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EFFECT OF ZN ADDITIONS ON THE ELECTROCHEMICAL MIGRATION

BEHAVIOUR OF SAC305 SOLDER ALLOYS

ABSTRACT

The inclusion of lead within the European Union’s Restriction of Hazardous Substances
list has led to a push within the microelectronics industry for a suitable non-lead solder
alloy substitute with comparable mechanical and chemical properties. Tin-silver-copper
(Sn-Ag-Cu) alloys with the addition of zinc (Zn) offers comparable performance in terms
of mechanical properties but was found to be lacking in terms of corrosion resistance. In
this study, the effect of zinc addition on one aspect of corrosion i.e. electrochemical
migration was investigated in 1 wt% of sodium chloride solution with SAC305 as a
substrate. The electrochemical migration behavior of these alloys was studied through a
water drop test to observe the time-to-failure of the circuit and the subsequent test
products studied under scanning electron microscopy (SEM). The water drop test results
indicated that the addition of Zn would increase the time-to-failure due to the formation
of intermetallic compounds at the surface of the substrate. The addition of Zn also
changed the SAC305 dendritic morphology from a fern-like, thick, angular shape to a

thinner, more needle-like structure.

Keywords: Electrochemical migration, lead-free solders, SAC



KESAN PENAMBAHAN ZN KEPADA PENGHIJRAHAN ELEKTROKIMIA

PATERI ALOI SAC305

ABSTRAK
Penyertaan plumbum dalam senarai Sekatan Bahan Berbahaya Kesatuan Eropah telah
mendorong industri mikroelektronik untuk mengganti aloi pateri jenis plumbum dengan
jenis yang tidak mengandungi plumbum yang mempunyai sifat mekanikal dan kimia yang
setaraf dengan aloi plumbum. Aloi jenis timah-perak-tembaga (Sn-Ag-Cu) dengan
penambahan zink (Zn) menawarkan prestasi yang setanding dari segi sifat mekanikal
tetapi didapati kekurangan dari sifat fenomena karat. Dalam kajian ini, kesan penambahan
zink kepada penghijrahan electrokimia disiasat dengan menggunakan aloi SAC305
sebagai substrat dan larutan natrium Kklorida 1%. Sifat-sifat penghijrahan kimia telah
dikaji melalui ujian titisan air ("water drop test™) dan "scanning electron microscopy".
Keputusan ujian titisan air menunjukkan bahawa penambahan Zn ke dalam aloi SAC305
akan meningkatkan masa yang diambil untuk litar pintas dan gagal. Ini diakibatkan oleh
pembentukan sebatian intermetal di atas permukaan SAC305 semasa ujian tersebut
dijalankan. Penambahan Zn juga diperhatikan untuk mengubah morfologi dendrit
SAC305 daripada jenis yang bersudut dan tebal seperti paku pakis, kepada struktur yang

lebih nipis dan berjarum.

Kata kunci: Penghijrahan elektrokimia, pateri bebas plumbum, SAC
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1.0 INTRODUCTION

1.1 Study background

The main material of choice for solder within the early 1960s was predominantly tin-
lead (Sn-Pb) due to the material’s low melting temperature, good solderability and
excellent corrosion resistance properties. However, EU’s Restriction of Hazardous
Substances (RoHS) effective July 2006 saw the prohibition of the use of heavy metals,
including Pb, in electrical and electronic equipment in the European Union (George &
Pecht, 2016). This was due to environmental and health concerns from the disapprobation
toxicity of lead. The effect of this ruling was widely felt by the electronics industry due
to the previous widespread use of lead, and much research was made to present several

potential substitutes to fulfil the demands of the void left behind by Sn-Pb.

However, the explosive growth of surface mount (SMT) technology in light of the
high demand for more powerful devices in a fraction of the footprint would present
another obstacle. This drive towards miniaturisation saw a shift in demand to higher-
density printed circuit boards with that would require a higher electrical gradient to power
its components, subsequently causing an overall higher heat flow (Zhong, Chen, et al.,
2017). Such was found to cause an increase in the risk of mechanical failure from various

sources e.g. whiskering and fatigue at the solder joints (J.-X. Wang et al., 2009).

Electrochemical migration (ECM) is one of such issues that has become a forefront
topic with this new growth within the microelectronics industry. Defined as a process
where a metal placed under an electrical potential and in contact with insulating materials
would undergo ionic transfer from one location to another location (Zhong, Chen, et al.,
2017), this phenomenon would cause a variety of problems. An example of such include

including corrosion and the reduction of surface resistance (L Hua & Yang, 2011).



The combination of these conditions and issues led to the discovery of Sn-Ag-Cu as
a promising candidate to replace Sn-Pb. It not only possessed comparable physical
properties such as microstructure, but also decent wettability (Efzan Mhd Noor & Singh,
2014). However, a study conducted by Zhang et al. (2012) found that SAC solders were
not necessarily suitable for universal application due to poorer wettability compared to
Sn-Pb and high melting temperature. To this end, it was found to be necessary to dope
the current existing bulk alloy with various elements (e.g. Zn, Bi, Al) to further improve

the usability of these SAC solders.

One of such elements studied was zinc (Zn). Not only did it have the advantage of
low cost, it also had a low reflow temperature and comparable mechanical properties to
Sn-Pb, making it an ideal substitute for the material (El-Daly et al., 2009). Tsao et al.
(2010) meanwhile found that the addition of Zn to SAC alloys could reduce the melting
temperature of the alloy by 2°C, while another study by Kotadia et al. (2012) noted that
the addition of Zn had improved the microstructure by suppressing the voids in the lattice.
Another study by Lin and Chuang (2010) noted that the tensile strength of the alloy had

also increased upon addition of Zn.

However, due to their higher position within the electrochemical series, alloys
containing Zn are more susceptible to corrosion. This has become an area of concern with
the aforementioned promising nature of Zn, prompting many studies to be conducted on

the improvement of the performance of such alloys.

There exists however a gap in current research with regards to the effect of small
incremental Zn addition on SAC305 alloys. Most current research only explore the effects
of large dosages of Zn on SAC305 on the electrochemical migration process and/or focus
on the effects on the corrosion process that occurs after the electrochemical migration

process. The differences within the phenomenon (i.e. the lifetime and the failure process)



thus still remain largely undocumented. This study seeks to address this lack of

information.

1.2 Study objectives
The aim of this research project is to understand the effect of Zn addition as a fourth
element on the electrochemical migration process of Sn-3.0Ag-0.5Cu solder alloys. This

study will endeavour to fulfil the following objectives:

I. Toinvestigate the effect of zinc addition on the time to failure of Sn-3.0Ag-0.5Cu
solder alloys
ii. To investigate the effect of zinc addition on the topology of dendrites formed

during the electrochemical migration process.

1.3 Scope of the study

This study’s main focus is on the ECM process and the failure mode of Zn-doped Sn-
3.0Ag-0.5Cu alloys under corrosive environment. This will be studied via an increase of
Zn content within an SAC alloy subjected to a water-drop test. The Zn content will be
varied but will not exceed 0.5% to allow for the observation of the effects of minute
additions of Zn to the system. The ECM process tests will focus on the time to failure for
the circuit setup, while the end result of the test will be analysed via surface electron

microscopy (SEM) to understand the extent of damage caused by ECM.



2.0 LITERATURE REVIEW

2.1  Introduction

Solder has been defined as a fusible metal alloy with a melting temperature of 90 to
450°C (Schwartz, 2014) that is used for the interconnecting and assembly process of
electronic components, particularly on microcircuit boards. Tin (Sn) is one of the most
common materials used in solders, with the eutectic Sn-Pb solders previously one of the
most commonly found solders in the microelectronics industry. This was attributed to
their low cost and melting temperature, as well as their good solderability and mechanical

properties (Mohanty & Lin, 2006).

However, due to mounting concerns from environmental and health perspectives,
several Sn variants have been proposed to replace Sn-Pb, such as Sn-Ag, Sn-Zn, Sn-Ag-
Cu, Sn-Zn-In etc. The choice of maintaining Sn in the solder systems was due to their
properties, microstructures and costs, that were considered to be the best amongst lead-

free alloys (Hassam et al., 1998).

Despite this, the proposed binary and ternary Sn-rich systems are still unable to meet
the needs of microelectric packaging, necessitating research into the inclusion of
additional rare-earth alloying elements (e.g. Zn, Bi, In) into the structure for performance
improvement. In addendum to having comparable performance to Sn-Pb solders, the

substitute materials are also expected to have good corrosion resistance.

This is because corrosion resistance has become a criterion following the push to
miniaturisation of electronic components, as the closer proximity of two different metallic
components may result in corrosion (e.g. electrochemical migration, galvanic, pitting,
etc). Furthermore, the exposure of microelectronics to different environments of varying
humidity, pollutants and temperature also affects the rate of corrosion in the components

(Andersson & Liu, 2008; Kotadia et al., 2012).



A large concern about corrosion in solder alloys is due to the ability to affect the
structure of the metallic alloy itself via introduction of crack initiation sites within
corroded areas, in turn affecting the physical and electronic properties of the components
joints themselves. This would ultimately lead to failure of components, and in today’s
microelectronics industries where each package comprises of hundreds of individual
components, the failure of one component could very well spell the catastrophic failure

of the rest of the circuit in the package.

To this end, it is necessary for any Sn-Pb solder substitute to ensure that they are
comparable or indeed, superior to Sn-Pb solders themselves in their physical and
performance characteristics. The push to further reduce the size of electronic products

will continue, and such, the technology must continue to evolve to meet these needs.

2.2  Physical performance characteristics of lead-free Sn-based solders

As aforementioned in Section 2.1, a suitable Sn-Pb substitute must possess several
characteristics to fulfil the requirements of today’s microelectronics industries. These
characteristics can be divided into two categories: Physical/mechanical properties and

thermal/electrical properties.

In terms of physical and mechanical properties, a low melting temperature and good
wettability is ideal for a solder to facilitate workability of the material without
overconsumption of energy. Furthermore, as solder joints are subject to a high heat flux
due to the magnitude of the electrical field gradient, they require good creep resistance.

High tensile strength is also required for a longer lifetime of the joint.

In terms of thermal and electrical properties, solders are commonly used at joint areas
to connect two components together. This necessitates a low electrical resistivity to

minimise the heat generation and required voltage for the current to pass through.



However, considering the higher heat generation, the solder material must also have

higher thermal conductivity to allow for faster heat dissipation from the joint.

Aside from the characteristics mentioned above, an ideal solder also must have good
wettability. Dusek et al. (2016) classifies wettability into two major factors: Wettability
level and wettability speed. The wettability level will affect the contact angle and surface
energy of the interface, while the wettability speed controls the ability of the liquid to
spread across a surface (Nurul Liyana, 2018). A good solder should have both; to ensure
a good bond between the base metal and the solder, the solder should properly wet the

surface of the metal.

Whilst many Sn-rich alloy variants exist, this review will only look at the most studied
variants. A comparison of the most common solder alloys can be found in Table 2.1

below:

Table 2.1: Comparison of performance characteristics of commonly used solder alloys

Sn-Pb Sn-Ag Sn-Ag-Cu Sn-Zn-Al
(SAC)

Melting point | 183 221 218 199

(°C)

Tensile 41 61 35 46

strength (MPa)

Yield stress 28 23 27 27

Thermal 50 55 55 66

conductivity

(W/Tm.K])

Electrical 15 12 11 34-58

resistivity

(uQ.cm)

Reference (Yamamoto & | (Smithetal.,, | (Yamamoto & | (Yamamoto &
Tsubone, 2002) Tsubone, Tsubone,
2007) 2007) 2007)

It can be observed that SAC has very similar properties to Sn-Pb, making it a viable

substitute for Sn-Pb.



2.2.1 Performance comparison between SAC105 and SAC305

There exists, however, several variants of SAC alloys as well. The two variants given
focus in this review are 98.5% Sn-1% Ag-0.5% Cu (SAC105) and 96.5% Sn-3% Ag-
0.5% Cu (SAC305), in which the difference between the two stem from the additional
2% silver in the alloy. The mechanical properties of SAC105 and SAC305 are detailed in

Table 2.2 below.

Table 2.2: Comparison of performance characteristics of SAC105 and SAC305

SAC105 SAC305

Solidus temperature 217 217

Liquidus temperature 226 222

Elastic modulus (GPa) 43 51

Yield strength (MPa) 29 30

Ultimate tensile strength (MPa) 25 38

Reference (W. Liu & Lee, 2007; | (W. Liu & Lee, 2007;

Sabri et al., 2013) Sabri et al., 2013)

Further studies by Che et al. (2008); Che et al. (2007) indicate that the increase in Ag
content resulted in an increase in the ultimate tensile strength, yield strength and Young’s
modulus. This was attributed to the changes in the microstructure and the intermetallic
compound (IMC) distribution. Sn grain size was also found to be finer with higher Ag

content, resulting in fewer plastic deformations of the solder alloy.

Sabri et al. (2013) however argues that the higher Ag content of SAC305 would result
in a lower drop impact reliability due to its lower bulk compliance and plastic energy
dissipation. This observation was confirmed by a study conducted by W. Liu and Lee
(2007) that found that SAC105 had a minimum drop rate of 5.1 compared to 1.2 of
SAC305. However, Sabri also observed that the reduced Ag content also compromised
the thermal mechanical fatigue properties of the alloy, an observation proved by Henshall
et al. (2009) who observed hard-open cracking was observed for SAC105 at 3291 thermal
cycles, compared to the superior 6657 cycles for SAC305. This indicated that the thermal

fatigue life of SAC105 was inferior to that of SAC305.



A balance thus must be struck between the impact resistance and the fatigue properties
of the alloy which may prove to be difficult with the limitations of a ternary system. To
this end, studies would propose the incorporation of other elements into the alloy structure

to compensate for the weakness of these SAC alloys.

2.2.2 Influence of element addition on Sn-rich alloys

As outlined in Section 2.2, SAC alloys are comparable for most properties, primarily
in joint strength. However, many problems have still been reported for SAC such as the
formation of voids in interfacial IMCs, higher IMC growth rate, large undercooling
during the solidification process, and the spalling of interfacial IMCs during high
temperature storage (Cho et al., 2007). These problems become of particular importance
during high temperature application as higher IMC growth results in a higher
concentration of brittle IMCs (J. Li et al., 2007). This increase in brittleness lead to the
formation of voids and coalescence in the CusSn IMCs, resulting in crack formation at
the solder joint interface (Kotadia et al., 2012). As automotive and aerospace may subject
these alloys to high temperatures of up to 150°C, this becomes a cause of technological

concern (Kotadia et al., 2012).

Studies have thus turned to the incorporation of other elements, i.e. Zn, Bi, Al, Ni, In,
etc into the alloy to suppress the formation of voids within the alloy. A summary of the

properties imparted by these elements compared to that of Sn can be found in Table 2.3.



Table 2.3: Comparison of performance characteristics for additional alloying
element in Sn-alloys

Element Melting point Wettability References

Tin (Sn) - Good Xuetal.,
2006)

Zinc (Zn) Lowers Improves (El-Daly et al.,

2009; Kanlayasiri
& Meesathien,
2018)

Bismuth (Bi) Lowers Improves (Choi et al.,
2002; Y. Liu et
al., 2014)

Nickel (Ni) Increases Improves (El-Daly et al.,
2013; Y. Wang et
al., 2009)

Indium (In) Lowers Lowers (Puttlitz &
Stalter, 2004)

Zn is one of the most common alloying elements for SAC because of its low cost and
low reflow temperatures that allow it to substitute Sn-Pb solder without increasing the
soldering temperature (El-Daly et al., 2009). A small Zn dosage in an alloy was found to
refine the microstructure of the bulk alloy while suppressing IMC growth during thermal
aging which would otherwise have resulted in a brittle solder joint (Wang et al., 2005).
However, Zn is a more reactive material compared to Sn as it’s higher on the
electromotive force series; as thus, it will be subject to corrosion much faster than Sn.

This will be further discussed within Section 2.3.4.

Bismuth, meanwhile, has been reported to impart superior soldering properties e.g.
high joining strength, comparable melting temperature and good wettability (El-Daly et
al., 2009). El-Daly’s study also observed that the tensile strength, ductility and the

tendency for necking was further improved upon by addition of Bi.

The addition of Ni was found to decrease the thickness of the IMC layer between the

substrate and the solder when added to SAC in small amounts (Yakymovych et al., 2018).



However, there was no significant difference noted in the microstructure and mechanical

properties of the solder joints upon addition of Ni.

The use of In in SAC305 was reported to increase the ultimate tensile strength and
hardness of the alloy due to the secondary phase dispersion and the strengthening effect
of the solid solution (Sungkhaphaitoon & Chantaramanee, 2018). The eutectic liquidus
temperature was also found to have improved; however, the ductility of the alloy was

found to have decreased for all alloys containing In.

From these options, Zn and Bi present the most promising potential to address the
shortcomings faced by SAC305. Due to this, several studies have been done on the effect
of Bi addition to SAC alloys in both low (Mahdavifard et al., 2015) and high dosages (EI-
Daly et al., 2009). Conversely, Zn-centred studies in the perspective of SAC alloy
improvement primarily deal with high-Zn content SAC alloys to take advantage of Zn’s
excellent mechanical properties (Li Hua et al., 2011; J.-C. Liu et al., 2015; Tanaka, 2002),
though studies on low-Zn content SAC alloys remain very far and in between. There
remains an opportunity thus to study the improvement capabilities of SAC solders via
addition of Zn, but care must be taken about the chemical properties of Zn before

choosing it as a replacement for Sn-Pb.

2.3 Chemical properties of solder alloys
As a metal, SAC alloys face a wide range of typical chemical-based corrosion
processes that may hamper its long-term durability and performance. Examples of such

are galvanic corrosion, whiskering, electrochemical migration, etc.
The focus of this paper will be on electrochemical migration (ECM).

2.3.1 The electrochemical migration (ECM) process
Defined as the transport of metal ions between two oppositely biased electrodes via a

continuous electrolyte (Medgyes et al., 2015), ECM is an increasingly common form of
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corrosion faced by the microelectronics industry due to the push towards higher density
PCBs. As sizes of circuits shrink, the thickness of the (continuous) invisible adsorbed
vapour layer e.g. water vapour from the humidity in the surroundings on the surface of
the components will rise, making components and solders alike more susceptible to

corrosion. This will lead ultimately to failure of the components.

ECM commonly involves three major reaction processes: The anodic dissolution of
metal, the transport of metal ions and the electrodeposition of ions (Lloyd et al., 2006).
In detail, when a voltage difference is applied between two electrodes, parts of the metal
at the anode will be ionised and will migrate towards the cathode to be deposited (Zhong,

Chen, et al., 2017).

These processes can be observed visually via the formation of microscopic metallic
dendrites that bridge the anode and the cathode during the length of the ECM
phenomenon; an example of it has been pictured in Figure 2.1. When a dendrite bridges
the two electrodes together, it results in insulation-resistance degradation or short-circuit
failure of the components (Jiang et al., 2018). Care must be taken however to distinguish
between ECM and the whiskering process; the latter is a solid-state corrosion process and
even though both involve dendrite formation, only ECM involves the dissolution of metal

and the presence of an electromagnetic field (Sarveswaran et al., 2017).

There are many factors that may affect the rate of ECM: The presence of contaminants
within the electrolyte layer, the magnitude of applied voltage, the distance between the
two electrodes, and even the composition of the electrolyte layer itself may play a role in
the acceleration of ECM within a system. To observe and compare the effects of each of
these factors, there exists a few commonly used test methods to characterise the ECM

corrosion process.
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Figure 2.1: Dendrite formation bridging the gap between the anode and cathode (He et
al., 2014)

2.3.2 Electrochemical migration tests
Three common tests are primarily used to evaluate the progress and extent of ECM in
a system: The water drop test (WD), thermal humidity bias test (THB) and thin electrolyte

layer test (TEL). A comparison of the three methods have been drawn below in Table 2.4.

12



Table 2.4: Comparison of ECM corrosion test methods

WD THB TEL
Controllable - Rate of transfer |- Temperature - Electrolyte
factors - Electrolyte layer |- Relative layer
thickness humidity thickness
- Contaminant - Contaminant
concentration concentration
Length of test Several seconds to a | Lifetime of Several seconds to a
few minutes component/circuit | few minutes
Advantages - In-situ Can simulate actual | - Known
monitoring operating electrolyte layer
- Fast conditions thickness
- Contaminant - In-situ
concentration monitoring
known
Disadvantages - Electrolyte layer | - Unknown - Electrolyte layer
formation electrolyte formation
process cannot thickness process cannot be
be simulated - Difficult for in- simulated
- Distance situ monitoring |- Cannot be used
between to simulate
electrode and practical
electrolyte drop application
cannot be
controlled

Ref: (Zhong, Guo, et al., 2013; Zhong, Yu, et al., 2017)

The WD test is commonly used for laboratory studies and involves placing a drop of
electrolyte of known volume onto the surface of the sample between the electrodes under
a bias voltage as pictured in Figure 2.2(b). The setup is connected to a picoammeter to
monitor the fluctuations in the current in the system as pictured in Figure 2.2(a). When
a short circuit happens, a significant spike will be observed in the current, denoting failure
of the material. The test primarily measures a material’s time to failure via ECM as the

test duration is no longer than a few minutes (Dominkovics & Harsanyi, 2008).

The major advantage of this test is the ability to control the composition and
concentration of the electrolyte layer i.e. by controlling the contaminant content.
However, this test can only be used to simulate tests with visible electrolyte layers due to

the thickness of the electrolyte layer, making it unsuitable to model practical in-line
13



situations that may require adsorbed invisible electrolyte layers. The WD test is unable,

thus, to model the electrolyte formation process.

There is also no standard as to the amount of electrolyte that should be used for WD
tests, with the volume of the water droplet reported to be between 10 to 20 L in some
publications (Dominkovics & Harsanyi, 2008) and up to 3mL in some others (Yu et al.,
2006). The location where the electrolyte drop is placed as well is not fixed, leading to an

inconsistent contact area between the electrode and the electrolyte drop.

Water drop

|

Insulator

Cathode Anode

Y]

Picoammeter Power

Figure 2.2: (a) Water drop test setup; (b) Optical graph of test setup at the beginning
of a WD test experiment (Zhong, Yu, et al., 2017)

The TEL test, as pictured in Figure 2.3, meanwhile, is similar to the WD test with
several differences. A thin electrolyte layer is placed on the sample surface under an
applied bias voltage. A needle connected to a micrometer measures the thickness of the
electrolyte layer, while the potentiostat measures the current within the circuit. The major
difference between this method and the WD is the shape of the electrolyte; the WD
employs spherical electrolyte, while the TEL uses a horizontal thin layer (Zhong, Yu, et

al., 2017). This allows for higher reproducibility of the data.

However, similar to the WD test, the TEL test cannot be used to simulate the
electrolyte layer formation process as the TEL itself has to be artificially made before the

start of the test. The test is also heavily limited by the thickness of the TEL; a TEL of 30
14



microns has been reported in studies (Zhong et al., 2015), but practical on-site thickness

of electrolyte layers may realistically be lesser than that.

'I 6
3

e 22

Figure 2.3: Schematic for thin electrolyte layer test: (1) 3D microscope, (2) thin
electrolyte layer,
(3) electrode, (4) horizontal stage, (5) glass chamber, (6) potentiostat (Zhong, Guo, et
al., 2013)

Conversely, the THB test is capable of addressing these very drawbacks from both
tests. The THB test is usually conducted within a humidity chamber that allows for
manipulation of temperature and relative humidity in the environment. This allows for
the invisible (i.e. adsorbed) electrolyte layer to form on the surface of the component,
making this method the closest to the actual operating environment of an electronics
system. To ensure consistency of THB methodology as well, several standards are
currently in existence e.g.IPC J-STD-004B, Bellcore, JIS Z 3197 (Puechagut et al., 2015).
In the case that accelerated testing may be require, it is also possible to run more severe
THB tests, with temperatures up to 85°C and relative humidity up to 99% (Zhong, Yu, et

al., 2017).

However, there are certain disadvantages to running the THB test as well. Due to the
nature of the invisible electrolyte layer, it is difficult to ascertain the composition of
contaminants present within the electrolyte, as well as the exact thickness of the

electrolyte layer itself. As a higher layer thickness would no doubt affect the rate of the
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ECM reactions (Nishikata et al., 1997), this would require a larger pool of data to ensure
consistent results. The THB test also faces hardware complications for in-situ monitoring,
as it may be difficult to find a camera lens capable of functioning under high relative
humidity and temperature. The finer details of the ECM process such as the structure of
the dendrites unfortunately is not clear from any graphical data that can be obtained as

well (Zhong, Yu, et al., 2017).

2.3.3 ECM corrosion mechanisms of SAC alloys
As previously mentioned in Section 2.3.1, ECM primarily consists of three processes:
Anodic dissolution, ionic transfer and cathodic electrodeposition. There is however one

step that prefaces this: The electrolyte layer formation.

ELECTROLYTE LAYER FORMATION

This step is necessary to create a path between the cathode and anode; without an
electrolyte layer, ECM cannot occur. A study by Lee and Staehle (1997) found that the
sufficient number of electrolyte layers to start the corrosion process on a metal surface is
at approximately 60% to 70% at room temperature, depending on the substrate surface
energy and polarity. This number, however, is subject to change based on the
contaminants contained within the electrolyte, as the presence of different contaminants
affect not only the ECM time (Jung, Lee, Joo, et al., 2008), but also the critical humidity.
Rice et al. (1982), for instance found that this figure can go as low as 40% while

maintaining a thickness equivalent to several monolayers.

From a corrosion perspective, the thickness of the layer affects the ECM process, with
studies showing that dendrite growth and morphology could be affected by the electrolyte
layer thickness. A study by Warren et al. (1989) found that dendrite growth rates and
morphology were similar for TEL and bulk solution (i.e. WD test) situations, but

significantly different in the case of adsorbed moisture layers. This was proven by a study
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by Jiang et al. (2018) who found that the mean time to short circuit for SAC305 would
gradually increase as electrolyte layer thickness was increased till it peaked at an
optimum thickness and decrease upon further addition of electrolyte layer thickness. This
indicates that the electrolyte layer thickness may indeed hinder or facilitate the ECM
process depending on the sufficiency of the layer thickness. Likewise, a study by Zhong
et al. (2015) found that the dendrite growth rate could increase until an optimum level

before it starts to decrease again, based on the thickness of the electrolyte layer.

However, as mentioned in Section 2.3.2, this step is only significant in the case of THB

tests, as WD and TEL tests cannot simulate it.
ANODIC DISSOLUTION

Takemoto et al. (1997) first theorised that that the large rate of dissolution at the anode
was responsible for a high ECM susceptibility in solder alloys. However, SAC305
contains three different potential metals present at the anode capable of oxidation,

indicating that one must be the rate-determining step.

To this end, Jung, Lee, Leeg, et al. (2008) found that the dissolution of Sn was the rate-
determining step in an SAC305 system, and that microelements (e.g. Ag, Cu) do not
participate in the ECM as they will have formed chemically stable intermetallic
compounds with Sn. This finding was confirmed by Yi et al. (2019) and Li Hua et al.
(2011) who found that 95% of SAC305 dendrites were Sn. The dissolution reaction would

thus follow these reactions:
Sn - Sn?* + 2e” (D

0, + 2H,0 + 4e~ — 40H" (2)
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Reaction (1) represents the oxidation of tin at the anode, while reaction (2) represents
the reduction reaction at the cathode for oxygen within the moisture in the electrolyte

layer.

Assuming reaction (1) as the rate determining step, several factors influence the rate
of this step. Jiang et al. (2018) found that increasing the bias voltage applied by 2V to

SAC305 could decrease the mean time to failure by at least 70%.

However, reaction (2) may not necessarily be the only reaction occurring within the
system unless the entire system is fully sterilised and only contains distilled water. For
systems with contaminated electrolyte layers (as in most actual practical cases), species
of contaminants may affect the rate of ECM. A study by Jung, Lee, Joo, et al. (2008)
found, for instance, that the ECM lifetime of pure Sn systems containing Clions was

longer than that containing SO4?" ions by 27 seconds with a higher pitting potential.

Furthermore, the concentration of the contaminants play a role in the ECM rate as well.
Yi et al. (2019), for instance, found an increasing trend in the time to short circuit upon
increasing CI™ ion concentration. This was inferred to be due to the presence of more
hydroxide ions within the system, as well as a stronger disturbance from the evolution of

hydrogen.

These various factors demonstrate that the anodic dissolution reactions play a
significant role in influencing the ECM mechanisms not only at the anode, but also as an

overall.
IONIC TRANSFER

lonic transfer in an ECM system occurs in two directions: The positively charged metal
ions at the anode will move towards the cathode, while the negatively charge hydroxyl

ions at the cathode will move towards the anode. This transportation process occurs under
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an electric field and may occur via three different methods: Electrical migration, diffusion

and/or convection.

Transportation via electrical migration is primarily determined by the migration

velocity of the ion and can be expressed as per Equation 3:
v =ukE 3)

where v is expressed as the ion velocity m/s, while p and E express the ion mobility
and magnitude of the electric field in terms of m?V-1s® and Vm™ respectively. Within
ECM cases, p is defined as a function of the ion characteristics (charge, shape, size) and
the physical properties of the electrolyte (viscosity, pH, etc). Meanwhile, E is a function
of the distance between the electrodes and the applied bias voltage (Bockris & Reddy,

1970).

Transport via diffusion, conversely, functions on a concentration basis. The higher
concentration of cations at the anode and the lower concentration at the cathode provides
a driving force for the ions to move from the anode to the cathode to achieve equilibrium.
A study by Fukami et al. (2007) reported that dendrite formation was diffusion-limited
based on the surface instability at the applied voltages. These diffusion-limited systems
could be expressed by Laplacian fields, with the aforementioned instability caused by the

far-equilibrium conditions at the electrodes (L Hua & Yang, 2011).

The last transport method, convection, is a method that is more applicable for corrosion
systems in condensed conditions i.e. with an adsorbed invisible electrolyte layer (e.g. in
THB test studies) compared to those in bulk-transport systems. This is attributed to the
movement of the bulk electrolyte; in cases where electrolyte movement is minimal and
of high thickness, it is assumed to be stagnant with negligible natural convection effects
(Simillion et al., 2016). To illustrate, a source of strong convection was proposed to be

the collapse of hydrogen bubbles at the cathode as the product of H* reduction (Noh et
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al., 2009). In the case of a large electrolyte layer, the instability caused by this reduction
process would be considered insignificant to the overall transport equation in comparison

to the other two transport mechanisms.
CATHODIC DEPOSITION

Upon reaching the cathode, the Sn ions will undergo a deposition process and be

converted into Sn atoms as described in reaction (4).
2Sn* 4+ 2e~ - 2Sn (4)

The final shape and morphology of the electrodeposit highly rely on the path of current
flow and the concentrations of species involved (Sun et al., 2013). Areas with high
solution resistance and difficulties in transport may become ion-rich, becoming

preferential nucleation and growth areas for dendrites at the cathode.

The dendrite formation process consists of two stages: initiation and propagation. Two
prerequisites are required for dendrites to form in a system, however: A precursor and a
critical overpotential. Zhong, Chen, et al. (2017) states that the overpotential is usually
represented by a critical bias voltage applied across the anode and cathode. Below this
critical voltage, ECM and by extension, the dendrite formation process would not occur.
Takemoto et al. (1997) observes this very phenomenon upon studying ECM in Sn-Pb
alloys, noting that ECM did not occur below a holding voltage of 0.7V. Shyu (1983) in
their study further observed that critical overpotential could be expressed as a function of

exchange current density and the growth rate.

The dendritic precursor, meanwhile, is needed to initiate the process and determine
where the preferential nucleation will start (Zhong, Chen, et al., 2017).The precursor
disturbs the flow of current towards the cathode, causing the deposition rate on the
precursor to be higher than the areas around it. This generates a protrusion which

gradually develops into a dendrite.
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The propagation reaction occurs at a higher rate than the initiation stem as proven by
various studies (He et al., 2014; Zhong, Zhang, et al., 2013) and is commonly fastest at
the tips of a needle or tree-like shaped dendrites. Dendrites for SAC alloys are commonly
more fern-shaped, as can be observed in Figure 2.4. The higher rate was attributed to two
reasons: The first of which is the shorter distance between the dendrite tip to the anode
compared to the rest of the electrode. This causes a stronger electrical field to be formed
at the tip, which would further disrupt the current flow thus causing further deposition to

occur (Minzari et al., 2011).

Figure 2.4: SEM image of SAC305 alloy dendrites after 70h ECM test in
3.5 wt% NaCl solution(L Hua & Yang, 2011)

Steppan et al. (1987) proposes an alternative reason: The formation of a sharp dendrite
changes the diffusion process from a previously linear diffusion system to a more
spherical diffusion of metal ions, increasing the rate of deposition of ions at the tip

compared to the rate of deposition on the entire electrode.

Once the dendrite from the cathode reaches the anode, a short-circuit will occur,
leading to the failure of the system. These dendrites can be observed via surface

characterisation techniques, such as scanning electron microscopy (SEM).
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2.3.4 Influence of element addition on the ECM performance of Sn-rich alloys

Just as in the case of mechanical properties, the addition of different metals into the
SAC alloy microstructure also affects the ECM and corrosion performance of the alloys
themselves. This encompasses not only the rate of corrosion, but also the morphology of
the formed dendrites. The former occurs due to the position of the added element into the
alloy. Should the added element be higher on the electromotive force series than Sn, this

causes it to function as a sacrificial anode, thus accelerating the corrosion process.

An example of this is the addition of zinc to SAC alloys. According to the emf series,
Zn?* is higher in the chart compared to Sn** and H*. making it more electrochemically
active than the other two species. Zn would thus be favoured more for electrochemical
migration, leading to a higher rate of corrosion. Yu et al. (2006) investigated this in depth
and found that Zn would always migrate compared to Sn, which indicated that alloys
containing Zn would always have a higher susceptibility to ECM. Both L Hua et al. (2010)
and Nazeri and Mohamad (2014) meanwhile studied the effect of adding Zn to Sn-Zn
alloys and found that the additional Zn enhances the corrosion current density and

subsequently, the corrosion rate.

Table 2.5: Comparison of corrosion potentials of Sn-rich alloys in 3.5 wt% NaCl

solution
Element Example alloy Corrosion lcorr Reference
lifetime
Pb Sn-37Pb - 8.14 (Wu etal.,
x 1073 2006)
Ag-Cu Sn-3.5A¢- Longer 5.37 (D. Lietal.,
0.5Cu x 1077 2008)
Zn Sn-9Zn Shorter 2.691 (Wuetal.,
X 1075 2006)
Bi Sn-8Zn-3Bi Longer 1.38 (Chang et al.,
x 1075 2004)
In Sn-3.5Ag- Longer 7.413 (Wuetal.,
0.5Cu-9In x 1076 2006)

where lcorr is defined as the corrosion current density.
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From Table 2.5, the large difference between the corrosion current density of Sn-37Pb
and Sn-9Zn confirms what L Hua et al. (2010) and Nazeri and Mohamad (2014) had
claimed regarding the reduction in corrosion resistance with the addition of Zn. This was
further confirmed by a comparison between the studies conducted by Fayeka et al. (2017)
and Jiang et al. (2018). Jiang found that the mean circuit failure time for SAC305 was
higher than that of SA, while Fayeka et al confirmed that the Icorr of SAC305 was at least

ten times the lcorr Of SA.

Another effect of the addition of elements into alloys is the change in the dendrite
microstructure. Dendrites from alloys doped with different elements will display different
fractal dimensions which result in the dendrite itself adopting a different shape. The
addition of Zn into an SAC305 alloy, for instance, changes the original SAC dendrite

microstructure to a more “rose”-like one (pictured in as found by L Hua et al. (2010).

Figure 2.5: SEM of dendrite morphologies of SAC305 in 3.5 wt% NaCl
(a, without metal doping; b, with added Zn) (L Hua et al., 2010)

With these facts in mind, Zn becomes a less attractive option on SAC alloys due to its
susceptibility to corrosion. However, just as in the case of its mechanical properties, most
papers that deal with Zn-containing SEM solders from an ECM perspective only approach
the addition of this element in large doses, commonly of 1% and above (Li Hua et al.,

2011; J.-C. Liu et al., 2015). It is still unknown if addition of minute amounts of Zn will
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yield the same results as those that added in bulk, and if the higher corrosion rate will also

translate to an overall higher ECM rate as well.

2.4 Summary and conclusion

From the study of literature, several conclusions could be made:

1. To ensure that an alloy is a viable substitute for Sn-Pb alloys, it must contain at
least comparable performance characteristics to Sn-Pb. This is especially
important for the mechanical and electrical properties of the alloys.

2. Three types of tests are commonly used to evaluate the ECM process for a solder
alloy: THB, WD and TEL. All three tests fulfil different needs and can be used
concurrently to provide a holistic view of the ECM process.

3. The addition of foreign alloying elements (e.g. Zn, Bi, Ni) are capable of
modifying these characteristics of the solder alloys. The result is a change in not
only the rate of corrosion, but also the morphology of the end corrosion products.

4. SAC305 doped with minute additions of Zn presents an opportunity for study as
too few research studies deal with the effects of minor Zn incorporation into SAC

alloys compared to bulk alloying.
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3.0 RESEARCH METHODOLOGY

3.1

Introduction

This chapter describes the steps involved in the sample preparation, corrosion test and

surface characterisation tests. There are three major stages involved in the conducting of

this experiment: (a) The preparation of the mounted sample and the electrolyte solution;

(b) Corrosion test via water drop (WD) test; and (c) Sample surface characterisation via

scanning electron microscopy (SEM). The materials and apparatus used in this project

are as listed below:

1)

2)
3)
4)
5)
6)
7)
8)

9)

Lead-free solder alloys:
a. Sn-3.0Ag-0.5Cu
b. 99.9 [Sn-3.0Ag-0.5Cu]-0.1Zn
c. 99.7 [Sn-3.0Ag-0.5Cu]-0.3Zn
d. 99.5[Sn-3.0Ag-0.5Cu]-0.5Zn
Polytetrafluoroethylene (PTFE) sheet
Sn24-Bi58 solder
Epoxy resin and hardener
Isopropyl alcohol
Sodium chloride (NaCl) powder
Electrical-discharge machine (EDM)
Polishing machine and silicon carbide (SiC) sandpaper

Water-drop test machine (Keithley)

10) SEM machine
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Sample preparation

e SAC305, SAC305 +0.1% Zn, SAC 305
+0.3% Zn, SAC305 + 0.5% Zn

¢ Alloy and PTFE sheet cleaning

e Polishing: 240, 600, 1200 grit
sandpaper

e Assembly of components

.

4 )

Electrolyte solution preparation
¢ 0.001 uM NaCl solution

P
Corrosion test stage

e Water drop test
e 3V

Surface characterisation test

e Scanning electron microscopy

-

Data analysis & Report writing

.

\V
i\
e 7.5 minutes
\_
—
-
&\

Figure 3.1: Flowchart of experimental procedure

The water-drop test and SEM surface characterisation test were chosen as they were

the most common tests used in other similar studies. By choosing these two tests, easier

comparison of results can be drawn for this study.
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3.2  Sample and solution preparation

3.2.1 Sample preparation

Solders Sn-3.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu-1.0Zn, Sn-3.0Ag-0.5Cu-3.0Zn and Sn-
3.0Ag-0.5Cu-5.0Zn were wire cut via EDM into samples of 0.5mm thickness and1.5 cm
width by 1 cm height. The back and front wider planes were polished with 150 grit silicon
carbide paper to remove oxidation and mill scale from the surface. The alloys were then
rinsed in isopropyl alcohol and distilled water to remove impurities before being force

dried.

Simultaneously, 1.5 cm wide x 1 cm height coupons of PTFE were cut from a sheet of
0.5 mm thickness. These rectangles were first washed with soap solution before being
rinsed with isopropyl alcohol and distilled water to remove impurities and subsequently

force dried.

A length of copper wire was bent into an L-shape and attached to each solder alloy

sample with Sn24-Bi58 solder.

All three components were assembled together as pictured in Figure 3.2 with plastic

specimen clips. This assembly was mounted in cold moulds using epoxy resin.

After the demoulding process, the top of the mounted sample was polished with 240,

600 and 1200 grit SiC paper until the top surface was exposed.
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Figure 3.2: (a) Sample dimensions; (b) Full assembled system

3.2.2 Electrolyte solution preparation

The water drop test would use a solution of 0.001M. To obtain this solution,
0.00584g of NaCl was weighed and added to 100 ml of distilled water in a beaker. The
solution was then stirred with a magnetic stirrer for 10 minutes to ensure complete

homogeneity of the solution.

3.3  Electrochemical migration test

3.3.1 Water drop test
The sample was mounted on the jig of the test apparatus and the copper wires on the
sample were connected to the anode and cathode respectively. 20 pl of electrolyte solution
was pipetted onto the surface of the sample, with care taken for the electrolyte droplet to
cover both electrodes. The machine then applied a stable 3V bias voltage across the
sample and the reactions occurring on the surface of the sample were observed for 7.5
minutes. The electrical current running through the sample was also recorded as a

function of time as well to collate with the visual observation during the water drop test.
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All tests were conducted at room conditions to maintain consistency.

3.4  Surface characterisation test

3.4.1 Scanning Electron Microscopy (SEM)
After the water drop test was completed, the sample surface was analysed by SEM at

a 3V setting.
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4.0 RESULTS

4.1 Water drop test

(a) Average current readings for overall water drop test
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(b) Average current readings for early-stage water drop
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Figure 4.1: Average current readings for Zn and non-Zn containing samples for water

drop test
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Figure 4.1 showed the average current readings recorded in the first 60 seconds of the
water drop test for the four samples containing incremental content of Zn, as well as the
overall current readings for the entire duration of the study. The time-to-failure (TTF) for

each sample was recorded in Table 4.1.

Table 4.1: Recorded time at circuit failure

Zn content (%) | Time-to-failure (s)
0.0 18.285
0.1 20.787
0.3 23.271
0.5 24.870

4.2 Scanning Electron Microscopy

4.2.1 400x magnification

Increasingly heavy precipitation was observed when the Zn content of the solder alloys
were increased, with the 0% Zn samples showing about 60% coverage of the PTFE sheet
covered with precipitate and the 0.5% Zn sample showing approximately 90% coverage

with precipitate.
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Heavy dendrite formation was observed primarily at both cathodes and anodes, but the

larger clusters were observed to be situated primarily at the anodic area.

cathode -

Figure 4.2: SE micrographs for SAC305 samples at 3000x magnification
containing: (a) 0% Zn; (b) 0.1% Zn; (c) 0.3% Zn; (d) 0.5% Zn
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4.2.2 10,000x magnification
Dendrite morphology for the 0% Zn sample was fern-shaped with large diamond-
shaped bulbous protrusions observed at the tips. Dendrite clusters were thick with large

spines in bulk growth.

Conversely, dendrite morphology for the 0.1% Zn sample was sharp and needle-like
at the tips with a slightly thinner backbone. Dendrite clusters were thick but thinner than

that of the 0% Zn sample.

Dendrite morphology for the 0.5% Zn sample however was observed to be fine and
thin with a straw-like structure. The backbone of the sample was considered to be the

thinnest amongst the samples.

Figure 4.3: SEM micrograph at 10,000x magnification of SAC305 alloy
dendrites with addition of: (a) 0% Zn; (b) 0.1% Zn; (c) 0.5% Zn

33



5.0 DISCUSSION

5.1 Water drop test

5.1.1 Time-to-failure

Figure 5.0.1 shows the time to failure (TTF) for the water drop test.
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Figure 5.0.1: Comparison of time-to-failure of SAC305 alloy solders
with incremental zinc content

From the data, the trend for the TTF was found to be increasing TTF for lower Zn

content:

0.5% Zn>0.3% Zn >0.1% Zn > 0% Zn

There was a 12% difference between the TTF values of 0% Zn and 0.1% Zn samples,
which was considered insignificant. Likewise, the 6% difference between the 0.3% and
0.5% samples was also considered insignificant thus the difference in time was
considered to insignificant as well. However, the 26% difference in TTF between the 0%
Zn and 0.5% Zn was considered significant and indicates that the ECM process
experienced by the samples with a higher Zn content occurred at a slower rate than that

those at a lower Zn content. This was in-line with findings by L Hua and Yang (2011)
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and Tanaka (2002) who found that dendrite growth of undoped SAC solder was higher

than that of SAC solder doped with Zn.

It was hypothesised that this may be the effect of intermetallic compound (IMC)
formation on the surface of the substrate. The pure SAC305 sample would perhaps, in
this case, contain CueSns, CusSn and/or AgsSn (Nah et al., 2005) as the major IMCs,
while the Zn-containing samples may have contained CusZng and CuZns IMCs (Chiu et
al., 2002). However, as the studies by Nah and Chiu et al. are for experimental setups
with a higher content of Zn, consideration must be given for the formation of other IMCs

such as ZnCl,, ZnO, SnCl, Sn(OH)4 and so forth.

It is also possible that the formation of a Sn-Zn passive film may have suppressed the
Zn dissolution reaction at the anode, thus prolonging the TTF. Tanaka (2002)
hypothesised this in his study of Sn-9Zn corrosion, where the alloy was observed to
undergo a period of inaction after exhibiting an initial dissolution reaction in the anode.
With lower Sn content in the Zn-containing samples, the higher EMF and oxidation rate
of Zn may have been countered by the rate of formation of the passive layer, thus leading

to the delay in TTF.

As an overall, however, this indicates that the rate of corrosion and the rate of ECM
cannot be conflated. Studies by J.-C. Liu et al. (2015) and L Hua and Yang (2011) both
indicate that the addition of Zn to SAC alloys will result in an increase in the overall rate
of corrosion, but such is not the case that has been observed here for electrochemical

migration.

5.1.2 Hydrogen gas generation
In the duration of the water drop test, it was observed that the sample containing 0.3%
and 5% Zn showed consistently lower current readings than the samples containing 0%

and 0.1% Zn for most of the test. However, within the last 200 seconds of the test, much
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higher readings were observed for the 0.3% and 0.5% Zn samples that would occasionally

exceed those of the 0% Zn sample.

This was attributed to the hydrogen generation reaction occurring at the cathode. To
wit, two competing reactions occur at the cathode simultaneously (Zhong, Chen, et al.,

2017):
O, + 2H,0 + 4e~ — 40H" (2)
2H,0 + 2e” - H, + 20H" (5)

As the WD test involved placing a large droplet of water onto the surface of a sample,
it can be hypothesised that the amount of dissolved and diffused oxygen within the water
droplet is low due to the high electrolyte layer thickness, thus favouring reaction (5) over
reaction (2). Throughout the experiment, it was observed that effervescence was ongoing

in the full duration of the experiment.

It was observed, however, that the samples with higher Zn content had a more vigorous
rate of effervescence than those with lower Zn content. This is in-line with the
expectations from corrosion processes — Zn is located higher in the electrochemical series

and thus would have a higher oxidation rate than Sn.

However, this vigorous generation of bubbles within the system would result in a
higher convection, which may have led to the interference of the dendrite formation
process, that bridges the cathode and anode. This was hypothesised to be the cause of the

lower readings for the 0.3% and 0.5% samples.

As observed in Figure 5.0.2, the size and quantity of hydrogen bubbles between the
four samples differed greatly: the undoped sample only had a few very large bubbles, the
0.1% Zn sample had a few very large bubbles, while the 0.3% Zn sample had a large

quantity of very small bubbles. The 0.5% sample, on the other hand, was observed to
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have a large quantity of medium-sized bubbles. Two assumptions were made for this
process: (a) That the only other competing gas-phase reaction within the system is
reaction (2) and that the oxygen consumption rate far outstrips the oxygen diffusion rate
into water; and (b) That larger bubbles are formed due to the coalescence of small

bubbles.

In this case, the medium-sized bubbles of the 0.3% and 0.5% samples indicate a higher
rate of effervescence than that of the 0% and 0.1% samples as the bubbles had already
coalesced together. The combination of the higher effervescent rate and the larger bubbles
was the cause of the interruption of the dendrite formation process, leading to the initial

lower readings for the first half of the study.

cathode

Figure 5.0.2: Effervescence formation observed at the 1 min mark for SAC305 alloys
containing: (a) 0% Zn; (b) 0.1% Zn; (c) 0.3% Zn; (d) 0.5% Zn
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However, as the test proceeded, it was observed that the rate of effervescence gradually
reduced, to a point where there was no discernible difference between all four samples
due to the low rate of bubble generation, as well as the interference of precipitates for

visual observation. Such was observed at the 6 min mark, as per Figure 5.0.3.

As the electrolyte layer thickness was also observed to have reduced during the
progress of the experiment, it could be inferred that the combination of lower
effervescence generation and the lower electrolyte thickness resulted in an overall rise in
dendrite connections between the anode and the cathode. Likewise, as the rate of
corrosion would be higher for samples with higher Zn content, this would lead to higher

current readings in the last quarter of the WD test.
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containing: (a) 0% Zn; (b) 0.1% Zn; (c) 0.3% Zn; (d) 0.5% Zn

5.2 Morphological analysis of ECM corrosion products

As previously mentioned in Section 5.1.2, the samples containing higher Zn content
experienced a higher rate of reaction due to the higher position of Zn in the
electrochemical series compared to Sn. This can be observed in

Figure 5.0.4, where the density of corrosion product (i.e. the white precipitate)

drastically increases between the 0% and 0.5% Zn samples.
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Figure 5.0.4: Comparison of sample surface at 400x magnification of SAC305
samples containing: (a) 0% Zn; (b) 0.1% Zn; (c) 0.3% Zn; (d) 0.5% Zn

Furthermore, SEM images revealed a gradual change for the dendrite morphology
upon an increase the amount of Zn contained within an SAC305 alloy. Undoped SAC305
samples were observed to be fern-shaped with thick spines and very sharp, diamond-
shaped protrusions as pictured in

Figure 5.0.5. These appeared thick and angular with a heavy branching structure
similar to tap-roots on plants. Adversely, the 0.5% Zn sample was observed to have very

thin and needle-like dendrites, with no observable protrusions. It has a similar backbone-
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like branching structure for its dendrite growth, but the observed branches were overall

finer and similar to a fibrous-root structure.

Figure 5.0.5: SE micrographs of the dendrite topography for SAC305 (left side) and
SAC305 + 0.5% Zn (right side) at: 2000x magnification

A closer comparison of the samples yielded the hypothesis that the angular crystalline
structure on the formed dendrites of undoped SAC305 was Sn as there was a gradual
reduction of the degree of formation of these crystals in the 0.1% Zn sample before it
disappeared entirely in the 0.5% Zn sample. This would indicate that a higher Sn content
would lead to a higher concentration of Sn ions in the dendrite formation. Similar
observations were made by Li Hua et al. (2011) who had found “cactus-like” structures

which were similar to the angular shapes found in this study.

This phenomenon could help explain the lower TTF results of the 0% sample: A more
angular structure would provide a higher surface area for nucleation of dendrite
formation. It could thus be hypothesised that this would accelerate the growth of the

dendrite cluster, leading to a low TTF.

However, the nature of Zn that is more easily oxidised compared to Sn may also be

the reason of the morphology shift as pictured in Figure 5.0.6. Upon increasing fraction
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of Zn within the alloy, the dendrites grow finer and lose their angular “cactus”-like look,
which would support the hypothesis that the angular shapes at the tips were primarily Sn
in nature. As the Zn content of these alloys were still relatively low, the dendrites still
maintained similarities to the dendrite morphology of undoped SAC (e.g. the thick
backbone structure) but the differences in morphology is unmistakeable with higher Zn

content.

Figure 5.0.6: SE micrographs of dendrite morphology at 10,000x magnifictation for:
(a) SAC305; (b) SAC305 + 0.1% Zn; (c) SAC305 + 0.5% Zn

Another observation can be made about the nature of the 0% and 0.1% Zn samples.
Pictured in Figure 5.0.7, the secondary dendrites were observed to be longer compared to
those of the 0.3% and 0.5% Zn sample. It was discussed by Minzari et al. (2011) that
dendrites with a longer shape would have shorter time-to-failure as the distance between
the cathode and the dendrite would be lower. This may well be the reason behind the early
failure of the 0% and 0.1% samples. An early development of longer dendrites compared

to the other samples would result in an earlier time to failure.
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Figure 5.0.7: Macrostructure of dendrites for SAC alloys containing:
(@) 0% Zn; (b) 0.1% Zn; (c) 0.5% Zn

To confirm these hypotheses, it is imperative that energy dispersive X-ray analysis
(EDX) be conducted on the samples to further understand the elemental breakdown of

the dendrites.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The following conclusions could be drawn from the study:

1. The incorporation of Zn into SAC solder alloys increases the time-to-failure of
SAC305 solder alloys. This was hypothesised to be the result of IMC formation
and Sn-Zn passivation that resulted in a longer time to short circuit.

2. A higher Zn content in SAC305 results in a change of the dendrite morphology.
Dendrites will become finer and more needle-like, while exhibiting more fibrous

root-like behaviour in its growth structure.

6.2 Recommendations for future works

This test study was not able to accurately identify the exact chemical composition of
the dendrites due to lack of information. It is thus highly recommended that a test such as
EDX be conducted to further understand the effects of Zn on the dendrite formation.
Furthermore, it is highly recommended that a quantitative test such as the electrochemical
impedance spectroscopy (EIS) be conducted to give a more reliable output and holistic
view of the corrosion process of these alloys that proceed alongside the ECM process. As
the ECM system is capable of being affected by issues like high effervescence affecting
the dendrite formation process, a concurrent test that is more gradual and less destructive

may offer insight into the long-term feasibility of these studies.

Alternatively, to further study higher Zn content in Sn-3.0Ag-0.5Cu solder alloys
using the water drop test method, it would be advisable to run tests under a lower voltage
or a lower concentration of electrolyte ions to minimise the interference of hydrogen

effervescence on the circuit. Furthermore, solder alloy sample polishing should be done
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entirely by machine to minimise the probability of voids and protrusions on the substrate

surface that may act as weak points in the system.
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