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Abstract 

  

This study investigated the effect of minor indium additions (0.1, 0.5, 1.0 wt.%) on Sn-0.7Cu solder, resulting in Sn-0.7Cu-0.1In, Sn-

0.7Cu-0.5In, and Sn-0.7Cu-1.0In solders. The influence of indium addition on microstructure, melting temperature, microhardness, 

and corrosion resistance of the alloys was investigated. Corrosion resistance was evaluated in simulated acid rain with a pH of 3.5 

using immersion and potentiodynamic polarization tests. Results indicated that the melting temperature decreased from 225.9 °C to 

223.1 °C with increasing indium content. The addition of indium also refined the microstructure, reduced the β-Sn phase fraction, and 

improved the microhardness of the solder. Analysis of corrosion products identified SnO and SnO2, confirming that tin is the primary 

element susceptible to corrosion in Sn-0.7Cu-xIn solders exposed to acidic conditions. Polarization curves revealed that corrosion 

resistance improved significantly with increasing indium content, with the lowest corrosion rate observed at 1.0 wt.% of indium.  
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1. Introduction 

  

 Research on electronic materials has increasingly focused on the significant challenge of developing lead-free solders, an issue 

compounded by attempts to replace traditional Sn-Pb solders with the most effective lead-free alternatives [1-3]. Among these, ternary 

alloys such as Sn-Ag-Cu are promising lead-free replacements for conventional Sn-Pb solders [4-6]. Sn-0.7Cu solder, a widely used 

binary alloy, is particularly attractive due to its low cost and excellent overall performance [7]. However, it has notable disadvantages, 

including a relatively high melting temperature (227 °C) compared to Sn-37Pb solder (183 °C), limited oxidation resistance, and a 

shorter thermal cycling lifetime. Recently, research has focused on improving the mechanical and physical properties of Sn-0.7Cu 

solder through minor alloying additions. For instance, Yang et al. [8] reported that the addition of small amount of aluminum (0.010-

0.075 wt.%) refines the microstructure and enhances the wettability of Sn-0.7Cu solder. The mechanical properties and wettability of 

tin-based lead-free solders can be enhanced by the addition of indium. El-Daly and Hammad [9] investigated the influence of silver 

and indium additions on the mechanical properties of Sn-0.7Cu solder. They found that these additions significantly increased the 

ultimate tensile strength and decreased the creep rate of the Sn-0.7Cu solder. Similarly, Nabihah and Nurulakmal [10] also reported 

that indium addition enhanced both the shear strength and wettability of Sn-0.7Cu solder. However, indium is expensive and scarce; 

thus, large-scale additions are not commercially viable [11]. Consequently, research has focused on small indium additions (lower than 

1 wt.%), examining their effects on wettability, melting point, thermal expansion coefficient, hardness, and corrosion resistance [12, 

13]. Li et al. [12] found that the addition of 0.3 wt.% indium decreased the corrosion rate of Sn-0.7Cu-0.2Ni alloy after two weeks of 

immersion in hydrochloric acid. Furthermore, the addition of indium should generally not exceed 1.0 wt.% since, in the Sn-1.0Ag-

0.6Cu alloy, higher concentrations promote microstructural coarsening, which adversely affects mechanical properties [13]. 

 Solder joint reliability is essential to the stability and performance of electronic packaging. Various factors can significantly affect 

solder reliability and dramatically reduce the lifetime of solder joints, including high temperatures, humidity, mechanical vibration, 

and corrosive environments [14]. Therefore, understanding the effect of extreme conditions on solder degradation is crucial in designing 

electronic packaging capable of withstanding them throughout its design lifetime. Corrosion resistance is especially important for 

solder alloys used in electronic devices exposed to aggressive operational environments. One of the primary causes of solder 

deterioration in outdoor electronic devices is corrosion caused by high humidity and rainwater, as these conditions can accelerate the 

corrosion processes [15]. In Asia, acid rain is a significant environmental issue, especially in industrialized regions. The formation of 

acid rain, which has a pH lower than 5.6, is primarily driven by significant atmospheric pollutants such as sulfur dioxide (SO2) and 

nitrogen oxides (NOx) [16]. Consequently, it is important to consider the effect of acid rain on solder corrosion. Few studies have 

investigated the corrosion behavior of lead-free solders under acidic conditions, with existing research primarily focused on 

hydrochloric acid solutions [17-19]. In contrast, Wierzbicka-Miernik et al. [20] investigated the corrosion behavior of Sn-Ag-Cu solders 

in a NaCl solution mixed with sulfuric and nitric acids (simulating acid rain). Despite this, little is known about how indium influences 
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the corrosion resistance of Sn-0.7Cu solder under acidic conditions, specifically under simulated acid rain. Therefore, studying how 

indium affects the corrosion behavior of Sn-0.7Cu solder in simulated acid rain is essential for understanding the corrosion mechanisms 

and improving the longevity of solder joints used in outdoor electronic devices exposed to high-pollution environments. In this study, 

the corrosion resistance of Sn-0.7Cu solder with indium additions ranging from 0.1 to 1.0 wt.% was evaluated in simulated acid rain 

using immersion and potentiodynamic polarization tests. The resulting corrosion products were further characterized using scanning 

electron microscopy equipped with energy dispersive X-ray spectroscopy and X-ray diffraction to support the findings. 

 

2. Materials and methodology 

 

2.1 Solder alloys preparation and microstructure characterization  

  

 In this study, four lead-free solders with compositions Sn-0.7Cu-xIn (x = 0, 0.1, 0.5, and 1.0 wt.%) were fabricated. The solder 

alloys were prepared from pure tin, copper, and indium (each with a purity greater than 99.9 wt.%), and melted in an alumina (Al2O3) 

crucible using an inductive furnace in an air at 600 °C for 60 min. A eutectic salt mixture of KCl and LiCl, in a weight ratio of 1.3:1.0, 

was used to cover the surface of the molten solder and prevent oxidation during the melting process. After melting, the molten solder 

was cooled down in a furnace to 300 °C and then cast into a steel mold to form a solder plate with dimensions of 100 100  10 mm3. 

The chemical compositions of the as-cast solders were analyzed using an X-ray fluorescence spectrometer (XRF, HORIBA XGT-

5200), as presented in Table 1. The as-cast solder plates were then cut into 10 10  10 mm3 specimens for microstructural examination. 

The specimens were mechanically ground using SiC abrasive papers from 400 to 1200 grit and subsequently polished with a 0.03 µm 

Al2O3 suspension. The polished surfaces were then etched using a solution containing 2% HCl, 5% HNO3, and 93% ethanol. 

Microstructural characterization was conducted using an optical microscope and scanning electron microscopy (SEM: FEI Quanta 450) 

equipped with energy dispersive X-ray spectroscopy (EDX). Phase identification was performed using X-ray diffraction (XRD: 

RIGAKU SmartLab) with CuK radiation (λ = 1.5406 Å). 

 

Table 1 Chemical compositions of Sn-0.7Cu-xIn solders (wt.%) 

 

Solders Sn Cu In 

Sn-0.7Cu 99.29 0.74 - 

Sn-0.7Cu-0.1In 99.16 0.71 0.13 

Sn-0.7Cu-0.5In 98.77 0.75 0.48 

Sn-0.7Cu-1.0In 98.27 0.71 1.02 

 

2.2 Thermal analysis  

  

 The thermal behavior of Sn-0.7Cu-xIn solders was analyzed using differential scanning calorimetry (DSC: METTLER TOLEDO 

DSC 3+) under a nitrogen atmosphere. The temperature was increased from 25 °C to 300 °C at a constant heating rate of 5 °C/min. For 

each composition, three measurements were conducted using samples weighing approximately 0.03 g. 

 

2.3 Mechanical testing  

  

 The microhardness of Sn-0.7Cu-xIn solders was evaluated in accordance with of ASTM E92-17 [21] using a universal hardness 

tester (INNOVATEST Nemesis 5100G2). Three specimens of each composition were tested under a load of 1.961 N (200 gf) with a 

dwell time of 10 s. Fifteen indentations were made on each per specimen. 

 

2.4 Corrosion testing  

  

 The corrosion resistance of Sn-0.7Cu-xIn solders was investigated using immersion test in simulated acid rain at room temperature 

for up to 50 days, following ASTM G31-21 [22]. For each solder composition, three specimens dimensions of 10 10  10 mm³ were 

cut from as-cast solder plates. All surfaces were mechanically ground with 1000 grit SiC abrasive paper prior to testing. During the 

immersion test, specimens were weighed every five days to record cumulative mass loss using a five-digit digital balance. Simulated 

acid rain was prepared by mixing 1 mol/dm3 nitric acid (HNO3) and 1 mol/dm3 sulfuric acid (H2SO4) in a 1:2 molar ratio [23]. The 

mixture was then diluted with deionized water to obtain a final solution with a pH of 3.5. According to the Acid Deposition Monitoring 

Network in East Asia (EANET) [24], the annual mean pH of rainfall in Thailand is approximately 5, while in the industrialized regions, 

such as Chonburi and Rayong provinces, the lowest recorded pH values reached about 3.2. Based on these findings, a pH of 3.5 was 

selected for this study to simulate acid rain and represent a worst-case scenario for accelerated corrosion testing. For each test, 200 cm³ 

of simulated acid rain was used, and the solution was renewed at five-day intervals. Before weighing, the specimens were cleaned with 

deionized water using an ultrasonic cleaning machine and dried in a stream of air. The corrosion rate was calculated using the following 

equation. 

 

𝐶𝑅 =
𝐾𝑊

𝐴𝑇𝐷
 (1) 

  

 In this equation, CR denotes the corrosion rate in μm/year, K is a constant (8.76  107), T is the exposure time in hours, A is the 

exposure surface area in cm2, W is the cumulative mass loss after immersion for a maximum period of 50 days in g, and D is the density 

in g/cm3. The density of Sn-0.7Cu solder was taken as 7.323 g/cm3 [25]. 

 Potentiodynamic polarization tests were also performed in simulated acid rain with a pH of 3.5. The tests were carried out using 

three-electrode cells consisting of a silver/silver chloride reference electrode, a platinum rod counter electrode, and a solder specimen 

working electrode. Prior to testing, the specimens were polished, rinsed with deionized water, and then dried. At least two experiments 

were conducted for each condition, at room temperature. Each specimen was initially equilibrated by monitoring the open-circuit 
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potential (OCP) for 30 min. Polarization measurements were subsequently carried out at a scan rate of 0.001 V/s within a potential 

range of 0.5 V to +0.7 V relative to the OCP. 

 

3. Results and discussion 

 

3.1 Melting temperature of the solders  

  

 The melting temperature of solder alloys is a critical factor in determining their suitability for electronic packaging processes. 

Excessively high soldering temperature, required by high melting point solders, can lead to thermal damage and component failure. 

Figure 1 shows the differential scanning calorimetry (DSC) curves of Sn-0.7Cu-xIn solders. Each curve displays a single endothermic 

peak, with the peak temperature decreasing as the indium content increased. This result indicates that the melting temperatures of Sn-

0.7Cu-xIn solders significantly decreased with increasing indium content. Specifically, the melting temperature of the solders decreased 

from 225.9 °C to 223.1 °C as the indium content increased from 0.1 to 1.0 wt.%. 

 
Figure 1 Differential scanning calorimetry (DSC) curves of Sn-0.7Cu-xIn solders 

 

 
 

Figure 2 Optical micrographs showing the microstructure of (a) Sn-0.7Cu, (b) Sn-0.7Cu-0.1In, (c) Sn-0.7Cu-0.5In, and (d) Sn-0.7Cu-

1.0In solders 

 

3.2 Microstructure and microhardness of solders  

  

 The microstructure of the Sn-0.7Cu-xIn solders consisted of the β-Sn phase and eutectic phase of dispersed intermetallic compound 

(IMC), as depicted in Figure 2. As clearly observed in the figure, the -Sn colonies in Sn-0.7Cu solder were significantly larger than 
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those in the Sn-0.7Cu-0.1In, Sn-0.7Cu-0.5In, and Sn-0.7Cu-1.0In solders. The results of the average -Sn colony size, phase fraction 

(analyzed using NIKON NIS-Elements), and microhardness values are reported in Table 2. These results reveal that increasing indium 

content reduced both the average -Sn colony size and -Sn phase fraction. Previous studies [9, 26, 27] reported that the addition of 

indium to Sn-0.7Cu solder reduced the growth of large β-Sn dendritic structures while promoting the formation of the eutectic Cu6Sn5 

phase within the β-Sn matrix. The effect is attributed to the presence of -SnIn4 intermetallic compound. Indium addition refines the 

microstructure of Sn-0.7Cu solder by lowering the degree of supercooling, promoting heterogeneous nucleation, and accelerating 

nucleation during the solidification process [28]. The resulting finer microstructure enhances the microhardness of the solders, primarily 

through fine-grain strengthening. 

 

Table 2 Average β-Sn colony size and phase fraction of Sn-0.7Cu-xIn solders 

 

Solders 
Microhardness 

(Hv) 

Average 

β-Sn colony size (µm) 

Phase fraction (%) 

β-Sn Eutectic 

Sn-0.7Cu 12.7  0.6 59  9 73  3 27  2 

Sn-0.7Cu-0.1In 13.2 0.4 29  7 69  3 31  3 

Sn-0.7Cu-0.5In 13.7 0.7 18  8 65  4 35  4 

Sn-0.7Cu-1.0In 15.2 0.6 16  7 64  2 36  3 

 

 According to the equilibrium phase diagram of Sn-Cu-In, indium can dissolve in the -Sn phase as a solid solution atom and form 

intermetallic compounds such as Cu6(Sn, In)5 and Cu3In through interaction with Sn and Cu [29]. Consequently, the addition of indium 

to Sn-Cu solder modifies the intermetallic compound, transforming Cu6Sn5 IMC into Cu6(Sn, In)5 IMC [30, 31]. Notably, the Cu6Sn5 

and Cu6(Sn, In)5 IMCs have the same crystal structure [31]. XRD analysis was performed on all the as-cast Sn-0.7Cu-xIn solders, and 

the corresponding XRD patterns are shown in Figure 3. The patterns for all compositions confirmed the presence of body-centered 

tetragonal -Sn (ICDD:03-065-7657) and Cu6Sn5 IMC (ICDD:01-076-2703) phases, indicating that tin and copper are main 

constituents involved in solidification. However, due to the structural similarity between Cu6Sn5 and Cu6(Sn, In)5 IMCs, these phases 

cannot be reliably distinguished by XRD analysis. Therefore, the presence of Cu6(Sn, In)5 IMC should be confirmed using a 

complementary characterization technique. 

 To confirm the formation of Cu6(Sn, In)5 IMC in Sn-0.7Cu-xIn solders, element analysis at intermetallic compound regions was 

further analyzed using EDX. SEM micrographs with corresponding analysis points and EDX spectra for the Sn-0.7Cu-xIn solders are 

shown in Figure 4. The atomic percentages of elements within the intermetallic compound, obtained from EDX spectra for the different 

solders, are summarized in Table 3. The addition of indium in the range of 0.1 to 1.0 wt.% led to an increase in the indium atomic 

percentage within the intermetallic compound from 0.26 to 0.39 at.%. Moreover, the atomic ratio of Cu to (Sn, In) remained 

approximately 6:5, confirming the formation of the Cu6(Sn, In)5 IMC in the Sn-0.7Cu solder with minor indium additions. 

 
 

Figure 3 X-ray diffraction (XRD) patterns of the as-cast Sn-0.7Cu-xIn solders 
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Figure 4 SEM micrographs and corresponding EDX spectra of intermetallic compounds for (a) Sn-0.7Cu, (b) Sn-0.7Cu-0.1In, (c) 

Sn-0.7Cu-0.5In, and (d) Sn-0.7Cu-1.0In solders 

 

Table 3 Chemical composition (at.%) of intermetallic compounds and Cu:(Sn, In) atomic ratio for Sn-0.7Cu-xIn solders 

 

Solders Cu (at.%) Sn (at.%) In (at.%) Cu:(Sn, In) ratio 

Sn-0.7Cu 54.87 45.13 ND 6:4.93 

Sn-0.7Cu-0.1In 54.42 45.32 0.26 6:5.02 

Sn-0.7Cu-0.5In 54.11 45.58 0.31 6:5.08 

Sn-0.7Cu-1.0In 54.32 45.29 0.39 6:5.04 

 

3.3 Corrosion resistance of Sn-0.7Cu-xIn solders 

  

 Figure 5 shows the mass loss per unit area of Sn-0.7Cu-xIn solders after immersion in simulated acid rain with a pH of 3.5 for up 

to 50 days. The cumulative mass losses of Sn-0.7Cu, Sn-0.7Cu-0.1In, Sn-0.7Cu-0.5In, and Sn-0.7Cu-1.0In solders after immersion 50 
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days were 1.52, 1.27, 0.92 and 0.69 mg/cm2, respectively. Among the solder compositions, Sn-0.7Cu-1.0In exhibited the lowest mass 

loss, which was significantly lower than those of the other solders. Table 4 summarizes the corrosion rates calculated using Equation 

(1), including their corresponding error bar ranges. The Sn-0.7Cu-1.0In solder showed the lowest corrosion rate, indicating its superior 

resistance to dissolution in simulated acid rain. Figure 6 shows SEM images of the surface morphology of Sn-0.7Cu-xIn solders after 

50 days of immersion. Corrosion pits were observed across the surfaces of all the solders. 
 

 
 

Figure 5 Cumulative mass loss per unit area of Sn-0.7Cu-xIn solders as a function of immersion time in a simulated acid with a pH of 

3.5 

 

Table 4 Corrosion rates of Sn-0.7Cu-xIn solders after 50 days of immersion in simulated acid rain with a pH of 3.5 

 

Solders Corrosion rate (µm/year) 

Sn-0.7Cu 15.3 ± 0.7 

Sn-0.7Cu-0.1In 12.7 ± 0.8 

Sn-0.7Cu-0.5In 9.3 ± 0.8 

Sn-0.7Cu-1.0In 6.9 ± 0.6 

 

 
 

Figure 6 SEM images showing the surface morphology of (a) Sn-0.7Cu, (b) Sn-0.7Cu-0.1In, (c) Sn-0.7Cu-0.5In, and Sn-0.7Cu-1.0In 

solders after 50 days of immersion in simulated acid with a pH of 3.5 
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 The high magnification SEM images in Figure 7 show the corrosion product formed within the pits. The corresponding EDS spectra 

detected only tin and oxygen, with no copper and indium present. This indicated that the corrosion products are probably tin oxides, 

specifically SnO and SnO2. 

 

 
 

Figure 7 SEM images and corresponding EDX spectra of corrosion pits on (a) Sn-0.7Cu, (b) Sn-0.7Cu-0.1In, (c) Sn-0.7Cu-0.5In, 

and (d) Sn-0.7Cu-1.0In solders after 50 days of immersion in simulated acid rain with a pH of 3.5 

 

 Figure 8 presents XRD patterns of Sn-0.7Cu-xIn solders after 50 days of immersion in simulated acid rain with a pH of 3.5. The 

detected phases include -Sn phase (ICDD:03-065-7657), Cu6Sn5 (ICDD:01-076-2703), SnO (ICDD:01-077-2296), and SnO2 

(ICDD:00-029-1484). These results confirm that tin is the primary element susceptible to corrosion in simulated acid rain, leading to 

the formation of SnO and SnO2. 
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Figure 8 XRD diffraction (XRD) patterns of Sn-0.7Cu-xIn solders after 50 days of immersion in simulated acid rain with a pH of 3.5 

 

 Figure 9 presents the polarization curves of Sn-0.7Cu-xIn solders tested in simulated acid rain with a pH of 3.5. All the solder 

samples exhibited a similar profile, characterized by a cathodic region (from point A to B) and an anodic active region (from point B 

to C). An enlarged portion of the polarization curves, also shown in Figure 9, allows for a clearer comparison of the corrosion potentials 

of the different Sn-0.7Cu-xIn solders. Using Tafel extrapolation principle, the electrochemical parameters of the solder were 

determined, and are summarized in Table 5.  
 

 
 

Figure 9 Polarization curves of Sn-0.7Cu-xIn solders after immersion in simulated acid rain with a pH of 3.5 

 

 The corrosion potential (Ecorr) of Sn-0.7Cu solder was measured at –0.462 V. With the addition of indium, Ecorr increased slightly, 

by approximately 6.7 %, reaching a maximum value of –0.431 V. Concurrently, the corrosion current density (icorr) decreased with 

increasing indium content, showing a reduction of approximately 31.4% and reaching a minimum value of 1.12 × 10–5 A/cm2 at 1.0 

wt.% indium. These findings suggest that increasing the indium content improves the corrosion resistance of Sn-0.7Cu solder by 

reducing its susceptibility to electrochemical degradation. 
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Table 5 Polarization parameters of Sn-0.7Cu-xIn solders after immersion in simulated acid rain with a pH of 3.5 

 

Sample Ecorr (V) icorr (A/cm2) 

Sn-0.7Cu –0.462 1.63 10–5 

Sn-0.7Cu-0.1In –0.448 1.26 10–5 

Sn-0.7Cu-0.5In –0.441 1.21 10–5 

Sn-0.7Cu-1.0In –0.431 1.12 10–5 

 

 Most metal corrosion processes occur through electrochemical reactions at the interface between the metal surface and the 

surrounding electrolyte. These processes consist of two half-cell reactions: oxidation at the anodic region and reduction at the cathodic 

region. In the acidic solution such as simulated acid rain, the primary cathodic reaction is oxygen reduction reaction [32]. In the anodic 

region, the electrochemical reaction is driven by the dissolution of the metal from the alloy surface. Both HNO3 and H2SO4 in the 

solution act as strong oxidizing agents capable of rapidly attacking metals. For Sn-Cu solders, numerous studies have reported the 

preferential dissolution of tin in NaCl solution [33-37]. Similarly, in acidic environments, tin is the primary element that dissolves [38-

41], consistent with the findings of this work.  

 Figure 9 shows that the corrosion potentials of Sn-0.7Cu-xIn solders were approximately    –0.4 V, which can be attributed to the 

preferential dissolution of tin. Although indium is the most electrochemically active element in the Sn-0.7Cu-xIn solders, as indicated 

by its dissolution potential [42], its relatively low content results in rapid leaching during corrosion. Consequently, tin becomes the 

next most electrochemically active species. Tin has a standard electrode potential lower than that of copper, as well as Cu3Sn and 

Cu6Sn5 intermetallic compounds [40, 43, 44], increasing its susceptibility to dissolution under corrosive conditions. Therefore, tin is 

considered the primary element undergoing dissolution in Sn-0.7Cu-xIn solders. The dissolution reaction of solder in acidic solution 

can be described as follows [38, 40, 41]: 

 

Sn(s) +
1

2
O2 + 2H(aq)

+ → Sn(aq)
2+ + H2O (2) 

  

 In aerated solutions, tin ions react with dissolved oxygen to form intermediate tin hydroxide species (Sn(OH)x), as described by 

Reactions (3) and (4) [34-40]: 

 

Sn(aq)
2+ + 2H2O → Sn(OH)2 + 2H(aq)

+  (3) 

 

2Sn(aq)
2+ + O2 + 6H2O(aq) → 2Sn(OH)4 + 4H(aq)

+  (4) 

  

 These intermediates subsequently dehydrate, leading to the formation of tin oxide, as shown in Reactions (5) and (6) [34-40]: 

 

Sn(OH)2 → SnO(s) + H2O   (5) 

 

Sn(OH)4 → SnO2(s) + 2H2O  (6) 

  

 According to the XRD analysis, both SnO and SnO2 were detected on the Sn-0.7Cu-xIn solders, while no copper oxides were 

observed, indicating that tin oxides were the primary corrosion products. Although HNO₃ is a strong oxidizing agent capable of directly 

dissolve copper, it does not promote the formation of a protective oxide film on the copper surface [32, 41]. The Pourbaix diagram of 

the copper-water system further indicates that copper corrodes by releasing copper ions in solutions with pH values below 5. Thus, in 

the simulated acid rain with a pH of 3.5, copper undergoes corrosion without forming a stable oxide film [32, 45]. 

 The addition of indium to Sn-Cu solder influences its corrosion resistance, through changes in chemical composition and 

microstructure. In this study, the addition of indium to Sn-0.7Cu solder reduced the average β-Sn colony size from 59 µm (Sn-0.7Cu) 

to 16 µm (Sn-0.7Cu-1.0In). Additionally, the β-Sn phase fraction decreased from 73% to 64% with 1 wt.% indium addition. Thus, the 

addition of indium to Sn-Cu solder reduced the β-Sn phase fraction, increased the eutectic fraction, and resulted in overall 

microstructural refinement. Previous studies [9, 26, 27] reported that β-Sn phase partial refinement, resulted in the formation of a fine 

and uniform distribution of Cu6Sn5 and -InSn4 intermetallic compounds within the eutectic zones of the solidified microstructure. This 

effect is attributed to the effective role of indium in generating nucleation sites during solidification in Sn-0.7Cu solder [28]. Similarly, 

the addition of indium has been shown to promote the refinement of the Sn-rich phase and a uniform distribution of the intermetallic 

compounds in Sn-0.3Ag-0.7Cu solder [46]. Jaiswal et al. [35] investigated the influence of indium addition on the corrosion behavior 

of Sn-Cu solder. They reported that indium addition promoted a uniform microstructure and refinement of β-Sn grains. Furthermore, 

increasing indium content in Sn-Cu solder resulted in a lower corrosion current density and a higher corrosion potential. The addition 

of indium to Sn-2Cu solder reduced the size of large intermetallic compounds and refined the microstructure by producing smaller β-

Sn grains, thereby enhancing corrosion resistance due to reduced size of the intermetallic phase [28]. The potential difference between 

the β-Sn phase and the eutectic phase, which contains dispersed intermetallic compounds, results in the eutectic phase acting as the 

cathodic region, as the Cu6Sn5 IMC is electrochemically nobler than the β-Sn phase [35, 44]. Consequently, the eutectic phase fraction 

served as the cathodic region for oxygen reduction, which was coupled with the oxidation of tin in the β-Sn phase. The reduction in 

the β-Sn phase fraction consequently decreased the rate of tin dissolution, as evidenced by the lowest corrosion current density observed 

for Sn-0.7Cu-1.0In. It can be concluded that the addition of indium enhanced the corrosion resistance of Sn-0.7Cu-xIn solders by 

reducing the β-Sn phase fraction and limiting tin dissolution in the β-Sn phase. Therefore, the refined microstructure is a key factor 

contributing to the enhanced corrosion resistance observed in Sn-Cu solders [35, 36]. Overall, this study demonstrated that adding 0.1-

1.0 wt.% indium enhanced the corrosion resistance of the Sn-0.7Cu solders through refining the β-Sn phase fraction and the formation 

of smaller, more uniformly distributed intermetallic compounds. 
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4. Conclusions 

  

 The corrosion resistance of Sn-0.7Cu-xIn solders with x = 0.1, 0.5, and 1.0 wt.% was investigated through immersion and 

potentiodynamic polarization tests in simulated acid rain with a pH of 3.5. The main findings are summarized as follows: 

 Increasing the indium content from 0.1 to 1.0 wt.% decreased the melting temperature of Sn-0.7Cu solder from 225.9 °C to 223.1 

°C. The microstructure of Sn-0.7Cu solder consists of β-Sn and a eutectic phase containing dispersed Cu6Sn5 intermetallic compounds. 

Indium addition reduced the β-Sn phase fraction, increased the eutectic fraction, and refined the overall microstructure in Sn-0.7Cu-

0.1In, Sn-0.7Cu-0.5In, and Sn-0.7Cu-1.0In solders. Immersion tests revealed that the addition of 0.1 to 1.0 wt.% indium significantly 

reduced the corrosion rate of Sn-0.7Cu solder. Analysis of corrosion products confirmed the formation of SnO and SnO2, indicating 

tin as the primary element undergoing corrosion in Sn-0.7Cu-xIn solders exposed to simulated acid rain.  

 Polarization measurements further revealed that corrosion resistance improved with increasing indium content, as evidenced by a 

decrease in corrosion current density (icorr), and an increase in corrosion potential (Ecorr). This enhancement is attributed to indium-

induced microstructural refinement, specifically the reduction in β-Sn colony size and the formation of smaller, more uniformly 

distributed intermetallic compounds. 
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