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Abstract: This study aimed to investigate the effects of the addition of Bi and Zn on the mechanical
properties of Sn-Ag-Cu lead-free alloy frequently used as a soldering material in the semiconductor
packaging process. To reduce the Ag content of the commercial alloy SAC305 (Sn-3Ag-0.5Cu) by
1 wt.%, Bi and Zn were admixed in different ratios and the changes in mechanical and electrical
properties were analyzed. Compared to the SAC305 alloy, electrical conductivity and elongation
at break decreased while tensile strength increased following the addition of the two elements. In
particular, upon the addition of 1 wt.% Bi, the tensile strength increased to a maximum of 43.7 MPa,
whereas the tensile strength was 31.9 MPa in the alloy with 1 wt.% Zn. Differential thermal analysis
and scanning electron microscopy revealed that the changes in physical properties can be ascribed
to a reduction in the activation energy required for formation intermetallic compound when Bi
was added, and the refinement of the structure due to a decrease in undercooling degree when Zn
was added. When Bi and Zn were added at the same time, each characteristic for the change in
the microstructure was applied in a complex manner, but the effect on the change of the physical
properties worked independently.

Keywords: Sn-Ag-Cu alloys; lead-free solder alloys; SAC305; Zn; Bi

1. Introduction

The Sn-Ag-Cu alloy is a great alternative that can be used for soldering instead of
harmful Pb. Sn-Ag-Cu is becoming an essential alloy material for soldering in the electrical
and electronic industries owing to its low melting point (~217 ◦C) and excellent electrical
properties [1–5]. As the solder paste used in the semiconductor packaging process contains
approximately 90 wt.% soldering metal powder, the physical and mechanical properties
of the parent metal, such as tensile strength and electrical conductivity, greatly impact the
performance of the soldering equipment. The properties of most commercial Sn-Ag-Cu
alloys, such as Sn-4Ag-0.5Cu, Sn-3.8Ag-0.6Cu, Sn-3.7Ag-0.7Cu, Sn-3Ag-0.7Cu, Sn-1Ag-
0.5Cu and Sn-3Ag-0.5Cu, are optimized to meet the needs of the final product by precisely
controlling the Ag and Cu content [6–10].

Ag is added to the solder alloy owing to its advantageous mechanical fatigue prop-
erties and generally accounts for 3–5 wt.% of the alloy, which significantly increase the
material cost. Following reports on the physical fragility of joints due to the formation of
the coarse Ag3Sn phase in alloys with a high Ag content, there has been ongoing research
to replace it with other alloying elements, such as Mn, Ce, Ni, Ti, Bi, and Zn, to improve
the mechanical properties while reducing the material cost [11–13]. In particular, many
studies have focused on Zn and Bi as potential substitutes. Kang et al. reported that
the undercooling degree can be decreased in the SAC-Zn alloy prepared by adding Zn
at 1 wt.% or less to the commercially SAC305 (Sn-3Ag-0.5Cu) alloy, which prevented the
formation of coarse Ag3Sn plate-like phase that adversely affects the plastic deformation
properties [14]. Ali et al. reported that adding 1 wt.% Bi to the Sn-Ag-Cu alloy system
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considerably improved tensile strength as a consequence of grain refinement, but brittle-
ness also increased [15]. However, there is a lack of studies concerning changes in the
microstructures and characteristics according to the addition ratio, as well as interference
effects when both Zn and Bi are added at the same time.

Herein, we varied the proportion of Bi and Zn added to replace Ag in SAC305 with
the total amount of Bi and Zn added fixed at 1 wt.%. Changes in the physical properties
and microstructure were investigated.

2. Materials and Methods

The test materials used to conduct the solder alloy casting experiments included Sn,
Ag, Cu, Bi, and Zn as the base material (all >99% purity). A 50 kW-class coil-type induction
furnace (World Induction Co. Ltd., Incheon, Korea) and a graphite crucible were used
for melting. All the equipment and tools used for casting and melting were preheated to
200 ◦C to remove residual moisture and prevent property changes due to the rapid cooling
of the molten metal. The molten Sn alloy of each composition was prepared by gravity
casting in a graphite square mold at approximately 500 ◦C in air atmosphere and the oxide
layer was immediately removed in the casting process.

The composition of the prepared samples was analyzed using X-ray florescence (XRF,
XRF-1800, SHIMADZU, Kyoto, Japan). Changes in microstructures according to each
composition were examined by optical microscopy, field emission scanning electron mi-
croscopy (FE-SEM, MIRA-3, TESCAN, Brno, Czech Republic), and energy dispersive X-ray
spectroscopy (EDS, Bruker, Billerica, MA, USA). Thermogravimetric/differential thermal
analysis (TG/DTA, TG8121, Rigaku, Tokyo, Japan) was used for melting point measure-
ments, as well as pasty range and undercooling degree analyses, while the heating and
cooling rates were fixed at a rate of 5 ◦C/min.

The tensile strength and elongation of the alloy were measured using a universal
testing machine (DTU-900MHN, DAEKYUNG, Incheon, Korea) by manufacturing a plate-
shaped specimen with dimensions of 25 × 6 × 2 mm3 (length, width, thickness), meeting
the ASTM E8/E8M standard. In this measurement, five samples were prepared for each
alloy, and the average value was calculated after measuring five times. Electrical con-
ductivity analysis was conducted using an electrical conductivity meter for non-ferrous
metals (SIGMASCOPE SMP350, FISCHER, Waldachtal, Germany). The flat specimens were
randomly measured five times to obtain an average value, and the results were converted
based on the electrical conductivity of pure copper (58.11 MS/m).

3. Results and Discussion

The aim of this study was to examine changes in the characteristics and microstructures
of the SAC305 alloy by substituting 1 wt.% Ag for Bi and/or Zn in various ratios. Table 1 lists
the initial elemental compositions of the alloys examined, viz. SAC305, SAC205 + 1 wt.% Bi,
SAC205 + 1 wt.% Zn, SAC205 + 0.5 wt.% Bi + 0.5 wt.% Zn, SAC205 + 0.8 wt.% Bi + 0.2 wt.%
Zn, and SAC205 + 0.2 wt.% Bi + 0.8 wt.% Zn. Table 2 lists the results of XRF analysis after
casting experiments.

Table 1. Elemental compositions before casting Alloys.

Conditions
Elemental Compositions (wt.%)

Sn Ag Cu Zn Bi

SAC305 96.5 3 0.5 - -

SAC-1Zn 96.5 2 0.5 1 -

SAC-0.8Zn-0.2Bi 96.5 2 0.5 0.8 0.2

SAC-0.5Zn-0.5Bi 96.5 2 0.5 0.5 0.5

SAC-0.2Zn-0.8Bi 96.5 2 0.5 0.2 0.8

SAC-1Bi 96.5 2 0.5 - 1
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Table 2. XRF results after casting Alloys.

Conditions
Elemental Compositions (wt.%)

Sn Ag Cu Zn Bi

SAC305 Bal. 3.1358 0.6897 - -

SAC-1Zn Bal. 2.1789 0.6273 1.0815 -

SAC-0.8Zn-0.2Bi Bal. 2.1372 0.5320 0.7897 0.1962

SAC-0.5Zn-0.5Bi Bal. 2.0045 0.4803 0.3951 0.5028

SAC-0.2Zn-0.8Bi Bal. 2.0113 0.4716 0.1131 0.7476

SAC-1Bi Bal. 1.9508 0.6362 0.0662 0.8733

Figure 1 shows the stress-strain curves of the alloys. All six alloys exhibited three
stages of deformation: elastic deformation, plastic deformation, and fracture. The SAC305
alloy exhibited strong ductility with a tensile strength of 31 MPa and an elongation of 29.2%.
The elongation of SAC-1Zn (26%) slightly decreased compared to that of SAC305, but the
tensile strength increased to 31.9 MPa. The tensile strength and the elongation of the alloy
containing 0.5 wt.% of Bi and Zn was 38.2 MPa and 21%, respectively. In contrast, when
only Bi was added, the ductility (13%) was the lowest, but the tensile strength (43.7 MPa)
was the highest. Indeed, the tensile strength of SAC-1Bi increased by ~41% compared to
SAC305 while the elongation decreased by ~56%, showing relatively high brittleness, with
fracturing occurring immediately after reaching the ultimate tensile strength. Wang et al.
reported that the addition of Bi to the Sn alloy increases the brittleness due to the inherent
brittleness of Bi element [16].

Figure 1. Stress-Strain Curve results according to conditions.

Figure 2 shows the results of electrical conductivity measurements. The SAC305 alloy
exhibit an electrical conductivity of 15.28 IACs%. The electrical conductivity of the alloys
was approximately 5–10% lower than that of the SAC305 alloy. The electrical conductivity
of a metal is a property related to the movement of electrons, which is determined by the
complex interplay of factors, such as the purity of constituent elements, average grain size,
distribution of grain boundaries, and intermetallic compounds. While the cause cannot be
identified based solely on these measurements, in general, the addition of multi-element
factors increases the changes in microstructure that adversely affect electrical conductivity,
including the formation of intermetallic compounds and changes in activation energy.
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Figure 2. Electrical conductivity measurement results according to conditions.

Figures 3 and 4 and Table 3 show the TG/DTA results of the initial melting point
(Tonset), the melting end point (Tend), the freezing point (Tcool), the undercooling degree
(∆T1= Tonset − Tcool), and the solid–liquid coexistence temperature range (i.e., pasty range,
∆T2 = Tend − Tonset) of each alloy. For the SAC305 alloy, the undercooling degree and pasty
range were measured to be 27.45 and 40.86 ◦C, respectively. While the undercooling degree
was significantly reduced to 6–8 ◦C for the Zn-containing alloys, the pasty range of the
Bi-containing alloys increased by approximately 2–6 ◦C. According to previous studies, the
addition of a small amount of Zn to the Sn-Ag-Cu alloy system causes a decrease in the
undercooling degree and it reduces the large Ag3Sn phase, which can negatively affect the
reliability of the solder joint [14,17,18].

Figure 3. (a) Undercooling (∆T1 = Tonset − Tcool) and (b) Pasty range (∆T2 = Tend − Tonset) results.



Metals 2022, 12, 1245 5 of 8

Figure 4. DTA results of experimental alloys.

Table 3. Melting Temperature, undercooling and pasty range of experimental conditions.

Conditions Onset Melting
Point (Tonset)

End Melting
Point (Tend)

Peak Cooling
Point (Tcool)

Undercooling
(∆T1 = Tonset − Tcool)

Pasty Range
(∆T2 = Tend − Tonset)

SAC305 217.16 ◦C 258.16 ◦C 189.71 ◦C 27.45 ◦C 40.86 ◦C

SAC-1Zn 215.57 ◦C 255.79 ◦C 208.91 ◦C 6.66 ◦C 40.22 ◦C

SAC-0.8Zn-0.2Bi 213.61 ◦C 257.38 ◦C 205.81 ◦C 7.80 ◦C 43.77 ◦C

SAC-0.5Zn-0.5Bi 214.93 ◦C 258.02 ◦C 208.28 ◦C 6.65 ◦C 43.09 ◦C

SAC-0.2Zn-0.8Bi 213.30 ◦C 258.66 ◦C 207.32 ◦C 5.98 ◦C 45.36 ◦C

SAC-1Bi 213.33 ◦C 257.22 ◦C 194.21 ◦C 19.12 ◦C 43.89 ◦C

Figure 5 shows FE-SEM images and EDS results of the alloys. The addition of Bi is
known to cause changes in the microstructure of Sn-Ag-Cu alloys due to an increase in the
activation energy to form intermetallic compounds. Zhao et al. reported that the increase in
activation energy due to the addition of Bi may interfere with the formation of intermetallic
compounds [19]. Similarly, Li et al. reported that the addition of 1 wt.% Bi reduced the
nuclear growth rate by increasing the activation energy, thereby inhibiting the growth of
intermetallic compounds [20]. Additionally, Illés et al. reported that the addition of Bi in
Sn alloy could cause whisker growth [21,22].

On the other hand, upon the addition of Zn to the Sn-Ag-Cu alloy, intermetallic
compounds such as γ-(Cu,Ag)5Zn8 are formed, which acts as Ag acceptors, promoting
the growth of the β-Sn phase [17]. Therefore, it is inferred that the γ phase suppresses the
formation of the Ag3Sn phase, thereby reducing the undercooling degree. As evident from
Figure 4, the typical Cu6Sn5 and Ag3Sn phases are distributed in the Sn matrix of SAC305.
With the addition of 1 wt.% Zn, the γ-(Cu,Ag)5Zn8 phase is present in a wide area, with the
Ag3Sn phase confined to small regions compared to that of SAC305.
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Figure 5. FE-SEM, OM images and EDS results of each alloy under different magnifications.

The behavior of the Ag3Sn phase in solder joints has been elucidated through fa-
tigue tests [23,24]. Although it is not clear whether the Ag3Sn phase promotes or hin-
ders crack propagation, it is known that the Ag3Sn plate phase can cause localization of
plastic deformation at the boundary of the β-Sn phase and adversely affect mechanical
properties [14,25]. Therefore, control of the formation of coarse Ag3Sn phase through the
addition of Zn is expected to improve the reliability of the solder joint.

The eutectic fraction decreases upon increasing Bi content, while the size of the inter-
metallic compound gradually decrease. These changes in the overall microstructure are the
main cause of the increase in grain boundaries that interfere with electron transport, which
enhance physical properties at the expense of electrical conductivity.

In the alloys containing both Bi and Zn, relatively broad and coarse γ-(Cu,Ag)5Zn8
phases existed, which becomes more refined with increasing Bi content. Therefore, it
was difficult to identify coarse structures other than β-Sn in the Bi-rich condition (in
SAC-Bi1 alloy).

As a result, Bi and Zn are added together to replace a certain amount of Ag in the
Sn-Ag-Cu alloy, causing changes in the microstructure in a complex manner, but the
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physical property strengthening characteristics due to the addition of 1 wt.% or less of
Bi, the undercooling reduction effect due to the Zn addition, and the coarse Ag3Sn phase
reduction effect are maintained. It was confirmed that these effects could act independently.

4. Conclusions

In this study, we investigated the effects of substituting 1 wt.% of Ag in SAC305 for
Zn and Bi on the physical properties of the resultant alloys. The tensile strength increased
and the elongation decreased as the amount of Bi added increased, which was ascribed to
interference with the formation of intermetallic compounds due to an increase in activation
energy. Upon the addition of Zn, the undercooling degree drastically decreased even with
a small amount added, and refining of the Ag3Sn phase and other intermetallic phases was
confirmed by changes in the microstructure. Additionally, even with 1 wt.% or less of Bi
and Zn added at the same time, the microstructure changes were caused by γ-(Cu,Ag)5Zn8
by production due to the addition of Zn and tissue refinement due to the addition of Bi,
in a complex manner. However, the changes in physical properties caused by this did not
interfere with one another, with the effects appearing independently.
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