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Abstract
Low temperature solders based on tin-bismuth (Sn-Bi) are used as substitutes for tin-silver-copper (Sn-Ag-Cu, SAC) alloys, 
reducing warpage-induced defects and reflow temperature. Understanding the effects of microalloying elements on the 
solder mechanical, microstructural, and thermodynamic properties constitute an essential part of alloy design. This study 
focuses on the changes in melting and solidification behavior of near-eutectic Sn-Bi alloys with antimony (Sb, 0.5–2 wt%) 
and silver (Ag, 0–1 wt%) additions. Our differential scanning calorimetry studies show that addition of Sb increases the 
melting temperature of the alloy and reduces the amount of undercooling, while the addition of Ag has a minimal effect 
on the melting and solidification behavior. Of note is the melting temperature between the initial melting of as-solidified 
solders and subsequent cycles in Sb-containing alloys decreases. Microstructural and thermodynamic analysis reveals that 
the distribution of solute Sb atoms in as-received, more rapidly solidified alloys compared with reflowed alloys is likely the 
cause of the difference in melting behavior.

Abbreviations
SAC	� Sn-Ag-Cu alloys
IMC	� Intermetallic compound
DSC	� Differential scanning calorimetry
EDS	� Energy dispersive X-ray analysis
EPMA	� Electron probe microanalysis
WDS	� Wavelength dispersive spectroscopy
ICP-MS	� Inductively coupled plasma mass spectroscopy

Elements
Ag	� Silver
Au	� Gold
Bi	� Bismuth
Co	� Cobalt
Cu	� Copper
In	� Indium
Ni	� Nickel
Pb	� Lead
Zn	� Zinc

Introduction

While Sn-Pb solder alloys had been widely used in the 
microelectronics industry for their low melting tempera-
tures(183 °C), low cost, good wettability, and high reliabil-
ity, concerns over lead’s impact on human health and the 
environment have led to the banning of the use of lead in 
electronic packaging with the issuing of regulations such 
as RoHS and WEEE. The lead-free alternative, Sn-Ag-Cu 
(SAC), which has since become the industry standard, has 
the major disadvantage of having a high melting tempera-
ture (217 °C). As integrated circuits grow thinner and more 
heterogeneous, the high reflow temperature of SAC alloys 
can cause serious component warpage and manufacturing-
induced damage to the solder joints [1]. Well-known exam-
ples of warpage-induced defects include head-on-pillow, 
head-on-pillow open, and bridging defects, which can cause 
either open circuit or short circuit failures [1].

Eutectic Sn-Bi alloy rose to prominence in the research 
of low temperature soldering solutions due to its low eutec-
tic temperature (138 °C), low cost, and reliable mechanical 
performance at low strain rates. However, being highly strain 
rate dependent, Sn-Bi alloys perform poorly at high strain 
rates, e.g., in drop-shock testing. Previous studies on SAC 
alloys have shown that small amounts of microalloying ele-
ments addition can lead to marked improvements in aging 
resistance and reliability [2, 3]. Concerns over Sn-Bi alloys’ 
poor mechanical reliability in drop-shock naturally led to 
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many studies attempting to improve the mechanical per-
formance via microalloying, particularly in understanding 
the relationship between microalloying elements and their 
effects on the microstructural evolution and intermetallic 
compound (IMC) growth Sn-Bi solder [4–10]. It is recog-
nized that the addition of Ag introduces Ag3Sn IMCs in the 
solder and refines the microstructure [8]. The presence of Ag 
in the solder also reduces the rate of Cu6Sn5 growth at the 
solder-Cu interface. Addition of Cu has also been shown to 
refine the solder microstructure, with Cu6Sn5 forming in the 
matrix. Additions of Zn, Ni, In, Sb, Co, and Au have also 
been studied for their effect on IMC growth at the solder-Cu 
surface finish interface, as described in the extensive review 
by Wang et al. of microalloying effects in Sn-Bi solders [11].

Of the many microalloying elements mentioned above, 
Sb has attracted particular attention for its unique ability 
to greatly increase the ductility of the Sn-Bi alloy while 
retaining its tensile strength [4, 6, 7, 10]. Microstructural 
and elemental analysis reveals that a combination of Sb in 
solid solution in Sn and precipitation of SnSb IMC at Sn-Bi 
boundaries is likely contributing to the improved mechanical 
properties [5]. An additional factor is the interaction between 
alloy composition, solidification behavior and microstruc-
ture. As in SAC alloys, the degree of undercooling provides 
information on the nucleation behavior from molten solders 
and the origin of specific microstructures, an integral part 
in the refinement of the mechanical properties and overall 
design of the reflow process [12]. In this study, we examine 
near-eutectic Sn-Bi alloys with Sb and Ag addition to study 
the relationship between microalloying, the melting and 
solidification behavior of the solder alloys and how they are 
linked to the microstructure of the alloy.

Experimental

A series of six Bi-42Sn-xSb-yAg (x = 0.5, 1, 2 and y = 0, 1) 
solder alloys in the form of 500 μm spheres were obtained 
from the Scientific Alloys corporation. The spheres were 
fabricated by dropping the alloy melt into a liquid, and so 
the cooling rate is much faster than the rates typically seen 
in during reflow or differential scanning calorimetry (DSC) 

testing. Prior to DSC testing, the elemental composition of 
the samples was verified using inductively coupled plasma 
mass spectroscopy (ICP-MS). The exact elemental composi-
tion of each alloy obtained from ICP-MS is within an accept-
able range of the requested Bi-42Sn-xSb-yAg (x = 0.5, 1, 2 
and y = 0 or 1) with ± 2 wt% Sn, ± 0.1 wt% Sb, and ± 0.3 wt% 
Ag [5]. Overall, all alloys (except for the Bi-42Sn-2Sb-1Ag 
alloy) contain more Sn and less Bi than their nominal com-
positions. In terms of microalloying elements, the concentra-
tions of Sb are close to what is expected, while the concen-
tration of Ag showed greater variability. See Supplementary 
1 for the table of measurements.

The melting and solidification behavior of the alloys were 
measured using a TA Q2000 DSC in Tzero hermetic alu-
minum pans. A single solder sphere was used in each DSC 
run. Each DSC cycle started at 60 °C and was heated to 
200 °C with a ramp rate of 20 °C/min. The sample pan was 
then isothermally held at 200 °C for 5 min to ensure com-
plete melting/dissolution of IMCs before being cooled down 
to 60 °C at a ramp rate of 20 °C/min. Three samples were 
tested for each alloy with three DSC cycles per experiment.

Samples form the DSC experiments were mounted in 
epoxy for microstructural analysis. Two other sets of metal-
lographic samples were prepared for: (i) as-received solder 
alloys and (ii) solder alloys after one DSC cycle for each 
alloy to compare the microstructures after one and three 
thermal cycles. Metallographic samples were mechanically 
polished to a final polish of 0.05 μm diamond suspension 
and were imaged using a FEI Quanta 650 FEG scanning 
electron microscope. Energy Dispersive X-ray Analysis 
(EDS) and electron probe microanalysis (EPMA) wave-
length dispersive spectroscopy (WDS) were used to identify 
the compositions of the IMC phases and their relationships 
to β-Sn and Bi phase.

Results and discussion

Table 1 shows the DSC results for Cycle 1 and Cycle 2 of 
the six alloys tested. Cycles 3 was identical to Cycle 2 for all 
alloys and are not listed here. The solidus is the temperature 
at which the first liquid forms on heating. The liquidus is 

Table 1   Liquidus and solidus temperatures of Bi-42Sn-xSb-yAg (x = 0, 0.5, 1, 2 and y = 0 or 1) alloys

0Sb-0Ag 0.5Sb 1Sb 2Sb 0Sb-1Ag 0.5Sb-1Ag 1Sb-1Ag 2Sb-1Ag

Solidus temperature: cycle 1 (°C) 136.3 139.9 140.8 142.8 138.2 139.3 139.9 141.5
Liquidus temperature: cycle 1 (°C) 121.0 125.0 130.5 138.6 123.9 126.9 131.1 137.6
Degree of undercooling: cycle 1 (°C) 15.3 14.9 10.3 4.2 14.3 13.6 8.8 3.9
Solidus temperature: cycle 2 (°C) 136.1 138.5 138.8 138.7 138.0 137.7 137.8 137.9
Liquidus temperature: cycle 2 (°C) 121.0 127.2 132.9 138.7 124.1 127.8 130.1 137.9
Degree of undercooling: cycle 2 (°C) 15.1 11.3 5.9 0 13.9 9.9 7.7 − 0.1
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the temperature of the first solid forms on cooling. Based on 
the observed liquidus and solidus temperatures, a few obser-
vations can be made. First, with increasing amount of Sb 
addition, the melting temperature of the alloy increases from 
the eutectic 136.3 °C to 142.8 °C (with 2 wt% Sb addition) 
as expected from the phase diagram. The addition of Ag 
into the eutectic Sn-Bi alloy slightly increases the melting 
temperature to 138.2 °C, while the addition of Ag into Sn-
Bi-Sb ternary alloys slightly lowers the melting temperature. 
The solidification temperature also increases with increasing 
amount of Sb but at a higher rate than the melting tempera-
tures, resulting in a decrease in the degree of undercooling 
from 15 °C (Sn-58Bi) to 4 °C (2 wt% Sb addition) (Fig. 1).

Of particular interest is that there is a significant differ-
ence in the melting behavior between the initial thermal 
cycle for the as-received Sb-containing alloys and subse-
quent cycles across all alloy compositions. Namely, there is 
a decrease in the onset temperature for melting and a change 
in the shape of the melting peak. This decrease in the melt-
ing temperature, together with the increase in the solidifi-
cation temperature with increasing amount of Sb addition, 
produces a striking negative amount of undercooling in the 
alloys with 2 wt% Sb as seen in Sup 2. The change in the 
onset temperature of the melting peak suggests a change 
in partitioning of the Sb between initial manufacturing and 
after reflow.

To reveal the underlying mechanism for the change in 
the melting behavior, microstructures of each sample were 
analyzed at three intervals in the DSC study: as received, 

after the first thermal cycle, and after the third thermal cycle. 
Figure 2a and g show the microstructure of the Sn-Bi alloy 
with 0.5 wt% Sb addition. The as-received sample has a 
much coarser microstructure compared to the ones after 
thermal cycling. In addition, no dendrites can be seen in the 
as-received sample and the microstructure is more homo-
geneous. After thermal cycling, fine dendrites can be seen 
throughout the sample, while no SnSb intermetallic phases 
were observed since this composition is within the room 
temperature solubility limit of Sb in β-Sn. Samples with Ag 
additions show similar as-received microstructure, with the 
distinction that fine Ag3Sn IMC particles are seen through-
out the microstructure in Ag-containing alloys, as shown in 
Fig. 2b and c.

Samples with 1 wt% Sb addition show no significant 
microstructural differences in the β-Sn and Bi phases from 
samples with 0.5 wt% Sb addition with the exception that 
fine SnSb IMC particles are observed in the β-Sn phase at 
β-Sn-Bi phase boundaries throughout the 1 wt% Sb micro-
structure in the as-received state and after thermal cycling. 
However, a significant change in the microstructure starts 
to emerge in samples with 2 wt% Sb addition. As shown in 
Fig. 2c for the Bi-42Sn-2Sb-1Ag alloy, the microstructure of 
the as-received alloy is similar to Bi-42Sn-1Sb as-received 
sample. However, the microstructure of the 2 wt% Sb alloy 
after the thermal cycling (Fig. 2i) shows marked differences. 
Large SnSb IMC particles have formed near the edge of the 
sample after thermal cycling as seen in Supplementary 3. 
Given the size and morphology of the SnSb particles, it is 

Fig. 1   DSC melting peaks for 
the as-received Bi-42Sn-xSb-
yAg alloys
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expected that they formed either as the first phase to solidify 
from the melt during cooling or as undissolved particles in 
the liquid during the isothermal hold at 200 °C. Large β-Sn 
dendrites are observed to form with the large SnSb particles 
acting as nucleation sites and leading to a 4 °C undercooling. 
At lower Sb compositions, it appears that SnSb particles do 
not form in the melt and therefore, are not present to act as 
nucleation agents from the melt. From these experiments it 
is not clear what serve as nucleating agents for dendrites at 
lower Sb compositions that activate at larger undercooling 
[13].

As noted previously, there are no SnSb IMC particles 
in Bi-42Sn-0.5Sb samples, with EPMA-WDS maps show-
ing Sb in solid solution within β-Sn phase in Fig. 3. In 
contrast, samples with 1 and 2 wt% Sb additions contain 
SnSb particles in both the as-received and the cycled sam-
ples. In the as-received samples, the SnSb IMC particles 
are distributed in a more homogeneous manner throughout 
the sample. The SnSb particles in the cycled samples are 

predominantly seen within the Sn dendrites rather than at 
Sn-Bi phase boundaries within the eutectic, and the particles 
are fine, similar to what is seen previously in samples after 
reflow [5]. In the cycled 2 wt% Sb samples, there are both 
large (> 20 μm) SnSb particles, and the fine SnSb particles 
within the Sn dendrites. The large (> 20 μm) SnSb particles 
are not observed in the as received samples, likely due to 
the substantially higher cooling rate during the fabrication 
of the solder spheres.

One distinctive difference between the as-received and 
thermal-cycled microstructures in every alloy is the clear 
lack of dendrites in the as-received samples. This lack of Sn 
dendrites can be attributed to the manufacturing condition of 
the solder balls. To our knowledge, in the fabrication of the 
solder balls, the alloys are heated to a high temperature to 
ensure complete homogenization before being quenched in 
an unspecified liquid as 500 μm solder balls. The rapid cool-
ing rate appears to result in a supersaturation of Sb in β-Sn 
phase, which raises the initial melting temperatures. In the 

Fig. 2   Microstructures of Bi-42Sn-xSb solder alloy (x = 0.5, 1.0, 2.0): a–f as-received liquid-cooled spheres and g–l after three thermal cycles at 
a ramp rate of 20 °C/min with microstructures similar to those seen after reflow

Fig. 3   EPMA-WDS maps of the Sb distribution in liquid-cooled as-
received samples and samples after DSC at a ramp rate of 20  °C/
min. The 0.5Sb images a and d show Sb in solution with Sn as a light 

grey phase. The 1Sb and 2Sb samples b, c, e, and f show bright white 
SnSb IMC particles
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DSC cycling, samples are cooled more slowly (20 °C/min). 
As a result, after the first thermal cycle in DSC, such differ-
ences are eliminated and all subsequent cycles demonstrate 
identical melting behavior.

Conclusion

In this study the effect of Sb and Ag addition on the melting 
and solidification behavior of near-eutectic Sn-Bi alloys and 
their microstructures was determined. It was found that the 
addition of Sb increases both the melting and the solidifi-
cation temperature of the alloy while reducing the amount 
of undercooling. The addition of Ag, comparatively, has a 
less significant effect. A change in the melting temperature 
between as-received samples and thermal-cycled samples 
was recorded for alloys of all compositions. Nucleation of 
Sn on large SnSb shows low undercooling overall compared 
with SAC.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1557/​s43580-​023-​00619-w.
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included in this published article [and its supplementary information 
files].
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