
 
Study on the Corrosion and Thermal Properties of Binary Sn-Zn and 
Ternary Sn-Zn-Al Solders 
 
Nur Syamira Sa’don, Nordarina Jumali, Muhammad Firdaus Mohd Nazeri* 
 

School of Materials Engineering, Universiti Malaysia Perlis, 02600, Jejawi, Kangar, Perlis, Malaysia 
E-mail: firdausnazeri@unimap.edu.my* 

 
ABSTRACT: The present study investigates the effect of Al additions on corrosion and thermal behavior 
of Sn-Zn based solder. The corrosion properties of binary Sn-Zn and ternary Sn-Zn-Al solders were studied 
in 6 M KOH solution. The effect of adding Al on the thermal properties also was investigated. Collective 
evidences showed reduction in melting temperature and pasty range temperature were obtained for the Sn-
Zn-Al, indicating improved thermal properties. However, slight Zn-rich grain enlargement reduced the 
corrosion resistance. Poor passivation film formation on the surface of solder due to the addition of Al also 
helped in reducing the protection of the surface from further corrosion attack. This modification in adding 
Al to Sn-9Zn deemed gives mixed effects and other alternative steps in improving the overall reliability 
concerns on Sn-9Zn solder should be additionally explored in the future. 
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1. Introduction 

The toxicity posed by lead (Pb)-based solders raised environmental concerns and had prompted legislative 
effort to limit or ban the use of Pb-containing solders in all applications [1]. As a result, this has driven 
intensive research on the development of environmental friendly Pb-free solder alloys around the globe. To 
date, environmental friendly Pb-free Sn-based alloys have been considered as the core constituent has been 
proposed [2-4]. The Sn-Ag-Cu solders have well received attention because of their good wetting and 
mechanical properties [5]. Thus, Sn-Ag-Cu solders are highly promising Sn-Pb substitute candidates. 
However, the melting temperature of near eutectic Sn-Ag-Cu (217 Â°C) is relatively higher than that of 
eutectic Sn-Pb solder alloy [6, 7]. This property limits the use of Sn-Ag-Cu to certain applications as most 
assembly lines have been tuned to the properties of Sn-Pb solders. As a result, low-melting temperature 
alloys, such as Sn-In, Sn-Ag-Bi, and Sn-Zn emerged as potential candidates. Of these compositions, the Sn-
Zn alloy is relatively the cheapest. The melting temperature of environmental-friendly eutectic Sn-9Zn alloy 
(198 °C) is relatively close to that of the eutectic Sn-37Pb solder (183 °C) that would benefit the electronics 
industry because the existing production lines can be used without major modifications [8]. 

 However, the low oxidation and low corrosion resistance of the active Zn in Sn-Zn alloys prevent the 
application of these solders in extreme conditions such as marine and industrial environments [9]. Meanwhile, 
as the continuous demand for faster but smaller electronic devices drives the trend of miniaturization, the 
density of interconnected input/output components on electronic circuits with limited space continuously 
increases. The presence of low concentrations of corrosive agents such as chlorine, ammonia and sulfur 
dioxide in various working environments may increase the risk of corrosion to the densely-packed electronic 
circuit. Internal leakage from batteries utilizing corrosion alkaline solution has shown to produce severe 
damage to electronic devices [10], as the concentration used can be as high as 6 M for potassium hydroxide 
(KOH). In recent years, extensive research has been made to investigate and improve the corrosion properties 
of Sn-9Zn solder. Nazeri et al. [11] have proven that the amount of Zn content significantly dictate the 
electrochemical properties of Sn-9Zn solder after immersion in the 6 M KOH. Dissolution of active materials 
from the Sn-9Zn also proved to be the weak spot for the joint made as the groove formed act as crack-
initiation points that leads to significant reduction in ultimate tensile strength [12-14]. 

Interestingly, based on the work done by Pietrzak and co-workers [15], it is proven that the compound 
formation between Zn with the additional alloying element helped to reduce the preferential dissolution. In 
galvanizing industry, additions of aluminium (Al) are known to improve oxidation resistance of Zn. Yet, the 
effect of adding small amount of Al in improving corrosion properties of Sn-Zn alloys, especially at the 
eutectic composition of Sn-9Zn is scarcely reported. Furthermore, the additions of Al may also alters the 
thermal behavior, of which is very critical to Sn-9Zn. Thus, in this work the possibility of using Al as an 
alloying element to improve the corrosion resistance of the Sn-9Zn solder in 6 M KOH will be assessed. 
Changes in microstructure, phase and thermal properties will also be investigated to help in understanding 
the role of Al in improving overall properties of Sn-9Zn solder.  
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2. Experimental 
Two solder compositions are used in this study namely the eutectic Sn-9Zn and ternary Sn-9(5Al-Zn) 

(further denoted as Sn-Zn-Al). For the eutectic Sn-9Zn, pure Sn (Malaysia Smelting) and Zn (Sigma-Aldrich) 
were used as raw materials to produce the Sn9Zn alloy. Appropriate amounts of the metals were cleaned, 
weighed, and co-melted in a porcelain crucible using an induction furnace at 600 °C in the presence of 
nitrogen (N2) gas. The molten solder alloy was thoroughly agitated during melting to ensure homogenization. 
The Sn9Zn solder was cast and air-cooled to room temperature for solidification. The first step in preparing 
Sn-Zn-Al solder is to prepare the eutectic master alloy of 5Al-Zn. The raw materials of Zn powder and Al 
powder will be weighing (5 wt. % Al, 95 wt. % Zn) and melted in a porcelain crucible at 800 °C using an 
induction furnace filled with nitrogen protective atmosphere to avoid oxidation. Subsequently, the 5Al-Zn 
alloy produced will be re-melted with Sn at the weight ratio of 9 wt. % 5Al-Zn and 91 wt. % Sn. This mixture 
will be melted in an induction furnace at 600 °C, with the presence of nitrogen gas. The molten alloy will be 
stirred to homogenize the chemical composition. After being air-cooled to room temperature, both of the 
solder alloy will be pressed and mechanically punched to produce pellets with a diameter of 5 mm each, at a 
thickness of 3 mm. Each solder pellet was attached to a copper (Cu) wire with 1 mm diameter to provide 
electrical connection. Finally, the produced pellets will be ground and degreased. 

After that, the alloys were cold-mounted with epoxy resin and were ground, polished through 
metallographic technique prior to electrochemical analysis. The differential scanning calorimetry (DSC) on 
the thermal properties of binary Sn-Zn and ternary Sn-Zn-Al were characterized by using Thermal Analysis 
(TA) Instruments Q10. The DSC was operated with scanning temperature of 30 °C to 300 °C with heating 
rate 10 °C per minute. Potentiodyanamic polarization was performed using three electrodes system consist 
of a platinum rod as counter electrode, Hg/HgO as reference electrode and mounted sample with an exposure 
surface area of 0.196 cm2 as working electrode. AUTOLAB PGSTAT 30 was used to characterize the 
corrosion properties of binary Sn-Zn and ternary Sn-Zn-Al in 6 M KOH. The scan potential range used was 
-2.0 to 2.0 V with scan rate at 3.5 mV/s. The X-ray diffraction (XRD) was performed with a Bruker D9 
diffractometer at 2θ values ranging from 20° to 90° to evaluate the structural changes. EVA software was 
used to match the corresponding peaks with standards from the International Committee of Diffraction Data 
(ICDD) X-ray data file. The morphology of the samples was characterized with a JOEL JSM-6460LA 
Scanning Electron Microscope (SEM). Meanwhile, the elemental properties of the solder were studied with 
energy-dispersive X- ray (EDX) equipped to the SEM. 
 
3. Results and discussion 
3.1 Thermal analysis 
     Fig. 1a shows the DSC curves obtained for binary Sn-Zn and ternary Sn-Zn-Al solders upon heating at a 
scanning rate of 10 °C/min. For binary Sn-Zn, the melting temperature (Tm) value was observed at the single 
endothermic peak at 202.71 °C which is very close to the melting point of Sn-Pb solder at 183 °C (Table 1). 
This highlight that binary Sn-Zn solder is highly promising to be used as “drop-in” replacement for Sn-Pb 
since major modification on the optimized production line is not required. On the other hand, the addition of 
Al to the binary system decreased the Tm value to 201.53 °C. This suggests that the Al addition further reduces 
the melting temperature. The temperature interval of pasty range (Tend -Tonset) is also smaller with small 
addition of Al, slightly decreased from 13.16 to 13.03 ˚C. Smaller pasty range in indicates better wetting and 
flow of the solder, proving the Al additions improve overall thermal properties of Sn-9Zn. 

 

Table 1: Comparison of solidus temperature (Tonset), liquidus temperature (Tend), pasty range (Tend – Tonset), 
melting temperature (Tm), A/m and heat of fusion for two Sn-9Zn and Sn-Zn-Al. 

Solder Tonset 
(°C) 

Tend 
(°C) 

(Tend – 
Tonset) 

(°C) 

Tm 
(°C) 

Heat 
capacity 
(J/g) 

Sn-Zn 194.53 
± 0.28 

207.69 
± 0.63 

13.16 
± 0.36 

202.71 
± 0.61 

72.70 ±  
0.70 

Sn-Zn-
Al 

192.36 
± 0.28 

205.39 
± 0.28 

13.03 
± 0.57 

201.53 
± 0.12 

72.23 
± 1.90 
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Figure 1: DSC curve of (a) binary Sn-Zn and (b) ternary Sn-Zn-Al at scanning rate 
of 10 °C/min. 

 
3.2 Polarization analysis 

Fig. 2 shows the polarization curve of binary Sn-Zn and ternary Sn-Zn-Al solders in 6 M KOH solution 
at scan rate of 3.5 mV/s. There were two domains in both polarization curves which were cathodic and anodic 
domains. For binary Sn-Zn, the cathodic domain started at applied potential of -2.5 VHg/HgO to -1.4 VHg/HgO, 
whereas the anodic domain occurred at applied potential of -1.4 VHg/HgO to 0.0 VHg/HgO. The equilibrium 
corrosion potential (Ecorr) and corrosion current (Icorr) for binary Sn-Zn solder were -1.4595 VHg/HgO and 
100.360 x 10-6 A, respectively. The values obtained approximately comparable with previous reports [12, 
16]. 
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     Meanwhile, the cathodic domain for ternary Sn-Zn-Al started at applied potential of -2.4 VHg/HgO to -1.4 
VHg/HgO, whereas the anodic domain occurred at applied potential of -1.4 VHg/HgO to -0.4 VHg/HgO. The value 
of the Ecorr for ternary Sn-Zn-Al solder slightly increased to -1.4416VHg/HgO, of which representing more stable 
condition in terms of thermodynamics. However, the Icorr obtained was significantly increased to 11.192 x 
10-3 A. Larger Icorr value associated with an increase in corrosion kinetics reaction. As the Icorr is also directly 
proportional to corrosion rate, it can be said that the additions of Al decreases the corrosion resistance of the 
Sn-9Zn. However, both of the polarization plots show two dissolutions peaks that produce corrosion potential 
values close to the pristine Sn and Zn in the same solution reported by Nazeri et al. [11]. This shows that only 
Sn and Zn dissolved during polarization, while Al remain intact.  

 

 

 
 

Figure 2: Polarization curve for (a) binary Sn-Zn and (b) ternary Sn-Zn-Al in 6 M 
KOH. 

 
 
 

(b) 

(a) 
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3.3 Phase analysis 
  The XRD patterns for binary Sn-Zn consisting of pure β-Sn and Zn matched the ICDD file no. of 01-089-

2958 and 03-065- 5973, respectively (Fig. 3(a)). Meanwhile, new phases, namely, SnO, SnO2 and ZnO, were 
formed after polarization at 3.5 mV/s (Fig. 3(b)). These new phases were matched with ICDD file no. 01-
072-1012, 00-046-1088 and 01-079-0208, respectively. The corrosion products embedded on the surface of 
the Sn-Zn solder after polarization were confirmed to be a co-existence of SnO, SnO2 and ZnO. Since Sn is 
the dominant in the Sn-Zn solder, the identification of SnO and SnO2 were expected. Meanwhile, the presence 
of ZnO proved that Zn dissolved as the most electrochemically active elements in Sn-9Zn.  

 

 

Figure 3: XRD pattern for (a) as-prepared and (b) polarized binary Sn-Zn solder in 
6 M KOH. 

 
      Fig. 4(a) show the XRD pattern for ternary Sn-Zn-Al solder matched the ICDD file no, 00-001-0926 for 
β-Sn, 03-065-5973 for pure Zn and 01-089-2837 for pure Al. Three new phases were formed after 
polarization (Fig. 4(b)). All new phases were matched with ICDD file no. 01-072-1012 for SnO, 01-072-
1147 for SnO2 and 01-079-0208 for ZnO. Peaks for Sn oxides and Zn oxide proved that both of these elements 
dissolved in 6 M KOH. Whereas, there is no peaks for Al oxide detected. This verifies that Al was not 
dissolved during polarization.  
 
 

 
Figure 4: XRD pattern for (a) as-prepared and (b) polarized ternary Sn-Zn-Al 

solder in 6 M KOH. 
 
3.4 Morphology and elemental analysis 
    The morphology changes in binary Sn-Zn solder before and after polarization at scan rate of 3.5 mV/s in 
6 M KOH are shown in Fig. 5. Dark-contrast of the Zn-rich phase was seen distributed throughout the entire 
β-Sn matrix on the surface of solder (Fig. 5a). The low solubility limit of Zn in Sn hinders the formation of 
continuous Zn-rich structure [14]. The EDX analysis roughly estimated the percentage of all elements of the 
solder (Figure 5(b)). The binary Sn-Zn solder show the elemental composition of 90.86 wt. % for Sn and 
9.14 wt. % for Zn, respectively. 

(a)  (b) 

(a)  (b) 
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     The surface of binary Sn-Zn solder significantly changed after polarization in 6 M KOH (Fig. 6(c)). The 
surface was covered by roughened, porous and light-contrast surface product after polarization. The EDX 
analysis of polarized Sn-Zn solders which gave all indicators of mixed corrosion products made of Sn and 
Zn oxides, consistent with the results obtained from XRD analysis. The corrosion products formed on the 
surface of solder was contains higher percentage of Sn at 66.12 wt. %. Meanwhile, the elemental composition 
for Zn and O was 14.48 wt. % and 19.40 wt. % after the corrosion took place.  

 

 
 

  
Figure 5: (a) SEM micrograph and (b) EDX analysis for binary Sn-Zn before polarization, (c) 

SEM micrograph and (d) EDX analysis for binary Sn-Zn after polarization in 6 M KOH 

 
     Fig. 6(a) show the SEM image of ternary Sn-Zn-Al before the polarization analysis. For the ternary solder, 
the microstructure was not significantly altered by the additions of Al. The additions of micro-alloying 
content normally would refine the grain size that directly contributed to the increase the amount of grain 
boundaries in improving the corrosion resistance. However in the case of Al additions, the Zn-rich grains 
were insignificantly increased in size. This explains the increase in Icorr as observed during polarization as 
larger grains have less corrosion resistance. From EDX analysis, (Fig. 6b), the presence of Al was detected 
at 4.17 wt. %. On the other hand, the elemental composition of this sample was 86.67 wt. % and 9.16 wt. % 
for Sn and Zn.  

The SEM image for the ternary Sn-Zn-Al solder after polarization (Fig. 6c) shows the presence corrosion 
products with larger porosity sites made of Sn, Zn and Al at the elemental composition percentage of 76.38 
wt.%, 2.19 wt.% and 0.16 wt.%, respectively (Fig. 6d). On the other hand, the presence of O after polarization 
occurred has elemental composition at 21.27 wt. %. The presence of large porosity indicates that the 
passivation ability of the corrosion product is rather weak as further protection from corrosion product cannot 
be obtained. This shows that the additions of Al do not help in producing good passivation layer. 

 

(a) 

(c)  (d) 

(b) 
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Figure 6: (a) SEM micrograph and (b) EDX analysis for ternary Sn-Zn-Al before polarization, 
(c) SEM micrograph and (d) EDX analysis for ternary Sn-Zn-Al after polarization in 6 M KOH 

 
Based on the phase and microstructure analysis done, it can be said that the overall corrosion 

performance of the Sn-Zn-Al is weaken compared with its binary counterpart. The changes in the 
microstructure significantly affect the overall corrosion performance where the enlargement of Zn-rich phase 
resulted in abrupt increase of Icorr. As previously explained by Tsao [17], finer grain produces more grain 
boundaries that acts as barriers that increase the corrosion resistance. Since Al allows the Zn-rich phase to 
enlarged, this sacrifices the corrosion resistance, although thermal properties show improvement. Albeit 
having microstructure, the corrosion products for both solders share the same complex oxide of SnO, SnO2, 
and ZnO. This reveals that Al additions only altered the grain size that affect the overall corrosion properties, 
but no changes was made on the phases produced as the by-product of the corrosion process.  

4. Conclusions 
     The effect of Al additions to the thermal and corrosion properties of Sn-9Zn in 6 M KOH have been 
investigated. It can be concluded that: 

 The melting temperature of Sn-Zn-Al was successfully reduced from 202.71 to 201.53 ˚C. At the 
same time, additions of Al also reduced the pasty range that indicates better wetting and flow ability.  

 Microstructure analysis revealed that grain enlargement was seen for Zn-rich phase that 
subsequently reduced the corrosion resistance. Based on the post-corrosion characterization, it can 
be said that additions of Al only affect the grain size of Zn-rich phase, without contributing to the 
corrosion dissolution process. As the grain size enlarged, less grain boundaries were produced that 
leads to reduction in corrosion resistance for Sn-Zn-Al.  

 
 
 
 
 
 

(a) 
(b) 

(c)  (d) 
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