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Influence of rapid solidification on Sn−8Zn−3Bi alloy characteristics and
microstructural evolution of solder/Cu joints during elevated temperature aging
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Abstract: The effects of rapid solidification on the microstructure and melting behavior of the Sn−8Zn−3Bi alloy were studied. The
evolution of the microstructural characteristics of the solder/Cu joint after an isothermal aging at 150 °C was also analyzed to
evaluate the interconnect reliability. Results showed that the Bi in Sn−8Zn−3Bi solder alloy completely dissolved in the Sn matrix
with a dendritic structure after rapid solidification. Compared with as-solidified Sn−8Zn−3Bi solder alloy, the melting temperature of
the rapid solidified alloy rose to close to that of the Sn−Zn eutectic alloy due to the extreme dissolution of Bi in Sn matrix.
Meanwhile, the adverse effect on melting behavior due to Bi addition was decreased significantly. The interfacial intermetallic
compound (IMC) layer of the solder/Cu joint was more compact and uniform. Rapid solidification process obviously depressed the
formation and growth of the interfacial IMC during the high-temperature aging and improved the high-temperature stability of the
Sn−8Zn−3Bi solder/Cu joint.
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1 Introduction
The lead-containing alloys have been banned in
many countries due to their toxicity in recent years.
Sn−Zn alloys, which have some advantages, such as
relatively low melting point, cost-saving and superior
mechanical property, are considered as a kind of
candidates that could replace Pb-containing solder in
microelectronic packaging and interconnects [1,2].
However, the key problems of Sn−Zn alloys that retarded
their application are their poor properties in wettability,
spreading, and high temperature oxidation resistance due
to the Zn content [2,3]. Alloying is a frequently used
method to improve the properties of solder alloys. Many
different kinds of alloying elements are selected by lots
of researchers as alloys addition into Sn−Zn solders to
further improve the properties of Sn−Zn alloys [4].
Studies indicate that an appropriate amount of Bi
addition in Sn−Zn alloys can play a role in solution
strengthening and improve the creep deformation
resistance [5,6]. MAHMUDI et al [7] reported that the
fast cooled process decreases the steady state creep rate
of the Sn−8Zn−3Bi solder markedly. The addition of Bi

in Sn−Zn alloys can also decrease the difference of linear
expansion between solder and Cu substrate, reducing the
tearing tendency in interface during soldering process.
However, hardening and tendering occur due to the
excessive addition of Bi in Sn−Zn alloy. On the other
hand, with the Bi addition in Sn−Zn alloys, the decrease
of melting point can increase the pasty range of the
alloys and result in the grain coarsening and an excessive
growth of the IMC layer at interface [4,6−9].
A rapidly solidified alloy usually has a good overall
performance, therefore the rapid solidification process
has been used to optimize the properties and
performance of solder alloys in recent years [10,11].
GUSAKOVA and SHEPELEVICH [12] studied the
effect of rapid solidification on the microstructure and
microhardness of Sn−x%Zn−(11−x)% Bi (x=11, 9, 8, 5,
3) alloys, and the results indicated that the rapidly
solidified Sn−Zn alloys had a fine microstructure and
more uniform component distribution. JING et al [13,14]
showed that the rapid solidification process could
improve the corrosion resistance and soldering joint
reliability of Sn−9Zn and Sn−9Zn−0.1Ni alloys. Previous
studies also analyzed the better overall properties of a
rapidly solidified Sn−9Zn−0.1Cr alloy [15,16].
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Sn−8Zn−3Bi alloy has a relatively good wettability
and joint reliability and has been used successfully in
some microelectronic packaging fields. However, up to
this date, the research on rapidly solidified Sn−8Zn−3Bi
alloy is far from adequacy. The aim of this work is to
study the effect of rapid solidification on the
microstructure and thermodynamic behavior of the
Sn−8Zn−3Bi alloy. Furthermore, the evolution of
microstructural characteristics of solder/Cu after an
isothermal aging at 150 °C was analyzed to evaluate the
interconnect reliability. As-solidified Sn−8Zn−3Bi solder
alloy was included for reference.
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The element contents were analyzed by an OXFORD
ISIS300 energy dispersion spectroscopy (EDS) system.
The samples for microstructural observation were etched
slightly by 3% HCl + 5% HNO3 + 92% CH3OH (volume
fraction) solution after mechanical polishing. The
computer aided design software was used to measure and
calculate the interfacial reaction layer thickness of the
soldering joints, as shown in Fig. 2. The location of
datum line in Fig. 2 was determined by both the shape of
interfacial reaction layer and the elements distribution at
the interface by an energy spectrum analysis [19,20].

2 Experimental
The Sn−8Zn−3Bi alloy was melted by using pure
Sn (99.99%), Zn (99.99%) and Bi (99.99%) according to
mass percent. A ZG−001 vacuum induction melting
furnace was used to smelt the alloys with the aerated
argon protection after vacuum-pumping. The melting
temperature was about 600 °C, and was held for 10 min,
and then was molded by casting in a stainless-steel mold.
To ensure the homogenization of the composition, the
massive solder alloys were remolded 2 times. By using
the massive Sn−8Zn−3Bi alloy, the rapidly solidified
solder foils were obtained upon crystallization of the
melt drop on the internal-polished surface of a copper
cylinder with a diameter of 350 mm rotating at a
frequency of 25 r/s, which provided a melt cooling rate
on the order of 106 K/s [12,17]. The thickness of the foil
is about 60 μm.
The differential scanning calorimetry (DSC) was
used to analyze the melting characteristics of the solder
alloys by a Mettler-Toledo TGA/DSC 1/1100 thermal
analysis machine. The heating rate of the testing was
10 °C/min under the argon atmosphere from 30 °C to
250 °C. The specimens were about 20 mg cut from the
ingots and the rapidly solidified foils.
The tensile−shear test was used to evaluate the
mechanical properties of joining. According to China’s
National Standard GB 11363−2008 [18], the Cu−solder−
Cu joints for the test were prepared with two pure copper
(99.8%) plates, as shown in Fig. 1. Based on the pervious
experimental work [15,16], two pure Cu specimens were
soldered together with a solder sheet at 240 °C for
different time with the aid of commercial RMA flux. The
soldering and isothermal aging processes were carried
out in a SX−12 box-type furnace with recirculating air.
An ANS electronic universal testing machine was
employed to carry out the tensile−shear tests with a strain
rate of 0.5 mm/min at room temperature. Four joints
were evaluated for each set of conditions. A VEGA3
TESCAN scanning electron microscope (SEM) was used
to observe the interfacial microstructure of the joints.

Fig. 1 Schematic diagram of test specimen for soldering joint
(unit: mm): (a) Soldering base metal; (b) Soldering joint sample

Fig. 2 Thickness measuring schematic diagram of solder/
substrate interface

3 Result and discussion
3.1 Microstructural observation
The Bi addition in Sn−Zn binary alloy can improve
the wettability and decrease the melting point. However,
the embrittlement tendency of the alloy increases due to
the Bi addition. Studies show that the appropriate adding
quantity of Bi in Sn−Zn alloys is not more than 6%. The
pasty range and the precipitation of the primary Zn-rich
phase and Bi-rich phase obviously increase with the Bi
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addition in higher level. Both the Zn-rich phase and
Bi-rich phase are brittle, thus the mechanical properties
will become poor due to the overmuch Bi addition in
Sn−Zn alloy [21]. Figure 3(a) shows the microstructure
of as-solidified Sn−8Zn−3Bi alloy. The EDS result of
Bi-rich phase (point A in Fig. 3(a)) is shown in Fig. 3(b).

dendritic crystal structure and the Bi dissolved in it,
forming supersaturated solid solution.
3.2 Melting properties
The melting temperature is a critical solder
characteristic. Figure 5 shows the DSC heating curves of
the as-solidified Sn−8Zn−3Bi alloy and the rapidly
solidified Sn−8Zn−3Bi alloy foils.

Fig. 3 Microstructure of as-solidified Sn−8Zn−3Bi alloy and
EDS analysis result of Bi-rich phase: (a) Microstructure;
(b) EDS of Bi-rich phase

Fig. 4 SEM images of Sn−8Zn−3Bi alloy foils prepared by
rapid solidification: (a) Flat surface; (b) Cross section

From Fig. 3, the rod-like Zn-rich phase formed in
Sn-rich matrix and the Bi-rich phase precipitation in
partial range occurred in as-solidified Sn−8Zn−3Bi alloy.
After rapid solidification, the microstructure of alloys
changed noticeably. Figure 4 shows the microstructures
of the flat surface (Fig. 4(a)) and cross section
(Fig. 4(b)) of the rapidly solidified alloy foils of
Sn−8Zn−3Bi alloy.
From Fig. 4, the Bi-rich phase disappeared due to
the marked increasing of the solubility of Bi in Sn after
rapid solidification. These Zn particles have the size of
1−3 μm and distribute in the solder matrix uniformly.
This means that the conglomeration of small Zn phases is
difficult during the rapid solidification process and the
large rod-like Zn phases cannot be formed in the alloy
foils. Meanwhile, the Sn-rich phase formed with a

Fig. 5 DSC analysis results of as-solidified and rapidly
solidified Sn−8Zn−3Bi solders
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From Fig. 5, the melting temperature of
as-solidified Sn−8Zn−3Bi solder alloy was 191.5 °C,
which is lower than that of the Sn−Zn eutectic alloy
(Sn−8.8%Zn, melting point 198.5 °C) obviously. Figure
5 also showed that the pasty range of as-solidified
Sn−8Zn−3Bi solder alloy was 11.6 °C, significantly
larger than that of the as-solidified Sn−9Zn solder alloy
(about 7.2 °C [16]).
After rapid solidification, the melting temperature
of Sn−8Zn−3Bi solder alloy rose to about 198.3 °C and
closed to that of the Sn−Zn eutectic alloy. The added Bi
element in Sn−Zn alloy was dissolved completely in Sn
matrix and formed the supersaturated solid solution
during the rapid solidification process, as shown in
Fig. 4. Thus, the alloying role of Bi addition was not
evident and the melting temperature of rapidly solidified
Sn−8Zn−3Bi solder alloy increased. Besides, DSC
testing results indicated that the pasty range of the
rapidly solidified Sn−8Zn−3Bi solder alloy was about
2.5 °C, which was smaller than that of the as-solidified
Sn−8Zn−3Bi solder alloy (Fig. 4). It was also slightly
smaller than that of the rapidly solidified Sn−9Zn solder
alloy (about 3.5 °C [13]).
The rapidly solidified Sn−Zn alloys were in a
metastable state of thermodynamics. The releasing of
crystal latent heat in the heating process could promote
the fusion of the solder alloys markedly. This suggested
that the rapid solidification process could obviously
improve the melting property of the Sn−8Zn−3Bi alloy
and decreased the adverse effect of Bi content in Sn−Zn
solder alloy. This implies that the use of rapidly
solidified Sn−8Zn−3Bi is a significant attempt to shorten
the soldering time and decrease the thermal shock for
components and parts.

Fig. 6 Microstructures of cross section of solder/Cu joints
(240 °C, 3 min): (a) As-solidified Sn−8Zn−3Bi/Cu; (b) Rapidly
solidified Sn−8Zn−3Bi/Cu

3.3 Interfacial characteristics and evolution
Rapidly solidified solder alloys usually have a good
wettibility and soldering processing properties [10,11].
Figure 6 shows the SEM images of the two types of
Sn−8Zn−3Bi solder/Cu joints after soldering at 240 °C
for 3 min.
Formation and growth of the interfacial IMC layer
during the soldering process are the essential prerequisite
to form a reliable connection. From Fig. 6, the interfacial
reactions between the two types of Sn−8Zn−3Bi solder
alloys and Cu substrate were sufficient and the IMC
layer formed at the interface. Compared with the
as-solidified Sn−8Zn−3Bi solder/Cu joints, the
uniformity of interfacial reaction layer of solder/Cu joint
using the rapidly solidified alloy was improved
obviously. It could be considered to be the result of the
more homogeneous composition distribution and the
metastable microstructure of the rapidly solidified solder
alloy.

The evolution of interfacial microstructure of
solder/Cu joints after an isothermal aging at 150 °C for
different time was analyzed to evaluate the interconnect
reliability. The typical interfacial microstructures using
the as-solidified and rapidly solidified Sn−8Zn−3Bi
solder alloys are shown in Fig. 7. The thickness of
interfacial IMC layers after different aging time is shown
in Fig. 8.
The IMCs layer at the interface of the soldering
joints for Sn−Zn solder/Cu is composed of a γ-Cu5Zn8
layer and a thin CuZn layer. Besides, the granular Cu5Zn8
can be formed in the region nearby the reaction layer due
to the diffusion of Cu atoms from substrate to solder
during soldering process [2−4]. The high temperature
stability of interfacial IMC layer for Sn−Zn solder/Cu is
poor. Under a condition of high-temperature isothermal
aging, the IMC in large masses formed and the
continuity of the interfacial layer was destroyed due to
the decomposition of IMC at the interface [22].
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Fig. 7 Interfacial microstructure of two types of Sn−8Zn−3Bi/Cu joints after aging at 150 °C for different time: (a) As-solidified
solder/Cu, 15 h; (b) As-solidified solder/Cu, 65 h; (c) Rapidly solidified solder/Cu, 15 h; (d) Rapidly solidified solder/Cu, 65 h

Fig. 8 Thickness of Sn−8Zn−3Bi/Cu joints (T=240 °C, t=3 min)
after aging at 150 °C for various time

From Fig. 7, under a condition of same isothermal
aging time at 150 °C, the relatively slight microstructural
changes of solder/Cu joints were observed using the
rapidly solidified Sn−8Zn−3Bi solder alloy (Figs. 7(c)
and (d)). The interfacial reaction and IMC distribution at

the interface were also held relatively uniform. By
increasing the aging time, a number of protrusions into
the solder were found and the boundary layer fractured
locally. The IMC layer at the interface became irregular
and a decomposed region appeared. A large amount of
the Cu−Zn IMC phases could form in the solder matrix
due to the outward diffusion of Cu. By using the rapidly
solidified solder, the dendritic crystal structure of the
solder evolved to be a lamellar-type structure in a
uniform type. Besides, as the aging time increased, the
lamellar-type structure of the solder became more
uniform, but more coarse. These changes could result
from the severe interfacial reaction occurred at the
interface, as shown in Figs. 7(c) and (d). By comparison
with interfacial characteristics of Sn−Zn/Cu [22], the
high temperature stability of interfacial IMC layer was
obviously improved with the Bi addition. It was more
significant using the rapidly solidified Sn−8Zn−3Bi
solder alloy.
The component and microstructure of as-solidified
Sn−8Zn−3Bi solder alloy was markedly uneven (Fig. 3).
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The composition segregation at the interface resulted in
the fact that the interfacial reaction was not uniform.
Rapidly solidified Sn−8Zn−3Bi solder alloy had a finer
microstructure (Fig. 4) and a faster melting process
(Fig. 5), which improved the uniformity of interfacial
reaction and promoted the compactness of IMC layer.
The compact and uniform IMC layer depressed the
diffusion of Cu atoms and decreased the epitaxial growth
tendency of the interfacial IMC. Therefore, the
high-temperature stability of interfacial IMC layer was
improved.
On the other hand, compared with Sn−Zn solder/Cu
joints [22], the decomposition of interfacial IMC layer of
Sn−8Zn−3Bi solder/Cu joint was obviously slighter
(Fig. 7). The thickness increasing of interfacial layer
using rapidly solidified alloy was relatively slow and
uniform during the aging process (Fig. 8). The results
showed that the Bi addition in Sn−Zn alloy can depress
the formation and growth of the interfacial IMC during
the high- temperature aging obviously.
From Fig. 8, the total IMC thickness increased with
the increasing of aging time at the early stage of the
isothermal aging process. The diffusion of Zn and Cu
atoms plays a dominant role and the Cu−Zn IMC grows
up [23]. With a further increasing in the aging time, the
interface became rough and the markedly epitaxial
growth of Cu−Zn IMC from the interface to solder
occurred (Figs. 7(a) and (c)). After a long temperature
aging at 150 °C, the process of thermodynamic
equilibrium results in the damage of the IMC layer at the
interface (Figs. 7(b) and (d)). The adverse evolution can
be obviously depressed using rapidly solidified
Sn−8Zn−3Bi solder alloy. With the formation of the
compact and uniform IMC layer using rapidly solidified
Sn−8Zn−3Bi solder alloy (Fig. 7), the change of
interfacial IMC layer thickness was relatively slight
during the long elevated temperature aging at 150 °C
(Figs. 7(b) and (d)). This indicated that the adverse
evolution can be obviously depressed using rapidly
solidified Sn−8Zn−3Bi solder alloy.

3) Compared with as-solidified Sn−8Zn−3Bi, the
interfacial IMC layer of solder/Cu joint using rapidly
solidified alloy was more compact and uniform, which
depressed the formation and growth of the interfacial
IMC during the high-temperature aging and improved
the high-temperature stability of solder/Cu joint.
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快速凝固对 Sn−8Zn−3Bi 合金特性及
高温时效钎料/铜焊点结构演变的影响
赵国际，文光华，盛光敏
重庆大学 材料科学与工程学院，重庆 400044
摘

要：研究了快速凝固工艺对 Sn−8Zn−3Bi 合金显微组织和熔化特性的影响，分析了经 150 °C 高温时效后钎

料/铜焊点显微组织演变以评估连接的可靠性。结果表明：经快速凝固后，Sn−8Zn−3Bi 合金中的 Bi 完全固溶于
Sn 基体并形成枝晶结构；与常规熔铸态合金相比，Bi 在 Sn 基体中的过饱和固溶导致快速凝固态钎料的熔点上升
至接近 Sn−Zn 共晶合金熔点，但同时减小了由于 Bi 添加对 Sn−Zn 合金熔化行为产生的不利影响，钎料/铜焊点界
面金属间化合物(IMC)层更为致密和均匀；使用快速凝固态钎料能够显著抑制高温时效过程中钎料/铜焊点界面
IMC 的形成与生长并改善其界面高温稳定性。
关键词：快速凝固；Sn−8Zn−3Bi 钎料；熔化特性；时效；显微组织演变
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