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Abstract: The microstructure of Sn–8Zn–3Bi alloy was refined by increasing the solidification rate
and the correlation between Zn-rich phase and the corrosion/oxidation behavior of the alloy was
investigated. The Zn-rich phase transforms from coarse flakes to fine needles dispersed in the β-Sn
matrix with the increase of the cooling rate. The transformation of Zn-rich precipitates enhances the
anticorrosive ability of Sn–8Zn–3Bi alloy in 3.5 wt.% NaCl solution. On the contrary, Sn–8Zn–3Bi
alloy with a fine needle-like Zn-rich phase shows poor oxidation resistance under air atmosphere,
due to the fast diffusion of Zn atoms in Sn matrix.
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1. Introduction

Sn–Pb alloys have long been extensively used in microelectronic packaging industries due to their
good wettability, excellent physical properties, low cost and low melting point [1]. However, in recent
years, solder materials design has shifted focus to lead-free solder due to lead toxicity and its harmful
effects on human health and the environment [2]. Accordingly, many lead-free Sn-based alloys with
the addition of alloying elements have been investigated, such as Zn, Ag, Cu, Bi, In, Ni. Also, their
microstructures, mechanical properties and solderability have been reported [3–10].

Among these lead-free solder alloys, the Sn–Zn based solder alloy has been found to be a
promising candidate to replace the existing Sn–Pb eutectic solder, due to its relatively low melting
temperature, superior mechanical properties at room temperature and relatively low cost [11–15].
Moreover, Bi is a surface active element and can reduce surface tension and eutectic temperature of the
Sn–Zn system. So it has been added to the Sn–Zn alloy to form the ternary eutectic Sn–8Zn–3Bi with
improved wettability and lower melting point [16,17].

To achieve high reliability in the long-term use process, solder materials are also required to
exhibit high resistance to corrosion and oxidation conditions such as moisture, air pollutants and
oceanic environments. In addition, relatively limited studies addressing their corrosion and oxidation
behaviors are available [18–21]. So in the present work, the microstructure of Sn–8Zn–3Bi was
manipulated by changing the solidification rate. We also concentrated on the relationship between the
Zn-rich phase and the corrosion/oxidation behavior of the Sn–8Zn–3Bi alloy. These results provide
crucial experimental input as a guide for fabricating Sn–Zn–Bi alloys in various harsh environments.
It may be of reference value for researching the corrosion/oxidation behavior of other lead-free
Sn-based alloys.
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2. Experimental Procedures

The Sn–8Zn–3Bi alloy was prepared from the commercial pure Sn, Zn and Bi (Sn, Zn and Bi ingots
with purity of 99.9%). Required quantities of the ingot were melted at 450 ˝C in a 25 kW medium
frequency induction furnace under an inert argon atmosphere. The molten Sn–8Zn–3Bi alloy was
homogenized at 500 ˝C, and then poured in a steel mold and porcelain crucible to prepare the chill
cast ingot with rapid cooling rate (about 8 ˝C/S) and slow cooling rate (about 1 ˝C/S), respectively.
Metallographic specimens were polished by a standard procedure. The microstructure characteristics
of the specimens were observed using scanning electron microscope (Hitachi Model No. S4800).

Corrosion test was performed with samples in 3.5 wt.% NaCl solution, and its results were
evaluated according to weight loss measurement. For the weight loss-measuring test, the samples
(30 mm ˆ 30 mm ˆ 1 mm) were immersed in the NaCl solution for three, five, seven days.
All electrochemical measurements were performed at room temperature (25 ˘ 2 ˝C) in a conventional
three-electrode cell, a platinum plate as the counter electrode (CE) and a saturated calomel electrode
(SCE) as the reference electrode (RE). The polarization curves were recorded in the anodic direction
in the range of ´1500 mV to 2000 mV at a scan rate of 0.5 mV/s. The oxidation property of the
Sn–8Zn–3Bi solder alloy was conducted by a thermal gravimetric analyzer (TGA). The specimens were
heated to 170 ˝C at a heating rate of 10 ˝C/min and hold for 2 h under air atmosphere.

Auger electron spectroscopy (AES) sputtering was used to analyze the distribution of Sn, Zn,
Bi and O on the solder surface. The sputtering speed was 4 nm/m. Both the compositions and
the chemical valence states of the elements in the corroded alloy were examined by using X-ray
photoelectron spectroscopy (XPS) technique. And the calculation of the data was performed using XPS
Peak 4.1 peak-fitting software.

3. Results and Discussion

Figure 1 shows the microstructures of slow cooling (SC) and rapid cooling (RC) Sn–8Zn–3Bi alloy.
As shown in Figure 1a,c, it can be seen that coarse, long, flake-like Zn-rich phase uniformly distributes
in the β-Sn matrix in the SC Sn–8Zn–3Bi alloy. Due to the large solid solubility of Bi in Sn, the addition
of 3 wt.% Bi forms a solid solution of Bi in the Sn matrix, resulting in the invisibility of Bi in the
microstructure. Notably, the rapid cooling rate obviously refines the solidification microstructure of
Sn–8Zn–3Bi alloy (Figure 1b,d). The Zn-rich phase transforms to fine, short, needle-like precipitates
dispersed in the β-Sn matrix in the rapid cooling Sn–8Zn–3Bi alloy.
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Figure 2 shows the weight loss of the samples as a function of the duration time in 3.5 wt.% NaCl
solution. For the slow cooling and rapid cooling Sn–8Zn–3Bi alloy, the weight loss increased with the
duration time. Moreover, it needs to be pointed out that compared to Sn–8Zn–3Bi (SC), the alloy with
the rapid cooling rate suffers from comparatively less corrosion attack and shows better corrosion
resistance. The open circuit potential (OCP) against time (Eocp-t) curves of both alloys measured in
NaCl 3.5 wt.% solution are shown in Figure 3. As seen from Figure 3, the values of OCP (EOCP) of
Sn–8Zn–3Bi alloy gradually tend to be constant. From a comparison of curves, a positive shift in the
EOCP was clearly found when the cooling rate was increased, which reveals that RC Sn–8Zn–3Bi alloy
provides better protection.
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Figure 3. Open circuit potential curves for Sn–8Zn–3Bi solder alloy.

Moreover, polarization curves for the samples are given in Figure 4, and related values
extrapolated from the polarization curves are summarized in Table 1. The corrosion potentials (Ecorr)
are ´1.047 (SC) and ´0.999 VSCE (RC) for the Sn–8Zn–3Bi alloys, respectively. It indicates that the value
of Ecorr shifts towards the noble value with the increase of the cooling rate. The values of corrosion
current density (Icorr) and polarization resistance (Rp) indicate that RC Sn–8Zn–3Bi alloy presents a
lower corrosion rate and enhanced corrosion resistance compared to the SC alloy. Due to the same
composition of the alloy, these results indicate that the better anticorrosive ability of the RC Sn–8Zn–3Bi
alloy is strongly dependent on the transformation of the Zn-rich phase.
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Table 1. Corrosion parameters of the studied Sn–8Zn–3Bi solder in 3.5 wt.% NaCl solution at
room temperature.

Sample Ecorr vs. SCE/ (V) Icorr (A¨ cm´2) Rp/(Ω¨ cm2) OCP/(V)

SC ´1.047 1.298 ˆ 10´5 1490.5 ´1.042
RC ´0.999 3.907 ˆ 10´6 9832.9 ´0.985

To better reveal the correlation between the Zn-rich phase and the corrosion behavior of
Sn–8Zn–3Bi alloy, SEM micrographs are displayed in Figure 5. The pronounced degradation of
the surface morphology with immersion time can be observed. At 5 h of immersion in NaCl
3.5 wt.% solution, the corrosion reactions occurred along the large plate-like Zn-rich precipitates
in SC Sn–8Zn–3Bi (Figure 5a). Notably, the fine needle-like Zn-rich particles in RC alloy showed
no obvious change (Figure 5b). When further increasing the duration time to 12 h in 3.5% NaCl
solution, a concomitantly low level of surface attack was observed for RC Sn–8Zn–3Bi alloy (Figure 5d).
In addition, many pits and grooves could be observed, but shorter and shallower in depth compared
to those in SC alloy (Figure 5c).
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During the process of Sn–8Zn–3Bi immersed in 3.5% NaCl solution, the Cl´ can adsorb onto
the passive film, followed by penetration through intergranular boundaries of the oxides [22].
Also, the Cl´ can migrate to the film/alloy interface to react with Zn to form chloride complexes [23].
Continuous growth of these complexes gives rise to internal stress at the interface due to volume
expansion, and thus results in the breakdown of localized regions, followed by pit initiation at the
initial Zn sites. Moreover, because of the large solid solubility of Bi in Sn, Bi forms a solid solution
of Sn matrix in Sn–8Zn–3Bi alloy, which is expected to affect the difference of the corrosion potential
between the Zn-rich phase and the Sn matrix to some extent. So, in the case of corrosion susceptibility,
Zn still exhibits a more negative corrosion potential value than Sn, and preferentially dissolves due to
galvanic coupling and thus promotes the pitting process inwards in the alloys. This is consistent with
the observation in Figure 5. Figure 6 depicts the XPS peak-fitting analysis for Zn2p3/2 obtained from
SC and RC Sn–8Zn–3Bi in 3.5 wt.% NaCl solution, which confirms that the Zn element exists as Zn2+

and Zn˝ on the surface of corroded Sn–8Zn–3Bi alloy. These results indicate that the amount of Zn has
been preferentially dissolved. The formation of pits and grooves (Figure 5) is attributed to the removal
of active materials, particularly Zn.
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In addition, Cl´ anions further migrate along the intergranular boundaries between Zn-rich
precipitates and the Sn matrix, where the boundaries can provide an efficient diffusion path to the
transport of Cl´ and promote the pitting process. Coarse, long, Zn-rich precipitates distribute in SC
Sn–8Zn–3Bi, corresponding to larger intergranular boundaries with lower activation energy for the
dissolution of Zn, compared to the fine, needle-like Zn-rich phase [22,24]. The corrosion oxide films
around the boundaries show high activity and more defects may be formed in those regions due to
the weakening of the bond between Zn-rich precipitates and the Sn matrix, which could promote the
transport of Cl´ inwards in the alloy. Consequently, the pitting susceptibility of Sn–8Zn–3Bi increases
with the increase of the size of the Zn-rich precipitates. In other words, the Sn–8Zn–3Bi alloy with
fine Zn-rich precipitates shows superior protective behavior against the transport of Cl´ and pitting.
Sn–8Zn–3Bi alloys with a fine Zn-rich phase are highly beneficial for the solder fabrication industries
to achieve a superior anticorrosion behavior.

On the other hand, oxidation resistance also plays a significant role in the practical application of
the lead-free solder. Figure 7 shows two samples of the time-dependence of the oxidized weight gain
for Sn–8Zn–3Bi exposed to air atmosphere by TGA analysis. The weight gain of the alloy increases due
to the oxidation of the solder. Interestingly, a more rapid increase is observed for the RC Sn–8Zn–3Bi
alloy with a fine Zn-rich phase compared to the SC alloy.
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To understand the mechanism of the oxidation of the Sn–8Zn–3Bi solder, the oxidation surfaces of
the samples were investigated by Auger analysis and scanning electron microscope. Figure 8 shows
the results of the Auger analysis and Auger depth profiles of the two samples. In both specimens, only
Zn and O elements were observed on the oxide surface without Bi and Sn. After etching a certain
depth (44 nm), Bi and Sn were detected, as shown in Figure 8a,c. The result implies that the oxide ZnO
prefers to form on the free surface of the samples.
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and SC alloy (d) (from surface to etching about 20 nm).

The standard Gibbs free energies of the formation of ZnO and SnO2 are ´300 kJ/mol and
´237 kJ/mol, respectively [25]. As the samples were exposed to air atmosphere at 170 ˝C, the
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Zn on the free surface soon reacted with oxygen and formed ZnO on the free surface. The phase
transformation from Zn to ZnO is accompanied by a volume expansion and the stress is induced by the
volume expansion of ZnO. As a result, cracks occurred on the surface of the Zn-rich phase, as shown in
Figure 9. Moreover, Zn massively diffused in the Sn matrix and exhibited strong segregation from the
Sn grain boundaries to form oxides [26,27]. Fast diffusion of Zn or O dominated the oxidation process.
As a result, an oxide ZnO layer was formed as a uniform layer, and Sn and Bi were not segregated on
the oxide surface (Figure 8a,c). As shown in Figure 8b,d, the oxygen concentration tends to reduce
gradually with the increase of the sputtering time, indicating that the oxidation propagation takes
place from the free surface to the inside of the alloy. Bi can dissolve into the Sn matrix, forming a solid
solution, which causes the Sn matrix to become liable to form cracks and promotes the diffusion of
Zn [27]. Furthermore, a high distortion energy is expected in the Sn lattice due to the solid solution
formation. The high distortion energy of the Sn matrix can also promote Zn diffusion [28].
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Figure 9. SEM images of Sn–8Zn–3Bi solder alloy after 170 ˝C 2 h exposure under air atmosphere:
(a) SC alloy; (b) RC alloy.

Moreover, the oxidized layer thickness is also evaluated by the product of the sputtering time
and sputtering rate. The RC Sn–8Zn–3Bi alloy has a thicker oxide layer (16.3 nm) than the SC alloy
(10 nm). In the RC Sn–8Zn–3Bi alloy, the Zn-rich phase has a smaller size, higher density and more
uniform distribution, in comparison to that in the SC alloy (Figure 9). Therefore, fast diffusion of Zn
atoms in the Sn matrix with a short diffusion distance can be expected. Meanwhile, because the oxygen
diffused along the interfaces between the Zn particles and the Sn matrix [26,27], the interdiffusion of
O atoms is also accelerated, thus increasing the oxidation rate of the alloy. As a result, Sn–8Zn–3Bi
alloy with a fine needle-like Zn-rich phase shows poor oxidation resistance under air atmosphere.
However, there is no reference data for diffusion coefficients obtained at the corresponding exposure
condition. The detail kinetics and behavior of the Sn–8Zn–3Bi alloy remain a topic to be researched
and determined.

4. Conclusions

The increase of the cooling rate significantly refines the solidification microstructure of Sn–8Zn–3Bi
alloy. The Zn-rich phase transforms from coarse, long flakes to fine, short needles distributed in the
β-Sn matrix. In the case of corrosion susceptibility in 3.5% NaCl solution, Zn exhibits a more negative
corrosion potential value and presents preferential dissolution. The transformation of the Zn-rich
precipitates results in the Sn–8Zn–3Bi alloy exhibiting a superior protective performance. On the
contrary, as the alloy is exposed to air atmosphere at 170 ˝C, diffusion of Zn or O dominates the
oxidation process, and the Zn on the free surface reacts with oxygen and forms ZnO on the free surface.
As a result, the refined Zn-rich phase weakens the oxidation resistance of the Sn–8Zn–3Bi alloy, due to
the fast diffusion of Zn atoms in the Sn matrix.
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