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Abstract: The Sn−Cu−Ni−Ge solder is a strong challenger to the Sn−Ag−Cu (SAC) solders as a replacement for the Sn−Pb eutectic 
solder. This research investigated the effects of addition of Ag, Bi, In, and Sb on the physical properties of the Sn−0.6Cu−0.05Ni−Ge 
(SCNG) lead-free solder and the interfacial reaction with the Cu substrate. The melting behavior, microstructure, tensile strength, and 
wettability of the SCNG−x (x=Ag, Bi, In, Sb) solders were examined. The findings revealed that the introduction of Ag, Bi, In, and 
Sb minimally altered the solidus temperature, liquidus temperature, and tensile strength of the solder. However, the cooling behavior 
and solidified microstructure of the solder were affected by the concentration of the alloying elements. The wettability of the SCNG 
solder was improved with the doping of the alloying elements except Sb. The thickness of intermetallic layer was increased by the 
addition of the alloying elements and was related to the cooling behavior of the solder. The morphology of intermetallic layer 
between the SCNG−x solders and the Cu substrate was different from that of the typical SAC solders. In conclusion, alloying the 
SCNG solder with Ag, Bi, In or Sb is able to improve particular properties of the solder. 
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1 Introduction 
 

The growing environmental concerns and related 
laws and regulations, e.g., the Restriction of Hazardous 
Substances (RoHS) Directive, have contributed to the 
development of many lead-free solders to replace the 
lead-containing solders, particularly the Sn−Pb solders. 
The most widely used lead-free solders in the industry 
are the Sn−Ag−Cu (SAC) solders group because of their 
good solderability, high electrical conductivity, and high 
joint strength [1,2]. However, the SAC solders possess a 
higher melting temperature vis-à-vis the Sn−Pb eutectic 
solder (183 oC) and their soldered joints are prone to 
crack due to the presence of the brittle Ag3Sn 
intermetallic phase [3,4]. Moreover, the SAC solders are 
costlier due to the high Ag content and the surface of the 
soldered joints is dull [1,5,6]. 

The Sn−Cu−Ni−Ge lead-free solder (or SN100C) is 
a strong challenger for market share of the SAC solders 
as a replacement for the Sn−Pb eutectic solder. The 
Sn−Cu−Ni−Ge solder is an improved version of the 
low-cost Sn−Cu (SC) eutectic solder by doping only a 

small amount of Ni and Ge. Specifically, the introduction 
of Ni contributes to the more refined microstructure of 
the solder and the more stable Cu6Sn5 intermetallic phase 
of the soldered joint [7−9]. Ni also reduces the corrosion 
of Cu on the print circuit board [10]. Meanwhile, a very 
small addition of Ge lowers the oxidation and prevents 
bridging during soldering while improving the 
wettability of the solder [11,12]. However, the 
Sn−Cu−Ni−Ge solder exhibits a relatively high melting 
temperature. 

The physical properties of a solder can be enhanced 
by alloying with certain elements, such as Ag, Al, Bi, Co, 
Ga, In, La, and Sb. These alloying elements nevertheless 
improve some physical properties of the solder at     
the expense of other properties, and the effects of 
different alloying elements on the solder alloy vary 
greatly [13−26]. Meanwhile, existing research studies on 
the effects of variable alloying elements have focused 
mostly on the generic lead-free solders, such as the SC 
and SAC, while those involving the Sn−Cu−Ni−Ge 
solders are very limited [13−28]. 

This research thus investigated the effects of 
low-concentration Ag, Bi, In, and Sb on the physical  
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properties of the Sn−0.6Cu−0.05Ni−Ge (SCNG) lead- 
free solder, including the melting behavior, 
microstructure, tensile strength, and wettability. The 
formation of the interfacial layer between the SCNG−x 
(x=Ag, Bi, In, Sb) solders and the Cu substrate was also 
investigated. 
 
2 Experimental 
 

In this research, the SCNG base solder was 
fabricated from four basic elements: Sn, Cu, Ni, and Ge. 
The alloying elements (i.e., Ag, Bi, In, and Sb) of 0.05% 
or 0.10% (mass fraction) were then individually 
introduced into the base solder. The alloying elements 
were intended to introduce at low concentrations to avoid 
the domination of the effects of these elements over 
those of Ni and Ge. Table 1 lists the nominal 
compositions of the experimental SCNG−x solders. 
 
Table 1 Nominal compositions of experimental SCNG−x 

solders 

Solder 
Mass fraction/% 

Cu Ni Ge Ag Bi In Sb Sn

SCNG 0.60 0.05 0.005 − − − − Bal.

SCNG+ 

0.05Ag 
0.60 0.05 0.005 0.05 − − − Bal.

SCNG+ 

0.10Ag 
0.60 0.05 0.005 0.10 − − − Bal.

SCNG+ 

0.05Bi 
0.60 0.05 0.005 − 0.05 − − Bal.

SCNG+ 

0.10Bi 
0.60 0.05 0.005 − 0.10 − − Bal.

SCNG+ 

0.05In 
0.60 0.05 0.005 − − 0.05 − Bal.

SCNG+ 

0.10In 
0.60 0.05 0.005 − − 0.10 − Bal.

SCNG+ 

0.05Sb 
0.60 0.05 0.005 − − − 0.05 Bal.

SCNG+ 

0.10Sb 
0.60 0.05 0.005 − − − 0.10 Bal.

 
An optical emission spectrometer (Thermo, ARL 

3460) was used to examine the composition of the 
specimens, and the effects of Ag, Bi, In, and Sb on the 
microstructure, tensile strength, melting temperature, 
wettability, and oxidation resistance were then 
determined. In addition, a differential scanning 
calorimeter (Netzsch DSC 204 F1 Phoenix), operated at 
a heating rate of 10 °C/s under the N2 atmosphere, was 
used to measure the melting temperature of the SCNG−x 
alloys. The wettability of the SCNG−x solders on the Cu 
substrate was measured in terms of the spread factor 
according to the JIS Z3198−3 standard. The wettability 

test using RMA flux was performed at 260 °C for 30 s. 
The specimens were then left in ambient temperature to 
cool down. The Cu substrate for the wettability test was 
the oxygen-free high conductivity copper plate with 
dimensions of 30 mm × 30 mm × 0.35 mm and the 
arithmetic surface roughness Ra of 0.06 µm. Figure 1 
illustrates the schematic shape of a soldered joint, and 
the spread factor (Sf) was calculated using Eq. (1), where 
D is the joint diameter and H is the joint height. 
 

f 100%
D H

S
H


                             (1) 

 
The tensile strength of the SCNG−x solders was 

determined according to the ASTM E8M standard, using 
Shimadzu’s Autograph AG-X with a capacity of 100 kN. 
The microstructure of the SCNG−x solders was 
examined using a scanning electron microscope (SEM, 
JEOL JSM−6610LV) coupled with the Oxford link ISIS 
series 300 energy dispersive X-ray spectroscopy (EDX) 
to determine the chemical contents of phases. An X-ray 
diffractometer (Bruker D8 Discover) was used to identify 
the crystalline structure of phases. The thickness of the 
intermetallic layer at the interface between the solder and 
the Cu substrate was determined by dividing the area of 
the intermetallic phase by its measured length. The 
Image Pro® Express software was used to determine  
the area and the measured length of the intermetallic 
phase. 
 

 
Fig. 1 Schematic of soldered joint for wettability test 

 
3 Results and discussion 
 
3.1 Melting behavior 

The melting behavior of the SCNG−x solders was 
determined in terms of the solidus temperature and 
liquidus temperature. Figure 2 shows DSC thermograms 
of the SCNG−x specimens during heating (H) and 
cooling (C). The solidus and liquidus temperatures of the 
SCNG base solder were about 230 and 233 °C, 
respectively. The introduction of an alloying element 
slightly altered the solidus temperature and the liquidus 
temperature of the SCNG solder as illustrated in Fig. 3. 
In general, the changes in the solidus and liquidus 
temperatures could be attributed to the ability of the 
alloying elements to shift the alloy composition closer or 
further away from the eutectic composition [29]. In   
this experiment, although the introduction of an alloying  
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Fig. 2 DSC thermograms of SCNG−x specimens (H: Heating; C: Cooling): (a) SCNG; (b) SCNG−Ag; (c) SCNG−Bi; (d) SCNG−In; 

(e) SCNG−Sb 

 
element did not significantly change the solidus and 
liquidus temperatures of the SCNG solder, the addition 
of an alloying element clearly affected the cooling 
behavior of the solder as displayed in Fig. 2. For 
example, in Fig. 2(d), the peak of the cooling 
thermogram was shifted by about 15 °C when 0.05% In 
was introduced. In addition, the alteration of cooling 
behavior led to microstructural changes of the solder as 
discussed in the next section. 

3.2 Microstructure 
The microstructure of the SCNG solder comprised 

the β-Sn phase and the eutectic structure as illustrated in 
Fig. 4. In Fig. 4(a), the β-Sn phase, as represented by the 
light area, is of dendritic shape, while the dark area 
represents the eutectic structure of the β-Sn and 
intermetallic phases. The average cross sectional area of 
dentritic arms of the β-Sn phase was 78.9 µm2. The EDS 
and XRD analyses indicated Cu6Sn5 intermetallic phase  
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Fig. 3 Solidus and liquidus temperatures of SCNG−x solders 

in the eutectic area as shown in Figs. 4(c), (d) and (e). 
The crystal structure of Cu6Sn5 found in this study was 
base-centered monoclinic (η′-Cu6Sn5). The lattice 
parameters of the intermetallic phase were a=1.1022 nm, 
b=0.7282 nm, c=0.9827 nm, α=90.00°, β=98.84°, and 
γ=90.00°, corresponding to C2/c space group. However, 
with the presence of small amount of Ni as shown in  
Fig. 4(d), the (Cu, Ni)6Sn5 intermetallic phase might 
exist in the eutectic area due to the complete solubility of 
Ni in Cu and both intermetallic phases have the same 
crystal structure [30]. The information on the 
transformation of these intermetallic phases is limited 
and thereby warrants further investigation. 

Figure 5 illustrates the microstructures of the SCNG 
solder doped with 0.05% Ag and 0.10% Ag. The β-Sn 
phase became larger and more dendritic, in comparison 

 

 
Fig. 4 Microstructures and corresponding EDS and XRD analyses of SCNG solder: (a) Optical micrograph; (b) SEM micrograph;  

(c, d) EDS spectra of eutectic area; (e) XRD pattern 
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with Fig. 4, and the intermetallic phase in the eutectic 
area was Cu6Sn5. The average cross sectional areas of 
dentritic arms of β-Sn of the SCNG−0.05Ag and 
SCNG−0.10Ag were 118.4 and 124.2 µm2, respectively. 
The size of the β-Sn phases was related to the cooling 
behavior of the solders. As illustrated in Fig. 2(b), during 
cooling of each alloy, the SCNG−0.10Ag was  
completely solidified about 9 °C higher than that of the 
SCNG−0.05Ag. Thus, with the earlier solidification, the 
size of the β-Sn phase of the SCNG−0.10Ag was larger 
than that of the SCNG−0.05Ag. The findings are 
consistent with HUH et al [31], who documented that the 
introduction of Ag into the Sn−Cu eutectic solder, given 
the concentration below 0.10%, contributed to the 
enlargement of the β-Sn phase. In this research, despite 
the presence of Ag in the solders, no Ag3Sn intermetallic 
phase was detected, probably due to the low 
concentrations of Ag in the solders. The absence of 
Ag3Sn will provide a more reliable solder joint when the 
solder is used with electronics components. 

The introduction of Bi reduced the size of β-Sn 
phase of the SCNG, as shown in Fig. 6. The shape of 
β-Sn was nevertheless still dendritic. In fact, the average 
sizes of β-Sn phase of the Bi-doped SCNG solders were 
the smallest among the experimental SCNG−x solders. 
The average cross sectional areas of dentritic arms of 
β-Sn in the SCNG−0.05Bi and SCNG−0.10Bi were 44.9 
and 59.0 µm2, respectively. Similar to the SCNG−Ag 

solders, the size of β-Sn phases was correlated to the 
cooling behavior of SCNG−Bi alloys as shown in    
Fig. 2(c). The SCNG−0.05Bi solidified later than the 
SCNG−0.10Bi, resulting in a smaller β-Sn phase. The 
reduced β-Sn size due to the addition of Bi is consistent 
with the results obtained by KARIYA and OTSUKA [32], 
who introduced Bi into the SnAg solder. The 
intermetallic phase in the eutectic area was Cu6Sn5. No 
precipitate of Bi particles was detected because the Bi 
concentrations were far lower than the solubility limit of 
Bi at room temperature in the Sn matrix [33]. 

Figure 7 depicts the microstructures of the 
SCNG−0.05In and SCNG−0.10In. The shape of β-Sn 
was noticeably dendritic. However, no intermetallic 
phase of In was detected, but only Cu6Sn5 was present. 
The average cross sectional areas of dentritic arms of 
β-Sn were 77.7 and 56.1 µm2 for the SCNG−0.05In and 
SCNG−0.10In, respectively. Likewise, the size of β-Sn 
phases of SCNG−In alloys was associated to the cooling 
behavior of the alloys as displayed in Fig. 2(d). The 
solidification of SCNG−0.05In was completed about 
20 °C higher than that of SCNG−0.10In, resulting in a 
larger size of β-Sn phase. In this research, the decrease in 
the β-Sn grain size subsequent to the introduction of In is 
consistent with our previous study [18]. 

Figure 8 illustrates the microstructures of the 
SCNG−0.05Sb and SCNG−0.10Sb. The intermetallic 
phase in the eutectic area was Cu6Sn5. The average cross 

 

 
Fig. 5 Microstructures of SCNG−0.05Ag (a) and SCNG−0.10Ag (b) 

 

 
Fig. 6 Microstructures of SCNG−0.05Bi (a) and SCNG−0.10Bi (b) 
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Fig. 7 Microstructures of SCNG−0.05In (a) and SCNG−0.10In (b) 

 

 
Fig. 8 Microstructures of SCNG−0.05Sb (a) and SCNG−0.10Sb (b) 

 

sectional area of dentritic arms of β-Sn decreased as Sb 
content increased, with the average cross sectional areas 
of dentritic arms of β-Sn for the SCNG−0.05Sb and 
SCNG−0.10Sb of 67.1 and 62.3 µm2, respectively. The 
size of β-Sn phases of SCNG−Sb also corresponded to 
the cooling thermograms as displayed in Fig. 2(e). The 
solidification temperature of SCNG−0.10Sb was lower 
than that of SCNG−0.05Sb, leading to a smaller β-Sn 
phase. The refinement effect of Sb on the β-Sn phase was 
consistent with the results obtained by EL-DALY       
et al [23,34], who applied Sb to refine the microstructure 
of the Sn−Ag−Cu and Sn−Zn solder alloys. 
 
3.3 Tensile strength and fracture behaviors 

The tensile strength of the SCNG−x solders was 
determined in accordance with the ASTM E8M standard, 
and the results are shown in Fig. 9. The tensile strength 
of the solders was not clearly different under the selected 
concentrations of the alloying elements. Based on the 
analysis of variance with the 95% confidence level, the 
tensile strengths of the variable SCNG−x solders were 
not significantly different. In the tensile test, all of the 
SCNG−x specimens exhibited the necking phenomenon, 
indicating the development of a ductile fracture.   
Figure 10 depicts the fractographs of the fractured 
surfaces, with the dimples on the fractured surfaces 
confirming the ductile fracture of the SCNG−x 
specimens. The findings showed that the alloying 

elements minimally altered the fracture behaviors of the 
SCNG solder. 

 

 

Fig. 9 Tensile strength of SCNG−x solders 
 
3.4 Wettability 

As illustrated in Fig. 11, all of the alloying elements 
except Sb improved the wettability of the SCNG solders 
on the Cu substrate. The spread factor (Sf) of the solder 
increased in response to the introduction of Ag, Bi or In. 
Specifically, the higher content of the alloying element 
contributed to the greater spread factor. Since in this  
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Fig. 10 Fractographs of SCNG−x specimens: (a) SCNG; (b) SCNG−0.05Ag; (c) SCNG−0.10Ag; (d) SCNG−0.05Bi;            

(e) SCNG−0.10Bi; (f) SCNG−0.05In; (g) SCNG−0.10In; (h) SCNG−0.05Sb; (i) SCNG−0.10Sb 

 

 

Fig. 11 Effects of alloying elements on spread factor of SCNG 

solder 

 
study the alloying elements did not lower the liquidus 
temperature of the SCNG solder, it indicated that the 
alloying elements reduced the surface tension of the 
molten solder or enhanced its fluidity, resulting in the 
improvement of the wettability. In contrast, Sb 
deteriorated the wettability of the SCNG solder, and the 
higher Sb content resulted in the lower wettability. 
 
3.5 Interfacial layer 

In Fig. 12, all the alloying elements slightly 
increased the thickness of the interfacial layer between 

 
Fig. 12 Thicknesses of intermetallic layer between SCNG−x 

and Cu substrate 

 
the solder and the Cu substrate. The intermetallic phase 
at the interface was Cu6Sn5 in all specimens. The crystal 
structure of Cu6Sn5 found was base-centered monoclinic 
(η′-Cu6Sn5). As mentioned earlier, with the presence of 
Ni as shown in Fig. 13(b), (Cu, Ni)6Sn5 could be present 
at the interface as well. This is attributable to the higher 
thermodynamics affinity of Ni and Sn than that of Cu 
and Sn and the complete solubility of Ni in Cu [35]. 
Thus, (Cu,Ni)6Sn5 with higher phase stability was 
formed at the interface rather than the lower stability 
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Cu6Sn5. Figures 13(a) and (b) respectively illustrate the 
intermetallic layer of the SCNG and the Cu substrate and 
its EDS spectrum. The thickness of the intermetallic 
layer was 2.46 µm and slightly increased with the 
introduction of the alloying element. The thickness 
increase of intermetallic layers was in the range of 
0.21−0.57 µm, depending on the alloying element added. 

 

 

Fig. 13 Interfacial layer of SCNG and Cu substrate (a), EDS 

spectrum (b) and XRD pattern (c) 

 
The thickness of intermetallic layers of alloyed 

solders was related to the cooling behavior of the solder 
as previously shown in Fig. 2. With the same alloying 
element, the solder that completely solidified at a higher 
temperature provided a thinner intermetallic layer at the 
interface because of shorter reaction time between the 
molten solder and Cu substrate. After the solidification, 
the interfacial reaction in solid state occurred at a much 

lower rate than that in liquid state of the solder, resulting 
in a thinner intermetallic layer. 

In light of the fact that the morphology of the 
intermetallic layer is critical to the joint strength [36−39], 
it should be mentioned that in this research, the 
morphology of the intermetallic layer was relatively 
uniform (Fig. 13(a)) while the morphologies of 
intermetallic layers of the typical SC and SAC solders 
were of finger-like or scallop shape [40−43]. The 
uniform intermetallic layer in this research is consistent 
with the SC−Ni solder in Refs. [44,45] and the 
SAC−Ni−Ge solder in Refs. [46,47]. However, no 
discussion about the formation of the uniform 
intermetallic layer was provided in both studies. 

The formation of the uniform intermetallic layer 
could be attributed to Ni as the vital element promoting 
the uniformity of the intermetallic layer. Specifically, Ni 
atoms distributed in (Cu,Ni)6Sn5 might act as a 
nucleation catalyst for the intermetallic phase during the 
solidification producing the finer intermetallic grains, 
and thus resulting in a more uniform intermetallic   
layer [43,48]. This explanation is verified by the 
experimental results on the Sn−Cu−Co solder of 
PIYAVATIN et al [26], the Sn−Ag−Co solder of GAO  
et al [35], and the SAC−Fe, SAC−Co, SAC−Ni solders 
of WANG et al [49]. It is evident that when an alloying 
element, e.g., Co, Fe, and Ni, is introduced into a solder, 
such an alloying element would act as the nucleation 
catalyst for the formation of the intermetallic grains, 
resulting in a more uniform intermetallic layer. The 
intermetallic layers in Refs. [26,35,49] are also uniform. 

Finally, the experimental results from this research 
were compared to the original properties of the SCNG in 
terms of general requirements for the lead-free solders as 
presented in Table 2. It is clear that alloying the SCNG 
solder with Ag, Bi, In or Sb is able to improve particular 
properties of the solder. 
 
Table 2 Comparison of properties of SCNG−x solders with 
original SCNG solder 

Property Requirement 
Results from this research 

compared to original SCNG

Thermal 

behavior 

Low solidus and 

liquidus 

temperatures; 

short solidification 

time 

Similar solidus and 

liquidus temperatures; 

shorter solidification 

time (except In) 

Mechanical 

behavior 

High tensile 

strength; 

ductile fracture 

Similar tensile strength 

 and fracture mode 

(ductile fracture) 

Wettability
Low contact 

angle 

Lower contact angle 

(except Sb) 

Intermetallic

layer 

Thin IMC 

layer 

Similar IMC 

thickness 
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4 Conclusions 
 

This research investigated the effects of Ag, Bi, In, 
and Sb on the melting behavior, microstructure, tensile 
strength, and wettability of the SCNG solder. In addition, 
the intermetallic layer between the SCNG−x solders and 
the Cu substrate was studied. The findings revealed that 
the introduction of the alloying elements into the SCNG 
base solder had an effect on the average size of β-Sn but 
minimal impact on the tensile strength of the alloys. 
Furthermore, the alloying elements had a minimal effect 
on the solidus temperature and the liquidus temperature 
of the SCNG solder. Except for Sb, the wettability of the 
SCNG solder was improved with the addition of Ag, Bi, 
and In. Meanwhile, the intermetallic layer formed 
between the SCNG−x solders and the Cu substrate was 
of uniform morphology, unlike that of the typical SAC 
solders. In addition, the thickness values of the 
intermetallic layer were closely related to the cooling 
behavior of molten SCNG−x solders. 
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摘  要：对用于替换 Sn−Pb 共晶焊料的 Sn−Ag−Cu (SAC)焊料来说，Sn−Cu−Ni−Ge 焊料是一个巨大的挑战。本

文作者研究添加 Ag、Bi、In 和 Sb 对 Sn−0.6Cu−0.05Ni−Ge (SCNG)无铅焊料物理性能的影响及与铜基体的界面反

应。研究 SCNG−x 焊料的熔化行为、显微组织、抗拉强度和润湿性。结果表明，Ag、Bi、In 和 Sb 的引入对焊料

的固相温度、液相温度和抗拉强度有微小的影响。但是，合金元素的浓度会影响焊料的冷却性能和凝固组织。除

锑以外的合金元素的添加，提高了 SCNG 焊料的润湿性。合金元素的加入增加了金属间化合物层的厚度，这与焊

料的冷却行为有关。SCNG−x 焊料与铜基体之间的金属间化合物层形貌与典型的 SAC 焊料不同。总之，用 Ag、

Bi、In 或 Sb 对 SCNG 焊料进行合金化，可以改善焊料的特性。 

关键词：Sn−Cu−Ni−Ge 焊料；无铅焊料；合金化效应；物理性能 
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