KARABUK

UNIVERSITESI

INVESTIGATION OF WETTING AND PHYSICAL
PROPERTIES OF (96.5-x)Sn-2Ag-0.5Cu-1In-(x)Al
QUINARY LEAD-FREE SOLDER ALLOY
SYSTEMS

2024
PhD THESIS
PHYSICS

Masoud Giyathaddin OBAID

Thesis Advisor
Assoc. Prof. Dr. Ahmet Mustafa ERER



INVESTIGATION OF WETTING AND PHYSICAL PROPERTIES OF (96.5-
X)Sn-2Ag-0.5Cu-1In-(x)Al QUINARY LEAD-FREE SOLDER ALLOY
SYSTEMS

Masoud Giyathaddin OBAID

Thesis Advisor
Assoc. Prof. Dr. Ahmet Mustafa ERER

T.C.

Karabuk University
Institute of Graduate Programs
Department of Physics
Prepared as
PhD Thesis

KARABUK
June 2024



I certify that in my opinion the thesis submitted by Masoud Giyathaddin OBAID
titled “INVESTIGATION OF WETTING AND PHYSICAL PROPERTIES OF
(96.5-X)Sn-2Ag-0.5Cu-1In-(x)Al QUINARY LEAD-FREE SOLDER ALLOY
SYSTEMS” is fully adequate in scope and in quality as a thesis for the degree of
PhD.

Assoc. Prof. Dr. Ahmet Mustafa ERER e,

Thesis Advisor, Department of Physics

This thesis is accepted by the examining committee with a unanimous vote in the
Department of Physics as a PhD thesis. June 11, 2024

Examining Committee Members (Institutions) Signature

Chairman : Prof. Dr. Kadir DEMIR (ZBEU) e

Member :Prof. Dr. Necla CAKMAK (KBU)

Member : Prof. Dr. Hayrettin AHLATCI (KBU) e,

Member : Assoc. Prof. Dr. Hakan ALICI (ZBEU)

Member : Assoc. Prof. Dr. Ahmet Mustafa ERER (KBU) ...

The degree of PhD by the thesis submitted is approved by the Administrative Board

of the Institute of Graduate Programs, Karabuk University.

Assoc. Prof. Dr. Zeynep OZCAN s

Director of the Institute of Graduate Programs



“I declare that all the information within this thesis has been gathered and presented
in accordance with academic regulations and ethical principles and 1 have
according to the requirements of these regulations and principles cited all those
which do not originate in this work as well.”

Masoud Giyathaddin OBAID



ABSTRACT

Ph. D. Thesis

INVESTIGATION OF WETTING AND PHYSICAL PROPERTIES OF (96.5-
X)Sn-2Ag-0.5Cu-1In-(x)Al QUINARY LEAD-FREE SOLDER ALLOY
SYSTEMS

Masoud Giyathaddin OBAID

Karabik University
Institute of Graduate Programs
Department of Physics

Thesis Advisor:
Assoc. Prof. Dr. Ahmet Mustafa ERER
June 2024, 115 pages

In this study, aluminum (Al) was added to a SAC205-1In in order to produce (96.5-
X)Sn-2Ag-0.5Cu-1In-(x)Al, quinary solder alloys that do not contain lead (Pb),
where (x = 0.3 wt%, 0.5 wt%, 0.7 wt%, 0.8 wt%, and 0.9 wt%). By optimizing Sn-
Al, manufacturing costs for new Pb-free solder alloys will be reduced. The produced
quinary solder alloys were examined for X-RAY fluorescence (XRF) analysis, and
the accuracy of the metal ratios in all new quinary lead-free solder alloys was
determined by weight percentage. Differential scanning calorimeter (DSC) tests were
conducted for all new quinary lead-free solder alloys. The results showed that adding
Al to SAC205-1In (217.7 °C) slightly reduced the melting points. The lowest melting
point among all new quinary solder alloys in this study was 214.3 °C for SAC205-
1In-0.3Al. The melting point of the quinary lead-free solder alloy (SAC205-1In-
0.3Al) decreased compared to SAC205-1In and SAC305.



The wetting experiments were performed on a Cu substrate in an Ar environment
using the hybrid drop technique (pendant and sessile drop technique) at
predetermined temperatures of 275 °C, 300 °C, and 325 °C to measure the wettability
of the produced solder alloys. At a temperature of 325 °C, the lowest average contact
angle of three positive wetting experiments of SAC205-1In-0.3Al was 39.88°,
indicating the highest wettability. SAC205-1In-0.3Al showed the lowest mean
contact angle of 42.87° at 325 °C, while the mean contact angle for SAC205-1In-
0.5Al was 43.06° for SAC205-1In-0.7Al was 50.45° for SAC205-1In-0.8Al was
43.94°, and for SAC205-1In-0.9Al was 44.78°. The results of the wetting
experiments revealed that the contact angle decreases as the temperature increases
for all new quinary lead-free solder alloys. This study involved conducting XRD and
SEM-EDX analyses to study the microstructure properties of the new quinary solder
alloys and how adding aluminum (Al) affects the formation of IMCs in the alloy. The
analysis results confirmed the formation of various IMCs, such as AgsSn, Ag2Al,
AgsAl, Al,Cu, AlCu, CusSn, and CueSns. Adding (Al) to the SAC solder alloys
resulted in the formation of Ag-Al and Cu-Al IMC and reduced the growth of Ag3Sn
and Cu6-Sn5 IMC. Additionally, this study examined how adding aluminum to the
SAC205-1In-xAl solder alloys in a 1M hydrochloride acid HCI solution affects their
corrosion behavior. HCL acid is known to have a faster corrosion rate than other
electrolytes due to the presence of chlorine (CI-) and hydrogen (H+) ions compared
to other electrolytes like salt and alkaline solutions, which only have one type of ion,
produced solder alloys exhibited slightly different corrosion potentials when Al was
added, in comparison to the corrosion potentials of SAC305 and SAC205-1In. The
corrosion rates followed a pattern where, adding 0.8 wt% Al reduced the corrosion
rate, but as less aluminum was replaced with tin, the corrosion rate slightly increased.
Furthermore, the corrosion rates of SAC205-1In were enhanced by the addition of
Al. This study also utilized a two-point probe technique to examine the electrical
resistivity of cross-sectioned samples of developed quinary lead-free solder alloys.
The results indicated that as the percentage of aluminum weight increased, so did the
electrical resistivity, peaking at 0.9 wt%. Compared to the previous SAC305 solder
alloy, all the quinary lead-free solder alloys exhibited a slightly higher electrical
resistivity. The solder alloy with 0.3Al added is the best conductor for the current, as

it has the lowest electrical resistivity value 1.07 x 1076 Q. m. Meanwhile, shear test



was carried out to assess the reliability of the solder joints. The maximum shear
strength was measured as 155.94 MPa for the SAC205-1In-0.8Al solder alloy.

Key Words . Wettability, Hybrid drop technique, Melting point, Corrosion

rate, Shear strength, Inter metallic compounds, Resistivity.
Science Code : 20206
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OZET

Doktora Tezi

(96,5-X)SN-2AG-0,5CU-1IN-(X)AL BESLi KURSUNSUZ LEHIM ALASIMI
SISTEMLERININ ISLATMA VE FiZiKSEL OZELLIiKLERININ
ARASTIRILMASI

Masoud Giyathaddin OBAID

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Fizik Anabilim Dah

Tez Danismani:
Do¢. Dr. Ahmet Mustafa ERER
Haziran 2024, 115 sayfa

Bu calismada SAC205-1In’a aliiminyum (Al) ilave edilerek besli birer kursunsuz
lehim alasimi olan (96.5-x)Sn-2Ag-0.5Cu-1In-(x)Al (x = 0.3 wt%, 0.5 wt%, 0.7
wt%, 0.8 wt%, ve 0.9 wt%) tiretilmistir. Sn-Al optimizasyonu saglanarak yeni besli
kursunsuz lehim alagimlarinin iiretim maliyeti diisiiriilecektir. Uretilen besli lehim
alagimlar1 X-Isin1 Floresans (XRF) analizine tabi tutuldu ve tiim yeni besli kursunsuz
lehim alagimlarindaki metal oranlarinin dogrulugu agirlik yiizdesi ile belirlendi. Tiim
yeni besli kursunsuz lehim alasimlar1 i¢in diferansiyel taramali kalorimetre (DSC)
testleri yapildi. Sonuglar, SAC205-1In'"a Al eklenmesinin erime noktalarin1 hafifce
diisiirdligiinii gosterdi. Bu calismadaki tiim yeni besli lehim alasimlar1 arasinda en

diisiik erime noktas1 SAC205-1In-0.3Al icin 214.3 °C oldu. Besli kursunsuz lehim
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alasimi SAC205-1In-0.3Al’'un erime noktasi, SAC205-1In ve SAC305'e kiyasla

azald.

Islatma deneyleri, iiretilen lehim alasimlarinin 1slanabilirligini 6lgmek i¢in onceden
belirlenmis 275 °C, 300 °C ve 325 °C sicakliklarda Hibrit damla teknigi kullanilarak
Ar ortaminda bir Cu altlik iizerinde gerceklestirildi. 325 °C sicaklikta SAC205-1In-
0.3Al'un ii¢ pozitif 1slatma deneyinin en diisiik ortalama temas acis1 39.88° ile en
yiiksek 1slanabilirligi gosterdi. Ortalama temas acis1 325 °C'de SAC205-1In-0.5Al
icin 43.06°, SAC205-1In-0.7Al igin 50.45°, SAC205-1In-0.8Al icin 43.94° ve
SAC205-1In-0.9Al icin 44.78° olurken SAC205-1In-0.3Al en diisiik ortalama temas
acis1 olarak 42.87° gostermistir. Islatma deneylerinin sonuglari, tim yeni besli
kursunsuz lehim alasimlar1 i¢in sicaklik arttikca temas ag¢isinin azaldigini ortaya
cikardi. Bu calisma, yeni besli lehim alagimlarimin mikroyapt Ozelliklerini ve
aliminyum (Al) ilavesinin alasimdaki IMC olusumunu nasil etkiledigini incelemek
icin XRD ve SEM-EDX analizlerinin yapilmasini icermektedir. Analiz sonuglari
AgsSn, Ag.Al, AgsAl, AlCu, AICu, CusSn ve CueSns gibi gesitli IMC'lerin
olusumunu dogrulamaktadir. SAC lehim alagimlarina Al eklenmesi, Ag-Al ve Cu-Al
IMC'nin olugsmasini saglamig ve AgaSn ve CusSns IMC gelisimini azaltmistir. Ek
olarak bu ¢alisma, 1M hidrokloriir (HCI) asit ¢ozeltisindeki SAC205-1In-xAl lehim
alasgimlarina aliiminyum eklemenin korozyon davranislarini nasil etkiledigini
incelemistir. HCL asidinin, yalnizca tek tiir iyona sahip olan tuz ve alkalin ¢ozeltileri
gibi diger elektrolitlerle karsilastirildiginda, klor (CIY) ve hidrojen (H*) iyonlarinin
varlig1 nedeniyle diger elektrolitlerden daha hizli korozyon oranina sahip oldugu
bilinmektedir. Uretilen lehim alasimlari, Al eklendiginde SAC305 ve SAC205-1In'un
korozyon potansiyellerine kiyasla biraz farkli korozyon potansiyelleri gostermistir.
Korozyon oranlari, agirlikca %0.8 Al ilavesinin korozyon hizini azalttig1 bir model
izlemistir, ancak daha az aliiminyumun kalayla degistirilmesiyle korozyon hiz1 biraz
artmistir. Ayrica SAC205-1In'un korozyon oranlar1 Al ilavesiyle arttirilmistir. Bu
calismada ayrica, gelistirilen besli kursunsuz lehim alagimlarinin kesit 6rneklerinin
elektriksel Ozdirencini incelemek i¢in iki noktali sonda teknigi kullanilmistir.
Sonuglar, aliminyum agirlik yilizdesi arttikca elektrik 6zdirencinin de arttigini ve
agirhkca % 0.9'a ulastigimi  gostermistir. Onceki SAC305 lehim alagimiyla

karsilastirildiginda tiim besli kursunsuz lehim alagimlar1 biraz daha yiiksek bir
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elektriksel 6zdireng sergilemistir. 0.3Al ilaveli lehim alasimi, 1.07 X 10702 - m ile
en diisiik elektriksel 6zdireng degerine sahip oldugundan akim i¢in en iyi iletken
olmustur. Bunun yaninda lehim baglantilarinin giivenilirligini belirlemek i¢in kesme
testi yapilmistir. Maksimum kesme dayanimi 155.94 MPa olarak SAC205-11n-0.8Al

lehim alagimi i¢in Sl¢lilmiistiir.

Anahtar Kelimeler : Islanabilirlik, Hibrit damla teknigi, Erime noktasi, Korozyon
hiz1, Kesme dayanimi, Intermetalik bilesikler, Ozdireng.

Bilim Kodu : 20206
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PART 1

INTRODUCTION

Solder alloys like Sn-Pb have been used to construct electronic devices for a long
time. Numerous positive qualities of this alloy include affordability, low melting
point, good manufacturability, and excellent wetting on copper (Cu) substrates.
However, extensive research has been conducted to find a Pb-free solder acceptable
for electronic assemblies because of the toxicity of Pb to human health and the
environment [1]. Due to environmental concerns, governmental regulations, and
competition, there has been a sustained shift toward using lead-free soldering. SAC
solder alloy is widely acknowledged and recommended as the preferred lead-free
alloy for interconnecting electronic components in the electronics industry [2]. The
use of risky materials Pb, Hg, and Cd is restricted by various environmental
legislations. These environmental directives encouraged the widespread
manufacturing of soldiers without lead in electronics and electrical equipment
industries. To replace solders, contain lead, many lead-free solder compositions have
been developed, including Sn - Cu, Sn — Ag, Sn - Bi, Sn - Zn, Zn - Bi, Sn — Ag - Cu,
Sn —Zn - Bi, Sn — Cu - Bi, Sn — Cu - Ni, and more. Researchers in the electrical and
electronic sectors are facing difficulties due to creating IMCs, which increase the
melting temperature of lead-free solder [3]. To find replacements for the standard Sn-
Pb solder alloy, various alloys containing components like Sn, Ag, Cu, Bi, In, and Zn
have been identified as potential options [4,5]. However, it is yet to be determined if

replacements for all applications will be reached.

Due to its high reliability and desirable mechanical characteristics, SAC solder alloys
were among the most widely used Pb-free solders. Three challenges that must be
addressed are the high cost, high melting temperature, and poor wettability of the Sn-
Ag-Cu solders. To tackle these disadvantages of SAC and improve its performance,

we added an Al element to SAC205-1In in this study. Technological product



and electrical and electronic devices, which are an indispensable part of our lives, are
widely used and will directly impact the environment and human health as waste
material when they malfunction. For soldering operations, Solder alloys containing
lead threaten human health and environmental pollution as the Pb element is toxic.
According to the EU's RoHS and WEEE directives, seven elements, including Pb,
were restricted and banned in many countries in 2006 [6]. Using solder with a high

silver content increases its cost [7].

The directives of RoOHS and WEEE aim to produce and advance solder alloys that
don't contain lead. Finding alternative lead-free solder alloys with wetting properties,
mechanical properties, and costs similar to or better than the previously used Sn-Pb
alloy is essential. Several lead-free solder alloys, including Sn-Ag, Sn-Cu, Sn-Zn,

Sn-Bi, Sn-In, and SAC, have been produced as replacements for Sn-Pb.

There are certain disadvantages linked with the SAC group of alloys. Compared to
the Sn-Pb solder alloy, which has a melting temperature of 183°C, these alloys are
less desirable because of their high melting temperatures of 217-219°C. Moreover,
the high Ag ratio in these alloys raises the cost of production. The desired results
were obtained from Sn-2Ag-0.5Cu-1Bi and Sn-2Ag-0.5Cu-1In solder alloys
produced before. They are more suitable for melting temperatures and production
costs and have higher wetting capabilities than SAC305 alloys [8,9]. Wetness is
defined by the ability of the molten solder to spread on its substrate during the reflow
process [10].

Sn-Ag and SAC solders, with higher melting points than the Sn-Pb alloy, are being
investigated as alternatives to Sn-Pb. Both types will need higher soldering
temperatures when used in the industrial field [11]. The wetting and melting
temperature characteristics of lead solder alloy Sn-Pb are still not achieved, as the
solder alloy development is ongoing. The addition of aluminum to the Sn-Cu-Al
solder alloy enhances its wettability [12]. Two approaches could enhance the
properties of lead-free solder alloys. The first method involves adding elements like
rare earth components to the SAC alloy to improve its wetting properties and overall

performance. The second method involves adding metal, ceramic, and polymer



nanoparticles or particles to achieve different properties of the SAC solder. The type
and size of the added particles determine the resulting properties [13]. SnPb solder
melts at 183°C, whereas SAC solder melts at 227°C. However, adding an element
like titanium or zinc to the SAC lead-free solder alloys can reduce the alloy's melting
temperature to as low as three °C [14]. When searching for an alternative to Pb-based
soldering materials, it is essential to ensure that the substitute solders' properties are
equal or superior to Sn-Pb solders. The ideal lead-free alternatives have established
criteria, including a melting temperature similar to Sn-Pb solders, better wettability
for suitable metallization in the manufacturing process, similar or better electrical
conductivity to transmit electrical signals efficiently, adequate mechanical properties
to ensure the reliability of electronic products, and is nontoxic and relatively
inexpensive [15]. Soldering has become an essential technique for producing
electronic devices since the advent of the electronic age in the 20th century. All
electronic components like resistors, capacitors, transistors, and integrated circuits
are connected to the printed circuit board using soldering. In today's technology,
portable electronic devices, modern automobiles, space vehicles, and power plants

are equipped with countless soldered electronic components [16].

This research explores the effects of adding aluminum (Al) to the lead-free solder
alloy Sn-2Ag-0.5Cu-1In. The study involves producing a quinary Pb-free solder
alloy (96.5-x)Sn—-2Ag-0.5Cu-1In—xAl, where x is (0.3 wt%, 0.5 wt%, 0.7 wt%, 0.8
wit%, and 0.9 wt%). It further investigates the performance of the produced alloys,
including their physical properties, wettability, inter-metallic phases, microstructures,
and melting temperatures by using advanced techniques such as hybrid drop
technique, X-ray fluorescence analysis (XRF), X-ray diffraction (XRD), differential
scanning calorimeter (DSC), scanning electron microscope, and energy-dispersive X-
ray spectroscopy (SEM + EDX). Furthermore, the potentiodynamic polarization
technique is used to determine corrosion rates; electrical conductivity analysis is used
to determine the resistivity of the alloys, and shear strength analysis is used to
investigate the reliability of solder joints of the alloy. Thus, this study is significant
in lead-free solder alloy production by introducing new quinary lead-free solder
alloys that have never been produced before and providing a comprehensive analysis
of the production parameters required to achieve an industrial output of these alloys.



The research makes essential contributions to the literature by discussing the
advantages and disadvantages of the newly produced alloys compared to similar
alloys and comparing each test and analysis result of the produced alloys with each
other and the previous results in the literature. This level of detail and analysis
provides valuable insights into the characteristics, properties, and performance of the
new quinary lead-free solder alloys, which can inform future research and improve

the production processes of these alloys.



PART 2

LITERATURE REVIEW

About 2000 years ago, tin-lead (Sn-Pb) solders were initially utilized for metal
connections. Soldering is required for every electronic device and circuit assembly,
connectivity, and packaging [17]. Lead is a toxic substance and can build up in
human organisms throughout time by establishing solid connections to proteins and
impeding the body's regular processing and operation [18]. Solder alloys containing
lead were commonly used in electrical and electronic equipment. However, because
of lead's toxic nature, these soldiers are being phased out in response to the RoHS
directives starting from July 2006. Leads' harmful effects have forced countries like
Japan and countries in the European Union to implement laws that either ban or limit
the use of solders containing lead. As a result, these directives encourage the
production of new Pb-free solders [4,19]. Therefore, several studies were conducted
to produce lead-free solder alloys and, simultaneously, to try to reduce silver quantity
from lead-free alloys (SAC) to reduce its production cost and improve its properties
[20]. In 2003 a study was carried out by Terashima et al. to investigate the effect of
silver content on the thermal fatigue resistance of Sn-xAg-0.5 Cu. It was observed
that solder alloys containing less Ag content (1 to 2 wt%) exhibited a higher rate of
failure when subjected to thermal fatigue testing compared to alloys containing more
Ag content (3 to 4 wt%). Furthermore, the study showed that the endurance
resistance of the solder junctions was strongly correlated with the content of silver.
Solder junctions containing a higher ratio of silver have better endurance resistance
[21].

Many studies looked at the thermal and microstructure characteristics of Sn-In-(Ga,
Zn, Bi) solder alloys. According to the findings, adding those alloying elements
resulted in a lower temperature of melting and varied the microstructure of the

produced solder alloys [22]. In 2001, researchers Huh et al. examined the effects of



mixing Ag to Sn-0.7 Cu on its microstructural and tensile properties. Their findings
revealed that adding Ag increased the size of CueSns particles, while AgsSn particles

dispersed finely in the

eutectic network band. Furthermore, the ductility of the Sn-0.7 Cu alloy can be
significantly enhanced by adding Ag [23]. In 2008, a study conducted by Amagai
discovered that nanoparticles such as Pt, Co, and Ni were more helpful in promoting
the creation of IMCs and improving drop test results when compared to other
nanoparticles like Ge, In, P, Cu, Ag, Zn, Au, Al, and Sb. The study also revealed that
adding 0.05% aluminum as nanoparticles did not impact the interfacial IMC. A few
other studies were conducted to determine the effect of adding aluminum on
mechanical and interfacial properties, microstructure, and its interaction with a
copper substrate [24]. Moser et al. verified that adding (In) to SAC alloy affected the
wettability, giving good wet diffusion connections on the surface of the substrate
[25]. The formation of an IMC at the point of contact between the copper and solder
during soldering can impact the solderability and wetting. Typically, the existence of
an IMC at the solder-substrate interface is indicated by high wetting [26]. In 2009,
Rosalbino et al. investigated the way that two different kinds of solder alloys
corrode, namely Sn-3Ag-3Cu and SAC305, in a 0.1 M solution of NaCl.
Potentiodynamic polarization was employed to measure the corrosion resistance of
each alloy and compare the results. It was found that the Sn-3Ag-3Cu alloy
exhibited better resistance to corrosion than the Sn—3Ag—0.5Cu solder in the NaCl
solution. After the electrochemical tests, On the surface of both alloys, the
researchers also found tin oxyhydroxychlorides or oxychlorides [27]. In 2011, Moser
et al. studied characteristics wetting of Sn-2.86Ag-0.40Cu alloys on a Cu substrate
when a flux was present. The study found that the CA decreased as the alloy's In
content increased. The wetting balance results agreed with those of the sessile drop
studies. It was discovered that the wetting of SAC-In alloys on copper substrate was
good [28]. Kannachai et al.’s 2009 study found that adding Indium (up to 3 wt%) to
SACO0307 lead-free solder alloy lowers its temperatures at solidus and liquidus,
reduces the time of wetting, and raises the microhardness, tensile strength, and
wetting force. The size of the Sn-rich phase is reduced, and the dispersion of IMCs
becomes more regular with the addition of In up to 0.3 wt% [29]. A 2012 study



examined the effects of incorporating a small amount of Ti into Sn3.5Ag0.5Cu
solder, specifically on its mechanical properties and microstructure. The research
findings revealed that even adding less than 1.0 wt% of Ti could reduce the melting
temperature and refine the microstructure of the solder alloy. The microstructural
analysis showed that the refinement of b-Sn and the formation of Ti.Snz IMCs in the
SAC-XTi solder alloys improved the mechanical properties [30]. In 2012, Fallahi et
al. conducted a study aimed to enhance the reliability of SAC solder by adding iron
and indium. The researchers created four different types of solders by incorporating
Fe or In into the solder. The melting point of the SAC solder alloy decreased when
indium was added, and the study findings also showed that adding Fe and In in small
quantities improved the wettability and shear strength of the SAC solder [31]. Sn-
Ag-Cu, a lead-free solder, demonstrates remarkable potential for the production of
environmentally friendly products. When Sn-Ag-Cu comes into contact with a
copper substrate, it initiates the production of two distinct layers of IMCs at the point
of contact (CusSns and CusSn). The initial layer, CueSns, takes shape during the
soldering process and features a unique scallop-like structure. Subsequently, at the
junction of Cu6Sn5 and Cu base, the second layer, Cu3Sn, appears.. However, it's
important to note that the thickness of CusSn is considerably smaller than that of
Cu6Sn5, and its formation is comparatively slower [32]. In 2013, an investigation
was carried out by Kolenak et al. to investigate the effects of incorporating a tiny
quantity of aluminum (0.1 wt%) on the properties of SAC 405. The experimental
findings indicate that adding aluminum reduced the wettability of the SAC 405
solder little. Moreover, the shear strength of the solder is reduced moderately, with
an average drop of 8 MPa, and the melting temperature of SAC 405-(0.1 wt% Al)
solder became 221°C [33]. In 2014, Lee et al. performed an analysis to examine the
impact of adding different amounts of Aluminum (Al) (0, 0.01, 0.05, and 0.1 wt. %)
to the SAB25 solder alloy on the wettability of the solder and the production of
IMCs. The study found that adding 0.01 Al wt.% to the SAB25 alloy improved the
solder's wettability and produced the best wetting properties for the solder. On the
other hand, The IMCs' growth rate decreased due to an increase in the nucleation rate
of Ag3Sn [34]. SnAgCu solder alloys are an alternative to Sn-Pb solder due to their
reliability and mechanical properties. However, Sn-Ag-Cu solders need improvement
in high temperature of melting and low wettability. To solve these problems,



researchers incorporate several components into an alloy. (such as In, Ti, Sbh, Zn, Fe,
Bi, Ga, Ni, Al, and rare earth) to SAC solders [35]. In 2015, a group of researchers
conducted a study on the influence of adding 0.1 and 0.5 wt% Al to Sn-1Ag-0.5Cu
solder on a Cu substrate. To evaluate the wettability of the solders, they employed
wetting balancing and spread area techniques. The study showed that adding 0.1
wt.% Al improved the wettability of the Sn-1Ag-0.5Cu solder on the Cu substrate
[36]. In 2016, Leong et al. conducted a study investigating the effect of adding a
small amount of aluminum (0.1-0.5 wt.%) to Sn-1Ag-0.5Cu on the solder and copper
substrate structure. The mixing of aluminum resulted in the formation of Cu-Al
particles, known as CusAlz IMCs, which were found close to the surface/edges of the
solder. It is found that these particles had greater modulus and durability. The results
showed that adding minor aluminum repressed the formation of CusSns IMCs [37].
In 2016, Maslinda et al. did a study to examine the effect of adding different
percentages of Al (0.5 1, 1.5, 2 wt%) to the microstructure, IMC formation,
wettability, and mechanical properties of SAC0305 solder. The results showed that
adding Al increased the melting and crystallization temperature of the solder while
decreasing the undercooling degree. Although the wettability of the solders
decreased with increasing Al, it remained within the acceptable range. The addition
of Al also encouraged the formation of Ag—Al and Cu—Al IMC while suppressing the
formation of AgsSn and Cue-Sns IMC. Furthermore, Under both low and high speed
shear conditions, the solder's shear strength was increased when Al was mixed to
SACO0305 [38]. In 2016, Sun et al. conducted a study that manually mixed Al
particles ranging from 0 to 0.4 wt% into Sn—1Ag-0.5Cu solder paste. The aim was to
explore the effect of aluminum on the melting temperature, wettability, mechanical
features, and microstructure of solder (SAC105) on a copper substrate. The study
concluded that adding Al cannot significantly change the melting point of the solder,
but it can improve its wettability and mechanical properties. However, adding more
Al nanoparticles can decrease the mechanical and wettability properties [39]. Errer et
al. conducted a study in 2018 on the wetting characteristics of SAC-1Bi and SAC305
solder alloys on a Cu-substrate, employing the highly precise sessile drop manner.
The dependable findings revealed that SACBI alloys displayed better wetting
characteristics than SAC305 alloys [8]. Sayyadi and colleagues conducted a study to
reduce the production cost of SAC357 by reducing the percentage of silver.



Additionally, they added the Bi element to the solder of SAC257 in varying weight
percentages of 1wt%, 2.5wt%, and 5wt%. According to the study, the solder's
melting point was reduced by adding bismuth. Additionally, as the wt% of bismuth
increased, the wettability of the solder alloys improved. Furthermore, the strength of
the solder alloys at tensile showed an increase by incorporating bismuth up to
2.5wt% [40]. Liao et al. studied the corrosion behavior of Sn-3.0Ag-0.5Cu alloy;
when exposed to 0.5 mol NaCl in an electrolyte layer of 200-um, the SAC305 alloy
mostly displayed pitting corrosion as opposed to pure tin, which behaved uniformly
under the same corrosive conditions. The formation of a crystal boundary between -
Sn and intermetallic compounds accelerated the process of passivating film rupture
into a metallic base, as the galvanic corrosion impact of the compounds optimally
dissolved the B-Sn phase [41]. Kumar et al.'s research analyzed the mechanical and
microstructural characteristics of solder alloys SAC305 and SAC405, aiming to
compare their properties. It is found that the strength at tension, density, and
hardness all increased with an increase in Ag concentration [42]. To enhance the
properties of the SAC alloy, researchers have added indium to the ternary solder
alloy. The results displayed that mixing 1.0 wt.% of indium decreased the solder
alloy's contact angles (0). The CA were measured by using the technique of sessile
drop on a copper substrate in the Ar atmosphere. The smallest CA was 35.55°
recorded at 310°C. Adding indium to the solder alloys reduces the temperature of
melting and enhances the wettability of the alloy [9]. In 2019, Nasir and colleagues
carried out a study on the strengthening of the Sn-3.0Ag-0.5Cu alloy with 1.0 wt. %
TiO2. The researchers observed that TiO> nanoparticles resulted in the reduction of
CusSns and AgsSn intermetallic compound phases. As a result, the hardness values

increased up to 26.2% compared to the pure alloy [43].

Subri et al. examined the behavior of corrosion of Sn-1Ag-0.5Cu with added Fe and
Bi in NaCl-based solutions. The results showed that adding 1.0 wt% Bi and 0.05
wt% Fe improved the resistance of alloy to the corrosion because of the reduction in
micro-galvanic interaction between the anodic Sn matrix and cathodic AgsSn
intermetallic compounds, which also caused a decrease in Ecorr towards a more
noble value [44]. Gharaibeh et al. showed that using SAC solder alloys presents

various challenges. One of the main issues is the risk of electrochemical corrosion,



which can undermine the reliability of electronic components. Researchers indicated
that Icorr measures could be taken to assess the corrosion rate. Additionally,
with higher corrosion potential values and relatively positive values, Ecorr can

display better corrosion behavior. [45].

Ali et al. revealed that adding 1, 2, and 3 wt% of Bi to SAC305 improved its
mechanical characteristics by inhibiting the development of intermetallic
compounds. The microstructure was rectified, and the performance was most
significantly improved when 3wt.% Bismuth was added to SAC305 [46]. Kaushik et
al. investigated the electrochemical corrosion behavior of commonly used lead-free
solder alloys: low-Ag (SAC105) and high-Ag (SAC387). Electrochemical
potentiodynamic polarization experimens in a 0.5 M solution of NaCl showed that
the high-Ag solder offers better corrosion resistance than the low-Ag solder [47].
Dheeraj et al. conducted a study in 2022 to examine the influence of adding Al to the
properties of electrochemical of Sn-0.7Cu-xAl where (x =0, 1, 2, and 3 wt.%) in
NaCl solution. The results indicated that adding Al to the SCO7 improved the
resistance of the alloy to corrosion and the microstructure of the alloy, which is
essential for preventing electronic component failures. The potentiodynamic
polarization test appeared that the SCO7 alloy had the highest corrosion rate (10.7030
x 102 mml/year), while SCA071 alloy had the lowest corrosion rate (0.1604 x 1072
mm/year) [48].

Gao and Cui conducted a study to examine the impact of adding different ratios (0,
0.05, 0.1, 0.2, and 0.5 wt%) of Ni-coated carbon nanotubes (CNTs) to Sn-3.0Ag-
0.5Cu lead-free solder. The research showed that the addition of Ni-CNTs to the Sn-
3.0Ag-0.5Cu solder alloy enhanced the shear strength of the solder. Furthermore, the
Sn-3.0Ag-0.5Cu-0.05 (Ni-CNTs) combination demonstrated the best wettability,
microhardness, and shear strength [49]. In 2007, Kuang et al. accomplished a study
to analyze shear loads of solder balls made of SAC305 and 63Sn37Pb alloys. Two
different load speeds, 200 pum/s and 300 pum/s, were employed to observe the
influence of loading on the shear strength. According to the experimental findings,
SAC305 solder balls produced a more ductile joint than the traditional 63Sn37Pb
alloy [50].
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Under the influence of 1 M HCI, the corrosion properties of SAC305 and SAC-xIn
where (xis 0.5, 1, and 2 wt%) were examined. The examination reveals that the total
rates of corrosion correspond to a condition where a 0.5% indium replacement for
silver results in a noticeably lower corrosion rate. However, when more indium

replaces silver, the corrosion rate rises [51].

Resistivity is a term used to describe how well a matter can resist the flow of current.
Conductivity, on the other hand, is a measure of how easily a material can allow
electric current to pass through it and inversely related to resistivity. Morevere, low
resistivity values refers to the higher conductivity suitable for a solder [52]. The
electrical resistivity of alloys increases linearly with the rise in temperature and
concentration of In [53, 54]. Microhardness and electrical resistivity increase when
an aluminum phase forms in solder alloys. It is found that the Young's modulus
decreased and electrical resistivity was raised in the SZ9 eutectic melt-spun ribbons

due to the aluminum concentration. [55].

There is a connection between the resistivity (p) of a material and the geometric
shape of the material (G). The geometric resistivity correction factor is used by
physists to calculate the resistivity (p). This correction factor rely on geometric
dimensions of the sample, the thickness (t) of the sample, the position, the surface
area (A), and the array of probes on the sample [56]. Ismail and colleagues conducted
a study on the electrical resistivity of a specific type of solder joint, identified as
SAC305, in which carbon nanotube (CNT) was incorporated in amounts as much as
0.04 wt%. They utilized the four-point probe technique to make their measurements.
The study revealed that adding CNT to the max 0.03 wt% increased the electrical
resistivity of the SAC305 solder junction. However, at 0.04 wt%, a slight decrease
was observed. The four-probe technique effectively eliminated the errors during the
measurement because of spreading resistance under each probe, probe resistance, and
contact resistance between each metal probe and the material [57]. Various
environmental factors, such as weather conditions, moisture, physical situations, and
substances containing hydroxide, can impact electronic devices and deteriorate the
resistance of solder alloys against corrosion [58]. As per the research by Fayeka et
al., the corrosion resistance of the Sn-3.0 Ag solder alloy decreased when the Ag
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content decreased from 3.0 to 1.0 weight percent. Conversely, when the percentage
of copper in the same alloy was increased by 0.5 weight percent, the corrosion
resistance improved [59]. Incorporating aluminum has been found to improve the
passivation properties of SAC105. The creation of Al,O3 and AICuOs species has
been observed to significantly mitigate the corrosion reaction of solder in the
presence of NaCl [60]. Hamidah et al. showed that the corrosion rate for HCL is
higher than for other electrolytes because hydrochloric acid (HCL) consists of two
separate types of ions (hydrogen and chlorine ions) that aggressively destroy the
metal components [61]. The experimental study investigated the effect of adding Al
and Bi on the corrosion behavior of lead-free solder alloys. As per the findings,

adding Al caused the most significant values for corrosion current density. [62].

The researchers studied the electrical resistivity of two types of solder alloys Sn-
3Ag-0.5Cu with high Ag content and Sn-1Ag-0.5Cu with low Ag content. They used
the four-point probe technique to measure the electrical resistivity and found that as
the Ag content decreased in the alloy, the electrical resistivity increased [63].
Shnawah et al. showed in their study that aluminum (Al) can be added to SAC105
alloy to reduce the formation of certain particles that can negatively affect the alloy's
performance. Adding 0.2% Al decreases the density of AgsSn particles and replaces
Cu6-Sn5 particles with Al-Ag and Al-Cu particles. When adding 0.5% Al, Ags-Sn
and Cue-Sns particles are suppressed. Adding 1% Al eliminates the formation of
CusSns and AgsSn particles and produces Al-rich particles (Al-Ag and Al-Cu). The
electrical resistivity of the solder alloy is impacted by the existence of Al, which
affects the AgsSn concentration [64]
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PART 3

THEORETICAL BACKGROUND

3.1 SOLDERING AND WETTABILITY

Soldering is a process of using an additional metal called solder that has a
temperature of melting less than the metals being connected to create a metallurgical
bond. Soldering combines two materials by heating them with a filler metal until it
melts and flows into the joint [65]. Electronic circuits depend on the solder alloy for
mechanical, thermal, and electrical support. For a solder alloy to be dependable and
suitable for all electronic assemblies, it must fulfill several characteristics. A solder
alloy is usually a substance that must wet and form intermetallic compounds when it

comes into contact with copper, nickel, and other metallic substrates [66,67].

Several properties must be considered regarding the manufacturing performance and
reliability of solders. These properties include melting temperature, wettability, cost,
environmental friendliness, availability, compatibility with current manufacturing
processes, recycling potential, paste-making potential, and both thermal and
electrical conductivity, fatigue properties, the ability of resistance to corrosion,
enhanced shear characteristics, and formation of intermetallic compounds. Wetting is
a physical phenomenon that occurs when a liquid spreads and wets a solid surface
and maintains contact with it. The volume of wetting, known as wettability, is
defined by the cohesive and adhesive forces that result from the molecular bonds
between the liquid and the solid particles. Small contact angles with nearly complete
wetting are produced when the adhesion forces are more significant than the

cohesion forces [68].
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3.2 YOUNG’S EQUATION

Young's equation is a fundamental concept in physics with practical applications in
various industries, and it makes it possible to find out the angle of contact between a
liquid and a solid surface; it is considered an essential parameter in many industrial
processes. A solid's surface molecules are less mobile than those of any liquid. As a
result, the faces needed for the macroscopic reduction of surface free energy are
typically absent from the solid surface. Since most solids cannot adhere to such
equilibrium states, their surface configuration is essentially a frozen-in archive of an
arbitrary past. Because of this, solids have some flaws, humps, and fissures, and the

laws governing liquid capillarity do not apply to them.

The empirical technique is commonly used to observe the tension of solid surfaces. It
involves estimating the tension of the solid surface by looking at the liquid's tension
that comes into contact with it. When the droplet of a liquid comes into contact with
the surface of a solid, there is a state of balance created due to three opposing forces,
the surface tensions between solid and liquid (SL), between solid and vapor (SV),
and between liquid and vapor (LV). (See Figure 3.1.).

Yy Sin @ Yiv

F X

YsiL Yy cos @

Solid
— ¥y Sin 8

Figure 3.1. Three forces maintain the equilibrium of a liquid droplet on a solid
surface (ysv), (vsv), and (yLy)-
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A liquid droplet that appears at the junction of a solid surface, a gas, and a liquid
establishes what is known as the contact angle (6). To determine this angle, one
measures the distance between the planes of tangency where the solid and liquid
surfaces meet at the point of contact. The contact angle indicates how much a liquid
can wet a solid surface. It quantifies the liquid’s capacity to spread over the surface
of the solid.

When a solid surface and a liquid come into contact, its interaction can be evaluated
by the CA (0). If (0) is low, the liquid and solid strongly interact, enabling the liquid
to spread and thoroughly wet the surface of the solid well. On the other hand, high
values of (0) indicate a weak interaction and poor surface wetting. The liquid is
partially wet when the angle is less than 90 degrees. When (8) is more than 90
degrees, the wetting becomes very poor and the liquid is not wetting the surface of
the solid, making it non-wetting, whereas when (8) is zero, it indicates total wetting.
When the solid surface exhibits low energy, the force of attraction it exerts on the
liquid molecules is notably weaker than the force of attraction between the liquid
molecules themselves [69].

In 1805, T. Young became the pioneer scientist to characterize contact angle
equilibrium. Equation 3.1 illustrates the interfacial contact between the solid surface,
gas or vapor, and liquid phase using the vector sum of forces at the three-phase

intersection point.

Ysv = ¥sL + Vv cos O (3.1)
[69]

Where (y) is the surface tension and (8) is the contact angle. if (ysy > (ys. + viv),
this means that there is a solid present with a high surface energy, and then Young’s
equation indicates (cosé = 1), whereas (8 = 0), which refers the total spreading of the
liquid (complete wetting). However, the vertical component (y,, sin@) as shown in
Figure 3.1. is equilibrium with a (—y;, sin@) that is equivalent to the strain field on

the solid surface.
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3.3 UTILIZATIONS OF CONTACT ANGLES

Contact angles have various industrial applications. These applications range from
surface coatings to adhesives and studying material properties. The measurement of
contact angles can provide valuable information about the wettability and material's
surface tension which can be beneficial to optimize the performance of materials in

various industrial processes.

The measurement of contact angles can help us understand the relationships between
immiscible liquids that are not capable of being mixed together, solids, or liquids. It
is crucial in various industries to comprehend their chemical and physical processes.
Contact angle measurements can help assess the adhesion between composite
structures and adhesive wetting on a substrate. Knowing the significance of contact
angle is especially crucial in the paint and coating industries. Surface chemistry is
also advantageous to ink adhesion to thermoplastic food packaging film products. As
a result, contact angle measurements are required for the printing process. Many
conventional metals and other heavier and weaker materials have been replaced by
compound substances composed of supporting fibers and polymeric systems. Many
recreational goods, automobiles, and aerospace products use them these
days. Contact angle measurements can maximize the adhesion between the fiber and
resin matrix system and determine the appropriate emulation of the resin matrix with
suitable wetting properties against the fiber. Meanwhile, contact angle measurements
in the textile industry can assess the wettability of individual fibers or fabrics and

their washability and hydrophobicity.

The pharmaceutical, cosmetic, and medical sectors rely on CA measurements as a
vital part of laboratory quality control processes. In dental surgery, ensuring strong
adhesion between the tooth and dental materials is essential for successful procedures
and patient well-being. Therefore, wettability and biocompatibility studies require
contact angle measurements. Improving the efficiency of cleaning solutions intended
for contact lenses requires making the surface-free energy ideal of both the lens and
the solution. This optimization could result in enhanced formulation and performance

of the cleaning solution. In addition, CA methods are applicable in evaluating the
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cleanliness of semiconductor surfaces within the electronics industry. The
assessment of contact angles holds particular promise in nanotechnology, where it

can offer valuable insights and potential applications. [69), 70, 71, 72].

3.4 METHODS OF MEASURING CONTACT ANGLES

The process of contact angle measurement is utilized to determine the angle created
between the surface of a solid and a stationary liquid droplet. A liquid droplet forms
a specific contact angle when it falls and comes into connect with a solid surface.
This angle is influenced by the cohesive forces among the liquid's molecules and the
strength of adhesion forces between the liquid and the solid surface. A weak liquid-
solid attraction results in a significant contact angle, while a more potent force leads
to a smaller one. The critical components of wetting systems are the CA of the liquid
on the substrate and the surface tension that wets the solid phase. Various methods
are available for measuring and investigating the surface tension and CA of liquids.

Some of these methods include the following.

3.4.1 Sessile Drop Method.

The method most frequently used for calculating contact angle is the method of
sessile drop. This technique involves placing a droplet of liquid onto the surface of a
solid substrate, as shown in Figure 3.2, creating a three-phase system with a solid, a
liquid droplet, and a gas. The three interfaces are produced by a solid-liquid (material
surface-droplet), Liquid-vapor (droplet-atmosphere), and Solid-vapor (material
surface-atmosphere). Then, a video camera attached to a computer fitted with a
magnifying lens is utilized or an angle measuring eye is used with a goniometer-

microscope. This method also needs a suitable cold light source [73].
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Figure 3.2. A diagram of the sessile-drop technique [133].

The angle created by the meeting of the tangent of the interface between vapor and
liquid and an interface between solid and liquid is known as the contact angle.
According to physicist Thomas Young, the system's interfacial tension can be related
to the CA through a simple formula, as demonstrated in Equation 3.1.

3.4.2 Captive Bubble Approach

An inverted micrometer syringe is used for creating a bubble of a gas in a liquid and
then placing it on the solid surface. The CA is measured by using a video camera or a
goniometer when the solid is put in the test liquid. This method helps balance the
pressure of saturated vapor of the liquid within the bubble at the solid-vapor contact.
In the typical sessile drop method, an angle equal to (6,.) results from the surrounding
liquid front retreating when more air enters the bubble through the needle.
Conversely, an angle equal to (6,) results from the liquid front advancing when air is
removed from the bubble. Interestingly, the captive bubble method's (6,)

measurement is closer to (6,) than (6,) [69,74].

3.4.3 Droplet Sliding on a Tilted Surface

When a stationary droplet forms on a solid surface. One end of the surface is held on
a horizontal stage that can be tilted by a certain degree, causing the droplet to slide.
When the solid surface plane approaches a critical inclination, the downhill and
uphill edges of the drop approach the angles (8,) and (8,.), respectively, as shown in

Figure 3.3. Measuring the angles right before a drop starts to slide is essential. The
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tilt angle, @, is additionally applicable to conclude thermodynamics. However, this
approach is unreliable because it is difficult to determine a distinct and focused
image of the drop at sliding. Inconsistent results are also obtained when rough
substrates show an assertive behavior pinned by the liquid droplet, preventing it from

sliding even at a tilt angle of @, = 90° [69].

Substrate

Liquid Drop

Motorized Stage

Tilt Angle

Figure 3.3. Contact angle measurements using the sliding drop on an inclined plate
method [69].

3.4.4 Drop Dimensions Approach

The measurements of a sessile drop can be used to compute the contact angle
indirectly. The drop must be small enough to allow for neglecting its shift from a
spherical shape to perform such a computation. From plane trigonometry as shown in
Figure 3.4, h = R(1 — cosf) where R is the radius of the spherical segment and h is

the height of the drop. The liquid drop's contact radius, ry, is given as (r, = Rsing).
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Figure 3.4. Calculating the contact angle using the drop dimensions method.

Equation (3.2) can be reliably used to calculate 8 when measurements for h and rb
are available. However, for large droplets, gravitation may distort (h) and (rb),
rendering Equation (3.2) inappropriate. In such cases, more elaborate calculations are

needed.

2= = tan () (3.2)

Tp sin@

[69]

3.4.5 Wilhelmy Plate Approach

In surface science, the Static Wilhelmy plate approach is frequently utilized to
calculate surface tension in liquids and solids. To measure contact angle (6)
precisely, Neumann established the capillary rise on a vertical surface, which is the
basis for the static Wilhelmy plate technique. This method involves using a moving
microscope or cathetometer to measure the meniscus height caused by the wall's
capillary rise of a perpendicular plate by partially submerging a Wilhelmy plate with
a solid substrate coating on its surface in the testing liquid. If the surface tension or
capillary constant of the tested fluid is confirmed, the CA can be obtained using an

equation derived from the Young-Laplace formula (see Equation 3.3).

, . _Apghz _ 4 _ (2
sind =1 2y 1 (a) (3.3) [69]
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The density difference between the liquid and the vapor is represented by Ap. while
the acceleration due to gravity is denoted by g, and the capillarity constant is

represented by (a).

3.5 MAXIMUM BUBBLE PRESSURE METHOD

With this technique, the greatest possible pressure needed to force a bubble outside
of the capillary and into the liquid against the Young-Laplace pressure differential is
measured to calculate the liquid's surface tension (AP). As seen in Figure 3.5, a
bubble in the shape of a sphere part is created at the end of a vertical tube with an
inner radius of (r) when the tube is immersed into a liquid and air is forced towards
the upper part of the tube. The radius of curvature reduces as the bubble begins to
grow due to an increase in internal pressure. The bubble becomes completely
hemispherical as time passes, and its radius matches the capillary tubes. According to
the Young-Laplace equation, the highest pressure is found within the bubble. As the
bubble expands further, the pressure decreases as the radius increases, which can
lead to instability. Subsequently, the bubble may detach from the capillary tube or
burst due to air inflow [69].

- = .

a. Wetting b.Non-wetting

Liquid Bubble Liquid
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Figure 3.5. The maximum bubble pressure method [69].

Equations 3.4 and 3.5 indicate that the total pressure at its peak during this procedure

is the combination of capillary and hydrostatic pressures.

Brax = Phyd + Pcapil
(3.4)

Bnax = gh,Ap + 271/ (3-5)
[69]

In order to obtain the surface tension of a liquid inside the tube, we need to calculate
the distance (h.) from the tip of the tube to the surface of the liquid. If the liquid wets
the tube, the liquid fully covers the tube's lower border; hence, the radius (r)
represents its internal radius. We must measure the maximum pressure (Pmax) just
before the bubble detaches to determine the surface tension value. Usually, As seen
in Figure 6.5, Pmax is typically obtained by determining the height of a water column

(hg) connected to the measurement tube.

3.6 DROP VOLUME OR DROP WEIGHT METHOD

This technique, which measures liquid surface tension, is an age-old detachment
method initially described by Tate in 1864 and was previously referred to as the
stalagmometer method [75]. A narrow glass cylinder with a radius of around 2 mm is
used in the method, from which a slow stream of liquid drops falls. Surface tension
causes the liquid stream to form into drops of critical sizes, which are then nipped
off. Theoretically, As seen in Figure 3.6, a single drop grows until it reaches a
volume where the forces of capillarity and gravity are equal. To compute the surface
tension, one must ascertain the volume of a single drop encircled by air vapor [69].

Equation (3.6) provides the phrase for force balance at the point of separation.

Wdrop = Matopd = Vpg = 2nry (3.6) [69]
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The formula is based on the variables drop's mass (madrop), drop's volume (V) for its
volume, and the interior radius (r) for the tube tip. It is essential to differentiate
between wetting and non-wetting liquids in the context of this formula. For liquids
that do not wet, (r) refers to the interior radius, while for wetting liquids like glass
water, (r) refers to the external radius. Occasionally, the outside portion of the tip
might be coated by using molten paraffin wax to forbid the liquid from sticking. In

such circumstances, calculations can be made using the tube tip's interior radius.

a. Pendant Liquid Drop in Air b. Sessile Air Bubble in a Liquid

Figure 3.6. Liquid surface tension measurement, a. A pendant drop is produced by
suspending the liquid from the end of a narrow tube. b. Injecting the gas
is done using a syringe with a needle attached to the tip [69].

3.7 CAPILLARY RISE METHOD

For most liquids, the contact angle is nearly zero. However, due to the gravitational
force, the liquid's free surface in a vessel can become horizontal. The liquid surface
at the edge of the container can either be higher or lower than the horizontal level,
depending on whether the liquid wets the liquid. In capillary tubes, the liquid rises or
falls due to interfacial tension, known as capillarity. The liquid begins to rise due to
the tension, and it becomes balanced with the effect of gravitational force. Wetting a
solid surface with a liquid drop relies on the balance between adhesion and cohesion
forces. In the situation, when the adhesion force among the solid matter molecules of
the surface substrate and the molecules of the liquid is less than the cohesive forces
among the molecules of the liquid, the liquid cannot wet and spread on the surface of

the solid substrate.
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On the other hand, when the adhesion force is bigger than the cohesive force, the
liquid will be able to wet and spread on the surface of the matter substrate and form a
concave shape. Conversely, the liquid will take a convex shape if the adhesion force
appeared smaller than the cohesion force. (See Figure 3.7) [76, 77].
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Figure 3.7. A diagram of the capillary rise method [76].

3.8 THE FACTORS THAT AFFECT THE MEASUREMENT OF CONTACT
ANGLE

Various factors need to be considered when measuring contact angle using the sessile

drop method.

¢ Roughness and Chemical Heterogeneity of the Surface: When a liquid droplet
is placed on a smooth and flat surface, it usually takes a spherical shape. This
shape has only one contact angle along the edge of the drop, which is a
characteristic of the liquid and the surface. However, if the surface is not
entirely smooth or the liquid is not uniform, the droplet's shape may deviate
from this spherical shape, and the angle of contact may vary along the edge of
the droplet. In such cases, assigning a single CA to the system becomes
impossible [78]. The roughness of the surface affects the wetting because if
the surface of a substrate is rough and not smoothed or planned, the actual
area of the rough surface will be bigger than the area of the planned surface.

As a result, when a liquid drop become in connect on a rough surface, the
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interaction between the liquid and the solid will be more significant than it
would be on a flat surface, even if the drop volume is the same in both cases.

Outermost contamination: When tiny particles of some other matter surround
the surface of a substrate or existence of liquid particles on the surface of the
substrate, this could prevent a direct and significant interaction between the
solid surface and the drop of a liquid. As a result, the measured contact angle
might not be accurate. If the impurity is evenly distributed on the surface of
the substrate, the measured CA may not represent the precise angle of the
solid surface. On the other hand, if the impurity is unevenly distributed, the
drop will be asymmetrical. Improper cleaning procedures often cause this

contamination.

The volume of the liquid drop: As per to published research, a drop's volume
must be between 0.5 to 10 mm3. However, some reports fail to mention the
volume of the drop at all. Generally, researchers use tiny droplets in their
experiments. However, if we compare the results of small drops with big
drops or the drops of different sizes that were obtained, the effect of drop size
will appear clearly. Therefore, it is crucial to consider the effect of drop size
[79, 80, 81]. When a liquid drop falls onto a solid surface, the concentration
of the liquid on the surface will vary depending on the time and distance
along the solid in a band contact line. As a result, a gradient of surface free
energy density will directly impact the horizontal force component and can

lead to contact angle hysteresis.

Time of the deposition: The liquid’s surface tension denoted by y;, typically
decreases with an increase in temperature. Assuming that the surface tension
correlated to a solid is not significantly influenced by changes in temperature,
which means that yg, -ys;, remains approximately constant, the surface
tension should increase according to Young's equation when the temperature
rises. This results in a decrease of () with increasing temperature. However,
the impact of temperature on the CA is minimal [69]. According to a study by
Rudawska et al. in 2009, when measuring (CA) on a solid surface, it is crucial
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to do so immediately after the drop has been deposited. All drops should be
measured at the same time interval to minimize the volume lost by
evaporation and any potential reaction between the solid surface and liquid
drop [81].

e Mechanical vibration: Holding the sample motionless during the measuring
process is crucial to avoid any vibration-induced deformation [73].

3.9 SURFACE TENSION OF METALS

There are challenges to measuring the surface tension of liquid metals because of
their elevated temperatures and inclination to react with gases and solids. Small
quantities of oxygen gas can, for example, lower the surface tension of numerous
metals. Therefore, it is necessary to perform measurements in an atmosphere of inert
gas to prevent any chemical reactions. Creating a new surface is almost always
necessary to achieve accurate results. Pendant drop, sessile drop methods, maximum
bubble pressure, and drop weight are commonly used to measure surface tension for
liqguid metals. However, Wilhelmy plate and capillary rise methods may be
preferable due to the extremely high contact angles created between the molten metal
and the substrate resulting from the strong cohesion of the liquid metal molecules.
The surface tension of molten metals typically ranges from 400 to 4000 mNm—1 and

is usually very high [69].

3.10 ADSORPTION

Adsorption is defined as the process of extracting chemical compounds from a bulk
phase and an interface. Conversely, desorption entails molecules departing from an
interface and transitioning to another phase. Absorption and adsorption are distinct
processes. In adsorption, a substance permeates and disperses within the entire
volume of a liquid or solid, unlike in absorption. When gases or liquids are adsorbed,
the solid substance onto which the adsorption occurs is referred to as the adsorbent.
The material attached to the solid surface in the adsorbed state is known as the

adsorbate. The term "adsorptive"” pertains to the liquid molecule, gas or vapor before
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its adsorption. If the opposite happens, meaning the adsorbate molecules swiftly
transition along the surface from one location to another, they are called non-
localized [69]. Adsorption is a surface phenomenon that occurs when the molecules
from the fluid (gas or liquid) are moved to the surface of a solid, creating an interface
layer. This process is categorized into two types: physical and chemical [82]. The
adsorption process occurs when gaseous, liquid, or solid material adheres to the
surface of a solid or liquid substrate called adsorbent or sorbent [83]. There are
various types of adsorption systems: liquid-liquid or liquid-gas and solid-liquid or
solid-gas. The film, micelle, or emulsion constitutes the interfacial layer when the
adsorbent is liquid. On the other hand, if the adsorbent is a solid substance, the

approved mechanism for the adsorption process is the interfacial layer model.

The interfacial layer is the balance between the adsorbent and the bulk phase. It is
divided into two regions - the first region is where the substrate is bound to the
sorbent surface, while the second region is the surface layer of the sorbent.
Adsorption of solids is generally sort depending on the force that binds the molecules
of the adsorbed matter or atoms to the solid's surface molecules or atoms. Two
principles elucidate the mechanism of the interfacial layer.

3.10.1 Physical Adsorption

The substrate and adsorbent are attracted to each other through weak van der Waals
forces, known as physisorption. The bonding between the adsorbate and adsorbent is
a weak Van der Waals force, with no alteration in the chemical structure of either
adsorbate or adsorbent. Physical adsorption occurs due to physical forces. Its weak
nature and multi-layered structure characterize this process. Unlike chemisorption,
physical adsorption is nonspecific and occurs across the entire surface of the
adsorbent. Factors such as surface area, pressure, temperature, and the characteristics

of the adsorbate all impact physical adsorption.

The nature of the adsorbent is also a significant factor that affects this type of
adsorption. Physical adsorption is reversible and is always an exothermic process.
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The enthalpy of adsorption is the energy released during adsorption and typically
ranges from 10-40 kJ/mol. Additionally, it does not require high-activation energy.

3.10.2 Chemical Adsorption

Chemical adsorption is a phenomenon caused by chemical forces (chemical bonds).
It is known for being very strong between the adsorbent surface and molecules of the
adsorbate, and it occurs through the exchange and sharing of electrons. It happens at
reaction centers on the adsorbent and is usually a highly specialized single-layered
phenomenon. The surface area, temperature, and nature of the adsorbate can all
impact chemisorption, which depends on the adsorbent's nature. This adsorption type
is generally irreversible and has a high enthalpy ranging from 40 — 300 kJ/mol.
Additionally, it requires high activation energy [82].

3.11 KINITIC ADSORPTION

As per previous research, the Kkinetic adsorption process consists of two stages.
Initially, the adsorbate needs to be transferred from the bulk solution to the surface of
the adsorbent. Subsequently, the adsorbate undergoes diffusion in the pores of the
sorbent, where it becomes arranged [85]. The stage that limits the adsorption rate
determines the adsorption mechanism [86].

3.12 BIOSORPTION

Biosorption involves the attachment of specific biomolecules or biomass to particular
ions or molecules in aqueous solutions. Various biomasses such as bacteria, yeast,
fungi, agricultural waste, algae, industrial waste, and polysaccharides have been
recognized as biosorbents for eliminating metals [87]. Biosorptionis a physico-
chemical process that does not rely on metabolism. It involves several mechanisms:
adsorption, absorption, surface complexation, ion exchange, and precipitation.
Biosorption plays a crucial role in the environment and traditional biotreatment
processes. Biosorption is a subfield of biotechnology that uses biological materials

such as dead or living bacteria, seaweed, plant materials, industrial and agricultural
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wastes, and natural residues to extract or recover organic and inorganic chemicals
from a solution. For many years, it has been considered a cost-efficient method for

cleaning up, and it holds tremendous potential [88].

3.13 DEVELOPMENT OF SOLDER ALLOYS

3.13.1 Sn-Pb Solder Alloys

The well-known material properties and reliability of Sn-Pb solders have made them
a popular choice in the electronics industry for many years. These solders possess
excellent mechanical and electrical properties, making them ideal for circuit board
assembly, wire bonding, and component attachment [89, 90]. However, it is essential
to note that tin-lead solders have been associated with health and environmental
concerns due to their toxicity. Regulations have been implemented to limit lead-
based solders, replacements for solders containing lead are being explored. The
impact of adding lead to tin is demonstrated as follows: The eutectic tin-lead system
has a significantly lower melting point relative to pure tin and lead alone. Pure tin
and lead have melting temperature of 232 °C and 327 °C, respectively, while the
melting temperature of Sn-Pb solder alloy is 183 °C [91, 92]. The phase diagram of
the SnPb alloy is displayed in Figure 3.8.
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Figure 3.8. Phase diagram of Sn-Pb [93].

Adding lead to tin can help reduce surface tension, allowing the solder to flow more
quickly over the surface of a substrate, leading to better spreading. The CA of
eutectic (Sn-37Pb) on the Cu-substrate shows a significant improvement compared

to pure tin, with a contact angle of approximately 11°. This improvement in wetting
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is due to the incorporating of lead to the pure tin, while the CA of pure tin is 35° on
the Cu-substrate. Various sources have supported these findings [94, 66, 92, 95].
Lead is an affordable and easily accessible element that significantly enhances tin's

ductility and specific mechanical properties [91].

Lead is a toxic substance deemed dangerous to human health. Due to its distinct
properties, it can build up in the body by creating powerful connections to proteins,
disrupting our system's standard processing and operation. Lead poisoning occurs
when the lead content of the blood is above 50 mg/dl [96), 97]. Direct and indirect
risks are associated with producing and disposing of electronic assemblies. The
direct risk involves the exposure of workers to solder vapor and fine lead-bearing
particles in the electronic industry. On the other hand, the indirect risk arises from
the leaching of waste electronic assemblies due to acidic rains, leading to

contamination of underground waters [98].

The EU adopted the RoHS directive in February 2003 due to health concerns, and it
became effective on July 1, 2006. Countries like Turkey [16], California, China, and
Japan took similar measures. As a result, lead and lead-based products are prohibited

in most developed countries' consumer electronics.

3.13.2 Lead Free Solder Alloys

The substitution of traditional Sn-Pb solders with various alloys, a topic of direct
relevance to the field of materials science and environmental health, has been
suggested by public health care and environmental awareness advocates. Many of
these alternative solder alloys are based on Sn and include significant alloying
elements like Zn, In, Au, Bi, Ge, Ag, and Sh. The table 3.1 shows the melting point
of some binary systems, including Sn-Sb, Sn-Ag, Sn-Pb, Sn-Cu, and In-Sn.

Table 3.1. The melting points of some binary lead-free solder alloys [16]

Binary solder alloys Melting point (°C) Reference
52In-48Sn 118 [134]
99.3Sn-0.7Cu 227 [134]
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Sn-3.5Ag 221 [140]
Sn-37Pb 183 [16]
Sn-5Sb 235 [16]

The primary issue in the tin-silver solder alloy is the creation of large IMCs Ag3Sn.
Another problem that may arise is the occurrence of tin whiskering, which is caused
by high levels of tin concentration [66]. Figure 3.9 illustrates the binary phase

diagram of tin-silver.
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Figure 3.9. Phase diagram of Sn-Ag binary solder alloy

The Sn-Zn solder alloy, with a eutectic temperature of 198°C, shares a close
similarity with the tin-lead alloy. Its eutectic composition, a crucial aspect of its
properties, is composed of Zn-rich and Sn-rich lamellar phases. However, it is
essential to note that due to the low alloying element concentration in Sn-Cu solder
alloys, Sn whiskers may creat, and the transformation of white tin to gray tin may

occur at low temperatures.
Although high-strength, low-temperature eutectic solder (138°C) is present in Sn-Bi

solder alloys, it is unsuitable for most electronic applications where operating
temperatures reach 150°C. Nonetheless, Sn-In solder alloy, with an eutectic
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composition of In-49.1Sn and a eutectic temperature of 117°C, is preferred in some
surface-mount technology (SMT) applications. However, like the Sn-Bi alloy, this
alloy cannot be used in most electronic applications due to its low eutectic
temperature. It is crucial to consider that these alloys have various issues, such as the
formation of intermetallic compounds, tin whiskering, white tin to gray tin

transformation, dewetting, high reactivity, and high cost.

Researchers have created ternary alloy systems to address the challenges faced by
binary solder alloys. These systems mix three metals to produce alloys with
improved properties. Table 3.2 presents some crucial ternary alloys and their

corresponding melting temperatures.

Table 3.2. Melting points of some ternary solder alloys

Ternary solder alloys Melting point (°C) Ref.
Bi - 26In - 17Sn 79 [135]
Bi-41.7Sn-1.3Zn 127 [136]
Sn - 56 Bi - 1Ag 137 [136]
Sn - 57Bi - 1.3Zn 127 [136]
Sn - 6Zn - 6Bi 127 [136]
Sn-2.8Ag - 20In 178 [137]
Sn - 25Ag - 10Sh 233 [16]
Sn-3.5Ag - 1Zn 217 [138]
Sn-9Zn - 10In 178 [139]

3.14 Sn-Ag-Cu LEAD FREE SOLDER ALLOYS

SAC alloys are eutectic mixtures of tin, silver, and copper and are considered one of
the most promising ternary alloys for replacing conventional Sn-Pb alloys. In 1996, a
group of American researchers at Ames Laboratory discovered these SAC alloys for
the first time, and studies on these alloys are continuous as they attempt to become
more suitable for industrial use [16]. SAC alloys possess elevated heat shock, high
mechanical and thermodynamic properties, and resistance to mechanical vibrations,
enabling them to work efficiently at temperatures up to 150°C. These properties are
better than those of traditional Sn-Pb solders [99,100]. The ternary SAC3709 was
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determined experimentally, with eutectic phases of Sn, Ag3Sn, and Cu6Sn5. The
temperature of melting of SAC alloy reaches 217 °C to 220 °C and is about 34°C
higher than that of the Sn Pb solders, giving it the ability to work at higher
temperatures and obtain better thermo-mechanical properties. SAC soldiers have a

higher shear strength and stable microstructures than Sn-Pb alloys [101, 102].

Several types of solder that do not contain lead have been discovered recently. These
solders include SC07, SA35, SAC3807, SABIi3548, and SAC305, which have
slightly different compositions but are all rich in Sn and have melting temperatures
ranging from 210°C to 227°C. They are advised for a variety of soldering tasks,
including surface mount technology (SMT), plated-through-hole (PTH), ball grid
array (BGA), and flip-chip bumping. SAC305 is commonly utilized in the electronics
industry. However, issues related to the creating of IMCs at high temperatures and
costs still require further research [103, 104].

3.14.1 Effect Of Ag And Cu On SAC Lead Free Solder Alloys.

Adding Ag to Sn forms small Ag3Sn particles distributed uniformly in the Sn matrix
while adding Cu forms rod-shaped Cu6Sn5 particles. The microstructure of SAC
solder joints depends on the Ag wt%. Th density of Ag3Sn particles increases
linearly with Ag content, and bigger Ag3Sn and Cu6Sn5 particles appear near the
interfacial IMCs (see Figure 3.10 and 3.11). Mechanical tests showed that fatigue
lifetime and shear strength depend on Ag content, with increased Ag % leading to
increased strength and lifetime due to more Ag3Sn precipitates in the Sn matrix [105,
132].

Figure 3.10. SEM micrographs with high magnification of SAC solder joints having
two different weight percentages of Ag. a) Ag 3%wt, b) Ag 4 %wt [105].
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Figure 3.11. Results of microscopic analysis conducted on a) Sn-3.0Ag-0.5Cu and b)
Sn-3.9Ag-0.5Cu [106].

If the silver content of the solder is less than three wt%, the creating of large Ag3Sn
IMCs is significantly reduced [107]. Increasing Ag content in Sn forms Ag3Sn
IMCs. A rise from 3.0 wt. % to 3.8 wt. % leads to a 28 vol. % increase in Ag3Sn
content [108].

3.14.2 Effect Of Al On SAC Lead Free Solder Alloys.

The SAC0305 solder was mixed with aluminum (Al) to see how aluminum affected
the wetting, mechanical, and microstructure characteristics. Findings appeared that
the melting and crystallization temperature of the solder increased while the degree
of undercooling decreased. Al refined the b-Sn dendrites and facilitated the
formation of Cu-Al and Ag-Al IMCs, resulting in a less interdendritic region. The
wetting angle and wetting time increased while the spreading area decreased with
increasing Al. The shear strength of Al-added solders was slightly higher than that of
the SACO0305 solder [38].

The study examined the effect of Al and Si on IMC formation at the solder and Cu
interface. Four solder alloys were tested. Adding Si and Al dropped the thickness of
IMC layer. 1.0 wt.% Al created a planar IMC shape, while 2.0 wt.% Al with 2.0
wt.% Si and 2.0 wt.% Al formed a scallop shape. Cu-Al IMC and Ag-Al IMC acted
as impediments to the diffusion of Sn (See Figure 3.12). The suitable amount of Al
and Si led to a thinner IMC layer, increasing the solder interconnect's reliability
[109].
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Figure 3.12. SEM of IMC layer formed in (a), (b) SAC0305, (c), (d) SAC0305-1Al,
(e), (f) SAC0305-2Al, (g), (h) SAC0305-2Al-2Si solder joint. (b), (d), (f),
and (h) are the magnified images of (a), (c), (e), and (g) [109].
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PART 4

METHODOLOGY

4.1 PRODUCTION OF LEAD-FREE SOLDER ALLOYS

This study produced a quinary lead-free solder alloy (SAC205-1In-xAl) by adding
varying amounts of aluminum (Al) to the SAC205-1In alloy. The amounts added
were 0.3, 0.5, 0.7, 0.8, and 0.9 wt%. The melting process was done at the Karabik
University Faculty of Engineering, Metallurgical and Materials Engineering
Laboratory. The solder alloys were heated in a controlled-atmosphere melting unit
(furnace) designed for microalloying to about 130-180°C higher than the melting
point of the SAC205-1In alloy (see Figure 4.1). The objective was to optimize Sn-Al
and develop new quinary lead-free solder alloys SAC205-1In-xAl (see Figure 4.2).

Figure 4.1. Melting materials in a controlled atmosphere unit (Furnace).
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(96.5-X) Sn-2Ag-0.5Cu- |
1In-(0.3) Al
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Produced Pb-free solder alloys (96.5-X) Sn-2Ag-0.5Cu-
(96.5-x)Sn-2Ag-0.5Cu-1In-(x)Al ‘ 1In-(0.7) Al 4
(96.5-X) Sn-2Ag-0.5Cu- |
1In-(0.8) Al

(96.5-x) Sn-2Ag-0.5Cu-
1In-(0.9) Al

Figure 4.2. Displays the quinary lead free-solder alloys that have been produced.

Then, the quinary lead-free solder alloys produced were subjected to homogenization
by placing them in an alumina paper and keeping them in a furnace for 48 hours at
180°C in the Karabuk University Laboratory for Metallurgical Materials Engineering
Production. After 48 hours, the alloy samples were collected from the furnace and
put directly into the cold water to improve the samples’ homogenization process, as
shown in Figure 4.3. This process was repeated until the desired ratios were achieved
based on the study objectives. All elements utilized for producing the lead-free solder

alloys had an approximate purity of 99.99%.

Figure 4.3. Electric furnace used for homogenization process
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4.2 X-RAY FLUORESCENCE (XRF) METHOD

After the homogenization process was completed, pieces of the produced solder
alloys were then prepared for X-ray fluorescence (XRF) analysis using the
"RIGAKU ZSX Primus II" device at the Margem Laboratory of Karabik University
Iron and Steel Institute. The X-ray fluorescence (XRF) method is widely used for
elemental inspection of any substance without causing damage. It is frequently
employed in scientific investigations to quantify the amount of impurities or essential
elements in a sample [110]. According to the XRF analysis results, the metal
accuracy ratios in the produced solder alloys by wt% were determined. The surfaces
of the alloys were polished to have a flat surface before conducting XRF analysis to
obtain correct measurements because the rough surfaces may lead to incorrect
measurements. Pieces of solder alloys produced were catted and smoothed with 400,
600, 800, 1000, 1200, and 2000 mesh sandpaper before they were ready for the XRF
and XRD analysis, as shown in Figure 4.4.

Figure 4.4. Preparing the samples for XRF and XRD analysis.

4.3 X-RAY DIFFRACTION (XRD)

The (XRD) analysis showed the effect of adding Al on the microstructure and the
formation of intermetallic compounds in the alloy. In order to determine the phases
and diffraction planes that may exist in the structure of the quinary lead-free solder
alloys produced, XRD analysis was conducted at the Margem Laboratory of Karabuk
University Iron and Steel Institute. The device used for the XRD analysis was
"RIGOKU - ULTIMA 1V (see Figure 4.5).

This device is capable of determining the crystal structure and phase analysis of
powder, bulk, metal, and thin films, as well as performing measurements of non-
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destructive residual stress, high-temperature (25-1500°C) analysis and degree of
crystal tendency analysis, thin film analysis (GIXRD and XRR)-micro-point

analysis. It has technical features such as analysis down 400 p area.

Figure 4.5. The device used for the XRD analysis "RIGOKU - ULTIMA V.

4.4 DIFFERENTIAL SCANNING CALORIMETER (DSC) ANALYSIS

The eutectic melting point is the minimum temperature at which a liquid phase
remains stable under a specific pressure. In a eutectic system, two or more substances
combine to form a uniform solid mixture. This mixture creates a super-lattice that
melts or solidifies at a temperature lower than the melting point of any individual
ingredient [111]. The melting temperature of quinary lead-free solder alloys
produced was determined using a differential scanning calorimeter (Hitachi DSC
7000 Series) at the DTA/TGA/DSC Laboratory of the Margem Laboratory at
Karabuk University's Iron and Steel Institute as shown in Figure 4.6. The melting
temperatures play a crucial role in the soldering process. It is widely acknowledged
that high melting temperatures characterize the eutectic SAC solder alloy family.
However, recent developments have led to slight reductions in the melting
temperatures of eutectic SAC-1In and SAC-1Bi solder alloys [8]. All DSC tests were
conducted for produced eutectic SAC205-1In-xAl where (x = 0.3 wt%, 0.5 wt%, 0.7
wit%, 0.8 wt%, and 0.9 wt%) at a heating rate of 10 °C/min, within a temperature
range of 25-400°C.
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Figure 4.6. DTA/TGA/DSC Laboratory for determining melting temperature of
solder alloys.

45 WETTING EXPERIMENTS

The wetting properties of the quinary solder alloys produced SAC205-1In-xAl where
( x =0.3 wt%, 0.5 wt%, 0.7 wt%, 0.8 wt%, and 0.9wt%) were investigated by using
the hybrid drop technique. The sessile drop technique is frequently used to assess the
wetting properties of a molten alloy on a Cu substrate. [112]. Wettability is a crucial
physicochemical parameter and has a wide range of uses like welding and soldering
[113]. The researchers dropped the solder alloys onto a pure copper substrate
(99.85% purity) of dimensions (12 x 18 x 3 mm) at 275 °C, 300 °C, and 325 °C.
The experimental setup used for investigating the wetting characteristics of produced

solder alloys is shown in Figure 4.7.

Figure 4.7. lllustrates the components of the experimental apparatus used in the
hybrid drop technique.
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The specifications for each component of the experimental device are included in
Table 4.1.

Table 4.1. The specifications of each component of the experiment device.

Experiment setup parts Specifications

Electric oven Dimensions 300x300x200 mm

A durable ceramic tube closed at one end can The outer diameter is 15.60 mm, the inner

withstand temperatures up to 1500°C. diameter is 11.10 mm, and the length is 279
mm.
Steel bar The diameter of the steel bar is 6.8 mm, and its

length is 300 mm.

Stainless Steel tip The diameter is 11.7 mm, and the length is 38
mm.
Quiartz glass tube The outer diameter is 24.72 mm, the inner

diameter is 21.70 mm, and the total length is

450 mm.
Argon gas 99.999% purity
Stepper motor has 1 hp power
Digital video camera It has a shooting quality of 600 fps.
99.85% pure Cu substrate material Dimensions are 12mm x 18mm x 3mm.

The Cu substrates underwent processing with bakelite material at the Metal
Laboratory of KBU Faculty of Technology. The surface where the alloy drop of the
Cu substrate will be placed was smoothed using 400, 600, 800, 1000, 1200, and 2000

mesh sandpapers.

In order to guarantee precise results from the experiments, it is imperative to clean
and prepare all assembly components before commencing the experiments. Any
formation of oxide resulting when the molten solder alloys drips on the Cu base
substrate from the parts of the experiment set could adversely influence the
experiment results. Thus, taking necessary precautions is critical to avoid such

incidents.
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Small particles weighing approximately 1.2 g - 1.7 g were cut from solder alloys
produced from SAC205-1In-xAl, where x represents the weight percentages of 0.3,
0.5, 0.7, 0.8, and 0.9 for each wetting experiment. The particle was placed inside a
ceramic tube with a closed end, and a hole of approximately 1mm in diameter was
made for the solder alloy to melt and drip. A steel tip mounted on a steel bar was also
placed inside the ceramic tube to prevent it from touching the material by pressing
for the molten metal solder alloy to drip. The Cu substrate covered with Bakelite was
cut using a jigsaw, and the surface on which the solder was to be dripped was

cleaned of oxides using alumina material.

After cleaning the copper (Cu) substrate, it was placed on a graphite base in the
experimental setup shown in figure 4.7. The solder alloy was put in a ceramic tube
and placed in a quartz glass. The tip of the ceramic tube was placed at approximately
1 cm distance on the Cu substrate surface. The position where the drop would fall on
the Cu substrate was left centered inside the furnace while the setup was being
prepared. The apparatus was connected to an argon tube, allowing high-purity argon
gas to circulate under and above the quartz glass to prevent oxidation during the
soldering process. A digital camera capable of shooting 600 fps was placed in the
most suitable position to capture the drop image. The experiment was then ready to

begin.

After installing the essential controls, we circulated high-purity argon gas for 10
minutes from the lower end and 10 minutes from the upper end. Then, we set the
furnace to the desired temperature (275 °C, 300 °C, and 325 °C) and monitored the
solder until it melted. Since the oven has two sections (right and left), we allowed it
to work for 30 minutes to ensure that both sections reached an equilibrium

temperature. The right and left thermocouples showed the set temperature value.

After 50 minutes of starting the experiment, the solder alloy was ready to be dripped
in molten form. A certain frequency was provided by the steel iron stepper motor,
whose tip was connected to the stepper motor. During this time, a digital camera
(Casio Made Pro EX-F1) was used to record a 10-minute video of the solder alloy
being dripped onto the Cu substrate in a liquid form. Once all the procedures were
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completed, the experimental setup was closed, and the process was terminated. To
analyze the experiment, screenshots were taken at the intervals of 0", 51, 10" 15%,
301, 60™, 901, 120™, 150, 300", and 600™ seconds of the video recording. Using the
“Corel DrawXX2” drawing program, the wetting angles of the solder alloy on the Cu
substrate were measured and saved on the computer; however, the wetting angle

diagrams were obtained using Sigma Plot15.0 Software.

The hybrid drop technique was used to conduct 45 experiments. Nine experiments
were performed on each solder alloy produced of the five quinary lead-free solder
alloys at predetermined temperatures 275 °C, 300 °C, and 325 °C as displayed in
Table 4.2.

Table 4.2. List of the hybrid drop technique experiments that are conducted at
different temperature for each quinary lead-free solder alloys formed
by the addition of Al to SAC205-1In.

(x) Al Temperature Lead-free solder alloys Number of
(Wt%0) (°C) (96.5-x)Sn-2Ag-0.5Cu-1In-(x)Al experiments

275

0.3 300 96.2Sn-2Ag-0.5Cu-1In-0.3Al
325
275

0.5 300 96Sn-2Ag-0.5Cu-1In-0.5Al
325
275

0.7 300 95.8Sn-2Ag-0.5Cu-1In-0.7Al
325
275

0.8 300 95.7Sn-2Ag-0.5Cu-1In-0.8Al
325
275

0.9 300 95.6Sn-2Ag-0.5Cu-1In-0.9Al

325

w

WWWWWWWWWWwww w|w
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a1

Total experiments

4.6 SEM-EDX ANALYSIS OF SAC205-1In-xAl SOLDER ALLOYS ON Cu
SUBSTRATE.

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM +
EDX) were then employed to evaluate the performance of the new alloy,
microstructure, and IMC formation at the SACIn-xAl/Cu interface in the SEM
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laboratory at the Margem Laboratory of Karabik University Iron and Steel Institute.
The device used for the SEM-EDX analysis was ZEISS ULTRA PLUS FESEM SE2,
Inlens, STEM, and EsB detectors. (see Figure 4.8). This device can receive the
images of SEM by increasing the temperature of the sample to 750 °C by Hot-Stage
Point, linear, and map-type chemical composite analysis utilizing an EDX detector.
Coating of dielectric surfaces with Au, Au/Pt veC using a coating device. SEM-EDX
provides a detailed elemental composition and high-resolution imaging of

microscopic surface structures.

Figure 4.8. The device used for the SEM-EDX analysis " ZEISS ULTRA PLUS
FESEM SE2.

After wetting experiments were completed, the samples were collected, and for each
temperature 275 °C, 300 °C, and 325 °C, a sample with a better wettability was
chosen for SEM-EDX analysis. At first, the sample was cut from its middle into two
halves using a jigsaw. The two halves of the samples were covered with Bakelite
material at the metal laboratory (see Figure 4.9). Then, the surface of the alloy
samples was smoothed using 1000,1200, 1500, 2000, and 2500 mesh sandpaper,
Then, the samples were polished with water-based diamond lubricant using Forcipol
2v, a Grinder-Polisher device, at a metallurgical laboratory at Karabuk University.
(see Figure 4.10), Finally, until the samples became ready for SEM-EDX analysis,
the samples were cleaned and washed by using alcohol, and then the samples were
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dried by using an electric dryer; then we kept the samples in a closed container in the

laboratory and so the samples became ready for SEM-EDX analysis.

Figure 4.9. Shows the preparing SACIn-xAl solder/Cu interface at temperatures of
275°C, 300°C, and 325°C for SEM-EDX analysis.

Figure 4.10. Forcipol 2v, a Grinder-Polisher device.

Table 4.3 Displays the wetting experiment numbers through SEM-EDX for the
chosen solder alloys at 275 °C, 300 °C, and 325 °C.

The table 4.3 lists the chosen samples of solder alloys for SEM-EDX analysis at
275°C, 300°C, and 325°C, along with their corresponding wetting experiment
numbers.

Table 4.3. Displays the solder alloys produced with their corresponding wetting
experiment numbers for SEM-EDX analysis.

Solder alloys produced 275°C 300°C 325°C
SAC205-1In-0.3Al Exp.3 Exp.5 Exp.8
SAC205-1In-0.5Al Exp.12 Exp.14 Exp.18
SAC205-1In-0.7Al Exp.19 Exp.23 Exp.27
SAC205-11n-0.8Al Exp.29 Exp.31 Exp.36
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SAC205-11In-0.9Al Exp.38 Exp.41 Exp.43

4.7. CORROSION EXPERIMETNS

We have conducted corrosion experiments to examine how adding Al affects the
corrosion rate of SAC205-1In. To do this, we measured the corrosion rates of all
newly produced solder alloys and compared them to the previously manufactured
SAC305 and SAC205-1In. The main goal of corrosion tests is to determine the rate
of corrosion, the current density, and the corrosion potential of the evolved solder
alloys. We examined the features of corrosion for the SAC205-1In-xAl quinary lead-
free solder alloy in a 1 M solution of HCL. Furthermore, the analysis of
microstructure before and after corrosion for the SAC-1In-xAl where (x=0.3 wt%,
0.5 wt%, 0.7 wt%, 0.8 wt%, and 0.9 wt%) were done separately by using the device
Carl Zeiss Ultra SEM at the Margem Laboratory of Karabuk University Iron and
Steel Institute. The samples for corrosion tests were prepared using SiC sheets with
mesh sizes ranging from 400, 600, 800, 1000, 1200, 2000, and 2500 to smooth the
surfaces of the samples. Then, A diamond lubricating solution with a water base was
used to polish the working electrode samples. Afterward, the samples were cleaned
using alcohol and dried with a dryer. Finally, the prepared samples were stored in a

closed container and were ready for the corrosion tests.

Before starting the polarization process, open-circuit monitoring was conducted for
10 minutes to ensure the working electrode surfaces were stabilized
potentiostatically.

The experiments were conducted with a total of 3 electrode cells, comprising 1
reference electrode (Ag/ AgCl), a counter electrode (1 double graphite rod), and a
working electrode (produced solder alloys). We used a harsh solution (1 M HCI) as
the test medium due to the presence of two different types of ions in HCI acid,
chlorine (CI - ) and hydrogen (H +), therefore, it corrodes more rapidly than other
electrolytes. Unlike salt and alkaline solutions, which contain only a single type of
ion that causes corrosion, potentials ranging from -1.0 V (Ag/AgCl) to +1.0 V
(Ag/AgCl) were examined to identify potential sites for passivation and de-
passivation. The scanning speed was adjusted to 1 mV/s [114].
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4.8 ELECTRICAL RESISTIVITY MEASUREMENTIS

Electrical conductivity and resistivity are essential properties used to characterize
lead-free solder alloys. The resistivity of solder alloys could be determined by
applying a current source in order to produce an electric field within the sample. This
electric field helps to determine the intensity of the current and (V) the potential drop
that occurs between any two selected points. The resistivity of a material is then
calculated by dividing the current (1) passing through the sample by the voltage (V) it
generates according to Ohm's law. It is essential to consider the material's geometric
properties when determining a homogeneous sample's electrical resistivity [115].
Resistivity measures how much a material prevents the electric current movement.
Conductivity, on the other hand, measures how effectively a material can allow the
movement of electric current through it and is the opposite of resistivity.

The electrical resistivity of SAC205-1In and quinary solder alloys that were
produced in this study SAC205-1In-xAl where x = 0.3 wt%, 0.5 wt%, 0.7 wt%, 0.8
wit%, and 0.9 wt% was measured by using a two-point probe technique using a Keith
2400 source meter. The measurements of resistivity were taken by touching the

surface layer of samples with two probes, as illustrated in Figure 4.11.

Figure 4.11. Electrical resistivity measurements were taken using the Keith 2400
source meter and two-point probe technique.

47



At room temperature, the electrical resistivity test was carried out by using an
applied steady current of 1 A. For each sample, twenty measurements were taken.
The electrical resistance R of an object is defined as the ratio between the difference
voltage (V) that causes the current (1) to move through it. Electric resistance from the
experimental measurements was calculated using Ohm’s law as shown in equation.

4.1.

R== (4.1)
[116]

For calculating the resistivity of the sample, the geometrical dimensions of the
sample must be known. Since the thickness of sample was taken approximately 3

mm, and the distance between the probs s =2mm.

p=7 (4.2)

G: is the correction factor dependent on the sample shape and dimensions and
arrangement of electrical contact [117].
The geometric factor G was derived by Uhlir [118, 119].

The formula was used for calculating the correction factor G is became as follow

G=2msT,(:) (4.3)
[117]

2ms: is the geometric factor for a semi-infinite volume,
s: Distance between probs

t: Sample thickness
T, (E) is an additional correction factor to apply for finite thickness (t) of the

sample. It is value was determined as 0.835 from the table in Topase’s article for

calculating the correction factor (G) [117].
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By substituting the value of s and T, (g) in equation (4.3), geometric correction

factor becomes

G=2x%314x2x10"3x 0.835 = 10.4876 x 1073

According to equation (4.2), the electrical resistivity equation formula will become
as follows.

P=T

Hence

p=RG (4.4) [117,
56]

By substituting the value of (G) in equation (4.4)
p =(10.4876 x 1073)R (mQ.m)

p =10.4876 X 1075R (Q.m)

(4.5)

The electrical resistivity measurements of produced solder alloys SAC205-1In-xAl
where (x = 0.3 wt%, 0.5 wr%, 0.7 wt%, 0.8 wt%, and 0.9 wt%) and SAC205-1In
were calculated by substituting the value of electrical resistance measurements (R)

that obtained experimentally in equation 4.5, (see Appendix B).

4.9 SHEAR STRENGTH TESTS

For the shear test, Cu-substrate plates were prepared of dimensions 50 mm length, 15
mm width, and 1.5 mm thickness. The surfaces of the Cu substrate plates were
smoothed with 1200 and 2000 mesh sandpaper and then cleaned with methanol
alcohol to remove and prevent oxidation on its surface. For the shear test, quinary
lead-free solder alloys SAC205-1In-xAl were soldered onto the Cu substrates plates,
where X represented the weight percentage of Al (0.3%, 0.5%, 0.7%, 0.8%, and
0.9%). Small pieces of each solder alloy produced were placed between two Cu-
substrate plates, which were then attached by soldering. Soldering between the

copper plates was performed using two separate soldering irons, and a 15mm X
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15mm region was soldered at a temperature of approximately 330-350°C (see Figure
4.12).

Figure 4.12. Shows Cu-substrate dimensions and the process of soldering.

Then the produced samples affected the cutting force. The shear strength values
indicate the greatest load a material can withstand before shearing. These values are
crucial in determining how effectively a material can resist forces that affect parallel
to its surface. IMC materials are crucial for the mechanical strength and stability of
solder junctions [120]. A solder junction needs to be very strong to sustain severe
heat pressures or shock loads and remain practical for the long term. The newly
produced quinary SAC205-1In-xAl (x=0.3%, 0.5, 0.7, 0.8 and 0.9 wt%) alloys that
do not contain lead were sheared with a Zwick Roell Z050 device at static test
laboratory of Karabuk University Iron and Steel Institute as shown in Figure 4.13.

50



Figure 4.13. The device used for shear strength test Zwick Roell Z050 device at
static test laboratory of Karabuk University Iron and Steel Institute.

The linked copper plates of each solder alloy produced SAC205-1In-xAl were then
fastened to the jaws of a typical tensometer, where they were dragged with a shear
force across the joint at a crosshead speed of 2.0 mm/min to observe the influence of
loading speed on the shear strength and measuring the maximum shear force (Fmax)

and maximum elongation (&,,4x)-
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PART 5

RESULT AND DISCUSSION

5.1 X-RAY FLUORESCENCE (XRF) ANALYSIS

After the production process of quinary lead-free solder alloys (96.5-x) Sn-2Ag-
0.5Cu-1In-(x)Al (where x = 0.3 wt%, 0.5 wt%, 0.7 wt%, 0.8 wt%, and 0.9 wt%)
completed at the production laboratory for Metallurgical Materials Engineering at
Karabuk University. The new alloys produced were homogenized in an oven set at
180 °C. The sample alloys were put inside the furnace for a duration of 48 hours.
Afterward, the homogenization process was completed, and the produced quinary
lead-free solder alloys were subjected to X-ray Fluorescence (XRF) analysis using
the 4AKWX-Ray RhTube device equipped with wavelength distribution spectroscopy
in the Karabuk University at Margem Laboratory to determine the accuracy of the
metal ratios in the produced sample alloy in wt%. The chemical combinations of the
investigated lead-free solder alloys are shown in weight percentage and listed in
Table 5.1.

Table 5.1. Results of XRF analysis show the wt% of the chemical composition of
produced quinary lead-free solder alloys Sn-2Ag-0.5Cu-1In-xAl.

Produced quinary lead-free solder Wt %
alloys Sn Ag Cu In Al
96.2Sn- 2Ag- 0.5Cu- 1In- 0.3Al 96.2668 19713  0.4528  0.9993  0.3000
96Sn- 2Ag- 0.5Cu- 1In- 0.5Al 95.4494 2.1554 0.4900 0.9970 0.4843
95.8Sn- 2Ag- 0.5Cu- 1In- 0.7Al 95.7915 1.9395 0.4872 1.0240 0.7289
95.7Sn- 2Ag- 0.5Cu-1In- 0.8Al 95.6977 2.0048 0.4195 1.0928 0.8078
95.6Sn- 2Ag- 0.5Cu- 1In- 0.9Al 95.6414 2.0532 04835 1.0632  0.9112
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Five quinary solder alloys were prepared by adding varying quantity of aluminum to
the SAC205-1In to develop lead-free solder alloys. The corresponding ratios of

elements in the produced solder alloys are displayed in Figure 5.1.

a) 96.25n-2Ag-0.5Cu-1In-0.3A1 b) 965n-2Ag-0.5Cu-1In-0.5A1 ¢) 95.85n-2Ag-0.5Cu-1In-0.7A1

d) 95.7Sn-2Ag-0.5Cu-1In-0.8A1 €) 95.65n-2Ag-0.5Cu-1In-0.9A1

Figure 5.1. The weight percentage of elements in produced solder alloys

5.2 DIFFERNTIAL SCANNING CALORIMETER (DSC) ANALYSIS

Differential scanning calorimeter (DSC) tests were conducted in Margem
laboratories at Karabuk University on quinary lead-free solder alloys ((96.5-x)Sn-
2Ag-0.5Cu-1In-xAl) produced in this study with varying amounts of aluminum (x =
0.3, 0.5, 0.7, 0.8, and 0.9 wt%). The DSC analysis revealed that the melting points of
the solder alloys, SAC-In-xAl where (x=0.3, 0.5, 0.7, 0.8, and 0.9 wt%), were as
follows: 214.3°C, 219.7°C, 219.3°C, 219.1°C, and 220.5°C, respectively, as shown
in Table 5.2 and Figure.5.2.

Previous studies have shown that the melting point of SAC305 was measured as
219.1°C [8], while the melting point of the SAC205-1In solder alloy was calculated
as 217.7°C [9]. The reduction in melting point of quinary lead-free solder alloys
SAC205-11In-0.3Al produced in this study is ranging about 3.8 to 4.8°C degrees to
that of SAC205-1In and SAC305 solder alloys made in previous studies. Solder
alloys with higher melting points require higher temperatures for soldering in
industrial applications [11].
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The melting point of the quinary lead-free solder alloy (SAC205-1In-0.3Al)
decreased compared to SAC205-1In and SAC305, while the melting point of the
other quinary lead-free solder alloy produced in this study was close to that of
SAC205-1In.

Table 5.2. The melting temperatures of the produced quinary lead-free solder alloys
according to the results of DSC.

Lead free solder alloy Melting temperature °C
SAC205-1In-0.3Al 214.3
SAC205-1In-0.5Al 219.7
SAC205-1In-0.7Al 219.3
SAC205-1In-0.8Al 219.1
SAC205-1In-0.9Al 220.5

SAC305 [8] 219.1
SAC205-1In [9] 217.7

— GIntgd OB — ——03In.tp 50 — 03It

—(Entyg R  ——0SInty DEC —5Intd TS

€) SAC205-1In-0.7A1 Sample Weight:14.732 mg d) SAC205-1In-0.3A1 Sample Weight:17.100 mg
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¢) SAC205-1In-0.9A1 Sample Weight35.261 mg

e

Figure 5.2. DSC analysis of SAC205-1In-xAl , a) SAC-In-0.3Al , b) SAC-In-0.5Al,
c) SAC-In-0.7Al, d) SAC-In-0.8Al, e) SAC-In-0.9Al.

5.3 X-RAY DIFFRACTION (XRD) ANALYSIS

At the KBU Margem Laboratory, the XRD analysis was conducted on each quinary
lead-free solder alloy SAC205-1In-xAl, where x represents 0.3 wt%, 0.5 wt%, 0.7
wit%, 0.8 wt%, and 0.9 wt%. This analysis's main goal was to figure out the kinds of
IMCs that were present in the alloys. The results of the XRD analysis exhibited the
impact of adding (Al) on the microstructure and the formation of IMCs in the alloy.
The XRD results confirmed that the solder alloys contained various intermetallic
compounds, such as AgsSn, Ag-Al, AgsAl, AloCu, AlCu, CusSn, and CueSns. The
presence of these IMCs in the solder alloys is depicted in Figure 5.3. The findings of
this analysis will help better understand the properties and performance of the solder
alloys, which can be used to improve their quality and reliability in various
applications. The addition of (Al) to the SAC solder alloys leads to the formation of
Ag-Al and Cu-Al IMC, enhances $-Sn dendrites, and reduces the growth of Ag3Sn
and Cu6-Sn5 IMC [38]. When examining the microstructural properties, it becomes
apparent that the Cu-Al IMC phase, which is abundant in Al, has replaced Cu6Sn5
and Ag3Sn IMCs [121].

X-ray diffraction (XRD) is a technique employed in science of materials to identify
the crystallographic structure of a material. The principle of XRD is based on the fact
that each crystal phase refracts X-rays in a characteristic order, which depends on the
configuration of the atoms of crystal. XRD analysis helps to identify the
microstructural properties of new quinary lead-free solder alloys (as depicted in

Figure 5.3). The peak values in the XRD spectrums show the locations with the
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highest intensity and prominence of Cu-Sn, Cu-Al, Ag-Al, and Ag-Sn phases. The
phases observed in the SEM-EDX analysis were found to be proportional to their
corresponding peak intensities in the XRD analysis.
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Figure 5.3. XRD analysis of lead-free solder alloys SAC205-1In-xAl indicates the
formation of IMCs: a) SAC205-11In-0.3Al, b) SAC205-1In-0.5Al, c)
SAC205-1In-0.7Al, d) SAC205-1In-0.8Al, and ) SAC205-1In-0.9Al.
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54 WETTABILITY ANALYSIS

The wetting tests for the SAC205-1In-xAl ( x is 0.3 wt%, 0.5 wt%, 0.7 wt%, 0.8
wit%, and 0.9 wt%) were conducted using the hybrid drop method on a 99.85% pure
Cu substrate. The lead-free solder alloys melted inside the furnace and were then
dropped onto the copper substrate at predefined temperatures (275 °C, 300 °C, and
325 °C). As soon as the droplets touched the Cu substrate, a 10-minute video
recording was made using a high-speed camera with a camera featuring a shooting
ability to capture 600 frames per second, the Casio Made Pro EX-F1. The video was
captured at different intervals to observe the behavior of the drops on the substrate.
The wetting angle versus time plots were obtained using Sigma Plot15.0 Software,
and the wetting experiments data were obtained for three different positive wetting

experiments for each temperature.

The wetting contact angle between the solder and Cu substrate was measured using
the "Corel Draw XX2 software" with the help of screenshots of the video taken at
specific seconds. Three wetting experiments were conducted using the hybrid drop
method for each new quinary lead-free solder alloy at predetermined temperatures of
275, 300, and 325 °C. The average CA of the right and left was calculated.

5.4.1 Contact Angles Measurements Of SAC205-11n-0.3Al

Table 5.3 displays the average left and right contact angle measurements for all
wetting experiments conducted on the new quinary lead-free solder alloy SAC205-
1In-0.3Al at three different temperatures: 275 °C, 300 °C, and 325 °C. Among all the
experiments, the lowest average of the left and right contact angles was recorded in
experiment 8 at the 600" interval, with a value of 37.61°, as indicated in Table 5.3
(See Figure Appendix A. 1). Additionally, Figure 5.4 depicts an image of some
droplets of SAC205-1In-0.3Al on a Cu-substrate, along with the measurement of the
CA at intervals of 600th. Then, the average contact angle of three wetting
experiments of SAC205-1In-0.3Al for each predetermined temperature 275 °C, 300
OC, and 325 °C were calculated as shown in Table 5.4. The lowest average CA was
observed as 39.88° at a temperature of 325 °C. All the information on the wetting
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experiments conducted on SAC205-1In-xAl was registered, including essential
details such as the mass of the Cu, the mass of the used solder alloy, the mass of the
solder droplet on the Cu-substrate, the duration of the test, and the duration of the
video recording. This information is crucial for analyzing and comparing the results

of each experiment.

Table 5.3. Displays the average left and right contact angles for each wetting
experiment of SAC205-1In-0.3Al at 275°C, 300°C, and 325°C.

Average contact angles for both left and right sides of SAC205-11n-0.3Al droplet on Cu-substrate at a

predetermined temperature

2759C 300 °C 325°C
D
<] — o~ ™ < [Te) © N~ ¢’} o
£ = S 3 S 3 = S S =
[ > x > x > X X X x
L L L L L L L L L
0 58.04 61.11 54.50 53.07 52.98 52.22 50.64 45.24 45,74

5 57.54 59.30 52.70 51.23 49.85 45.79 50.27 45.40 42.91

10 56.93 57.63 50.27 50.08 49.39 44.24 45.90 43.41 42.49

15 56.20 57.38 48.6 49.43 49.02 42.09 45.64 41.83 42.42

30 55.88 56.77 47.85 46.73 47.13 41.84 45.45 41.68 42.41

60 55.24 56.11 47.61 46.68 46.43 41.25 45.21 40.59 41.84

90 54.54 54.74 45.63 46.44 46.28 40.47 44.74 40.44 41.52

120 54.05 53.08 44.92 44.57 45.64 40.20 44.02 38.97 41.36

150 53.65 52.17 43.07 44.36 44.99 40.10 43.62 38.68 41.01

300 53.47 51.03 42.63 43.87 4419 39.36 42.85 38.08 40.74

600 52.23 49.04 42.26 43.54 43.89 38.88 41.51 37.61 40.51
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Figure 5.4. Shows the measurements of the left and right contact angles for SAC205-
1In-0.3Al droplet on a Cu-substrate at intervals 600th-second a) Exp. (3) at 275 °C,
b) Exp. (6) at 300 °C, c) Exp. (8) at 325 °C.

Table 5.4. Shows the average contact angle measurements for three wetting
experiments of SAC205-1In-0.3Al performed at 275°C, 300°C, and
325°C.

Contact angles measurements of SAC205-1In-0.3Al

avg. Contact angles avg. Contact angles avg. Contact angles

Time of Exp.1,2, 3 at 275 of Exp. 4,5,6 at 300 of Exp. 7,8,9 at 325
C °C °C

0 57.88 52.75 47.20

5 56.51 48.95 46.19
10 54.94 47.90 43.93
15 54.06 46.85 43.30
30 53.50 45.23 43.18
60 52.98 44,78 42.55
90 51.64 44.39 42.23
120 50.68 43.47 41.45
150 49.63 43.15 41.10
300 49.04 42.47 40.55
600 47.84 42.10 39.88
Mean contact angles 52.61 45.64 42.87

5.4.2 Contact Angles Measurements Of SAC205-11n-0.5Al

Table 5.5 shows the average contact angle measurements for wetting experiments on
the new SAC205-11n-0.5Al solder alloy conducted at 275 °C, 300 °C, and 325 °C.
Experiment 18 had the lowest average contact angle of 36.48° at the 600th second.
The images of some droplets of a solder alloy SAC205-1In-0.5Al on a Cu-substrate
with the measurements of the contact angle at a second of 600th are shown in Figure
5.5. however, Table 5.6 shows the average contact angle of three experiments at each

temperature. The lowest average contact angle of 40.12° was observed at 325 °C. See
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Figure Appendix A.2 which contains details on the contact angle measurements of all

wetting experiments of SAC205-1In-0.5All.

Table 5.5. Displays the average left and right contact angles for each wetting
experiment of SAC205-1In-0.5Al at 275 °C, 300 °C, and 325 °C.

Average contact angles for both left and right sides of SAC205-11n-0.5Al droplet on Cu-substrate at a

predetermined temperature

— 275°C 300 °C 325°C

(2

EOES §F E® BT &% F®9 fe &5 &S
0 55.12 56.22 58.37 46.52 50.28 62.41 53.47 50.61 44,78

5 54.06 55.86 57.71 43.32 48.76 60.29 45.20 49.75 43.48

10 53.41 54.99 56.75 42.61 48.58 59.66 43.86 46.51 41.39

15 51.74 54.93 56.11 42.48 47.48 59.01 43.70 46.26 41.41

30 47.34 54.69 56.02 42.26 47.24 58.74 42.90 45.88 38.70

60 46.16 54.66 55.42 41.96 46.37 58.30 4251 45.58 38.31

90 44.13 54.41 54.97 41.74 45.97 57.71 42.36 45.29 37.93

120 43.50 53.64 54.71 41.34 45.61 57.37 41.86 45.06 37.52

150 43.14 53.04 54.30 40.72 45.25 57.22 41.67 44.46 37.39

300 42.22 52.91 52.85 40.41 44.87 56.24 41.73 43.96 37.12

600 40.14 52.68 49.61 39.53 44.30 55.68 40.76 43.11 36.48

Figure 5.5. Shows the measurements of the left and right contact angles for SAC205-
1In-0.5Al droplet on a Cu-substrate at intervals 600th-second a) Experiment (10) at
275 °C, b) Experiment (13) at 300 °C, c¢) Experiment (16) at 325 °C.
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Table 5.6. Shows the average contact angle measurements for three wetting
experiments of SAC205-1In-0.5Al performed at 275°C, 300°C, and
325°C.

Contact angle measurements of SAC205-1n-0.5Al

avg. Contact angles of ~ avg. Contact angles of  avg. Contact angles of

Time Exp. 10,11,12 at 275 Exp. 13,14,15 at 300 Exp. 16,17,18 at 325
°C °C °Cc
0 56.57 53.07 49.62
5 55.88 50.79 46.14
10 55.05 50.28 43.92
15 54.26 49.66 43.79
30 52.68 49.41 42.49
60 52.08 48.87 42.13
90 51.17 48.47 41.86
120 50.62 48.10 41.48
150 50.16 47.73 41.17
300 49.32 47.17 40.93
600 47.48 46.50 40.12

Mean contact

52.30 49.09 43.06
angles

5.4.3 Contact Angles Measurements Of SAC205-1In-0.7Al

Table 5.7 presents the average left and right contact angles for all the wetting
experiments conducted on the new quinary lead-free solder alloy SAC205-1In-0.7Al
at three different temperatures: 275°C, 300°C, and 325°C. Experiment 23, at the 600"
second, recorded the lowest average of the left and right contact angles, which was
44.34°, as mentioned in Table 5.7. Figure 5.6 shows droplets of SAC205-1In-0.7Al
on a Cu-substrate with the measurement of the CA at a second of 600th. The average
contact angle of three wetting experiments of SAC205-1In-0.7Al for each
predetermined temperature 275°C, 300°C, and 325°C were computed as presented in
Table 5.8. At 325 °C, the lowest average CA was observed, 48.32°. (See Figure
Appendix A.3), which includes information about the contact angle measurements

for all the wetting experiments involving SAC205-11n-0.7All.
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Table 5.7. Displays the average left and right contact angles for each wetting
experiment of SAC205-1In-0.7Al at 275 °C, 300 °C, and 325 °C.

Average contact angles for both left and right sides of SAC205-1In-0.7Al droplet on Cu-substrate at a

predetermined temperature

275°C 300°C 325°C

Time
(s)

xX X X X xX X X X N X N
U o U o Pl & "W o NI o P o YU s U & U g ™~

0 70.87 79.65 60.13 56.20 50.32 65.45 56.25 53.07 52.69

5 70.72 78.12 50.20 53.43 49.83 64.79 55.48 50.24 51.75

10 69.44 76.95 46.35 52.19 49.49 64.71 54.87 50.14 50.76

15 69.23 76.21 45.97 46.85 49.24 64.60 50.90 49.86 50.84

30 68.68 76.15 45.87 46.37 48.39 64.72 50.71 49.60 50.42

60 68.44 76.23 45.79 46.34 47.61 64.42 50.19 49.24 50.35

90 68.17 75.22 46.14 45.63 46.79 64.42 49.83 49.15 50.28

120  67.63 74.96 45.97 45.35 46.16 64.13 49.31 49.48 50.03

150 66.32 74.91 45.59 45.32 45.38 63.37 49.22 49.20 49.79

300 66.66 73.72 44.75 45.17 45.12 63.13 48.79 48.06 49.57

600 65.78 74.15 44.69 45.10 44.34 62.91 48.09 47.43 49.45

Figure 5.6. Shows the measurements of the left and right contact angles for SAC205-
1In-0.7Al droplet on a Cu-substrate at intervals 600th-second a)
Experiment (21) at 275 °C, b) Experiment (23) at 300 °C, c¢) Experiment
(26) at 325 °C.
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Table 5.8. shows the average contact angle measurements for three wetting
experiments of SAC205-1In-0.7Al performed at 275 °C, 300 °C, and
325°C.

Contact angle measurements of SAC205-1n-0.7Al

avg. Contact angles of avg. Contact angles of  avg. Contact angles of

Time Exp.19,20,21 at 275 Exp. 22,23,24 at Exp.25,26,27 at 325
°C 300°C °C

70.22 57.32 54.00
66.35 56.02 52.49
10 64.25 55.46 51.92
15 63.80 53.56 50.53
30 63.57 53.16 50.24
60 63.49 52.79 49.92
90 63.18 52.28 49.75
120 62.86 51.88 49.61
150 62.28 51.36 49.40
300 61.71 51.14 48.81
600 61.54 50.78 48.32
Mean contact angles 63.93 53.25 50.45

5.4.4 Contact Angles Measurements Of SAC205-11n-0.8Al

The average left and right contact angle measurements for all wetting experiments
conducted on the new quinary lead-free solder alloy (SAC205-1In-0.8Al) were
calculated at three various temperatures: 275 °C, 300 °C, and 325 °C, as shown in
Table 5.9. Experiment 35 recorded the lowest average of the left and right contact
angles at the 600th second with a value of 34.38°. (See Figure Appendix A.4) which
shows the CA measurements of all wetting experiments conducted on SAC205-1In-
0.8Al. On the other hand, Figure 5.7 displays an image of some droplets of SAC205-
1In-0.8Al on a Cu-substrate, along with the measurement of the CA at intervals of
600th seconds. The average contact angle of three wetting experiments of SAC205-
1In-0.8Al for each predetermined temperature 275 °C, 300 °C, and 325 °C were
calculated as shown in Table 5.10. The lowest average contact angle was identified at

a temperature of 325 °C, with a value of 37.95.
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Table 5.9. Displays the average left and right contact angles for each wetting
experiment of SAC205-1In-0.8Al at 275°C, 300°C, and 325°C.

Average contact angles for both left and right sides of SAC205-1In-0.8Al droplet on Cu-substrate at

a predetermined temperature

. 275°C 300 °C 3250C

(2]

. . . . .
0 64.00 49.93 53.62 48.43 53.70 60.20 68.90 45.98 39.17

5 62.43 49.66 53.11 46.41 53.20 55.92 67.60 38.67 38.34

10 6157 47.95 51.95 45.93 52.49 55.12 67.06 40.20 36.81

15 61.18 47.66 51.74 45.82 51.99 53.73 66.83 39.22 36.56

30 60.49 45.03 51.28 45.78 51.26 53.16 65.70 39.01 35.48

60 60.24 44.94 51.14 45.61 50.05 52.98 63.76 35.66 35.31

90  59.82 44.59 51.07 45.47 49.80 52.49 52.39 35.27 35.18

120 59.54 44.32 50.62 45.38 49.27 51.23 49.66 34.76 35.11

150 59.34 43.99 50.09 45.15 49.09 50.19 49.77 34.64 34.89

300 59.02 43.86 49.41 45.01 48.75 49.88 44.97 34.59 34.63

600 58.48 43.46 48.86 44.88 47.04 49.61 44.83 34.38 34.66

Figure 5.7. Shows the measurements of the left and right contact angles for SAC205-
1In-0.8Al droplet on a Cu-substrate at intervals 600th-second a)
Experiment (29) at 275 °C, b) Experiment (31) at 300 °C, c) Experiment
(35) at 325 °C.
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Table 5.10. Shows the average contact angle measurements for three wetting
experiments of SAC205-1In-0.8Al performed at 275 °C, 300 °C, and
325 °C.

Contact angle measurements of SAC205-In-0.8Al

avg. Contact angles avg. Contact angles avg. Contact angles

Time of Exp. 28,29,30at  of Exp. 31,32,33at  of Exp. 34,35,36 at
275°C 300 °C 325°C
0 55.85 54.11 51.35
5 55.06 51.84 48.20
10 53.82 51.18 48.02
15 53.52 50.51 47.53
30 52.26 50.07 46.73
60 52.10 49.55 44,91
90 51.83 49.25 40.94
120 51.49 48.62 39.84
150 51.14 48.14 39.77
300 50.76 47.88 38.06
600 50.26 47.17 37.95
Mean contact 52.55 49.85 43.94

angles

5.4.5 Contact Angles Measurements Of SAC205-11n-0.9Al

Table 5.11 displays the average contact angle measurements for the wetting
experiments on the new quinary lead-free solder alloy, SAC205-1In-0.9Al, at 275 °C,
300 °C, and 325 °C. Experiment 43 had the lowest average contact angle of 36.87° at
the 600th second. However, Figure 5.8 display images of some droplets of SAC205-
1In-0.9Al on a Cu-substrate, along with measurements of the contact angle at
intervals of 600th. However, Table 5.12 presents the average contact angle of three
experiments at each predetermined temperature: 275 °C, 300 °C, and 325 °C. The
lowest average contact angle of 41.82° was observed at 325 °C. (See Figure
Appendix A.5) which demonstrates the CA measurements of all wetting experiments
of SAC205-1In-0.9Al.
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Table 5.11. Displays the average left and right contact angles for each wetting
experiment of SAC205-1In-0.9Al at 275 °C, 300 °C, and 325 °C.

Average contact angles for both left and right sides of SAC205-1In-0.9Al droplet on Cu-substrate at

a predetermined temperature

275°C 300°C 325°C

Zz

@ ~ 0 o o — [N ™ <t Ts)

£ ™ ™ ™ < < < < < <

~ e £ g g g £ g g g

L L L L L L L L L

0 55.18 52.39 65.09 56.39 47.59 53.97 41.61 53.10 51.27

5 52.43 48.81 64.56 53.60 46.85 54,20  40.32 52.29 48.86
10 51.70 45.29 63.95 52.75 46.35 52.63 39.97 52.04 48.48
15 50.74 4570 6295 5269 4596 50.76 39.13 51.60 46.95
30 50.41 45.67 62.44  51.66 44.47 50.82 38.15 50.65 46.64
60 49.12 44.54 62.14 51.01 43.64 48,94 37.83 50.36 45.74
90 48.82 44.46 61.47 50.48 4355  48.25 37.61  48.58 45.02

120 48.44 4414 6116 4926 4331 4798 37.39 48.11 4490

150 4780 4377 60.86 4899 43.04 4787 37.23 47.64 44.49

300 46.95 4358 60.33 4841 4225 4765 36.97 4532 4413

600 46.30 4336 6040 48.16 4153 4744 36.87 4514  43.47
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Figure 5.8. Shows the measurements of the left and right contact angles for SAC205-
1In-0.9Al droplet on a Cu-substrate at intervals 600th-second a)
Experiment (38) at 275 °C, b) Experiment (41) at 300 °C, c¢) Experiment
(43) at 325 °C.

Table 5.12. Shows the average contact angle measurements for three wetting
experiments of SAC205-1In-0.9Al performed at 275 °C, 300 °C, and
325 °C.

Contact angle measurements of SAC205-1n-0.9Al
avg. Contact angles of  avg. Contact angles of  avg. Contact angles of

Time Exp. 37,38,39 at 275 °C  Exp. 40,41,42 at 300 °C  Exp. 43,44,45 at 325 °C
0 57.55 52.65 48.66
5 55.26 51.55 47.15
10 53.65 50.58 46.83
15 53.13 49.80 45.89
30 52.84 48.98 45.14
60 51.93 47.86 44.64
90 51.58 47.42 43.73

120 51.25 46.85 43.46
150 50.81 46.63 43.12
300 50.29 46.10 42.14
600 50.02 45.71 41.82

Mean contact

52.57 48.56 4478
angles

The contact angles of new quinary lead-free solder alloys, SAC205-1In-0.3Al,
SAC205-1In-0.5Al, SAC205-1In-0.7Al, SAC205-1In-0.8Al, and SAC205-11n-0.9Al
have been measured for three positive wetting experiments. The average contact
angles of all alloys change gradually over time instead of suddenly decreasing with
temperature, as shown in Figure 5.9. The wetting angle graph exhibits a parabolic
decrease in contact angle values over time, eventually stabilizing after the 60th
second. Figure 5.9 shows that as the temperature increases, the wetting angle values
decrease. Additionally, the wetting angle value rate reflects the solder alloy's
tendency to spread on the Cu substrate [122]. Smaller wetting angles are seen in fast-

spreading results.
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Figure 5.9. The average contact angles of three wetting-positive experiments at
specified intervals (0, 5, 10, 15, 30, 60, 90, 120, 150, 300, and 600
seconds) of a SAC205-1In-xAl solder droplet on a Cu substrate at
temperatures of 275°C, 300°C, and 325°C.

The capability of new quinary lead-free solder alloys, SAC205-1In-xAl, to spread on
a Cu-substrate determines their wettability. Creating a reliable solder joint
necessitates good wettability since it offers optimal contact and bonding between the
substrate and the solder. Achieving better wetting requires careful control of the
solder's composition and processing conditions and appropriate surface preparation
of the substrate. Among all alloys, SAC205-1In-0.3Al showed the lowest mean
contact angle at 42.87° at 325°C. The mean contact angle for SAC205-1In-0.5Al was
43.06°, for SAC205-1In-0.7Al was 50.45°, for SAC205-1In-0.8Al was 43.94°, and

for SAC205-11n-0.9AI was 44.78°, according to the contact angle measurements for
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each alloy given in Tables 5.4, 5.6, 5.8, 5.10, and 5.12. The mean contact angle of
new quinary lead-free solder alloys SAC205-1In-xAl was rearranged and mentioned
in Table 5.13. In our research, we noticed that solder droplets, which are small
amounts of molten metal used in soldering, spread more rapidly on the Cu substrate
when the mean CA values are low. Conversely, when the mean CA values are high,
they spread more slowly, providing insight into solder droplets' behavior on copper

substrates.

Table 5.13. Mean contact angles of new quinary lead-free solder alloys at
predetermined temperatures of 275 °C, 300 °C, and 325 °C

Mean CA. at Temperatures

Lead free solder alloy

275 °C 300 °C 325°C
SAC-In-0.3Al 52.61 45.64 42.87
SAC-In-0.5Al 52.3 49.09 43.06
SAC-In-0.7Al 63.93 53.25 50.45
SAC-In-0.8Al 52.55 49.85 43.94
SAC-In-0.9Al 52.57 48.56 44.78

The wetting experiments showed that the contact angle decreases as the temperature
increases for all new quinary lead-free solder alloys SAC205-1In-xAl. (See Figure
5.9, Table 5.13, and Figure Appendix A.6).

This study found that the SAC205-1n-0.3Al solder alloy has the lowest melting point
among all new quinary lead-free solder alloys. According to the DSC analysis, its
melting temperature was 214.3 °C. The results of wetting experiments showed a
correlation between the melting temperature and the degree of wettability. Adding
aluminum to SAC205-1In lowered the melting point and improved the degree of
wettability of new quinary lead-free solder alloys. At the same time, increasing the
amount of Al from 0.3 wt% to 0.9 wt% causes a slight increase in the mean contact
angle values and melting temperature of the alloy as shown in Table 5.13 and Table
5.12.

The contact angle value determines how well a liquid can wet a surface. If the

contact angle value falls between 30 and 40 degrees, it means the surface is highly
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wettable; when the CA is between 40 and 55 degrees, the wettability is satisfactory;
when the CA is between 55 and 70 degrees, the wettability is poor, and when the CA
exceeds 70 degrees, the wettability is very poor [11]. The range of average contact
angles between 35 to 50 degrees for predetermined temperatures of 275 °C, 300 °C,
and 325 °C indicates that the new quinary lead-free solder alloys SAC205-1In-xAl
exhibit good and adequate wettability.

On the other hand, adding aluminum led to forming Cu-Al and Ag-Al IMCs. At the
same time, Cu6Sn5 and Ag3Sn IMCs were suppressed. Cu-Al IMCs are an ideal
choice for conductivity or binding compounds due to their thermal solid and

electrical conductivity [64].

5.5 SEM-EDX ANALYSIS OF SAC205-1In-xAl SOLDER ALLOYS ON Cu-
SUBSTRATE.

Understanding the microstructural characteristics of an alloy is crucial in determining
its mechanical performance. SEM analyses of the alloys were carried out to analyze
the microstructural properties of the new quinary lead-free solder alloys SAC205-
1In-xAl and understand their mechanical performance and reliability. SEM-EDX
analyses reveal the formation of several IMCs, such as Ag3Sn, Ag2Al, Ag3Al,
Al2Cu, ALCu, Cu3Sn, and Cu6Sn5, at the interface of drop solder and Cu substrate,
as shown in Figures 5.10, 5.11, 5.12, 5.13, and 5.14. The SEM-EDX analysis was
used to examine the IMCs produced at the solder-to-Cu substrate interface, with each
IMC being investigated at three different temperature values of 275°C, 300°C, and
325°C. The mechanical performance of an alloy is heavily influenced by its
microstructural characteristics, so it is important to identify the microstructural
characteristics of the new quinary lead-free solder alloy Sn-2Ag-0.5Cu-1In-xAl to

determine its mechanical reliability and efficiency.

The Cu3Sn and Cu6Sn5 IMCs are essential in establishing the mechanical
characteristics of solder alloys. CuSn is the main metallic phase that forms between
the solder and the Cu substrate. During the soldering process, Cu6Sn5 is initially

formed at the interface, which is then replaced by a combined layer of Cu3Sn and
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Cu6Sn5. The thickness of the Cu3Sn layer is lower than that of the Cu6Sn5 layer,
and it is formed between the Cu6Sn5 and Cu substrate. In accordance with the
literature, the bonds of Al content with Cu content reduce the CuSn IMC phases, and
the primary CuSn phases associated with Al-added SAC solder alloys are
suppressed. Regions close to the Cu6Sn5 phase are observed to have SnCu and CuAl
phases. With regard to the SEM examinations, for every lead-free solder alloy, the
intermetallic components that were created at the contact point were increasingly

noticeable as the temperature increased. [123, 124, 125].

The SnCu phase is represented by dark gray structures, the CuAl phase by black
dotted structures, and the SnAg phase by white dendrite structures. As the
temperature increased, the thickness of the SnCu and CuAl phases also increased and
became more prominent. Similarly, SEM images showed that the size of the Cu3Sn
and Cu6Sn5 phases increased with increasing temperature. The reliability of joints
can be negatively affected by Cu6Sn5 IMC [126].

However, Cu6Sn5 IMC has a positive side: it can create a protective barrier on
copper surfaces, making them highly corrosion-resistant. Cu3Sn IMC, on the other
hand, improves electrical conductivity and is also highly corrosion-resistant. Many
different alloys have been studied and debated in the literature as replacements to
high Ag SAC alloys. Low Ag alloys have been found to have less Ag3Sn IMC in the
bulk alloy, which corresponds to a decrease in mechanical strength. It seems evident
that lower Ag alloys may be more capable of withstanding the effects of high strain
rate deformation [127]. In bulk solder alloys, Ag-Al and Cu-Al IMC form faster due
to the presence of Al. After forming Cu-Al and Ag-Al IMC, less Cu, and Ag are
available to form IMC with Sn in bulk solder [38]. CuAl IMC is a popular choice for
conductive or binding compounds due to its excellent thermal and electrical

conductivity.

The images of SEM-EDX depicts the different phases of the new quinary solder
alloys. The dark gray regions demonstrate the CuAl phase, while the lighter gray
structures indicate the SnCu phase. The bar-shaped recessed structures represent the
B-Sn phase. With increased temperature, the Cu3Sn and Cu6Sn5 phases formed at
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the interface become more visible. Additionally, it has been reported that the size of
CuSn phases also increases with the increase in temperature, as shown in the SEM-
EDX Figures (See Figures 5.10. 511-5.19). The placement of the peaks in the EDX

spectrums determines the element, while the intensity of the signal shows the degree

of concentration of the element.

Figure 5.10. SEM images of SAC205-1In-0.3Al solder alloy/Cu interface at different
temperatures: a) 275°C, b) 300°C, ¢) 325°C.

Figure 5.11. SEM images of SAC205-1In-0.5Al solder alloy/Cu interface at different
temperatures: a) 275°C, b) 300°C, ¢) 325°C.

Cu;Sn CugSng

Figure 5.12.. SEM images of SAC205-1In-0.7Al solder alloy/Cu interface at
different temperatures: a) 275°C, b) 300°C, c) 325°C.

72



Figure 5.13. SEM images of SAC205-1In-0.8Al solder alloy/Cu interface at different
temperatures: a) 275°C, b) 300°C, c) 325°C.

Figure 5.14. SEM images of SAC205-1In-0.9Al solder alloy/Cu interface at different
temperatures: a) 275°C, b) 300°C, ¢) 325°C.

Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.28 60.04 1.52 1.42 36.74
2 0.29 6.42 2.77 2.76 87.76
3 0.08 55.63 4.71 2.66 36.91
4 0.29 42.57 4.81 3.28 49.05
5 0.30 3.27 2.88 5.06 88.50
6 0.12 3.43 3.29 4.38 88.78
7 0.17 26.85 2.45 3.54 66.99

¢ [Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.17 98.91 0.29 0.23 0.39
2 0.11 47.31 3.80 2.69 46.08
3 0.00 54.99 0.16 2.54 42.30
4 0.42 5.25 18.51 4.71 71.11
5 0.34 3.48 4.04 4.62 87.53
6 0.19 0.41 3.19 5.50 90.71
7 0.15 89.51 0.00 0.70 9.65

Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.19 99.46 0.07 0.00 0.28
2 0.27 28.29 2.02 4.36 65.06
3 0.19 61.24 1.14 1.81 35.62
4 0.28 62.32 0.07 1.99 35.35
5 0.17 4.41 4.30 6.00 85.12
6 0.05 2.33 22.56 6.34 68.72
7 0.89 15.20 11.88 5.22 66.81
8 1.37 39.51 5.96 3.40 49.76

Figure 5.15. SEM-EDX results of the SAC205-1In-0.3Al solder/Cu interface at
predetermined temperatures: a) 275°C, b) 300°C, and c) 325°C.

73



’i Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.17 99.62 0.00 0.00 0.21
2 0.09 75.08 0.03 1.12 23.69
3 0.05 67.25 0.23 2.02 30.45
4 0.00 36.03 3.55 3.54 56.88
5 0.08 4.18 3.11 4.34 88.29
6 0.28 6.02 3.43 4.57 85.69
7 0.00 0.90 11.06 6.35 81.69

Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.11 99.59 0.05 0.00 0.25
2 0.07 61.46 1.76 2.41 34.29
3 0.24 58.67 1.48 1.64 37.96
4 0.06 50.78 2.02 2.21 44.93
5 0.16 0.95 3.26 5.00 90.63
6 0.17 9.51 4.34 5.11 80.87
7 0.00 45.12 1.63 3.35 49.91

Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.15 99.59 0.00 0.04 0.22
2 0.02 59.15 1.28 2.51 37.05
3 0.00 42.19 6.76 3.56 47.48
4 0.18 60.15 0.21 2.65 36.80
5 0.00 4.32 11.74 5.53 78.41
6 0.00 7.99 4.95 5.29 81.77
7 0.11 51.57 1.79 2.79 43.74
8 0.06 55.60 1.36 2.43 40.56

Figure 5.16. SEM-EDX results of the SAC205-1In-0.5Al solder/Cu interface at
predetermined temperatures: a) 275°C, b) 300°C, and c) 325°C.

Mass percent (%)

Spectrum al Cu Ag In Sn
1 0.26 98.71 0.35 0.30 0.39
2 19.85 72.97 0.07 0.00 7.12
3 8.24 53.29 1.81 2.43 34.22
4 1.27 4.83 12.96 4.64 76.29
5 10.25 1.24 75.25 3.44 9.81
6 0.42 0.40 4.59 5.80 88.78

Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.14 99.53 0.00
2 0.28 81.19 0.00
3 0.05 60.45 1.15
4 0.24 65.14 0.36
5 0.13 0.03 2.94
6 0.19 1.96 3.01
7 0.17 3.57 37.69
8 0.17 5.43 3.38

Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.14 99.50 0.07 0.02 0.27
2 0.11 94.21 0.00 0.38 5.30
3 0.01 59.41 1.34 2.59 36.65
4 0.00 56.81 1.67 2.90 38.62
5 0.11 7.62 4.14 5.67 82.46
6 0.00 7.22 8.20 5.10 79.48
7 0.00 1.95 3.56 6.12 88.38

Figure 5.17. SEM-EDX results of the SAC205-1In-0.7Al solder/Cu interface at
predetermined temperatures: a) 275°C, b) 300°C, and c) 325°C.
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Mass percent (%)

Spectrum Al Cu Ag In Sn
2 0.31 99.11 0.03 0.46 0.09
3 0.22 59.03 1.22 2.67 36.85
4 0.26 10.65 2.76 4.67 81.65
5 0.29 27.43 2.11 4.34 65.83
6 5.41 54.12 7.41 2.89 30.17
7 0.63 5.39 6.69 5.08 82.21
8 0.00 8.36 3.43 4.92 83.30

Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.23 99.56 0.00 0.21 0.00
2 0.01 73.12 0.07 1.50 25.30
3 0.07 61.08 1.16 1.45 36.24
4 13.34 83.58 0.00 0.24 2.84
5 0.31 4.12 2.65 5.38 87.54
6 0.31 0.54 24.41 9.28 65.46
7 0.07 55.48 1.51 3.08 39.85
8 0.22 37.24 3.32 3.36 55.86
' |Mass percent (%)
4 | Spectrum Al Cu Ag In Sn
1 0.21 99.28 0.16 0.04 0.31
2 0.07 80.53 0.33 1.17 17.91
3 0.17 58.91 1.64 2.54 36.74
4 50.05 26.50 3.28 8.07 12.10
5 6.96 10.82 8.75 6.23 67.24
6 0.28 49.25 2.12 3.25 45.10
7 0.00 58.20 8.62 2.75 30.43
8 0.20 59.27 1.18 2.35 37.00

Figure 5.18. SEM-EDX results of the SAC205-1In-0.8Al solder/Cu interface at
predetermined temperatures: a) 275°C, b) 300°C, and c) 325°C.

% [Mass percent (%)

Spectrum Al Cu Ag In Sn
il 0.23 99.11 0.24 0.00 0.42
2 0.08 80.99 0.07 0.67 18.19
3 0.15 61.60 1.31 1.56 35.37
4 0.00 27.49 0.00 6.08 66.44
5 0.29 65.36 0.13 2.13 32.08
6 0.09 58.36 0.20 2.24 39.11
7 0.29 1.62 2.58 5.13 90.38
8 0.27 48.40 1.70 3.65 45.98

[} [Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.13 99.68 0.00 0.00 0.20
2 0.22 60.68 1.54 2.44 35.11
3 0.18 66.92 0.26 2.12 30.51
4 0.24 60.41 1.17 2.30 35.89
S 0.11 1.04 4.47 9.53 84.85
6 0.40 6.99 2.73 4.66 85.22
T 0.42 4.13 2.57 5.27 87.61
8 0.56 2.93 3.04 4.88 88.58

Mass percent (%)

{ | Spectrum Al Cu Ag 1In Sn
1 0.06 99.72 0.00 0.00 0.22
2 0.04 74.85 0.00 1.28 23.83
3 0.28 62.34 1.36 1.63 34.40
4 0.37 56.66 1.74 2.71 38.53
5 0.15 46.13 2.18 4.14 47.40
6 0.21 19.86 2.23 5.13 72,57
7 0.05 57.32 1.62 2.48 38.52
8 0.08 9.91 2.32 5.78 81.92

Figure 5.19. SEM-EDX results of the SAC205-1In-0.9Al solder/Cu interface at
predetermined temperatures: a) 275°C, b) 300°C, and c) 325°C.
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5.6 CORROSION ANALYSIS

The corrosion behavior of new quinary lead-free solder alloys SAC205-1In-xAl was
examined under specific and controlled conditions in a 1M hydrochloric acid (HCI)
solution, ensuring the reliability of the findings. Hydrochloric acid has a faster
corrosion rate than other electrolytes due to chlorine (Cl-) and hydrogen (H+) ions
that contrast with other electrolytes like salt and alkaline solutions, which contain
only one type of ion that can cause corrosion. The microstructure analyses of the
lead-free solder alloy SAC-1In-xAl were measured independently before and after
corrosion. The study compared the corrosion rates of different solder alloys and

determined the corrosion properties of newly developed solder alloys.

5.6.1 Characteristics Of New Solder Alloys

The images of SEM for the lead-free solder alloys SAC-2051In-xAl (x = 0.3, 0.5,
0.7, 0.8, and 0.9 wt%) show the alloy's microstructures that exhibit the formation of
certain phases of IMCs such as Ag3Sn, Ag-Al phase IMC's that identified by Ag2Al
and Ag3Al, the phase of Al-Cu IMC's that identified by Al2Cu and ALCu, and
finally the phase of Cu-Sn IMC's which identified by Cu3Sn and Cu6Sn5 onto the
solder surface, as seen in Figure 5.20 and Figure 5.28. The SEM analysis of the
absorbent structures unveiled a f-Sn matrix with a Sn-rich region, along with the
presence of large particles of the Sn-Cu intermetallic phase (Cu6Sn5) and smaller
particles of the Ag3Sn intermetallic phase. Importantly, the observation revealed a
complete eutectic structure with the Ag3Sn and Cu6Sn5 phases uniformly distributed
within the -Sn matrix. These findings are in agreement with reference [128, 129].
Al reduced the growth of Ag3Sn and Cu6Sn5 IMCs and supported the formation of
Ag-Al and Cu-Al IMC because fewer Ag and Cu content would be able to form
IMCs with the Sn when Al was added to SAC205-1In. The solder alloys containing
Al displayed passivation behavior, as depicted in Figure 5.28. SEM and EDX
analysis revealed the creation of dense passive layers on the Al-containing solder.
These passivation films consisted of intermetallic compounds, including SnO, SnO2,
Al203, and AICuO4, effectively inhibiting reactions on the solder surface [60].
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©) SAC205-1In-0.7 Al d) SAC205-11n-0.8 Al

€) SAC205-1In-0.9 Al

Figure 5.20. SEM images of SAC-1In-xAl solder alloys before the electrochemical
measurements in 1M HCL solution (a) SAC205-1In-0.3Al, (b) SAC205-
1In-0.5Al, (c) SAC205-1In-0.7Al, (d) SAC205-1In-0.8Al, and
(e) SAC205-1In-0.9Al.

The EDX images in Figure 5.21, 5.22, 5.23, 5.24, and 5.25 show the mass percentage
% of the elements in the new quinary lead-free solder alloys before immersion in a
1M HCL hydrochloride solution.

Mass percent (%)

pectrum Al Cu Ag In  Sn

0.12 0.71 7.91 5.00 86.27
0.28 0.73 3.74 4.91 90.35
0.39 1.24 4.50 4.70 89.17
0.18 6.17 3.62 4.83 85.20
0.40 0.81 2.84 4.84 91.10
0.28 0.87 3.06 4.70 91.08

ue: 0.28 1.76 4.28 4.83 88.86
igma: 0.11 2.17 1.87 0.12 2.54
igma mean: 0.05 0.89 0.76 0.05 1.04

Figure 5.21. EDX analysis of SAC205-11n-0.3Al alloy before immersion in 1M HCL
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Mass percent (%)

Spectrum Al Cu Ag In  Sn
1 0.30 0.20 2.81 5.30 91.39
2 0.24 0.41 35.40 6.70 57.24
3 0.29 0.66 2.97 5.81 90.26
4 0.27 0.93 2.78 4.86 91.16
5 0.09 0.00 3.49 5.73 90.69
Mean value: 0.24 0.44 9.49 5.68 84.15
Sigma: 0.08 0.37 14.49 0.68 15.05
Sigma mean: 0.04 0.16 6.48 0.31 6.73

ey

spectrum

Sigma mean: 1.

1 0.36 0.66 3.37 4.72 90.89
2 1.60 1.07 9.00 5.62 82.71
3 1.61 1.64 9.73 4.05 82.98
4 0.43 0,91 3.41 4.53 90.72
5 0.28 0.68 3.26 5.14 90.64
6 0.69 1.19 26.39 7.11 64.62
7 9.54 0.76 55.07 4.44 30.20

Mean value: 15.75 5.09 76.11

Sigma: 19.16 1.03 22.26

7.24 0.39 8.41

Sigma mean:

s

Figure 5.24. EDX analysis of SAC205-11n-0.8Al alloy before immersion in 1M HCL
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MM

Figure 5.25. EDX analysis of SAC205-11n-0.9Al alloy before immersion in 1M HCL

5.6.2 Potentiodynamic Polarization Analysis

The potentiodynamic polarization curves of all evolved quinary lead-free solder
alloys in a 1M HCL solution are presented in Figure 5.26. These curves show that
none of the alloys exhibit any passivation zones. In a passivation zone, the current
density must change its direction at a particular potential of anodic polarization and
become lower compared to the density immediately before going into the zone. On
the other hand, all produced SAC205-1In-xAl alloys only exhibit a pseudo-
passivation zone where the current densities stay steady and do not react to
fluctuations in scanning potentials, which range nearly from (-0.1) V to the end of
the scanning region (+1.0 V). Interestingly, Relative to the NaCl solution, the
current density in pseudo-passivation zones is noticeably higher [130]. The observed
behavior is due to the highly acidic 1M HCI environment. It is intriguing that the
pseudo-passivation region does not terminate at a reactivation point. Figure 5.21
provides clear evidence that the purported passivation zone persists until the end of
the scanning zone (+1 V), showcasing a deviation from findings in studies primarily

employing NaCl-based solutions [131].

The potentiodynamic polarization measurements yielded quantitative findings
detailed in Table 5.14. The corrosion potentials of all the alloys produced in this
study were almost equivalent. The corrosion potentials of the newly developed solder

alloys exceed those of SAC305 and SAC205-1In due to the higher corrosion current
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densities exhibited by the new alloys compared to their predecessors. This increased
corrosion current density has led to a higher potential corrosion of the new solder
alloys. The newly formulated solder alloys' corrosion potentials can be attributed to
the incorporation of aluminum at specific ratios.

By employing Tafel extrapolations, we derived the corrosion current densities and
corrosion rate values for each evolved solder alloy. Our observations indicate a
consistent trend wherein the corrosion rates decrease with the substitution of tin (Sn)
with varying percentages of aluminum (Al) (i.e., 0.3, 0.5, 0.7, and 0.8 wt.%). The
corrosion rate of SAC205-1In-0.8Al is the lowest among all produced solder alloys
in this study, standing in stark contrast to the 0.9AI% variant. The addition of 0.8
wt.% Al alloy has decreased the corrosion rate compared to SAC305 that was
previously made [58], as indicated in Table 5.14. In contrast, the corrosion rate is
highest for the 0.9Al% variant due to the high icorr of SAC205-1In-0.9Al; these
results highlight the impact of different weight percentages of aluminum on

corrosion rates.
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Figure 5.26. Potentiaodynamic polarization curves, a) Potentiodynamic polarization
curves of SAC205-1In-xAl (x = 0.3, 0.5, 0.7, 0.8, and 0.9 wt%), b)
potentiodynamic polarization curves magnified image.

The corrosion current density (icorr) decreases with increasing Al content in the
alloy. Specifically, the icorr values are as follows: 20.8 pA/cm? for 0.3 wt% Al, 16.8
nA/cm? for 0.8 wt% Al, 18.83 pA/cm? for 0.5 wt% Al, 18.5 pA/cm? for 0.7 wt% Al,
and 30.42 pA/cm? for 0.9 wt% Al (as shown in Table 2). Notably, the alloy with 0.8

wt% Al exhibits the smallest corrosion current density. It's worth noting that a low
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icorr value signifies a lower corrosion rate, while a higher icorr value indicates a
higher corrosion rate [58]. When comparing the corrosion rates, the SAC205-1In-
0.8Al alloy demonstrates the lowest corrosion rate among all produced alloys, even
less than the corrosion rate of the SAC305 made by previous studies. Therefore, the

SAC205-1In-0.8Al is more resistant to the corrosion.

Table 5.14. The corrosion parameters of the produced solder alloy SAC205-1In-xAl

Solder alloys icorr (LA / CR Ecorr (V)
cm?) (mm / year)

SAC205-1In-0.3Al 20.8 0.5767 -0.71
SAC205-1In-0.5Al 18.83 0.5221 -0.71
SAC205-1In-0.7Al 18.5 0.5129 -0.72
SAC205-1In-0.8Al 16.8 0.4658 -0.72
SAC205-11n-0.9Al 30.42 0.8435 -0.70
SAC-1In [58] 10.571 0.285 -0.528
SAC305,[58] 18.095 0.488 -0.525

CCD : Corrosion Current Density (icorr), CR : Corrosion Rate, Ecor : Corrosion

Potential

5.6.3 Post-Corrosion Descriptions

The polarization curves indicated that the corrosion characteristics of all solder alloys
were nearly identical, as depicted in Figure 5.26. The SEM images of the solder
alloys are displayed in Figure 5.27, along with the observed views of the examined
lead-free solder alloys following the potentiodynamic tests. When less "Al" is added
to the SAC205-1In solder alloy, it results in the formation of an oxide film with a
coarse and spherical structure. Specifically, adding 0.3% Al leads to developing an
oxide film with these characteristics. This introduction of aluminum to the SAC-In
lead-free solder alloy has a notable impact on the surface corrosion product,
effectively enhancing passivation capabilities. The resulting development of

Al2CuO4 on the surface serves to reduce the solder's overall corrosion sensitivity
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[13]. The corrosion resistance and icorr values of SAC205-1In-xAl alloys are
affected by the presence of surface phases or oxidations. Upon examining the SEM
images in Figure 5.27, an oxide coating begins to develop on the surface as the icorr
value decreases after corrosion. The snowy formations observed in SEM
examinations correspond to the formation of the oxide film layer [58)]. The SAC205-
1In-0.8Al alloy exhibits the best corrosion resistance among all the alloys containing
Al. This conclusion is based on the results obtained from all the alloys tested. The
introduction of aluminum (Al) into the SAC-1In quaternary lead-free solder alloy
leads to the creation of Ag-Al IMCs, specifically Ag2Al and Ag3Al IMCs, as well as
Al-Cu IMC phase, identified by Al2Cu and AICu IMCs. This results in reduced
availability of Ag and Cu for the formation of intermetallic compounds with Sn,

leading to decreased concentration of Ag3Sn, Cu3Sn, and Cu6Sn5 IMCs.

d) SAC205-1In-0.8 Al

€) SAC205-11n-0.9 Al

Figure 5.27. SEM images of SACIn-xAl solder alloys after immersion in 1M HCL
solution: (a) SAC205-1In-0.3Al, (b) SAC205-1In-0.5Al, (c) SAC205-
1In-0.7Al, (d) SAC205-1In-0.8Al, and (e) SAC205-11n-0.9Al.

The images obtained from EDX and depicted in Figures 5.28 through 5.32 provide a

visual representation of the mass percentage of elements present in the alloy after

immersion in a 1M HCI solution. The observed variations in mass percentage result
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from corrosion-induced degradation caused by electrochemical reactions.
Furthermore, upon conducting SEM examinations, the formations resembling snow

that were observed correspond to the presence of the oxide film layer [58].

Mass percent (%)

Mean value: 0.21 11.02 27.82 5.30 55.66
Sigma: 0.19 20.93 32.61 1.71 32.38
Sigma mean: 0.07 7.91 12.33 0.65 12.24
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Figure 5.28. EDX analysis of the SAC205-1In-0.3Al solder alloy after immersion in
a 1M HCL solution.
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Figure 5.29. EDX results of the SAC205-1In-0.5Al solder alloy after immersion in a
1M HCL solution.
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Mass percent (%)

Spectrum Al Cu Ag In Sn
1 0.05 0.82 8.05 5.38 85.70
2 0.36 0.63 80.66 5.17 13.18
3 0.43 18.56 46.62 4.88 29.51
4 0.67 10.96 49.71 5.76 32.90
5 0.58 6.26 25.90 5.74 61.52
6 0.30 1.99 19.23 7.29 71.20

Mean value: 0.40 6.54 38.36 5.71 49.00
Sigma: 0.22 7.11 26.18 0.85 28.00
Sigma mean: 0.09 2.90 10.69 0.35 11.43

ps/ev

Figure 5.30. EDX results of the SAC205-1In-0.7Al solder alloy after immersion in a
1M HCL solution.

Mass percent (%)

Spectrum Al cu Ag In Sn
1 0.22 0.00 4.02 4.63 91.14
2 6.17 0.50 73.69 4.75 14.89
3 0.62 4.09 64.82 7.56 22.91
4 0.56 8.69 59.85 7.40 23.50
5 0.00 1.23 64.50 10.85 23.42
6 0.42 5.42 60.08 6.86 27.21
7 0.39 10.75 59.46 5.56 23.84

Mean value: 1.20 4.38 55.20 6.80 32.41
Sigma: 2.20 4.18 23.11 2.15 26.16
Sigma mean: 0.83 1.58 8.73 0.81 9.89

7

Figure 5.31. EDX results of the SAC205-1In-0.8Al solder alloy after immersion in a
1M HCL solution.
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Figure 5.32. EDX results of the SAC205-1In-0.9Al solder alloy after immersion in a
1M HCL solution.

5.7 ELECTRICAL RESISTIVITY ANALYSIS

The electrical resistivity of cross-sectioned samples of new quinary lead-free solder
alloys was measured using a two-point probe technique using a Keith 2400 source
meter. The electrical resistivity tests were accomplished at room temperature. The
electrical resistivity measurements of produced solder alloys SAC205-1In-xAl where
(x = 0.3 wt%, 0.5 wr%, 0.7 wt%, 0.8 wt%, and 0.9 wt%) and SAC205-1In are shown
in Appendix B. Twenty measurements of electrical resistivity were taken. The
maximum electrical resistivity of the new quinary lead-free solder alloys SAC205-
1In-0.3Al, SAC205-1In-0.5Al, SAC205-1In-0.7Al, SAC205-1In-0.8Al, SAC205-
1In-0.9Al, and SAC205-1In obtained experimentally are 1.07 x 107° Q.m,
1.12x 107 Q.m,1.15 X 1076 Q. m, 1.18 X 107 Q. m, 1.21 X 107 Q. m,

and 1.08 x 10~ Q. m. respectively as shown in Table 5.15.

The addition of aluminum has a noticeable impact on the electrical resistivity of the
SAC205-1In solder alloy. With an increase in aluminum, the electrical resistivity
gradually increases, reaching its peak at 0.9 wt%, as depicted in Figure 5.33.

Notably, the electrical resistivity of all new quinary lead-free solder alloys has



slightly increased compared to the previous SAC305 solder alloy, and the electrical
resistivity of SAC205-1In without adding Al. The electrical resistivity of SAC305
was recorded at 1.04 x 107° Q.m [57]. The electrical resistivity of composite solder
alloys is determined by various factors, including the volume fraction, shape, size,
and total electrical resistivity of the material, which is affected by the combined

influences of impurity, thermal, and deformation components.

Table 5.15. The maximum electrical resistivity of the new quinary lead-free solder
alloys SAC205-1In-xAl obtained experimentally and SAC305.

Solder SAC305 SACIn- SACIn- SACIn- SACIn- SACIn- SACIn-

alloys 00AI  03Al  05AI  07Al  08Al  0.9AI
Resistivity  1.04E-  1.08E- 107E- 112E- 1L15E- 11BE- 121E-
@m) o06[57] %° 06 06 06 06 06

Maximum Electricl resistivity of SAC205-1In-xAl
1.25E-06

1.20E-06

1.15E-06
1.10E-06
1.05E-06
1.00E-06
9.50E-07

SAC305[57] SAC205-1In  SACIn-0.3Al SACIN-0.5AI SACIN-0.7Al SACIn-0.8Al SACIn-0.9Al
Lead free solder alloys

Resistivity (Q.m)

Figure 5.33. Maximum electrical resistivity of new quinary lead-free solder alloys
SAC205-1In-xAl (x=0.3, 0.5, 0.7, 0.8 , and 0.9 wt%) and SAC305.

It has been observed that the average resistivity values of 19 readings for five new
quinary lead-free solder alloys (SAC205-1In-0.3Al, SAC205-1In-0.5Al, SAC205-
1In-0.7Al, SAC205-1In-0.8Al, SAC205-1In-0.9Al, and SAC205-1In) were
calculated in Table 5.16. The values were found to be 5.05 x 10%” Q.m, 5.19 x 10"
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Qm, 537 x 109 Q.m, 5.45 x 10% Q.m, 5.66 x 10°" Q.m, and 5.22 x 10°" Q.m
respectively. It is important to note that resistivity value and conductivity are
inversely proportional. Therefore, the solder alloy with 0.3Al added is the best
conductor for the current, as it has the lowest resistivity value. (See Table 5.15, Table
5.16, Figure 5.33, and Figure 5.34).

Table 5.16. The average electrical resistivity of SACIn-xAl (x=0.3 wt%, 0.5 wt%,
0.7 wt%, 0.8 wt%, 0.9 wt%).

avg. resistivity of new quinary lead-free solder alloys SAC205-1In-xAl
0.0 Al 0.3Al 0.5Al 0.7Al 0.8Al 0.9Al
5.22E-07 5.05E-07 5.19E-07 5.37E-07 5.45E-07 5.66E-07

Average Electrical resistivity of SAC205-1In-xAl
5.80E-07
5.70F-07
5.60E-07
= 5.50F-07

=
& 5.40E-07

p—

‘& 520E07
5.00E-07
4.90F-07
4.80E-07
470E-07

SAC205-1in  SACIn-0.3Al SACIN-0.5A1 SACIN-0.7Al SACIn-0.8A1 SACIn-0.9Al
Lead free solder alloys
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Figure 5.34. Average Electrical resistivity of SAC205-1In-xAl (x=0.3 wt%, 0.5 wt%,
0.7 wt%, 0.8 wt%, 0.9 wt%.

The electrical resistivity increases with decreasing the Ag content from 3.0 wt.% to

1.0 wt.%. This is because the number of low-resistivity Ag3Sn IMCs increases with
an increase in the Ag content [63].

The addition of Al to SAC205-1In leads to the creating of CuAl IMC and suppresses
the formation of the Ag3Sn and CuSn IMCs phases, and forms Al-Ag and Al-Cu
IMCs, the addition of 0.9Al to SAC205-1In reduces the concentration of Ag3Sn and
Cu6Sn5 and Cu3Sn more than all produced solder alloys. Therefore, SAC205-1In-
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0.9Al has the highest resistivity 1.21 x 107¢ Q. m than other produced solder alloys
SAC205-1In-0.8Al, SAC205-1In-0.7Al, SA205-1CIn-0.5Al, and SAC205-11n-0.3Al
that has the lowest electrical resistivity 1.07 x 107 Q.m, according to the results,
the value of electrical resistivity increased by increasing the ratio of Aluminum (Al)
as displaced in Fig.5.34 and Table 5.16.

Adding Al suppresses the creating of Ag3Sn and CuSn IMCs phases, producing Al-
Ag and Al-Cu, IMCs. The change in the concentration of Ag3Sn and Cu3Sn due to
the addition of Al affected the electrical resistivity of the solder alloy [64]. The
electrical resistivity of the SAC305 solder alloy was influenced by the volume of Al
(Wt%). The inclusion of aluminum (Al) did not adversely affect the electrical

characteristics of the solder.

5.8 SHEAR STRENGTH RESULTS

Two lead-free solder alloys, SAC205-1In, and new quinary lead-free solder alloys,
SAC205-1In-xAl (where x = 0.3 wt%, 0.5 wt%, 0.7 wt%, 0.8 wt%, and 0.9 wt%),
were subjected to shear tests using a Zwick Roell device. Copper plates were
connected to the jaws of a standard tensometer and pulled across the joint at a
crosshead speed of 2.0 mm/min. The shear tests measured the Fmax, Fbreak,
maximum elongation, and break elongation; the results are presented in Table 5.17.

The shear strength rises sharply for small elongations until the maximum stress is
reached. The samples are not broken at that point; instead, there is a gradual voltage
drop (Fmax and Foreak), Which ends when the internal voltage resistance is zero
(maximum shear stress). Due to the geometry of shear and the strong plasticity of Sn
alloys, the stress-strain curve has this shape (see Figure 5.35). Similar curves were
observed for every alloy composition examined, and its maximum shear was

calculated.

The SAC-1In lead-free solder alloy showed a minimum shear strength value of
141.66 MPa without added Al. As for the new quinary solder alloys, the shear stress
initially declines with increasing Al percentage at 0.3 wt% and 0.5 wt% Al content.

However, a subsequent rise in shear stress occurs at 0.7 wt% Al content, reaching its
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peak at 0.8 wt% Al content before declining again at 0.9 wt% Al content as depicted
in Figure 5.35. The maximum shear strength was measured as 155.94 MPa for the
SACIn-0.8Al solder alloy, as shown in Table 5.17. There was always a strong bond
between the solder and the copper layer. Thus, it was clear from all the damaged
samples that the failure happened there. The development of IMCs may be one of the
factors contributing to the high strength of lead-free solder alloys. The production of
Sn-based IMCs of the Cu6Sn5 or Cu3Sn IMC is typically linked to the solder's
adhesion to the copper substrate. These lead-free solders have good bonding and
wettability properties to Cu substrates because they are Sn-rich. As a result, the
solder matrix's mechanical resistance ultimately determines the soldered junctions'

mechanical integrity.

Table 5.17. Shear strength test results of produced solder alloys SACIn-xAl.

Solder alloys Thickness En Frax Foreak Epreak  Emax (%)
(mm) (mm)  (N/mm? (N/mm?) (%)
SAC-1In 15 15 141.66 119.12 0.61 0.60
SACIn-0.3Al 15 15 136.54 133.62 0.45 0.44
SACIn-0.5Al 15 15 132.97 131.72 0.48 0.48
SACIn-0.7Al 15 15 133.72 118.67 0.47 0.46
SACIn-0.8Al 15 15 155.94 152.93 0.60 0.59
SACIn-0.9Al 15 15 138.21 103.66 0.59 0.57
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Figure 5.35. Shear strength values of produced solder alloys SAC205-1In-xAl
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PART 6

CONCLUSION

Due to environmental concerns, hazardous materials like lead (Pb) in electronics and
electrical equipment have been restricted. While lead-free solder has been developed
as a substitute, finding replacements for all applications has proven challenging. This
study added aluminum to the lead-free solder alloy (Sn-2Ag-0.5Cu-1In) to enhance
the performance of SAC solder alloys; through advanced techniques like hybrid drop
technique, XRF, XRD, DSC, SEM + EDX analysis, the study explored the new
quinary lead-free solder alloy's physical properties, wettability, inter-metallic phases,
microstructures, melting temperatures, and other performance factors. The study also
analyzed new solder alloys' potentiodynamic polarization, electrical resistivity, and
shear strength. This study provides important insights into the existing body of
literature by discussing the benefits and drawbacks and comparing findings with

previous research. The study findings lead to the following conclusion.

e This study focused on developing and analyzing a range of new quinary lead-
free solder alloys. The approach involved incorporating varying quantities of
Al into the SAC205-1In, producing new quinary lead-free solder alloys (96.5-
X) Sn-2Ag-0.5Cu-1In-xAl. where values of x were tested (0.3 wt%, 0.5 wt%,
0.7 wt%, 0.8 wt%, and 0.9 wt%). XRF analysis was used to thoroughly
examine the chemical composition of these alloys, with the resulting data
presented in detail in Table 5.1. The optimization of the Sn-Al combination in

these new lead-free solder alloys could lead to significant cost reduction.

e  Our study employed DSC analysis to ascertain the melting points of newly
developed quinary lead-free solder alloys SAC-In-xAl series (with x values of
0.3, 0.5, 0.7, 0.8, and 0.9 wt%). The findings revealed that the melting points
of the alloys ranged from 214.3°C to 220.5°C. The study also noted that 3.8
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°C decreased the melting point of SAC205-1In-0.3Al to 4.8°C compared to
prior studies. In contrast, the melting point of the other quinary lead-free
solder alloys manufactured in this study were approximately equivalent to
that of SAC205-11In and SAC305. It is crucial to consider that higher melting
point solder alloys necessitate elevated temperatures during industrial
soldering processes. Adding Al up to 0.3 to SAC205-1In reduced the melting

points of solder alloys.

Incorporating aluminum (Al) into SAC205-1In solder alloys leads to the
development of Ag-Al and Cu-Al intermetallic compounds (IMC), ultimately
curtailing the growth of Ag3Sn and Cu6-Sn5 IMC. X-ray diffraction (XRD)
analysis verified the existence of IMCs such as Ag3Sn, Ag2Al, Ag3Al,
Al2Cu, AICu, Cu3Sn, and Cu6Sn5, which impact the microstructure and
concentration of IMC formation within the alloy. These outcomes could

enhance the reliability and quality of solder alloys in various applications.

Wetting tests were conducted for SAC205-1In-xAl (x=0.3, 0.5, 0.7, 0.8, and
0.9 wt%) lead-free solder alloy using the hybrid drop method on a pure
copper substrate at temperatures of 275, 300, and 325°C.

The CA values for the new quinary lead-free solder alloys SAC205-1In-xAl
(x=0.3, 0.5, 0.7, 0.8, and 0.9 wt%) were determined at three different
temperatures (275 °C, 300 °C, and 325 °C). The lowest average and mean CA
of three positive wetting experiments were recorded for each temperature.
The lowest average CA of SAC205-1In-0.3Al of three positive wetting
experiments for each temperature was 47.84, 42.10, and 39.88, respectively,
while the mean CA was 52.61, 45.64, and 42.87, respectively (refer to Table
5.4 for details). The lowest average CA of SAC205-1In-0.5Al of three
positive wetting experiments for each temperature was 47.48, 46.50, and
40.12, respectively, while The mean CA was 52.30, 49.09, and 43.06 (refer to
Table 5.6 for details). The lowest average CA of SAC205-1In--0.7Al of three
positive wetting experiments for each temperature was 61.54, 50.78, and
48.32, respectively, while the mean CA was 63.93, 53.25, and 50.45 (refer to
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Table 5.8 for details). In addition, The lowest average CA of SAC205-1In-
0.8Al of three positive wetting experiments for each temperature was 50.26,
47.17, and 37.95, respectively, while the mean CA was 52.55, 49.85, and
43.94 (refer to Table 5.10 for details). Finally, the lowest average CA of
SAC205-11n-0.9Al of three positive wetting experiments was 50.02, 45.71,
and 41.82, respectively, while the mean CA was 52.57, 48.56, and 44.78
(refer to Table 5.12 for details).

This study found that the SAC205-In-0.3Al solder alloy has the lowest
melting point and the highest wettability among all new quinary lead-free
solder alloys. SAC205-1In-0.3Al showed the lowest mean contact angle at
42.87 at 325 °C. It means that the capability of SAC205-1In-0.3Al to spread
on a Cu-substrate is higher and faster than other produced solder alloys in this
study. Adding aluminum to SAC205-1In increase the melting point. On the
other hand, increasing the amount of Al from 0.5 wt% to 0.9 wt% causes a
slight increase in the mean contact angle values and melting point of the
alloy. The new quinary lead-free solder alloys SAC205-1In-xAl exhibit good
wettability with contact angles between 35 and 50 degrees at 275 °C, 300 °C,
and 325 °C. The wetting experiments showed that the contact angle decreases
as the temperature increases for all new quinary lead-free solder alloys. (See
Figure 5.9).

The SEM analyses found that the IMCs at the interface became more
prominent as the temperature increased for each lead-free solder alloy. The
SEM-EDX analysis revealed the formation of several IMCs, including AgsSn,
Ag2Al, AgsAl, Al>Cu, AICu, CusSn, and CueSns at the junction of drop solder
and the Cu substrate. As per to the literature, the CugSns IMC can negatively
impact joint reliability, but it does create a protective barrier on copper
surfaces, which makes them corrosion-resistant. On the other hand, the CusSn
IMC enhances electrical conductivity, mechanical strength, and exhibits high
corrosion resistance. Regarding bulk solder alloys, Cu-Al and Ag-Al IMC
form more quickly due to the presence of Al. Once Cu-Al and Ag-Al IMC

form, less Cu and Ag are available to form IMC with Sn in bulk solder.
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Because of their excellent thermal and electrical conductivity, Cu-Al and Ag-
Al IMC are popular for conductive or binding compounds.

The corrosion behavior of new quinary lead-free SAC205-1In-xAl (x = 0.3,
0.5, 0.7, 0.8, and 0.9 wt%) solder alloys was examined in this study under the
impact of 1 M HCI. The analyses demonstrated that the corrosion rate of
SAC205-11In-0.3Al, SAC205-1In-0.5Al, SAC205-1In-0.7Al, and SAC205-
1In-0.9Al is slightly higher than that of SAC305 and SAC205-1In. In
investigating new quinary lead-free solder alloys, it was observed that the
corrosion rate decreases with aluminum's increased replacement of tin. The
corrosion rate of SAC205-1In-0.8Al solder alloy (0.4658 mm/year) was
found to be the lowest among all alloys studied and even compared to the
previously determined corrosion rate of SAC305 (0.488 mm/year). However,
it is higher than the corrosion rate of SAC205-1In (0.285 mm/year)
determined earlier. The addition of up to 0.9 of aluminum maintained the
corrosion resistance of the developed solder alloys within acceptable limits.
Furthermore, the introduction of aluminum to the solder alloys resulted in an
increase in the (icorr) and (Ecorr) values compared to those of SAC305 and

SAC205-1In previously determined by researchers.

Based on the results of electrical resistivity testing, it has been determined
that the maximum electrical resistivity values for the new quinary lead-free
solder alloys (SAC205-1In-0.3Al, SAC205-1In-0.5Al, SAC205-1In-0.7Al,
SAC205-11In-0.8Al, and SAC205-11In-0.9Al) ranged from 1.07 x 107°Q.m
to 1.21 x 107%Q.m. It was observed that the electrical resistivity gradually
increased as the amount of aluminum increased, with the highest resistivity
value of 1.21 x 107°Q.m being achieved with the addition of 0.9 wt%
aluminum in SAC205-1In-0.9Al. This particular alloy exhibited a reduction
in the concentration of Ag3Sn and Cu-Sn phase (Cu6Sn5 and Cu3Sn), more
so than any other alloys produced in this study. Conversely, SAC205-1In-
0.3Al had the lowest electrical resistivity 1.07 X 107Q.m, less than the
electrical resistivity of SAC205-1In (1.08E-06 Q.m) without adding
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aluminum, making it the most effective conductor for the current. It should be
noted that resistivity and conductivity are inversely proportional.

The SAC-1In solder alloy, which is lead-free, demonstrated a minimum shear
strength value of 141.66 MPa when no Al was added. The new quinary solder
alloys exhibited a decline in shear stress initially, with an increase in Al
percentage at 0.3 wt% and 0.5 wt% Al content. However, at 0.7 wt% Al
content, there was a subsequent rise in shear stress, reaching its peak at 0.8
wt% Al content before declining again at 0.9 wt% Al content. The maximum
shear strength of the SACIn-0.8Al solder alloy was measured at 155.94 MPa,
and it always formed a strong bond with the copper layer. Also, the shear
strength of the SAC205-1In-0.3Al, SAC205-1In-0.5Al, SAC205-1n-0.7Al,
and SAC205-1In-0.9Al were 136.54 MPa, 132.97 MPa, 133.72 MPa, and
138.21 MPa respectively. CuSn phase which represented by Cu3Sn
intermetallic phases is typically produced due to the solder's adhesion to the
copper substrate. These lead-free solders have good bonding and wettability
properties to Cu substrates, and the solder matrix's mechanical resistance

ultimately determines the soldered junctions' mechanical integrity.
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PART 7

SUMMARY

Soldering is a technique for combining two or more metallic objects by using another
substance (alloy) called solder. This technique is extensively used in the production
of electronic devices and has become an indispensable part of modern technology.
Since the advent of the electronic age in the 20th century, soldering has become an
essential technique for producing electronic devices. Many industrial applications
have used solder alloys containing tin, lead, antimony, copper, silver, bismuth,
indium, zinc, gold, silicon, and germanium. However, several countries and states
have restricted the usage of certain toxic materials, including lead, in electronic

devices due to their harmful effects on vital systems in the human body.

There are numerous benefits to using Sn-Pb solder alloy, such as its cost-
effectiveness, low melting point, high manufacturability, and strong adhesion to
copper (Cu) substrates. However, due to Pb's health and environmental risks,
extensive research has been conducted to identify a Pb-free alternative for electronic
assemblies. As a result of environmental concerns, government regulations, and
market competition, there has been a sustained shift towards using lead-free
soldering. Since 2006, many countries have restricted or banned using seven
elements, including Pb. The EU's RoHS and WEEE directives aim to promote and
develop lead-free solder alloys. The SAC solder alloy is currently the recommended

Pb-free option for interconnect manufacturing in the electronics industry.

Several lead-free solder compositions have been created to replace Sn-Pb solder,
such as Sn-Bi, Sn-Cu, Sn-Zn, Sn-Ag, Zn-Bi, Sn-Ag-Cu, Sn-Zn-Bi, Sn-Cu-Bi, Sn-Cu-
Ni, and others. SAC solder alloys are among the most commonly used lead-free
solders due to their exceptional reliability and mechanical properties. However, their

high melting point of 217-219°C makes them less preferable than the Sn-Pb solder
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alloy, which has a melting point of 183°C. Furthermore, these alloys' high silver (Ag)
content increases their production cost.

Two methods can be used to address the drawbacks of SAC solder alloy. The first
involves adding elements, such as Ga or rare earth elements, to the SAC alloy to
Improve its wetting properties and overall performance. The second method involves
adding metal and polymer nanoparticles to achieve different properties of the SAC

solder.

In our study, we added an Al element to SAC205-1In to overcome SAC's
disadvantages and enhance its performance. The ideal lead-free alternatives for
soldering should have specific characteristics. They should have a melting
temperature similar to that of Sn-Pb solders, good wettability for appropriate
metallization during the manufacturing process, similar or better electrical
conductivity to transmit electrical signals effectively, adequate mechanical properties
to ensure the reliability of electronic products, and should be nontoxic and relatively

inexpensive.

This study examines the effect of adding aluminum (Al) to the lead-free solder alloy
(Sn-2Ag-0.5Cu-1In) and producing a quinary lead-free solder alloy (96.5-x)Sn-2Ag-
0.5Cu-1In—xAl, where x=0.3, 0.5, 0.7, 0.8, and 0.9 wt%. The performance of the
produced alloys is then investigated, including their physical properties, wettability,
inter-metallic phases, microstructures, melting temperatures, potentiodynamic
polarization technique, electrical conductivity analysis, and shear strength.
Moreover, it provides new information on the production of new quinary lead-free
solder alloys, which have not been previously researched. Additionally, it reveals the
production parameters required for industrial output. It makes an essential
contribution to the literature by discussing each test's advantages and disadvantages
and analyzing the produced alloys' results by comparing them with previous research

in the literature.
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Contact angles (6)

APPENDIX A.

MEASUREMENTS OF THE CONTACT ANGLE OF SAC205-1In-XAl
OBTAINED FROM WETTING EXPERIMENTS

SAC205-1In-0.3Al at 275 °C
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Figure Appendix A.1. Contact angle measurements of SAC205-1In-0.3Al
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SAC205-1In-0.5AI at 275 °C
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Figure Appendix A.2. Contact angle measurements of SAC205-11n-0.5Al

SAC205-1In-0.7Al at 275 °C
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Figure Appendix A.3. Contact angle measurements of SAC205-11n-0.7Al
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SAC205-1In-0.8Al at 275 °C
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Figure Appendix A.4. Contact angle measurements of SAC205-11n-0.8Al
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Figure Appendix A.5. Contact angle measurements of SAC205-11n-0.9Al
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- Mean contact angles of SAC205-1In-xAl
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APPENDIX B.

ELECTRICAL RESISTIVITY MEASUREMENTS OF SAC205-1In-xAl

Table Appendix B.1. Electrical resistivity measurements of SAC205-1In-xAl where
(x=0.3, 0.5, 0.7, 0.8, and 0.9 wt%).

Electrical resistivity (p) (©.m) of SAC205-1In-xAl

SAC205-1In-  SAC205-1In-  SAC205-1In-  SAC205-1In-  SAC205-1In-  SAC205-1In-

0.0Al 0.3Al 0.5Al 0.7Al 0.8Al 0.9Al
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
7.06E-08 6.60E-08 6.87E-08 7.08E-08 7.10E-08 7.49E-08
7.13E-08 6.64E-08 6.87E-08 7.06E-08 7.13E-08 7.41E-08
1.43E-07 1.35E-07 1.39E-07 1.43E-07 1.45E-07 1.51E-07
2.22E-07 2.11E-07 2.15E-07 2.23E-07 2.29E-07 2.34E-07
2.23E-07 2.10E-07 2.13E-07 2.23E-07 2.26E-07 2.34E-07
3.00E-07 2.84E-07 2.90E-07 3.02E-07 3.05E-07 3.18E-07
3.00E-07 2.84E-07 2.91E-07 3.03E-07 3.06E-07 3.18E-07
3.81E-07 3.63E-07 3.72E-07 3.84E-07 3.93E-07 4.07E-07
4.74E-07 4.54E-07 4.63E-07 4.76E-07 4.84E-07 5.02E-07
4.71E-07 4.50E-07 4.68E-07 4.76E-07 4.84E-07 5.02E-07
5.57E-07 5.35E-07 5.47E-07 5.66E-07 5.78E-07 6.02E-07
6.58E-07 6.34E-07 6.55E-07 6.73E-07 6.86E-07 7.09E-07
6.65E-07 6.40E-07 6.50E-07 6.73E-07 6.86E-07 7.16E-07
7.53E-07 7.27E-07 7.56E-07 7.75E-07 7.85E-07 8.19E-07
7.49E-07 7.28E-07 7.45E-07 7.77E-07 7.84E-07 8.22E-07
8.66E-07 8.39E-07 8.62E-07 8.94E-07 9.07E-07 9.42E-07
9.71E-07 9.50E-07 9.69E-07 1.01E-06 1.02E-06 1.06E-06
9.61E-07 9.52E-07 9.69E-07 1.00E-06 1.02E-06 1.05E-06
1.08E-06 1.07E-06 1.12E-06 1.15E-06 1.18E-06 1.21E-06
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