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 Pb-containing solder alloys were widely used in electronic industries for 
decades but due to toxicity of Pb, worldwide restrictions were emerged to ban Pb 
usage in all electronic parts. Subsequently, several lead-free solder alloy 
compositions were developed. Sn-Ag-Cu alloy systems have been proposed to be 
amongst the first candidates. However, due to price fluctuation of Ag, many 
manufacturers are moving toward Sn-Cu solder alloys. Despite of lower cost, Sn-Cu 
solder alloys have inferior properties. In this research, we study the effects of Ni, Co 
and In additions to Sn-Cu solder alloy in order to improve its key properties for 
electronic applications. 

The result shows that addition of In lowers the melting point of Sn-Cu alloys to 
comparable value of that of Sn-3.0Ag-0.5Cu. The optimal amounts of Ni, Co and In 
additions result in improved hardness and shear strength by formation of intermetallic 
compounds that strengthen the soldered interface. The additions result in increased 
electrical resistivity. The Sn-Cu-Ni-Co-In solder alloys can maintain their shear 
strength after aging at 150oC for 1,000 hours. Sn-3.0Ag-0.5Cu shows 25.33% drop in 
its shear strength while Sn-Cu-Ni-Co-In alloys show only 3.82% drop. This is due to 
the uniformly distributed intermetallic compound which serves as dislocation 
obstacles and multiple sites for local stress concentration. 
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CHAPTER  I 
INTRODUCTION 

1.1 Background 

  Solder alloys for electronic applications have major effects on reliability 
of packaged devices.  Pb-containing solder alloys have been widely used in electronic 
industries for decades. However, due to the toxicity of lead, worldwide restrictions were 
posted on electronics manufacturers to completely eliminate lead-containing solder 
alloys from the electronic assembly. As a consequent, advance in lead-free technology 
has been brought forward. Several lead-free solder alloy compositions have been 
proposed but still no solder alloys were considered a drop-in substitute for the 
conventional Pb-containing alloys. Alternative Sn-Ag-Cu (SAC) solder alloys have been 
widely accepted to be the first candidate. However, due to price fluctuation of Ag, most 
manufacturers are moving toward Sn-Cu solder alloys. Despite of lower cost, Sn-Cu 
solder alloys have inferior mechanical properties and higher melting point than those of 
Ag-containing alloys.  

 The focus of this research project is to improve the microstructural and 
mechanical properties of the eutectic Sn-Cu solder alloys by additions of nickel, cobalt 
and indium. Cobalt and nickel have been reported to cause microstructural changes in 
tin solder such as the formation of various intermetallic compounds (IMCs), enhanced 
heterogeneous nucleation which could result in grain refinement effect, and the change 
in thermal properties such as the suppression of undercooling [1-3]. For indium addition, 
it is known that the melting behavior of the tin-based alloys can be altered to favor the 
lowering of liquidus and solidus temperatures. Moreover, the addition of indium refines 
the tin-rich phase and unifies the distribution of IMCs [4-7]. However, further 
investigation is necessary to examine the effects of these alloy additions. 

Key properties for soldering of new solder alloys need to be 
characterize. In this study melting behavior, solidification behavior, wettability, electrical 
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resistivity, microstructures and mechanical properties were characterized. The 
temperature profile of reflow soldering in surface-mount assembly was simulated to 
produce realistic joint microstructures. Four temperature profiles were used to produce 
solder joints to find proper soldering time and temperature for these new solder alloys.  

1.2 Objective of Research 

To study microstructures, mechanical properties and electrical 
properties of Sn-Cu-Ni-Co-In solder alloys and to find the appropriate amount of alloying 
elements and reflow soldering condition for the solder alloys 

1.3 Scopes of Research 
In this study, the effects of Ni, Co and In additions where the amounts of 

Ni, Co and In are not more than 0.1, 0.5 and 3 wt.%, respectively. The amount of Cu is 
fixed at 0.7wt.%. The pure elements are weighted and melted to produce solder alloys 
by electric arc melter machine under argon atmosphere. The solder alloys are made into 
solder joints by joining two copper blocks under soldering temperature/time of 
230°C/30s, 240°C/45s, 245°C/60s and 260°C/120s. The solder joints are subjected to 
thermal aging at 150°C for 1,000 hours. Microstructures are studied by scanning 
electron microscope, x-ray diffractometer and electron probe micro-analyzer. 
Mechanical properties are measured by asymmetrical four-point bending method and 
micro-Vickers hardness measurement. The electrical properties are studied by electrical 
resistivity measurement of solder alloys using four-point probe method. 

1.4 Advantages of Research 
1.4.1 This research provides better understanding of effects of Ni, Co and In 

on Sn-0.7Cu solder alloys. 
1.4.2 This research clarifies the appropriate amount of Ni, Co and In additions 

to Sn-0.7Cu solder alloys. 
1.4.3 This research clarifies the appropriate reflow soldering profile for Sn-Cu-

Ni-Co-In solder alloys. 
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CHAPTER II 

LITERATURE SURVEY 

2.1 Development of lead-free solder alloys 

  The traditional Sn-Pb solder alloys have been used in electronic applications 
for decades because of its good properties for soldering such as low melting point, low 
melting range, good solderability, good mechanical properties and low cost. The 
compositions of these alloys are varied e.g. near-eutectic 60Sn-40Pb (melting point 190ºC), 
eutectic 63Sn-37Pb (melting point 183ºC) and 62Sn-36Pb-2Ag (melting point 179ºC) 

  Advance in lead-free technology started in 1994 after emerging of global 
restrictions posted on electronic manufacturers to completely eliminate the use of Pb in 
electronic assembly production lines. Various lead-free alloy systems were developed 
including binary alloys i.e. Sn-Ag, Sn-Bi, Sn-Cu, and Sn-Zn and ternary alloys i.e. Sn-Ag-Cu, 
Sn-Ag-Bi and Sn-Bi-Zn. Although several new solder alloy compositions were proposed, no 
one has been considered a “drop-in” substitute for the conventional lead-containing alloys 
due to many inferior properties for soldering such as high melting point, solderability and 
microstructural stability.  

 The project of National Center for Manufacturing Science (NCMS) for 
development of candidate Pb-free alloys has created the pass-fail criteria for the alloys 
shown in Table 2.1 [8]. The criteria intended to illustrate limitation on soldering profiles and 
peak soldering temperature, acceptable level on thermomechanical fatigue life and creep 
strength, wettability and oxidation resistance of the alloys 

 

 

 



4 

 
 

Table 2.1 Pass-Fail Criteria used by the NCMS Pb-Free Solder Project [8] 
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2.2 Reflow soldering process [9] 

Reflow soldering is one of the soldering methods commonly used in 
electronic assemblies to join surface mount components to a printed circuit board. In the 
process, mixture of solder ball and flux or solder paste is used to hold electrical components 
on the circuit board usually by stencil printing. The assembly is then conducted into reflow 
oven given a temperature profile which starts flux activation and melts the solder to create 
solder joints under a nitrogen atmosphere. A typical example of reflow temperature profile 
for eutectic Sn-Pb solder alloy is shown in Fig.2.1. There are four sections of their own 
proposes in the reflow temperature profile i.e. preheat, dryout, reflow, and cooling. 

 

Fig 2.1 Typical reflow soldering temperature profile of 63Sn-37Pb solder [9] 
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Preheat  

 In this stage, the assembly is given a controlled heating rate usually between 
1-4ºC/second. The temperature is raised up to 100-150ºC just below the flux activation 
temperature. The control of heating rate is the major concern because excessively fast 
heating rate produces thermal shock to some electronic components which susceptible to 
thermal cracking such as multilayer ceramic chip capacitors. Moreover, too fast heating rate 
may cause paste spatter. 

Dryout 
In this dryout stage, also known as soak or preflow stage, the temperature is 

hold consistently between 150-170ºC for a period of 60-120 second. The primary aims of the 
dryout stage is 1) to fully dry the solder paste before heating up to reflow, 2) to stabilize the 
temperature throughout the entire assembly, and 3) to serve as flux activation stage where 
flux reacts to clean the oxide surface. 

Reflow 
The reflow temperature stage provides a rapid rise in temperature to higher 

than the melting point of the solder paste where the solder paste reflows and wets to form 
solder joint between components and printed circuit board. The given peak temperature is 
generally 20ºC above the melting point. The wetting time refers to the length of time that the 
temperature is above the melting point which, for most solder paste, is between 30-60 
second. Excessive wetting time or temperature may produce intermetallic growth which 
embrittles the solder joint. 

Cooling 
 The final stage gives the assembly a cooling rate between 4-8ºC/second. The 

cooling rate is critical to the quality of the solder joint. Excessively slow cooling rate 
produces large Sn grains in the microstructure which weaken to solder joint. Rapid cooling 
rate may cause thermal crack to some electronic components 
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2.3 Effects of Ni and Co additions on Sn-based solder alloys 

  At temperature above 50ºC, reaction between Sn and Cu can form two 
intermetallic compounds including Cu6Sn5 and Cu3Sn. Kirkendall void forms along with 
formation of Cu3Sn at the interface between Cu3Sn and Cu as shown in Fig.2.2. This 
Kirkendall void formation is resulted from faster diffusion coefficient of Cu than Sn in the 
Cu3Sn layer. This void can cause brittle fracture in solder joint [10]. Luhua  Xu and John H.L. 
Pang [11] found that growth of Kirkendall void weaken the solder joint and the fracture 
surface  of impact test changes its position from intermetallic compound to solder interface. 

 

Fig.2.2 Backscattering electron image shows Kirkendall voids found in Cu3Sn layer after 
aging at 140ºC for 40 days [12] 

  In order to suppress Kirkendall void formation, Hume-Rothery criteria is used 
to select alloying elements that can substitute Cu atoms in Cu6Sn5 and Cu3Sn intermetallic 
compounds to produce lattice strain result in reduced vacancy diffusion which is the main 
diffusion mechanism of Cu-Sn interdiffusion. The element that could substitute Cu atom are 
Si, Ti, Cr, Mn, Ni, Ge, Cu, Fe and Zn. A study revealed that addition of 0.1wt.% Ni in Sn-
3.5Ag can effectively suppress the growth of Cu3Sn layer in as-soldered condition and after 
thermal aging as shown in Fig. 2.3 [13]. 
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Fig.2.3 Backscattering electron image showing the interface of Sn-3.5Ag/Cu (a) and Sn-
3.5Ag-0.1Ni/Cu (b) subjected to thermal aging at 150ºC for 1,000 hours [13] 

  Shear strength test of Sn-Ag-Cu + Co/Cu solder joint after thermal aging at 
150ºC for 1,000 hours exhibit ductile fracture surface [14]. Wavelength dispersive x-ray 
spectroscopy found segregation of Co in Cu6Sn5 and Cu3Sn [15]. 

 Microstructure after thermal aging of Sn-based solder alloys showed that 
additions of Ni and/or Co could reduce Cu3Sn growth as shown in Fig.2.4. However Ni and 
Co increase the thickness of Cu6Sn5 layer [14,16]. 

 

 
Fig.2.4 Thickness of intermetallic compound layer after thermal aging at 160ºC a) Cu6Sn5 (b) 
Cu3Sn [16] 
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  Although Ni and/or Co additions can suppress Cu3Sn growth which is the 
cause of Kirkendall void formation, both elements effect in increase of Cu6Sn5 growth which 
can produce brittle solder joint. For this reason, effects of these elements on impact 
resistance of solder joint were tested. 

 Impact strength test results of Sn-Ag-Cu+X solder alloys where X= Si, Co, Ti, 
Cr, Mn, Ni, Zn and Ge are shown in Fig.2.5 [17]. Sn-Ag-Cu+Ni and Sn-Ag-Cu+Co exhibit the 
best impact strength among others in as-soldered condition and after-aging condition as 
shown in Fig.2.6. 

 
Fig. 2.5 Impact strength of Sn-Ag-Cu+X solder alloys [17] 
 

 
Fig. 2.6 Impact strength of Sn-Ag-Cu+X solder alloys where lighter bars are values of as-
soldered joint and darker bars are values of joint subjected to thermal aging for 1,000 hours 
[17] 
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2.4 Effects of In addition on properties of Sn-based solder alloys 
  Solidus and liquidus temperatures of Sn-Ag-Cu+In solder alloys were 
measured using differential scanning calorimeter (DSC) [4]. The result in Fig.2.7 shows that 
addition of In in Sn-0.3Ag-0.7Cu could effectively lower the solidus and liquidus 
temperatures. For the alloy with 3wt.% In, the solidus and liquidus are lower than those of 
Sn-0.3Ag-0.7Cu for 21.7ºC and 11.5ºC, respectively. However, the melting range increases 
with the amount of In. 

 
Fig.2.7 Effects of In addition on solidus and liquidus temperature of Sn-3.0Ag-0.7Cu solder 
alloy [4]. 

  Wetting time and wetting force of Sn-3.0Ag-0.7Cu+XIn were measured using 
wetting balance tester where copper sheets were immerged in solder bath at 250ºC. 
Schematic of wetting balance test is shown in Fig.2.8.  

 
Fig.2.8 Schematic of wetting curve obtained from wetting balance test [4] 
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The wetting time and wetting force of solder alloys are shown in Fig. 2.9. The 
experimental results indicate that addition of In results in reduced wetting time and 
increased wetting force of the solder alloys with Cu sheet. The wetting time and wetting force 
are 2.1 s and 5.2 mN, respectively, for Sn-0.3Ag-0.7Cu with no In addition. When 3 wt.% In 
was added, wetting time was reduced to 1.1 s and wetting force increased to 7mN. 

 
Fig. 2.9 Wetting time and wetting force of Sn-0.3Ag-0.7Cu+XIn solder alloys [4] 
 
  Fig. 2.10 shows tensile strength and micro-Vickers hardness of Sn-0.3Ag-
0.7Cu+XIn solder alloys [4]. The tensile strength and hardness increase with amount of In. 
Sn-0.3Ag-0.7Cu with no In addition show tensile strength of 31.86 MPa. When 3wt.% In was 
added, the tensile strength of Sn-0.3Ag-0.7Cu-3In increased to 56.89 MPa.  

 
Fig. 2.10 Tensile strength and microhardness of Sn-0.3Ag-0.7Cu-XIn solder alloys [4] 
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 The increase in tensile strength and microhardness of the Sn-0.3Ag-

0.7Cu+XIn solder alloys can be described by their microstructures. It can be seen in Fig. 
2.11 that Sn-rich phase is the base microstructure of Sn-0.3-Ag-0.7Cu surrounded by 
intermetallic compounds of Sn, Ag and Cu such as Cu6Sn5, Cu3Sn and Ag3Sn. Fig. 2.12 
shows image captured by scanning electron microscope of the alloy. Fig. 2.13-2.15 show 
distribution of Sn, Ag and Cu, respectively. 

 The solder alloys with addition of In show smaller Sn-rich phase and more 
uniformly distribution of intermetallic compounds. Microstructure of Sn-0.3Ag-0.7Cu-1.5In is 
shown in Fig. 2.16. Sn, Ag, Cu and In elemental distribution of this solder alloy is shown in 
Fig. 2.17-2.20, respectively. Microstructure of Sn-0.3Ag-0.7Cu-3In is shown in Fig. 2.21. Sn, 
Ag, Cu and In elemental distribution of this solder alloy is shown in Fig. 2.22-2.25, 
respectively. It can be seen that more In addition leads to smaller Sn-rich phase and more 
uniformly distribution of intermetallic compounds. The refined and uniform microstructures of 
these Sn-0.3Ag-0.7Cu-XIn solder alloys are caused by adsorption phenomenon of In [4]. 
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Fig.2.11 Microstructure of  

Sn-0.3Ag-0.7Cu [4] 
 

 
Fig.2.12 SEM image of 

 Sn-0.3Ag-0.7Cu [4]

 

 
Fig.2.13 Sn distribution in  

Sn-0.3Ag-0.7Cu [4] 

 
Fig.2.14 Ag distribution in  

Sn-0.3Ag-0.7Cu [4]
 

 
Fig.2.15 Cu distribution in Sn-0.3Ag-0.7Cu [4]
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Fig.2.16 Microstructure of 
 Sn-0.3Ag-0.7Cu-1.5In [4] 

 

 
Fig.2.17 Sn distribution in 
 Sn-0.3Ag-0.7Cu-1.5In [4] 

 

 
Fig.2.18 Ag distribution in  
Sn-0.3Ag-0.7Cu-1.5In [4] 

 

 
Fig.2.19 Cu distribution in  
Sn-0.3Ag-0.7Cu-1.5In [4] 

 

 
Fig.2.20 In distribution in Sn-0.3Ag-0.7Cu-1.5In [4] 
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Fig.2.21 Microstructure of  
Sn-0.3Ag-0.7Cu-3In [4] 

 

 
Fig.2.22 Sn distribution in  
Sn-0.3Ag-0.7Cu-3In [4] 

 

 
Fig.2.23 Ag distribution in  
Sn-0.3Ag-0.7Cu-3In [4] 

 

 
Fig.2.24 Cu distribution in 
 Sn-0.3Ag-0.7Cu-3In [4] 
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  Fig.2.25 In distribution in Sn-0.3Ag-0.7Cu-3In [4] 



 
 

CHAPTER  III 
EXPERIMENTAL PROCEDURES 

3.1 Sample preparation 

Solder alloys were prepared with pure metals and master alloys i.e. Sn 
(99.9 wt.% purity), Cu (99.99 wt.% purity), Sn-Ni master alloy (1 wt.% Ni, 99.95 wt.% 
purity), Sn-Co master alloy (1 wt.% Co, 99.95 wt.% purity) and In (99.99 wt.% purity). 
Pure metals and master alloys were weighted and melted together into ingots in an 
argon atmosphere by electric arc melter machine. The designed compositions and 
conventional alloys examined in this study are listed in Table 3.1. The solder alloy 
compositions were verified using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) (see Appendix A). 

3.2 Observation of melting and solidification behavior 

Before production of solder joints, differential scanning calorimeter (DSC) 
was performed to observe melting range, melting and solidification behavior of the 
solder alloys. The solder alloys were heated from 25ºC to 240ºC, hold for 10 minutes 
and cooled down to 25ºC with a heating rate and cooling rate of 10ºC/min. Each solder 
alloy was subjected to the heat cycle twice. The melting and solidification behavior 
results were taken form second heat cycle so that microstructural effects were 
eliminated. 

3.3 Measurement of wetting characteristics 

Wetting characteristics of the alloys was measured by spread test in 
which the solder alloys were cut into 1-gram pieces and then placed on copper sheet 
covered with flux. The copper sheet was attached with thermocouple to measure the 
actual temperature. The assembly used for spread area test is shown in Fig.3.1. The 
assembly was then placed in a furnace given a maximum temperature of 250ºC. After 
isothermal holding at 250ºC for two minutes, the solder alloys melted and spread out on 
the copper sheet as shown schematically in Fig.3.2. The flux used in this experiment 
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was Amtech NC-559-AS no-clean flux. The copper sheet used in this experiment was 
prepared using 1%Nital etched and subsequent cleansed with ethanol. The spread 
areas were observed from top view optical images as shown in Fig.3.3. Wetting angle 
was measured on cross-sectioned images as shown in Fig.3.4. The images were 
captured by a digital microscope at various magnifications. Area of spread and wetting 
angle measurement was carried out by SemAfore software. The experiment was 
performed twice to confirm the results. The results are shown as an average of two 
values. 

 
Fig.3.1 Assembly used for spread test 

 
Fig.3.2 Schematic showing solder-alloy ingot spread on copper sheet in spread test 
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Table 3.1 Compositions of solder alloys used in this study (Conventional alloys, SAC305 
and SC, were tested for result comparison) 
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Fig.3.3 Measurement of spread area 

 

Fig.3.4 Measurement of contact angle 

3.4 Measurement of electrical resistivity 

The electrical resistivity (ρ) of the solder alloys was measured by DC 
four-point probe method at ambient temperature. The solder-alloy ingots were drawn 
into 1.5-mm-diameter wired samples. MCP M10-TP3005H voltage source was use to 



21 
 

supply DC current through iron clips located at each end of the samples. Voltage 
probes were made by heating 0.5-mm-diameter copper wires and put into contact with 
the solder wires to locally melt and embedded into them to minimize contact resistance. 
Agilent 34401A digital multimeter was used to measure voltage drop between each 
probe. The resistivity of the samples can be expressed as: 

 

where L is the distance between voltage probes which was at least 30 mm in this 
experiment. R is the electrical resistance of the samples obtained from the slope of the 
Vs-I0 plot. Where Vs is the voltage drop between voltage probes and I0 is the DC current 
in the circuit. By varying I0, each Vs-I0 plot contains minimum of 20 data points. The wired 
sample and contact probes are shown in Fig.3.5. An example of Vs-I0 plot used for 
sample-resistance calculation is shown in Fig.3.6. 

 

Fig.3.5 Wired sample and contact probes used for electrical resistivity measurement 

[3.1] 
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Fig.3.6 Example of Vs-I0 plot used for resistance calculation 

3.5 Solder joint production 

The alloys obtained from arc melter were wire-drawn to produce 1.5 mm 
diameter solder wire. The temperature profile of reflow soldering in surface-mount 
assembly was simulated to produce joint microstructures similar to those obtained from 
commercial processes. Solder joints were produced by placing the solder wires 
between two copper blocks [18]. A stainless steel holder was used to control joint gap 
at as shown in Fig.3.7. Solder joint gap was controlled by inserting 200 μm between the 
copper blocks before screw locking. A thermocouple was attached at one end of a 
copper block to measure the soldering temperature. Graphite bars were used to prevent 
molten solder from overrunning to the steel frame. The assembly was placed on a hot 
plate given soldering temperature and time shown in Table 3.2. The temperature profile 
is recorded by computer software connected to the thermocouple by RS-485 
communication cable with acquisition rate of 1 point/second. The soldering temperature 
is defined as peak temperature at which the assembly is hold. The soldering time is from 
the solder alloy start melting until it solidifies. The example of recorded temperature 
profile given temperature/time of 245ºC/60s is shown in Fig.3.8. After the required 
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soldering time was reach, the assembly was placed on huge aluminum heat sink and 
blew by dryer to give a typical industrial cooling rate of approximately 4-8ºC/s. 

Table 3.2 Soldering conditions 
Condition No. Temperature (ºC) Soldering Time (s) 

1 235 30 
2 240 45 
3 245 60 
4 260 120 

 

 

Fig.3.7 The assembly used for production of solder joint 
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Fig.3.8 Example of recorded temperature profile of 245ºC/60s for SAC305 alloy 

3.6 Metallographic examination  

Solder-joint specimens were grinded with #400, #800, #1,200 and #2,000 
grit sand papers followed by fine polishing with 1-μm Al2O3 powder. The specimens 
were lightly etched with 0.5%HCl in methanol for 10 sec. Microstructural observation 
was performed using optical microscope (OM) and scanning electron microscope 
(SEM) in backscattered electron mode equipped with energy dispersive x-ray 
spectroscopy (EDS). Electron probe micro-analysis (EPMA) was also performed to 
confirm the types of IMC. Thickness of IMC layers was measured using SemAfore 
image-digitalizer software on SEM images. 

3.7 Mechanical testing 

Micro-vicker hardness tests were carried out using 25-g force on the 
cross sections of solidified solder in the spread area test. The Vickers hardness number 
(VHN) was reported as an average value of at least 10 indentations.  

The shear strength test was carried out by asymmetrical four point bend 
(AFPB) shear test method [19]. The specimens were prepared by sectioning and milling 
the solder blocks down to 3.2 x 4 x 40 mm bars. Bar specimens were notched along top 
and bottom of solder joint into 1 mm depth. The H13 carbon steel AFPB shear fixture 
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was shown in Fig.3.9. The loading pins were made from stainless steel and have 3 mm 
diameter. The fixture dimensions used is X = 4 mm and Y = 30 mm which shown 
satisfying result for metallic specimens. Finite element method (FEM) calculated within 
the linear-elastic regime shown that the shear strength was approximated by [19]:  

 
where, Fmax is the maximum shear force, and W and H are the width and height of the 
specimen, respectively. The tests were performed at room temperature using Shimadzu 
EZ-S universal testing machine with a cross-head speed of 10 μm/s. The shear strength 
values were reported as an average value of at least 4 specimens tested. After shear 
test, fracture location was observed by specimen’s cross-section image captured by 
OM. 

 

Fig.3.9 The asymmetrical four point bending shear test fixture  

3.8 Isothermal aging 

  Bar specimens were subjected to isothermal aging at 150ºC for 1,000 
hours in a conventional furnace with temperature accuracy of ±5ºC. Microstructures of 
the specimens were observed by SEM for as-soldered condition and after 250, 500, 750 
and 1,000 hours aging. AFPB shear test were performed before isothermal aging and 
after 250 and 1000 hours. 

[3.2] 
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CHAPTER IV 
EXPERIMENTAL RESULTS AND DISCUSSIONS 

4.1 Wettability 

Wetting is very important for solder alloys because a reliable solder 
interconnection requires a good wetting property. There are various test methods 
measuring different wetting parameters in order to characterize the wettability of solder 
alloys. In this study, spread test was chosen because it provides fast characterization so 
that 28 alloy compositions can be characterized in a single experimental run. The 
wettability of the solder alloys was measured by spread area and wetting angle. The 
spread area and the wetting angle of the solder alloys are shown in Fig.4.1-4.3 and 
Fig.4.4-4.6, respectively. The data shows inverted relationship between spread area and 
wetting angel i.e. the sample with high spread area tends to have low wetting angle. It 
can be seen that all alloying elements affect the overall wettability by decreasing spread 
area and increasing wetting angle. These trends can be clearly seen in 3-D surface plot 
of spread area as we can see the surface slope down toward high-alloyed samples. 
However, the sample with 0.1wt.%Ni tends to have better wettability than those with 
0.01wt.%Ni as shown in Fig.4.1 and 4.2 when 0.5wt.%Co and 3wt.%In were added, 
respectively. The wettability of SAC305 was the best among all solder alloys in this 
experiment. This indicated a positive effect of Ag addition on wettability of Sn-based 
solder alloys. This could be attributed the effect of Ag that improves wettability by 
providing better oxidation resistance [20]. For SAC305 and Sn-Cu, both alloys have 
more spread areas than those of Sn-Cu-Ni-Co-In alloys at 120 and 138 mm2, 
respectively. Although the additions of Ni, Co and In may post a negative effect on 
wettability of SC solder alloys, the SC-Ni-Co-In solder alloys were ‘solderable’ by 
soldering method used in this research. 

The influence of In addition on wettability obtained from this study exhibit 
opposite effect from previous study [4]. This may be due to difference in atmosphere 
control. Indium addition has been reported to lower oxidation resistance of solder alloys 
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as can be observed in severe dross formation in wave-soldering process. In this study, 
spread test was conducted in an ambient atmosphere. This could promotes oxide layer 
in molten In-containing solder alloy which worsen wettability. 

In addition, the spread area is also influenced by surface tension of 
liquid solders which can be calculated by means of various models. One model widely 
approved is the Butler’s method which predicts surface tension of alloys by using 
thermodynamic data, in particular, partial excess Gibbs energies of the components in 
the alloys [21]. 

 

Fig 4.1 Spread-area 3-D surface of SC-Ni-Co-In solder alloys varying amounts of Ni and 
Co where In is fixed at 3%  
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Fig 4.2 Spread-area 3-D surface of SC-Ni-Co-In solder alloys varying amounts of Ni and 
In where Co is fixed at 0.5%  

 

Fig 4.3 Spread-area 3-D surface of SC-Ni-Co-In solder alloys varying amounts of Co and 
In where Ni is fixed at 0.1%  
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Fig 4.4 Contact-angle 3-D surface of SC-Ni-Co-In solder alloys varying amounts of Ni 
and Co where In is fixed at 3%  

 

Fig 4.5 Contact-angle 3-D surface of SC-Ni-Co-In solder alloys varying amounts of Ni 
and In where Co is fixed at 0.5%  
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Fig 4.6 Contact-angle 3-D surface of SC-Ni-Co-In solder alloys varying amounts of In 
and Co where Ni is fixed at 0.1%  

 

4.2 Melting and solidification behavior 

  Melting point of solder alloys is a very important aspect for soldering. In 
electronics, soldering essentially requires low temperature in order to prevent thermal 
damages to heat-sensitive components. DSC was performed to observe melting and 
solidification behavior of the solder alloys. In this study, the melting and solidification 
behavior of Sn-Cu-Ni-Co-In solder alloys were judged against the SAC305. The DSC 
curves are shown in Fig. 4.7. The melting and solidification behavior of the solder alloys 
are summarized in Table 4.1. The liquidus temperature of SC-0.01Ni-0.1Co-1In and SC-
0.01Ni-0.1Co-3In were at 230ºC and 224ºC, respectively. This indicates that the addition 
of In can effectively decrease the liquidus temperature of Sn-Cu-Ni-Co-In solder alloys. 
The liquidus temperature of SC-0.01Ni-0.1Co-3In was at 224 ºC and was only 2ºC higher 
than that of conventional SAC305 which was at 222ºC. Apart from decreased liquidus 
temperature, In influence in increased solidification range because of composition shift 
from the eutectic. The Sn-Cu-Ni-Co-In solder alloys also show reduced undercooling 
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which could lead to refined microstructures. SC-0.01Ni-0.1Co-1In exhibits undercooling 
of 1.8ºC and no undercooling observed in SC-0.01Ni-0.1Co-3In. This thought to be due 
to the catalytic effects of all Ni, Co and In [1, 2, 4]. 

 
Fig.4.7 DSC curve of the selected solder alloys 

 
Table 4.1 Melting point and solidification behavior of the selected solder alloys 

Sample 
Liquidus 

(ºC) 
Solidus 

(ºC) 
Solidification 
Range(ºC) 

Undercooling 
(ºC) 

SAC305 222 216 1.6 21.2 
SC-0.01Ni-0.1Co-1In 230 223 8.7 1.8 
SC-0.01Ni-0.1Co-3In 224 216 8 - 
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4.3 Electrical Resistivity 

  As a result of electronic packaging miniaturization and increasing power, 
current density in electrical interconnections is concerned.  High current density 
promotes Joule heating and may cause electromigration [22] which results in diminished 
reliability of solder interconnections. 

The average electrical resistivity of wire-drawn solder alloys and Sn at 
298K is shown in Fig.4.8. SC-0.1Ni, SC-0.5Co and SC-3In were characterized to identify 
effects of single addition. The results show that addition of Ni tends to decrease the 
electrical resistivity of solder alloys, conversely, those of Co and In showed contrary 
effect. The lowest average electrical resistivity of the solder alloys was observed in the 
SC sample, with a magnitude of 13.4 μΩ cm. Where additions of either Ag, Co and In 
tends to increase the electrical resistivity of solder alloys. The resistivity of solder alloys 
are determined by various factor. In this case, residual strain resulted from wire drawing 
could not affect the electrical resistivity because these Sn-base alloys can recrystallize 
at temperature below ambient. Lattice-strain scattering is expected in any solder alloys 
containing alloying elements. According to Linde-Norbury rule, the change in electrical 
resistivity of metal is proportional to the square of the valence difference between solute 
and base metal (∆Z2) [11]. The value ∆Z2 is 1 for In, 4 for Ni and Co, 9 for Ag and Cu. 
Therefore a small amount of Ag and Cu solute could significantly increase the electrical 
resistivity as can be seen from difference between solder alloys and pure Sn. A 
presence of IMCs in the solder matrix leads to higher electrical resistivity because IMCs 
naturally have higher electrical resistivity than Sn-phase. The electrical resistivity of SC-
Ni-Co-In is slightly higher than that of SAC305 due to the matrix IMC in spite of the 
absence of Ag. 
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Fig.4.8 Electrical resistivity of wire-drawn solder alloys and Sn 

4.4 Effects of soldering condition on microstructure and shear strength 

  The soldering temperature and time have significant effects on 
mechanical properties of solder joint. Insufficient soldering time or temperature results in 
low bond strength. On the other hand, excessive soldering time or temperature 
promotes excessive growth of IMC layer which may embrittle the solder joint. Two 
compositions of Sn-Cu-Ni-Co-In solder alloy were selected i.e. SC-0.01Ni-0.1Co-1In and 
SC-0.01-0.1Co-3In to subject to make solder joints with different soldering temperature 
and time listed in Table 3.1. This experiment aims to find appropriate soldering profile 
for Sn-Cu-Ni-Co-In solder alloys. The selected alloys are different in In content which 
result in different liquidus temperature. Typical cross-sectioned microstructures of solder 
joints made from SC-0.01Ni-0.1Co-1In and SC-0.01-0.1Co-3In with different soldering 
time and temperature are shown in Fig.4.9 and Fig.4.10, respectively. The soldering 
profile has no significant effects on solder matrix microstructures. The IMC layers at the 
interface were verified by EDS and found to be (Cu,Co)6Sn5. The thickness of IMC layers 
slightly increases with increased soldering temperature and time as shown in Fig.4.11. 
This is because, at the early stage of melting, the IMCs form by dissolution of Cu into 
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molten solder. After an IMC layer has formed, growth rate was controlled by diffusion of 
Cu atoms through the IMC layer [23].  

  The AFPB shear strength results of SC-0.01Ni-0.1Co-1In and SC-0.01-
0.1Co-3In solder joints are shown in Fig.4.12. The shear strength of conventional 
SAC305 and SnCu soldered at their typical temperature profile is also shown as 
baseline. The SC-0.01Ni-0.1Co-3In is better in shear strength than SC-0.01-0.1Co-3In for 
all temperature profile used. The effects of temperature profile on shear strength show 
same trend for both SC-0.01Ni-0.1Co-1In and SC-0.01-0.1Co-3In solder joints. The 
solder joints soldered at 235ºC/30 sec,  240 ºC/45 sec and 245ºC/60 sec have 
comparable shear strength within the same solder alloy and a major drop is seen in 
260ºC/120 sec solder joint. Although three temperature profiles give comparable shear 
strength, the temperature profile at 235ºC/30 sec was considered to be the most 
appropriate profile because of its lowest temperature and shortest time. Low 
temperature and short time of temperature profile in soldering has many merit such as 
energy and time saving and avoiding damage to heat-sensitive components. For these 
reason, temperature profile at 235ºC/30 sec was used for all other SC-Ni-Co-In solder 
alloys in this work. In addition, the SC-Ni-Co-In solder alloys can be soldered at lower 
temperature and shorter time than the conventional SAC305 and SnCu due to the effect 
of alloying element that promote nucleation of scallop-type Cu6Sn5 at the interface.  
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Fig.4.9 Backscattered electron micrographs of SC-0.01Ni-0.1Co-1In with various 
soldering time and temperature at solder matrix and solder/Cu interface 
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Cu substrate 
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Fig.4.10 Backscattered electron micrographs of SC-0.01Ni-0.1Co-3In with various 
soldering time and temperature at solder matrix and solder/Cu interface 
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Fig.4.11 IMC layer thickness at solder/Cu interface for various soldering time and 
temperature  

 

Fig.4.12 AFPB shear strength results of solder joints produced by various temperature 
profile comparing with SAC305 and SnCu solder joints produced by their typical 
temperature profile 
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4.5 As-soldered microstructures and shear strength 

  Microstructures and shear strength of SC-Ni-Co-In solder alloys were 
examined before isothermal aging. The selected compositions included SC-0.01Ni-
0.1Co-1In, SC-0.01Ni-0.5Co-1In, SC-0.1Ni-0.1Co-1In, SC-0.1Ni-0.5Co-1In, SC-0.01Ni-
0.1Co-3In, SC-0.01Ni-0.5Co-3In, SC-0.1Ni-0.1Co-3In, and SC-0.1Ni-0.5Co-3In. The 
soldering profile used in this experimental section is 235ºC/30 sec that showed 
preferred results in the previous section. 

  Typical cross-section BEI micrographs of the solder joint are shown in 
Fig.4.13-4.14. Microstructures of the conventional alloys i.e. SAC305 and SC are only 
consisted of Sn phase. No dispersed IMC is founded. Conversely, the microstructures of 
SC-Ni-Co-In alloys have small IMC dispersed in their solder matrix.  

  The IMC layers formed at the interface between the conventional alloys 
and Cu of these solder alloys have typical scallop-type morphology. The quantitative 
analysis by EDS indicated that these IMCs are Cu6Sn5. On the other hand, different 
morphology is formed at the interfaces of SC-Ni-Co-In alloys. In this case, the IMC layers 
have a needle-like morphology. The quantitative analysis by EDS indicated that the IMC 
formed by SC-Ni-Co-In at both interface and in the solder matrix are (Cu,Ni,Co)6Sn5 
rather than Ni-Sn or Co-Sn IMC. This implied that Ni and Co could accelerate the 
nucleation rate of IMC and replace Cu atom in Cu6Sn5 without forming into IMC with Sn. 
The thickness of the IMC layer is greater for interfaces of SAC305 and SC than for SC-
Ni-Co-In. EDS analysis taken in Sn phase showed amount of In dispersion and no Cu, Ni 
or Co were found. 
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Fig.4.13 BEI micrographs of solder joints for as-soldered condition 
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Fig.4.14 BEI micrographs of solder joints for as-soldered condition (2) 
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Fig.4.15 BEI micrographs of solder joints for as-soldered condition (3) 

  AFPB shear test results of the as-soldered solder joints are shown in    
Fig. 4.16. The best three of SC-Ni-Co-In are alloys with 3%In. This indicates that 
increasing amount of In from 1% to 3% can effectively improve shear strength of SC-Ni-
Co-In alloys. The highest shear strength is shown in SC-0.01Ni-0.5Co-3In solder joint 
with a magnitude of 42 MPa which is higher than that of SAC305 at 39 MPa.  

 
Fig. 4.16 AFPB shear strength of as-soldered solder joints 
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4.6 Microstructure evolution after isothermal aging 

  Some electronic devices operate at elevated temperature in which 
solders can undergo microstructural changes such as phase coarsening and excessive 
IMC growth. This microstructural instability can cause risk to reliability of solder joints.  

  Four SC-Ni-Co-In with highest shear strength from the previous section 
were subjected to isothermal aging at 150ºC for 1,000 hours. The selected compositions 
included SC-0.01Ni-0.1Co-1In, SC-0.01Ni-0.1Co-3In, SC-0.01Ni-0.5Co-3In, and SC-
0.1Ni-0.5Co-3In. SAC305 was also conducted in this test for baseline. The aged solder-
joint microstructures were observed every 250 hours. AFPB shear strength test were 
conducted on the solder joints after aging for 250 and 1,000 hours. The microstructural 
evolution for SAC305, SC-0.01Ni-0.1Co-1In, SC-0.01Ni-0.1Co-3In, SC-0.01Ni-0.5Co-3In, 
and SC-0.1Ni-0.5Co-3In solder joint is shown in Fig.4.17-4.21. 

4.7 Phase identification 

  The IMC formation was initially characterized by EDS spot analysis on 
SC-0.1Ni-0.5Co-3In solder joint, the highest alloyed sample. The spot analysis was 
carried out on three regions i.e. solder matrix, interfacial IMC and matrix IMC as shown 
in Fig.4.22 for as-soldered condition and Fig.4.23 for after 1,000 hours aging.  For the 
as-soldered condition, the interfacial and matrix IMC were found to be Cu6Sn5 with 
amount of Co segregation within this IMC thus it can be indicated as (Cu,Co)6Sn5. 
Indium exists as solid solution in Sn matrix hence did not combine with Cu6Sn5. After 
aging for 1,000 hours, indium is not found in the solder matrix but shows segregation in 
interfacial Cu6Sn5. 
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Fig.4.17 BEI micrographs showing microstructure evolution of SAC305 aged at 150ºC 
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Fig.4.18 BEI micrographs showing microstructure evolution of SC-0.01Ni-0.1Co-1In 
aged at 150ºC 
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Fig.4.19 BEI micrographs showing microstructure evolution of SC-0.01Ni-0.1Co-3In 
aged at 150ºC 
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Fig.4.20 BEI micrographs showing microstructure evolution of SC-0.01Ni-0.5Co-3In 
aged at 150ºC 
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Fig.4.21 BEI micrographs showing microstructure evolution of SC-0.1Ni-0.5Co-3In 
aged at 150ºC 
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Fig.4.22 Summary of EDS analysis of as-soldered SC-0.1Ni-0.5Co-3In solder joint  

 

Fig.4.23 Summary of EDS analysis of SC-0.1Ni-0.5Co-3In solder subjected to isothermal 
aging at 150ºC for 1,000 hours 
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4.8 Elemental distribution 

  EPMA analysis was carried out to observe the elemental distribution of 
the solder joints. Elemental mappings of SC-0.1Ni-0.5Co-3In solder joint after subjected 
to thermal aging at 150ºC for 0, 250 and 1,000 hours are shown in Fig.4.24-4.26, 
respectively. For the as-soldered condition, In dissolves in Sn matrix. Co shows 
segregation in both interfacial and matrix Cu6Sn5. The Co-rich regions present in some 
area. Due to minute amount, this phase is not detectable by EDS; however, it is believed 
to be CoSn2 IMC. After isothermal aging for 250 hours, In begins to segregate in Cu6Sn5 
near the interface next to the (Cu,Co)6Sn5 layer. Sn and In have very similar metallic 
radius (167 pm and 162 pm, respectively) thus In could substitute Sn atom in Cu6Sn5. 
The IMC remains as Cu6(Sn,In)5. Co remains segregated as (Cu,Co)6Sn5 at the interface 
and in the solder matrix. After further isothermal aging for 1,000 hours, segregation of In 
near the interface is clearly seen. Co still remains as a (Cu,Co)6Sn5 layer and doesn’t 
tend to combine with Cu6(Sn,In)5 to form (Cu,Co)6(Sn,In)5. This trend is also observed for 
IMC in the solder matrix that In and Co tends to avoid each other. Thus, after 1,000 
hours isothermal aging, comparing to typical Cu>Cu3Sn>Cu6Sn5 IMC structure of SAC 
solder alloys, SC-Ni-Co-In solder alloys have a different interfacial IMC structure that is 
Cu>Cu3Sn>(Cu,Co)6Sn5>Cu6(Sn,In)5>Sn as illustrated schematically in Fig.4.27. 
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Fig.4.24 EPMA elemental mapping of SC-0.1Ni-0.5Co-3In solder joint before isothermal 
aging 

 

Fig.4.25 EPMA elemental mapping of SC-0.1Ni-0.5Co-3In solder joint after subjected to 
isothermal aging at 150°C for 250 hours 

As-soldered 

250 hours 
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Fig.4.26 EPMA elemental mapping of SC-0.1Ni-0.5Co-3In solder joint after subjected to 
isothermal aging at 150ºC for 1,000 hours 

 

Fig.4.27 Schematic of IMC-layer structure at the interface of a) SAC and b) SC-Ni-Co-In 
solder joint 

1,000 hours 
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4.9 Growth behavior of interfacial intermetallic compounds 

  For all as-solidified joints, the IMC formed at the interfaces is only Cu6Sn5. 
The growth of this IMC was observed at the aged interface due to reaction between 
matrix Sn and Cu substrate diffused through IMC layer. After the aging time of 250 
hours, the Cu3Sn intermetallic was observed at the interfaces. This IMC appeared as a 
dark grey layer located at the Cu6Sn5/Cu interface. The formation of Cu3Sn was 
accounted to two reaction; the reaction between Cu6Sn5 and Cu substrate and reaction 
between Cu atom from substrate and Sn atom diffused from solder 

The growth of the Cu6Sn5, Cu3Sn and total IMC thickness of each solder 
joint is plotted as a function of isothermal aging time in Fig. 4.28-4.30, respectively. The 
growth rate of Cu3Sn is high initially and decreases as increased aging time. For 
SAC305, the Cu3Sn thickness is higher as compared with that for SC-Ni-Co-In solder 
alloys. The thickness of Cu6Sn5 IMC also increases with aging time. However, Cu6Sn5 
shows a higher thickness for SC-Ni-Co-In solder alloys. The SC-Ni-Co-In alloys with 
3%In tends to have a thicker Cu6Sn5 layer as compared with SC-0.01Ni-0.1Co-1In. The 
Cu6Sn5 thickness appears to be similar within the 3%In group despite of the difference in 
the amounts of Ni and/or Co. Conversely, Cu3Sn thickness is higher for SC-0.01Ni-
0.1Co-1In.  

Since at the temperature used in this research, the growth mechanism of 
Cu3Sn is mainly dominated by solid state diffusion [24], the growth kinetic of Cu3Sn layer 
can be expressed as: 

   x = (Deff t)
1/2    [4.1] 

Where x is the thickness of Cu3Sn, Deff is the effective interdiffusion coefficient in the 
Cu3Sn layer and t is the aging time.  
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  The thickness of Cu3Sn is plotted as a function of square root time in Fig. 
4.31. The linear trend line confirms that the main growth mechanism of this IMC is solid 
state diffusion for all solder alloys. This indicates that Ni, Co and In additions did not 
change the main growth mechanism. However, the alloying element additions result in 
suppression of Cu3Sn growth by the stabilization of Cu6Sn5, thus retard the reaction in 
Eq.4.2. This effect caused by Ni and Co has been reported previously [25,26]. 
Specifically, in this study, the EPMA mapping in Fig.4.26 shows segregation of In at the 
interfacial Cu6Sn5 of the aged sample which suggested that it could be further stabilized 
by In. The thickness plot in Fig.4.28 confirms the stabilization effect of In. It is clearly 
seen that SC-0.01Ni-0.1Co-1In has higher Cu3Sn thickness than that of the 3%In group. 

 

Fig.4.28 Cu3Sn Thickness as a function of time of solder joints aged at 150oC 
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Fig.4.29 Cu6Sn5 Thickness as a function of time of solder joints aged at 150oC 

 

Fig.4.30 Total intermetallic compound thickness as a function of time of solder joints 
aged at 150oC 
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Fig.4.31 Cu3Sn thickness as a function of square root time of the solder joints aged at 
150ºC 

4.10 Shear strengths after isothermal aging 

  AFPB shear strength test result of solder joint subjected to isothermal 
aging is shown in Fig.4.32. At least 4 test bars were tested for each condition. The 
average standard deviation of all conditions is 2.14. In as-soldered condition, the 
strongest joint was made from SC-0.01Ni-0.5Co-3In which is the only joint stronger than 
that made from SAC305. SC-0.01Ni-0.1Co-1In is the weakest joint. The shear strength of 
SAC305 is initially 37.5 MPa before isothermal aging. After 1,000 hours aging, its shear 
strength drops to 28 MPa which is 25.33% lower than the as-reflow value. SAC305 
solder joint is the weakest joint after 1,000 hours aging. The AFPB shear strength drop of 
SAC305 solder joint of the same aging temperature was previously reported by 
Anderson et al.[14]. The value is 14.9% after 100 hours and 30.3% after 1,000 hours. 
The average value of four SAC alloys was 33.425% as shown in Fig.4.33 [14]. The SC-
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Ni-Co-In alloys maintain their shear strength well after isothermal aging. The strongest 
joint was again made from SC-0.01Ni-0.5Co-3In which shows only 2.18% shear strength 
drop. The weakest joint of SC-Ni-Co-In alloys is again SC-0.01Ni-0.1Co-1In which shows 
8.31% shear strength drop. Average as-aged shear strength drop of four SC-0.01Ni-
0.5Co-3In is 3.82%. 

 

Fig.4.32 AFPB shear test results of SC-Ni-Co-In solder joints showing maximum shear 
strength as a function of aging time, SAC305 also shown as baseline 
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Fig.4.33 AFPB shear test results of SAC solder joints showing maximum shear strength 
as a function of aging time [14] 

 

Fig.4.34 Load-displacement curves of solder joints aged at 150ºC for 1,000 hours 
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  The load-displacement curve of the solder joints aged for 1,000 hours is 
shown in Fig.4.34. For SAC305 solder joint, its slope changes when the displacement 
reaches 0.32 mm. This behavior can also be seen in SC-0.01Ni-0.1Co-1In, where SC-Ni-
Co-In alloys with 3%In display constant slopes. The strongest SC-0.01Ni-0.5Co-3In 
solder joint has about the same displacement at maximum load as that of SAC305. This 
increase in shear modulus of SC-Ni-Co-In with 3%In may be attributed to the IMC in the 
solder matrix which serves as the dislocation obstacles. 

 

Fig.4.35 Illustrations of shear failure mode observed in AFPB shear test: (a) cracks open 
at both side of the solder/IMC interface and grow along the interface, (b) cracks open at 
both side of the solder/IMC interface and grow along solder, (c) cracks open at a side of 
the solder/IMC interface and grow along the interface 

  Cross-section images of failed solder joint were categorized into three 
failure modes as illustrated in Fig.4.35. The first failure mode in Fig.4.35a shows that 
localized shear occurred at both side of solder joint. The cracks are observed to initiate 
and growth along the solder matrix next to the interfacial IMC layer at both ends of 
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solder joint. The cracks come cross the solder matrix to join each other at the middle of 
solder joint. For the second mode in Fig.4.35b, cracks also initiate at both sides of 
solder joint but growth within the solder matrix. The third mode in Fig.4.35c shows that 
localized shear occurred at one side of solder joint. The crack is observed along 
interfacial IMC layer. 

  The shear failure mode of solder joints is summarized in Tab.4.2 for as-
soldered and 1,000 hours aged conditions. The strong solder joints i.e. as-soldered 
SAC305, as-soldered SC-0.01Ni-0.5Co-3In, as-soldered SC-0.1Ni-0.5Co-3In, 1,000 
hours aged SC-0.01Ni-0.5Co-3In and 1,000 hours aged SC-0.1Ni-0.5Co-3In usually fail 
by mode (a). The weak solder joints i.e. 1,000 hours aged SAC305, 1,000 hours aged 
SC-0.01Ni-0.1Co-1In usually fail by mode (b). This behavior is due to the stress 
distribution in solder joints. A uniform stress distribution in the solder joint leads to failure 
mode (a). On the other hand, if sites for local stress concentration are present in the 
solder joint such as poor distribution of IMCs and initial cracks, it will fail by mode (b). 

Table 4.2 Summary of shear failure mode of solder joints 

Solder alloys 
Failure mode 

As soldered 1,000-hour aged 
SAC305 a c 

SC-0.01Ni-0.1Co-1In b c 
SC-0.01Ni-0.1Co-3In c c 
SC-0.01Ni-0.5Co-3In a, c a 
SC-0.1Ni-0.5Co-3In a, b a 

SAC305 exhibits change in failure mode from (a) to (b) after 1,000 hours 
aging. This may be due to local stress concentration by large locally IMC formation after 
aging. For SC-Ni-Co-In solder joint, instead of stress developing at a few locations, the 
IMCs in the solder matrix are uniformly distributed thus serve as multiple sites of local 
stress concentration so that stress dissipation through the solder joint is more 
homogeneous. Such uniform stress distribution leads to higher overall shear stress. 



 
 

CHAPTER V 
CONCLUSIONS 

New solder alloys of Sn-Cu-Ni-Co-In system were synthesized and 
characterized to understand the effects of Ni, Co and In additions on Sn-Cu based 
solder alloys. Key soldering properties for electronics applications were characterized 
i.e. wettability, solidification behavior, electrical resistivity, microstructure evolution after 
isothermal aging and shear strength in order to verify the optimum amount of Ni, Co and 
In, and appropriate reflow soldering condition for this solder alloys. The properties of Sn-
Cu-Ni-Co-In were compared to baseline obtained from those of conventional Pb-free 
solder alloys i.e. Sn-0.7Cu and SAC305. 

Comparing to the eutectic Sn-0.7Cu, Sn-Cu-Ni-Co-In alloys with optimum 
amount of Ni, Co and In show enhanced shear strength and reduced melting 
temperature without posting immoderately negative effects on other key soldering 
properties. Amongst all SC-Ni-Co-In solder alloys tested, SC-0.01Ni-0.5Co-3In and SC-
0.1Ni-0.5Co-3In are considered to be the candidates to be alternative alloys aside from 
the conventional Sn-Ag-Cu and Sn-Cu alloys. With lower cost, they show comparable 
properties with SAC305. Specifically, these alloys can effectively maintain their shear 
strength after subjected to high temperature operating environment. Sn-Cu-Ni-Co-In 
solder joints capably maintain their shear strengths after isothermal aging at 150ºC due 
to uniform dispersion of intermetallic compound in the solder matrix which serves as 
dislocation obstacles and multiple sites for local stress concentration. 
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The experimental results and discussions have leaded to the following conclusions: 

5.1 Effects of Ni, Co and In additions on wettability 

5.1.1 Co and In additions to Sn-Cu based solder alloy tend to decreased its 
spread area and increase its wetting angle. 

5.1.2 SC-Ni-Co-In alloys with 0.1% Ni have better wettability than that of SC-Ni-
Co-In with 0.01%Ni. 

5.2 Solidification behavior of SC-Ni-Co-In solder alloys 

5.2.1 SC-Ni-Co-In solder alloys with 3%In have 2ºC higher melting point than the 
conventional SAC305. 

5.2.2 Ni, Co and In additions result in increased solidification range of Sn-Cu 
solder alloy to about 8ºC due to the off-eutectic compositions. 

5.2.3 Ni, Co and In additions effectively suppress undercooling to near zero by 
catalytic effect. 

5.3 Effects of Ni, Co and In additions on electrical resistivity 

5.3.1 Co and In tends to increase the electrical resistivity of Sn-Cu solder alloys 
due to IMC formation in the solder matrix 

5.3.2 The average electrical resistivity of SC-Ni-Co-In solder alloys is higher than 
that of SAC305 by magnitude of 0.9 μΩ-cm. 
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5.4 Effects of reflow soldering conditions on shear strength of SC-Ni-Co-In solder joints 

5.4.1 The best shear strength was observed in solder joint subjected to reflow 
soldering conditions of 235ºC/30 sec and 245ºC/60 sec for both 1% and 
3% In. 

5.4.2 The reflow soldering condition of 235ºC/30 sec is considered the most 
appropriate because of lower energy and time consumptions than that of 
245ºC/60 sec condition. 

5.5 Effects of Ni, Co and In additions on shear strength of Sn-Cu based solder alloy 
before isothermal aging 

5.5.1 The optimum amount of Ni, Co and In additions can effectively improve 
shear strength of Sn-Cu based solder alloy 

5.5.2 The 3% In group show significant improvement in shear strength when 
compared to the 1% In group 

5.5.3 SC-Ni-Co-In with 3% In show comparable shear strength to that of SAC305 

5.6 Shear strength of SC-Ni-Co-In solder joints after isothermal aging 

5.6.1 SAC305 show as-aged shear strength of 28 MPa which is 25.33% lower 
than that of as-soldered condition. 

5.6.2 Average as-aged shear strength drop of four SC-Ni-Co-In solder alloys is 
3.82%. 

5.6.3 SC-0.01Ni-0.5Co-3In is the strongest solder joint for both as-soldered and 
as-aged conditions with shear strengths of 41.2 MPa and 40.3 MPa, 
respectively. 
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ICP-AES Analysis 

The solder alloy compositions were verified using inductively coupled 
plasma atomic emission spectroscopy (ICP-AES). The results of the selected alloys, 
SAC305, SC-0.1Ni-0.5Co-1In, SC-0.01Ni-0.5Co-3In, SC-0.1Ni-0.5Co-3In and SC-0.1Ni-
0.5Co-3In (retest) are shown in Fig. A.1-A.5, respectively. The results are summarized in 
Table A.1. 

Table A.1 ICP-AES results 

Solder Alloys 
Composition (wt.%) 

Sn Ag Cu Ni Co In 

SAC305 (Sn-3.0Ag-0.5Cu)  2.89 0.48    
SC-0.1Ni-0.5Co-1In   0.58 0.084  0.89 
SC-0.01Ni-0.5Co-3In   0.63 0.006  2.39 
SC-0.1Ni-0.5Co-3In   0.67 0.068  2.49 
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Fig. A.1 ICP result of SAC305 
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Fig. A.2 ICP result of SC-0.1Ni-0.5Co-1In 
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Fig. A.3 ICP result of SC-0.01Ni-0.5Co-3In 
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Fig. A.4 ICP result of SC-0.1Ni-0.5Co-3In 
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Fig. A.3 ICP result of SC-0.1Ni-0.5Co-3In (retest) 
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Thermodynamic Approach for Interface Thickening 

  In order to explain the growth behavior of interfacial Cu6Sn5 and Cu3Sn, 
thermodynamic approach is taken into consideration. In the work by Vuorinen el al., 
effects of Ni addition on growth behavior of interfacial Cu6Sn5 and Cu3Sn in Sn/Cu 
diffusion couple was studied [27]. The system is considered to be local equilibrium 
system which equilibrium exists only at the interface between different phases. The 
Gibbs energy diagram of the binary Sn-Cu system was calculated at 125oC, including 
the effects of dissolved Ni as shown in Fig. B.1 [27]. Sn atoms diffuse from interface I to 
II (through Cu6Sn5) by the driving force for diffusion of about 3,100 J/mol (ΔGSn) and that 
of Cu atoms from interface III to II (through Cu3Sn) is about 10,000 J/mol (ΔGCu) in the 
diffusion couple. When 1at.% Ni is added in to (Cu,Ni)6Sn5, its gibbs energy decreases 
to gɳ* and the driving forces for the diffusion changes to ΔG*

Sn and ΔG*
Cu. When 5at.% 

Ni is added in to (Cu,Ni)6Sn5, its gibbs energy decreases to gɳ** and the driving forces 
for the diffusion changes to ΔG**

Sn and ΔG**
Cu. This thesis found that In tends to 

segregate into the Cu6Sn5 at the interface and Cu6Sn5 layer of all three solder alloys with 
3%In is significantly thicker than that of the solder alloy with 1%In. These indicate that In 
also effects in stabilization of Cu6Sn5 as well as Ni. The effect of Co in stabilization of 
Cu6Sn5 has been previously revealed [2].  
  The diffusion flux of component i (Ji) is proportional to the driving force 
according to Nernst–Einstein relation: 

 
where C is concentration [mol/m3], M is mobility, R = universal gas constant, and T = 
absolute temperature.  
  Thus, the changes in diffusion fluxes in the intermetallic compound layers 
resulted from the additions of Ni, Co and In can result in the observed changes in the 
thickness of the intermetallic compound layers. Fig. B.2 again shows intermetallic 
compound structure (Fig. 4.27) with approximated intrinsic fluxes through the layers. 
 

[B.1] 



76 

 

Fig. B.1 Gibbs energy diagram of binary Sn-Cu system at 150oC showing the driving 
forces for the diffusion of Sn and Cu atoms across the interfaces [27].  

Fig. B.2 Intermetallic compound structure of as-aged solder joints. Note that the flux 
vectors are not to scale. 
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APPENDIX C 

Measurement of IMC Thickness 
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Measurement of IMC Thickness 

  IMC Thickness at the solder joint interface was measured by SemAfore 
software. The thickness was reported as an average value of at least 10 measurements 
for smooth layer i.e. Cu3Sn and as-soldered Cu6Sn5, and 20 measurements for rough 
layer i.e. aged Cu6Sn5.  In order to avoid cognitive bias, position of thickness 
measurement is equidistant. Example for measurement of thicknesses of as-soldered 
Cu6Sn5, 1000-hour aged Cu6Sn5 and Cu3Sn, are shown in Fig.C.1, C.2, and C.3, 
respectively. 

  Effects of inclination resulted from machining and metallographic 
preparation on measured thickness can be expressed by Eq. C.1 

                                                       [C.1] 

where xm is the measured thickness, xp is the thickness perpendicular to the substrate 
surface, and θ is the inclination angle as illustrated in Fig. C.4. However, the inclination 
angle should never exceed 5o. By taking θ = 5o, the Eq. C.1 is again written as: 

                                                       [C.2] 

which makes the error negligible. 
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Fig. C.1 Example of thickness measurement of as-soldered Cu6Sn5 

  

Fig. C.1 Example of thickness measurement of 1000-hour aged Cu6Sn5 
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Fig. C.1 Example of thickness measurement of Cu3Sn 

 

 
Fig. C.4 Effects of inclination resulted from machining and metallographic preparation 
on measured thickness 
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