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ABSTRACT

Before the legislations against the usage of lead, Sn-Pb solders were considered as the
most efficient choice as a solder interconnect material in electronic and electrical
industries. However, the toxicity of lead has raised serious ecological and human health
concerns. Sn-Ag-Cu series is considered as the most promising replacement for Sn-Pb
alloys. However, the composition has been restricted due to the fragile behavior of solder
joints and high cost. This study aims on effect of Fe and Bi addition on the electrical
properties, oxidation and corrosion behavior of Sn-0.7Cu solder alloy. The properties of
Sn-0.7Cu solder alloy is compared with Sn-0.7Cu-0.05F¢, Sn-0.7Cu-0.05Fe-1Bi and Sn-
0.7Cu-0.05Fe-2Bi solder alloys. Addition of Fe and Bi in Sn-0.7Cu alloy causes
significant changes in the microstructure and chemical state of Tin. The minor alloying
addition of Fe to binary Sn-0.7Cu alloys result in the formation of high resistive FeSn;
intermetallic compound. Addition of Bi forms a substitutional solid solution with Sn in
the primary B-Sn dendrites of the solder alloy. The changes in microstructure and
chemical states are correlated to the electrical resistivity of alloys. The electrical
resistivity of alloys increases with the alloying of Fe and Bi. Thermal aging results in the
refinement of microstructure. The refinement in microstructure results in improved
electrical properties. The weight gain graphs indicates that the addition of Fe and Bi
results in slight degradation of oxidation resistance of Sn-0.7Cu solder alloy. Addition of
Fe does not have significant impact on the chemistry of oxide layer. However, the
addition of Bi leads to the formation of Bi,O3 along with SnO and SnO.. The alloys were
also subjected to potentiodynamic polarization in 3.5 wt.% NaCl solution. The addition
of Fe and Bi degrades the corrosion resistance of alloys. Surface morphology results
reveals a much smoother morphology of Sn-0.7Cu alloy. Smooth corrosion products

promotes in the formation of passive layer, hence providing higher resistance to



corrosion. Electrochemical impedance spectroscopy (EIS) results reveals high resistance
and low capacitance values of Sn-0.7Cu solder alloy, representing the formation of
compact and adherent passive film on the surface of alloys. The electrical properties,
oxidation and corrosion behavior of modified solder alloys are better than Sn-Pb and

commercially used SAC solder alloys.



ABSTRAK

Sebelum wujudnya perundangan terhadap penggunaan plumbum, Sn-Pb pateri
dianggap sebagai pilihan yang paling cekap sebagai bahan sambung pateri dalam industri
elektrik dan elektronik. Bagaimanapun, ketoksikan daripada plumbum telah
menimbulkan kebimbangan yang serius terhadap kesihatan ekologi dan manusia. Siri Sn-
Ag-Cu dianggap sebagai pengganti yang sesuai bagi Sn-Pb aloi. Walaubagaimanapun,
komposisinya telah dibatasi disebabkan oleh sifat sendi pateri yang rapuh dan
penggunaan kos yang tinggi. Kajian ini bertujuan pada kesan penambahan Fe dan Bi pada
sifat elektrik, kelakuan pengoksidaan dan kakisan daripada Sn-0.7Cu pateri aloi. Sifat-
sifat Sn-0.7Cu pateri aloi telah dibandingkan dengan Sn-0.7Cu-0.05Fe, Sn-0.7Cu-
0.05Fe-1Bi dan Sn-0.7Cu-0.05Fe-2Bi pateri aloi. Penambahan Fe dan Bi dalam Sn-0.7Cu
aloi menyebabkan perubahan ketara dalam struktur mikro dan keadaan kimia daripada
Tin. Penambahan Kkecil pada pengaloian Fe kepada perduaan Sn-0.7Cu aloi
mengakibatkan pembentukkan rintangan tinggi FeSn2 sebatian antara logam.
Penambahan Bi membentuk larutan pepejal gantian dengan Sn dalam dendrit 3-Sn utama
aloi pateri. Perubahan struktur mikro dan keadaan kimia dikaitkan dengan daya tahan
elektrik aloi. Kerintangan elektrik aloi meningkat dengan pengaloian Fe dan Bi. Penuaan
haba menghasilkan penambahbaikan struktur mikro. Penambahbaikan dalam struktur
mikro menghasilkan sifat elektrik yang bertambah baik. Graf kenaikan berat
menunjukkan penambahan Fe dan Bi telah menyebabkan sedikit kemerosotan pada
rintangan pengoksidaan Sn-0.7Cu aloi pateri. Penambahan Fe tidak menunjukkan kesan
yang ketara terhadap lapisan oksida kimia. Walaubagaimanapun, penambahan Bi
membawa kepada pembentukan Bi203 bersama-sama dengan SnO dan SnO2. Aloi juga
tertakluk kepada polarisasi potentiodinamik dalam larutan 3.5% NaCl. Penambahan Fe
dan Bi merendahkan rintangan kakisan aloi. Hasil permukaan morfologi mendedahkan

morfologi yang lebih licin adalah daripada aloi Sn-0.7Cu. Produk kakisan licin

\Y



menggalakkan dalam pembentukan lapisan pasif, justeru memberikan rintangan yang
lebih tinggi kepada hakisan. Elektrokimia impedans spektroskopi (EIS) mendedahkan
rintangan yang tinggi dan nilai-nilai kapasitan rendah daripada Sn-0.7Cu aloi pateri, yang
mewakili pembentukan filem pasif padat dan melekat pada permukaan aloi. Ciri-ciri
elektrik, kelakuan pengoksidaan dan kakisan pateri aloi yang diubahsuai adalah lebih baik

daripada Sn-Pb dan digunakan secara komersial dalam SAC pateri aloi.
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CHAPTER 1: INTRODUCTION

1.1 Background

The gradual increase in demand of electronic products with the desire of additional
and complex functions has heighten the reliability concerns of the solder joint. In
electronic packaging, solder alloys have been widely used as the source of connection for
both circuit-board and flip-chip technologies for printed circuit boards (PCB). The joint
provides a metallurgical, mechanical and electrical bond between the packaging substrate
to the system board. Hence, the operation and features of solder alloys grasp a crucial role
in the functioning of the device. In electronic devices, eutectic or near eutectic Sn-Pb
solder alloys have been widely used as a source of connection. Low cost, lower melting
point, good wettability, excellent mechanical and thermal properties are the reasons
behind the adoption of Sn-Pb alloys in the electronic industries (Bergman, Fearn,
Bloxham et al., 1997; Plevachuk, Sklyarchuk, Yakymovych et al., 2005; Poirier &
Nandapurkar, 1988). However, the innate toxicity of lead sorely influence the
environment and human body. Restriction of hazardous substance (RoHS) and waste of
electrical and electronic equipment (WEEE) prohibit the usage of lead in solder alloys
(Mohanty & Lin, 2005; Shnawah, Said, Sabri et al., 2012). The described reasons became

a driving force to the formation of lead-free solder alloys.

The increasing trend of miniaturization and finer interconnections raise the risk of joint
failure. Smaller and finer solder connections are more susceptible to drop impacts and
thermal-cycling loads. Moreover, smaller package size and higher mechanical and
electrical performance will induce higher heat densities in the joint (Mattila & Kivilahti,
2006; Sumikawa, Sato, Yoshioka et al., 2001; Tee, Ng, & Zhong, 2003). This heat can

lead to thermo-mechanical fatigue due to CTE mismatches. Increase in heat will



ultimately effect the microstructure and thermal-mechanical fatigue of the joint, affecting
the performance and reliability of the joint. Moreover, the inadequate customer usage and
accidental drops can cause electrical and mechanical failure of the joint (Chong, Che,
Pang et al., 2006; Lai, Yang, & Yeh, 2006; Mishiro, Ishikawa, Abe et al., 2002; Peng &
Marques, 2007; Zhang, Ding, & Sheng, 2009; Zhu, 2003). Thus, the new formulation
must show resistance under drop-impact loading and thermal-cycling conditions.
Alongside these the alloys must possess excellent mechanical and thermal properties,
lower melting temperature, good wettability, eutectic composition and adequate electrical

properties.

Many compositions such as Sn-Ag, Sn-Ci-Ni, Sn-Ag-Bi, Sn-Ag-Sb, Sn-Zn, Sn-Bi, Sn-
Sb, Sn-Cu-In, Sn-Ag-Cu were proposed in order to replace the Sn-Pb alloys. However
among these Sn-Ag-Cu (SAC) series is considered to be the most promising replacement
of Sn-Pb alloys. Compositions with high silver content are more suitable due to their low
melting point, near-eutectic composition, good mechanical performance and adequate
thermo-mechanical fatigue properties (Anderson, Foley, Cook et al., 2001; Miller,
Anderson, & Smith, 1994; Terashima, Kariya, Hosoi et al., 2003; Terashima & Tanaka,
2009). Despite having all these advantages, high-Ag-content SAC alloys has been
restricted due to failure of solder joints, observed in drop and high impact applications.
Study reveals the formation of cracks near the joint, when subjected to drop testing.
Moreover, the intensity of cracks increases with the increase in Ag content. In addition
to these, fracture was also observed in the intermetallic compounds (Amagai, Toyoda,
Ohnishi et al., 2004; Liu & Lee, 2007; Xu, Pang, & Che, 2008; You, Kim, Kim et al.,
2009; Zhao, Caers, De Vries et al., 2006). Increase in Ag-content increases the cost of the
solder alloy, and the world market for Ag is hard-pressed to sustain the supply of Ag for

the solder industry.



Low-Ag-content Sn-1 wt.%Ag-0.5 wt,%Cu (SAC105) was proposed to overcome the
drawback of both cost and poor drop-impact reliability (Kim, Zhang, Kumar et al., 2007;
Kittidacha, Kanjanavikat, & Vattananiyom, 2008; Suh, Kim, Liu et al., 2007). Reduction
in Ag content results in the improvement of drop resistance. However, decreasing the Ag
content results in the deterioration of the thermal-mechanical fatigue behavior (Kariya,
Hosoi, Terashima et al., 2004; Terashima, Kariya, Hosoi et al., 2003). In contemplation
to the above discussion, it is necessary to propose a formulation with low cost along with

superior mechanical and thermal properties.

Sn-0.7Cu solder alloy was found to have the ideal thermal fatigue life among all the
lead free solders along with adequate mechanical properties. Moreover, the alloy is
economic as compared to SAC series. A small number of studies have revealed that
addition of alloying element results in the reduction of melting temperature along with
stabilization in microstructure and enhancement in mechanical properties. As compared

to Sn-Pb, Sn-0.7Cu is only 1.3 times higher (Andersson, Sun, & Liu, 2008).

By the year 2016 the size of solder joint may be as small as 20um or less. (Tsao &
Chen, 2012). With this miniaturization trend, it is mandatory to study the reliability of
alloy by every aspect. Corrosion and oxidation of solder joint results in the deterioration
of the material which ultimately results in failure of the joint. Along with the mechanical
and metallurgical bond, the joint also provides the electrical connection between the
device and the PCB. These properties cannot be negotiated on the expense of superior
mechanical and thermal properties. This work is designed in order to study the effect of
Fe and Bi addition on the electrical properties, corrosion and oxidation behavior of Sn-
0.7Cu solder alloy. The alloying of Fe is limited to 0.05 wt.% however, Bi is alloyed in

1 and 2 wt.%.



1.2 Importance of corrosion and oxidation resistance of solder alloys

During the soldering process there is chance of moisture trapping. During reflow
process the expansion of trapped moisture will initiate internal cracks. Moreover, the
trapped moisture will force the electrochemical reactions to take place. The
electrochemical reaction will dissolve the metal and make the joint weaker. This will
erode the solder joint and make it weak. Solder alloys are combination of two or more
dissimilar metals. The presence of dissimilar metal will also result in galvanic corrosion.
This commonly comes in pair with pitting type of corrosion. The process involves the
materials in contact with each other to oxidize or corrode. It is important to study the
corrosion behavior of solder alloys in order to avoid and sudden damage of the solder

joint caused due to corrosion of solder joint.

The oxidation of solder alloys during and after the soldering is an important aspect to
study. The oxidation of alloys during soldering effects the wettability of the alloy. The
oxide accumulation on the surface of alloy worsens the wettability of alloy. Moreover,
after the soldering when the device is subjected to humid or oxygen rich environments it
forms oxide layers on the surface, The formation and transformation of oxide layers from
one composition to another induce pores and allows the oxygen atoms to penetrate more
towards the metal surface. This will results in poor mechanical strength of the solder

alloy. Therefore, it is important to study the oxidation behavior of the solder alloy.



1.3 Motivation

The motivation behind this project is the development of a versatile lead-free solder
alloy. The presence of lead in solder alloys is deleterious to environment, health and
ecology of human, animals and marine life too. Lead and its compounds are being
targeted by Environmental protective agency (EPA). They being considered in the list of
top 17 chemicals that affect the human life adversely. Moreover, once lead is being mined
out then no possible method can destroy or reduce its toxicity. In order to produce lead
free solder alloys various compositions have been proposed. However, so far there is no
“versatile” composition to replace Sn-Pb alloys. SAC alloys has been the most promising
replacement to Sn-Pb alloys. However, the silver content results in higher cost and a
couple of reliability concerns. In order to overcome this issue we came up with a novel
idea to modify Sn-0.7Cu solder alloy in order to improve its properties. The reason behind
selecting Sn-0.7Cu solder alloy is its low cost and adequate mechanical, electrical and
thermal properties. In this study, Sn-0.7Cu solder alloys is being alloyed by Iron and

Bismuth. The Sn-0.7Cu solder was alloyed with Fe and Bi due to following reasons.

1. Fe can stabilize the microstructure coarsening and mechanical properties with
aging.

2. Fe can improve the drop impact reliability.

3. Bi can improve the mechanical properties

4. Bi can potentially lower the melting temperature

5. Bi can improve wetting/spreading behavior

6. Bi can suppress the microstructure coarsening and mechanical properties

degradation with aging.

Although Fe and Bi can improve the mechanical, microstructural and thermal

properties, nevertheless, the amount of Fe and Bi is an important aspect. Since Bi is a



brittle element and its excessive addition can increase the brittleness of alloy which in
turn will show a brittle fracture behavior of solder joint. On the other hand the addition
of Fe forms the FeSn, IMC. Intermetallic compounds are brittle in nature and can effect
the strength of solder joint. By considering all the advantages and disadvantages of Fe
and Bi and referring to literature we came up with the idea of adding 0.05 wt% Fe and

1,2 wt% Bi in Sn-0.7Cu solder alloy.



1.4 Research Objective

This study embarks on the following objectives

1.  To study the effect of Fe and Bi addition on the electrical resistivity and to
analyze the correlation between microstructure and electrical resistivity of

Sn-0.7Cu solder alloy.

2. Tostudy the effect of aging on the microstructure and electrical resistivity of

Fe and Bi bearing solder alloy.

3. To study the oxidation behavior of Fe and Bi added Sn-0.7Cu solder alloy

under high-temperature oxygen rich environment.

4.  To study the electrochemical corrosion behavior of Sn-0.7Cu solder alloy

with the addition of Fe and Bi.



1.5 Organization of the dissertation

This dissertation is organized in the following structure:

Chapter one: Introduction

A brief background about the research, the research objectives, motivation behind the

research and the organization of dissertation is discussed in this chapter.

Chapter two: Literature review

This chapter presents the background and literature review relevant to the study. The
literature review focus on effect of alloying elements on the electrical resistivity,

oxidation behavior and corrosion behavior of various lead-free solder alloys.

Chapter three: Research Methodology

This chapter describes the methodology and elucidate the experimental procedure of
fabrication of alloys, samples preparation and measurement of electrical resistivity,

oxidation and corrosion testing.

Chapter four: Results and Discussion

This chapter highlights the results and key findings. Effect of Fe and Bi on electrical

resistivity, oxidation and corrosion behavior is discussed in detail.

Chapter five: Conclusion and Recommendations

This chapter provides the concluding remarks based on the experiments and results.

Potential future research and recommendations are also provided in this chapter.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter highlights the work of past researchers in the field of lead free solder
alloys. The first section of this chapter describes the properties of lead-based solder alloys
followed by the legislation and usage against lead and its compounds. The second section
highlights the properties of some commercial lead-free solder alloys. Furthermore, the
strength and weakness of those alloys were discussed. The third section focus on the
mechanical, microstructural, electrical and corrosion behavior of Sn-0.7Cu lead free
solder alloy. This section also highlights the advantages and disadvantages of Sn-0.7Cu
solder alloy. Finally, the last part of this chapter highlights the effect of alloying elements
on electrical properties, oxidation behavior, corrosion behavior and effect of thermal

aging on electrical resistivity of lead free solder alloys.

2.2 Lead-based solder alloys

Lead based solder alloys have been extensively used as a joining material in
manufacturing of electrical and electronic products. Tin (Sn) and Lead (Pb) have been
combined in various proportions however, the most impeccable ratio between Sn and Pb
is 63Sn-37Pb wt%. The 63Sn-37Pb alloy was found to be the ideal soldering material due
to its eutectic composition together with low melting point. The addition of Pb in Sn
reduces its surface tension resulting in enhanced wettability. Moreover, the ductility of
Sn-Pb alloys is admirable. The elongation commonly reaching 100% and in some cases
super-plasticity after deformation at elevated temperatures (Frear, Jones, & Kinsman,
1990). Sublime ductility of Sn-Pb allows the solder joint to adjust to thermo-mechanical
strains; more importantly in the joining and manufacturing of fragile electronic

components.



Table 2.1: Electrical resistivity of hypoeutectic and eutectic Sn-Pb alloys

Solder Alloy (wt.%) Electrical Resistivity, p

(u€2 cm)
Pb-10Sn 21.0
Pb-20Sn 19.8
Pb-40Sn 17.1
Pb-60Sn 15.0
Pb-70Sn 13.8

Cadirli et al. studied that effect of Pb concentration on the electrical resistivity of Sn-
Pb solder alloys. They found a liner relationship between the Pb concentration and
electrical resistivity. The electrical resistivity of Sn-Pb solders decreases with the
decrease in Pb content (Cadlrll, Boyuk, Kaya et al., 2011). The details of different

compositions are shown in table 2.1.

Corrosion of lead based alloys has never been a serious concern. Corrosion products
formed on Sn-Pb alloys are relatively stable. Furthermore, galvanic difference between
tin and lead is small, resulting in better corrosion resistance (Song & Lee, 2006).
However, Li et al. studied the electrochemical corrosion behavior of eutectic Sn-Pb solder
alloys along with Pb-free alloys. They found the corrosion rates of lead free solders are
lower as compared to eutectic Sn-Pb alloy. Moreover, lower passivation current density
and larger passivation domain results in more stable and compact film on lead free solders

as compared to Sn-Pb alloy (Li, Conway, & Liu, 2008).

It was the domination of Sn-Pb alloys in electronic industries until the members of
European Union banned the usage of hazardous substance in electronics and electrical
equipment’s. On 1% of January 2004 the usage of lead (Pb), hexavalent chromium (Cr6"),

mercury (Hg), and cadmium (Cd) were prohibited. In any alloy, the concentration of Pb,
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Cr6" and Hg should be less than 0.1 wt.% and 0.01wt.% for Cd (Humpston, Jacobson, &
Sangha, 1994). Moreover, according to Environmental Protection Agency (EPA), Pb
compounds have been named amongst the 17 chemicals which were risk the human health

and environment.

2.3 Lead-free solder alloys

The restriction of hazardous substance (RoHS) (Parliament & Council, 2003a) and
waste of electrical and electronic equipment (WEEE) (Parliament & Council, 2003b)
imposed ban on lead-based solder alloys. The legislations intensify the need of lead-free
solder alloys and opens a new domain for researchers. Various compositions have been
proposed in order to replace the eutectic Sn-Pb alloy however, that versatile composition

is yet to come which can be utilized in every application.

Sn-Zn composition was proposed as a replacement of Sn-Pb. Sn-9Zn is the eutectic
composition in this system. Moreover, the melting temperature of Sn-9Zn is 198 °C,
which is pretty close to that of Sn-Pb alloy. However, the electrical resistivity of Sn-9Zn
(16.2 uQ.cm) is high as compared to 63Sn-37Pb (14.5 uQ.cm) (M. Kamal & E. Gouda,
2006). Besides higher electrical resistivity Sn-9Zn is susceptible to oxidation and
corrosion also (Huang, Zhou, & Li Pei, 2008). Active nature of Zn atoms react with
oxygen to form ZnO oxide layer which in turns adversely affect wetting properties. Poor
wettability, inferior oxidation and corrosion resistance and high electrical resistivity

limits the application of Sn-9Zn solder alloy.

Due to preeminent mechanical properties Sn-Ag system was considered as a strong
replacement to Sn-Pb alloys. The strong interfacial bonding between AgsSn and B-Sn
matrix results in superior mechanical properties. Alongside superior mechanical
properties, the electrical resistivity of Sn-3.5Ag (12.30 uQ.cm) is also superior as

compared to Sn-Pb alloys (Cook, Anderson, Harringa et al., 2002). However, the brittle
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nature of AgsSn may degrade the reliability of solder joint. Furthermore, the formation
of AgsSn accelerate the dissolution of $-Sn in corrosive medium which ultimately leads
to deterioration of corrosion resistance (Osorio, Spinelli, Afonso et al., 2011). Alongside
brittleness of AgsSn, the melting point of Sn-3.5Ag is found to be 221°C, which is 38°C

high as compared to eutectic Sn-Pb alloy.

Sn-Bi system was also proposed as a replacement. 42Sn-58Bi was found to be the
eutectic composition with the melting temperature of 138°C. However, the composition
has limitation due to its very low temperature and extremely high electrical resistivity
(30-35 pQ.cm) (Hua, Mei, & Glazer, 1998). Also, the mechanical properties did not show

improvement. In fact, the fatigue life of the joint is poor as compared to Sn-Pb alloy.

The low melting temperature, eutectic composition, low coefficient of thermal
expansion, decent mechanical properties, along with high wettability are the highlighted
properties which explains why the Sn-xAg-Cu (SAC) series is considered as one of the
most promising replacements for Sn-Pb solder alloys (Abtew & Selvaduray, 2000). Ag
content in this series can be an advantage or disadvantage depending on the application.
Alongside these, the electrical resistivity of SAC series is also lower than Sn-Pb alloy.
The electrical resistivity of Sn-1Ag-0.5Cu (SAC105) and Sn-3Ag-0.5Cu (SAC305) was
found to be 13.73 pQ.cm and 12.46 uQ.cm respectively (Amin, Shnawah, Said et al.,
2014). Despite having all these advantages, high-Ag-content SAC alloys has been
restricted due to failure of solder joints, observed in drop and high impact applications.
Study reveals the formation of cracks near the joint, when subjected to drop testing.
Moreover, the intensity of cracks increases with the increase in Ag content. In addition
to these, fracture was also observed in the intermetallic compounds (Amagai, Toyoda,
Ohnishi et al., 2004). Moreover, alloying of Ag increases the overall cost of the solder

alloy.
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2.4 The Sn-Cu solder alloys

In order to overcome the issue of cost and availability of SAC series, Sn-0.7Cu alloy
was considered as the finest choice. Eutectic Sn-0.7Cu is only 1.3 times high as compared
to eutectic Sn-Pb. Moreover, the electrical resistivity of Sn-0.7Cu is found to be low
compared to SAC and Sn-Pb series. However, to some extent, the mechanical and wetting
properties of Sn-0.7Cu are inferior as compared to SAC alloys. The melting point of Sn-
0.7Cu (227°C) is also high which limits its application to wave soldering and automotive

applications.
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Figure 2.1: Binary phase diagram of Sn-Cu (Ma & Suhling, 2009)

2.4.1 Effect of alloying element on the properties of Sn-0.7Cu solder alloy
Researchers have found that alloying with 3™ or 4™ element makes the alloy more
durable. Enhancement in mechanical and wetting properties along with lower melting
temperature was observed with the addition of 3 and 4" alloying element. Addition of
In and Ga in Sn-0.7Cu alloy lowers the melting point to 209°C. In and Ga addition refines

the microstructure and avoid the evolution of intermetallic layers, resulting in improved
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reliability of Sn-0.7Cu solder alloy (Zeng, Xue, Zhang et al., 2011). Addition of RE
metals (Ce and La) into Sn-0.7Cu alloys results in the refinement of $-Sn matrix and
IMC’s. Improvement in mechanical properties are also observed with the addition of RE
metals (Wu, Yu, Law et al., 2002). Addition of nano composites in Sn-0.7Cu alloy was
also studied. Addition of Al,Os3 strengthen the alloy. Enhancement in UTS, 0.2% YS and
micro hardness was observed with 1.5% Al>Oz (Zhong & Gupta, 2008). Alloying the
eutectic Sn-Cu alloy with 0.3 wt.% Ni leads to better wettability. Ni based alloy lowers
the contact angle on Cu and Ni substrates and allows the alloy to spread more easily over

the substrate (Rizvi, Bailey, Chan et al., 2007).

Ashram et al. studied the effect of Zn and Bi additions of up to 0.5 wt% on the electrical
resistivity of the Sn—0.7Cu solder. The results showed that the addition of Zn and Bi
increases the resistivity of Sn—0.7Cu solder to 13.05 pQ.cm and 15.68 pQ.cm
respectively, as compared to 11.14 uQ.cm of the Sn—0.7Cu solder. The adverse effect in
resistivity was accredited to the formation of CusgSni; while the addition of Bi increases
the amount of CusgSn11 (El-Ashram & Shalaby, 2005). Effect of Bi addition in Sn-0.7Cu
solder alloy was studied by El-Bediwi et al. The proportion of Bi vary from 5 wt.% to 20
wt.%. They detected a gradual increase in the electrical resistivity with the increase in Bi
content. The resistivity was approximately increased to 48% with the addition of 20 wt.%.
Bi. This increase in resistivity was attributed to the semimetal behavior of Bi.
Furthermore, the dissolved Bi metals serve as scattering center for conduction electrons
(El-Bediwi, El-Shafei, & Kamal, 2015). Severe rise in electrical resistivity was observed
when the eutectic Sn-Cu alloy was alloyed with In. As compared to the Sn—0.7Cu eutectic
alloy having the resistivity of 11.14 uQ.cm, an increase in resistivity was observed with
the addition of 2.5 wt% In, up to 19 pQ.cm. Gradual increase in resistivity is presumed
to be due to the formation of more intermetallic compounds (Cu10Snz, CusSns, Cuglna)

(Kamal & El-Ashram, 2007).
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Effect of microstructural array on corrosion behavior of Sn-0.7Cu alloy was studied
by a group of researchers. The results indicate better corrosion resistance was observed
for coarser microstructure as compared to finer ones. Moreover, current density was
decreased with the gradual increase in microstructure spacing (Osorio, Freitas, Spinelli et
al., 2014). Comprehensive study on corrosion behavior of Cu-Sn intermetallics was
performed in 3.5 wt.% NaCl solution. Results reveal that increase in Cu content leads to
the shifting of breakdown potential and corrosion potential towards more noble values.
Moreover, the corrosion current density was also increased with increase in Cu content

(Tsao & Chen, 2012)
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Figure 2.2: Potentiodynamic polarization graphs of CuzSn, CusSns, Cu and Sn in 3.5
wt.% NaCl solution (Tsao & Chen, 2012)

2.5 Effect of alloying element on the electrical properties of Sn-based Lead-free
solder alloys
Electrical resistivity of solder alloys are primarily affected by the alteration in
microstructure. The shape, size, area and volume of metal matrix and IMC’s affect the

resistivity values. Various researchers studied the effect of alloying element on the
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electrical resistivity of solder alloys. Cook et al. studied the effect of Bi addition of up to
1 wt% to the Sn—3.7Ag-0.9Cu alloy. They found an increasing trend in the resistivity of
the modified solder alloys. Addition of 1 wt% Bi increased the bulk resistivity by
approximately 8%. This increasing effect is due to the solubility effect of Bi in a B-Sn
matrix (Cook, Anderson, Harringa et al., 2002). Formation of a solid solution increases
the resistivity according to the Linde—Norbury rule. Kim et al. observed a severe rise in
resistivity with the addition of Sb, of up to 2 wt% in a Bi—2.6Ag-0.1Cu solder. The results
indicated the increasing resistivity in range of 360—480 uQ.cm, whereas elemental Bi
possessing a resistivity of 129 uQ.cm. Although, the solder was alloyed with less resistive
element than that of Bi, yet the electrical resistivity of the alloy was adversely affected.
Increase in resistivity is due to the alloying of a substitutional (Sb) that induces the lattice
defects as an impurity factor. Lattice defects further leads to electron scattering which in
turn reduces the mobility of electrons (Kim, Lee, Lee et al., 2014). Shalaby et al.
investigated the electrical resistivity of Sn—9Zn with the addition of In of up to 2 wt%. A
constant increase in resistivity was observed with the addition of indium. The resistivity
value increases to 17.6 uQ.cm as compared to 14 uQ.cm of a Sn—9Zn solder. Evolution
of new In3Sn intermetallic compound and initiation of internal defects such as
dislocations tends to increase the resistivity. The In3Sn intermetallic compound atoms acts

a scattering center in the p-Sn matrix (Shalaby, 2010).

Effect of the addition of Ag in Sn—0.7Cu was studied by Negm. Author observed an
increasing trend in electrical resistivity with the addition of Ag. Resistivity was increased
by 29% with the addition of 3.5 wt% Ag and was further increased by 5.7% with the
addition of 4 wt% Ag. This increase was ascribed to the combination of the uniform
distribution of the precipitation as well as due to the introduction of internal defects
(Negm, 2012). Aminah et al. continued the research on SAC105 alloys with the addition

of up to 0.5 wt% Fe. On the addition of 0.1 wt% Fe, they observed approximately a 5%
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decrease in resistivity. Due to rapid cooling rate, all the Fe does not precipitate.
Consequently, the Fe atoms are not only present as FeSn, IMCs, but also pure Fe atoms
were observed in primary B-Sn and eutectic regions. Initial decrease in resistivity was
attributed to the presence of pure Fe in the primary b-Sn and eutectic regions. Since pure
Fe possesses lower resistivity value as compared to pure Sn and FeSn», hence an initial
decrease was observed with the addition of 0.1 wt% Fe. However, on further addition of
Fe, i.e. 0.3 and 0.5 wt%, there was an increasing trend. This increase in resistivity was
due to the formation of high resistivity FeSn; intermetallic compounds (Amin, Shnawah,

Said et al., 2014).

2.6 Effect of alloying element on the oxidation behavior of Sn-based Lead-free solder

alloys

Lead free solder primarily comprises of Sn as a base element. The melting point of
most lead free solders are higher as compared to Sn-Pb solder (183°C). The higher
temperature will increase the possibility of oxidation. The increase in oxidation will
adversely affect the properties of solder joint. Oxidation of solder balls on BGA
components will impair wetting during soldering that may result in head-in-pillow
defects. It may also degrade the shelf life of solder pastes. Lee et al. studied the oxidation
behavior of molten Sn alloyed with Ag, Cu, Ni and In. Oxidation was severely affected
with the addition of Cu. Moreover, oxidation reaction intensifies on increasing the
amount of Cu from 0.7 wt.% to 10 wt.%. On the contrary, resistance to oxidation was
observed with the addition of Ag, Ni and In in pure Sn. With the addition of Ag, Ni and
In, the weight gain was limited as compared to pure Sn. The increase in oxidation of Sn-
Cu alloys was associated with the pores formation in Sn oxide layers. These pores will
enhance the oxygen reaction, ultimately enriching the Sn based oxides (Lee, Tseng, Hsiao

et al., 2009).
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Dudek et al. studied the effect of RE metals (La, Ce and Y) on the oxidation behavior
of Sn-3.9Ag-0.7Cu alloy. Ce addition in Sn-3.9Ag-0.7Cu alloy results in the better
oxidation resistance as compared to La and Y addition. The increase in oxidation with
addition of La and Y is attributed to the oxygen deficiency of La>Os and Y.03 oxide
layers. The oxygen deficiency ultimately leads to more oxygen vacancies. It makes easier
for the oxygen to diffuse through the structures, making the alloys less resistant to
oxidation (Dudek & Chawla, 2009). Oxidation behavior of molten tin doped with
Phosphorus was studied by Xian et al. They observe a notable change in resistance to
oxidation of Sn-0.007wt.%P as compared to pure Sn. XPS results reveals the presence of
a protective film on the Phosphorus doped solder alloy. They propose the formation of

new composite oxide film (Sn, P)O (Xian & Gong, 2007).
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Figure 2.3: Relationship between Dross weight vs oxidation time at 280 °C (Xian &
Gong, 2007)

Zn is well known for its poor oxidation and corrosion properties. It easily gets oxidized
under the influence of temperature. The oxidation behavior of Sn-Zn and Sn-Zn-Bi was
studied by Kim et al. They observed the formation of ZnO oxide on the surface of solder
alloy. ZnO formation severely effects the joint strength of Sn-Zn solder alloys. Moreover,

the addition of Bi degrades the oxidation resistance of the solder alloy. The poor oxidation
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behavior was ascribed to the change of eutectic Zn phase into ZnO phase (Kim, Matsuura,

& Suganuma, 2006).

Cho et al. studied the effects of Ge addition on the oxidation behavior of SAC-305
solder alloy. With the addition of Ge, the thickness of oxide layer decreased from 20nm
to 10nm (Fig2.4). Formation of thin GeOx oxide layer is attributed to the improvement
in oxidation resistance of Sn-3.0Ag-0.5Cu-0.05Ge alloy. GeOx compounds acts as a
passive layer and prevents further oxidation. Oxidation resistance of Ge added solder

alloys were also explained in terms of colouring effect (Wan Cho, Han, Yi et al., 2006).
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Figure 2.4: Oxygen Concentration of Sn-3.0Ag-0.5Cu and Sn-3.0Ag-0.5Cu-0.05Ge.
(Wan Cho, Han, Yi et al., 2006)

In order to improve the oxidation resistance of Sn-9Zn solder alloy Huang et al.
proposed the alloying of Sn-9Zn with Phosphorus. A significant increase in oxidation
resistance was observed with the addition of Phosphorus. Increasing the amount of

Phosphorus from 0.05 wt.% to 0.5 wt.% make the alloy more superior in terms of
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oxidation resistance (Fig 2.5). SIMS analysis reveals the presence of less oxygen in

Phosphorus added alloys. This behavior was accredited due to the formation of new

protective film and refinement of Zn rich phases (Huang, Wei, Tan et al., 2013).
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Figure 2.5: Weight gain graph of Sn-Zn-P vs time(Huang, Wei, Tan et al., 2013)

Chang et al. studied the effect of Ag and In addition on Sn-9Zn solder alloys.

Significant increase in oxidation resistance was observed with the addition of Ag and In

in Sn-9Zn solder alloys. With the addition of Ag and In, the oxidation mechanism shifts

from parabolic to linear oxidation. Moreover, by increasing the aging time the TGA graph

follows a negative slope which indicates the formation of protective oxide layer (Fig 2.6).

The negative slope represents the decrease in weight gain while increasing the aging time

(Chang, Wang, Wang et al., 2006).
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Figure 2.6: TGA curves of Sn-Zn-Ag-In alloys(Chang, Wang, Wang et al., 2006)

Yeh et al. studied the influence of Ag addition in Sn-8.5Zn0.01Al alloy. TGA results
displays better oxidation resistance with the addition of Ag (Fig 2.7). Formation of Ag-
Zn intermetallic compounds and liquid solution is presumed as a reason for the depletion

of oxide layers (Yeh, Lin, & Salam, 2009).
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Figure 2.7: Weight gain graph of Sn-8.5Zn-XAg-0.01Al-0.1Ga solder alloys(Yeh,
Lin, & Salam, 2009)
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2.7 Effect of alloying element on the corrosion behavior of Sn-based Lead-free solder

alloys

The trend of miniaturization and continuous shrinkage of solder bumps increases
reliability concerns of the solder joints (Tsao & Chen, 2012). In these conditions the study
on corrosion behavior of solder alloys cannot be overlooked. Corrosion is a serious
concerns in Pb-free solder alloys. Due to rich difference in potentials of tin, copper, silver,
iron, Zinc etc., the Pb-free solders are more susceptible to corrosion. Galvanic corrosion
mechanism is the expected mechanism in the Pb-free solders. Rosalbino et al (Rosalbino,
Angelini, Zanicchi et al., 2008) studied the corrosion behavior of Sn-Ag alloy with the
addition of In, Bi and Cu. Among all the solders Sn96.1-Ag3.1-Cu0.8 alloy was found to
be best in terms of corrosion resistance. On scanning in anodic direction the Sn96.1-
Ag3.1-Cu0.8 alloy exhibits a passivation behavior. Passivation behavior is attributed to
the formation of passive Sn (1) oxide. However, no passivation mode was observed in
Sn88.7-Ag2.3-1n9.0 and Sn86.6-Ag3.0-Bi10.4 alloys. The strong interaction between Cl
and In ions leads to the anodic dissolution. However, in Bi added alloy, Bi-rich and AgzSn
intermetallic retained at the surface. This results in galvanic corrosion due to the

difference in electrode potentials of Bi and Ag.

Mohanty et al (Mohanty & Lin, 2005) studied the corrosion behavior of Sn-8.5Zn-
XAg-0.1Al-0.5Ga solder alloy in 3.5% NaCl solution. Addition of Ag results in the
shifting of Ecorr to more noble values (table 2.2). Moreover, the lcor linearly decreases
with the increase in Ag content. Corrosion rate of Ag added alloys were found to be
decreased by 28.5 % with the addition of Ag content. The improved corrosion resistance
is attributed to the formation of passivation film composed of Zinc oxides and hydroxides.
Moreover, the authors claim the presence of presence of Ag in the layer is also responsible

for the passivation behavior.
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Table 2.2: Corrosion parameters of Sn-8.5Zn-XAg-0.1Al-0.5Ga solder alloy
(Mohanty & Lin, 2005)

Ag (Wt.%) (Ifrc]‘i;r) (m K‘grrn_z) Corrosion rate
0.05 -1258 1.92 51.20
0.1 -1303 2.0 54.70
0.25 -1269 1.87 49.90
1.0 -1254 151 40.20
15 -1176 1.35 36.10
3.0 -1271 1.39 36.60

Li et al (Li, Conway, & Liu, 2008) studied the corrosion behavior of traditional Sn-
Pb, Sn-Ag, Sn-Cu and Sn-Ag-Cu alloys. Results suggest better corrosion resistance of
lead free solders as compared to Sn-Pb alloy. Lead free solders possesses lower values of
passivation current density and a sweeping passivation domain as compared to Sn-Pb
alloy. Authors observed more stable corrosion products on the surface of lead free alloys.
However, Sn-Pb corroded layer is composed of 2 layered structure. EDX analysis
revealed the formation of Sn-rich layer as outermost and Pb-rich as the inner layer. The
poor adhesion between the two layers results in generation of compressive stress which
results in subsequent breakaway of layer. Authors reported better corrosion properties of

lead free solders than Sn-Pb alloy.

Gao et al (Gao, Cheng, Jie et al., 2012) studied the electrochemical corrosion of Sn-
0.75Cu solder joint. They notice better corrosion resistance of Sn-0.75Cu solder as
compared to Sn-0.75Cu/Cu solder joint. Sn-Cu solder alloys possesses lower passivation
current density and larger passivation range as compared to Sn-Cu solder joint (figure
2.8). Microstructure of corroded layer reveals sizable pits on the surface of Sn-Cu/Cu
solder joint as compared to Sn-Cu alloy. The results explicates better corrosion resistance

of Sn-Cu alloy.
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Figure 2.8: Potentiodynamic curve for Sn-0.75Cu, Sn-0.75Cu/Cu and Cu (Gao,
Cheng, Jie et al., 2012)

Electrochemical corrosion behavior of Sn-3Ag-3Cu was studied by Rosalbino et al
(Rosalbino, Angelini, Zanicchi et al., 2009). Author’s claim that no passivation range was
observed when Sn-3Ag-0.5Cu alloy was subjected to potentiodynamic polarization. On
the contrary, Sn-3Ag-3Cu graphs reveal passivation range. Moreover, in case of Sn-3Ag-
3Cu, Ecorr was shifted to more noble values and icorr Values were low as compared to Sn-
3Ag-0.5Cu (table 2.3). The passivation behavior was accredited to the formation of tin
(1) oxide. Similar passive film was reported by other researchers (Udit S Mohanty &
Kwang-Lung Lin, 2006). The formulation of complexes of SnCl's and SnCl%s is
considered as the reason behind poor passivation behavior of SAC305 alloy. Corrosion

properties of Sn-3Ag-3Cu was found to be better as compared to Sn-3Ag-0.5Cu.
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Table 2.3: Corrosion parameters of Sn-3Ag-3Cu and Sn-3Ag-0.5Cu solder alloy
(Rosalbino, Angelini, Zanicchi et al., 2009)

Ecorr Epass cc AEpp ipp
Alloy
(mV/SCE) (mV/SCE) (mAcm?) (mV/SCE) (mAcm?)
Sn-3Ag-0.5Cu -520 -80 8.5 150 3.2
Sn-3Ag-3Cu -395 130 6.5 370 1.2

Nordin et al (Nordin, Said, Ramli et al., 2015) found that addition of Al in SAC105
solder alloy improved the passivation ability as compared to SAC alloy. Formation of
Al>CuQO4 and Al203 along with SnO and SnO: decreased the vulnerability of the solder
alloy to corrosion. Authors conclude better corrosion resistance of the Al added SAC
alloys. However, Al addition in SAC305 results in poor corrosion resistance as compared

to SAC305 solder alloy (Fayeka, Fazal, & Haseeb, 2016).

2.8 Effect of thermal aging on the electrical resistivity of Sn-based Lead-free solder

alloys

In service, the electronic devices are subjected to higher temperatures. Increase in
temperature can affect the microstructural, mechanical and electrical resistivity of solder
alloys. Therefore, it is essential to study the effect of thermal aging on the solder
materials. The morphology and thickness of intermetallic compounds and the coarsening
of microstructure plays a vital role in overall performance of the solder alloy. Peng et al
(Peng, Wu, Liu etal., 2009) establish a relationship between aging time, thickness of IMC
and electrical resistance of Sn-3.5Ag solder alloy. SEM and EDX results revealed the
formation of CusSns, CusSn. Lumpy AgsSn was also observed in solder joints. Results
revealed the increase in total thickness of IMCs with the aging time. With the increase in
aging time, the thickness of CusSns decreased while the thickness of CusSn increased.
This phenomena is attributed to the diffusion of Cu in CusSns, resulting in the formation

of CusSn. Electrical resistance of solder joint was increased when the joint was subjected
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to 100 h of aging. However, on further aging, the electrical resistance showed a gradual
decrease. This decrease is attributed to the formation of CusSn IMC. Table 2.4 shows the
electrical resistance of CusSns, CusSn and Sn. Since CusSn holds lower resistivity value,

hence the formation of CuzSn decreased the electrical resistance of solder joint.

Table 2.4: Electrical resistivity’s of IMC and Sn metal (Peng, Wu, Liu et al., 2009)

Intermetallic Electrical
compound and metal  resistivity (u€2 cm)

CueSns 17.5
CusSn 8.9
Sn 10.1

Electrical resistivity of Fe added SAC105 solder alloy was decreased when the alloys
was subjected to thermal aging. This decrease in resistivity is ascribed to the reduction in
shape and size of CusSns, AgsSn and FeSnz intermetallic compound (figure 2.9). Authors
also concluded that the addition of Fe stabilize the microstructure under thermal aging
conditions. The stabilization in microstructure and reduction in size of intermetallic
compounds reduces the electrical resistivity of alloys. Table 2.5 represents the electrical

resistivity values of Fe added SAC solder alloys.
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(b) \ ,
Figure 2.9: Microstructure of (a) as cast SAC105 SOH (b) thermally aged
SAC105(Sabri, Nordin, Said et al., 2015)

Table 2.5: Electrical resistivity of SAC105 and SAC105Fe solder alloy(Sabri,
Nordin, Said et al., 2015)

S?Vlﬁi;o ?”oy Resistivity, p(u{2 cm)
Before aging  After aging
SAC105 12.46 10.82
SAC105-0.1Fe 13.08 9.83
SAC105-0.Fe 13.56 12.07
SAC105-0.5Fe 13.96 11.58

Electrical resistivity of thermally aged Sn-3.7Ag-0.9Cu, Sn-3.0Ag0.5Cu, Sn-3.6Ag-

1.0Cu, Sn-3.9Ag-0.6Cu. Sn-3.7Ag-0.6Cu-0.3Co and Sn-3.7Ag-0.7Cu-0.2Fe solder joints
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was studied by Cook et al (Cook, Anderson, Harringa et al., 2003). All the solder joints
were thermally aged at 150°C for 100 and 1000 hours. The resistivity of all the solder
joints displayed an initial decrease during first 100 hours of aging. The resistivity of Sn-
3.0Ag-0.5Cu and Sn-3.9Ag-0.6Cu solder joint was further decreased with the increase in
aging time. However, the resistivity for Sn-3.6Ag-1.0Cu, Sn-3.9Ag-0.6Cu. Sn-3.7Ag-
0.6Cu-0.3Co and Sn-3.7Ag-0.7Cu-0.2Fe solder joints increased when the aging time
increased from 100 to 1000 hours. The cobalt and iron added alloys contains a notable
volume fraction of CueSns IMC as compared to Sn-3.0Ag-0.5Cu and Sn-3.9Ag-0.6Cu
solder joint (figure 2.10). CusSns holds higher resistivity value as compared to f-Sn and

CusSn, hence its presence will adversely affect the electrical resistivity of solder joint.

1000 hours at 423K
Figure 2.10: Microstructure of as-soldered and aged solder-joint of Sn-3.5Ag-0.5Cu
and Sn-3.7Ag-0.6Cu-0.3Co(Cook, Anderson, Harringa et al., 2003)
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2.9 Summary

Sn-Pb alloys were widely used as an interconnect material for electronic packaging.
However, the legislation against lead and its compounds drive the attention of researchers
to formulate a new lead-free solder material. The essential properties to develop a viable

Pb-free solder alloy are:

1. Non toxic

2. Low cost

3. Low melting point.

4. Good wetting properties to common metallization’s

5. Excellent mechanical properties compared to Sn-Pb alloys.
6. Resistance to mechanical and thermal loading.

7. Preeminent electrical properties

8. Resistance to oxidation and corrosion

Various lead free solder compositions such as Sn-Ag, Sn-Bi, Sn-Zn, Sn-Ag-Bi, Sn-
Ag-Zn, Sn-Sb, Sn-In, Sn-In-Bi, Sn-Sb-Bi, Sn-Cu and Sn-Ag-Cu were proposed as a
replacement of Sn-Pb alloys. Among all these SAC series is considered as the perfect
replacement of Sn-Pb solder alloys. However, the presence of silver (Ag) in these alloys
increases the cost of the solder alloy. Moreover, this choice has been restricted due to the
brittleness of the solder joint, observed in drop testing. Drop test of the Sn-xAg-Cu based
solders reveals the formation of cracks near the joints. The intensity of cracks increases
with the increase in Ag content. Moreover, fracture was also observed in the intermetallic
compounds. The crack formation near the joints adversely affect the reliability of the
solder joint. In terms of electrical and corrosion performance, SAC series holds slight
higher resistivity values as well as the presence of Ag3Sn intermetallic compound

deteriorate the corrosion resistance of solder alloy. In order to overcome this issue, Sn-
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0.7Cu solder alloys was choosen as a potential replacement of SAC series. Earlier studies
revealed that the Sn-0.7Cu possesses inferior mechanical properties as compared to SAC
series. However, addition of 3 and 4™ alloying element results in the refinement of
mechanical, thermal, electrical, oxidation and corrosion properties. This study focus on
the impact of alloying element (Fe and Bi) on the electrical properties, oxidation and

corrosion behavior of Sn-0.7Cu solder alloy.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

This chapter describes the methodology and experimental study of the research work.
The selection of solder alloys along with their fabrication details, the equipment’s used
to study the electrical properties, oxidation and corrosion behavior and the
characterizations that were involved to support the results are discussed in this chapter.
Figure 3.1 shows the flow chart of the research work. Electrical resistivity measurements
were carried out on round disk samples. The results were supported by FESEM
micrographs, Chemical state of Tin (Sn) and XRD analysis. Oxidation analysis were
carried out using simultaneous thermal analyzer. The results were discussed in light of
XPS and XRD. Corrosion analysis was carried out using Gamry potentiostat.
Potentiodynamic curves were obtained and the results were further supported by AFM,
FESM and EIS. Thermal aging was carried out in memert oven at 150 °C for 24h.

Microstructure and electrical resistivity was carried out on thermally aged samples.
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Raw Material in “Dog-bone shape” for
l.  Sn-0.7C

2. Sn-0.7Cu-0.05Fe

3. Sn-0.7Cu-0.05Fe-1Bi

4. Sn-0.7Cu-0.05Fe-2Bi

Initial Characterization of as cast samples

Electrical Resistivity Oxidation Behavior Corrosion Behavior Thermal Aging

Measurement (four-point (Simultaneous Thermal (Gamry-Potentiodynamic (Memert oven @
probe) Analyzer) Polarization) 150°C)

Post Characterization of
Tested Samples

FESEM, XPSand | XPS and XRD | FESEM, AFM, XRD Four-point probe
XRD and EIS and FESEM

Figure 3.1: Flow chart of research work

3.2 Fabrication of solder alloys

The raw materials for the solder alloys were supplied by Accurus Scientific. The initial
purity for the metal ingots of Sn, Cu, Fe and Bi were 99.9%. Four bulk solder alloys of
the compositions Sn-0.7Cu, Sn-0.7Cu-0.05Fe, Sn-0.7Cu-0.05Fe-1Bi, and Sn-0.7Cu-
0.05Fe-2Bi were fabricated in an induction furnace by melting the pure ingots of Cu, Fe
and Bi at more than 1000 °C for 40 min. After the melting of the pure ingots, molten
metals were then mixed with pure Sn in a melting furnace at 290 °C for 1 hour. The
molten alloys, followed by mixing were then angled into preheated stainless steel molds.
The steel molds were then preheated at 120-130°C and finally air cooled naturally at room
temperature. Finally, the samples were removed and visually evaluated to make sure they
are without damage or voids. Chemical composition was carried out using the atomic
emission spectroscopy (AES). The chemical composition was carried out in order to

determine the exact composition of the cast ingots. Table 3.1 shows the chemical
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composition of the solder alloys. Figure 3.2 shows the solder specimen and its

dimensions.
2
; é‘?‘ S
e 1
. s [ 20 |
70 a
Figure 3.2: Dimensions of dog bone solder alloys (Unit mm)
Table 3.1: Chemical composition of solder alloys (wt. %).
23?;; sno7cy  SMO7CU- Sn0.7Cu-  Sn-0.7Cu-
(WE9%) 0.05Fe 0.05Fe-1Bi  0.05Fe-2Bi
Sn 99.2581 99.1961 98.1278 97.2718
Cu 0.7256 0.7363 0.7283 0.7253
Fe 0.0005 0.0510 0.0535 0.0520
Bi 0.0016 0.0022 1.0763 1.9354
Pb 0.0034 0.0040 0.0050 0.0060
Sb 0.0034 0.0039 0.0038 0.0039
Al 0.0005 0.0005 0.0005 0.0005
As 0.0008 0.0008 0.0008 0.0008
Cd 0.0001 0.0001 0.0001 0.0002
Ag 0.0003 0.0017 0.0001 0.0001
Zn 0.0001 0.0001 0.0001 0.0001
Ni 0.0001 0.0001 0.0004 0.0003
In 0.0014 0.0013 0.0013 0.0014

3.3 Assessments and characterizations
3.3.1 Four-Point probe: Electrical resistivity measurement

Four point probe method is the most widely implemented and remains a reliable tool
for resistivity measurements in solder alloys. The bulk solders were compelled to from
disk shaped specimens, with 1 cm in diameter and 1 mm in thickness. The diameter and

thickness of each specimen was measured to an accuracy of 1 um with the help of a digital
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micrometer. In order to obtain a smooth surface, the faces of the specimens were grinded
with different grades of SiC paper (#800, #1200, #2400 and #4000). Finally, these
specimens were ultrasonically cleaned in acetone solution. The electrical resistivity (p)
of the circular specimens were measured at room and elevated temperatures using a four
point probe setup. Probe spacing of 0.05 cm was used in the experiment. The current (1)
applied through the samples was 0.1 A, which is in the range of (10 mA to 50 A) used
and reported by other researchers for the four point probe testing (Guo, Lee, Hogan et al.,

2005; Kim, Matsuura, & Suganuma, 2006; Nai, Wei, & Gupta, 2008).

The advantage of four point probe measurement is the probability to measure the
sample resistance without any involvement from the contact resistance at the probe

contact (Babaghorbani, Nai, & Gupta, 2009).

A simplified diagram for the four point probe system used for the measurement of

electrical resistivity is shown in Figure 3.3

| @ |
v

\7

t I Solder alloy

Figure 3.3: Schematic diagram showing the Four-point probe used for the electrical
resistivity measurements.
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Since, the thickness of sample is greater as compared to the distance between the
probes, the following equations were used for the measurement of electrical resistivity

(Gise, Blanchard, Management et al., 1979).
dx
AR = p(3) (3.1)

Where A represents the cross-section area of the specimen, d(x) is the differential
distance, and x is the distance from the outermost probe. By integrating the middle probes

where the voltage is measured, the resistance can be expressed as

R=[2 (ﬂ) _r (_ 1) _1p (3.2)

x1 \2mx?2 2x x 25 2T

Due to the superposition of the current at the outer two tips,

R=V (3.3)
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Hence, the bulk resistivity can be calculated by using the following equation,

p= 27TS (%) (34)
Or simply,
p = 2ms.R (3.5)

The electrical resistivity substantially depends on the temperature. In the case of
metals, electrical resistivity linearly increases with the rise in temperature. The

temperature coefficient of resistivity (o) can be given as

- 14
aq=-—L""Pso _ 7P (3.6)
Pso(T-T,) Pso AT
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Where p is the electrical resistivity at the temperature T, pso represents the resistivity
before the application of temperature, T, is the initial temperature, i.e 300 K, and o is the
temperature coefficient of resistivity. The electrical resistivity was determined from room

temperature to 423 K.

3.3.2 Field emission scanning electron microscope

In this study, field emission scanning electron microscope (FESEM: FEI Helios
NanoLab 65) was used to study the microstructures of the bulk solder alloys and alloys
subjected to corrosion studies. A concentric backscatter detector (CBS) was used to
capture backscattered electrons images as well as to examine the microstructure. Along
with FESEM, we make use of the energy dispersive X-ray spectroscopy (EDX) to
determine the composition of phases present in the matrix and corrosion products. The
samples were prepared by cold mounting, followed by grinding with SiC paper. Finally,

the specimens were polished with a 3 um diamond and 4 um colloidal silica suspension.

3.3.3 X-ray Diffraction

X-ray diffraction (XRD) is a versatile, non-destructive analytical method to analyze
material properties like phase composition, structure, texture and many more of powder
samples, solid smaples or even liquid samples. X-ray of sufficient intensity are obtained
by bombarding a target of a suitable material (anode) with a focused beam. Poweful X-
rays infilterate in the material and is diffracted by the crystalline phases in the sample

according to Bragg’s law:

nA = 2dsinf (3.7)

Where:

A is the wavelength of the X-rays
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d is the distance between two atomic planes in the crystalline phase,

n is the order of the diffraction, and

@ is the incoming diffraction angle.

X-ray diffraction analysis (XRD) was carried out using PANalytical EMPYREAN at
20 values of 25° to 80°, with steps of 0.02° , Cu Ko (A=1.5046 A) was used for radiation

along with Ni-filter.

3.3.4 X-ray Photoelctron Spectroscopy

X-ray photoelectron spectroscopy (XPS) or Electron spectroscopy for chemical
analysis (ESCA) is the most reliable spectroscopy to study the elemental composition at
the parts per thousand range, chemical state, electronic state and empirical formula of
the elements that exist within a material, except hydrogen and helium element. The
surface of the material/alloy is irradiated by Mg Ka or Al Ko X-rays. On striking X-ray
photon tranfer the energy to a core level electron. The electron is emitted from its initial
state with a kinetic energy dependent on the incident X-ray and binding energy of the
atomic orbital from which it originated. The intensity and energy of the emitted electron

are analysed by electron energy analyzer to study the type and concentration of element.

In this study, the surface chemistry of alloys were determined by the help of an X-ray
photoelectron spectroscopy (XPS or ESCA). Chemical state analysis was performed
using the PHI QUANTERA II. The device was equipped with the Al ka x-ray source,
with a beam energy of 1486.6 eV. The vacuum level in the chamber was maintained at
3.00 x 107 Pa, by means of the Ti pump. In order to determine the chemical state, a

narrow scan was performed on the surface of the alloys with an irradiated area of 300 pum.
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The energy resolution of the analyzer for a narrow scan was 0.1 eV. The results were

analyzed using the multipak spectrum.

Moreover, the XPS analysis was involved in oxidation studies. After exposure to
oxygen environment at 200 °C, the alloys were then analyzed using X-Ray photoelectron
spectroscopy. The oxidized surface was analyzed by wide and narrow scan. The irradiated
area for narrow scan was 300 um. in order to study the chemistry and thickness of oxide
layers, the samples under do depth profiling. The surface sputtering was carried out by
an Ar+ ion sputtering gun. The sputtering rate during the depth profiling process was
9.6nm/min. the Ar+ ion sputtering was repeated to the point where oxygen concentration

was close to zero.

3.3.5 Simultaneous thermal analyzer: Oxidation behavior of Solder alloys
Simultaneous thermal analyzer is considered as an appropriate option by researchers
to study the oxidation behavior. The samples are prepared according to the specifications
and then subjected to higher temperature in oxygen rich environment. Weight gain of
samples is measured against the time or temperature. In this study, the samples for
simultaneous thermal analyzer were obtained by cutting and grinding of bulk solder
alloys. The alloys were sliced into small pieces of 2mm*2mm with weight of 10mg. The
samples were then carefully ground and polished on different grades of SiC paper. The
samples were then subjected to ultrasonic cleaning in acetone solution. Dried samples
were then paced in PerkinEImer STA 6000. The samples were then heated from room
temperature to 200 °C in the presence of O. gas. Weight gain is studied against
temperature. The melting temperature of Fe and Bi added solder alloy is 223 °C. In this
regard we decided to study the oxidation behavior of alloys near to melting point.

Moreover, at higher temperature we can study the behavior of oxides more evidently.
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3.3.6. Atomic force microscopy

Surface topography of corrode samples were studied by means of Atomic force
microscopy. A mechanical probe was brought in contact with the sample surface. As the
surface is scanned, the probe senses the roughness and causes a deflection in cantilever.
The deflection in cantilever provides us with several roughness parameters including (but
not limited to) root mean square roughness (Sq), average roughness (Sa). In this study,
probe tip with the height of 16 um and curvature radius of 10 nm was used to study the
surface roughness and three-dimensional surface topography. The scan size during the

measurement was 2.5*2.5 um. The data was analyzed using Nova (inverted) software.

3.3.7. Gamry potentiostat Reference 600: Corrosion behavior of Solder alloys
3.3.7.1 Potentiodynamic polarization

To study the corrosion behavior, the solder alloys were subjected to potentiodynamic
polarization in 3.5 wt.% NaCl solution. 3.5% is the typical salt concentration in sea water.
Therefore we choose to test and report at 3.5% NaCl. In this case we are reporting against
the most abundant and common corrosive agent on the earth. In standard testing condition
provided by Joint Electron Device Engineering Council (JESD22-A107C), International
Electrotechnical Commission (IEC) and American Society for Testing and Materials
(B117), the acceptable ionic conductivity for a NaCl salt exposure for testing of
electronics application is achieved at a concentration between 3.5 wt% and 5 wt.%. All
the test were performed using Reference 600 potentiostat. The samples were prepared by
cutting dog bone solder alloys into dimensions of 0.5cm*0.5cm*1cm. The specimens
were then subjected to cold mounting. The surface area of alloys exposed in the solution
was 0.25cm?. A three-electrode cell was used in the experiments with platinum wire as
counter electrode, Ag/AgClsa as reference electrode and mounted samples as working
electrode. The scan rate for polarization test was 0.5 mV/s with the scan range of -1.0 V

to 0.1 V (vs Ag/AgClsa). The values of corrosion potential (Ecorr) and corrosion current
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density (lcorr) are calculated by gamry echem analyst by running tafel plots. Corrosion rate

(mpy) was calculated by following equation

==

Corrosion rate = i ypyr ——

W
A.D

Where A is the surface area exposed to solution, icorr IS the corrosion current density,

D is the density of solder alloy and W is the equivalent weight of alloy.

Gamry Potentiostat

J'I » Pt Electrode

Ag/AgCl Electrode <

v

Copper plate

[ ]
|

» Solder alloy

3.5 wt.% NaCl solution <«4— - - - - -

Figure 3.4: Schematic diagram of the cell used in potentiodynamic polarization

3.3.7.2 Electrochemical impedance spectroscopy

EIS is used as an effective characterization technique when it comes to electrochemical
corrosion behavior. Electrochemical impedance is measured when an electrochemical
system (cell) is provided with an AC potential and then measuring the response of current
through electrochemical cell. In this study Electrochemical impedance spectroscopy was
performed using gamry reference 600 potentiostat. Platinum electrode was used as a
counter and Ag/AgCI electrode was used as reference electrode. In open circuit, the
potential amplitude was set to 10mV rms (root mean square) with 10 points per decade.
EIS was run after potentiodynamic polarization test in order to study the resistance and

capacitance provided by the corrosion film.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

The outcomes and research findings of Fe and Bi added Sn-0.7Cu solder alloy are
described in this chapter. The results are described by means of text, tables and figures.
First section of this chapter provides a deep discussion on the electrical properties of Sn-
0.7Cu, Sn-0.7Cu-0.05F¢, Sn-0.7Cu-0.05Fe-1Bi and Sn-0.7Cu-0.05Fe-2Bi solder alloy.
The electrical resistivity of Sn-0.7Cu alloy is compared with Fe and Bi modified alloys.
The changes in electrical resistivity values are attributed to changes in microstructure,
changes in chemical state of tin and disturbance of XRD patterns. Oxidation behavior of
solder alloys are discussed in the second section of this chapter. The chemistry and nature
of oxide layers are characterized by means of X-ray photoelectron spectroscopy. The third
and final section of this chapter provides a detailed discussion on the corrosion behavior
of solder alloys. The corrosion behavior is studied by means of potentiodynamic
polarization curves. The results of potentiodynamic polarization are supported by atomic

force microscopy (AFM) and electrochemical impedance spectroscopy (EIS).

4.2 Electrical resistivity of Fe and Bi added Sn-0.7Cu solder alloy

At room temperature, the electrical resistivity of Sn—0.7Cu, Sn-0.7Cu-0.05Fe, Sn—
0.7Cu-0.05Fe-1Bi, Sn—0.7Cu-0.05Fe-2Bi of the bulk solder alloys are shown in Figure
4.1. The addition of both Fe and Bi content significantly affected the electrical resistivity
as shown in Figure 4.1. The lowest bulk resistivity at room temperature was observed in
eutectic Sn—0.7Cu solder alloys with a value of 10.93 pQ.cm. However, with the addition
of Fe and Bi, the resistivity was increased to the highest value of 12.63 uQ.cm, as shown

in Table 4.1. Resistivity of alloys are usually high as compared to pure metals.
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Figure 4.1: Electrical resistivity of proposed alloys at room temperature.

Table 4.1: Electrical resistance and resistivity of proposed alloys at room

temperature.
Resistance Resistivit
Solder alloy (wt. %0) R’ (1) 0 cm)y
Sn-0.7Cu 34.80 10.93
Sn-0.7Cu-0.05Fe 36.33 11.41
Sn-0.7Cu-0.05Fe-1Bi 38.75 12.17
Sn-0.7Cu-0.05Fe-2Bi 40.21 12.63

The bulk resistivity of solder alloys is effected by combination of the following factors:
(i) the presence of intermetallic phases, (ii) the volume fraction of intermetallic phases,
(iii) the shape and size of intermetallic phases, (iv) the type of intermetallic phase and
matrix, (v) impurities or formation of substitutional solid solution, (vi) thermal motion of
atoms. In alloys, electrical resistivity depends upon the nature of alloying elements. Some
alloying elements form the secondary intermetallic phases, while others form a
substitutional solid solution with the solvent. Microstructure results of the Sn—0.7Cu

solder alloys revealed the presence of primary B-Sn dendrites and interdendritic regions
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consisting of CusSns intermetallic compounds (IMCs) dispersed within the Sn rich matrix
as shown in Figure 4.2. Meanwhile, the addition of 0.05 wt% Fe leads to the formation
of FeSnz IMCs located in the interdendritic regions. Figure 4.3 shows the microstructure
of Sn—0.7Cu-0.05Fe. Since, the low solubility of Fe is fairly low in the f-Sn matrix, the
majority of the Fe precipitates as the FeSn, phase in the eutectic regions. Modified Sn—
0.7Cu with addition of Fe contains the B-Sn matrix with evenly distributed CugSns IMCs
along with the formation of new IMCs FeSn,. With the addition of 1 and 2 wt%. Bi in
Sn-.7Cu-0.05Fe, an increase in B-Sn matrix and a decrease in CusSns were observed, as
revealed in Figure 4.4 and Figure 4.5. Imaging analysis on the FESEM micrographs was

carried out to calculate the area fraction of the -Sn matrix, CusSns and FeSn;.

.\__‘— Sl < b SIS S O
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Figure 4.2: FESEM micrograph of Sn-0.7Cu solder alloy.
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Figure 4.5: FESEM micrograph of Sn-0.7Cu-0.05Fe-2Bi solder alloy.
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Table 4.2: Area fraction of B-Sn matrix and IMC'’s.

Solder alloy S1.07Cu Sn-0.7Cu- Sn-0.7Cu- Sn-0.7Cu-
(WE9%) 0.05Fe 0.05Fe-1Bi 0.05Fe-2Bi
To(ﬁ‘rln";‘)r ta 28792.04 28701.58 28701.58 28238.07
Are&‘rle)i'sn 9554.14 11551.69 12866.82 15221.37
Area fraction
of B-Sn (%) 33.18 40.25 44.83 53.90
Areaol 192379 16910.44 15568.34 12327.58
CusSns (um?)
Area fraction
of CusSns (%) 0092 269t N 00
Area of 2FeSnz i 239.45 266.42 689.12
(Hm?)
Area fraction 0.83 0.93 2.4

of FeSn2 (%)

The area fraction of IMC's and eutectic regions are among the factors that influence
the electrical resistivity. In order to calculate the area fraction of IMC's and 3-Sn phases
the FESEM images were examined. The area fraction of IMC's and -Sn phases were
calculated using imaging analysis software. The software helps in calculating the area
fraction of different phases separately. Table 4.2 shows the area fraction of the IMCs and

B-Sn.

It is evident from the micrograph as well as from the area fraction that the addition of
Bi suppresses the formation of CusSns. The presence of Bi within the -Sn matrix might
reduce the activity of Sn involved in the chemical reaction between Sn and Cu during
solidification and hence reduce the amount of CueSns IMC particles. Addition of Bi forms
a substitutional solid solution with Sn in the primary -Sn dendrites of the solder alloy.
Accordingly, Bi might reduce the activity of Sn involved in the chemical reaction between
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Sn and Cu. The addition of Bi does not form any intermetallic compound. It is considered
that Bi dissolves in the Sn phase and causes solid-solution hardening of the Sn phase. The
solid solution of Bi in Sn defects the crystal structure of B-Sn. The distortion and defects
in crystal structure of 3-Sn will significantly reduce the movement of Sn atoms and reduce
the number of free Sn atoms to be reacted with Cu. The Field emission scanning electron
microscope (FESEM), along with the energy dispersive X-ray results revealed that the Bi

is scattered in the bulk of solder alloys (Figure 4.6).
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Figure 4.6: Elemental mapping of Sn-0.7Cu-0.05Fe-2Bi solder alloy.

The electrical resistivity values of modified Sn—0.7Cu solder alloys are summarized
in Figure 4.1. At room temperature, it is found that electrical resistivity of Sn—0.7Cu

solder alloys was 10.93 uQ.cm, which is consistent to the data obtained by Ashram et al
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(ElI-Ashram & Shalaby, 2005). With the addition of Fe and Bi, there was an increase in
resistivity. This increase in resistivity is by virtue of the microstructural changes with the
addition of Fe and Bi. An increase of approximately 4.5% was observed with the addition
of Fe. Fe has a very low solubility in B-Sn matrix. Therefore, the addition of Fe in the
Sn-0.7Cu alloy leads to the formation of high resistivity FeSn, intermetallic compounds
in interdendritic regions (Figure 4.3). FeSnz IMCs hinders the motion of electrons from
one side to another. Furthermore, FeSn2 IMCs displayed an extremely high resistivity
value as compared to Sn, Cu, Fe and CueSns. Consequently, their formations will affect
the electrical resistivity in an increasing manner.
Table 4.3: Electrical resistivity of IMC’s and specific elements (Amin, Shnawah,

Said et al., 2014; Armbrister, Schnelle, Cardoso-Gil et al., 2010; Cieslak, Perepezko,
Kang et al., 1992; Hwang, 1996; Kittel, 2004)

Element, composition Electrical resistivity
or phase (300K) (nQ cm)
Sn 11
Cu 1.70
Fe 10
Bi 116

CusSns 17.5
FeSn2 100
63Sn-37Pb 14.5
SAC105 13.73
SAC305 12.46

Table 4.3 shows the electrical resistivity values of different elements and intermetallic
compounds. However, there was different result observed in previous work with the
addition of 0.1 wt% Fe to the Ag-content Sn—1Ag-0.5Cu solder alloy. The authors

reported a 5% decrease in the resistivity. This decrease was attributed to the presence of
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pure Fe in the primary B-Sn and eutectic regions. In addition, this different behavior might

be attributed to the presence of Ag in the solder alloy.

With the addition of Bi, the bulk resistivity experienced the similar increasing trend.
The electrical resistivity raised to 12.17 pQ.cm with the addition of 1 wt% Bi and further
experienced an increase to 12.63 pQ.cm with the addition of 2 wt% Bi. Instead of making
a new intermetallic compound, Bi forms a solid solution with Sn in the primary p-Sn
dendrites of the solder alloy (Figure 4.6). Formation of the solid solution increases the
resistivity of alloys. According to Matthiessen's rule, an increase in resistance is attributed
to the small addition of foreign atoms in solid solution. Presence of foreign atoms scatters
the electron waves which ultimately results in increased resistivity. According to
Nordheim's rule, electrical resistivity linearly depends on the concentration of additional
metal. In addition, the Linde—Norbury rule states that the increase in resistivity is
proportional to the square of the difference in valencies. Accordingly, the higher the
difference in valencies, the greater the resistance (Bardeen, 1940; Chung, 2006).
Therefore, the increase in resistivity with the addition of Bi is coherent and consistent
with Matthiessen's, Nordheim's and Linde—Norbury's rules. Furthermore, the formation
of solid solution increases the concentration of vacancies in the matrix which hinders the
motion of conduction electrons from one side to another. Moreover, bismuth is a semi-
metallic element and its atoms act as a scattering center which results in an increase in
resistivity of Bi added Sn—0.7Cu-0.05Fe alloys (Bardeen, 1940; Shalaby, 2013). These
scattering centers reduces the mean free path of electron motion, which in turn leads to a

reduction in electron mobility and hence, an increase in resistivity value.

Chemical state analysis indicates the presence of Sn in three states, Sn**, Sn?* and
metallic Sn. With the addition of Fe and Bi, a sound decrease in atomic percent of the

Sn** chemical state was observed. Figure 4.7 displays the shifts in chemical states
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triggered with the addition of Fe and Bi. It is apparent from Table 4.4 that the presence

of Sn** state reduced with the addition of Fe and Bi. Additionally, the amount of Sn?*

increases. These shifts in chemical state ultimately affect the resistivity of the alloys. The

reduction in Sn** tends to reduce the number of free electrons in the alloys. These free

electrons are responsible for the conductivity in an alloy. Reduction in free electrons

results in the diminution of charge carriers. Eventually, deficiency of free electrons and

charge carriers will increase the resistivity of alloys, as it is borne out in this study.
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Figure 4.7: Chemical state of Sn in (a) Sn-0.7Cu solder alloy (b) Sn-0.7Cu-0.05

solder alloy (c) Sn-0.7Cu-0.05Fe-1Bi solder alloy(d) Sn-0.7Cu-0.05Fe-2Bi solder alloy
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Table 4.4: Chemical state (at%) of Sn in Fe and Bi modified Sn-0.7Cu solder alloys.

Solder alloy (wt. %)

Chemical state of Sn (at%o)

Sn+4 Sn+2 Sn[0]

Sn-0.7Cu 78.46 11.16 10.38
Sn-0.7Cu-0.05Fe 56.01 36.54 7.45
Sn-0.7Cu-0.05Fe-1Bi 51.67 34.05 14.29
Sn-0.7Cu-0.05Fe-2Bi 49.88 38.09 12.03

Figure 4.8 displays the results of XRD analysis on the Fe and Bi modified alloys. The

results display the shifting of peaks to higher angles with the addition of Bi. These shifts

generally arise due to the (i) presence of internal stresses in the crystal lattice (ii)

incorporation of Bi in Sn matrix (iii) formation of solid solution, and (iv) disorderness of

the lattice structure. However, all of the reasons mentioned can contribute to the increase

in the resistivity value. With the addition of Bi, variation in lattice parameters was

observed. The results of lattice parameters and crystal system of B-Sn are shown in Table

4.5. The increase in electrical resistivity with the variation in lattice parameters are shown

in Table 4.5. 1t is evident that decrease in axial ratio increases the electrical resistivity of

solder alloys. Our findings are in agreement with the findings of other researchers (El-

Ashram, 2005).
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Figure 4.8: XRD analysis of (a) Sn-0.7Cu (b) Sn-0.7Cu-0.05Fe
(c) Sn-0.7Cu-0.05Fe-1Bi (d) Sn-0.7Cu-0.05Fe-2Bi solder alloys.

Electrical resistivity of Sn—0.7Cu, Sn-0.7Cu-0.05Fe, Sn—0.7Cu-0.05Fe-1Bi and Sn—
0.7Cu-0.05Fe-2Bi were also examined by varying the temperature. Variation in
resistivity was examined within the range of 300-423 K. Figure 4.9 shows the liner
relationship between the resistivity and the temperature. The highest value of resistivity
is observed in the Bi added alloys. A high temperature initiates the disturbance in
crystalline lattice. The vibration of lattice obeys quantum mechanics. With the increase
in temperature, the thermal vibration of metal atoms increases which results in violent
collisions between the metal atoms and electrons. This violent increase in collision
between electrons and metal atoms reduces the mean free path of electrons as well as the
reduction of the mobility of electrons which eventually increases the resistivity value.

(Askeland, Fulay, & Wright, 2011).
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Table 4.5: Details of B-Sn lattice parameters and axial ratio

Alloys Phase Crystal Lattice parameters c/a of J-
(Wt.%) system of p-Sn (A) Sn
a=3.248
Sn-0.7Cu B-Sn Tetragonal = 5062 1.8355
Sn-0.7Cu- a=3.260
0.05Fe B-Sn Tetragonal ¢ = 5980 1.8343
Sn-0.7Cu- a=3.180
. -Sn Tetragonal 1.8330
0.05Fe-1Bi b 9 ¢ =5.829
Sn-0.7Cu- a=3.191
. - T I 1.832
0.05Fe-2Bi p-sn etragona ¢ = 5.849 8329
20
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Figure 4.9: Temperature dependence electrical resistivity of solder alloys

The temperature coefficient of resistance (TCR) for Sn—0.7Cu, Sn—0.7Cu-0.05F¢, Sn—
0.7Cu-0.05Fe-1Bi and Sn-0.7Cu-0.05Fe-2Bi were also determined. Figure 4.10
describes the variations of TCR with the composition. TCR decreases with the addition
of Fe and Bi. The temperature coefficient of resistance symbolizes the resistance change

factor per degree of temperature change. Just as all materials have a certain specific
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resistance (at 20 °C), they also change resistance according to temperature by certain
amounts. For pure metals, this coefficient is a positive number, meaning that
resistance increases with increasing temperature. It is significant to study the TCR of a
solder alloy because solder joint is not subjected to a fixed temperature. The solder joint

encounter various temperature.
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Figure 4.10: Temperature coefficient of resistivity of solder alloys

4.2.1 Effect of thermal aging on electrical resistivity of solder alloy

In order to study the long term reliability of solder, we have studied the effect of
thermal aging on the electrical resistivity of solder alloys. The samples were subjected to
150°C for 24 h. (Cook, Anderson, Harringa et al., 2002; Cook, Anderson, Harringa et al.,
2003). The formation of solder joint is described from initial solidification to aging
effects. Many of the electronics used for automobile applications, for example, require
solder alloys that can withstand operating temperatures near 150 °C. Therefore the aging
temperature was kept 150 °C. Substantial decrease in resistivity was observed when the
alloys were subjected to thermal aging. Figure 4.11 reveals the decrease in resistivity with

the function of aging time. Microstructure of thermally aged alloys are displayed in Figure
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4.12. The microstructure results shows the existence of primary -Sn dendrites and
interdendritic region comprising of CueSns intermetallic compound, finely distributed
with the Sn rich matrix. Thermal aging of alloys results in the coarsening of -Sn matrix

and the size of intermetallic compounds (IMC’s) are reduced.
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Figure 4.11: Electrical resistivity of solder alloys after thermal aging

Table 4.6: Electrical resistivity of solder alloys after thermal aging

Resistivity, p(uf2 cm)

Solder alloy (wt.%0)
Before aging  After aging

Sn-0.7Cu 10.93 10.60
Sn-0.7Cu-0.05Fe 11.41 11.18
Sn-0.7Cu-0.05Fe-1Bi 12.17 11.52
Sn-0.7Cu-0.05Fe-2Bi 12.63 11.67
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The intermetallic compounds had reduction in their shape and size, leaving behind the
rich $-Sn matrix. Diminution in size reduces the collision of IMC’s and electrons. The
reduction in area of IMC’s was confirmed by imaging analysis on the SEM images. Since
FeSn, and CusSns IMC’s holds higher resistivity value as compared to metallic Sn.
Therefore, the reduction in the size and area of IMC’s contributes actively in the overall
reduction of electrical resistivity values. Table 4.6 reveals the results of electrical

resistivity after thermal aging.

Figure 4.12: Microstructure of thermally aged (a) Sn-0.7Cu (b) Sn-0.7Cu-0.05Fe (c)
Sn-0.7Cu-0.05Fe-1Bi (d) Sn-0.7Cu-0.05Fe-2Bi
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4.3 Oxidation behavior of Fe and Bi added Sn-0.7Cu solder alloys.

In general, the oxidation mechanism comprises of three phases. Initially, the oxidation
is governed by the diffusion of oxygen atoms form the atmosphere to the surface of alloy.
At this stage the oxidation behavior is linear and the oxidation is dominated by interface

controlled mechanism. The linear oxidation rate can be expressed as (Abuluwefa, 2012).

(5) =kt (4.1)

Where W is the samples weight in grams (g) , A is the area of the specimen in cm?, t

is the time of oxidation in seconds (s) and k; is the linear oxidation rate constant in g/cm?.

2nd stage is the intermediate stage where the liner oxidation transforms to parabolic
oxidation. The diffusion of oxygen atoms initiates the formation of oxide layer. When the
oxide layer attains certain thickness, the oxidation is followed by parabolic rate law. In
3rd stage the oxidation is governed by the inward and outward diffusion of oxygen and
metallic ions respectively. This stage can referred to as diffusion control oxidation. The

parabolic oxidation rate can be expressed as

2
(5) =kpet (4.2)
Where kj, is the parabolic oxidation rate constant in g/cm?.

The STA curves Figure 4.13 indicates a parabolic behavior between the weight-gain
and temperature during the oxidation process. The samples were heated from 27°C to
200°C at the heating rate of 10°C/min. The flow rate of oxygen was kept constant at
20ml/min. For Sn-0.7Cu, the equation for parabolic behavior can be expressed as Y =

99.929 + 0.0053X - 0.00001X2. The equation indicates that the thickness of oxide layer
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is increasing along with the increase in temperature. In the case of Fe and Bi added solder
alloys the oxidation also follows parabolic oxidation. It is quite evident from the graphs
that addition of Fe and Bi decreases the oxidation resistance of the Sn-0.7Cu alloy. The
equation for Sn-0.7Cu-0.05Fe, Sn-0.7Cu-0.05Fe-1Bi and Sn-0.7Cu-0.05Fe-2Bi can be
expressed as Y = 99.959 + 0.0057X - 0.00001X?, Y = 99.956 + 0.0066X - 0.00001X? and
Y =99.928 + 0.0071X - 0.00002X? respectively. It is evident from the graph and the
equations that no linear behavior was observed during the oxidation behavior. Linear
behavior was not observed during the oxidation of alloys because the oxides layers
formed on the surface of alloys were protective layers. Unlike ZnO, Sn and Bi based
oxide layers are protective oxides layers. In case of Zn based solder alloys, as described
in literature, the oxidation follow a linear behavior because ZnO is not a protective oxide

and oxidation will increase with the passage of time.

100.8

100.7
100.6 ’.._,..-. - L o—t

100.5

Weight %(%)

s SN-0.7Cu-0.05Fe

== == Sn-0.7Cu-0.05Fe-1Bi

------ Sn-0.7Cu-0.05Fe-2Bi

20 40 60 80 100 120 140 160 180 200
Temperature °C

Figure 4.13: STA curves of Modified Sn-0.7Cu solder alloys

4.3.1 XPS analysis of the oxidation film
4.3.1.1 Sn-0.7Cu oxidation behavior
The full XPS spectrum of Sn-0.7Cu oxide surface is shown in Figure 4.14. The

spectrum shows the presence of Sn, O and C on the surface of oxide layer. The presence
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of C is due to the deposition of contaminants when exposed to air. In accordance with
Figure 4.14 it can be assumed that the outermost oxide layer is composed of Sn oxides
only. To obtain the clear information regarding the nature and type of oxide layer narrow
scan was performed on the oxidized area. Figure 4.15 represents the XPS pattern of
Sn3ds2. The Sn3ds,, pattern reveals the presence of Sn oxides and metallic Sn on the
surface, the latter being from the substrate. The peak position at 484.9 eV represents the
peak of metallic Sn, while the peak position of SnO and SnO; are located at 486.2 eV and
486.9 eV. XPS spectrum of Sn3ds> confirms the presence of SnO, oxide layer on the
outer surface while SnO is located just below SnO2 oxide layer. Hence, SnO: is the
dominating oxide layer on the oxidized surface. Figure 4.16 shows the narrow scan of Ogs
spectrum. Spectrum reveals the presence of chemically bound O and also the adsorbed
oxygen. Adsorbents are usually found as carbon and oxygen compounds. The peak
positions of adsorbed oxygen are located at 531.7 eV and 532.9 eV while the chemically

bound oxygen is located at 527.9 eV and 530.6 eV.
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Figure 4.14: XPS spectrum of Sn-0.7Cu solder on the oxidized surface
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Figure 4.16: Oy High resolution XPS pattern of Sn-0.7Cu

The XPS depth profiling was performed on the surface of oxide layers. The surface
was sputtered with Ar* ions. After every sputtering cycle the XPS chemical spectrum was
obtained. Figure 4.17 represents the sputtering cycles of oxidized Sn-0.7Cu solder alloy.
Sputtering cycles displays the decrease SnO; after the 1st cycle. After the 1st cycle it is

the metallic Sn peak which is dominant on the surface along with SnO peak. This results
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further strengthen and supports our previous assumption. It is the SnO2 oxide which is

dominant on the surface and SnO is found as 2" layer underneath SnO,. The XPS sputter

depth profile of Sn-0.7Cu alloys is shown in Figure 4.18. The thickness of the oxide layer

was calculated when the oxygen concentration reached its minimum value.
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Figure 4.17: XPS spectrum of Sn-0.7Cu oxidized samples a) original surface (b)
sputtering 30s (c) sputtering 60s (d) sputtering 120s (e) sputtering 180s

The depth profile and sputtering cycles results also reveals that copper oxides are not

detected. Hung et al. (Hung, Lin, Chen et al., 2006) reported that due to copper-micro
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segregation, Cu is supposed to be present on the alloy surface, under the oxide film. The
depth profile results are in accordance with the hypothesis of Hung et al. Figure 4.18
reveals that increase in copper concentration is spotted as the oxygen concentration falls
down. The sputtering rate was 9.6nm/min. From depth profile results thickness of oxide

layers can be estimated to be 28 nm.
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Figure 4.18: XPS depth profile study of oxidized Sn-0.7Cu solder alloy

4.3.1.2 Sn-0.7Cu-0.05Fe oxidation behavior

To study the effect of Fe on the oxidation behavior, the surface of oxide layer was
subjected to wide scan. Figure 4.19 shows the wide scan spectrum of oxide layer form on
Sn-0.7Cu-0.05Fe. The wide scan results of Sn-0.7Cu-0.05Fe are similar to Sn-0.7Cu
alloy. The spectrum reveals the presence of Sn, O and C on the surface. Figure 4.20 and
4.21 shows the narrow scan spectrum of Sn3ds, and Oss. Figure 4.20 shows that Sn can
be identified in three states: the metallic Sn, SnO and SnO2. However SnO; is the most
abundant state found on the surface. Beside O is chemically bound with Sn, it is also
present as adsorbed oxygen. Figure 4.21 shows the presence of adsorbents at 531.6 eV

and 532.8 eV. It should be taken into account that no traces of Fe was found in wide scan,
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Moreover, there is no indication of Fe oxide in narrow scan results. It can be assumed
that either Fe oxide is present in the inner surface or the formation of Fe oxide are not
possible due to a minor amount of Fe, i.e. 0.05 wt. %. Furthermore, the detectable limit
of the instrument is also the reason we could not find any hints of iron oxides. The

detectable limit of XPS PHI quantera Il is 0.07 wt %.
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Figure 4.19: XPS spectrum of Sn-0.7Cu-0.05Fe solder on the oxidized surface
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Figure 4.20: Snags/2 High resolution XPS pattern of Sn-0.7Cu-0.05Fe
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To understand the type and thickness of oxide layers, Ar" ion sputtering was performed

on the oxidized surface. Sputtering results are also quiet similar to those of Sn-0.7Cu

alloy. The sputtering cycles are presented in Figure 4.22. SnO> is the dominant oxide

layer on the surface. However, after the 1% cycle the concentration of SnO; layer decrease.

The results reveal SnO- as the top most oxide layer and SnO just below the SnO: layer.

The XPS depth profiling of Sn-0.7Cu-0.05Fe alloys is shown in Figure 4.23. The

concentration of copper follows the similar trend as in Sn-0.7Cu alloy.
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4.3.1.3 Sn-0.7Cu-0.05Fe-xBi oxidation behavior (x=1 and 2 wt.%bo)

Figure 4.13 displays the weight gain of Fe and Bi added alloys under the influence of
temperature. On basis of the information gathered from Figure 4.13 it can be assumed
that Bi added alloys are more prone to oxidation. To further understand the oxidation
behavior, the oxidized alloys were subjected to wide scan, narrow scan and depth profile
studies. Wide scan results of Bi added alloy is displayed in Figure 4.24. Surface scan
detects the presence of Bi along with Sn, C and O, on the surface of oxidized layer. The
presence of Bi on the top surface indicates the formation of Bi oxides along with Sn

oxides.
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Figure 4.24: XPS spectrum of (a) Sn-0.7Cu-0.05Fe-1Bi (b) Sn-0.7Cu-0.05Fe-2Bi
solder on the oxidized surface
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Figure 4.26: O1s High resolution XPS pattern of (a) Sn-0.7Cu-0.05Fe-1Bi (b) Sn-
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Figure 4.27: Biss High resolution XPS pattern of (a) Sn-0.7Cu-0.05fe-1Bi (b) Sn-

0.7Cu-0.05fe-2Bi
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However, surface scan was not enough for the assumption of surface oxide layer. In

order to recognize the surface oxide layer, narrow scan was performed. Narrow scan

results confirms tin dioxide (SnOy) as the dominant oxide layer. However, presence of

dibismuth trioxide (Bi2O3) was also detected. The location of Bi>O3z was still uncertain.

Sn3ds/2, Oss, and Biss spectrum of Sn-0.7Cu-0.05Fe-xBi alloy are shown in Figure 4.25,

4.26 and 4.27 respectively.
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Figure 4.28: XPS spectrum of Sn-0.7Cu-0.05Fe-1Bi (Bi4f) oxidized samples (a)
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Figure 4.29: XPS spectrum of Sn-0.7Cu-0.05Fe-2Bi (Bi4f) oxidized samples (a)
sputtering 30s (b) sputtering 60s (c) sputtering 90s (d) sputtering 120s

The surface of oxidized layer was removed by Ar+ ion sputtering. After every cycle
the spectrum was obtained. The sputtering cycles revealed the presence of Bi>Os as the
outermost oxide layer. Sn based oxides are found beneath the Bi>Os layer. The sputtering
cycle for Sn0.7Cu-0.05Fe-1Bi and Sn0.7Cu-0.05Fe-2Bi of Bi»Os are presented in Figure
4.28 and 4.29 respectively. The peaks of Bi>O3 disappeared after the 1% cycle and on
further sputtering Bi-Os was not detected. However, from the 2" sputtering cycle SnO;
was detected. Bi added alloys follow the similar trend for both the compositions. Figure
4.30 and 4.31 represents the sputtering cycles of Sn-based oxides for Sn-0.7Cu-0.05Fe-
1Bi and Sn-0.7Cu-0.05Fe-2Bi respectively. The concentration of SnO2 decreases after the
2" cycle. It can be seen that the SnO2 concentration is decreased along with increase in

SnO concentration. This reveals the presence of SnO beneath SnO.. Depth profile results
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of Sn-0.7Cu-0.05Fe-1Bi and Sn-0.7Cu-0.05Fe-2Bi are shown in Figure 4.32 and Figure
4.33. The depth profile results also confirms the presence of Bi2Ozas the outermost oxide
layer. After the 1% cycle the Bi content is constant during the sputtering. Furthermore,

there is no Fe oxide detected during XPS analysis.
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Figure 4.30: XPS spectrum of Sn-0.7Cu-0.05Fe-1Bi oxidized samples (a) sputtering
30s (b) sputtering 60s (c) sputtering 90s (d) sputtering 120s (e) sputtering 180s
() sputtering 210s

70



200000 300000
Composite spectrum ~——— Composite spectrum b
- -~ Background a ~ -~ Background
250000
~— — Metallic Sn — — MetallicSn
150000
S$n0 Sn0
200000
Sn02 Sn02
z 2
g 100000 g 150000
o [
- -
= £
100000
50000
50000
ees.
0 0
480 482 484 486 488 490 492 480 482 484 486 488 490 492
Binding energy (eV) Binding energy (eV)
350000 350000
- Composite spectrum ~——— Composite spectrum
300000 ~ Background [o 300000 |~ Background d
~— = Metallic Sn — — Metallic Sn
250000 250000 o SN0
2 200000 2 200000
e 8
2 2
Ei%0000 € 150000
100000 100000
50000 50000
0 0
481 482 483 484 485 486 487 488 489 4% 491 481 182 283 484 285 486 487 288 489 49
Binding energy (eV) Binding energy (eV)
350000 400000
~—— Composite spectrum ~— Composite spectrum
300000 ~ Background e 350000 | - - Background f
— — Metallic Sn — — Metallic Sn
300000
250000 Sn0 Sn0
250000
2 200000 z
e £ 200000
2 2
£ 150000 £
150000
100000
100000
50000 | 000 g e S e e n o 50000
0 0
481 482 483 484 485 486 487 488 489 4% 481 482 483 484 485 486 487 488 489 490
Binding energy (eV) Binding energy (eV)
400000
~——— Composite spectrum
350000 | -~ - Background g
~ = MetallicSn
300000
Sno
250000
z
g 200000
[
-
s
150000
100000
50000
0
481 482 483 484 485 486 487 488 489 490
Binding energy (eV)

Figure 4.31: XPS spectrum of Sn-0.7Cu-0.05Fe-2Bi oxidized samples (a) sputtering
30s (b) sputtering 60s (c) sputtering 90s (d) sputtering 120s (e) sputtering 180s (f)
sputtering 210s (g) sputtering 240s
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The thickness of oxide layer of Fe and Bi modified alloys are increased in comparison
to Sn-0.7Cu solder alloy. Formation of Bi»Oz is considered as the reason behind the
increase in thickness of oxide layer. The sputtering results confirm the presence of Bi.O3
on the top followed by SnO2and SnO oxide layer. The estimated oxide thickness of Sn-

0.7Cu-0.05Fe-1Bi and Sn-0.7Cu-0.05Fe-2Bi are 33 and 38nm respectively.
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Figure 4.32: XPS depth profile study of oxidized Sn-0.7Cu-0.05Fe-1Bi solder alloy
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Figure 4.33: XPS depth profile study of oxidized Sn-0.7Cu-0.05Fe-2Bi solder alloy
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Table 4.7 reveals the Gibbs free energy of formation of basic oxides (Dean & Lange,
1999). In light of thermodynamics, an element possessing more negative Gibbs free
energy of oxide formation will be more prone to oxidation. It is quite evident from table
4.7 that Sn will be more prone to oxidation compared to bismuth. Therefore, Sn oxides
will dominate the oxidation process, as it is observed in this study. Parabolic oxidation
rate constant for Sn-0.7Cu and modified alloys were also calculated. Table 4.8 reveals
the values of parabolic rate constant of modified alloys along with 63Sn-37Pb and Sn-
9Zn. The rate constant of Fe and Bi modified alloy is approximately 56% lower than that
of 63Sn-37Pb alloy (Lin & Liu, 1998). Lower values of parabolic rate constants as
compared to Sn-Pb and Sn-9Zn can be ascribed to the formation of protective oxides

films.

Table 4.7: Gibbs free energies of formation for Sn and Bi oxides

Gibbs free energy of

Element Common Oxide )
formation (kJ/mol)
SnO -251.9
Tin
SnO2 -515.8
Bismuth Bi20Os -493.7

Table 4.8: Parabolic rate constant of solder alloys
Parabolic rate constant

Solder Alloy

(gm/cm?/hr/?)
Sn-0.7Cu 3.85x 10
Sn-0.7Cu-0.05Fe 3.89x 10
Sn-0.7Cu-0.05Fe-1Bi 419x 103
Sn-0.7Cu-0.05Fe-2Bi 4.33x 103
63Sn-37Pb 9.82x 10
Sn-9Zn 7.38x10°®
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The oxidation process for modified Sn-0.7Cu alloys can be characterized in four steps.

In the beginning, the Sn reduces as Sn4" cations.

Sn — Sn4* + 4¢” (4.3)

The released electrons reach the outer surface of the alloys. The presence of oxygen

absorbs the released electrons and forms O, ions on the surface.

%0, + 26" — Oy (4.4)

Finally, the Oz ions formed on the surface reacts with the Sn4* ions and forms Sn

oxide at the oxide/metal interface.

Sn4* + Oy — SnO: (4.5)

At elevated temperatures, the bismuth metal reacts with oxygen to form a yellow

trioxide. The reaction is as follows

4Bi + 302 — 2Bi203 (4.6)

The XPS results and work of other researchers reveals SnO as the basic oxide layer
formed during the oxidation (Lee, Tseng, Hsiao et al., 2009; Yuan, Yan, & Simkovich,
1999). However, as the temperature increases the SnO ultimately transforms into SnO>
phase. The difference between density of SnO and SnO; phase is 5%. Hence, the phase
transformation of SnO-SnO> will induce internal stresses. The induction of internal
stresses will ultimately leads to the formation of pores and cracks in oxide phase. Yuan
et al. (Yuan, Yan, & Simkovich, 1999) reported the porous structure of Sn-based oxides.
Formation of porous structure facilitate the penetration of O2™ atoms to the metal surface.

Ultimately, the oxygen atoms reacts metals to form oxide, resulting in degradation of
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solder joint. The addition of Bi results in the formation of Bi»Os. The Pilling-Bedworth

ratio of SnO, SnO; and Bi>O3 can be calculated by

P — B Ratio = —2efm_ 4.7)

n.po.Am

Where A, is the molecular or formula weight of the oxide and Am is the atomic weight
of the metal n is the number of atoms of metal per one molecule of the oxide and po pm

are the oxides and metal densities respectively.

The Pilling-Bedworth ratio of oxides formed are shown in table 4.19. Oxides having
Pilling-Bedworth ratio less than 1 are found to be porous and non-protective. In this case
the oxide does not fully covers the metal surface. Oxides having pilling-Bedworth ratio
greater than 1 but less than 2 are considered as protective oxides. However, oxides with
pilling-Bedworth greater than 2 generate compressive stresses, which further lead to
formation of cracks and spalling of oxide layer (Callister & Rethwisch, 2013). The value
of PB ratio of SnO, SnO> and Bi>O3 lies between 1 and 2, therefore, these oxides are
considered as protective oxide layers. The increase in thickness and parabolic rates are

attributed to the formation of new oxide layer (Bi>O3)

Table 4.9: P-B Ratio of Sn and Bi oxides

Oxide PB ratio
SnO 1.28
SnO2 1.35
Bi20s 1.23
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4.4 Corrosion behavior of Fe and Bi added Sn-0.7Cu solder alloys.
4.4.1 Potentiodynamic Polarization

The potentiodynamic polarization curves of Sn-0.7Cu, Sn-0.7Cu-0.05Fe, Sn-0.7Cu-
0.05Fe-1Bi and Sn-0.7Cu-0.05Fe-2Bi solder alloys in 3.5 wt.% NaCl solution are
presented in Figure 4.34. The polarization curves indicates better corrosion resistance of
Sn-0.7Cu solder alloy. Owing to the fact that all the testing were performed in de-aerated
NaCl solution, the reaction at cathode (region AB) can be attributed to the dissolved
oxygen reduction reaction (Udit Surya Mohanty & Kwang-Lung Lin, 2006; Oulfajrite,

Sabbar, Boulghallat et al., 2003).

02 + 2H20 + 4¢" — 40H" (4.8)

On further scanning, a sharp increase in current density was witnessed which is
attributed to the active dissolution of Sn (region BC). Active dissolution of Sn from Sn
to Sn?* and Sn** take place as (Almeida, Rabdczkay, & Giannetti, 1999; Mohran, El-

Sayed, & El-Lateef, 2009; Ogura, 1980).

Sn — Sn?* +2¢" (E° sna+/sn = -0.136V) (4.9)

Sn?* — Sn** +2e" (E® sn4+/sn2+ = 0.150V) (4.10)

At point B, the potential is referred to corrosion potential (Ecorr). The value of corrosion
current density (icorr) IS determined by running the Tafel plots. The point where
extrapolated cathodic and anodic tafel slopes intersect each other gives the value of icor.
The corrosion rate of the material depends upon the icorr Values. Lower the value of icorr,

lower will be the corrosion rates of the material.
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Figure 4.34: Potentiodynamic polarization curves of Sn-0.7Cu and
Sn-0.7Cu-XFe-YBi (X=0.05, Y=1, 2)

The active dissolution of tin (Sn) remained uninterrupted and the corrosion current
density increased until the concentration oxide/hydroxide of Sn reaches a critical value
and supersaturates the surface of alloy (point C). Figure 4.35 represents the images of

surface polarized till point C.

Sn based oxides and hydroxides i.e. Sn(ll), Sn(IV), Sn(OH)2 and Sn(OH)4 might form
as (Alvarez, Ribotta, Folquer et al., 2002; Kapusta & Hackerman, 1980; Mohran, El-

Sayed, & El-Lateef, 2009)

Sn + 20H" - 2e” — Sn(OH)> (4.11)

Sn(OH)z2 + 20H" - 26" — Sn(OH)4 (4.12)

Sn(OH)2 and Sn(OH)4 dehydrates and forms SnO and SnO-

Sn(OH)2 — SnO +H,0 (4.13)

SN(OH)s — SnOz +2H,0 (4.14)
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Formation of Sn(OH)4 improves the passivation behavior of the protective film (El

Rehim, Zaky, & Mohamed, 2006).

) " ENT=1000KV  Sigs SE2 zZrISs

Figure 4.35: FESEM Micrographsf er a Irzed till point C. (a) S-
0.7Cu (b) Sn-0.7Cu-0.05Fe (c) Sn-0.7Cu-0.05Fe-1Bi (d) Sn-0.7Cu-0.05Fe-2Bi

On further scanning from point C the current was independent of potential till point D.
The region CD is considered as the stable passivation stage. It is quite evident form
polarization curves that the addition of Fe and Bi results in the shifting of corrosion
potential (Ecorr) towards more noble values. However, the corrosion current density (icorr)
increases with the addition of Fe and Bi. For Sn-0.7Cu and Sn-0.7Cu-0.05Fe alloys the
icc Never exceed 0.5 pA cm? and for Bi added alloys the icc value was high. Lower leor
values results in the lower corrosion rate Sn-0.7Cu solder alloy. Moreover, the lower
values of critical current density (icc), passivation potential (Epass) and pseudopassivation

current density (ipp) of Sn-0.7Cu alloy represents its superior performance. With the
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alloying of Fe and Bi the ic, Epass and ipp shifts towards higher value, portraying
deterioration in corrosion resistance. Alongside this, base alloy holds higher passivation
(AEp) and pseudopassivation (AEpp) domain as compared to modified alloys. The values

of corrosion parameters are listed in table 4.10.

Table 4.10: Corrosion parameters of base and Fe/Bi modified alloys

Solder Ecorr icorr cc Epass  AEp ipp AEpp
Alloy

(Wt.%) (mV)  (WAcm?)  (pAcm?)  (mV) (mV) (HAcm?)  (mV)

Corrosion

rate (mpy)

Sn-0.7Cu  -631 0.411 0.192 -565 228 643.2 112.0 0.826

Sn-0.7Cu-

-622 0.552 0.209 -560 163 765.0 104.8 1.111
0.05Fe
Sn-0.7Cu-

-472  1.030 3.611 -400 72 713.8 93.0 2.080
0.05Fe-1Bi
Sn-0.7Cu-

-470 1.460 0.756  -408 26 802.8 64.1 2.949
0.05Fe-2Bi

From point D, a sharp and continuous increase in current density followed by slight
increase in potential was observed. This increase in current density is ascribed to the
breakdown of passive film. The increase in current density shifts the curves in x-direction.
This behavior is attributable to active dissolution of Sn stimulated by CI ions, which
results in the formation of soluble complexes such as SnCls and SnCls> (Mohamed, Aziz,

Mohamad et al., 2015; Refaey, 1996).

At point E, a constant decrease in current density was observed when the alloys were
further scanned in anodic direction. Finally the current remains constant on increasing
the potential which indicates the onset of pseudopassivation process, which is accredited
to the formation of corrosion film. At point “X” a small spike is observed in Sn-0.7Cu

alloy. This behavior is ascribed between formation and dissolution of passive film (Zhu
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& Sandenbergh, 2001). Similar behavior was also observed by Gao et al (Gao, Cheng,
Jieetal., 2012). FESEM analysis along with EDX was carried out at the end of the process
to study the morphology of corrosion products and XRD was performed to study the
corrosion products. FESEM micrographs indicates the presence of platelet-sheet like or
flake-like corrosion products on the surface of Bi added alloys (Fig 4.36). The presence
of platelet-sheet like corrosion products offers various empty spots. These spots are the
areas which are easily targeted by CI" ions, ultimately increasing the corrosion rate of
alloys. On the contrary, Sn-0.7Cu solder alloy composed of densely packed corrosion
products. This type of morphology perfectly covers the surface of metal, preventing the
surface to get attacked by ClI ions. Inferior electrochemical behavior of Bi added alloys
are also due to the presence of Bi on the corroded surface. The presence of Bi rich phase
can results in the galvanic action of bismuth and tin/iron. Table 4.11 displays the electrode
potentials of elements. Large difference between Bi and Sn/Fe can results into galvanic

action. EDX results also reveals the presence of small amount of Fe.

The addition of Fe in alloy leads to the formation of FeSn, IMC. Covert et al. reported
the inert nature of FeSnz intermetallic compound, in NaCl solution. Since FeSn, formed
is nobler than metallic Sn hence, the potential difference between the IMC and Sn will
continuously force the Sn to dissolve. This process produces Sn?* and Sn**. The formation
of Sn?* and Sn** reacts with the CI- ions and forms SnCl, and SnCla. This growth provides
a continuous electron movement that generates electric flow, enlarging the pit spot and
resulting in a bumpier morphology of corrosion products. Surface morphologies of

corroded alloys are described in next section.
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Figure 4.36: FESEM micrographs of solder alloys after complete polarization (point
f) (a) Sn-0.7Cu (b) Sn-0.7Cu-0.05F¢ (c) Sn-0.7Cu-0.05Fe-1Bi (d) Sn-0.7Cu-0.05Fe-2Bi

Table 4.11: Electrode potential of metals

Netal poteri::?:[rlic)°d§V)
Fe -0.44 Anodic
Sn -0.135
Bi 0.308
Cu 0.34 Cathodic

XRD pattern of corroded samples are presented in fig 4.37. XRD results indicates the
presence of tin oxy-hydroxide chloride SnsO(OH).Cl2 and SnO: on the surface of Sn-
0.7Cu alloy. However, SnO; peak is not observed with the addition of Bi. SnO> by nature
is passive oxide layer and promotes the passivation process. The absence of SnO; affect

the passivation of alloy, as it is borne out in this study.
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Figure 4.37: XRD patterns of (a) Sn-0.7Cu (b) Sn-0.7Cu-0.05Fe (c) Sn-0.7Cu-
0.05Fe-1Bi (d) Sn-0.7Cu-0.05Fe-2Bi

4.4.2 Atomic force microscopy

Figure 4.38 represents the 3-dimensional AFM images of solder alloys subjected to
potentiodynamic polarization in 3.5 wt.% NaCl solution. The samples were placed on a
glass substrate and roughness parameters were calculated using Nova (inverted) software.
In general, roughness results are expressed in terms of average roughness (Sa) and root
mean square roughness (Sq), Peak-to-peak (Sy) and ten point height (Sz). The values for
average roughness (Sa), RMS roughness (Sq), Peak-to-peak height (Sy) and ten point
height (Sz) are presented in table 4.12. It is evident from the surface topography that
corrosive film formed on the surface of Sn-0.7Cu solder alloy possesses a smooth
morphology. However, with the addition of Fe and Bi, corrosive film was found to be
bumpier. Sa and Sq results (table 4.12) also indicates that the roughness of surface was
increased with the addition of Bi. A sound increase in roughness was observed with the

addition of Bi indicating a bumpier surface, an evidence of higher corrosion rates. Peak-
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to-peak height (Sy) provide with the difference between highest and lowest pixel in the
image and ten point height (Sz) gives us the average height of five highest local
maximums plus the average height of five lowest local minimums. The higher the values
of Sy and Sz, more irregular of bumpy the surface is. Table 4.12 represents that the values

of Sy and Sz increases with the addition of Fe and Bi, forming a bumpier corrosion layer.

Figure 4.38: AFM morphology of (a) Sn-0.7Cu (b) Sr;-b.7Cu-0.05Fe
(c) Sn-0.7Cu-0.05Fe-1Bi (d) Sn-0.7Cu-0.05Fe-2Bi
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Table 4.12: AFM roughness parameters of base and Fe/Bi modified solder alloys

Average Root Mean Ten point
Solder Alloy g Square Peak-to- _p
Roughness height
wt.% Roughness peak (Sy)
(Sa) (S2)
(Sa)
Sn-0.7Cu 20.88 27.47 230.66 115.27
Sn-0.7Cu-
0.05Fe 48.15 63.55 464.26 235.11
Sn-0.7Cu-
0.05Fe-1Bi 62.41 77.41 449.68 225.04
Sn-0.7Cu-
0.05F6-2Bi 69.11 91.75 756.00 379.27

AFM results indicates that the addition of Fe and Bi deteriorates the corrosion
resistance of Sn-0.7Cu solder alloy. The reason behind the increase in corrosion rates can
be described in terms of increase in active sites, presence of deep valleys and localized
corrosion. As the roughness is increased, the presence active sites increased while the
presence of deep valleys results in localized corrosion. On a rougher surface, the
corrosion products are trapped in the valleys which results in increase in corrosion.
Moreover, the rough corrosion surface provides a larger contact area between the metal
and corrosive medium, resulting in higher corrosion rates. On the contrary, smoother
morphology doesn’t allow the formation of small pits which ultimately results in the
formation of adherent passive film (Lee, Lee, Kim et al., 2012). Figure 4.39 represents
the surface profile of corroded samples. Figure illustrates more intense valleys in Fe and
Bi modified alloys. The AFM results are in agreement with potentiodynamic polarization

results.
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Figure 4.39: AFM profiles of (a) Sn-0.7Cu (b) Sn-0.7Cu-0.05Fe
(c) Sn-0.7Cu-0.05Fe-1Bi (d) Sn-0.7Cu-0.05Fe-2Bi

4.4.3 Electrochemical impedance spectroscopy

Sn-0.7Cu solder alloys and other compositions studied in this paper are multiphase
materials. Hence, their electrochemical behavior cannot be explained using a simple
equivalent circuit (Brett & Trandafir, 2004). The typical impedance spectra of Sn-0.7Cu
and Fe/Bi added Sn-0.7Cu solder alloys are shown in Figure 4.40. It is quite evident form
the impedance that the curves are not perfect semi circles, as anticipated form EIS theory.
Therefore, it is required to use a constant phase element (CPE). Fitting of the spectra are
performed using a series combination along with two RC parallel combinations, each
consisting of a constant phase element (CPE) and a resistance R (Fig 4.41). CPE was

designed as a non-ideal capacitor (Roeper, Chidambaram, Clayton et al., 2008).
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R1CPE; is associated to metallic corrosion and R2CPE; is associated to the existence
of corrosion products. These corrosion products can be composed of hydroxides, oxides
of oxyhydroxychlorides layers (Acciari, Guastaldi, & Brett, 2005). The presence of
corrosion products can act as a barrier between the working electrode surface and

electrochemically active species. This barrier limits the diffusion of ions to the surface,

hence, resulting in lower corrosion rates.
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Figure 4.40: Nyquist plots of solder alloys
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Figure 4.41: Equivalent circuit used for fitting impedance spectra

The results of nyquist plots spectra are shown in table 4.13. Nyquist plots are
characterized by means of a semicircle loops starting from higher to lower frequency.
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Table 4.13: Impedance parameters after fitting of plots

Solder R R, CPE, . cPE.
Alloy ’ ) Y 02 , 2 03
wt.%
Sn-0.7Cu 18.26 433.6 5.39x10® 0.809 349.4 3.30x107 0.838
Sn-0.7Cu- 16.43 502.4 9.71x10% 0.592 9347 1.85x10° 0.723
0.05Fe
Sn-0.7Cu- 5 .
0.05Fe-1Bi 17.07 428.6 2.45x10™ 0.762 90.89 4.93x10 0.641
Sn-0.7Cu- 5 4
0.05Ee-2Bi 17.79 4019 3.24x10™ 0.792 51.90 8.00x10 0.773

Nyquist plots in figure 4.40 shows a decrease in impedance loop diameters. This
decrease in diameter gives an indication of lower corrosion resistance. In the nyquist

spectra for solder alloys, the loop diameter decreases with the addition of Fe and Bi. The

decrease in loop diameter, lower resistance and higher capacitance value of Fe and Bi

added alloys represents that the addition of Fe and Bi makes the alloys more prone to

corrosion. The EIS results are in agreement with Potentiodynamic polarization and AFM

results.
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Fig 4.42 illustrates the bode and bode-phase diagrams. These spectra represents the
phase angle and modulus of impedance as a function of frequency. Bode plot displays the
maximum impedance magnitudes (|Z|) at low frequency. Maximum phase angle value
were also determined form bode plots. Modulus of impedance and phase angles values
are presented in table 4.14. The results indicates that the highest impedance and phase
angle are observed in Sn-0.7Cu and the lowest values are associated with Sn-0.7Cu-
0.05Fe-2Bi solder alloy. Maximum phase angle and highest magnitude of impedance
represents the better corrosion resistance of Sn-0.7Cu solder alloys. On the contrary, the

corrosion resistance of base alloy is reduced with the addition of Fe and Bi.

Table 4.14: Magnitude of impedance and phase angle values

Solder Alloy wt.% Log |Z|(€2) ®max (°)
Sn-0.7Cu 838.2 53.2
Sn-0.7Cu-0.05F¢ 668.2 32.4
Sn-0.7Cu-0.05Fe-1Bi 567.9 5.9
Sn-0.7Cu-0.05Fe-2Bi 538.8 4.3

4.5 Cost Analysis

The cost of solder alloys can not be negotiated at the expense of superior mechanical,
electrical, oxidation and corrosion properties. The composition should be cost effective
as compared to Sn-Pb alloys. In this study the overall cost of solder alloy is reduced with
the addition of Bi. The addition of Bi (1 and 2 wt.%) results in the reduction of overall
cost of the solder alloy by 0.61% and 1.13% respectively. The cost of pure metals has
been quoted by LME, Bloomberg and Shanghai Metals Market on 28" december 2016.
Table 4.15 shows the details of the cost of solder alloys. As compared to SAC series, the

current formulation is cost effective too. Due to the addition of Ag, the SAC series
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become expensive. The cost of SAC 305 and SAC 105 are 41 and 19 times high as

compared to Bi added Sn-0.7Cu solder alloys.

Table 4.15: Cost analysis of modified Sn-0.7Cu solder alloy

Raw
Cost/Metal Sn Cu Bi Fe Ag Pb m%;[erlals
ost,
USD / kg
USD/MT 21225 5482 9705 7225 513000 2185 i
USD/kg 21225 5482 9705 007225 513 2185 i
sno.7Cu* 2107 003 ] _ ' 2110
(Wt.%) 993)  (0.7) :
SOaCw 2106 003 - 000003 - i 2109
(We%) (99.25)  (0.7) (0.05)
ooadlCU 2085 003 0097 000003 - i 20,97
e 9825) (07) (1)  (0.05)
oadISU 2064 003 0194 000003 - i 2086
Weot 9725 (0.7 (@  (0.05)
SAC105 2090 002 - i 513 - 26,05
(Wt.%) 985)  (0.5) ) :
SAC305 2050 002 - i 1539 - 25 01
(Wt.%) (965)  (0.5) ) :
Sn-37Pb 1338 - i i ~ 080
(Wt.%) (63) @7 418
*In this work
4.6 Summary

The electrical resistivity of solder alloys are increased with the addition of Fe and Bi.

This increase in resistivity is attributed to the formation highly resistive FeSn, IMC and

also due to solid solution strengthening. Moreover, chemical state of tin varies with the

addition of Fe and Bi. Though an increase in resistivity is observed by the addition of Fe
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and Bi, the electrical resistivity are still better than the traditional Sn-Pb solder alloy. In
addition, the resistivity is better than the SAC105 and SAC305 alloys, which are currently
considered as the most promising replacement of Sn-Pb alloys. The oxidation resistance
slightly deteriorate with the addition of Fe and Bi. This result is attributed to the formation
of an additional oxide layer Bi>Os. XPS results reveals increase in oxide layer thickness
with the addition of Fe and Bi. However, the new formulation is significantly better in
terms of oxidation resistance when compared to eutectic Sn-Pb alloy. Lower values of
parabolic rate constants reveals the better performance of Sn-0.7Cu-0.05Fe-2Bi as
compared to eutectic Sn-Pb solder alloy. The electrochemical corrosion is significantly
affected with the addition of Fe and Bi. The lower passivation domain and higher
corrosion rates reveals the deterioration of corrosion resistance of Fe and Bi modified
alloys. Our previous studies reveal that the addition of Bi in solders is beneficial in terms
of mechanical, thermal, microstructural and wetting properties. We choose an optimum
amount of Bi in which the mechanical strength, thermal, microstructural and wetting
properties were improved. Bi increased the electrical properties of the alloy but, even
after the increase in resistivity values the values are superior to SAC and other alloys. In
this way we obtain a solder with enhanced mechanical, thermal, microstructural and
thermal properties along with comparable electrical, oxidation and corrosion properties.
According to National Institute of Standards and Technology (NIST), mechanical,
microstructural, electrical, corrosion and thermal properties of Fe and Bi modified Sn-
0.7Cu solder alloys are superior to Sn-3.5Ag, SAC, Sn-Pb, Sn-Bi, Sn-Sb and Sn-9Zn
solder alloys. Our formulation meets the requirement of industrial standards as SAC is
currently adopted in industries and the properties of our formulation is comparable to

SAC series.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion
In this study, we investigated the effect of Fe and Bi addition on electrical
resistivity, thermal aging, oxidation and corrosion behavior of Sn-0.7Cu solder

alloy. The results obtained are summarized as follows:

1. Anincreasing trend in resistivity was observed with the addition of Fe and Bi.
The electrical resistivity increased by approximately 4.5% with the addition of
0.05 wt. % Fe, 11.07 % with the addition of 1 wt. % Bi, and 15.55 wt. % with
the addition of 2 wt. % Bi.

2. Substantial decrease in the electrical resistivity was observed after thermal
aging. Decrease in resistivity is due to the refinement of microstructure.
Electrical resistivity was reduced by 3% for Sn-0.7Cu, 2% for Sn-0.7Cu-
0.05Fe, 5% for Sn-0.7Cu-0.05Fe-1Bi and 7% for Sn-0.7Cu-0.05Fe-2Bi solder
alloy.

3. The oxidation resistance was significantly affected by the addition of Bi in the
solders alloys. The thickness of oxide layer of Sn-0.7Cu is 28nm. With the
addition of 1 and 2 wt.% Bi the thickness increased to 33 and 38 nm
respectively.

4. The potentiodynamic polarization curves reveals the corrosion behavior of
alloys. Higher corrosion rates, bumpier corrosion products, lower resistance

and higher impedance values were observed with of Fe and Bi modified alloys.
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Table 5.1: Electrical resistivities, oxidation rate constant and corrosion rates of
different lead-free solder alloys

Electrical Parabolic oxidation .
Solder Alloy o Corrosion rate
(Wt 0/) reS|st|V|ty rate constant (m )

70 (nQ cm) (gm/cm?/hr?) by
Sn-0.7Cu * 10.93 3.85x 10 0.826
Sgooséff 11.41 3.89 x 10° 1111

O%g'gé?f;i'* 12.17 4.19x 10° 2,080
osc)g_gé?zc;i_* 12.63 433x10° 2.949
13.73 2.907

SAC 105 (Amin, Shnawah, - (Nordin, Said, Ramli et

Said et al., 2014) al., 2015)

4.099

SAC 205 ) ) (Mohanty & Lin, 2007)

12.46

2.142

SAC 305 (Amin, Shnawah, ) (Mohanty & Lin, 2007)

Said et al., 2014)

16.20 .
sn-9zn (M. Kamal & E.-S. 7.38x10 i

Gouda, 2006) (N &L 1998)

14.50 9.82 x 103
N R (Hwang, 1996)  (Lin & Liu, 1998) ]

*In this work

Current research reveals that the addition of Fe and Bi deteriorates the electrical
resistivity, oxidation and corrosion resistance. However, the electrical resistivity,
oxidation rate constant and corrosion rates are still comparable to commonly used

SAC105, SAC305 and superior then 63Sn-37Pb solder alloys (table 5.1).
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5.2 Recommendations
For future work related to this research, some points are suggested for further

investigation and understanding the electrical properties and corrosion phenomena.

1. Electrical resistivity of solder alloys can be studied by making a solder joint on

different pads used in electronic industries. Simulation studies are also recommended.

2. Corrosion studied is carried out in 3.5 wt.% NaCl solution. It is recommended to study

the corrosion behavior of solder alloys under acidic environments.
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