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Effects of Fourth Alloying Additives on Interfacial  Microstructure of 
Sn-Ag-Cu Lead-Free Soldered Joints 

K. S. Kim1*, K. Suganuma1, T. Shimozaki2 and C. G. Lee3 
1 Institute of Scientific and Industrial Research, Osaka University Mihogaoka 8-1, Ibaraki, Osaka 

567-0047, Japan, kskimm12@sanken.osaka-u.ac.jp 
2 The Center for Instrumental Analysis, Kyushu Institute of Technology, Kitakyushu 804-8550, Japan 

3 Department of Materials Science and Engineering, Changwon National University, Changwon 
541-773, Korea 

Keywords : Lead-Free Solder, Sn-Ag-Cu Alloy, Microstructure, Additives 

Abstract. The effects of the fourth elements, i.e., Ni and Co, on microstructural features of 
Sn-3wt%Ag-0.5wt%Cu lead-free solder and Cu joints were investigated. The interfacial phases of 
Sn-3Ag-0.5Cu/Cu joints are typical Cu6Sn5 scallops. Sn-3Ag-0.5Cu (-0.1wt%X; X = Ni and Co)/Cu 
joints form very fine Sn-Cu-Ni and Sn-Cu-Co scallops at interface. The growth kinetics of total 
ternary compound layers was examined. The apparent activation energies of Sn-Cu-Ni and Sn-Cu-Co 
layers were 64 and 112 kJ/mol, respectively. 

Introduction 

Among various lead-free alloys that have been proposed and have been examined intensively in the 
past decade, Sn-Ag-Cu ternary alloy takes a major part as a standard lead-free solder in industries. 
There are, however, other requirements from the formation of solidification cracks, cavities or the 
lift-off phenomenon [1]. Such solidification defects are formed by localized time difference in 
solidification and by large undercooling. Further alloying of fourth elements to Sn-Ag-Cu can 
improve microstructure, for instances, by being nucleation sites for solidification resulting in uniform 
solidification without defects. In a previous study [2], we reported the effects of small addition of 
fourth elements such as Fe, Ni, Co, Mn and Ti on microstructural properties, undercooling, and 
tensile properties in Sn-3wt%Ag-0.5wt%Cu ternary alloy. The effective elements for improving 
solderability are Ni and Co. Thus, Ni and Co were selected as forth alloying additives. The purpose of 
the present work was to characterize the interfacial reactions between the Sn-3Ag-0.5Cu (-0.1wt%X; 
X = Ni and Co) and Cu substrate during the reflow process, and to investigate the reaction layer 
growth kinetics during thermal aging. 

Experimental Procedure 

The fourth alloying elements examined were Ni and Co. The amount added was fixed at 0.1 wt% for 
all alloys. Hereafter, those alloys are simply called SAC-0.1Ni and SAC-0.1Co. Sn-3Ag-0.5Cu alloy 
ingots were melted at 800 °C for two hours in a vacuum with the fourth alloying elements and 
quenched with water. The alloys were re-melted at 300 °C for 1 hour in a crucible and cast into steel 
mould. The cooling rate of the final ingots was about 8 °C/s, equivalent to the practical soldering 
conditions adopted in industries. 

The alloy ingots were cold-rolled and were punched to sheets of 120µm thickness × 3mm diameter. 
The Cu plate was used as the substrate. Cu is the most widely used base metal for component 
metallization pads, PWB pads and lead frames. The solder sheets were placed on the substrate and 
they were reflowed at 260°C in air with the aid of RA type flux. They were cooled at 0.45 °C/s. All 
joining samples were aged for 100, 500, 750, 1000 hours at 125, 135, 150 and 170°C. For 
microstructure observation, the specimens were polished with 0.05 µm Al2O3 powders and were 
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etched with 5%HCl-95%C2H5OH solution. The microstructure of the alloys was observed primarily 
by optical microscope (OM) and scanning electron microscope (SEM). The elemental distribution 
was evaluated by using energy dispersive X-ray analysis (EDX) and by electron probe microanalysis 
(EPMA).   

Result and Discussion 

Joining microstructure 
Typical interfaces of various Sn-3Ag-0.5Cu (-0.1X; X = Ni and Co) alloy/Cu joints after reflow 
treatment are shown in Fig. 1. The reaction layer formed between the Sn-3Ag-0.5Cu and Cu is the 
scallop type Cu6Sn5 phase that is about 10 µm in thickness. On the other hand, the reaction layers of 
the SAC-0.1Ni and SAC-0.1Co joints with Cu are relatively thin and flat (about 2∼3 µm), compared 
to the Sn-3Ag-0.5Cu alloy, as shown in Fig. 1(b, c). Fig. 2 shows the three-dimensional morphology 
of reaction layer for the Sn-3Ag-0.5Cu, SAC-0.1Ni, and SAC-0.1Co/Cu joints after deep etching. The 
scallops of SAC-0.1Ni and SAC-0.1Co are very fine comparing with Sn-3Ag-0.5Cu.  
 

10µµµµm

Sn-Cu layer Sn-Cu-Ni layer Sn-Cu-Co layer

Cu

(c)(b)(a)

10µµµµm

Sn-Cu layer Sn-Cu-Ni layer Sn-Cu-Co layer

Cu

(c)(b)(a)

 
 
Fig. 1 SEM images of various Sn-3Ag-0.5Cu(-X)/Cu joints: (a) Sn-3Ag-0.5Cu; (b) SAC-0.1Ni; (c) 
SAC-0.1Co. 
 

From EDX analysis, the composition of the Sn-Cu-Ni compound corresponds to the (Cu, Ni)6Sn5 
phase. This phase is also observed for the Sn-Ag-Cu/Ni solder joint. Zribi, et al. reported that the (Cu, 
Ni)6Sn5 phase can be formed by substituting Ni for Cu atom in binary compounds with Sn [3]. Thus, 
adding small amounts of Co and Ni can control the thickness of reaction layer and the Cu flux from 
the Cu substrate to the solder. These fine ternary reaction layers play an important role in thermal 
aging. 
 

(a) (b) (c)

10µµµµm

(a) (b) (c)

10µµµµm
 

 
Fig. 2 SEM micrographs showing the top view of various scallops: (a) Sn-3Ag-0.5Cu, (b) SAC-0.1Ni 
and (c) SAC-0.1Co. 
 
Growth kinetics of ternary compound 
To investigate the reaction layer growth kinetics in SAC-0.1Ni and SAC-0.1Co solder joints, the 
growth of the total reaction layer during thermal aging at 125, 135, 150 and 170 °C up to 1000 h was 
examined. The reaction layer growth in Sn-Pb solder/Cu joints is generally assumed to occur by 
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diffusion. The experimental time exponent is near 0.5 [4,5]. The diffusion growth of the reaction layer 
was represented by the following equation: 

W = kt1/2                                                                                                                                                        (1) 

 
where W is the thickness of the reaction layer, k is a growth rate constant, and t is the aging time. 
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Fig. 3 Total thickness vs. t1/2 for the growth of the total reaction layer. 

 
The total thickness of the reaction layer in SAC-0.1Ni and SAC-0.1Co joints as a function of t1/2 is 

shown in Fig. 3. The growth rates, k′s, at various temperatures were determined by least square fitting 
from linear lines. The growth behaviors of Sn-Cu-Ni and Sn-Cu-Co layers indicate similar tendency 
from 125 to 150 °C. At 170 °C, however, k of Sn-Cu-Co layer is larger than that of Sn-Cu-Ni layer. 
Figure 4 shows the element mapping of interface in SAC-0.1Ni/Cu and SAC-0.1Co/Cu joints after 
aging at 170 °C for 500 hours. After long-term and high temperature aging, Ni and Co are still present 
in reaction layer, respectively, but the distribution features are quite different. The Ni compounds are 
mainly distributed at interface between Cu3Sn and Cu6Sn5 continuously, as the aspect of short-term 
aging. However, the Co compounds are dispersed as particle for all the area of reaction layer. This 
dispersion observed only 170 °C aging. Thus, Co compounds do not affect the reaction layer growth 
at 170 °C aging. 

 

(a) (b)Sn Sn

Cu CuNi Co

10µµµµm 10µµµµm

(a) (b)(a) (b)Sn Sn

Cu CuNi Co

10µµµµm10µµµµm 10µµµµm10µµµµm

 
 
Fig. 4 EPMA X-ray images of (a) SAC-0.1Ni/Cu and (b) SAC-0.1Co/Cu joint at 170 °C for 500 h. 
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The Arrhenius plots of k2 for various solder joints are shown in Fig. 5. The apparent activation 
energy was determined from a linear regression fit shows in Fig. 5. The linear lines in Fig. 5 can be 
expressed by the following equations 

k2 = 1.09 × 10-3 exp (-112 kJ⋅mol-1 / RT), 

for SAC-0.1Co/Cu joint, 
 

k2 = 8.58 × 10-10 exp (-64 kJ⋅mol-1 / RT), 

for SAC-0.1Ni/Cu joint, respectively, where k2 is the square of growth rate constant, R is the 
universal gas constant and T is the temperature. Lee, et al. reported that the apparent activation energy 
of total Sn-Cu reaction layer growth in Sn-3.8Ag-0.75Cu/Cu joint was 64 kJ/mol and of total 
Sn-Cu-Ni reaction layer growth in Sn-3.8Ag-0.75Cu/Ni-P joint was 70 kJ/mol [6]. The activation 
energy value of Sn-Cu-Co layer growth in SAC-0.1Co/Cu joint is larger than that of Sn-Cu-Ni layer 
growth in SAC-0.1Ni/Cu joint and Sn-Ag-Cu ternary solder joints, as shown in Fig. 5.  
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-45

-40

-35
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Fig. 5 Apparent activation energy analysis of the SAC-0.1Ni/Cu and SAC-0.1Co/Cu system. 

 
Some of the works reported that the degradation of the joining mechanical properties was 

significantly influenced by growth of reaction layer in lead-free solders with various substrates 
[4,7-10]. The growth of the reaction layer resulted in degradation of the joining strength. In the 
present work, the thickness of the Sn-Cu-Ni and Sn-Cu-Co scallops increases from 3 to 7 µm, and the 
thickness of the Cu6Sn5 scallops increases from 10 to 26 µm during thermal aging at 125 °C up to 
1000h. Thus, the addition of Ni and Co in Sn-3Ag-0.5Cu alloy affects the suppression of the reaction 
layer growth and, consequently, joining mechanical properties can be improved 
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Summary 

In the present work, the effects of fourth element additions to Sn-Ag-Cu solder alloy were 
investigated by microstructure analysis. And, the kinetics of the growth of the reaction layer in 
SAC-0.1Ni and SAC-0.1Co/Cu joints was determined. The results are summarized as follows: 
• The interfacial layers with a Cu substrate consist of Sn-Cu binary compounds for Sn-3Ag-0.5Cu 

alloy, and of ternary compounds such as Sn-Cu-Ni and Sn-Cu-Co for SAC-0.1Ni and SAC-0.1Co 
alloys, respectively. 
• The Sn-Cu-Ni and Sn-Cu-Co layers grow according to the parabolic law, meaning that the 

growth mechanism was diffusion reaction process. 
• From the time and temperature dependence of Sn-Cu-Ni and Sn-Cu-Co reaction layer thickness, 

the apparent activation energies are measured to be 64 and 112 kJ/mol, respectively.      
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Abstract. We developed highly precise self-alignment process using resin materials for next 
generation microelectromechanical systems (MEMS), micro-opto-electro-mechanical systems 
(MOEMS) and optoelectronic multichip modules (OE-MCMs) applications. Although liquid resins 
have a characteristic as low as one tenth of the surface tension of solder in general, self-alignment 
capability could be achieved by using 3-D pads for positioning boundary. In this research, we propose 
the novel passive alignment mechanism in order to enhance understanding of alignment motion. 
Moreover, the influence of viscosity on alignment motion and alignment accuracy is demonstrated by 
scaled-up experiment. We could achieve highly precise alignment accuracy less than 0.4 µm. 

Introduction 

In recent years, with the increase in demands for global environmental conservation, green or 
environment-friendly materials are being actively developed. From these environmental points of 
view, two different classes of materials have been actively studied for alternatives to Pb containing 
solders in electronic industries. One is Pb-free solders [1] and the other is electrically conductive 
adhesives (ECAs) [2]. Especially, along the advances of micro fabrication, the polymeric electronic 
packaging using resin materials include ECAs has been actively investigated as a key technology for 
future microelectromechanical systems (MEMS), micro-opto-electro-mechanical systems (MOEMS) 
[3], and optoelectronic multichip modules (OE-MCMs) [4] applications because of their potential 
advantages of low process temperature including low thermal stress during the process, fine pitch 
capability, and compatibility with non-solderable ones, etc.[5,6], besides the environmental issue. In 
spite of these potential advantages, unfortunately it still has been known that the resin materials do not 
have self-alignment capability due to their low surface tensions [7,8]. Because of this critical 
drawback, few researches have been carried out [9].  
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Fig. 1  Resin self-alignment process using liquid surface tension. 

Materials Science Forum Online: 2003-11-15
ISSN: 1662-9752, Vol. 439, pp 12-17
doi:10.4028/www.scientific.net/MSF.439.12
© 2003 Trans Tech Publications Ltd, Switzerland

https://doi.org/10.4028/www.scientific.net/MSF.439.12


2   Title of Publication (to be inserted by the publisher) 
 

 

In this paper, a novel self-alignment process is presented using liquid resin with low surface 
tension. Fundamental concept for achieving the self-alignment capability and principle are described. 
In addition, the effect of the viscosity of liquid resin on the self-alignment capability includes aligning 
motion and alignment accuracy was demonstrated by the scaled-up experiment. 

Novel Resin Self-Alignment Process 

In conventional solder self-alignment process [10], the chip is self-aligned by restoring forces 
produced by the molten solder constrained in the pads without spreading outward beyond the 
positioning boundary between metallized pad and non wettable dielectric material. However, as the 
materials with low surface tension such as resin materials have a good wetting and spreading 
characteristics on the surface of both metal and resin, it has been known that it is impossible to obtain 
the self-alignment capability with them. In previous work [11-13], we could achieve the 
self-alignment capability even if it uses resin materials with low surface tension by the making the pad 
3-dimensional configuration for positioning boundary. Figure 1 shows the proposed novel 
self-alignment process. This process appears as follows: 

(a) Supply the liquid resin on 3-D pads of chip part or substrate. 
(b) Bring the pre-aligned substrate into contact with the chip part. 
(c) Pull up the chip part, it start to move toward the predetermined position. 
(d) Self-alignment is completed. 
As the chip part is mounted upward, a possibility for liquid resin to spread outward beyond pad 

edge, and a more stable alignment can be achieved contrast to the earlier processes include the 
conventional one. 

Experimental Procedure 

The interconnection material used in this study was phenoxy resin supplied by Matsusita Electric 
Industrial Co. Material properties of resin materials diluted with BCA (Butyl Carbitol Acetate) were 
shown in Table 1. The surface tension and viscosity values were determined by pendant drop method 
and spiral viscometer (PC-1TL: Malcom Co.) respectively. The size of the test vehicle was 16 mm 
× 16 mm × 0.23 mm. Test vehicles have 2 × 2 area array distributed 3-D bond pads with radius of 3 
mm and thickness of 1 mm. 

Table 1.  Material properties of phenoxy resin as a function of content of BCA. 

Material 
Thinner 
[Vol.%] 

Viscosity 
[Pa⋅s] 

Specific 
gravity 

Surface Tension 
at 25 °C [Pa⋅s] 

 0 27.57 1.04 0.0236 
 5 16.50 1.03 0.0231 
10 11.94 1.02 0.0240 
20  7.08 1.01 0.0227 

Phenoxy 
resin 

25  4.55 1.01 0.0231 
 

Since the surface state of the pad affects the wetting property of liquid resin on the pad, we 
performed surface treatment, followed by polishing and degreasing. Moreover, the relative accuracy 
between the chip part and the substrate was measured because it is impossible to measure absolute 
alignment accuracy of the chip part. Once the chip part was self-aligned as previously mentioned in  
Fig. 1, apply specified misalignment level (1 ~ 100 µm) with movable misalignment fixture. The chip 
part was released and the relative motion of the chip part and the alignment accuracy were measured 
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