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Abstract: This research sought to improve the properties of SAC305 solder joints by the addition of 1 and 2 wt.% Bi. 
The effects of bismuth doping on the microstructure, thermal properties, and mechanical performance of the 
SAC305−xBi/Cu solder joints were investigated. Bi-doping modified the microstructure of the solder joints by refining 
the primary β-Sn and eutectic phases. Bi-doping below 2 wt.% dissolved in the β-Sn matrix and formed a solid solution, 
whereas Bi additions equal to or greater than 2 wt.% formed Bi precipitates in the β-Sn matrix. Solid solution 
strengthening and precipitation strengthening mechanisms in the β-Sn matrix increased the ultimate tensile strength and 
microhardness of the alloy from 35.7 MPa and 12.6 HV to 55.3 MPa and 20.8 HV, respectively, but elongation 
decreased from 24.6% to 16.1%. The fracture surface of a solder joint containing 2 wt.% Bi was typical of a brittle 
failure rather than a ductile failure. The interfacial layer of all solder joints comprised two parallel IMC layers: a layer 
of Cu6Sn5 and a layer of Cu3Sn. The interfacial layer was thinner and the shear strength was greater in SAC305−xBi/Cu 
joints than in SAC305/Cu solder joints. Therefore, small addition of Bi refined microstructure, reduced melting 
temperature and improved the mechanical performance of SAC305/Cu solder joints. 
Key words: Sn−3.0Ag−0.5Cu solder alloy; interfacial behavior; mechanical performance; strengthening effect; thermal 
properties 
                                                                                                             
 
 

1 Introduction 
 

Nowadays, the electronic industry is growing 
rapidly due to the continuous development and the 
demand of the market. Especially, electronic 
devices have been developed to be smaller while 
the performances are higher. Printed circuit boards 
(PCBs) are one of the important parts of electronic 
devices. PCBs consist of circuit components that 
are assembled using solder alloy. Pb-containing 
solder (Sn−Pb) was commonly used in the past for 
soldering due to its good wettability, solderability, 

low cost and low melting temperature. However,  
Pb is a toxic heavy metal now forbidden for 
soldering use in electronic devices [1−3]. Therefore, 
researchers have developed Pb-free solders to 
replace Pb-containing solders. The development of 
new Pb-free solder uses tin as the main constituent 
of alloys such as Sn−Cu, Sn−Ag, Sn−Zn, Sn−Bi, 
Sn−Ag−Cu, Sn−Ag−Bi, Sn−Cu−Sb and Sn−  
Cu−Ni [4−8]. The Sn−Ag−Cu (SAC) group is 
especially popular for good solderability, good 
mechanical performance and thermal fatigue 
properties of its solder alloys [9]. SAC solders 
contain different silver contents, such as SAC0705, 
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SAC105, SAC205 and SAC305 [10−14]. In this 
work, the SAC305 solder was investigated because, 
although it has the advantages previously 
mentioned, it still has drawbacks compared to 
Sn−Pb solder. SAC305 has a high melting point, 
the formation of coarse Ag3Sn IMC impairs 
properties of the solder alloy, leading to cracking 
along the interfacial layer, and the growth of the 
interfacial layer occurs rapidly during the soldering 
process [5]. 

One of the methods commonly used to solve 
the problems of these solders is the addition of 
alloying elements, such as Sb [15,16], Ni [12,15,17], 
Zn [18,19], In [20], Ti [21], rare earth (RE) [22,23], 
and Bi [3,4,6,24]. Especially, Bi can reduce the 
melting point, inhibit the growth of IMCs, refine 
the microstructure and enhance the mechanical 
performance of the solder alloy. BELYAKOV    
et al [4] and RAMLI et al [6] reported that adding 
elemental Bi to Sn−0.7Cu−0.05Ni (SCN0705) 
solder alloy refined the (Cu,Ni)6Sn5 IMC, reduced 
the thickness of the Cu6Sn5 IMC layer, and 
increased the wettability and shear strength of 
solder joints. HU et al [24] reported that the 
addition of Bi to Sn−0.7Cu solder alloys refined 
microstructure, reduced melting point and 
undercooling, and increased mechanical properties 
due to the solid solution strengthening effect. As 
reported by EL-DALY et al [25], ZHAO et al [26], 
LIU et al [27], and SAYYADI and NAFFAKH- 
MOOSAVY [28,29], the addition of Bi to SAC 
solder alloys refined microstructure, reduced 
melting point, solidus and liquidus temperatures, 
improved wettability, and increased hardness, yield 
strength, ultimate tensile strength and shear  
strength of solder joints because of solid solution 
strengthening and/or precipitation strengthening. 
Also, Bi inhibited the growth of Cu6Sn5/Cu3Sn IMC 
in the interfacial layer of the solder joint. A review 
of the above literatures [25−29], revealed few 
researches into the influence of Bi on SAC305 
solder alloys and none at all covering this solder 
alloy. Therefore, this research focused on the 
influence of Bi addition on the microstructure, 
thermal properties, mechanical performance, and 
interfacial behavior of SAC305−xBi/Cu solder joints. 
 
2 Experimental 
 
2.1 Material preparation methods 

Three solder alloy formulations were melted 

for experimental use: Sn−3.0Ag−0.5Cu (SAC305), 
Sn−3.0Ag−0.5Cu−1Bi (SAC305−1Bi), and Sn− 
3.0Ag−0.5Cu−2Bi (SAC305−2Bi). The solder 
alloys were prepared using high purity Sn, Ag, Cu, 
and Bi ingots. Ingots were put into a graphite 
crucible and melted in an electric arc furnace at 
400 °C for 4 h under ambient pressure. Before 
casting, the temperature of the melt was reduced to 
250 °C to prevent oxide film forming and the steel 
mold was preheated to 200 °C. After that, the 
molten solder alloy was poured and when the alloy 
was cooled to 100 °C, it was released and removed 
from the mold. The chemical compositions of the 
three solder alloys were analyzed by X-ray 
fluorescence spectrometry (XRF, PW2400, Philips) 
(Table 1). 
 
Table 1 Chemical compositions of SAC305−xBi solder 

alloys (wt.%) 

Solder alloy Bi Cu Ag Sn

SAC305 0 0.577 3.211 Bal.

SAC305−1Bi 1.082 0.584 3.145 Bal.

SAC305−2Bi 2.204 0.546 3.124 Bal.

 
For tensile testing, as-cast solder alloy samples 

were machined following the ASTM E8 standard 
(diameter of 6 mm and gauge length of 30 mm). To 
prepare the solder pad used in the soldering process, 
as-cast solder alloy samples were cold-rolled by a 
two-roll mill (XK−160, Xincheng) to a thickness of 
0.2 mm. After rolling, the solder pad was cut to 
dimensions of 10 mm  10 mm  0.2 mm, washed 
with distilled water in an ultrasonic cleaner for 
30 min and dried in an oven at 80 °C for 30 min. To 
prepare the copper substrate, copper pads were  
cut to dimensions of 10 mm  50 mm  3 mm, 
abraded with SiC-papers (P240 and P600), 
immersed in a dilute HCl solution for 30 min, 
washed with ethanol (C2H5OH) and dried by hot air 
blower. 
 
2.2 Soldering process 

A single lap joint method was used in the 
soldering process. Two copper pads were painted 
with rosin mildly activated (RMA) flux on a single 
overlapping joint. RMA flux prevented the 
formation of oxide film and enhanced the wetting 
property of the solder in the molten state. The two 
copper pads were put on the reflow block, and the 
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solder pad was inserted into the gap between the 
two copper pads (gap ~0.2 mm) and fixed under the 
clamp of the reflow block. A type K thermocouple 
was connected to the sample and the reflow block 
to measure temperatures during the soldering 
process. The assembled reflow block was put on the 
heating plate, raised up to 250 °C, held for 2 min 
under ambient atmosphere, then moved from the 
heating plate and released to cool down to room 
temperature. Soldered joints received after the 
soldering process were called as-reflowed solder 
joints. The soldering setup is shown in Fig. 1. 
 

 

Fig. 1 Schematic of single lap solder joint for shear 

testing 

 
2.3 Materials characterization 

Samples for microstructural observation were 
cut into small pieces which were cold-mounted with 
epoxy resin. After that, the sample was abraded 
with SiC-papers (P240, P400, P600, P1200, and 
P2500), polished with 5, 1 and 0.05 m Al2O3 
suspensions, and etched for 5 s with an acid 
solution of 55% HCl + 15% H2O + 15% HNO3 + 
15%CH3COOH (volume fraction). The micro- 
structural observation and phase identification were 
examined by an optical microscope (OM, Olympus, 
BX 53), a scanning electron microscope (SEM, 
Quanta 400, FEI) coupled to an energy dispersive 
X-ray spectroscope (EDS, Oxford, X-MaxN20), and 
an X-ray diffractometer (XRD, X'Pert MPD, 
Philips). The thermal properties of alloys were 
measured in two steps to obtain heating and cooling 
curves by differential scanning calorimeter (DSC, 
NETZSCH, DSC 200 F3 Maia). The sample was 
heated and cooled from 30 to 300 °C in a nitrogen 
atmosphere at heating and cooling rates of 
10 °C/min. Tensile and shear tests were performed 
using a universal testing machine (UTM, Instron 
5569) at room temperature and constant strain rates 
of 1.5 mm/min for tensile testing and 1.0 mm/min 
for shear testing. The tensile and shear strength 

values were obtained by averaging five test results. 
The average microhardness of solder alloys was 
determined by the Vickers microhardness test 
(INNOVATEST, NOVA 130/240) at a load of 200 g 
and dwell time of 10 s. The thickness of the 
interfacial layer between the solder and Cu 
substrate was analyzed by image tool software and 
the thickness of IMC layers was calculated as 
follows [5]: 
 
h=A/L                                  (1) 
 
where h is the thickness of the IMC layer, A is the 
area of the IMC layer obtained from the SEM 
micrograph using the image tool program, and L is 
the length of the IMC layer along the interface. 
 
3 Results and discussion 
 
3.1 Microstructure of as-cast solder alloys 

The microstructure of the SAC305 solder 
alloys was composed of β-Sn and eutectic phases. 
The eutectic phase consisted of Ag3Sn and Cu6Sn5 
IMCs dispersed within a β-Sn matrix (Fig. 2(a)) 
[10−12,18]. The β-Sn and eutectic phases were 
refined by the addition of 1 and 2 wt.% Bi  
(Figs. 2(b, c), respectively) because Bi reduced the 
undercooling (T) of solder alloys and increased 
the heterogeneous nucleation sites, caused faster 
solidification rate of IMCs and β-Sn phases, as a 
result, SAC305 containing Bi was the refined 
microstructure [28,29]. The eutectic phase of the 
SAC305−2Bi solder alloy was composed of Ag3Sn 
and Cu6Sn5 IMCs, and Bi particles dispersed within 
the β-Sn matrix. The IMC phases of SAC305 and 
SAC305−2Bi were confirmed by XRD analysis 
(Fig. 3). SEM−EDS analysis of the eutectic region 
of the SAC305 solder alloy revealed fiber-like 
Ag3Sn and plate-like Cu6Sn5 particle distributions 
within the β-Sn matrix (Figs. 4(a−d)). The eutectic 
region of the SAC305−2Bi solder alloy consisted of 
Ag3Sn, Cu6Sn5 IMC and Bi particles dispersed 
within the β-Sn matrix (Figs. 4(e−h)). The addition 
of Bi equal to or greater than 2 wt.% formed 
precipitates of Bi in the β-Sn matrix because at 
room temperature the solubility limit of Bi in Sn 
was about 1.0 wt.% [25,26]. Bi particles were 
uniformly dispersed in a nearly IMC phase 
(Fig. 4(e)). The elemental mapping image of the 
solder alloys shows the distribution of all elements 
in the β-Sn matrix. Ag and Cu elements were 
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Fig. 2 OM images of SAC305 (a), SAC305−1Bi (b), and 

SAC305−2Bi (c) solder alloys 

 

 

Fig. 3 XRD patterns of SAC305 and SAC305−2Bi 

solder alloys 

present in the eutectic region (Figs. 5(a−e)). 
Elemental Bi was distributed in a nearly IMC phase 
in the eutectic region (Figs. 5(f−k)). In SAC305 
solder alloy containing 2 wt.% Bi, precipitated Bi 
particles were present within the eutectic region and 
precipitation strengthening occurred. These results 
corresponded with previous reports of solder alloys 
containing Bi [25,26,28−30].  
   

3.2 Mechanical performance of as-cast solder 
alloys 
The stress−strain curves of the SAC305, 

SAC305−1Bi, and SAC305−2Bi solder alloys 
showed deformation behavior in three states: elastic 
deformation, plastic deformation, and fracture 
point. The addition of 1 and 2 wt.% Bi increased 
the stress of the solder alloys (Fig. 6(a)). The Bi 
addition also increased the mechanical performance 
in terms of ultimate tensile strength (UTS) and 
microhardness while elongation (EL) decreased 
(Figs. 6(b) and Fig. 7). The UTS of the alloys 
increased from 35.7 MPa for SAC305 solder alloy 
to 48.6 MPa and 55.3 MPa for SAC305−1Bi and 
SAC305−2Bi, respectively, while microhardness 
increased from 12.6 HV to 18.6 HV and 20.8 HV. 
EL decreased from 24.6% for SAC305 to 19.3% 
and 16.1% for SAC305−1Bi and SAC305−2Bi, 
respectively. The changes in the mechanical 
performance were mainly attributed to the 
combined effects of grain boundary strengthening, 
solid solution strengthening and the precipitation 
strengthening mechanism [24,25,31].  

The microstructural study of the alloys 
revealed refinement of the β-Sn and eutectic phases 
due to the addition of Bi to the SAC305 solder alloy 
(Fig. 2). Grain refining is one of the strengthening 
mechanisms that increase UTS and microhardness. 
This phenomenon can be explained by the 
Hall−Petch relationship by which the strength of a 
polycrystalline material increases as its grain size 
decreases [14]. Moreover, a small amount of Bi 
could dissolve in the β-Sn matrix to form a solid 
solution. But if the addition of Bi is equal to or 
greater than 2 wt.%, precipitates of Bi will form in 
the β-Sn matrix. Solid solution, Bi precipitation, 
and homogeneous dispersion of the IMC phase in 
the β-Sn matrix inhibited dislocation movement   
and enhanced the mechanical performance of  
solder alloys [26,27,32]. This result is similar    
to the study results of SAYYADI and NAFFAKH- 
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Fig. 4 SEM−EDS point scan images of SAC305 (a−d) and SAC305−2Bi (e−h) solder alloys  
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Fig. 5 SEM−EDS mapping images of SAC305 (a−e) and SAC305−2Bi (f−k) solder alloys 

 
MOOSAVY [28,29]. The small amount addition of 
Bi (2.5 wt.%) to SAC solder alloys formed a solid 
solution and refined precipitate of Bi in the solder 
matrix that prevented the movement of the 
dislocations, as a result, increased the strength of 
solders. In contrast, the high amount addition of Bi 
(5 wt.%) formed a large number of Bi precipitates 

in solder matrix. These precipitates are brittle, 
which deteriorate the mechanical performance of   
solders [28,29]. After tensile testing at room 
temperature, the fracture surface of the SAC305 
solder alloy sample showed necking in the cross- 
sectional area (Fig. 8(a)) and exhibited dimple 
structures that were identified as a ductile fracture 
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Fig. 6 Stress−strain curves (a), UTS and EL (b) of tensile 

testing samples 

 

 

Fig. 7 Microhardness of solder alloys 

 
mode (Fig. 8(b)). At lower magnification, a 
cross-sectional area of the SAC305−2Bi solder 
alloy showed a brittle fracture with very little 
plastic deformation and no necking, whereas at 
higher magnification, cleavage planes were 
observed with a few dimple structures. These 
chatacteristics also indicated a brittle fracture  

mode (Figs. 8(c, d)). The results of fracture surface 
analysis were consistent with the stress−strain 
curves presented in Fig. 6(a) and with the increased 
UTS and reduced EL of the SAC305−xBi    
solder alloys (Fig. 6(b)). This result is similar to      
that obtained by SAYYADI and NAFFAKH- 
MOOSAVY [28]. 
 
3.3 Thermal behavior of as-cast solder alloys 
 Thermal behavior influences reflow soldering, 
wetting and solidification after soldering. The 
thermal profiles of the solder alloys during heating 
and cooling processes were analyzed by DSC. The 
heating curves of the SAC305, SAC305−1Bi, and 
SAC305−2Bi solder alloys exhibited only one 
endothermic peak (Fig. 9(a)). The results of DSC 
analysis were presented in Table 2. The peak 
temperature (Tm) of SAC305 occurred at 221.6 °C, 
and the solidus temperature (Tonset) was 217.2 °C. 
The addition of Bi reduced both Tm and Tonset of the 
SAC305 solder alloy due to the reaction between 
Sn and Bi, creating a new Sn—Bi bond. As a result, 
the atomic displacement in the crystal structure 
occurred much more easily and the melting 
temperature of solders decreased [28,29]. Tm and 
Tonset decreased from 221.6 and 217.2 °C for 
SAC305 to 217.3 and 214.5 °C for SAC305−2Bi, 
respectively. The pasty range of the solder alloys 
was calculated from Tend−Tonset (Tend is the liquidus 
temperature) during the heating process. The  
pasty ranges of SAC305, SAC305−1Bi, and 
SAC305−2Bi solder alloys were 6.9, 9.0, and 
5.7 °C, respectively (Table 2), which were smaller 
than the pasty range of Sn−37Pb solder alloy 
(11.5 °C) [33]. Undercooling was determined from 
Tonset (heating)−Tonset (cooling). The undercooling 
ranges of the solder alloys were 28.0, 24.5,     
and 27.7 °C for SAC305, SAC305−1Bi, and 
SAC305−2Bi, respecticvely (Table 3). According to 
previous research, the nucleation and solidification 
of SAC solder alloys had undercooling values 
within 15−30 °C [34,35]. The addition of Bi to the 
SAC305 solder alloy slightly decreased the degree 
of undercooling. The reduction of undercooling is 
known to encourage nucleation behaviors and 
increase the nucleus during solidification of liquid 
solders, which consequently results in more refined 
structures. The results of thermal analysis in this 
study were in agreement with previous reports of 
solder alloys containing Bi [24,25,28−30]. 
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Fig. 8 Fracture surfaces of SAC305 (a, b), and SAC305−2Bi (c, d) solder alloys 

 

 
Fig. 9 DSC curves of solder alloys during heating (a) and cooling (b) processes 

 

Table 2 General characterization of peak temperature 

(Tm), solidus temperature (Tonset), liquidus temperature 

(Tend), and pasty range (Tend−Tonset) of solder alloys from 

heating curves 

Solder  

alloy 

Tm/ 

°C 

Tonset/ 

°C 

Tend/ 

°C 

(Tend–Tonset)/

°C 

SAC305 221.6 217.2 224.1 6.9 

SAC305−1Bi 219.6 213.1 222.1 9.0 

SAC305−2Bi 217.3 214.5 220.2 5.7 

Table 3 Undercooling T (=Tonset,heating−Tonset,cooling) of 

solder alloys determined from solidus temperature during 

heating (Tonset,heating) minus liquidus temperature during 

cooling (Tonset,cooling) 

Solder alloy
Tonset,heating/ 

°C 
Tonset,cooling/ 

°C 
T/°C 

SAC305 217.2 189.2 28.0 

SAC305−1Bi 213.1 188.5 24.5 

SAC305−2Bi 214.5 186.8 27.7 
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3.4 Morphology of interfacial layer of solder 

joints 
The interfacial layers formed between joints of 

all the solder alloys and the Cu substrate were 
examined after soldering at 250 °C for 2 min. All 
the interfacial layers were composed of two IMC 
layers. Firstly, a layer of scallop-shaped Cu6Sn5 
IMCs formed at the interface during the soldering 
process and then a second layer of Cu3Sn IMCs 
formed between the Cu6Sn5 IMC layer and the Cu 
substrate (Figs. 10(a−c)) [13,36−38]. In the Sn−Cu 
phase diagram system, Cu6Sn5 and Cu3Sn phases 
can form during soldering at temperatures below 
350 °C due to the interfacial reaction between Sn 
atoms from the bulk solder and Cu atoms from the 
substrate. The reactions were described by Eqs. (2) 
and (3) [24,39,40]. 
 
6Cu+5Sn Cu6Sn5                                    (2) 
 
3Cu+Sn Cu3Sn                         (3) 
 

The chemical composition of IMC layers was 
identified by EDS analysis. The Cu6Sn5 IMC layer 
of SAC305/Cu solder joint was composed of 
62.0 wt.%Sn−38.0wt.%Cu and the Cu3Sn layer  
was 74.3wt.%Cu−25.7wt.%Sn (Figs. 11(a−d)). The 
Cu6Sn5 IMC layer of the SAC305−2Bi/Cu solder 
joint was composed of 62.7wt.%Sn−37.3wt.%Cu 
and the Cu3Sn IMC layer was 72.2wt.%Cu− 
27.8wt.%Sn (Figs. 11(e−h)). Also, particulate 
phases of Ag3Sn and SnBi IMCs were present in the 
bulk solders above the interfacial layer of solder 
joints. Measurements of the thickness of the 
interfacial layers of SAC305/Cu, SAC305−1Bi/Cu, 
and SAC305−2Bi/Cu revealed the influence of Bi 
(Table 4). The thickness of the IMC layers 
decreased with increasing Bi content. The 
combined thickness of the Cu6Sn5 IMC and     
the Cu3Sn IMC layers decreased from 12.03 m in 
the SAC305/Cu solder joint to 7.36 m in the 
SAC305−2Bi/Cu solder joint. The Bi addition 
reduced the solubility of Cu and slowed down the 
reaction rate between the molten solder and the Cu 
substrate. As a result, the total thickness of the 
interfacial IMC layer decreased. In addition, Bi did 
not dissolve during the reaction and growth of the 
Cu6Sn5 IMC layer. The resultant concentration of 
Bi slowed the growth of the IMC layers [38]. This 
result is consistent with previous reports of 

Sn−Cu−Ni−xBi (x=0, 0.5, 1.5, 2, 5, 8, 10, 14) [4,6], 
Sn−Ag−xBi (x=0, 1, 2, 3, 4) [38], and Sn−Ag−Cu− 
xBi (x=0, 1, 2.5, 5) [29,39].  
 

 

Fig. 10 Morphologies of interfacial layers of SAC305/Cu 
(a), SAC305−1Bi/Cu (b), and SAC305−2Bi/Cu (c) 
solder joints 
 
3.5 Shear test results of solder joints 

Figure 12 show the shear test results and their 
average shear strength values of different solder 
joints. The average shear strength of solder joints 
increased from 20.48 MPa for SAC305/Cu to 
31.06 MPa for SAC305−2Bi/Cu (Fig. 12(d)). The 
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Fig. 11 SEM images and EDS results of interfacial IMC layers of SAC305/Cu (a−d), and SAC305−2Bi/Cu (e−h) solder 
joints  



Suchart CHANTARAMANEE, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1397−1410 

 

1407
 
increase in shear strength correlated with the 
strength values previously obtained and thickness 
of the IMCs presented in Table 4. The thickness  
of interfacial IMC layers controlled mechanical 
properties of solder joints, and the shear strength of 
solder joints increased. An addition of Bi less than 
2 wt.% could dissolve in the β-Sn matrix and form a 
solid solution strengthening mechanism. Additions 
equal to or greater than 2 wt.% Bi resulted in Bi 
precipitation in the β-Sn matrix and the formation 
of a precipitation strengthening mechanism. Both of 
these mechanisms improved the strength of solder 
 
Table 4 Thickness of interfacial IMC layer after 

reflowing at 250 °C and holding for 2 min 

Solder joint 
Thickness of interfacial layer/m 

Cu6Sn5 Cu3Sn Total 

SAC305/Cu 10.67 1.36 12.03 

SAC305−1Bi/Cu 7.37 1.46 8.83 

SAC305−2Bi/Cu 6.07 1.29 7.36 

 
joints [6,32,41]. According to SAYYADI and 
NAFFAKH-MOOSAVY [29], the high amount 
addition of Bi (5 wt.%) to SAC solder joints formed 
a large number of Bi precipitates in the matrix. 
These precipitates were brittle, which caused the 
reduction of the shear strength and ductility of 
solder joints. From shear testing at room temperature, 
the fracture surface of SAC305/Cu solder joints at 
low and high magnifications exhibited more 
dimples along the shear direction, which indicated a 
ductile fracture process with plastic deformation 
(Figs. 13(a, b)). The shear fracture pattern of the 
SAC305−2Bi/Cu solder joint was a mixture of 
ductile and brittle failure because the fracture 
surfaces consisted of small dimples and a cleavage 
surface (Figs. 13(c, d)). Therefore, it was assumed 
that ductile fracture occurred in the bulk solder 
region, while mixed fracture occurred near solder/ 
interface layer region. The fracture mode depended 
on the thickness of the interfacial IMC layer and the 
strength of the solder joint [29,42]. 

 

 
Fig. 12 Shear test results of SAC305/Cu (a), SAC305−1Bi/Cu (b), SAC305−2Bi/Cu (c) solder joints, and their average 

shear strength values (d) 
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Fig. 13 Shear fracture surface morphologies for SAC305/Cu (a, b), and SAC305−2Bi/Cu (c, d) solder joints 

 

 
4 Conclusions 
 

(1) The addition of elemental Bi improved the 
microstructure of the SAC305 solder alloy by 
refining the primary β-Sn and eutectic phases 
(Ag3Sn and Cu6Sn5). Adding less than 2 wt.% Bi 
created a solid solution. Adding 2 wt.% Bi or more 
created Bi precipitates in the β-Sn matrix. 

(2) The addition of the Bi improved the 
thermal properties of the SAC305 solder alloy by 
reducing the melting point and slightly reducing the 
degree of undercooling. 

(3) The addition of Bi improved the 
mechanical performance of the SAC305 solder 
alloy by increasing UTS, microhardness and shear 
strength due to the effects of solid solution 
strengthening and precipitation strengthening 
mechanisms. 

(4) The interfacial layer of all solder joints was 
composed of two parallel IMC layers of Cu6Sn5 and 
Cu3Sn, which were formed during the soldering 
process. Also, the addition of Bi reduced the 
thickness of the interfacial layer. 

(5) 2 wt.% Bi was the optimal condition which 
best improved the microstructure and mechanical 
performance of the SAC305 solder alloy. 
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摘  要：通过添加 1% 和 2%(质量分数)的 Bi 提高 SAC305 焊接接头的性能，并研究 Bi 掺杂对 SAC305−xBi/Cu

焊接接头显微组织、热性能和力学性能的影响。Bi 掺杂通过细化初始 β-Sn 和共晶相改善焊接接头的显微组织。

当 Bi 含量低于 2% 时，Bi 溶解到 β-Sn 基体中形成固溶体；而当 Bi 含量等于或高于 2%时，β-Sn 基体中形成 Bi

的沉淀相。β-Sn 基体中的固溶强化和析出强化机制使合金的极限抗拉强度和硬度分别从 35.7 MPa 和 12.6 HV 提

高到 55.3 MPa 和 20.8 HV，但是伸长率从 24.6%降至 16.1%。含 2% Bi 焊接接头断口呈典型脆性断裂形貌。所有

焊接接头的界面层由两个平行的 IMC 层组成：Cu6Sn5层和 Cu3Sn 层。与 SAC305/Cu 焊接接头相比，SAC305−xBi/Cu

焊接接头的界面层更薄，剪切强度更高。因此，添加少量 Bi 可以细化 SAC305/Cu 焊接接头的显微组织，降低熔

点并提高其力学性能。 

关键词：Sn−3.0Ag−0.5Cu 焊料合金；界面行为；力学性能；强化效果；热性能 
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