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Abstract: This research investigated the combined effects of addition of Bi and Sb elements on the microstructure, 
thermal properties, ultimate tensile strength, ductility, and hardness of Sn−0.7Ag−0.5Cu (SAC0705) solder alloys. The 
results indicated that the addition of Bi and Sb significantly reduced the undercooling of solders, refined the β-Sn phase 
and extended the eutectic areas of the solders. Moreover, the formation of SbSn and Bi phases in the solder matrix 
affected the mechanical properties of the solder. With the addition of 3 wt.% Bi and 3 wt.% Sb, the ultimate tensile 
strength and hardness of the SAC0705 base alloy increased from 31.26 MPa and 15.07 HV to 63.15 MPa and 23.68 HV, 
respectively. Ductility decreased due to grain boundary strengthening, solid solution strengthening, and precipitation 
strengthening effects, and the change in the fracture mechanism of the solder alloys. 
Key words: Sn−0.7Ag−0.5Cu solder alloys; intermetallic compounds; strengthening mechanism; undercooling; 
mechanical properties 
                                                                                                             
 
 
1 Introduction 
 

Solder alloy is an important material in the 
electronics industry. It is used to connect electronic 
components to circuit boards. In the past, tin−lead 
(Sn−Pb) solder was commonly used in electronic 
devices since it had good soldering properties and 
was cheap cost [1]. However, lead was banned as an 
ingredient in solders due to its toxic effects on 
human health and environmental contamination. 
Therefore, Sn−Pb solders have been replaced   
with new lead-free solders that still use tin as    
the main component. Solder alloys such as    
Sn−Cu [2,3], Sn−Ag [4,5], Sn−Bi [6−8],     
Sn−Sb [9,10], Sn−Zn [11,12], and Sn−Ag−Cu [13,14] 
have been developed. Electronics industries, 
especially, use lead-free solders containing tin (Sn), 

silver (Ag), and copper (Cu) for their near-eutectic 
compositions, high strength, good solderability, and 
high fatigue resistance [15,16]. However, solders  
in the Sn−Ag−Cu (SAC) alloy group have some 
drawbacks that need to be overcome. SAC solders 
have higher melting points than Sn−Pb solders, the 
formation of coarse Ag3Sn IMC phases can weaken 
solder joints, and the growth of IMC layers along 
the interface during soldering reduces solder joint 
reliability [17,18]. To overcome these limitations, 
some properties of SAC solders have to be 
improved.  

The melting point of SAC solders has been 
reduced by adding elements such as indium (In), 
gallium (Ga), and bismuth (Bi) [19−24]. Their 
microstructures have been refined and mechanical 
properties have been enhanced with the addition  
of elements such as zirconium (Zr) [17], Bi [21−24], 
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antimony (Sb) [25−28], zinc (Zn) [29,30], titanium 
(Ti) [31], aluminium (Al) [32,33], cobalt (Co) [34], 
and rare earth elements (RE) [35,36]. A review of 
previous research found that the addition of Bi to 
SAC solder alloy groups exhibited refined β-Sn 
dendrite microstructures, fine Bi precipitates in the 
β-Sn matrix, improved wettability, reduced melting 
points and undercooling, increased yield strength, 
tensile strength, and hardness of the solder alloy 
due to fine precipitate dispersion strengthening and 
solid solution strengthening mechanisms. Moreover, 
Bi suppressed the growth of Cu3Sn and Cu6Sn5 
IMC in the interfacial layer and increased shear 
strength of the solder joint [21−24]. Elsewhere, a 
small addition of Sb to SAC solder slightly 
increased melting point, reduced undercooling, 
refined the dendritic size of β-Sn, enhanced tensile 
strength and improved creep properties due to the 
strengthening effect of the SnSb solid solution. 
Besides, Sb inhibited the growth of IMC interfacial 
layers and reduced the thickness of the interface of 
the solder joint. As a result, the shear strength of the 
solder joint was increased [25−27]. In addition, 
large amounts of Sb (25−31 wt.%) added to SAC 
solder alloy formed new Ag3(Sn,Sb) IMCs and a 
large SbSn phase in the β-Sn matrix. Larger 
addition of Sb significantly increased the melting 
temperature of the solder alloy. Ultimate tensile 
strength also increased with increments of Sb but 
elongation decreased due to the solid solution 
hardening effect of Sb [28]. 

A review of the literature [21−27] confirmed 
that the addition of Bi and Sb elements can refine 
β-Sn phases and eutectic structures, and enhance 
mechanical properties of Sn−Ag−Cu solder alloys. 
Therefore, this research presented a study of the 
combined effects of Bi and Sb elements on the 
microstructure, melting point, hardness, tensile 
strength, and ductility of SAC0705 solder alloys. 
 
2 Experimental 
 
2.1 Solder specimen preparation 

The solder alloys used in the following 
experiments were Sn−0.7Ag−0.5Cu−xBi−xSb 
systems, where x=0, 1, 2, and 3 wt.%. The solder 
specimens were respectively referred as SAC-  
0705, SAC0705−1Bi−1Sb, SAC0705−2Bi−2Sb, 
and SAC0705−3Bi−3Sb and their compositions are 

listed in Table 1. High purity Sn (99.95%), Cu 
(99.99%), Ag (99.99%), Bi (99.95%), and Sb 
(99.95%) ingots were used to prepare the alloys. 
Initially, a graphite crucible was charged with metal 
ingots and heated in an electric furnace at 400 °C 
for 6 h. The molten alloy was allowed to cool to 
270 °C to prevent high-temperature oxidation and 
then agitated with a mechanical stirrer for 10 min to 
homogenize the melt. Before casting, the steel  
mold was preheated to 200 °C to prevent the 
solidification of the alloy before the mold was 
completely filled. The melt was then poured into 
the mold. The casting process is illustrated in 
Fig. 1. 
 
Table 1 Compositions of four solder alloys (wt.%) 

Solder alloy Bi Sb Cu Ag Sn 

SAC0705 − − 0.547 0.788 98.665

SAC0705−1Bi−1Sb 1.142 1.097 0.536 0.766 96.459

SAC0705−2Bi−2Sb 2.381 1.888 0.491 0.763 94.447

SAC0705−3Bi−3Sb 3.191 3.166 0.539 0.784 92.320
 

 
Fig. 1 Schematic diagram of casting process of solder 
specimens 
 
2.2 Solder specimen characterization 

The compositions of the four solder specimens 
were analyzed by X-ray fluorescence spectro-  
metry (XRF, PANalytical, Zetium). The melting 
temperature, melting range, and undercooling of 
solder specimens were determined by differential 
scanning calorimetry (DSC, NETZSCH, DSC 
200F3 Maia), performed in N2 from 30 to 300 °C at 
heating and cooling rates of 10 °C/min. Before  
the observation of microstructures by an optical 
microscope (OM, Olympus, BX 53) and a scanning 
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electron microscope (SEM, Quanta 400, FEI), the 
solder specimens were prepared by the 
metallographic processes of grinding, polishing, 
and etching with a solution containing 3 vol.% HCl, 
5 vol.% HNO3, and 92 vol.% CH3OH for 20 s. The 
microstructures of solder specimens were analyzed 
by SEM coupled to an energy dispersive X-ray 
spectroscope (EDS, Oxford, X-MaxN20). The phase 
identification of solder specimens was confirmed 
by X-ray diffraction analysis (XRD, PANalytical 
Empyrean) using Cu Kα radiation (λ(Cu)= 
0.15406 nm) in the 2θ range of 10°−120° with a 
step size of 0.026° and a counting time of 70 s. The 
sample for XRD analysis was prepared in a disc 
shape, with the diameter of 12 mm and the 
thickness of 4 mm. The surface of the sample was 
polished with SiC sandpaper before testing. The 
ultimate tensile strength (UTS) and ductility of 
solder specimens were obtained from tensile 
testing. The specimens were prepared according to 
the ASTM E8 standard and tested on a universal 
testing machine (UTM, Instron 5569) at room 
temperature and a constant strain rate of 
1.5 mm/min. Vickers microhardness testing (model: 
INNOVATEST, NOVA 130/240) was carried out to 
determine the hardness values of solder specimens 
at a load of 200 g and dwell time of 10 s. 

 
3 Results and discussion 
 
3.1 Microstructure of solder alloys 

The microstructures of SAC0705, SAC0705− 
1Bi−1Sb, SAC0705−2Bi−2Sb, and SAC0705−3Bi− 
3Sb solders were analyzed by OM and SEM. β-Sn 
phases and eutectic areas can be seen in an OM 
image of the SAC0705 solder (Fig. 2(a)). The 
refinement of the β-Sn phase and expansion of the 
eutectic areas of the SAC0705 alloy after the 
addition of both Bi and Sb can be seen in images  
of SAC0705−1Bi−1Sb, SAC0705−2Bi−2Sb, and 
SAC0705−3Bi−3Sb alloys (Figs. 2(b−d)). The 
average sizes of β-Sn phases were 7.06, 5.58,   
4.23, and 6.30 μm for SAC0705, SAC0705− 
1Bi−1Sb, SAC0705−2Bi−2Sb, and SAC0705− 
3Bi−3Sb solders, respectively. The average size of 
β-Sn phases reduced with the increasing Bi and Sb 
contents. The addition of Bi and Sb reduced the 
undercooling of the solders and improved the 
nucleation of solidified phases, which enhanced 
heterogeneous nucleation, producing a finer 
microstructure [21,22,28,37]. Backscatter electron 
SEM images of the solders revealed microstructures 
consisting of a β-Sn phase and Cu6Sn5 and Ag3Sn 
IMC phases in the eutectic areas.  

 

 
Fig. 2 Microstructures of solder alloys observed by OM: (a) SAC0705; (b) SAC0705−1Bi−1Sb; (c) SAC0705−2Bi−2Sb; 
(d) SAC0705−3Bi−3Sb 
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The SAC0705 alloy exhibited rod-like Cu6Sn5 
phase IMC particles and needle-like Ag3Sn phase 
IMC particles (Fig. 3(a)). The addition of Bi and Sb 
refined the β-Sn matrix and the Cu6Sn5 and Ag3Sn 
IMC phases by reducing the undercooling of the 
alloy. The size of the IMC phases decreased 
(Figs. 3(b−d)). Sb atoms were highly soluble in Sn 
atoms and formed solid solution phases in the 
solder matrix [22,27,28] (Fig. 3(d)). On the other 
hand, the solubility of Bi atoms in Sn atoms was 
limited and in cases of SAC0705−2Bi−2Sb and 
SAC0705−3Bi−3Sb, white precipitates of Bi were 
present in the solder matrix [21,37] (Figs. 3(c, d)). 
The IMC phases of SAC0705, SbSn phases, and Bi 
phases of SAC0705−3Bi−3Sb were confirmed by 
XRD analysis (Fig. 4). The XRD pattern of the 
SAC0705 solder mainly exhibited strong peaks 
attributed to β-Sn phase, and small peaks of Ag3Sn 
and Cu6Sn5 IMC phases (Fig. 4(a)). The small 
addition of Bi and Sb to SAC0705 solder did not 
show peaks of Bi and Sb due to forming solid 
solution phases in the solder matrix (Fig. 4(b)). 
With increasing Bi and Sb contents, the solubilities 
of Bi and Sb atoms in Sn atoms were limited, thus 

precipitates of Bi and SbSn phases in the solder 
matrix were formed. As a result, small peaks of Bi 
and SbSn in the SAC0705−3Bi−3Sb solder were 
observed (Fig. 4(c). The phase compositions of the 
SAC0705 base solder and SAC0705−3Bi−3Sb 
solder were analyzed by EDS. The SAC0705 base 
solder presented only Ag3Sn and Cu6Sn5 IMC 
phases in the solder matrix, and the composition 
ratios of the IMCs were 62.0 wt.% Ag : 38.0 wt.% 
Sn (Point 2), and 36.5 wt.% Cu : 63.5 wt.% Sn 
(Point 3) as shown in Figs. 5(c, d)), respectively. 
The SAC0705−3Bi−3Sb solder presented Cu6Sn5 
and Ag3Sn IMC phases, with a solid solution phase, 
and Bi phases in the solder matrix. The composition 
ratios were 37.2 wt.% Cu : 62.8 wt.% Sn (Point 4), 
72.0 wt.% Ag : 28.0 wt.% Sn (Point 5), 92.0 wt.% 
Sn : 4.0 wt.% Bi : 4.0 wt.% Sb (Point 6), and 67.5 wt.% 
Bi : 32.5 wt.% Sn (Point 7), as shown in Figs. 6(b−e), 
respectively. The phase compositions of the solder 
alloys were summarized in Table 2. 
 
3.2 Thermal properties of solder alloys 

The melting temperature is the most important 
parameter of a solder alloy for use in the electronic  

 

 
Fig. 3 Microstructures of solder alloys observed by backscatter electron SEM: (a) SAC0705; (b) SAC0705−1Bi−1Sb;  
(c) SAC0705−2Bi−2Sb; (d) SAC0705−3Bi−3Sb 
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Fig 4 XRD patterns of SAC0705 (a), SAC0705−1Bi− 
1Sb (b), and SAC0705−3Bi−3Sb (c) 
 
assembly industry. A higher melting temperature 
will affect the performance of the solder on 
electronic circuit boards and electronic equipment. 
The melting temperature, melting range, and 
undercooling of the SAC0705, SAC0705−1Bi−1Sb, 
SAC0705−2Bi−2Sb, and SAC0705−3Bi−3Sb 

solders during heating and cooling processes were 
analyzed by DSC. The DSC heating curves of all 
the solder alloys showed two endothermic peaks 
(Fig. 7). The first peak at the lower temperature 
indicated the eutectic temperature and the second 
peak at the higher temperature indicated the melting 
point of the primary β-Sn phase [26,38]. The 
melting temperature and melting range of the 
SAC0705 solder alloy were affected by the addition 
of Bi and Sb. The melting temperature of the 
SAC0705−3Bi−3Sb solder was about 4.1 °C higher 
than that of the SAC0705 solder, while the melting 
range of the SAC0705−3Bi−3Sb (21.2 °C) was 
significantly greater than that of the SAC0705 alloy 
(13.3 °C). The increase was due to the formation  
of new SbSn phases in the solder matrix [28]. 
Generally, solder alloys should have a small melting 
range, not exceeding 30 °C as recommended by LI 
et al [28]. The melting temperature and melting 
range values of the present solder alloys are 
summarized in Table 3. The solidification behavior 
of a solder alloy is determined by the degree of 
undercooling, which also affects the microstructure 
obtained after the solidification process has been  

 

 
Fig. 5 EDS analysis results of SAC0705 solder alloy: (a) Eutectic area; (b) β-Sn phase; (c) Ag3Sn IMC; (d) Cu6Sn5 IMC 
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Fig. 6 EDS analysis results of SAC0705−3Bi−3Sb solder alloy: (a) Eutectic area; (b) Cu6Sn5 IMC; (c) Ag3Sn IMC;  
(d) Solid solution phase; (e) Bi phase 
 
Table 2 EDS analysis results of phase compositions of 
SAC0705 (Points 1−3 in Fig. 5) and SAC0705−3Bi−3Sb 
(Points 4−7 in Fig. 6) solder alloys (wt.%) 

Point No. Sn Ag Cu Bi Sb 
1 100 − − − − 
2 38.0 62.0 − − − 
3 63.5 − 36.5 − − 
4 62.8 − 37.2 − − 
5 28.0 72.0 − − − 
6 92.0 − − 4.0 4.0 
7 32.5 − − 67.5 − 

completed. The undercooling of solder alloys can 
be calculated from onset heating temperature Tonset,1 
minus onset cooling temperature Tonset,2. In the 
studied solder alloys, the addition of Bi and Sb 
significantly reduced the degree of undercooling of 
the solders. The undercooling of the SAC0705 alloy 
was 27.0 °C and that of SAC0705−3Bi−3Sb was 
18.9 °C (Table 4). The lower level of undercooling 
in the Bi- and Sb-added alloys promoted the 
nucleation of the solidified phase, which multiplied 
heterogeneous nucleation sites and refined the 
microstructure [21,26]. 
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Fig. 7 DSC curves of solder alloys during heating and cooling: (a) SAC0705; (b) SAC0705−1Bi−1Sb; (c) SAC0705− 
2Bi−2Sb; (d) SAC0705−3Bi−3Sb 
 
Table 3 Data from heating curves showing melting temperature (Tm), solidus temperature (Tonset), liquidus temperature 
(Tend), and melting range (Tend−Tonset) of solder alloys 

Solder alloy Tm1/°C Tm2/°C Tonset/°C Tend/°C (Tend−Tonset)/°C
SAC0705 219.7 228.5 216.7 230.0 13.3 

SAC0705−1Bi−1Sb 219.1 229.9 215.4 231.4 16.0 
SAC0705−2Bi−2Sb 219.0 230.8 214.6 232.3 17.7 
SAC0705−3Bi−3Sb 218.8 232.6 213.0 234.2 21.2 

 
Table 4 Undercooling (Tonset,1−Tonset,2) of solder alloys 
calculated from heating and cooling curves 

Solder alloy Tonset,1/
°C 

Tonset,2/ 
°C 

(Tonset,1−Tonset,2)/
°C 

SAC0705 216.7 189.7 27.0 
SAC0705−1Bi−1Sb 215.4 190.2 25.2 
SAC0705−2Bi−2Sb 214.6 191.0 23.6 
SAC0705−3Bi−3Sb 213.0 194.1 18.9 

 
3.3 Mechanical properties of solder alloys 

The combined effect of Bi and Sb was 
investigated on UTS, elongation (EL), and hardness 
of the solder alloys. The stress−strain curves of  
the SAC0705, SAC0705−1Bi−1Sb, SAC0705−2Bi− 

2Sb, and SAC0705−3Bi−3Sb solder specimens 
exhibited elastic deformation, plastic deformation, 
and breaking points. Three samples were measured 
and labeled as Samples 1, 2, and 3, respectively 
(Figs. 8(a−d)). The addition of Bi and Sb increased 
the UTS of the SAC0705 solder from 31.26 to 
63.15 MPa in the case of the SAC0705−3Bi−3Sb 
solder. Meanwhile the EL decreased from 27.93% 
for the SAC0705 solder to 17.76% for the 
SAC0705−3Bi−3Sb solder (Fig. 8(e)). The addition 
of Bi and Sb resulted in finer microstructures, the 
formation of solid solutions and Bi precipitates in 
the solder matrix. These modifications combined 
strengthening mechanisms such as grain boundary 
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Fig. 8 Stress−strain curves, UTS, EL and hardness of solder alloys from tensile testing: (a) SAC0705; (b) SAC0705− 
1Bi−1Sb; (c) SAC0705−2Bi−2Sb; (d) SAC0705−3Bi−3Sb; (e) UTS and EL; (f) Hardness 
 
strengthening, solid solution strengthening, and 
precipitation strengthening that hindered dislocation 
movement within the crystal structure. Previous 
research into SAC solder groups added with Bi  
and Sb found that the effects of grain size reduction 
strengthening, dispersion precipitates strengthening, 
and solid solution strengthening increased  
hardness, yield strength (YS) and UTS, and 

decreased EL [21,22,25,28,39]. The hardness value 
of the SAC0705 solder was 15.07 HV, which 
increased to 23.68 HV for the SAC0705−3Bi−3Sb 
solder (Fig. 8(f)). This increase was due to the 
formation of a solid solution and Bi precipitation in 
the solder matrix [21,28]. The average values of 
UTS, EL, and hardness of the studied solder alloys 
are summarized in Table 5. The fracture surfaces of 
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solder specimens were observed after tensile testing 
to understand the fracture behavior of the alloys. 
The fracture surface of the SAC0705 solder showed 
micro-voids and dimples, which indicated the 
ductile fracture mode (Fig. 9(a)). The fracture 
surfaces of the SAC0705−1Bi−1Sb and SAC0705− 
2Bi−2Sb solders showed fewer dimples and micro- 
voids, and the fracture surface of the SAC0705− 
3Bi−3Sb solder showed an obvious cleavage 
fracture. These morphological changes indicated a 
gradual transformation from the ductile fracture 
mode to the brittle fracture mode due to the 
increasing formation of brittle SbSn phases and Bi 
phases in the solder matrix [21,28] (Figs. 9(b−d)). 
The morphological characteristics of the fracture  
 
Table 5 Average values of UTS, EL, and hardness of 
solder alloys 

Solder alloy UTS/MPa EL/% Hardness (HV)
SAC0705 31.26 27.93 15.07 

SAC0705−1Bi−1Sb 44.74 20.92 17.60 
SAC0705−2Bi−2Sb 58.09 20.32 19.11 
SAC0705−3Bi−3Sb 63.15 17.76 23.68 

 
surfaces were consistent with the stress−strain 
behaviors of the solder alloys represented in the 
stress−strain curves produced during tensile testing 
(Fig. 8). 
 
4 Conclusions 
 

(1) The microstructure of SAC0705 solder was 
refined by the addition of Bi and Sb. The grain size 
of β-Sn phases decreased and the eutectic areas 
were extended. In addition, the formation of solid 
solutions phases and Bi phases in the solder matrix 
affected the mechanical properties of the solder. 

(2) The ultimate tensile strength and hardness 
of the SAC0705-based solders were increased by 
grain boundary strengthening, solid solution 
strengthening, and precipitation strengthening. In 
addition, the fracture mechanism changed from the 
ductile fracture mode to brittle fracture mode when 
Bi and Sb were both added to the alloy at 3 wt.%. 

(3) The addition of both Bi and Sb to the 
SAC0705 solder alloy significantly reduced the 
degree of undercooling, while the melting range 
and melting temperature of the solders increased. 

 

 
Fig. 9 Fracture surface morphologies of solder alloys: (a) SAC0705; (b) SAC0705−1Bi−1Sb; (c) SAC0705−2Bi−2Sb;  
(d) SAC0705−3Bi−3Sb 
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Bi 和 Sb 元素对 Sn−0.7Ag−0.5Cu 焊料合金显微组织、 
热性能和力学性能的影响 

 
Suchart CHANTARAMANEE1, Phairote SUNGKHAPHAITOON2 

 
1. Department of Industrial Engineering, Faculty of Engineering, 

Rajamangala Unversity of Technology Srivijaya, 90000 Songkhla, Thailand; 
2. Division of Physical Science, Faculty of Science, Prince of Songkla University, Hat Yai, 90110 Songkhla, Thailand 

 
摘  要：研究添加 Bi 和 Sb 元素对 Sn−0.7Ag−0.5CU(SAC0705)焊料合金显微组织、热性能、极限抗拉强度、延展

性和硬度的共同影响。结果表明，Bi 和 Sb 的加入显著降低焊料的过冷度，细化焊料的 β-Sn 相以及扩大焊料的共

晶区域。此外，焊料基体中 SbSn 相和 Bi 相的形成也影响焊料的力学性能。添加 3%(质量分数)的 Bi 和 3%(质量

分数)的 Sb 后，SAC0705 合金的极限抗拉强度和硬度从 31.26 MPa 和 15.07 HV 分别提高到 63.15 MPa 和 23.68 
HV。焊料合金的晶界强化、固溶强化和析出强化以及断裂机制的改变导致其延展性降低。 
关键词：Sn−0.7Ag−0.5Cu 焊料合金；金属间化合物；强化机制；过冷度；力学性能 
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