able to come to their earlier level of soldering. The Greeks
also used the soldering technique in machine building applications during these times.

For machine making applications they generally used copper, lead and bronze.

4



Hippokrates, Theoprast, and Poseidonius of Apamea were famous Greek writers during
430 BC, 300 BC, and 139 BC respectively cited solder (Chrysokolla) in their works.

Still, the exact composition of ‘Chrysokolla’ is a controversial topic (Hoover, 1950).

Tin-Lead (Sn-Pb) is introduced by the Romans. The famous example of this is the
aqueducts. Agqueducts are mentioned in various works in ancient times like Pliny,
Frontinus, and Vitruvius. These aqueducts are an example of the engineering
construction and the architectural marvel. Lead pipes are used to carry water. These lead
sheets are joined together by Sn-Pb solder. This fact described by Pliny in his work
Historia Naturalis liber XXXIIl (Vainco, 1993). Apart from Sn-Pb, Romans used
‘Chrysokolla’, Copper alloys and Gold alloys. As time passed, the price of Tin increased.
Therefore they started using solder with only lead. Water vessels are made with lead and

were used.

The soldering process also widely used in Europe. Irish ornaments (1500 BC),
archeological findings in Central Europe (1200 BC) are the shreds of evidence for
validating the point. Gauls and Celts worked with Tin alloys according to Caesar and
Pliny. Holmiensis during 150 AD provided the first technical description about solder.
Arabian, Persian and Syrian documentation in the course of the middle ages made the
soldering practice highly efficient in the following couple of 100 years. The first
legislation regarding the soldering process came around 1400 AD, regarding the solders
using gold which is being diluted with noble metals in lesser quantities. In the same

period, several documents appeared detailing the soldering. From the writings of



Leonardo Da Vinci (Codex Atlantico), it can be noted that the soldering was present and
spread in Europe. Descartes, Paracelsus, and Galilei studied about the soldering

operations and technique.

Newton was the first to add Bi into the Sn-Pb alloy which brings about the reduction of
the melting point to less than 100°C (M.Kamal et al., 2011). Lowering the melting
temperature of Sn-Pb alloy with Cd, Zn and Bi additions were common during the early
1900s. Thompson (1807) during the 19th century came up with the metallurgy of
soldering and description of the process. He also explained the diffusion in liquids. There
were some problems aroused with the discovery of Aluminium because no solder

materials were able to wet Aluminium.

During the late 19th century the functions and uses of solder materials expanded. In
addition to the metallurgical bond formed, solder finds applications in conductivity of
electricity. Soldering and solder materials attained importance with the advances in

electronics during the 20th century (Plumbridge, 1996).

1.3. SOLDERING METHODS AND CLASSIFICATIONS
Soldering is a metallurgical joining. Metal items are joined together by heating and then
flowing a filler metal into the joint. Soldering is mainly done using the following
methods:

1. Hand soldering

2. Wave soldering

3. Reflow soldering



1.3.1. Hand soldering

The required amount of heat for the joint size should be selected from the heat source.
Soldering iron of 25 Watts is inadequate for large electrical assemblies and a 100 Watt
soldering iron is too much for printed circuit boards (PCB). The selection of heat is a
very important step in hand soldering. Fine-pitch soldering is required in many cases.
Therefore the hand soldering requires great skill. Too much heat can cause impairment to
the sensitive components. But for BGA (Ball Grid Array) packages, hand soldering
cannot be used. For hand soldering the alloy should be available in the form of wire.
SAC(Sn-Ag-Cu) alloys and Sn-Cu alloys are available in the form of wires. SAC could

be a superior choice citing its wetting characteristics. Figure 1.4 shows hand soldering

Fig. 1.4 Hand soldering



1.3.2. Wave soldering

In wave soldering (figure 1.5) method, the PCB is passed above a pan of solder alloy in
molten form. In this set up a pump produces an upsurge of solder which appears like a
standing wave. The components get soldered to the board, as the circuit board creates
direct contact with the wave. Important factors that should be considered while doing
wave soldering are dissolution of copper, the temperature required, the formation of
dross, wetting property and cosmetic effects. SAC305 (Sn-3Ag-0.5Cu) is a worthy

candidate for this method as it is holding good properties.

LT UL

" MOLTEN SOLDER

Fig. 1.5 Wave soldering process
1.3.3. Reflow soldering
In this method, hundreds and thousands of small fine electronic components are
temporarily attached to the contact pads using solder paste, followed by application of
controlled heat. The source of heat is a reflow oven in the process. The solder paste will
reflow in the molten state, producing permanent solder joints. In other processes, the
solder alloys in the pure state are used for the soldering operation whereas solder paste is

used in reflow soldering (Figure 1.6 and 1.7) process. By applying different fluxes



manufacturers can produce different solder paste for various purposes (Handwereker,

2007).

[ Vacuum supply and oontrol]

Nitr Gas Suppl
itrogen Gas Supply system

Fig. 1.7 Reflow soldering

1.4. Lead in solders

The soldering was in use for centuries, however the metallurgical study, descriptions and
fundamental knowledge of the soldering came only in the 19th century. The lead-tin alloy
which is widely used for soldering is having the composition of 63% tin and 37% lead by

wt. Sn-Pb solder has been used in electronic package industries because of its virtuous



soldering properties, manufacturability, reliability and pricing. The melting temperature

of Sn-Pb alloy is 183°C.

The reason to discuss the lead in the solder joints is environmental awareness. Sn-Pb
alloy is the most commonly used soldering alloy. Lead toxicity among miners was first
documented by Hippocrates (around 400 BC). The lead was extensively used by the
Romans. They are also aware of the detrimental effects of the lead, as cited from the

writings of Vitruvius in the books of architecture as follows:

‘Etiamque multo salubrior est ex tubulis aqua quam per fistulas, quod
plumbum videtur esse ideo vitiosum quod ex eo cerussa nascitur, heac autem dicitur
esse nocens corporibus humanis. Itaque quod ex eo procreatur (si) id est vitiosum,

non est dubium quin ipsum quogue non sit salubre.’

Its translation is as follows:
‘Water conducted through earthen pipes is more wholesome than that through
lead; indeed that conveyed in lead must be injurious, because from it white lead is
obtained and this is said to be injurious to the human system. Hence, if what is
generated from it is pernicious, there can be no doubt that itself cannot be a

wholesome body.’
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There were claims from various historians that the decline of the Roman Empire was
because of the usage of lead utensils mixed with the lead water pipes (Gilleo, 1994).
Other examples can be taken from history. Sir John Franklin commanded a voyage to the
Artic region with sufficient food supply for 3 years. His attempt failed following the
death of the crew. This is not just because of the extreme weather, but also due to the lead

poisoning of the food stored in the cans (Beattie, 2000).

With the rising consciousness regarding the environment, the inherent toxicity of the lead
again came into light during the 1990s. The harmful effect of lead in the human body was
also a concern. When lead enters inside the human body affects the nervous system,
reproductive system, delay in neural and physical development, anemia, harmful effect
on children's neurological development (Monsalve, 1984). The binding of lead to proteins
is the major cause of these effects. The lead in the human body is detected by blood
analysis. The limits for the amount of lead are determined by governments. For
unpolluted human beings, the standard upper value is less than 130mg/L. For people who
are working and exposed to lead during work, the upper limit is 300mg/L for women and
700 mg/L for men (German Biological Place of Work Tolerance values). The
manufacturing environment causes less danger with lead. The great danger occur with
breathing in, dried powder particles which occurs because of the violation of the safety
measures. The disposal of electronics parts and electronic scrap pollutes the soil and the

ground water.
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Due to this inherent toxicity of lead, several suggestions were formed to ban, cut or tax
the usage of lead in electronic package industries. Various legislation like RoHS
(Restrictions of Hazardous Substances) and WEEE (Waste Electric and Electronic
Equipment) and various environmental legislations, lead become a banned substance in
the electronic package industry. China, Japan, South Korea, Turkey, and the United

States also followed the ban of lead by making legislations (Cheng et al., 2017).

1.5. LEAD-FREE SOLDER ALLOYS

The lead has been banned in solder alloy manufacturing due to its intrinsic toxicity
nature. Therefore, a need for novel lead-free solder alloys aroused. Researchers around
the world started looking for novel lead-free solder alloys for replacement of Sn-Pb alloy.
The toxicity in lead was not only the reason for finding novel lead free solder alloys. The
transistor density is increasing according to Moore's law. The pitch of the soldering also
increases. The Sn-Pb alloy will not sufficient to accommodate the thick densities. These
are the other two reasons for choosing lead-free solder alloys. Good hardness, low
melting point, good wettability, availability of constituents, and price are some of the

aspects that should be incorporated in the new lead-free solder alloys.

16 MOTIVATION

Lead is banned in solder making process due to its inherent toxicity which leads to the
requirement of environment-friendly solder joint material to replace the Sn-Pb solder
alloy. Many lead- free solder alloys were suggested, none of them were able to replace
Sn-Pb in all aspects. SAC305 (96.5Sn-3Ag-0.5Cu) and SAC405 (95.5Sn-4Ag-0.5Cu) are

two lead free solder alloys which are the prominent replacement. The two alloys are
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protected by patent and contain silver (3 and 4 % by wt.) Thus the cost of silver and
patent cost makes it an expensive alloy. There is a requirement of low cost lead free
solder alloy. There is also a need for corrosion resistant solder alloy since there are

equipments needed to implant in human body.

1.7 OBJECTIVES

Objectives of the work are:

> To synthesise novel lead free solder alloy with Sn, Cu, Bi, Ni.

> To experimentally analyze the effect of Ag addition into the solder alloy,

> To experimentally analyze the corrosion properties of the developed alloy

1.8 SCOPE

The scope of the present work is concentrated to:

o Development of new lead free solder alloys with Sn, Cu, Bi and Ni

o Alloys with low melting temperature, good hardness and good wetting
properties.

. Experimentally investigate whether the addition of Ag in small quantities

improves the desirable properties

o Experimentally investigate the impact toughness and shear strength of the the
alloys
o Experimentally investigate the corrosion properties of the alloy

13



o Comparison of the properties with existing lead free alloys SAC305 and

SAC405.

1.9 THESIS OUTLINE

Due to the ban on lead in alloy making, the need for new lead-free alloys became a
necessity. Numerous researchers around the globe started developing novel lead-free
solder alloys which can substitute the Sn-Pb alloy. In this work, two new lead free solder
alloy compositions are developed. The effect of the addition of Ag into these two novel
alloys is also examined. The mechanical properties, corrosion characteristics, cost

analysis of these alloys are also conducted.

Chapter 1 — “Introduction” provides introduction to the work. Introduction to soldering,

solder alloy. Various soldering processes and history of soldering is explained.

Chapter 2 — “literature survey” is the literature survey conducted for the work.

Chapter 3 — “Materials and methods” provides details of various experimental set up and

materials used for the work.

Chapter 4 — “Development of two new novel lead free solder alloys”

illustrates the development of two new lead-free solder alloys. DoE is explained. Melting
temperature, wetting characteristics, hardness, and microstructure of the alloys are

discussed.
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Chapter 5 — “Effect of addition of Ag into Sn-0.5Cu-3Bi (SCB 305)” investigates the
effect of addition of Ag in to Sn-0.5Cu-3Bi. Melting temperature, wetting characteristics,

hardness, shear strength, impact toughness and microstructure of the alloy is discussed.

Chapter 6 — “Effect of addition of Ag into Sn-1Cu-1Ni (SCN 110)” investigates the effect
of addition of Ag in to Sn-1Cu-1Ni. Melting temperature, wetting characteristics,

hardness, shear strength, impact toughness and microstructure of the alloy is discussed.

Chapter 7 — “Investigation on corrosion properties of Sn-0.5Cu-3Bi-xAg” is an
experimental investigation for finding the corrosion properties of Sn-0.5Cu-3Bi in

3.5%by wt. NaCl.

Chapter 8 — “Investigations on the corrosion properties of Sn-1Cu-1Ni-xAg” is an
experimental investigation for finding the corrosion properties of Sn-1Cu-1Ni in 3.5%by

wt. NaCl.

Chapter 9 — “Conclusion” presents the overall conclusion of experimental works and also

the scope for future work

Annexure | — provides the cost comparison of various lead free solder alloys.
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CHAPTER 2

LITERATURE SURVEY

2.1  Sn-Pb SOLDER ALLOYS

Sn-Pb solder alloy has been used for more than 50 years in electronic package industries
for joining electronic components. It has good soldering properties, low cost, reliability,

and manufacturability.

22 WHY LEAD-FREE?

Lead is a very useful material having many useful properties and applications. But on the
other hand, lead is a heavy metal and toxic. The inherent toxicity of lead is known for
more than 2000 years. Many studies revealed the adverse effect of lead in the
environment. Lead has no useful effect if contained in the human body. Lead is toxic in
human beings. Regardless of the exposure to lead, it can cause serious health issues for
human beings. Lead is considered as carcinogenic, can cause blood-related diseases, it
can harm the reproductive organs. High quantity exposure to lead can cause death,
malfunctioning of the brain and other physiological problems. Lead exposure in low
quantity is enough to cause health imbalances in children. It will be present in the
chemical, physical and biological environment once it is released into the atmosphere.
Lead is toxic to plants, animals, and micro-organisms as well. Variety of electronic toys
are present in the market. There are chances that these toys may come into contact with

the child’s mouth. This may result in the transfer of lead into the child’s body.
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Unless there is no sudden change in the adhesive joining technology, soldering will stand
as an important technology. It is a very unlikely event to replace soldering with other
technology. Tin will remain as the main component in the solder alloy. It is having a low
melting temperature (232°C) and its usage is safe. Other additives has to be added into
the Tin to make new lead free solder alloy. Not only melting temperature but also many
other properties are there to consider like very good wetting characteristics, the strength
of the joint, physical properties as that of Sn-Pb, non-toxic property, low cost, etc. Some
elements form a low melting temperature phase with Pb. E.g., Ternary low melting point
SnBiPb (96°C) is formed when the Sn-Bi eutectic reacts with Pb substrate. This is
another reason for removing lead. This low melting temperature phase has an adverse
effect on the reliability of the joint (Zoran, 1998).

2.3  SOLDER ADDITIVES

The following are the most common solder additives used: Copper, Bismuth, Nickel,
Silver, Indium, Chromium, Silicon, Titanium, Platinum, Palladium, Cobalt, rare earth
elements and nanoparticles. Cadmium and antimony are discarded due to toxicity
concerns. Tin is the base metal in most solder alloys. The properties of these additives are
listed in table 2.1. Inorder to reduce the growth of IMC, modify the microstructure and
properties, the additives are added into the solder alloy. The addition of Ag (Kim et al.,
2010, Laurila et al., 2009), Au (Laurila et al., 2010), Co ( Anderson et al., 2004, Wang et
al., 2009, Gao et al., 2006,), Cr (Kim et al., 2009), Cu ( Wang et al., 2010), Fe
(Ansderson et al., 2006), Mn (Anderson et al., 2006, Kim et al., 2009), Ni (Anderson et

al., 2006, Wang et al., 2005, Yang et al., 2006, Liu et al., 2011), Pd (Ho et al., 2015, Ho
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et al., 2012), Pt (Laurila et al., 2010), Si (Anderson et al., 2006) and Zn (Wang et al.,

2006, Jee et al., 2007, Kim et al., 2010) have reduced the growth of CusSn.

The thermal aging performance of Sn-3.7Ag-0.6Cu-0.3Cr solder alloys were compared
with Sn-3.7Ag-0.9Cu (Both for 100h and 1000h at 150°C). The shear ductility is found to
be increasing with the addition of Cr along with extensive aging (Anderson et al., 2006).
Laurila et al., 2010 studied the effect of adding Fe into the solder alloy. The reaction
between Cu substrate and Sn base is studied. The CuSn IMC is slightly decreased but the
ratio of the thickness (CusSns to CusSn) remains the same. The addition of Mn has
enhanced the shear ductility (Cheng et al., 2017). It also reduced the CusSn growth. There
is a significant reduction in the CuzSn+CusSns combined intermetallic layer (Kim et al.,
2009). The addition of Pd reduced the CuzSn in the SAC solder joint. The mechanical
reliability is found to be increased (Ho et al., 2012). The experimental observations
obtained by the addition of Pt were not consistent (Laurila et al., 2010). The addition of
Ni was also studied. The addition of Ni increases the fluidity. This will be helpful factor
while performing wave soldering. With the addition of Ni, a complex compound
(CuNi)eSns is formed. In SAC alloys, the strength property is enhanced with the addition
of Ni. The addition of Ni reduces the CuzSn intermetallic growth (Henshall et al., 2009).
Reaction between Sn-2.5Ag-0.8Cu and Cu alloys added with 0, 0.005, 0.01, 0.03, 0.06
and 0.1 % by wt. Ni with multiple reflow conditions was investigated. Thinner CusSn

layer was formed with the addition of Ni (Wang and Kao, 2009).
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Table 2.1 Solder additives and properties (Cheng et al., 2017)

SI No

Element

Melting

temperature (°C)

Properties

Tin (Sn)

232

Low melting point

Base alloy metal

Readily available

Tin whiskers formed are not good

Copper (Cu)

1084

Inexpensive

More difficult to remove the oxide

layer

Bismuth (Bi)

271.5

It imparts good tensile strength

Lowers the melting temperature

Increases brittleness

Becomes more brittle  when

contaminated with lead

Nickel (Ni)

1453

Copper dissolution is inhibited

Silver (Ag)

962

Expensive

Absorbs copper

Causes intermetallic growth with

copper

Indium (In)

156.6

Very expensive

Scarce

Prone to corrosion

extremely soft

With  high  Indium  content,

mechanical strength reduces

Fast formation of oxide during

melting
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Corrodes fast

7 Zinc (Zn) 419.5 oxide formation

Requires flux

Enhances mechanical properties

Antimony : :
8 (sb) 630.5 Toxic (EACEM list "not to be used™
substance)
Increases melting temperature
very expensive
9 Gold (Au) 1063

With increase in gold content, gold

embrittlement issues exist

Listed in RoHS

10 Cadmium(Cd) | 321.1
Hazardous substance

Improve the ductility of SAC solders

11 Chromium(Cr) | 1857 Suppress void formation at Cu
interface

1 Cobalt (Co) 1495 Hard, brittle .material
Ferromagnetic
Example- Silica, Titanium dioxide,
Aluminum oxide, carbon nanotubes,
etc.

13 Nano particle Wettability and melting temperature

can be improved

Problem in homogeneous

distribution

24  PHASE DIAGRAMS

The phase diagrams of Sn-Pb (Fecht et al., 1989), Ag-Bi (Kattner and Boettinger, 2004 ,

Bi-Cu (Teppo et al., 1990), Bi-Sn (Lee and Shim, 1996), Cu-Sn (Shim and Lee, 1996),
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Ag-Cu (Hayes et al., 1986), Ag-Sn (Oh et al., 1996) binary diagrams and Sn-Ag-Cu
ternary phase diagram is shown in the figures 2.1 to 2.9. The figure 2.9 is the plan (2D) of
the Sn-Ag-Cu ternary phase diagram. The hatched area in the figure indicates the near
eutectic region. The intermetallic compounds are formed with Sn, Cu, and Ag in SAC
alloys. The formation of these intermetallic compounds affects the properties of the alloy.
By analysing the binary phase diagrams, there are three vital possibilities for the
formation of intermetallic compounds. The reaction between Sn and Ag result in the
formation of AgsSn. Cu and Sn reaction result in the formation of CugSns. Cu content
should be high enough for the formation of CusSn at the eutectic point at higher
temperatures. Ag and Cu will not form any intermetallic compounds. Only Ag rich a

phase and Cu rich B phase are formed due to the reaction between Ag and Cu (Hongtao

and Suhling, 2009).
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Fig. 2.1 Sn-Pb binary phase diagram
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2.5 ALTERNATE SOLDER ALLOYS

Sn-Ag: 96.5Sn-3.5Ag.The melting temperature of this alloy is 221°C. Wetting
behaviour, as well as the strength of this alloy, is adequate to consider it as a solder alloy
in the electronic packaging industry. When compared to Sn-Pb thermal fatigue of this
alloy is also good. Damage due to thermal fatigue is found to be increased at elevated
temperatures (Harad and Satoh, 1990). The solubility of Ag in the solder is limited in Sn-
Ag system which results in better resistance to coarsening. Hence Sn-3.5 Ag has a
uniformly distributed stable reliable microstructure. The diffusion of Cu in Sn will be
more when this alloy is used to solder Cu base metals at higher temperature environments
(Zhao et al., 2001).

Sn-Ag-Cu: This is a famous combination in solder alloys. Sn-4.0Ag-0.5Cu (Melting
temperature 216-219°C) (Guo, 2001), Sn-3.8Ag-0.7Cu (Melting temperature 217-219°C)
(Pang and Xiong, 2005), 95.0Sn-4.0Ag-1.0Cu ( Melting temperature 216-219°C) (Zoran,
1998) and 93.6Sn-4.7Ag-1.7Cu;( Melting temperature 216-218°C) (Gayle et al., 2001)
are widely accepted alloys. When exposed to elevated temperatures these alloys will
withstand without melting whereas the Sn-Pb alloy (183°C) cannot be used (Kim et al.,
2010). These alloys exhibit good wetting properties. The wetting property is increased
when soldering is done in the Nitrogen atmosphere. The Cu dissolution rate of Sn-Ag-Cu
is slower than Sn-Ag alloy. Corrosion damages were observed in the medical equipment
assembled using this alloy.

Sn-Cu: Sn-0.7Cu has a melting temperature of 227°C. This alloy is a replacement in
industries looking for silver-free and lead-free solder alloys. It is also suitable for

automotive companies where temperature exposure is more. It also shows good resistance
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to fatigue damage (Lee et al., 2002). Sn-Ag-Cu-Sbh: Sn-2Ag-0.8Cu-0.5Sb has a melting
temperature in the range of 217-220°C. This alloy is also known as Castin alloy. The
properties of this alloy are almost similar to Sn-Ag-Cu alloy.

Sn-Ag-Bi: Sn-3.4Ag-4.8Bi (Melting temperature 200-216° C) is another lead-free solder
alloy. Bismuth is added to the Sn-Ag alloy to reduce the melting temperature. The
strength of the solder joint is also found to be improved with Bi addition. This alloy was
developed by Sandia national labs. This alloy exhibits fatigue resistance. Sn-Bi: Sn-58bi
is having a melting temperature of 138°C. The melting temperature is much lower. This
alloy cannot be used in higher temperature exposed electronic packages. Little elasticity
is another characteristic shown by this alloy.

Sn-Sh: Sn-5Sb solder alloy has a melting temperature of 232-240°C. Because of the high
melting temperature, this alloy is suitable for high temperature applications. The strength
and hardness of the alloy is enhanced due to the presence of Sbh. Sb-Sn is an intermetallic
compound formed that has a cubic structure. This IMC has high hardness. The wetting
characteristics of this alloy are good when compared with Sn-Pb alloy. The tensile
strength is reduced with the addition of more than 4% by wt. Sb.

Sn-Ag-Sh: Sn-25Ag-10Sb has a melting temperature of 230-235°C. This combination is
also called as Motorola J alloy. This alloy exhibits better creep resistance. It was reported
that this alloy is too strong that it may cause damage to the die. This is because of the
presence of the large amount of Sb which leads to the formation of a large amount of
intermetallic compound Sn-Sh. The greater strength of the alloy is due to the presence of
Sb which makes the alloy stiff. The large amount of Sb results in very poor wetting. The

amount of Ag (> 4% by wt.) is also a reason for poor wetting characteristics.
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Sn-In: Sn-52In is another solder alloy with melting point 118°C. Because of the low
melting temperature of the alloy, this is suitable only for low temperature applications.
Good oxidation resistance is observed due to the presence of In. But in a humid
environment, it is vulnerable to corrosion. Fatigue resistance at a higher temperature is
very poor. This cannot be used everywhere because of the high cost and unavailability of
Indium. Sn-In-Ag: Sn-20In-2.8Ag is another solder alloy with a melting temperature of
189°C. Binary low melting Sn-In phase (118°C) formed causes an adverse effect on the
property of this alloy like poor thermal fatigue.

Sn-Zn: Sn-9Zn solder alloy has a melting temperature of 199°C. Corrosion and oxidation
will be more due to the presence of Zn. This solder alloy reacts with alkalis and acids.
Dross formation is more when wave soldering is done. Sn-Au: Sn-80Au is having a
melting temperature of 280°C. Due to the limited availability of gold and the high cost,
the usage is highly limited (Zoran, 1998).

Glazer (1994) reviewed the literature on the microstructure and mechanical properties of
Sn-58Bi, Sn-52In, and Sn-3.5Ag alloys. Sn-Bi appears to have properties approaching
those of eutectic Sn-Pb under most conditions, while eutectic Sn-In seems far inferior in
most respects. Sharif and Chan (2004) in their work, investigation has been carried out to
compare the dissolution kinetics of the Cu pad of the ball grid array (BGA) substrate into
the molten conventional Sn—Pb solder and Sn—-3.5Ag solder. Fundamental properties of
lead-free solder alloys were discussed in detail by Handwerker et.al. (2007) in their book.
WEEE directives (2000) laid down the rules which lead to the ban of lead in electronics
package industries. Chang et.al. (2011) incorporated TiO, nanoparticles into Sn3.5Ag and

Sn3.5Ag0.7Cu solder, to synthesize novel lead-free composite solders. Effects of the
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Ti0O; nanoparticle addition on the microstructure, melting property, microhardness, and
the interfacial reactions between Sn3.5AgXCu and Cu have been investigated. Hagler
et.al. (2011) conducted studies on packaging technology for electronic applications in
harsh high-temperature environments. Keller et al. (2011) investigated the mechanical
stability of Pb-free SnAgCu solder connections in comparison to conventional eutectic
SnPb. Salleh et.al. (2012) studied the mechanical properties of Sn—0.7Cu/SizN,4 lead-free
composite solder in detail. Koo et al. (2014) made investigations on new Sn—0.7Cu-based
solder alloys with minor alloying additions of Pd, Cr and Ca. Kotadia et al. (2014)
published a detailed review on the development of low melting temperature Pb-free
solders. Wang (2016) investigated the effect of Ag on the properties of solders and
brazing filler metals. Gain and Zhang (2016) investigated the growth mechanism of the
intermetallic compound and mechanical properties of nickel (Ni) nanoparticle doped low
melting temperature tin—bismuth (Sn—Bi) solder. Cheng et al. (2017) discussed various
elements of techniques in their detailed review of lead-free solder alloys in electronic

applications.

Intermetallic Compounds: The long-term integrity of a solder joint very much counts on
the intermetallic compounds that are formed during the soldering process. When soldered
to copper or nickel, a formation of intermetallic compounds is necessary to achieve a
good joint and their presence in the solder joint symbolize good wetting. However, if this
layer becomes too thick the base metal or finish may be consumed by the solder and this
leads to dewetting and poor joint reliability — more over some of the intermetallics are
very brittle which decreases fatigue strength especially if this layer is thick. Intermetallic

compounds continue to grow very slowly also at room temperature, but its also noted
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that, under this condition they will not normally become thick enough to detrimentally
influence the reliability of the joint. However, at elevated temperatures, when the time
above the melting point during reflow is very long, the growth of an intermetallic layer
will be very excessive and will very negatively influence the reliability of the solder joint.
The melting points of intermetallic compounds (Cu3Sn, Cu6Sn5, Ag3Sn, Ni3Sn4, AuSn,
AuSn2, Ag4aSn4 etc.) gives an indication about the zone growth potential during room, or
at working temperature . Rule of thumb: The lower the melting point, the larger the
potential for growth The ductility and the firmness of the solder pad are negatively
influenced by the excessive growth of intermetallic zones. The very low melting
temperature of SnAu intermetallic compounds is consistent with fast gold dissolution into

Sn containing alloys.

Based on the literature survey conducted, it can be concluded that the replacement of Sn-
Pb alloy by a new one is not fully done in the industry. SAC305 and SAC405 are
presently good, but limitations still exist. The high silver content adds the cost. Both the
solder alloys are protected by high patent cost. The corrosion properties of these alloys
are also not the best. Therefore there is still a room for a new lead free solder alloy
alternative. In this project, lead free solder alloys with a combination of the following
properties is aimed to synthesis. Low melting point, high hardness and strength, low
contact angle, high corrosion resistance. This combination of properties are possible to

synthesise using Sn, Cu, Bi, Ni and Ag.
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CHAPTER 3

MATERIALS AND METHODS

3.1 MELTING TEMPERATURE ASSESSMENT

Melting temperature is an important characteristic property as far as lead-free solder
joints are concerned. Preference will be more for a low melting temperature alloy.
Melting temperature assessment of all samples in this work was conducted using TG-
DTA. Thermo Gravimetric analysis (TGA) converts the weight gain or loss as a function
of temperature; it can be dealing with the derivative of TGA concerning to time or
temperature or time. Differential thermal analysis (DTA) is a method for noting down the
temperature difference between a material and a reference material as a function of time
or temperature. The two specimens are exposed to identical temperature regimes in an
environment that is heated or cooled at a controlled rate. This analysis is performed at

Sophisticated Test and Instrumentation Centre (STIC), CUSAT.

Fig. 3.1 Thermo Gravimetric and Differential Thermal analysis (TG-DTA) set up
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Fig. 3.2 Diagram of Thermo Gravimetric and Differential Thermal analysis (TG-DTA)

3.2 HARDNESS MEASUREMENT

Resistance to indentation of a material is known as the hardness of that material. It is a
mechanical technique that involves the application of load (through indenter) onto the
surface of the sample. Hardness tests were performed on the samples using HMV-G
micro Vickers hardness tester. This measurement is done at Cochin Shipyard central
laboratory, Kochi. Each Hv value of the sample is the average of ten different readings
which were taken at random areas on the surface. For hardness tests to be performed on
the sample, the surface should be smooth. Sample preparation was done using grinding
by taking different grades of SiC papers. The samples were then polished on a polishing
machine. The surfaces of the alloys were analysed in Axio vertical A1 metallurgical

microscope before and after the microhardness test.

1.8544 F
Hv = = (3.1)
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Where F is the applied force and d is the diameter of the indentation.

Fig. 3.3 HMV-G micro Vickers hardness tester

3.3 CONTACT ANGLE MEASUREMENT

The capacity of molten solder to react with the bottom substrate is referred to as wetting.
It forms a certain amount of intermetallic compound that acts as an adhesion layer to join
the solder and the substrate (Ervina et al., 2010). The reaction between the solder and
substrate is vital as it affects micro structure properties. It will also affect the mechanical
strength of the solder joint. Sessile drop technique is used for the evaluation of the
contact angle (wettability). There is a transparent silica work tube in this analysis set up.
The tube is kept vertically inside a resistance furnace. this set up has a vacuum unit.
There are two observation windows at the middle of the furnace. A crucible is required
which is a ceramic tube with Imm diameter drilled at one end. It is kept at the center-line
of the silica tube. The alloy melted in the ceramic tube is permitted to fall on the substrate
with the aid of gas pressure. A fast mode camera is placed in front of the observation

window to capture the image of the droplet. Generally, if the wetting or contact angle lies
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between 0° and 90° the system is said to be wet. If the wetting or contact angle is

between 90° and 180° the system is considered to be non-wetting.

In more detail if 0° < & < 30°it is considered as very good wetting,

iIf 30° < @ < 40° itis considered as good wetting,

if 40° < @ <55° it is considered as acceptable wetting,

if 55° < @ < 70° it is considered as poor wetting and

€ > 70° is considered as very poor wetting,

Where 0 is the contact angle.

/ Liquid
U
= Y

Solid

Fig. 3.4 Contact angle measurement with the sessile drop method.

The various forces occurred are linked together according to Young’s equation:

Ysy = Vsi + ycoso (32)
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Where,ys,, vsi andyy, represent the “surface tensions” of the interface solid/gas,

solid/liquid and liquid/gas, respectively, and 0 represents the contact angle.

3.4 CHEMICAL COMPOSITION ASSESSMENT

Chemical compositions of the alloys were analyzed using ICP-OES (Inductively coupled
plasma - optical emission spectrometry) (Krachler et al., 2016). This is one method of
optical emission spectrometry. ICP- OES (Figure 3.5 and 3.6) is evaluated as a
multipurpose analysis method. The elements (atoms) in the components are excited using
plasma energy which is given to the specimens from outside. After excitation, excited
atoms come back to the low energy position. Spectrum rays are released in the course of
time. The emission rays equivalent to the photon wavelength is recorded. The element
type is determined from the position of photon rays. The content of each element is
confirmed using the rays’ intensity obtained. The next step is the production of plasma.
Torch coil is provided with argon gas and the work coil is supplied with high frequency
electric current (tip of the torch tube). An electromagnetic field is created in the torch
tube due to the high-frequency current applied. Plasma is generated which is followed by
the ionization of gas. The generated plasma has high electron density as well as high
temperature (10000 K). Using this energy, excitation energy of the specimen is done. The
specimens are introduced into the plasma in an atomized state through the narrow tube in
the center of the torch tube. This analysis is performed at Sophisticated Test and

Instrumentation Centre (STIC), CUSAT.
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Fig. 3.5 ICP-OES apparatus

Fig. 3.6 Principle of ICP-OES apparatus
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3.5 MICROSTRUCTURE ANALYSIS

The surface details of the samples were examined by field-emission scanning electron
microscopy (FE-SEM, Carl Zeiss Sigma). FESEM can be considered as a microscope
working with electrons (negative charge particles) instead of light. A field emission
source is used to liberate these electrons. The sample is scanned in a zig-zag pattern by
electrons. The topographic details of the entire samples’ surface can be obtained for
visualization. Observations as small as 1nm (1 billionth of mm) is obtained using FE
SEM. The electrons proceed from a field emission source which is accelerated in a high
electric field gradient. The primary electrons inside the high vacuum column are focused
and the electrons are deflected using electronic lenses. As a result, a narrow scan beam is
generated which will bombard on to the object. The bombardment causes the emission of
secondary electrons from each spot of the object. The angle and velocity of these
secondary electrons is equivalent to the surface structure of the object. The detector
absorbs the secondary electrons and electronic signals are produced and generated
electronic signals are amplified and a scanned image is created. These images are
analyzed in the monitor and can be saved for future analysis. All the images were taken at
a magnification of 5.00 — 100KX, scale = 1um, Electron High Tension (EHT) = 5.00 KV,
Working Distance (WD) = 3.2 mm. This analysis is performed on FE-SEM set up (Figure

3.7) available at physics department, CUSAT.
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Fig. 3.7 FE SEM analysis set up

3.6 SHEAR STRENGTH ANALYSIS

A shear load is a force that tends to produce a sliding failure on a material along a plane
which is parallel to the direction of the force. The solder alloys should be strong in shear
strength. Samples were made ready for the shear strength analysis following the sample
specimen-making procedure. Five samples of each alloy were tested in a similar
condition. For the shear test to be conducted, micro lap shear solder joint samples were
made. The same is shown schematically in the figure 3.8. The amount of shear on the
specimen is measured and the specimen is loaded in the apparatus between the grips.

Force is applied at a controlled rate to the specimen until it breaks. The maximum force is
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noted down. All the five sample set were ground using SiC paper, followed by polishing
to remove any excess solder at the edges. Micro-force test system was used to conduct
the shear strength test, the system is controlled by software and test data are collected.
The shear strength tests were conducted on the five samples at room temperature.

5 x 10™¥/s is the strain rate used. The results were averaged among the five data.

Lot 1.00
2.00 | 2.00 '

15.00 . Solder  Cy Substrate

H

e

Fig. 3.8 Shear strength test specimen
3.7 IMPACT TOUGHNESS TEST

The ability of a material to absorb the impact energy and plastically deform without
failure is known as impact toughness. To conduct the impact test, Charpy impact tests
with pendulum-type impact tester were used. The pendulum effective weight was 21 Kg.
Five specimens of each alloy are prepared with dimensions 70mm long x 5mm wide X
5mm thick. The schematic diagram provided in the figure 3.9 shows the analysis set up
(Charpy impact test). The pendulum is lifted to a height H. This is considered as the
initial position. E1 is the initial potential energy. Then the pendulum is allowed to swing
and hit the specimen. After hitting the specimen it rises to a height of h. E2 is the energy
at this stage and it is considered as the final energy. During hitting the specimen, some
amount of energy E is absorbed by the specimen. The impact absorbed energy was

obtained. The same procedure is repeated for all the five samples. The test data obtained
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is then averaged. The data regarding the absorbed energy obtained during the test helps in

analyzing the impact toughness of the alloys.

El = m-g-H Starting position
A
E =m-g-H-m-g-h
Firstreversalpoint E, =m- h
- P 2 g

Specimen
Y TCa O

WW

Fig. 3.9 Impact test principle

3.8 MATERIALS AND SUPPLIER

The materials required for this work are Sn, Cu, Bi, Ni and Ag. These materials and the

supplier are shown in the table 3.1.

Table 3.1 Materials and supplier

SI No. Material Supplier
1 Tin (Sn) Merck
2 Copper (Cu) Loba chemie
3 Bismuth (Bi) Loba chemie
4 Nickel (Ni) Rankem
5 Silver (Ag) Rankem, RFCL Limited
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3.9 SAMPLE PREPARATION

Samples are prepared from the pure metals which were in powder form. Composition of
the alloys required taken in adequate quantities.. Sn, Cu and Bi in the powder form were
weighed in the required weight proportions using sensitive weighing machine. Five
specimens are made using induction furnace with Argon gas (inert gas to avoid unwanted
oxidations). The samples were melted in induction furnace at more than 1000°C for 45
minutes and the poured to cylindrical moulds of diameter 5 cm. Quenching process in
done for all these alloys by making use of the annealing furnace. The solder alloys were
melted and maintained 100 ° C above their melting point for 20 minutes in Argon
atmosphere. Then the specimen was quenched in water which was at 24 ° C. This is done
to maintain good mechanical properties. This is the quenching cycle implemented for this
experiment. The samples were kept in the room temperature for two days to completely
relieve the stresses. Argon gas is used in the process as the inert gas which will avoid the
unwanted oxide formations. All the five alloys were undergone visual inspection of the

surface and accepted.

3.10 DESIGN OF EXPERIMENTS

Design of experiments is a methodology proposed by Robert Fischer in 1935. This
methodology is used to design any job that plans to explain the variations under
conditions. There are hypothesis to reflect such variations (Fischer, 1949). The change in
one or more independent variables is generally hypothesized to result in a change in one
or more dependent variables. The method also identifies control variables that must be

kept constant, to avoid the external factors to affect the results. The main concerns in the
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DoE are the reliability, replicability and validity (Hicks and Charles, 1964). In this work,
with the aid of design of experiments, the optimum composition of new lead free solder

alloy is predicted. This new composition contains Sn, Cu, Bi and Ni.

3.10.1 Full factorial Design

Full factorial and fractional factorial designs at 2 and 3 levels are the most commonly
used experiments designs in the manufacturing industry field. Factorial designs help the
researcher to analyse the joint effect of the design or process parameters on an output or
response. A factorial design can be full factorial or fractional factorial. This chapter
discusses the full factorial design at level 2. When the number of process parameters is
less than or equal to 4, full factorial design is a good choice. This is done at early stage of
experiment work. For studying k factors at 2 levels, number of experiments required is
2% The response is almost linear over the range of the factor settings selected. It is one of
the assumptions in this analysis. In factorial regression, there are more possible
combinations of distinct levels for the continuous predictor variables than there are cases
in the data set. To simplify matters, full-factorial regression designs are defined as
designs in which all possible products of the continuous predictor variables are

represented in the design.

Regression models points out the relationship between a set of predictor variables (x’s)
and one or more responses (y’s). Most often, the model or the equation is of the linear

form.

EQ) = Bo+Brix1+Baxz + oo By Xp (4.2)
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Where, S is the coefficient to be estimated from the data.

If X is the (n x p) matrix of predictor variables related with n observations, then

regression model can be written as:

E(Y) = XB (4.2)

Where Y is the (n x 1) vector of responses and £ is the (p x 1) vector of regression

coefficients. Equation (4.1) is a model linear in the parameters (Ronald, 1977).

The aim of this section is to find a new lead free solder alloy with Tin (Sn), Copper (Cu)
and Bismuth (Bi). The Sn is considered to be the base metal. Small amount of Cu and Bi
is added to make the required alloy. With the addition of Cu and Bi, the melting
temperature and contact angle is expected to be decreased. The hardness of the alloy is
expected to be increased. This analysis has to be done prior to our experiments. An
optimum composition of Cu and Bi is studied and tried to predict so that the melting

point and contact angle is lower. This alloy should exhibit good hardness properties.
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CHAPTER 4

DEVELOPMENT OF TWO NEW NOVEL LEAD FREE

SOLDER ALLOYS

Two novel lead free alloys with new composition are developed, i.e. Sn-0.5Cu-3Bi (SCB
305) and Sn-1Cu-1Ni (SCN110). The composition of SCB305 is 0.5 % Cu, 3% Bi and
rest Sn (by wt.) The composition of SCN110 is 1% Cu, 1%Ni and rest Sn (by wt.).Design
of experiments is conducted at the initial stage in the alloy development, from which the

percentage by weight of Cu, Bi and Ni are confirmed.

4.1 DEVELOPMENT OF Sn-Cu-Bi SOLDER ALLOY

4.1.1 Results of DOE

The experiment was run with two factors (F), which is Cu & Bi composition and two
levels (L), which is 0.5 and 1 for Cu, 3 and 4 for Bi. The composition is expressed in %
by wt. 8 runs were conducted with 2 replications, as per the formula: (LF), (2%) =4 x 2
replications = 8. Three responses were recorded as output out of each run, Melting

temperature, Contact Angle & Hardness. It is shown in the table 4.1.

Table 4.1 Output from the eight runs conducted

Factors Response
Experiment Melting Contact Hardness
Runs Cu % Bi % Temp(°C) angle (°) (Hv)
1 0.5 4 245.35 33.25 14.5
2 0.5 3 231.15 28.74 19.8
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3 0.5 3 231.25 28.82 19.7
4 1 3 243.12 42.22 12.3
5 1 4 238.12 43.12 11.7
6 1 3 243.41 42.3 12.8
7 1 4 238.68 43.5 11.3
8 0.5 4 246.1 32.91 14.65

Eight runs were conducted with Cu varying from 0.5 and 1% by wt. Bi varying from 3 %
and 4% by wt. With Cu 0.5% by wt. and Bi 1% by wt., the melting point, contact angle
and hardness can be seen as the optimum value. The aim which is specified is to

minimize melting temperature and contact angle and increasing the hardness value.

4.1.2 Factorial Regression: Melting Temperature versus Cu, Bi

Factorial regression of melting temperature versus Cu and Bi were conducted. The
analysis of variance is shown in the table 4.2. The model summary is tabulated in the
table 4.3. The coded coefficients details are shown in the table 4.4

Table 4.2 Analysis of variance for Melting Temperature versus Cu, Bi

Source DF Adj SS Adj MS F-Value P-Value
Model 3 245.878 81.959 675.81 0
Linear 2 57.892 28.946 238.68 0
Cu 1 11.234 11.234 92.63 0.001
Bi 1 46.658 46.658 384.73 0
2-Way Interactions 1 187.986 187.986 1550.08 0
Cu*Bi 1 187.986 187.986 1550.08 0
Error 4 0.485 0.121
Total 7 246.363
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Table 4.3 Model summary for Melting Temperature versus Cu, Bi

S

R-sq.

R-sq. (adj)

R-sq. (pred)

0.348246

99.80%

99.66%

99.21%

Table 4.4 Coded coefficients for Melting Temperature versus Cu, Bi

Term Effect Coef. SE Coef. | T-Value p-Value | VIF
Constant 239.648 0.123 1946.4 0

Cu 2.37 1.185 0.123 9.62 0.001 1

Bi 4.83 2.415 0.123 19.61 0 1
Cu*Bi -9.695 -4.847 0.123 -39.37 0 1

Regression Equation in Uncoded Units for the range of Cu (0.5 and 1%) and Bi(3 and 4%

by wt.) is given by:

Melting temperature = 117.39 + 140.47Cu + 33.915 Bi — 38.78 Cu * Bi
The p value from table 4.4 signals about the significance of the variables. The R-sq (pred)

is found to be 99.21%

4.1.3 Factorial Regression: Contact angle versus Cu, Bi

Factorial regression of contact angle versus Cu and Bi were conducted. The analysis of

variance is shown in the table 4.5. The model summary is tabulated in the table 4.6. The

coded coefficients details are shown in the table 4.7.

(4.4)

Table 4.5 Analysis of variance for Contact angle versus Cu, Bi

Source DF Adj SS Adj MS F-Value | P-Value
Model 3 300.675 100.225 2939.15 0
Linear 2 295.393 147.697 4331.28 0
Cu 1 281.082 281.082 8242.88 0
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Bi 1 14.311 14.311 419.68 0

2-Way Interactions 1 5.281 5.281 154.88 0

Cu*Bi 1 5.281 5.281 154.88 0

Error 4 0.136 0.034

Total 7 300.811

Table 4.6 Model summary for Contact angle versus Cu, Bi
S R-sq. R-sq. (adj) R-sq. (pred)
0.184662 99.95% 99.92% 99.82%
Table 4.7 Coded coefficients for Contact angle versus Cu, Bi
Term Effect Coef SE Coef T-Value p-Value VIF

Constant 36.8575 0.0653 564.54 0

Cu 11.855 5.9275 0.0653 90.79 0 1

Bi 2.675 1.3375 0.0653 20.49 0 1

Cu*Bi -1.625 -0.8125 0.0653 -12.44 0 1
Regression Equation is represented by:
Contact Angle = —7.35 + 46.46 Cu + 7.55 Bi — 6.5Cu * Bi (4.5)

4.1.4 Factorial Regression: Hardness versus Cu, Bi

Factorial regression of hardness versus Cu and Bi were conducted. The analysis of
variance is shown in the table 4.8. The model summary is tabulated in the table 4.9. The
coded coefficients details are shown in the table 4.10.

Table 4.8 Analysis of variance for Hardness versus Cu, Bi

Source DF Adj SS | Adj MS | F-Value P-Value
Model 3 80.6709 | 26.8903 | 486.15 0
Linear 2 72.1631 | 36.0816 | 652.32 0
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Cu 1 52.7878 | 52.7878 954.36 0
Bi 1 19.3753 | 19.3753 350.29 0
2-Way Interactions 1 8.5078 | 8.5078 153.81 0
Cu*Bi 1 8.5078 | 8.5078 153.81 0
Error 4 0.2212 | 0.0553
Total 7 80.8922
Table 4.9 Model summary for Hardness versus Cu, Bi
S R-sq. R-sq. (adj) R-sqg. (pred)
0.234186 99.73% 99.52% 98.91%
Table 4.10 Coded coefficients for Hardness (Hv) versus Cu, Bi
Term Effect Coef SE Coef T-Value p-Value VIF
Constant 14.5937 0.0832 175,51 0
Cu -5.1375 -2.5688 0.0832 -30.89 0 1
Bi -2.1125 -1.5562 0.0832 -18.72 0 1
Cu*Bi 2.0625 1.0312 0.0832 124 0 1
Regression Equation is given by
Hardness = 54.85 — 39.15Cu — 9.3Bi + 8.25 Cu * Bi (4.6)

4.1.5 Response Optimization: Hardness, Contact angle, Melting Temperature

The optimized response from the analysis is shown in the table 11 and table 12. The

prediction of the optimized composition is shown in the table 13. It can be found that the

composition of Cu is 0.5% and of Bi is 3% by wt.
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Table 4.11 Parameters: Hardness, Contact angle, Melting Temp(C)

Response Goal Lower | Target | Upper | Weight Importance
Hardness Maximum | 11.3 19.8 1 1
Contact Angle Minimum 28.74 43.5 1 1
Melting temperature | Minimum 23115 | 246.1 1 1
Table 4.12 Solution
. . Hardness | Contact Melting Composite
Solution Cu Bi fit Angle fit Temperature fit Desirability
1 0.5 3 19.75 28.78 231.2 0.99602
Table 4.13 Multiple response prediction
Variable Setting
Cu 0.5
Bi 3
Table 4.14 Best fit model
Response Fit SE Fit 95%Cl 95% PI
Hardness 19.75 0.166 (19.288, 20.212) (18.950, 20.550)
Contact Angle 28.78 0.131 (28.417, 29.143) (28.152, 29.408)
Melting
temperature 231.2 0.246 (230.516, 231.884) | (230.016, 232.384)
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4.1.6 Main effects plots

The mean response of the level factors can be represented in the main effect plots. This is
done by connections made by the lines. It can be interpreted that there is no main effect if
horizontal line is present in the diagram. Little deflection from the horizontal direction
means that it will significantly affect the response. Lines with higher slope give the
information that the magnitude of the main effect is higher. The effect can be defined as
the variations in melting temperature, hardness and the contact angle when the factor
changes from one level to another level. Calculations are done at minimum and
maximum values of each factor (Bharath, 2019). The information about the direction of
the effect (i.e. Increase or decrease in the average response value) is obtained from the
sign of the main effect plot. The strength of the effect is obtained from the magnitude
(Jiju, 2014). The main effect diagrams give vital information about the information about
the factor influence in the properties such as melting temperature, hardness and the
contact angle of SCB305. The main effect plots for melting temperature, hardness and

contact angle is given in the figure 4.1, figure 4.2 and figure 4.3.

237

Figure 4.1 Main effects plot for melting temperature
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Figure 4.3 Main effect diagram for hardness

4.1.7 Interaction plots

The behaviour of one variable which is depending on the value of another variable is
better understood by interaction plots. An interaction plot displays the levels of one
variable on the X axis and has a separate line for the means of each level of the other
variable. The Y axis is the dependent variable. The interaction effects are analyzed in the
regression analysis, ANOVA and DOE. The influence of one factor and a continuous
response with the value of the second factor can be identified from the interaction plots
(Geshev, 2018). The lines in the diagram can be used to interpret how the relation
between the factor and the response are affected. If there are parallel lines, it means that

there is no interaction. Non-parallel lines in the diagram interprets that there is interaction
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occurring. The strength of the interaction is proportional to number of non-parallel lines.
Interaction plot for hardness, contact angle and melting temperature is shown in the
figure 4.4, figure 4.5 and figure 4.6. It can be interpreted that the influence of these

factors are present.

Mean

Figure 4.4 Interaction plot for hardness
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Figure 4.5 Interaction plot for contact angle
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Interaction Plot for Melting Temp(C)
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Figure 4.6 Interaction plot for melting temperature

This part of the work, using design of experiments (DoE) checks the use of Sn, Cu and Bi
to make a new lead free solder alloy. By design experiments it has been found that, the
selected parameters are the most impacting factors for response. The ANOVA evidently
shows with its P- values having less than 0.05 that Cu and Bi composition in the alloy is
having significant impact in the melting temperature, contact angle and hardness. The R
square values of the regression equation is calculated to be more than 95% which denotes
that model is best and convey us that there are no other factors impacting the factors. The
same can be seen graphically in the Mean effects plot. The Interaction plot shows the
interaction between the Cu & Bi with the factors. From the results of Design of
Experiments we can infer that Cu-0.5% and Bi-3% (by wt.) is the best optimized
composition for the new solder alloy. Therefore Sn-0.5Cu-3Bi will be an optimum

composition of the new lead free solder alloy.

4.2 DEVELOPMENT OF SCB 305

After Design of Experiments, Sn-0.5Cu-3Bi (0.5% Cu, 3 % Bi by wt. and remaining Sn)

is developed as a new lead free solder alloy.
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Table 4.15 The chemical composition required for SCB305

Solder alloy

Sn (%)

Cu (%)

Bi (%)

Ni (%)

SCB305

96.5

0.5

3

0

4.2.1 Properties of SCB305 alloy

4.2.1.1 Chemical Composition results

The required composition of the alloy is shown in table 4.15. Chemical compositions of
the alloys were analysed using ICP-OES. The results of the analysis are shown in the
table 4.16. Composition results of all the five alloy samples are listed. From this list of

alloys, one alloy is selected for further investigations.

Table 4.16 Chemical Composition results

Solder alloy Sn (%) Cu (%) Bi (%0)
SCB305 Sample 1 96.3967 0.4865 3.1098
SCB305 Sample 2 96.5101 0.4976 2.9834
SCB305 Sample 3 96.5155 0.5011 2.9783
SCB305 Sample 4 96.3843 0.5122 3.0945
SCB305 Sample 5 96.3406 0.4876 3.1701

4.2.1.2 Melting temperature
Melting temperature is one of the main characteristic properties as far as a solder alloy is

concerned. A solder alloy with good properties but of higher melting temperature is not
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accepted, because the high temperature may damage the electronic package. A low
melting alloy with narrow pasty solder range can be considered as desired property for a
good solder alloy. Analysis for SCB305 was conducted using Thermo Gravimetric and
Differential Thermal analysis (TG-DTA). Thermo Gravimetric analysis (TGA) measured
the weight loss or gain as a function of temperature ,the TGA trace appear as steps, it can
be deal with the derivative of TGA with respect to time or temperature. Differential
thermal analysis (DTA) is a technique for recording the difference in temperature
between a substance and a reference material as a function of time or temperature as the
two specimens are subjected to identical temperature regimes in an environment heated
or cooled at a controlled rate. Melting temperature of the new alloy SCB305
(231.15%0.07) is shown in the table 4.17.

Table 4.17 Melting temperature results of SCB305

Solder alloy Melting temperature (° C)
SCB305 Sample 1 231.15
SCB305 Sample 2 231.25
SCB305 Sample 3 2311
SCB305 Sample 4 231.24
SCB305 Sample 5 231.05
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4.2.1.3 Contact angle and hardness

Contact angle measured for SCB305 are shown in the table 4.18. The presence of Bi has
enhanced the wetting property of Sn-Cu. Solder wettability is found to be enhanced with
the presence of Bi in SCB305. The presence Bi in the alloy strengthens the solder alloy.
Contact angle of SCB305 is less than 30°. Therefore it is exhibiting very good wetting

property(28.74 +0.08)

Table 4.18 Contact angle measurement results

Solder alloy Contact angle (°)
SCB305 Sample 1 28.76
SCB305 Sample 2 28.84
SCB305 Sample 3 28.85
SCB305 Sample 4 28.7
SCB305 Sample 5 28.82
SCB305 Sample 6 28.65
SCB305 Sample 7 28.76
SCB305 Sample 8 28.55
SCB305 Sample 9 28.73
SCB305 Sample 10 28.76

Figure 4.8 Contact angle measurement of SCB305 sample
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Hardness values measured for SCB305 are shown in the table 4.19. Good hardness values

(19.81 + 0.13) are obtained for SCB305 solder alloys.

Table 4.19 Hardness measurement results

Solder alloy Hardness (Hv)
SCB305 Sample 1 19.8
SCB305 Sample 2 19.9
SCB305 Sample 3 19.7
SCB305 Sample 4 19.5
SCB305 Sample 5 19.8
SCB305 Sample 6 19.9
SCB305 Sample 7 19.8
SCB305 Sample 8 20
SCB305 Sample 9 19.9
SCB305 Sample 10 19.9

43 DEVELOPMENT OF Sn-Cu-Ni ALLOY

Sn-1Cu-1Ni (1% Cu, 1% Ni by wt. and rest Sn) is developed as a new lead free solder
alloy. This new solder alloy will be termed as SCN110 hereafter. The aim of this section
is to find a new lead free solder alloy with Sn, Cu and Ni. The Sn is considered to be the
base metal. Small amount of Cu and Ni is added to make the required alloy. With the
addition of Cu and Ni, the melting temperature and contact angle is expected to be
decreased. The hardness of the alloy is expected to be increased beacuase of the addition
of Ni . This analysis has to be done prior to our experiments. An optimum composition of
Cu and Ni is studied and tried to predict so that the melting point and contact angle is

lower.
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4.3.1 Design of Experiments

The experiment was run with two factors (F), which is Cu & Ni composition and two
levels (L), which is 0.5 and 1 for Cu, 0.5 and 1 for Ni. The composition is expressed in %
by wt. 8 runs were conducted with 2 replications, as per the formula :(L)", (2)> =4 X 2

replications = 8. Three responses were recorded as output out of each run, Melting

temperature, Contact Angle & Hardness. It is shown in the table 4.20.

Table 4.20 Output from the eight runs conducted

Experiment Cu Ni Melting Contact | Hardness
Runs (% bywt.) | (%bywt) | Temp(°C) Angle(°®) (Hv)
1 1 0.5 239.12 38.66 8.1
2 1 0.5 238.76 39.1 8.22
3 1 1 232.2 36.75 16.1
4 0.5 1 240.12 38.12 10.2
5 0.5 0.5 238.12 43.22 7.9
6 0.5 0.5 238.34 43.58 7.6
7 0.5 1 240.34 38.48 10.39
8 1 1 232.45 36.82 16.2

4.3.2 Factorial Regression: Melting Temperature versus Cu, Ni

Factorial regression of melting temperature versus Cu and Ni were conducted. The

analysis of variance is shown in the table 4.21. The model summary is in the table 4.22.

The coded coefficients details are in the table 4.23

59




Table 4.21 Analysis of variance for Melting Temperature versus Cu, Ni

Source DF Adj SS | Adj MS F-Value P-Value
Model 3 73.6422 | 24.5474 679.75 0
Linear 2 22.5906 | 11.2953 312.78 0
Cu 1 17.3911 | 17.3911 481.58 0
Ni 1 22.536 22.536 624.04 0
2-Way Interactions 1 37.1091 | 37.1091 1027.6 0
Cu*Ni 1 37.1091 | 37.1091 1027.6 0
Error 4 0.1445
Total 7 73.7867
Table 4.22 Model summary for Melting Temperature versus Cu, Ni
S R-sq. R-sq. (adj) R-sq. (pred)
0.190022 99.80% 99.66% 99.22%
Table 4.23 Coded coefficients for Melting Temperature versus Cu, Ni
Term Effect Coef SE Coef T-Value p-Value VIF
Constant 226.905 0.672 337.72 0

Cu 37.3 18.65 0.85 21.94 0 10

Ni 42.46 21.23 0.85 24.98 0 10

Cu*Ni -68.92 -34.46 1.07 -32.06 0 19

Regression Equation in Uncoded Units is given by
Melting Temperature = 226.905 + 18.65 Cu + 21.23 Ni — 34.46 Cux Ni  (4.7)
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4.3.3 Factorial Regression: Contact Angle versus Cu, Ni

Factorial regression of contact angle versus Cu and Ni were conducted and the analysis of
variance is shown in the table 4.24. The model summary is tabulated in the table 4.25.
The coded coefficients details are shown in the table 4.26.

Table 4.24 Analysis of variance for Contact Angle versus Cu, Ni

Source DF Adj SS Adj MS F-Value | P-Value
Model 3 48.6096 16.2032 283.21 0
Linear 2 13.1941 6.5971 115.31 0
Cu 1 11.3251 11.3251 197.95 0
Ni 1 13.1382 13.1382 229.64 0
2-Way Interactions 1 4515 4515 78.92 0.001
Cu*Ni 1 4,515 4,515 78.92 0.001
Error 4 0.2289
Total 7 48.8385
Table 4.25 Model summary for Contact Angle versus Cu, Ni
S R-sq. R-sq. (adj) R-sqg. (pred)
0.239191 99.53% 99.18% 98.13%
Table 4.26 Coded coefficients for Contact Angle versus Cu, Ni
Term Effect Coef SE Coef T-Value p-Value VIF
Constant 56.025 0.846 66.25 0
Cu -30.1 -15.05 1.07 -14.07 0 10
Ni -32.42 -16.21 1.07 -15.15 0 10
Cu*Ni 24.04 12.02 1.35 8.88 0.001 19

Regression Equation in Uncoded Units is given by
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Contact Angle = 56.025 — 15.05 Cu — 16.21 Ni + 12.02 Cu * Ni

4.3.4 Factorial Regression: Hardness versus Cu, Ni

Factorial regression of hardness versus Cu and Ni were conducted. The analysis of

variance is shown in the table 4.27. The model summary is tabulated in the table 4.28.

The coded coefficients details are shown in the table 4.29.

4.7

Table 4.27 Analysis of variance for Hardness versus Cu, Ni

Source DF Adj SS Adj MS F-Value | P-Value
Model 3 89.9422 29.9807 1593.66 0
Linear 2 7.8721 3.9361 209.23 0
Cu 1 5.0702 5.0702 269.51 0
Ni 1 1.682 1.682 89.41 0.001
2-Way Interactions 1 14.824 14.824 787.99 0
Cu*Ni 1 14.824 14.824 787.99 0
Error 4 0.0753
Total 7 90.0175
Table4.28 Model summary for Hardness versus Cu, Ni
S R-sq. R-sg. (adj) R-sq. (pred)
0.137159 99.92% 99.85% 99.67%
Table 4.29 Coded coefficients for Hardness versus Cu, Ni
Term Effect Coef SE Coef T-Value p-Value VIF
Constant 10.24 0.485 21.12 0
Cu -20.14 -10.07 0.613 -16.42 0 10
Ni -11.6 -5.8 0.613 -9.46 0.001 10
Cu*Ni 43.56 21.78 0.776 28.07 0 19
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Regression Equation in Uncoded Units is given by

Hardness = 10.24 — 10.07 Cu — 5.8 Ni + 21.78 Cu * Ni (4.8)
4.3.5 Response Optimization: Hardness, Contact Angle, Melting Temperature

The optimized response from the analysis is shown in the table 4.30 and table 4.31. The
prediction of the optimized composition is shown in the table 4.32. It can be found that
the composition of Cu is 1% and of Ni is 1% by wt.

Table 4.30 Parameters: Hardness, Contact Angle, Melting Temp(C)

Response Goal Lower | Target | Upper | Weight | Importance
Hardness Maximum 7.6 16.2 3 3
Contact Angle Minimum 36.75 43.58 2 2
Melting temperature | Minimum 232.2 | 240.34 1 1

Table 4.31 Solutions

) ) Hardness | Contact Melting Composite
Solution | Cu Ni ] ) ] o
fit Angle fit | Temperature fit | Desirability
1 1 1 16.15 36.785 232.325 0.985358

Table 4.32 Multiple response prediction

Variable Setting

Cu 1

Ni 1
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Table 4.33 Best fit solution

Response Fit SE Fit 95%ClI 95% PI
Hardness 16.15 0.097 (15.8807, 16.4193) (15.6836, 16.6164)
Contact Angle 36.785 0.169 (36.315, 37.255) (35.972, 37.598)
Melting
232.325 0.134 (231.952, 232.698) (231.679, 232.971)
temperature

4.3.6 Main effect plots

The mean response of the level factors can be represented in the main effect plots. This is
done by connections made by the lines. It can be interpreted that there is no main effect if
horizontal line is present in the diagram. Little deflection from the horizontal direction
indicates that it will significantly affect the response. Lines with higher slope give the
information that the magnitude of the main effect is higher. The effect can be defined as
the variations in melting temperature, hardness and the contact angle when the factor
changes from one level to another level. Calculations are done at minimum and
maximum values of each factor (Bharath, 2019). The information about the direction of
the effect (i.e. Increase or decrease in the average response value) is obtained from the
sign of the main effect plot. The strength of the effect is obtained from the magnitude.
The main effect diagrams give vital information about the information about the factor
influence in the properties like melting temperature, hardness and the contact angle of
SCN110. The main effect plots for melting temperature, hardness and contact angle is

given in the figure 4.7, figure 4.8 and figure 4.9.
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Figure 4.8 Mean effects plot for melting temperature
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Figure 4.9 Mean effects plot for Hardness
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Main Effects Plot for Contact Angle
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Figure 4.10 Mean effects plot for contact angle

4.3.7 Interaction plots

The behaviour of one variable which is depending on the value of another variable is
better understood by interaction plots. An interaction plot displays the levels of one
variable on the X axis and has a separate line for the means of each level of the other
variable. Y axis is the dependent variable. The interaction effects are analysed in the
regression analysis, ANOVA and DOE. The influence of one factor and a continuous
response with the value of the second factor can be identified from the interaction plots.
The lines in the diagram can be used to interpret how the relation between the factor and
the response are affected. Parallel lines denote that there is no interaction. Non-parallel
lines in the diagram interprets that there is interaction occurring. The strength of the
interaction is proportional to number of non-parallel lines. Interaction plot for hardness,
contact angle and melting temperature is shown in the figure 4.10, figure 4.11 and figure

4.12. It can be interpreted that the influence of these factors are present.
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Figure 4.12 Interaction plot for melting temperature
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Interaction Plot for Hardness
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Figure 4.13 Interaction plot for Hardness

The present section deals with design of experiments (DoE) checks about the use of Sn,
Cu and Ni to make a new lead free solder alloy. By design experiments it has been found
that, the selected parameters are the most impacting factors for response. The ANOVA
evidently shows with its P- values having less than 0.05 that Cu and Ni composition in
the alloy is having significant impact in the Melting temperature, Contact Angle and
Hardness. The R square values of the regression equation is calculated to be more than
95% which denotes that model is best and convey us that there are no other factors
impacting the factors. The same can be seen graphically in the Mean effects plot. The
Interaction plot shows the interaction between the Cu & Ni with the factors. From the
results of Design of Experiments we can infer that Cu-1 and Ni — 1% by qt. is the best
optimized composition for the new solder alloy. Therefore Sn-1Cu-1Ni will be an

optimum composition of the new lead free solder alloy.
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44  CHARACTERISTICS AND PROPERTIES OF SCN110 SOLDER ALLOY

Table 4.34 Chemical composition required for SCN110

Solder alloy Sn (%) Cu (%) Ni (%)
SCN110 98 1 1
4.4.1 Properties of SCN110

4.4.1.1 Chemical Composition

Chemical compositions of the alloys were analyzed using ICP-OES. The required
composition is shown in table 4.34. The results of the analysis are shown in the table
4.35. Composition results of all the five alloy samples are listed. From this list of alloys,

one alloy is selected for further investigations.

Table 4.35 Chemical Composition results

Solder alloy Sn (%) Cu (%) Ni (%)
SCN110 Sample 1 97.9034 0.9897 1.0976
SCN110 Sample 2 97.9501 0.9764 1.0674
SCN110 Sample 3 97.8954 1.1098 0.9844
SCN110 Sample 4 97.9976 0.9764 0.9657
SCN110 Sample 5 97.9932 0.9867 0.9853

4.4.1.2 Melting Temperature

Melting temperature Analysis for SCN110 was conducted using Thermo Gravimetric and
Differential Thermal analysis (TG-DTA). The addition of the Ni into the Sn-Cu adds the

nucleation of the phase and as a result the alloy can solidify directly as a eutectic. This
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happens without Sn dendrites getting primary precipitated (. The results are given in the

table 4.36
Table 4.36 Melting temperature results
Solder alloy Melting Temperature (°C)

SCN110 Sample 1 232.45

SCN110 Sample 2 232.35

SCN110 Sample 3 232.67

SCN110 Sample 4 232.66

SCN110 Sample 5 232.54
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Fig, 4.14a TGA results of SCN110
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4.4.1.3 Contact angle and hardness
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Contact angle measured SCN110 are shown in the table 4.37. Solder wettability is found

to be enhanced with the presence of Ni in SCN110. The presence of Ni in alloy

strengthens the solder alloy. Contact angle of SCN110 is in between 30° and 40°

(36.75£0.03). Therefore its wetting characteristics are good. Hardness values measured

for are shown in the table 4.38. Good hardness values (16.13+0.06) are obtained for

SCN110 solder alloys.

Table 4.37 Contact angle measurement results

Solder alloy Contact angle (°C)
SCN110 Sample 1 36.82
SCN110 Sample 2 36.76
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SCN110 Sample 3

36.75

SCN110 Sample 4 36.75
SCN110 Sample 5 36.77
SCN110 Sample 6 36.8
SCN110 Sample 7 36.75
SCN110 Sample 8 36.68
SCN110 Sample 9 36.75
SCN110 Sample 10 36.7

Figure 4.15 Contact angle measurement of SCN110.

Table 4.38 Hardness measurement results

Solder alloy Hardness (Hv)
SCN110 Sample 1 16.1
SCN110 Sample 2 16
SCN110 Sample 3 16.2
SCN110 Sample 4 16.1
SCN110 Sample 5 16.1
SCN110 Sample 6 16.1
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SCN110 Sample 7 16.2

SCN110 Sample 8 16.2
SCN110 Sample 9 16.1
SCN110 Sample 10 16.2

45 MICROSTRUCTURE OF SCB305 AND SCN110

Scanning electron micrographs provides the detailed and accurate microstructure of the
solder alloys. The surface details of the samples were analysed by field-emission
scanning electron microscopy (FE-SEM, Carl Zeiss Sigma). The micrographs of SCB305
and SCN110 are shown in figure 4.13 and figure 4.14. Improvement in the solder
microstructure is found due to the presence of Ni. Hypoeutectic binary composition of
Sn-Cu is found to be shifted to ternary eutectic due to the presence of Ni thereby
enhancing the fluidity of the solder. It also reduces the freezing range (Fan Yang et al.,
2016). The weak irregular binary eutectic becomes strong ternary eutectic. Ni additions
to SnCu alloy can enhance fluidity, which can be a beneficial property in wave soldering
(Henshall et al., 2008). A complex compound (CuNi)sSns is formed as the added Ni
substitutes for Cu in the CugSns particles. A major effect on the concentration gradient
within the layer can be observed due to the small amount addition of Ni. The Cu
dissolution will get a noteworthy slow down due to this gradient. CusSn intermetallic
growth gets slow down with addition of Ni in the SCN110 alloy. The undercooling
behaviour is greatly influenced by the addition of Bi. The presence of Bi refines the
microstructure (Fan Yang et al., 2016). The B-Sn dendrites growth rate is restrained with

presence of Bi (Fan Yang et al., 2016). When excess Bi was added, a solidification crack
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was observed. It may be due to the increasing nature of the range of melting temperature
between liquidus and solidus (El-Daly et al., 2015). Clusters of Bi particle are observed
in the microstructure. Due to the presence of Bi in the Sn-Cu, the microstructure change

is noted from great number of -Sn surrounded by eutectic region to dark gray CusgSns

particles.

300 nm EHT = 5.00 kv Signal A= InLens Date :18 Jan 2019
I'_| WD = 3.0mm Mag= 5000K X Time :10:47:58

Figure 4.16 FE-SEM image of SCB305
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300 nm EHT = 5.00 kV Signal A = InLens Date :18 Jan 2019
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Figure 4.17 FE-SEM image of SCN110
4.6 COMPARISON OF SCB305 AND SCN110 WITH SAC305 AND SAC405
The properties of SCB305 and SCN110 are compared with SAC305 and SAC40.
SAC305 and SAC405 are two widely accepted lead free solder alloys. The melting
temperature, hardness, contact angle and cost of the four alloys are shown in the table
4.39. The graphical comparison of the same is also shown in the figures 4.15 to 4.18.

Table 4.39 Properties of SCB305, SCN110, SAC305 and SAC405

Melting Hardness Contact Cost
Solder alloy
Temperature (°C) (Hv) angle (°) ($/Kg)
SCB305 231.15 19.8 28.74 23.05
SCN110 2325 16.1 36.75 20.65
SAC305 2195 20.8 26.7 36.63
SAC405 220 20.21 29 41.89
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Figure 4.20 Hardness comparisons of SCB305 and SCN110 with SAC305 and SAC405
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Figure 4.21 Cost comparisons of SCB305 and SCN110 with SAC305 and SAC405

77



Two novel lead-free solder alloys, one Sn-0.5Cu-3Bi (SCB305) and Sn-1Cu-1Ni
(SCN110) are successfully developed. DoE was conducted at the initial stage. Melting
temperature, hardness and contact angle of SCB305 are 231.15°C, 19.8Hv and 28.74°
respectively. Melting temperature, hardness and contact angle of SCN 110 are 232.5°C,
16.1Hv and 36.75° respectively. All these properties were comparable with the existing
SAC305 and SAC405 alloys. The cost of SCB305 and SCN110 are $23.05/Kg and
$20.65/Kg respectively. Details of the cost of the alloys are shown in annexure I. The
cost of SAC305 and SAC405 are $36.63/Kg and $41.89/Kg respectively. Cost wise
comparison also suggests that new alloys are better. The patent cost of the SAC alloys

will again make it a costlier alloy.
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CHAPTER 5

EFFECT OF ADDITION OF Ag INTO Sn-0.5Cu-3Bi (SCB 305)

In the previous chapter, new lead free solder alloy SCB 305 (0.5% Cu, 3% Bi and rest Sn
by wt.) is developed. In this chapter, experimental investigation on the effect of silver
(Ag) addition on the melting behavior, microstructure, and microhardness into Sn-0.5Cu-
3Bi is carried out. The aim of this investigation is to verify whether the addition of Ag is

improving the property of the alloy.
5.1 EXPERIMENTAL PROCEDURE
5.1.1 Sample preparation

Solder alloy specimens were produced from pure metals which were in the powder form.
The composition and assigned codes are provided in the table 5.1. Pure metals of Sn, Cu,
Bi and Ag in the form of powder are weighed in proper weight proportions and were
melted in induction furnace at more than 1000°C for 45 minutes. Then these were
transferred to cylindrical moulds. Five samples were made using the above procedure.
The samples were quenched and were kept at room temperature for one day. The first
sample was made using Sn, Cu and Bi according to the composition shown in the Table
1. In the next four samples Ag was added in four different proportions (0.25, 0.5, 0.75,
and 1 % by wt.). Thus samples were obtained in the form of disc shapes. Finally these
samples were undergone visual inspection to ensure that the surface of these samples
were free from damages. To check the variation above 1% by wt., 1.25, 1.5 and 1.5 % by

wt. were also analyzed.
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Table 5.1 Composition of the solder alloy samples required

Solder Alloy Sn (%) | Cu (%) | Bi (%) | Ag (%)
Sn-0.5Cu-3Bi 96.5 05 3 0
Sn-0.5Cu-3Bi -0.25Ag |[96.25 |0.5 3 0.25
Sn-0.5Cu-3Bi -0.5Ag 96 05 3 05
Sn-0.5Cu-3Bi -0.75Ag | 95.75 0.5 3 0.75
Sn-0.5Cu-3Bi -1Ag 95.5 0.5 3 1

5.1.2 Melting temperature analysis

Melting temperature analysis of all the five samples (one sample of Sn-Cu-Bi and four
samples of Sn-Cu-Bi-xAg) were conducted using Thermo Gravimetric and Differential
Thermal analysis (TG-DTA). Thermo Gravimetric analysis (TGA) measured the weight
loss or gain as a function of temperature ,the TGA trace appear as steps, it can be deal
with the derivative of TGA with respect to time or temperature. Differential thermal
analysis (DTA) is a technique for recording the difference in temperature between a
substance and a reference material as a function of time or temperature as the two
specimens are subjected to identical temperature regimes in an environment heated or

cooled at a controlled rate.

5.1.3 Hardness test

Hardness tests were performed using HMV-G micro Vickers hardness tester. Each Hv
value was the average of ten different readings which were taken at random points on the

surface of the sample. For hardness tests to be performed on the sample, the surface
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should be smooth. Sample preparation was done using grinding by taking different grades
of SiC papers. Then the samples were polished. The surfaces of the alloys were analysed

in Axio vertical A1 metallurgical microscope before and after the microhardness test.

5.1.4 Wettability studies

Capacity of molten solder to react with the bottom substrate is referred to as wetting. It
forms a certain amount of intermetallic compound that acts as an adhesion layer to join
the solder and the substrate. The reaction between the solder and substrate is important as
it may affect the micro structure. It will also affect the mechanical strength of the solder
joint. Here the molten sample is spread on the Copper substrate. Then the contact angle is
measured. Generally if the wetting or contact angle lies between 0° and 90° the system is
said to be wet. If the wetting or contact angle is between 90° and 180° the system is

considered to be non-wetting (Sharif and Chan, 2004).

5.1.5 Microstructure analysis

All the five samples were ground with four grades of SiC papers and then mechanically
polished with a diamond suspension. Chemical etching was done on the alloys using 95%
ethanol solution/5% hydrochloric acid. The surface details of the samples were analysed
by field-emission scanning electron microscopy (FE-SEM, Carl Zeiss Sigma).All the
images were taken at a magnification starting from 5K X- 50 KX, scale=1um, Electron

High Tension(EHT) = 5.00 Kv, Working Distance (WD) = 3.2 mm
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5.2 RESULTS OF THE ANALYSIS

5.2.1 Chemical composition

Five alloy samples were made with different composition. Chemical compositions of the
alloys were analyzed using ICP-OES. The results of the analysis are shown in the table
5.2. Analysis was conducted till 1.75 % by wt. of silver. The results of the analysis were

matching with the predicted amount of composition.

Table 5.2 Chemical composition of the samples

Chemical Composition Result
Solder Alloy

Sn (%) Cu (%) Bi (%) Ag (%)

Sn-0.5Cu-3Bi 96.5911 0.4901 2.9187 0
Sn-0.5Cu-3Bi -0.25Ag 96.3417 0.4832 2.9272 0.2478
Sn-0.5Cu-3Bi -0.5Ag 95.9127 0.5132 3.0649 0.5091
Sn-0.5Cu-3Bi -0.75Ag 95.8392 0.5071 2.9048 0.7488
Sn-0.5Cu-3Bi -1Ag 95.5578 0.4973 2.9274 1.0174
Sn-0.5Cu-3Bi -1.25Ag 95.1645 0.4901 3.0876 1.2478
Sn-0.5Cu-3Bi -1.5Ag 94.8767 0.4967 2.9867 1.4897
Sn-0.5Cu-3Bi -1.75Ag 94.7647 0.5099 29711 1.7443
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5.2.2 Melting Temperature

The soldering temperature depends on the melting temperature of the soldering alloy.
Therefore the melting temperature is considered as a critical solder characteristic. A
higher soldering temperature is not recommended because the higher temperature may
lead to the damage of the electronic package. The melting points of all the five samples
were tested using TGA analysis. The results were noted down and a comparison is shown
in the figure 5.1. It can be seen that the melting temperature of Sn-Cu-Bi alloy is 231.15°
C. The melting temperature of Sn-Cu-Bi-xAg (x= 0.25, 0.5, 0.75,1 wt.%) are 230.13° C,
229.34° C, 228.92° C, 226.93° C respectively. So it can be concluded that with the
addition of Ag into Sn-Cu-Bi, the melting temperature is decreasing. The Ag added in to
the Sn-0.5Cu-3Bi is found to be uniformly distributed in the solder matrix. Melting
temperatures of a single material are the characteristic properties that are subject on the
interatomic distance and the root mean vibration amplitude. The formation of AgsSn in
the matrix has altered the above properties which resulted in the decrease of melting
temperature on addition of Ag incrementally. The reinforcement addition could alter the
surface instability and the variation in the physical properties and the grain boundary
characteristics. The degree of undercooling is the one of the key factors that affects the
development and growth of intermetallic compounds. The undercooling of Sn-0.5Cu-3Bi
solder material is meaningfully reduced with the addition of Ag. In other words the
melting temperature is decreasing with the addition of Ag into Sn-0.5Cu-3Bi. Melting

temperature results are shown in table 5.3
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Table 5.3 Melting temperature of Sn-0.5Cu-Ni-xAg

Solder Alloy Melting Temperature (°C)
Sn-0.5Cu-3Bi 231.15
Sn-0.5Cu-3Bi -0.25A¢ 230.13
Sn-0.5Cu-3Bi -0.5Ag 229.34
Sn-0.5Cu-3Bi -0.75Ag 228.92
Sn-0.5Cu-3Bi -1Ag 226.93
Sn-0.5Cu-3Bi -1.25A¢ 226.65
Sn-0.5Cu-3Bi -1.5Ag 226.98
Sn-0.5Cu-3Bi -1.75Ag 227.18
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Figure 5.1 TGA graph of Sn-0.5Cu-3Bi-1Ag
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Fig. 5.2 Comparison of melting temperatures of the samples

5.2.3 Wettability (Contact angle)

Contact angle as a function of Ag addition to the Sn-Cu-Bi solder is shown in the figure
5.2. It can be seen that the contact angle of Sn-Cu-Bi alloy is 28.74°. The results are
shown in table 5.4. The contact angle of Sn-Cu-Bi-xAg (x= 0.25, 0.5, 0.75,1 wt%) are
27.53°, 26.44°, 25.12° and 24.87° respectively. Therefore, the contact angle is getting
reduced as the Ag is added. The effect of the Ag in the molten solder is the reason for
these improvements. It acts as an agent to bring down the surface tension of the alloy. It
results in the upsurge in the wettability between Cu substrate. The phenomenon could be
due to the decreased surface tensions of the molten solder in the presence of Ag. In this
the liquid-solid and liquid-vapor surface tensions are lessened. The higher Ag
concentrations reduced the viscosity of the molten solder, which is resulting in the

decline in the contact angle.
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Table 5.4 Contact angle of Sn-0.5Cu-Ni-xAg

Solder Alloy Contact angle (°)
Sn-0.5Cu-3Bi 28.74
Sn-0.5Cu-3Bi -0.25Ag 27.53
Sn-0.5Cu-3Bi -0.5Ag 26.44
Sn-0.5Cu-3Bi -0.75Ag 25.12
Sn-0.5Cu-3Bi -1Ag 24.87
Sn-0.5Cu-3Bi -1.25Ag 25.34
Sn-0.5Cu-3Bi -1.5Ag 27.56
Sn-0.5Cu-3Bi -1.75Ag 27.45

Data

29

28

27

26

25

Ag-0 Ag-0.25 Ag-0.5

Ag-0.75

Ag-1

Ag-125 Ag-15 Ag-175

Fig. 5.3 Comparison of contact angles of the samples
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5.2.4 Microhardness test

The abrasion behavior and wear of a solder material can be easily analysed using the
microhardness property values. The fitness of these alloys for various applications can
also be discovered using this analysis. All the five samples were undergone
microhardness analysis. The analysis was done to know the effect of addition of Ag into
the Sn-Cu-Bi alloy. The results were noted down and the comparison is shown in figure
5.3.The results are tabulated in table 5.5. It can be found that the hardness value increases
with the addition of Ag into the Sn-0.5Cu-3Bi alloy. The hardness value of Sn-Cu-Bi
alloy is found to be 19.8 Hv, and when 1% of Ag is added to this alloy, hardness value is
found to be increased to 24.2 Hv. A comparison of microhardness value of these five
alloys with SAC305 and SAC405 were also conducted. The microhardness property
values of SAC305 and SAC 405 were taken as 13.47Hv and 13.98 Hv (Yu and Abdullah,
2011). It can be analysed that these five alloys possess higher hardness value when

compared to SAC305, SAC405.

The presence of Ag in the solder matrix holds the grain boundaries, about to happen their
sliding and allegedly strengthening the microhardness of the composite solder according
to the dispersion strengthening mechanism. There is a gain in strength as the grain size
decreases. In other words, the hardness of the Sn-0.5Cu-3Bi is found to be increasing

with the addition of Ag.
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Table 5.5Hardness of Sn-0.5Cu-Ni-xAg

Solder Alloy Hardness (Hv)
Sn-0.5Cu-3Bi 19.8
Sn-0.5Cu-3Bi -0.25A¢g 20.7
Sn-0.5Cu-3Bi -0.5Ag 21.8
Sn-0.5Cu-3Bi -0.75Ag 22.76
Sn-0.5Cu-3Bi -1Ag 24.2
Sn-0.5Cu-3Bi -1.25Ag 24.1
Sn-0.5Cu-3Bi -1.5Ag 23.1
Sn-0.5Cu-3Bi -1.75Ag 23.3
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Fig. 5.4 Comparison of hardness values of the samples
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5.2.5 Shear strength

Material's ability to resist forces that can cause the internal structure of the material to
slide against itself is termed as shear strength. Shear strength a test of the samples with
different amount of Ag is conducted using the method explained in the above section.
The results of the analysis are noted and are given in the table 5.6. The variation of the
shear strength is shown in the figure 5.4. The dispersion hardening with the addition may
be a reason for the increase in the shear strength. With the addition of Ag, the density of
the alloy is also found to be increasing slightly. The ultimate strength of Sn-0.5Cu-3Bi is

found to be increased by 19.3% with the addition of 1% by wt. Ag.

700 1.00
2.00 e 2.00

15.00 ..  Solder  Cuy Substrate

Figure 5.5 Geometry of shear strength specimen
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Table 5.6 Shear strength results of the alloys

Solder Alloy Ultimate Shear stress (Mpa)

Sn-0.5Cu-3Bi 23.4
Sn-0.5Cu-3Bi -0.25Ag 26.5
Sn-0.5Cu-3Bi -0.5Ag 25.4
Sn-0.5Cu-3Bi -0.75Ag 26.4

Sn-0.5Cu-3Bi -1Ag 28

Sn-0.5Cu-3Bi -1.25Ag 27.6
Sn-0.5Cu-3Bi -1.5Ag 27.3
Sn-0.5Cu-3Bi -1.75Ag 27.8
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Fig. 5.6 Variation of ultimate shear strength with the addition of Ag.
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Surface of Sn-0.5Cu-3Bi-1Ag with concurrent visual display by secondary electron
emission mode of scanning electron microscopy exposes the presence of Sn, Cu, Bi, Ag
as shown in the figure 5.5. The elemental mapping of the surface of the specimen is also

obtained using the analysis.
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Fig. 5.7 EDS analysis results of Sn-0.5Cu-3Bi-1Ag
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5.2.6 Impact toughness

Impact toughness is a fundamental material property required to measure the
performance of solder alloys. The impact toughness is directly proportional to the energy
absorbed by the alloy. The crashworthiness of the solder alloy is an important property.
Impact toughness tests for all the samples with different amount of Ag are conducted
using Charpy impact test explained in the previous chapter. The energy absorbed by the
test specimen gives idea about the impact toughness. The results obtained are given in the
table 5.7 and figure 5.6. The samples which are able to absorb more impact energy during
the conduction of impact test will be considered as materials having more impact
toughness. The microstructure also will have close relation with the impact toughness.
Charpy test is the apt test for determining the impact toughness of the solder alloy. Even
if we are using large test specimens for the test when compared to the solder joints, the
strain rate experiencing in the both cases are matching. The impact toughness of Sn-

0.5Cu-3Bi is found to be increased by 8.6% with the addition of 1% by wt. Ag.

Table 5.7 Impact toughness test results of the alloys

Solder Alloy Impact Toughness (J)
Sn-0.5Cu-3Bi 10.4
Sn-0.5Cu-3Bi -0.25Ag 10.7
Sn-0.5Cu-3Bi -0.5Ag 10.9
Sn-0.5Cu-3Bi -0.75Ag 11
Sn-0.5Cu-3Bi -1Ag 11.3
Sn-0.5Cu-3Bi -1.25Ag 11.6
Sn-0.5Cu-3Bi -1.5Ag 11.7
Sn-0.5Cu-3Bi -1.75Ag 11.9
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Fig. 5.8 Variation of Impact toughness with the addition of Ag
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5.2.7 Microstructure evaluation

SEM micrographs will give the detailed and accurate configuration of the solder alloys.
The surface details of the samples were analysed by field-emission scanning electron
microscopy (FE-SEM, Carl Zeiss Sigma). The micrographs of four alloys are shown in
figure 5.8. The FE SEM image of Sn-0.5Cu-3Bi-1Ag is shown in the figure 5.9. The
microstructure analysis of alloys has as far as the knowledge the coarse 3 Sn grains.
AgsSn, CugSns and tin in the alloys are found in the eutectic region. With the addition of
Ag, the B-Sn grains refine in a better way. Eutectic bands become narrower rather. Ag is
found to be homogeneously distributed in the surface of the solder matrix as observed
from the microstructure evaluation. The mechanical properties are changed due to the
different microstructure of the alloys; mainly the change is size of 3-Sn grains and IMC
particles. Some intermetallics become coarse with the increasing of Ag content. The
slipping of dislocation is prevented by the refined grain boundary and the homogeneous
dispersion of CugSns. o phase Cu and p phase Ag are also seen in the evaluation. The
formation of AgsSn in the matrix has altered the above properties which resulted in the
decrease of melting temperature on addition of Ag incrementally. The reinforcement
addition could modify the surface instability and the variation in the physical properties

and the grain boundary characteristics.
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Fig. 5.10 FE SEM image of Sn-0.5Cu-3Bi-1Ag at 50 K

The effect of Ag addition into Sn-0.5Cu-3Bi solder alloy on the microstructure and
mechanical properties has been investigated. The addition of Ag resulted in decrease of
melting temperature of the solder alloy on increasing concentration. The formation of
AgsSn in the matrix has altered the properties which resulted in the decrease of melting
temperature on addition of Ag incrementally. The addition of Ag resulted in increase of
the microhardness of the solder alloy. The presence of Ag in the solder matrix holds the
grain boundaries, about to happen their sliding and allegedly strengthening the
microhardness of the composite solder according to the dispersion strengthening
mechanism. There is a gain in strength as the grain size decreases. In other words, the

hardness of the Sn-0.5Cu-3Bi is found to be increasing with the addition of Ag. Contact
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angle is found to be decreasing with the addition of Ag. The addition of Ag can decrease
surface tension of the given alloys. The improvement of the wetting behaviour has been
observed due to the Ag addition. The improvement on wettability of Sn-Cu-Bi solders
can be examined through the outcome of adding Ag to impact the surface tension. The
microstructure observations revealed that the Ag was uniformly distributed on the surface
of the solder matrix. The mechanical properties are changed due to the different
microstructure of the alloys; mainly the change is size of -Sn grains and IMC particles.
Some intermetallic becomes coarse with the increasing of Ag content. The reinforcement
addition could modify the surface instability and the variation in the physical properties
and the grain boundary characteristics.

The recommended content of the Ag to be added into the Sn-0.5Cu-3Bi solder alloy is
1.0 % by wt. This alloy shows significant increase of mechanical properties and
wettability. By analysing the properties it can be considered as a probable substitute to
lead-tin alloy. It can be used in the electronic packages in the automobiles where the

temperature is relatively high.
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CHAPTER 6

EFFECT OF ADDITION OF Ag INTO Sn-1Cu-1Ni (SCN 110)

In chapter 4, new lead free solder alloy- SCN110 is developed. In this chapter,
investigation on the effect of silver (Ag) addition on the melting behaviour,
microstructure, and microhardness of Ternary lead free solder alloy Sn-1Cu-1Ni is done.

The aim of this chapter is to verify whether the addition of Ag into SCN110 improves its

property.

6.1 EXPERIMENTAL PROCEDURE

6.1.1 Sample preparation

The most commonly followed method for the preparation of the solder alloys is powder
metallurgy. The elements in the composition will be in the form of powder. The
constituent elements are melted into the required shape at enhanced temperatures. Sn, Cu,
Ni and Ag were made available in the form of powder and are allowed to melt at
enhanced temperature of about 1100°C for 45 minutes. This molten material is then
transferred into specially designed cylindrical moulds. All these five alloys with variation
in the composition of Ag are allowed to quench and were kept in the room temperature
for 2 days. Visual analysis of these alloys was conducted for the initial acceptance.
These alloys were undergone chemical composition analysis.

6.1.2 Melting temperature analysis

Higher melting temperature of the solder alloy is considered as a bad property citing the
fact that the electronic package will fail at higher temperatures. Melting temperature

analysis of all the five samples were conducted using Thermo Gravimetric and
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Differential Thermal analysis (TG-DTA). Thermo Gravimetric analysis (TGA) measured
the weight loss or gain as a function of temperature ,the TGA trace appear as steps, it can
be deal with the derivative of TGA with respect to time or temperature. Differential
thermal analysis (DTA) is a technique for recording the difference in temperature
between a substance and a reference material as a function of time or temperature as the
two specimens are subjected to identical temperature regimes in an environment heated
or cooled at a controlled rate.

6.1.3 Microhardness measurement and Wetting analysis

Abrasion and wear characteristics of a material can be assessed using hardness analysis.
Hardness tests were performed using hardness testing machine. Each Hv value was the
average of fifteen different readings which were noted down at random points on the
surface of the sample. Sample preparation was done using grinding by taking different
grades of SiC papers. Then the samples were polished. The surfaces of the alloys were
analyzed in Axio Vertical Al metallurgical microscope before and after the
microhardness test.

Wetting can defined as the ability of the molten solder alloy to react with the bottom
substrate. Intermetallic compounds (IMC) are formed which act as the adhesion layer to
join the solder and the substrate. The molten sample of the five alloys was spread over
the Cu substrate. Then the contact angle is measured. Generally if the wetting or contact

angle lies between 0° and 90° the system is said to be wet. If the wetting or contact angle

is between 90° and 180° the system is considered to be non-wetting.
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6.1.4 Microstructure analysis

Four grades of SiC papers were used for grinding the five alloy samples which is
followed by the mechanical polishing with a diamond suspension. 95% ethanol
solution/5% HCI is used for chemical etching. . The surface details of the samples were
analysed by field-emission scanning electron microscopy (FE-SEM, Carl Zeiss Sigma).
All the images were taken at a magnification of 5.00 KX-50KX, scale=1um, Electron
High Tension (EHT) = 5.00 Kv, Working Distance (WD) = 3.2 mm

6.2 RESULTS

6.2.1 Chemical Composition

Five alloy samples were made with different composition. Chemical compositions of the
alloys were analysed using ICP-OES. The required chemical composition for the alloys is

given in table 6.1The results of the analysis are shown in the table 6.2

Table 6.1 The composition of the alloys required

Composition required (%by wt.)
Solder Alloy

Sn Cu Ni Ag

Sn-0.5Cu-1Ni 98 1 1 0
Sn-0.5Cu-1Ni-0.25Ag 97.75 1 1 0.25
Sn-0.5Cu-1Ni -0.5Ag 97.5 1 1 0.5
Sn-0.5Cu-1Nii -0.75Ag 97.25 1 1 0.75

Sn-0.5Cu-1Ni -1Ag 97 1 1 1
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Table 6.2 Chemical composition analysis Results

Chemical Composition results (% by wt.)

Solder Alloy ]

Sn Cu Ni Ag

Sn-1Cu-1Ni 97.9622 1.018 0.9987 0
Sn-1Cu-1Ni-0.25Ag 97.6236 0.9987 1.0456 0.2321
Sn-1Cu-1Ni -0.5Ag 97.4534 1.0534 0.9875 0.4857
Sn-1Cu-1Ni -0.75Ag 97.2445 1.0134 0.9523 0.7798
Sn-1Cu-1Ni -1Ag 96.975 0.9895 0.9675 1.058
Sn-1Cu-1Ni -1.25Ag 96.6945 1.0634 0.9843 1.2478
Sn-1Cu-1Ni -1.5Ag 96.3288 0.9911 1.0745 1.5056
Sn-1Cu-1Ni -1.75Ag 96.1095 1.0634 0.9819 1.7452

6.2.2 Melting Temperature

The melting points of all the five samples were tested using TGA analysis. The results
were noted down and a comparison is shown in the figure 6.1. The results are shown in
table 6.3 It can be seen that the melting temperature of Sn-Cu-Ni alloy is 232.2 ° C. The
melting temperature of Sn-Cu-Ni-xAg (x= 0.25, 0.5, 0.75,1 wt. %) are 231.2° C, 230.1°
C, 229.4° C, 228.7° C respectively. So it can be concluded that with the addition of Ag
into Sn-Cu-Ni, the melting temperature is decreasing by a maximum of 4 degrees. The
distance between the adjacent atoms and the root mean vibration amplitude determines
the melting temperature property. AgsSn formed in the matrix has changed the melting
point characteristics which resulted in the slight decrease of the melting temperature. The

undercooling of Sn-Cu-Ni solder material is found to be decreasing slightly with the

addition of Ag
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Table 6.3 Melting temperature of Sn-1Cu-1Ni-xAg

Solder Alloy Melting Temperature (°C)
Sn-1Cu-1Ni 232.2
Sn-1Cu-1Ni-0.25Ag 231.2
Sn-1Cu-1Ni -0.5Ag 230.1
Sn-1Cu-1Ni -0.75Ag 229.4
Sn-1Cu-1Ni -1Ag 228.4
Sn-1Cu-1Ni -1.25A¢g 228.6
Sn-1Cu-1Ni -1.5Ag 228.5
Sn-1Cu-1Ni -1.75Ag 228.3
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Fig. 6.1 Melting temperature variation of Sn-1Cu-1Ni-xAg
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Figure 6.2 TGA plot for Sn-1Cu-1Ni-1Ag sample

6.2.3 Hardness and Wetting

Hardness value and contact angle measured are tabulated in the table 6.4. Contact angle
as a function of Ag addition to the Sn-Cu-Ni solder is shown in the figure 6.3. It can be
seen that the contact angle of Sn-Cu-Ni alloy is 36.75°. The contact angle of Sn-Cu-Ni-
XAg (x= 0.25, 0.5, 0.75,1 wt. %) are 27.54°, 26.44°, 24.12° and 22.87° respectively
.Therefore, the contact angle is getting reduced as the Ag is added.

It can be seen that the hardness value increases with the addition of Ag into the Sn-1Cu-
1Ni alloy. The hardness value of Sn-Cu-Ni alloy is found to be 16.1 Hv, and when 1% of
Ag is added to this alloy, hardness value is found to be increased to 19.2 Hv. A
comparison of microhardness value of these five alloys with SAC305 and SAC405 were
also conducted. The microhardness property values of SAC305 and SAC 405 were taken
as 13.47Hv and 13.98 Hv. Comparison of variation of hardness of the alloy with

percentage of Ag addition is shown in figure 6.2.
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Table 6.4 Contact angle and hardness of Sn-1Cu-1Ni-xAg

Solder Alloy Contact angle (°) Hardness (Hv)
Sn-1Cu-1Ni 36.75 16.1
Sn-1Cu-1Ni-0.25Ag 27.54 16.3
Sn-1Cu-1Ni -0.5Ag 26.44 17.5
Sn-1Cu-1Ni -0.75Ag 24.12 18.7
Sn-1Cu-1Ni -1Ag 22.87 19.2
Sn-1Cu-1Ni -1.25Ag 24.56 19.4
Sn-1Cu-1Ni -1.5Ag 24.67 19.1
Sn-1Cu-1Ni -1.75Ag 25.06 19.4
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Fig. 6.3 Hardness variations of Sn-1Cu-1Ni-xAg
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Fig. 6.4 Contact angle variation of Sn-1Cu-1Ni-xAg

6.2.4 Shear strength

Shear strength tests of the samples with different amount of Ag are conducted using the
method explained in the above section. The results of the analysis are noted and are given
in the table 6.5. Following strengthening mechanisms can be identified as the reason for
improvement in the mechanical properties. Geometrically similar dislocations generated
which accommodate the elastic modulus and thermal modulus mismatch. The results
obtained are shown in the figure 6.4. The dispersion hardening with the addition may be
a reason for the increase in the shear strength. With the addition of Ag, the density of the
alloy is also found to be increasing slightly. The ultimate shear stress of Sn-1Cu-1Ni is

found to be increased by 8.3% by wt. with 1% addition of Ag.
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Table 6.5 Shear strength results of the alloys

Solder Alloy Ultimate Shear stress (MPa)
Sn-1Cu-1Ni 27.4
Sn-1Cu-1Ni-0.25Ag 27.2
Sn-1Cu-1Ni -0.5Ag 28.3
Sn-1Cu-1Ni -0.75Ag 29.2
Sn-1Cu-1Ni -1Ag 29.7
Sn-1Cu-1Ni -1.25Ag 29.5
Sn-1Cu-1Ni -1.5Ag 29.9
Sn-1Cu-1Ni -1.75Ag 29.5
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Fig. 6.5 Variation of shear strength of the alloys.

6.2.5 Impact toughness

Impact toughness tests for all the samples with different amount of Ag are conducted

using Charpy impact test explained in the previous section. The energy absorbed by the
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test specimen gives idea about the impact toughness. The results obtained are given in the
table 6.6. The results obtained are shown in the figure 6.5.The samples which are able to
absorb more impact energy during the conduction of impact test will be considered as
materials having more impact toughness. The microstructure also will have close relation
with the impact toughness. Charpy test is the apt test for determining the impact
toughness of the solder alloy. Even if we are using large test specimens for the test when
compared to the solder joints, the strain rate experiencing in the both cases are matching.
The impact toughness of Sn-1Cu-1Ni is found to be increased by 3.1% with the addition

of 1% by wt. Ag.

Table 6.6 Impact toughness test results of the alloys

Solder Alloy Impact Toughness (J)
Sn-1Cu-1Ni 94
Sn-1Cu-1Ni-0.25Ag 9.7
Sn-1Cu-1Ni -0.5Ag 9.8
Sn-1Cu-1Ni -0.75Ag 9.9
Sn-1Cu-1Ni -1Ag 10.1
Sn-1Cu-1Ni -1.25Ag 10.1
Sn-1Cu-1Ni -1.5Ag 9.9
Sn-1Cu-1Ni -1.75A¢ 9.7
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Fig. 6.6 Impact toughness test results

6.2.6 Microstructure analysis

The microstructure analysis of alloys has as far as the knowledge the coarse 3 Sn grains.
AgsSn, CusSns and tin in the alloys are found in the eutectic region. The refinement of 3-
Sn grains is happened in a good manner due to the addition of particle of Ag. Ag is found
to be uniformly distributed on the solder matrix which can be observed from the
microstructure analysis. Eutectic bands are found to be becoming narrow. The refined
grain boundary is the reason for the slipping of the dislocation prevention. Another
reason is the CugCus dispersion at the grain boundary of B-Sn dendrites in a uniform

fashion. Evaluation also revealed the o phase Cu and § phase Ag. The FE-SEM image of

Sn-Cu-Ni when 1% by wt. Ag added is shown in the figure 6.6.
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Fig. 6.7 Microstructure of the alloy at 50K X
Effect of addition of Ag into SCN110 is investigated. Ag is added in 0.25, 0.5, 0.75, 1,
1.25, 1.5, and 1.75 % by wt. into the alloy. Melting temperature, hardness, contact angle,
shear strength and impact toughness of these properties were analyzed. From the
investigation, it is found that optimum amount of Ag that should be added is 1% by wt.
Melting point decreased from 232.2°C to 228.4°C, hardness increased from 16.1 Hv to
19.2 Hv, and contact angle reduced from 36.75° to 22.87°. These are the basic
mechanical properties that should be satisfied. Shear strength and impact toughness are
found to be increased from 27.4MPa to 29.7MPa and 9.4 J to 10.1 J respectively.

Microstructures of the alloys are also studied. Therefore with addition of 1% by wt. of
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Ag, the properties of SCN110 are found to be enhanced. Sn-1Cu-1Ni-1Ag can be

considered as a potential candidate for lead free solder alloy.
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CHAPTER 7

INVESTIGATION ON CORROSION PROPERTIES OF

Sn-0.5Cu-3Bi-xAg

SAC305 and SAC405 are famous alloys which came as a replacement of Sn-Pb alloy.
There is a threat in the usage of SAC in medical field. The medical devices fabricated
using Sn-Cu-Ag has more chances of failure due to ECM (Electro Chemical migration).
Continuous and slow decay of metals by the action of the surrounding medium like air,
water or salt solution is known as corrosion .The corrosion resistance property of the
solder alloy is another vital property which determines the life of the alloy. NaCl solution
(3.5 % by wt.) is used for conducting the test. This is an accelerated test for 7 and 14 days
which give information about the solder alloy. Sn-0.5-3Bi is a new solder alloy. The
addition of Ag into the Sn-0.5Cu-3Bi has improved the properties. In this chapter, the
corrosion characteristics of Sn-0.5Cu-3Bi-1Ag are analyzed. These results are compared
with Sn-0.5Cu-3Bi and Sn-0.5Cu-3Bi-0.5Ag compositions. Weight loss method and
current density measurements are the corrosion analysis techniques. Both the methods a
can be equated with some conversion factors. Weight loss method is used in the present
study. The specimens were prepared and immersed in 3.5% by wt. NaCl solution. This
can be considered as an acceleration test. Weights of the specimen before and after
immersion (after removing the corrosion products) with 7 days and 14 days were noted
down. From this output, corrosion rate (CR) is calculated. The EDS analysis of the
surface, FE-SEM analysis and the colour mapping were also done and reported. The

results were compared with SAC305.
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7.1 EXPERIMENTAL PROCEDURE

7.1.1 Specimen Preparation

The sample specimens were in the form of coupons whose dimensions are as per the
figure 7.1. The samples were produced from pure metals (Sn, Cu, Bi and Ag) which were
in the powder form. Five samples were prepared for each of the alloy composition - Sn-
0.5Cu-3Bi-xAg (x =0, 0.5, 1 % by wt.). The specimens were prepared using an induction
furnace with Argon gas to avoid contaminations. The specimens were kept in room
temperature for two days. The surface of the specimen was also undergone visual
inspection to avoid any surface defects. The samples were polished thoroughly using SiC
paper, washed and cleaned with deionized water and methanol. Sodium chloride powder
(Merck) was dissolved in deionized water to make 3.5 wt.% NaCl solution. The solders
materials were then immersed into the solution (corrosive) for 7 and 14 days. After
immersion for the required period of time, the samples which are corroded were carefully

extracted from their containers.

Fig. 7.1 Dimensions of the coupon used.
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7.1.2 Weight loss method

In order to study the effect of corrosion on the specimens, there are two methods

generally used. One is the weight loss method and the other one is current density

method. In the former method, the specimens were immersed in the concerned liquid for

some previously determined time. Weight of the sample before and after the procedure

will be noted down. Based on this information, the corrosion rate can be found our using

the following equation.

Where, CR — Corrosion rate

w- Weight loss

A — Area exposed

t- Time of exposure
method, the corrosion

In  weight loss

(7.1)

IS expressed in terms of mdd

(1mg/decimeter®/1day). The Sl unit is g/m?/day. The area is added to the rate of corrosion

equation; reason that, more surface exposure will lead to more dissolution. Thus the

equation is normalized with area.

Weight loss method and current density method are same for measuring the corrosion

characteristics. These two methods can be related by some conversion forms.
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All the specimens were immersed in NaCl solution for 7 days and 14 days. The weight of
the specimen before and after the immersion was noted. The corrosion media used in the
experiment was 3.5 % by wt. NaCl solution. This was used to simulate the sea water. The

weights of the specimens were noted down.
7.2 RESULTS AND DISCUSSIONS
7.2.1 Weight loss method results

The weight of the specimens before and after immersing for 7 days and 14 days are
shown in the table 7.1. The weight loss of the specimen was noted down. Using the
weight loss data, area of exposure of the specimen and the time of exposure (7 and 14
days), the corrosion rate (CR) is calculated in gmd (g/m?/day). It is observed that the
mean CR for Sn-Cu-Bi is 3.6386 gmd and 3.5643 gmd for 7 days and 14 days
respectively. In the case of Sn-Cu-Bi-0.5Ag, 3.2643 gmd and 3.2464 are the mean CR
values for 7 and 14 days respectively. The solder alloy in which more focus is given i.e.
Sn-Cu-Bi-1Ag have 3.0929 gmd and 3.0726 gmd as the average CR values with the
exposure of 7 and 14 days in order. The corrosion rate of a specific alloy remains almost
same with 1 week and 2 weeks exposures. With the addition of Ag, the corrosion rate is

found to be decreasing.
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Table 7.1 The weight loss analysis results and the CR calculation results

Corrosion | Corrosion
Solder Initial Weight (7 | Weight (14 rate (7 rate (14
Alloy weight (gm) | Days) (gm) | days) (gm) days) days)
(gmd) (gmd)
7.3249 7.3149 7.3052
7.3032 7.2929 7.2828
Sn-Cu-Bi-
oA 7.3103 7.3001 7.2902 3.6386 3.5643
J 7.2903 7.27996 7.2703
7.3201 7.31 7.3005
7.3351 7.3259 7.3169
7.3162 7.3072 7.298
Sn-Cu-Bi-
7.3051 7.2959 7.2869 3.2643 3.2464
0.5Ag
7.3112 7.3021 7.2931
7.3213 7.3121 7.3031
7.3453 7.3366 7.3283
7.3123 7.3037 7.2954
Sn-Cu-Bi-
A 7.3053 7.2967 7.2878 3.0929 3.0786
J 7.3313 7.3226 7.3135
7.3233 7.3146 7.3063

7.2.2  Microstructure analysis

Microstructure and EDS analysis results were collected. The EDS analysis results of the

surface are shown in the figures 7.2-7.4. Results for the 7 days exposure and 14 days

exposure are shown in each figure. Sn is the most electrochemically active element than

the AgsSn and CugSns. Therefore the first to be dissolved will be Sn.
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The cathodic reaction happening can be shown as:

O, + 2H,0 + 4™ — 40H (7.2)
2H,0 + 2¢7 — H, + 20H™ (7.2)
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Fig. 7.2a EDS results of Sn-Cu-Bi samples immersed in 3.5% NaCl solution for 7 days
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Fig. 7.2b EDS results of Sn-Cu-Bi samples immersed in 3.5% NaCl solution for 14 days
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Fig. 7.3a EDS results of Sn-Cu-Bi-0.5Ag samples immersed in 3.5% NaCl solution for 7
days
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Fig. 7.3b EDS results of Sn-Cu-Bi-0.5Ag samples immersed in 3.5% NaCl solution for
14 days
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Fig. 7.4a EDS results of Sn-Cu-Bi-1Ag samples immersed in 3.5% NaCl solution for 7
days
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Fig. 7.4b EDS results of Sn-Cu-Bi-1Ag samples immersed in 3.5% NaCl solution for 14

days
The anodic reaction can be found as:
Sn + 20H™ - Sn(OH); + 2e— (7.3)
Sn + 4H,0 — Sn(OH)4 + 4e” + 4H" (7.4)
Sn(OH), + 20H™ + 2™ — Sn(OH)4 (7.5)
Sn(OH), + 20H" — SnO + H,0 (7.6)
Sn(OH)4 — SnO, + 2H,0 (7.7)

The FE-SEM images obtained at 50K X for Sn-Cu-Bi, Sn-Cu-Bi-0.5Ag and sn-Cu-Bi-

1Ag resolution is given in the figure 7.5. The presence of dendrites can be easily
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identified from the analysis. These dendrites are very different from the tin whiskers. The
shape, mechanism of growth, direction of growth makes the dendrites differ from the tin
whiskers. The growth mechanism of tin whiskers is unknown. Due to the migration of
metallic ions from anode to cathode, the dendrites grows from cathode to anode direction
(Meschter et al., 2014) .SnzO(OH),Cl, (tin oxide chloride hydroxide) are the main
corrosion product identified which are in the form of shape similar to platelet with
different orientations distributed on the surface (Lawson, 2007). AgsSn, CugSns, SnO,
SnO; can be found on the surface of the alloys. The reduction in the value of CR with the
addition of Ag can be connected to the formation of AgsSn and CugSns which accelerates
the resistance to the surface. The colour electron microscopy of Sn-0.5Cu-3Bi-1Ag for 7
days and 14 days exposure is given in the figure 7.6 and 7.8. The element wise colour

mapping of the same has been provided in the figure 7.7 and 7.9.

100 nm EHT = 2.00 kv Signal A = SE2 Date :7 Jul 2019 ﬁ

WD = 46mm Mag = 50.00 KX Time :11:54:49

Fig. 7.5a FE SEM image of Sn-Cu-Bi immersed in 3.5% NaCl solution for 14
days
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100 nm EHT = 2.00 kV Signal A = SE2 Date :7 Jul 2019
WD = 29 mm Mag = 50.00 KX Time :12:30:41

Fig. 7.5b FE SEM image of Sn-Cu-Bi-0.5Ag immersed in 3.5% NaCl solution for 14

days

WD = 3.1 mm Mag= 50.00 KX Time :11:13:35

100 nm EHT = 2.00kV Signal A = SE2 Date :7 Jul 2019 W

Fig. 7.5c FE SEM image of Sn-Cu-Bi-1Ag immersed in 3.5% NaCl solution for 14 days
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5 07-07-2019 12:30:05 20.0keV 3798x 7.9mm

Fig. 7.6 Multicolour element mapping of Sn-Cu-Bi-1Ag immersed in 3.5% NaCl solution

after 7 days
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Fig. 7.7 Element wise colour mapping of Sn-Cu-Bi-1Ag immersed in 3.5% NaCl after 7

days
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Fig. 7.8 Multicolour element mapping of Sn-Cu-Bi-1Ag immersed in 3.5% NaCl solution

after 14 days
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Fig. 7.9 Element wise colour mapping of Sn-Cu-Bi-1Ag immersed in 3.5% NaCl solution

after 14 days
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Fig. 7.11 Comparisons of properties of Sn-0.5Cu-3Bi-xAg and the corrosion rates.
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Fig. 7.12 Comparisons of Sn-0.5Cu-3Bi-1Ag and SAC305
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Comparisons of properties of Sn-0.5Cu-3Bi-xAg and the corrosion rates is shown in the
figure 7.11. The corrosion rates of Sn-0.5Cu-3Bi-1Ag are compared with SAC alloy and
are shown in the figure 7.12. The corrosion rate is found to be lesser for Sn-0.5Cu-3Bi-
1Ag. Therefore the new alloy is corrosion resistant. It was reported that Sn-phase rich
outer layer and Pb-rich inner layer were found as the corrosion product of Sn-Pb solder
alloy. The Pb-rich layer present is a threat to the resistance to corrosion (Dezhi et al.,
2008). The addition of Ag into SCB305 alloy increased the mechanical properties and
wetting characteristics. This chapter investigated experimentally the corrosion
characteristics of Sn-0.5Cu-3Bi-xAg (x=0, 0.5, 1 % by wt.) in 3.5% by wt. NaCl solution
for 7 days and 14 days by finding the weight loss. This can be considered as an
accelerated corrosion test. With the addition of Ag into the alloy, the corrosion rate is
found to be decreasing. For Sn-0.5Cu-3Bi-1Ag, corrosion rate is less when compared to
x=0 and x = 0.5 %. Figure 7.10 shows the corrosion rate of the specimens for 1 week and
2 weeks. The corrosion rate decreases with increase in the Ag and corrosion rate is almost
constant for 7 and 14 days. The comparison of corrosion rates and mechanical properties
are shown in figure 11. It was reported that due to lower passivation current density, lead
free solder joints displays much better resistance to corrosion than SAC solder alloy in
3.5 % Nacl Solution. Sn-Ag have more resistance than Sn-Cu-Ag and Sn-Cu (Dezhi et
al., 2008). Figure 12 shows the comparison of corrosion rates of Sn-0.5Cu-3Bi-1Ag and
SAC alloy for 7 days and 14 days. The present alloy is found to be having good

properties.
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It can be concluded that the Sn-0.5Cu-3Bi-1Ag is having good mechanical properties and
corrosion resistant and can be considered as a potential candidate as a lead free solder

alloy.
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CHAPTER 8

INVESTIGATIONS ON THE CORROSION PROPERTIES OF
Sn-1Cu-1Ni-xAg
8.1 EXPERIMENTAL PROCEDURE

8.1.1 Specimen Preparation

The sample specimens were in the form of coupons (as shown in the figure 1) whose
dimensions were 10 x 10 x 10 mm.. The samples were shaped from pure metals (Sn, Cu,
Bi and Ag) which were in the powder form. Five samples were prepared for each of the
alloy composition - Sn-0.5Cu-3Bi-xAg (x = 0, 0.25, 0.5, 0.75, 1 % by wt.). The
specimens were prepared using an induction furnace with Argon gas to avoid
contaminations. The specimens after solidification were kept in room temperature for two
days. The surface of the specimen was also undertaken visual inspection to avoid any
surface level defects. The samples were polished thoroughly using SiC paper, washed and

cleaned with deionized water and methanol.
8.1.2 Weight loss method

In order to study the effect of corrosion on the specimens, there are two methods
generally used. One is the weight loss method and the other one is current density
method. In the former method, the specimens are immersed in the concerned liquid for
some previously determined time. Weight of the sample before and after the procedure
will be noted down. Based on this information, the corrosion rate can be found our using

the following equation.

CR= = (8.1)

At
Where, CR — Corrosion rate
w- Weight loss

A — Area exposed
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t- Time of exposure

In weight loss method, the corrosion is expressed in terms of mdd
(1mg/decimeter®/1day). The Sl unit is g/m?/day. The area is added to the rate of corrosion
equation; reason that, more surface exposure will lead to more dissolution. Thus the
equation is normalized with area. All the specimens were immersed in NaCl solution for
7 days and 14 days. The weight of the specimen before and after the immersion was
noted. The corrosion media used in the experiment was 3.5 % by wt. NaCl solution. This

was used to simulate the sea water. The weights of the specimens were noted down.
8.1.3 Microstructure analysis

The surface details of the sample coupons after 7 days and 14 days were analysed by
field-emission scanning electron microscopy (FE-SEM, Carl Zeiss Sigma).All the images
were taken at a magnification of 10 K X and 25K X, scale=1um, Electron High Tension
(EHT) = 5.00 Kv, Working Distance (WD) = 3.2 mm. EDS analysis of the surface of the

specimens were done. The element wise multi-colour mapping was also done.
8.2 RESULTS
8.2.1 Weight loss results

The weight of the specimens before and after immersing for 7 days and 14 days are
shown in the table 8.1. The weight loss of the specimen was noted down. Using the
weight loss data, area of exposure of the specimen and the time of exposure (7 and 14
days), the corrosion rate (CR) is calculated in gmd (g/m?/day). The weight loss of all the
five samples in each case was calculated. The corrosion rate is calculated in each case.
The average of the corrosion rate of five samples in each case is calculated. Sn-1Cu-1Ni
has a corrosion rate of 7.5429 gmd and 7.5327 gmd for 7 and 14 days respectively. Sn-
1Cu-1Ni-0.5Ag has corrosion rates 6.3286 gmd and 6.2782 gmd for 7 days and 14 days
respectively. Sn-1Cu-1Ni-1Ag has corrosion rates of 4.2571 gmd and 4.3015 gmd for 7
and 14 days respectively. The weight loss of all the samples, corrosion rates after 7 days

and 14 days are shown in the table 1.
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Table 8.1 Weight loss tabulation and the Corrosion Rate for 7 days and 14 days

. . Weight . :
Initial Weight (14 Corrosion Corrosion
Solder Alloy weight (7 Days) days) rate (7 days) | rate (14 days)
ays
(gm) (gm) (gmd) (gmd)
(gm)
7.2872 7.2664 7.2455
7.2763 7.2552 7.2342
Sn-1Cu-1Ni 7.2689 7.2478 7.2267 7.5429 7.5327
7.2802 7.2596 7.2374
7.2664 7.2444 7.2243
7.2985 7.2811 7.2637
7.2856 7.2684 7.2506
Sn-1Cu-1Ni-
7.3024 7.2841 7.2669 6.3286 6.2782
0.5A¢
7.2821 7.2645 7.2471
7.3003 7.2822 7.2648
7.3098 7.2976 7.2855
7.3203 7.3086 7.2960
Sn-1Cu-1Ni-
A 7.3187 7.3068 7.2945 4.2571 4.3015
| 7.3167 7.3049 7.2928
7.3211 7.3091 7.2974

8.2.2 Microstructure analysis

Microstructure and EDS analysis results were collected. The EDS analysis results of the
surface are shown in the figures 8.1 and 8.2. Results for the 7days exposure and 14 days
exposure are shown in each figure. Sn is the most electrochemically active element than

the AgsSn and CugSns. Therefore the first to be dissolved will be Sn.

The cathodic reaction happening can be shown as:
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0, + 2H,0 + 4¢” —> 4OH 8.2)
2H,0 + 2e” > H, + 20H™ (8.3)

The anodic reaction can be found as:

Sn + 20H™ —> SN(OH), + 2e— (8.4)
Sn + 4H,0 — Sn(OH)4 + 4e™ + 4H" (8.5)
Sn(OH), + 20H™ + 2™ — Sn(OH), (8.6)
Sn(OH), + 20H™ - SO + H,0 (8.7)
Sn(OH)4 —> SN0, + 2H,0 (8.8)

The EDS analysis results of the surface of Sn-1Cu-1Ni-0.5Ag and Sn-1Cu-1Ni-1Ag is
shown in the figure 8.1 and figure 8.2. The FE-SEM results were shown in the figure 8.10
and 8.11. Dendrites formed can be very easily identified from the results. The mechanism
of growth, shape, direction of growth is the characteristics which makes dendrites
different from tin whiskers. Added that the growth mechanism of the tin whiskers is still
unknown. The dendrite growth rate is influenced mainly by the alloying elements. The
decreasing value of CR with the addition of Ag can be correlated to the formation of
AgsSn and CugSns which accelerates the resistance to the surface. Usually dendrites grow
from anode to cathode direction because of the migration of metallic ions from anode to
cathode. The presence of AgsSn, CugSns, SnO, and SnO; are also identified. AgsSn is
nobler than the B-Sn phase in the solder alloy due to the retaining of AgsSn.

It was reported that the peak intensities of Tin reduced with immersion time
enhancement. No evident changes in the gap of the pasty range and melting point of the
lead free solder alloy SAC305 were also reported (Chuin et al., 2016). It was also
reported in another study about passivation behavior of SAC305 .1t was found that alloy
in HCI is inferior when related with NaCl solution. SnO and SnO, were the oxide films
formed for both the cases of HCI and NaCl although the solutions were different
(Nurwahida et al. 2016). It was reported in another study that the fastest mean tie to
failure considering electrochemical migration is SAC305. SAC 305 is reported to be a

poor electric conductor in SBF medium considering electro chemical migration as a part
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of four-probe results. In 3.5% wt. NaCl solution, lead free solutions showed good
corrosion resistance than Sn-Pb alloy. This may be due to the lower corrosion current
density and lower passivation current density. It was also reported that the corrosion
resistance of Sn-Ag-Cu and Sn-Ag was almost same. The corrosion resistance of Sn-
3.5Ag was reported to be better than the other two (Sarveswaran, 2017). The figure 8.7
shows the corrosion rate comparison of Sn-1Cu-1Ni-1Ag and SAC for 7days and 14
days. The corrosion rate of the alloy under present study is found to be low.
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Fig. 8.1a EDS results of Sn-Cu-Ni samples immersed in 3.5% NaCl solution for 7 days
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Fig. 8.1b EDS results of Sn-Cu-Ni samples immersed in 3.5% NaCl solution for 14 days
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Fig. 8.2a EDS analysis of the surface of Sn-1Cu-1Ni-1Ag immersed in 3.5% NaCl after 7

days
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Fig. 8.2b EDS analysis of the surface of Sn-1Cu-1Ni-1Ag immersed in 3.5% NaCl after
14 days
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Fig. 8.3 Colour mapping of the surface of Sn-1Cu-1Ni-1Ag immersed in 3.5% NaCl

solution after 7 days
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Fig. 8.4 Element wise Colour mapping of the surface of Sn-1Cu-1Ni-1Ag immersed in
3.5% NaCl solution after 7 days
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Fig. 8.5 Colour mapping of the surface of Sn-1Cu-1Ni-1Ag immersed in 3.5% NaCl
solution after 14 days
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Fig. 8.6 Element wise Colour mapping of the surface of Sn-1Cu-1Ni-1Ag immersed in

3.5% NaCl solution after 14 days
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Fig. 8.7 Corrosion rate for 7 days and 14 days with the addition of Ag.
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1 pm EHT = 2.00 kV Signal A = SE2 Date :7 Jul 2019
WD = 3.0 mm Mag= 1000 KX Time :11:24:57

Fig. 8.10a The FE-SEM image of Sn-Cu-Ni immersed in 3.5% NaCl solution for 14 days
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1 um EHT = 2.00 kV Signal A = SE2 Date :7 Jul 2019
WD = 46 mm Mag= 10.00KX Time :12:06:59

Fig. 8.10b The FE-SEM image of Sn-Cu-Ni-0.5Ag immersed in 3.5% NaCl solution for
14 days
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1 pm EHT = 2.00 kV Signal A = SE2 Date :7 Jul 2019
WD = 2.9 mm Mag= 25.00 KX Time :12:34:40

Fig. 8.11 The FE-SEM image of Sn-Cu-Ni-1Ag immersed in 3.5% NaCl solution for 14

days

In Sn-Pb alloy, corrosion products have two layers-Sn-rich outer layer and Pb-rich inner
layer. The Pb-rich inner layer will cause harm in the corrosion phenomenon. Sn-Ag-Cu
(SAC) alloys were famous lead free solder alloy which were popular in the market. The
SAC has also lethal effect on medical equipment due to electrochemical migration. The
new solder alloy should be corrosion resistant. It was reported that the addition of Ag into
Sn-1Cu-1Ni alloy improve the properties like melting temperature, contact angle and
hardness. In this chapter, the corrosion behaviours’ of these alloys were studied. It was
found that with addition of Ag by 1%, the corrosion rate is having a decreasing trend.
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The corrosion rates of 7 days exposure and 14 days exposure were same. SnO and SnO,
were found on the surface as the corrosion products. The presence of AgsSn, CusSns,
SnO, and SnO, are also identified. Ag 3Sn is nobler than the B-Sn phase in the solder
alloy due to the retaining of AgsSn. The comparison of Corrosion rates and the
properties were shown in the figure 8.8. The decreasing value of CR with the addition of
Ag can be correlated to the formation of AgsSn and CugSns which accelerates the
resistance to the surface. The multi-color mapping and element wise color mapping is
also reported in this study. The comparison of corrosion rates of Sn-1Cu-1Ni-1Ag with
SAC shown in the figure 8.9 which shows that it has better corrosion resistance.
Therefore combining the results from earlier chapter and the present study, it is clear that

Sn-1Cu-1Ni-1Ag is a promising candidate among the lead free solder alloys.
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CHAPTER 9

CONCLUSION

Sn-Pb cannot be used in solder alloy making because of the presence of toxic lead in it.
SAC305 AND SAC405 are two famous alloys which came as a replacement for Sn-Pb.
But they were not able to replace in all aspects. Also high cost of the alloy due to patent
cost and silver content is another concern. In this investigation, two novel lead free
solder alloys are successfully developed. Properties of these alloys were compared with
the existing alloys. The addition of Ag into the alloys (1% by wt.) enhanced the
properties (decrease in melting temperature, hardness, shear strength, wetting property
and impact toughness). Corrosion analysis is also done and found that the new alloys

were showing better properties than SAC305 and SAC405.

9.1 DEVELOPMENT OF TWO NEW NOVEL LEAD FREE SOLDER ALLOYS

Two novel lead-free solder alloys, one Sn-0.5Cu-3Bi (SCB305) and Sn-1Cu-1Ni
(SCN110) are successfully developed. DoE was conducted at the initial stage. Melting
temperature, hardness and contact angle of SCB305 are 231.15°C, 19.8Hv and 28.74°
respectively. Melting temperature, hardness and contact angle of SCN 110 are 232.5°C,
16.1Hv and 36.75° respectively. All these properties were comparable with the existing
SAC305 and SAC405 alloys. The cost of SCB305 and SCN110 are $23.05/Kg and
$20.65/Kg respectively. Details of the cost of the alloys are shown in annexure I. The
cost of SAC305 and SAC405 are $36.63/Kg and $41.89/Kg respectively. Cost wise
comparison also suggests that new alloys are better. The patent cost of the SAC alloys

will again make it a costlier alloy.

144



9.2 EFFECT OF ADDITION OF Ag INTO Sn-0.5cu-3bi (SCB305)

Effect of addition of Ag into SCB305 is investigated. Ag is added in 0.25, 0.5, 0.75, 1,
1.25, 1.5, and 1.75 % by wt. into the alloy. Melting temperature, hardness, contact angle,
shear strength and impact toughness of these properties were analysed. From the
investigation, it is found that optimum amount of Ag that should be added is 1% by wt.
Melting point decreased from 231.20°C to 226.93°C, hardness increased from 19.8 Hv to
24.2 Hv, and contact angle reduced from 28.74° to 24.87°. These are the basic
mechanical properties that should be satisfied. Shear strength and impact toughness are
found to be increased from 23.4MPa to 28.0Mpa and 10.4 J to 11.3 J respectively.
Microstructures of the alloys are also studied. Therefore with addition of 1% by wt. of
Ag, the properties of SCB305 are found to be enhanced. Sn-0.5Cu-3Bi-1Ag can be

considered as a potential candidate for lead free solder alloy.

9.3  ADDITION OF Ag INTO Sn-1Cu-1Ni (SCN110)

Effect of addition of Ag into SCN110 is investigated. Ag is added in 0.25, 0.5, 0.75, 1,
1.25, 1.5, and 1.75 % by wt. into the alloy. Melting temperature, hardness, contact angle,
shear strength and impact toughness of these properties were analysed. From the
investigation, it is found that optimum amount of Ag that should be added is 1% by wt.
Melting point decreased from 232.2°C to 228.4°C, hardness increased from 16.1 Hv to
19.2 Hv, and contact angle reduced from 36.75° to 22.87°. These are the basic
mechanical properties that should be satisfied. Shear strength and impact toughness are
found to be increased from 27.4MPa to 29.7MPa and 9.4 J to 10.1 J respectively.

Microstructures of the alloys are also studied. Therefore with addition of 1% by wt. of
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Ag, the properties of SCN110 are found to be enhanced. Sn-1Cu-1Ni-1Ag can be

considered as a potential candidate for lead free solder alloy.

9.4  CORROSION PROPERTIES OF Sn-0.5Cu-3Bi-xAg

Corrosion properties of SCB305-xAg (x = 0, 0.5, 1% by wt.) is investigated using weight
loss method. This is an accelerated test using 3.5% by wt. NaCl for 7 days and 14 days. It
is observed that the mean CR (Corrosion Rate) for Sn-Cu-Bi is 3.6386 gmd and 3.5643
gmd for 7 days and 14 days respectively. In case of Sn-Cu-Bi-0.5Ag, it is found
that3.2643 gmd and 3.2464 are the mean CR values for 7 and 14 days respectively. The
solder alloy in which more focus is given i.e. Sn-Cu-Bi-1Ag has 3.0929 gmd and 3.0726
gmd as the average CR values with the exposure of 7 and 14 days in order. The corrosion
rate of a specific alloy remains almost same with 1 week and 2 weeks exposures. With
the addition of Ag, the corrosion rate is found to be decreasing. Corrosion rates of the

new alloy are better when compared to SAC305 and SAC405.

9.5 CORROSION PROPERTIES OF Sn-1Cu-1Ni-xAg

Corrosion properties of SCB305-xAg (x = 0, 0.5, 1% by wt.) is investigated using weight
loss method. This is an accelerated test using 3.5% by wt. NaCl for 7 days and 14 days. It
is observed that the mean CR (Corrosion Rate) for Sn-Cu-Ni is 7.5429 gmd and 7.5327
gmd for 7 days and 14 days respectively. In case of Sn-Cu-Ni-0.5Ag, it is found that
6.3286 gmd and 6.2782 are the mean CR values for 7 and 14 days respectively. The
solder alloy in which more focus is given i.e. Sn-Cu-Ni-1Ag has 4.2571gmd and 4.3015
gmd as the average CR values with the exposure of 7 and 14 days in order. The corrosion

rate remains almost same with 1 week and 2 weeks exposures. With the addition of Ag,
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the corrosion rate is found to be decreasing. Corrosion rates of the new alloy are better

when compared to SAC305 and SAC405.

9.6 COST OF THE SOLDER ALLOY

Details of cost of selected solder alloys are given in annexure |. Patent cost are not
considered for the comparison. Sn-0.5Cu-3Bi-1Ag and Sn-1Cu-1Ni-1Ag are having costs
$26.09/Kg and $25.13/Kg respectively. SAC305, SAC405 and Sn-Pb are having costs
$36.63/Kg, $41.89/Kg and $13.86/Kg respectively. Comparison shows that the two new
solder alloys were better than SAC305 and SAC405 existing lead free solder alloys in

terms of cost.

Therefore it can be concluded that:

» Two novel lead free solder compositions are made with Sn, Cu, Bi, Ni
» Sn-0.5Cu-3Bi and Sn-1Cu-1Ni are the two novel compositions

» With 1% Ag addition into both the compositions enhanced the desirable
properties of solder alloy( melting temperature decreased, hardness and shear

strength increased, contact angle decreased).

» Sn-0.5Cu-3Bi-1Ag and Sn-0.5Cu-1Ni are found to be corrosion resistant than
SAC305 and SAC405.

9.7 FUTURE SCOPE

e Application of machine learning and Al to develop new lead free solders
materials.

e Thermal fatigue test and vibration analysis for the novel alloys.

147



e Investigate whether addition of foreign elements (other than Ag) enhances the

properties of the alloy.
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ANNEXURE 1

COST CALCULATION AND COMPARISON

10.1 INTRODUCTION

Cost is an important factor that needs to be considered while selecting a lead free solder
alloy along with their properties. Sn-Pb is a very low cost alloy. Ever since the
implementation of RoHS, Sn-0.5Cu-3Ag (SAC305) has been the good lead free solder
alloy used in the electronic industry. But the 3% Ag will add the cost; therefore the
industry is looking for a less expensive lead free solder alloy along with good properties.
Corrosion is yet another factor. Solder material (alloy, flux) cost, cost for
production/manufacturing the solder material in their specific form, cost for patent are the

major costs coming into picture

Major elements in the lead free solder alloys were identified and cost of these elements
were tabulated. Costs of the solder alloys were calculated. Composition of the elements
(in wt. %) in the alloy and Cost of the elements were takes as the variables. Only material
costs were considered in this paper. Patent cost and manufacturing costs were not
considered in this analysis. All other cost will remain almost constant regardless of the
change in the composition. Equation for finding the cost of an alloy is proposed in terms
of material composition and cost of each element. 22 lead free solder alloys and Sn-Pb
alloy were included in this study. These 22 solder alloys and Sn-Pb alloy are represented

in table 10.1
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Table 10.1 List of the solder alloys selected

Sl no. Solder alloy
1 96.5Sn-3.5Ag
2 96.5Sn-3Ag-0.5Cu
3 95.5Sn-4Ag-0.5Cu
4 95.55n-3.8Ag-0.7Cu
5 95Sn-4Ag-1Cu
6 93.6Sn-4.7Ag-1.7Cu
7 99.3Sn-0.7Cu
8 96.7Sn-2Ag-0.8Cu-0.5Sb
9 91.8Sn-3.4Ag-4.8Bi
10 93.5Sn-3.5Ag-3Bi
11 95.55n-0.5Cu-3Bi -1Ag
12 97Sn-1Cu-1Ni-1Ag
13 90Sn-2Ag-7.5Bi-0.5Cu
14 42Sn-58Bi
15 95Sn-5Sh
16 65Sn-25Ag-10Sh
17 52In-48Sn
18 86.4Sn-11In-2Ag-0.6Sb
19 955n-3.5Ag-1.5In
20 77.25n-20In-2.8Ag
21 91Sn-9Zn
22 99.255n-0.7Cu-0.05Ni
23 63sn-37Pb
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10.2’METHOD AND CALCULATION

10.2.1 Costs

In this paper 10 elements are short listed which are used to manufacture the solder alloys.
Cost of the element and the composition of elements are taken as the variables. Cost of
the alloy may be distributed into cost of the solder material. Patent cost, cost of solder in
different forms (sphere, bar and wire) and paste forms and the manufacturing cost are not
considered in the study. This will help to compare the lead free solder alloys with Sn-Pb
alloy.

10.2.2 Cost of the solder material

The elements in the lead free solder joints are identified. Costs of these elements (in $

US/KQg) is also identified as of December 2019. This is shown in the table 9.2.

Table 10.2, Element prices as of December 2019

Material Price $ US /Kg
Tin (Sn) 20.94
Gold (Au) 45467.37
Copper (Cu) 5.94
Bismuth (Bi) 19.82
Nickel (Ni) 11.6
Antimony (Sb) 8.42
Indium (In) 408.2
Zinc (Zn) 2.5

Silver (Ag) 546.73
Lead (Pb) 1.8
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10.2.3 Patent costs

While selecting an appropriate lead-free solder alloy, patent royalties should be
considered. A major group of lead free alloys that are having good properties are
protected by North American and Japanese patents. The manufacturers of the solder
should pay the corresponding royalties on behalf of the Original Equipment manufacturer
or the electronics manufacturing services (EMS) firms (IPC Solder Products Value
Council).

10.2.4 Cost of solder in sphere, bar, wire, and paste forms

Solder alloys are present in the market in various forms like sphere, bar, wire and paste
and it depends on the application of use. Sequential flow or reflow process is used to
manufacture solder spheres which is followed by degreasing and classification. Solder
bars and ingots are produced by melting the individual portions of the alloy recipe and
transferring into molds of designed shapes. The solder wire manufacturing process is
mainly containing formulating flux for the core, billet casting the alloy, extruding the
cored wire-product, drawing the wire to the desired diameter, and making the wire onto
reels or bobbin. Smaller-diameter wires are more expensive because of the longer wire
length, increased drawing steps and longer manufacturing times. Solder paste production
involves much higher costs compared to solders produced in other forms. In this study
the composition of the elements and cost of the element are considered. All other costs

were taken as constants.
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10.2.5 Cost of solder alloy equations
Costof thealloy =a*xCqa+b*C,+c*xCo+d*xCqg+exCo+ f*Cr+g*Cy+

h+Ch+ixCi+jxCi+Cp+Cp+Cy (10.1)

= Y(Composition of the element * Cost of the Element)

Where a,b,c,d,e, f, g, h,i andj are Composition (in wt. %) of Tin (Sn), Gold (Au),
Copper(Cu), Bismuth(Bi),Nickel(Ni), Antimony(Sb), Indium(In), Zinc(Zn), Silver(Ag)

and Lead(Pb) respectively

Ca)Cp,Cc) Cq, Ce, Cr, Cg, Cp, Cy, Ciare the costs (SUS/Kg) of Tin (Sn), Gold (Au),
Copper(Cu), Bismuth(Bi),Nickel(Ni), Antimony(Sb), Indium(In), Zinc(Zn), Silver(Ag)

and Lead(Pb) respectively

Cp, Cr, and Cy; are Patent cost, Cost to make in different forms and manufacturing cost

respectively.
10.3 Results
10.3.1 Cost of the solder alloys

Cost of the solder alloys were determined using equation (1). The price of the different
solder alloys are tabulated in the table 3. All the price are in US$. From the table 3 we
can see that lead-tin alloy is having the lowest price of $13.85/Kg. This alloy has to be
replaced by a lead free solder alloy. Table 4 shows a comparison of these alloys with Sn-
Pb alloy which is represented as a cost ratio with Sn-Pb alloy. While analyzing the

remaining 21 lead free alloys, 91Sn-9Zn, 42Sn-58Bi, 95Sn-5Sh, 99.25Sn-0.7Cu-0.05Ni,
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99.3Sn-0.7Cu, 97Sn-1Cu-1Ni-1Ag and 95.5Sn-0.5Cu-3Bi -1Ag are having cost less than

$30/kg.

Table 10.3 Price of the solder alloy calculated

Composition Price $ US /Kg
96.5Sn-3.5A¢ 39.34265
96.5Sn-3Ag-0.5Cu 36.6387
95.5Sn-4Ag-0.5Cu 41.8966
95.5Sn-3.8Ag-0.7Cu 40.81502
95Sn-4Ag-1Cu 41.8216
93.6Sn-4.7Ag-1.7Cu 45.39713
99.3Sn-0.7Cu 20.835
96.7Sn-2Ag-0.8Cu-0.5Sb 31.2732
91.8Sn-3.4Ag-4.8Bi 38.7631
93.5Sn-3.5Ag-3Bi 39.30905
95.5Sn-0.5Cu-3Bi -1Ag 26.0893
97Sn-1Cu-1Ni-1Ag 25.13
90Sn-2Ag-7.5Bi-0.5Cu 31.2968
425n-58Bi 20.2904
95Sn-5Sh 20.314
65Sn-25Ag-10Sb 151.1355
52In-48Sn 222.3152
86.4Sn-11In-2Ag-0.6Sb 73.97928
955n-3.5Ag-1.5In 45.15155
77.25n-20In-2.8Ag 113.11412
91Sn-9Zn 19.2804
99.25Sn-0.7Cu-0.05Ni 20.83033
63sn-37Pb 13.8582
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Table 10.4 Comparison with Sn-Pb

Composition Price $ US /Kg Ratio to 63Sn-37Pb
63sn-37Pb 13.86 1
91Sn-9Zn 19.28 1.391053391
42Sn-58Bi 20.29 1.463924964
95Sn-5Sb 20.31 1.465367965

99.25Sn-0.7Cu-0.05Ni 20.83 1.502886003
99.3Sn-0.7Cu 20.84 1.503607504
95.5Sn-0.5Cu-3Bi -1Ag 26.09 1.882395382
96.7Sn-2Ag-0.8Cu-0.5Sb 31.27 2.256132756
90Sn-2Ag-7.5Bi-0.5Cu 31.3 2.258297258
96.5Sn-3Ag-0.5Cu 36.64 2.643578644
91.8Sn-3.4Ag-4.8Bi 38.76 2.796536797
93.5Sn-3.5A¢g-3Bi 39.31 2.836219336
96.5Sn-3.5A¢ 39.34 2.838383838
95.5Sn-3.8Ag-0.7Cu 40.82 2.945165945
95Sn-4Ag-1Cu 41.82 3.017316017
95.5Sn-4Ag-0.5Cu 41.9 3.023088023
95Sn-3.5Ag-1.5In 45.15 3.257575758
93.6Sn-4.7Ag-1.7Cu 454 3.275613276
86.4Sn-111n-2Ag-0.6Sb 73.98 5.337662338
77.25n-20In-2.8Ag 113.11 8.160894661
65Sn-25Ag-10Sb 151.14 10.9047619
52In-48Sn 222.32 16.04040404
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Cost calculation of the 23 selected solder alloys was done. The cost of the constituent
element and the percentage of composition (% by wt.) are taken as the variables in the
analysis. Costs of the solder alloys were calculated. From the analysis of the results we
can see that Sn-0.5Cu-3Bi-1Ag and Sn-1Cu-1Ni-1Ag are having better cost ratio when
compared to the other alloys. These two alloys can be regarded as an alternative solder

joints to replace Sn-Pb solder alloy.
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