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ABSTRACT: Corrosion properties of ternary Sn-9Zn-xIn (x = 1, 2, 3, 4, 5 and 6 wt. %) solders were studied by means 
of open circuit potential (OCP) measurement in 6 M potassium hydroxide. The results are compared with the binary Sn-
9Zn solder in order to assess the influence of In on the corrosion properties. The OCP and microstructural measurements 
reveal that the passivation ability of Sn-9Zn solder is progressively improved at the additions of 1-4 wt. % of In. The 
presence of massive grooves produced by the preferential dissolution of the enlarged Zn-rich phase restricts the 
protection offered by the passivation film of 5-6 wt. % of In. This contributes to the lower ultimate tensile strength for 
the solder joint after immersion in 6 M KOH. 
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1. Introduction  
In recent years, special interest have been made on the 

tin-silver-copper (Sn-3Ag-0.5Cu) ternary alloys as the best 
replacement for the tin-lead (Sn-Pb) alloys due to the good 
solderability and mechanical properties offered [1]. 
However, the adoptions of these alloys in electronic 
industry to wide variety of applications are limited as the 
melting temperature becomes an issue. The high melting 
temperature of Sn-Ag-Cu solder alloys require excess heat 
during reflow process that may cause problems in the 
existing manufacturing process that tailored to suit the low 
melting temperature Sn-Pb solder alloys. This resulted in 
the search of the low melting temperature Pb-free solder 
alloy [1].  

The eutectic tin-zinc (Sn-9Zn) solder alloy is widely 
known to possesses poor solderability [2], although the 
melting temperature of this eutectic solder is close to the 
Sn-Pb solder alloys [1, 3-8]. However, since latest 
soldering technologies are making uses of inert atmosphere 
to minimize dross formation [9, 10], the poor wetting 
associated with the oxidation of Zn in Sn-9Zn solder alloy 
is also minimized. Alloying elements such as Ag [11], 
bismuth (Bi) [12, 13] and indium (In) [10, 14] have been 
added to improve the overall properties of Sn-9Zn solder 
alloy. Interestingly, the incorporations of In were proven 
to significantly reduce the melting temperature and 
improve the wettability [14, 15]. This has led In to be 
viewed as one of the best alloying element to improve 
overall characteristics of Sn-9Zn solder alloy.  

Corrosion resistance is one of the important reliability 
aspects that need careful considerations at the initial stage 
of material development to guarantee long-term reliability. 

Recent studies show that the additions of In as an alloying 
element was viewed to give mixed influence to the 
corrosion properties of Sn-9Zn solder alloy. Positive 
development was reported where higher In amount in the 
xIn-9(5Al-Zn)-Sn solder alloys give better corrosion 
resistance in 3.5 wt. % NaCl [16]. However, the formations 
of pitting in 3.5 wt. % NaCl hinders the advantage of 
adding In (1 wt. %) to the Sn-9Zn-0.5Ag solder alloy [11]. 
In order for the solder to be considered as reliable, the 
solder itself must possessed excellent corrosion resistance 
to different corrosive chemical environments. Basic 
understanding on corrosion resistance of solder alloy in 
different solution is needed as a clear benchmark for any 
researchers as well as contribute to the body of knowledge. 

In recent years, the aggressiveness of the 6 M KOH is 
well documented due to the high ionic conductivity of this 
solution [17, 18]. Furthermore, the corrosion threat posed 
by this solution is also reported to be considerably 
detrimental to the reliability of Pb-free solder alloys [19-
23]. Best to our knowledge, the effect of adding alloying 
elements to improve the corrosion behavior of Sn-9Zn 
solder alloy in 6 M KOH solution is rarely reported should 
be worthy of being investigated systematically.  

The open circuit potential (OCP) measurement is 
generally recognized as one of the simplest 
characterization techniques to measure corrosion behavior 
in equilibrium condition. This technique is believed to be 
a valuable tool to determine the corrosion mechanisms of 
electrochemical reactions. This work aims to compare 
corrosion behavior of Sn-9Zn and Sn-9Zn-xIn solder alloys 
in 6 M KOH electrolyte by means of the OCP 
measurement. The structural, morphological and elemental 



	

studies were implemented to further understand the 
corrosion behavior. The tensile strength measurement was 
also carried out to investigate the effect of corrosion on the 
mechanical properties of Sn-9Zn and Sn-9Zn-xIn solder 
alloy.  
 
2. Experimental 

The solder alloys of Sn-9Zn and Sn-9Zn-xIn (x = 1, 2, 
3, 4, 5 and 6 wt. %)  were prepared by melting raw 
materials of pure Sn (Malaysia Smelting), Zn (Sigma-
Aldrich) and In (Merck). The weighed metals were cleaned 
and co-melted in a porcelain crucible using an induction 
furnace with the presence of nitrogen gas at 600 °C. The 
molten alloys were stirred to homogenize the chemical 
composition. After air-cooled to room temperature, the 
solder alloy was pressed and mechanically punched to 
produce pellets with a diameter and thickness of 5 mm each 
and 3 mm, respectively. Finally, the produced pellets were 
ground and degreased. 

X-ray diffraction (XRD) was performed using a Bruker 
AXS D9 diffractometer (2θ = 10° to 90°) with Cu Kα 
radiation to determine the phases of the solder alloy. A 40 
kV voltage was applied to the X-ray tube. The 
corresponding peaks obtained were matched with the 
standards from the International Committee of Diffraction 
Data (ICDD) X-ray data file using EVA software. The 
microstructure of the solder alloys was investigated prior 
and post corrosion measurement using a Hitachi TM 3000  

table-top scanning electron microscope (SEM).  
A copper (Cu) wire measuring 1 mm in diameter was 

attached to the Sn-9Zn and Sn-9Zn-xIn solder alloy pellets 
to provide electrical connections. Then the pellets were 
cold-mounted with epoxy resin prior to be subjected for 
OCP measurement. All the mounted samples were 
polished and cleaned to obtain a mirror finish surface. The 
OCP measurement was carried out using two electrodes in 
a single container cell. The potential obtained for the solder 
alloy (working electrode) was referred to Hg/HgO 
reference electrode and recorded by using UT803 UNI-T 
multimeter equipped with data interface recording 
software. The Hg/HgO reference electrode was used as it 
demonstrates excellent stability in alkaline solution. The 
corrosion analysis was repeated at least for three times to 
ensure the reproducibility of the results. The solder alloy 
that produced optimum corrosion properties was and used 
in tensile strength measurement and was subjected to 
another phase and microstructural analyses to investigate 
the changes after OCP measurement. 

The butt joint samples for tensile strength measurement 
is prepared by using two Cu plates, each measuring 
50.0 mm x 1.0 mm x 5.0 mm, were joined using Sn-9Zn 
and Sn-9Zn-xIn solder alloys (1.0 mm x 1.0 mm x 5.0 mm), 
as previously reported [24]. To determine the tensile 
strength of the joint, INSTRON Advanced Mechanical 
Testing System 5900 series was used at a crosshead speed 
of 2 mm/min. The images of the joint before and after the 
pull test were taken using a Hitachi TM 3000 table-top 
SEM to further investigate the fracture surface. 

 

 
 
Figure 1: The OCP against time profiles for the as-prepared (a) Sn-9Zn, (b) Sn-9Zn-1In, (c) Sn-9Zn-2In, (d) Sn-9Zn-3In, 
(e) Sn-9Zn-4In, (f) Sn-9Zn-5In and (g) Sn-9Zn-6In solder alloys.
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3. Results and Discussion  
3.1 Effect of indium additions on corrosion 
performance of Sn-9Zn 

The potential for the Sn-9Zn solder alloy is 
approximately -1.43 VHg/HgO immediately after immersion 
(Figure 1). This very negative potential reveals that the 
corrosion potential for the Sn-9Zn solder alloy is close to 
the potential of the pure Zn, as previously reported [22]. 
This shows that the corrosion behavior of this solder alloy 
is dictated by the sacrifice of Zn through preferential 
dissolution process due to the phase separation of Sn and 
Zn in this solder alloy [25]. The dissolution of Zn in KOH 
solution can be represented [26]: 
2Zn→Zn2+

 + 2e-                                                                                            (1) 
The potential was found to be gradually increased 

before suddenly rise to ca. -1.22 VHg/HgO. The increase of 
potential is contributed by the consumption process of Zn 
to produce ZnO [25]. The deposition of Zn(OH)2 and ZnO 
phase on the surface of solder alloy is beneficial to the 
passivation behavior in chlorine-free solution [27]. As Zn 
is more electrochemically negative than Sn, Zn is depleted 
primarily from the surface before Sn dissolution took 
place. The dissolution of both Zn and Sn produce 
passivation layer that leads to the more stabilized potential 
region. The formations of Zn and Sn passivation layer are 
[28]:  
2Zn2++4OH-→2Zn(OH)2                                            (2) 
Zn(OH)2→2ZnO + 2H2O                                 (3) 
Sn + 2OH- → Sn(OH)2 + 2e-                                 (4) 
Sn(OH)2→ SnO + H2O                                              (5) 
SnO + H2O + 2OH- → Sn(OH)4 +2e-                  (6) 
Sn(OH)2 +2OH- → Sn(OH)4 + 2e-                                               (7) 
The product undergoes dehydration as follows: 
Sn(OH)4 → SnO + 2H2O                                (8) 

 
The content of In additions affect the OCP-t profiles 

differently. At the additions of 1 wt. % of In, an almost 
similar OCP-t profile with the Sn-9Zn solder alloy was 
obtained. It is worth to note that the initial potential shifts 
toward the potential of Sn at reduced rate. For this solder 
alloy, the potential gradually increased from the initial 
potential -1.42 to -1.30 VHg/HgO in 1200 mins, before 
experiencing sudden rise of potential compared with only 
~900 mins for its binary counterpart.  

Longer time is required as the amount of In increased. 
The Sn-9Zn-2In needs 1900 mins prior the potential shifts. 
This is followed by Sn-9Zn-3In (1800 mins) and Sn-9Zn-
5In (1700 mins). The potential is abruptly increased to 
~1.17 VHg/HgO and produced stabilized region thereafter for 
the Sn-9Zn solder alloy added with 1, 2, 3 and 5 wt. % of 
In.   

For Sn-9Zn-4In composition, an initial potential of -
1.42 VHg/HgO was observed. After steadily increased to -
1.38 VHg/HgO, the potential remains unchanged until the end 
of analysis hence producing completely different OCP-t 
profile. In contrast, the Sn-9Zn-6In solder alloy shows the 
least stable OCP-t profile. The initial potential of the Sn-
9Zn-6In was significantly increased to -1.29 VHg/HgO from 

-1.40 VHg/HgO immediately after immersion before 
fluctuates to higher potential close to -1.18 VHg/HgO. The 
rapid increase of potential at the initial stage demonstrates 
the ease of dissolution process of Zn. It is clear that the 
additions of In failed to completely prevent the preferential 
dissolution of Zn from Sn-9Zn solder alloy. This is 
witnessed from the gradual increase of potential from the 
negative potential close to the pure Zn, towards nobler 
potential for all compositions. However, the OCP-t profiles 
also demonstrate that the potential of Sn-9Zn-4In does not 
significantly affected by the prolonged immersion time in 
6 M KOH. Thus, it can be said that Sn-9Zn-4In is the most 
stable composition amongst the Sn-9Zn-xIn solder alloys 
in 6 M KOH. 

 
3.2 Microstructural studies 

The binary Sn-9Zn solder alloy displays an anomalous 
broken lamellar type eutectic structure (Figure 2a). Each 
of the eutectic cells was made of aligned, fine and short 
dark phase of Zn-rich particles embedded in the light-
contrast phase of β-Sn phase. The formation of aligned, 
fine and short dark Zn-rich particles is attributed to the 
limited solubility of Zn in Sn [29]. 

The additions of 1 wt. % In drastically changed the 
microstructure (Figure 2b). The microstructure shows 
regions of normal eutectic cells alternating with coarse and 
misaligned eutectic cells. Enlarged Zn-rich phases were 
seen at the vicinity of the normal eutectic cells. The normal 
eutectic cells contain less In content compared with the 
coarse eutectic cells [10, 30]. The alternate structure is 
formed resulted from the composition variation of the 
solidification front during solidification process [31]. Parts 
of molten alloy that contained low solute concentration 
(low In content) were first to solidified to produce the 
normal eutectic cells. The remaining molten alloy with 
higher solute concentration produces the coarse eutectic 
cells afterward.   

Additional incorporation 2-4 wt. % of In further boost 
the size of the enlarged Zn-rich phases at the vicinity of the 
normal eutectic cells and within the coarse eutectic cells 
(Figure 2c-e). At the same compositions, the amount of 
coarse eutectic cells becoming more dominant at the 
expense of normal eutectic cells as higher percentage of In 
was added. The microstructure of the Sn-9Zn-xIn solder 
alloys were further evolved as 5 wt. % In was added 
(Figure 2f). At this composition, the microstructure is only 
represented by the coarse eutectic cells. The normal 
eutectic cells were completely consumed to produce the 
coarse eutectic cells. The size of the enlarged Zn-rich phase 
continued to increase and becoming extremely large at the 
composition of Sn-9Zn-6In (Figure 2g). Since extremely 
large Zn-rich phase is undesirable due to the obvious 
segregation in properties [32], the additions of In stopped 
at 6 wt. %. It can be deduced that the composition variation 
of the solidification front in the Sn-9Zn-xIn solder alloys 
were balance with small amount of In content. However, 
this promotes diffusion of the fine Zn-rich particles to 
produce large Zn-rich phases when the amount of In 
increased beyond 4 wt. %.   
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Figure 2: SEM micrographs for the as-prepared (a) Sn-9Zn, (b) Sn-9Zn-1In, (c) Sn-9Zn-2In, (d) Sn-9Zn-3In, (e) Sn-9Zn-
4In, (f) Sn-9Zn-5In and (g) Sn-9Zn-6In solder alloys (NE: normal eutectic cells, CE: coarse eutectic cells). 

 
The morphology of the Sn-9Zn solder alloy after OCP 

measurement is defined by the combination of sheet-like 
and loosely distributed flake-like corrosion products 
(Figure 3a). The anomalous eutectic structure is no longer 
seen. Significant porosities were seen in between the 
loosely distributed flake-like corrosion product. This 
signifies that these corrosion products do not further 
provide full protection on the underlying bulk solder alloy. 

Continuous corrosion products with sporadic 
distribution of small grooves were observed replacing the 
sheet-like and flake-like corrosion products after 1 wt. % 
of In was added to the system (Figure 3b). This suggest 
that protection through the deposition of corrosion 
products is improved as 1 wt. % of In is added. This also 
explains the longer time required for the potential of Sn-
9Zn-1In solder alloy to be abruptly increased in OCP 
analysis compared with the Sn-9Zn solder alloy. The 
amounts of grooves were further decreased at the 
composition of Sn-9Zn-2In solder alloy (Figure 3c). This 
led to  better  passivation  for this solder, as witnessed by  

 
the longer time required for the potential reach the 
potential of pure Sn in the same solution.  

Presence of larger grooves for Sn-9Zn-3In may assist 
further corrosion attack on the bulk alloy underneath the 
corrosion product (Figure 3d). The existence of enlarged 
Zn-rich phase in the peripheral regions of normal eutectic 
and coarse eutectic cells as 3 wt. % of In was added 
contributed to the formation of the large grooves.  As the 
size of Zn-rich phase increased, the susceptibility of 
preferential Zn dissolution process also increased. The loss 
of enlarged Zn-rich phase contributed to the formation of 
larger grooves. This clarify the slightly shorter time 
required for Sn-9Zn-3In solder alloy to achieve the 
corrosion potential of pure Sn compared with Sn-9Zn-2In. 

The corrosion products with better continuity were seen 
covering the whole surface of Sn-9Zn-4In (Figure 3e). The 
presence of small cracks and porosity were minimal, 
suggesting that the corrosion products formed were 
capable to protect the surface from further corrosion. This 
is reflected by the most stable potential-time profile 
produced in OCP analysis.  
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Figure 3: Post-OCP SEM micrographs for the (a) Sn-9Zn, (b) Sn-9Zn-1In, (c) Sn-9Zn-2In, (d) Sn-9Zn-3In, (e) Sn-9Zn-
4In, (f) Sn-9Zn-5In and (g) Sn-9Zn-6In solder alloys. 

 
Very large grooves believed to be originated from the 

removal of the enlarged Zn-rich phase previously seen 
prior immersion in 6 M KOH dominated the surface of Sn-
9Zn-(5-6In) after OCP analysis (Figure 3f-g). These 
grooves most likely are the weak spots for the passivation 
layer. Thus, it can be said that the additions of 1-4 wt. % 
of In improved the passivation ability of Sn-9Zn, 
especially at the composition of Sn-9Zn-4In. Beyond this 
composition, the presence of large grooves hindered the 
formation of continuous passivation layer and reduce the 
passivation ability. 

Two distinct morphologies can be observed from the 
cross-sectioned Sn-9Zn solder alloy (Figure 4a). The top 
layer is the passivation layer, while the bulk Sn-9Zn solder 
alloy is positioned underneath. The passivation layer is 
shown to be poorly distributed on the surface, possibly due 
to the co-existence of sheet-like and flake-like corrosion 
products. 

The passivation layer on the top right corner looks 
compact as it may represents the sheet-like corrosion 
product. On the other hand, the loosely-distributed flake-
like corrosion product contributed to the formation of 
separated passivation layer on the top left corner. The poor 
distribution confirmed that this passivation layer is not  
fully  protective.  The gap or porosity produced in between 

the loosely-distributed flake-like corrosion product 
becomes the weak spot for the passivation layer as the 
corrosive ions able to attack the underlying Sn-9Zn solder 
alloy. Thus, extended immersion period in 6 M KOH may 
allow more Zn-rich phases in the bulk Sn-9Zn solder alloy 
to be consumed. 

In contrast, the passivation layer for the Sn-9Zn-4In 
solder alloy possesses different characteristics (Figure 
4b). The passivation layer for the Sn-9Zn-4In solder alloy 
appeared to be in uniform thickness. As a result, better 
protection was obtained by the bulk Sn-9Zn-4In alloy 
region. This explains the ability of the Sn-9Zn-4In to 
maintain the potential stability in 6 M KOH, as shown by 
the OCP-t profile. 

 
3.3 Phase evolution studies 

Only two phases have been detected for the binary Sn-
9Zn solder alloy (Figure 5a), namely body centered 
tetragonal β-Sn and hexagonal Zn. Both phases are 
matched with the ICDD file nos. of 00-004-0673 and 00-
004-0831 for β-Sn and Zn, respectively. The detection of 
both phases is also in accordance with the result previously 
reported [33]. This further confirmed that the solubility of 
Zn is very limited in Sn, as there was no new compound 
made from Sn and Zn.   
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Figure 4: Cross-section images of (a) Sn-9Zn and (b) Sn-9Zn-4In solder alloys after OCP analysis. 
 
New phase of β-tetragonal In3Sn was detected along 

with two of the original phases of Sn-9Zn when 4 wt. % In 
was added to the system (Figure 5b). This phase is 
matched with ICDD file no. 00-007-0345. The undetected 
peaks of pure In is due to the solubility of In in Sn and 
formed intermetallic compound In3Sn. This is consistent 
with the phases available for In-added Sn-9Zn system 
previously reported [32, 33].  

 

 
 

Figure 5: XRD patterns for the as-prepared (a) Sn-9Zn and 
(b) Sn-9Zn-4In solder alloys. 
 

Phase analysis after immersion in 6 M KOH for the Sn-
9Zn and Sn-9Zn-4In solder revealed the co-existence of 
three new phases of SnO, SnO2 and ZnO which were 
exactly matched with the ICDD File nos. 00-024-1342, 00-
002-1340 and 01-089-1397, respectively (Figure 6a). The 
formation of Sn and Zn oxides also verified that both Sn 
and Zn were dissolved during the immersion in 6 M KOH 
and produce the oxides as predicted in Eqns. 1-8, and 
deposited on the surface. Thus, these oxides were also 
confirmed to be responsible for the passivation behavior 
seen in OCP analysis. Besides that, few peaks of Sn were 
also seen at high 2θ values, possibly originated from the 
bulk of the solder alloy. 

The formation of the same Sn and Zn oxides were also 
detected for  the ternary Sn-9Zn-4In solder alloy (Figure  

 
6b). The original phase of In3Sn was seen after the 
corrosion analysis. This proved that In3Sn is the most 
stable phase as it does not dissolve in 6 M KOH. For Sn-
9Zn-4In, smaller amount of Sn on the surface were 
dissolved compared with Sn-9Zn, as part of Sn was used 
to produce In3Sn phase. Thus, the presence of In3Sn is also 
believed to contribute to the improvement of the overall 
stability of Sn-9Zn-4In solder alloy in 6 M KOH, as 
witnessed from the best OCP-t profile obtained for this 
composition. 

 
3.4 Mechanical performance studies 

The stress linearly increased with the strain at the initial 
stage and suddenly drops after the ultimate tensile strength 
(UTS) was achieved (Figure 7). The average UTS of the 
as-prepared Cu/Sn-9Zn/Cu solder butt joint was obtained 
at 45.9 ± 1.0 MPa, which is comparable with the UTS 
reported for Sn-9Zn solder alloy (without any joining) 
[34]. Substantial drop of average UTS and ductility were 
seen when 4 wt. % of In was added, where only 87.6 % 
(40.2 ± 2.0 MPa) of the original UTS was retained. 
Moreover, the UTS for the Cu/Sn-9Zn-4In/Cu butt joint is 
achieved at much lower tensile strain value of 0.063 ± 
0.007, compared to 0.072 ± 0.004 for its binary 
counterpart. This highlights that the additions of 4 wt. % 
In reduces the ductility to the Cu/Sn-9Zn/Cu butt joint.  

The presence of uniform distribution of Zn-rich phase 
in the microstructure contributes to the relatively good 
mechanical properties of the binary Sn-9Zn solder alloy 
compared with the traditional binary Sn-Pb solder alloys. 
However, as 4 wt. % of In was added to the system, the 
microstructure of Sn-9Zn solder alloy was considerably 
changed as the coarse eutectic cells were seen 
accommodated along with the normal eutectic cells. The 
co-existence of these two distinctive microstructures 
points to the formation of regions that contained different 
mechanical strength. The coarse eutectic cells are softer in 
nature compared to the normal eutectic cells due to the 
differences in the solute content for both type of eutectic 
cells [10, 30]. Thus, the crack is preferential growth in the 
coarse eutectic cells. As a result, these different eutectic 
cells will be separated when stress is applied that led to the 
reduction in UTS.  
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Figure 6: XRD patterns for (a) Sn-9Zn and (b) Sn-9Zn-4In solder alloys after immersion in 6 M KOH. 
 
The formation of the In3Sn is believed to play important 

role in restricting the movement of the slip plane, in which 
reduce the ductility of the joint. However, the presence of 
different eutectic cells under stress loading is believed 
limiting any improvement in mechanical strength [32]. 
Thus, both UTS and ductility are decreasing with the 
additions of In.  

The UTS was reduced to 28.0 ± 2.5 MPa, at tensile 
strain value of just 0.0050 ± 0.0006 after immersion. This 
clearly shows that the Cu/Sn-9Zn-4In/Cu butt joint is 
significantly weakened as 38.77 % of UTS was loss and 
over 92 % of its ductility was reduced after immersion. 
This also proves that the alkaline solutions pose significant 
corrosion threat in open circuit condition. 

 

 
 
Figure 7: Stress-strain curves of as-prepared (a) Cu/Sn-
9Zn/Cu and (b) Cu/Sn-9Zn-4In/Cu butt joint. 

 
The joint produce using Sn-9Zn-4In solder alloy 

appeared to be uniform in thickness on both sides of the 
Cu/Sn-9Zn-4In interface (Figure 8a). Since Sn is the 
major component in this alloy system, it is believed that 
common Cu5Zn8 is the corresponding intermetallic 
compound (IMC) formed at the interface of Cu and Sn-
based solder alloy [35]. Alternating normal eutectic and 
coarse eutectic cells are clearly presented on the bulk Sn-
9Zn-4In solder alloy region of the joint.  

Distinctive morphology was obtained after the as-
prepared Cu/Sn-9Zn-4In/Cu butt joint was subjected to the 
tensile measurement (Figure 8b). The failure of the joint 
was identified to be originated from the crack formation at 
the bulk Sn-9Zn-4In region and at the interface of the 
Cu/Sn-9Zn-4In. The difference in mechanical hardness 
due to microstructural segregation allows the crack to 
initiates and propagates at the enlarged Zn-rich phase of 
Sn-9Zn-4In during loading. The Sn-9Zn-4In/Cu5Zn8 
interface possess inferior loading strength compared with 
the bulk solder alloy [35]. Thus, the fracture can easily take 
place at the interfacial region. The existence of few spots 
made of necked alloy revealed that the joint still retain 
small amount of ductility after the additions of In. Yet, the 
existence of multiple weak spots at bulk and interfacial 
regions obviously overcomes the small ductility offered.   

Dissimilar metal joints are prone to frequent failure due 
to the preferential dissolution at interface and presence of 
residual stress [36]. Dissimilar metal joints also constitute 
both materials and structural discontinuities in the 
transitional zone. This produces thermally induced stress 
as a result of incompatible thermal conductivity and 
expansion coefficients [37].  
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Figure 8: SEM micrographs of Cu/Sn-9Zn-4In/Cu butt joint (a) as-prepared, (b) after tensile strength measurement, (c) 
after immersion and (d) after tensile strength measurement for immersed joint.
 

Cooling rate and heat input play important role for 
transition zone [38]. Butt joining with excellent thermal 
conductivity materials such as Cu may increase the cooling 
rate of the joining as it helps to distribute heat from the 
joint during joining process. This causes accumulation of 
residue stress in the transition zone. Worse, co-presence of 
stress and corrosion attack possibly could trigger stress 
cracking corrosion on the joint [37]. 

The surface of the Sn-9Zn-4In solder alloy of the joint 
is covered by light-grey colored corrosion product, of 
which was comparatively the same with the corrosion 
product obtained for Sn-9Zn-4In without joining (Figure 
8c). The post-tensile morphological analysis of the Cu/Sn-
9Zn-4In/Cu butt joint after immersion in 6 M KOH 
revealed that the joint failed due to the formation of large 
crack elongated from the middle of the joint to the 
interfacial region (Figure 8d). The light grey-colored 
corrosion product on the surface of the joint was cracked 
at multiple spots in the middle of the joint under tensile 
loading. Additional loading causes these multiple cracks to 
propagate and forming larger crack. The existence of the 
groove is also assisting the crack propagation. Since Zn-
rich phase that is completely separated from the β-Sn 
matrix was removed during immersion, the grooves 
formed could serve as the weak spot for the crack 
initiation. Thus, this further reduces the mechanical 
integrity of the Cu/Sn-9Zn-4In/Cu butt joint. 

 
4. Conclusions 

The additions of In affect the corrosion properties of 
Sn-9Zn solder alloy differently in open circuit condition. 
At the addition of 1-4 wt. % In, the corrosion resistance of 
Sn-9Zn-xIn solder alloys were progressively improved,  

 

 
especially at the composition of Sn-9Zn-4In solder alloy 
contributed by the formation of better passivation layer 
made of SnO, SnO2 and ZnO. The Sn-9Zn-4In produces 
uniform and packed passivation layer that helps to prevent 
the solder alloy from further corrosion. The dominant 
presence of enlarged Zn-rich phase at the addition of 5-6 
wt. % In accelerates the preferential dissolution of Zn. 
Consequently, the corrosion resistance becomes inferior 
beyond the incorporation of 4 wt. % of In. However, the 
UTS of Cu/Sn-9Zn/Cu butt joint was decreased with the 
incorporation of 4 wt. % In attributed to microstructural 
segregation of eutectic cells in the as-prepared butt joint. 
Furthermore, since total protection against preferential 
dissolution of Zn is failed to be achieved at this 
compositions, further inferior UTS was obtained after 
immersion in 6 M KOH.  
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