
	  
Int. J. Electroactive Mater. 2 (2014) 8 – 16 

www.electroactmater.com	  
 
Review 
Corrosion of Sn-9Zn Solder Joints: A Review 
 
Muhammad Ghaddafy Affendy, Muhamad Zamri Yahaya, Ahmad Azmin Mohamad* 
 
School of Materials and Mineral Resources Engineering, Universiti Sains Malaysia, 14300, Nibong Tebal, Penang, Malaysia 
*E-mail: aam@usm.my 
 
ABSTRACT: Soldering in the electrical and electronics industries has been elevated to a different level that involves 
significant changes resulting from the introduction of lead-free solders, particularly the Sn-9Zn solder system. A Sn-9Zn 
solder has high potential in solder joint applications because of its similarity in melting temperature with lead-based solders 
and excellent mechanical properties. However, threats from atmospheric corrosion are among the issues on the reliability of 
Sn-9Zn solder joints. Corrosion reduces solder joint strength because of the formation of pits and corrosion products. Pits 
coalesce and form cracks, which function as fracture paths upon joint failure. Corrosion products are formed through 
chemical reactions between ions released from the Sn-9Zn solder and the corrosive medium, that is, seawater or alkaline 
solution. 
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1. Introduction 

In this progressive era of modern technology, a demand 
for innovative electrical and electronic devices is 
flourishing. These devices thrive on multi-tasking and 
excellent performances, which can be attributed to the 
interconnectivity of their components. Thus, the importance 
of solder joints in the electrical and electronics industries is 
undoubtedly higher than before. Soldering has evolved from 
its previous function of joining metal pieces with a fusible 
metal alloy to broader aspects and requirements in its 
applications [1]. Interconnection among components is 
critical, particularly in load transfer applications. Solder 
joints are still actively used in the electrical and electronics 
industries as mechanical, thermal, and electrical connections 
between components and printed circuit boards, or among 
chips, intermetallic compounds (IMCs), and substrates [2, 
3]. The entire operation of a soldering device depends on the 
efficiency of the connections formed in solder joints. This 
situation is crucial because new approaches in high-density 
chip connection technology, such as thru-silicon via 
technology, require excellent pitch interconnection [4]. 

The ban on lead (Pb)-based solders has led to numerous 
research on developing Pb-free solders; consequently, 69 
solder alloys, which mostly has tin (Sn) as the primary 
constituent, have been identified as potential replacements 
[1]. The tin-zinc (Sn-Zn) solder system exhibits high 
potential to replace Pb-based solders because it has a melting 
temperature similar to that of the latter and excellent 
mechanical properties [5]. Comprehensive studies on and 
actual industry applications of Sn-Zn solders further exhibit 
the potential of these systems [6]. Increased demands on 
portable electronic devices such as tablets, smartphones, and 
gaming consoles have resulted in the continuous 

miniaturization of solder joints [7]. Pitch size is expected to 
decrease below 20 µm by the year 2016 according to the 
International Technology Roadmap of Semiconductor [4]. 
The miniaturization of devices can be advantageous to 
consumers. However, it may lead to failure of the devices, 
such as atmospheric corrosion, which is evident on seawater 
platforms (e.g., by the beach) and in environments with high 
humidity. Damages occur in solder joints when they react 
chemically with oxygen and water in the atmosphere. When 
other contaminants and industrial pollutants are added as 
factors, the effects of corrosion on solder joints become 
increasingly severe.  

The effects of corrosion on Sn-9Zn solder joints in terms 
of mechanical properties, phases, and microstructural 
characterizations are the focus of this current review. Solder 
joint preparation and IMC formation in Sn-9Zn solders are 
also discussed. Prior to solder application, the basic 
properties of Sn-9Zn solders are summarized to review Sn-
9Zn solders as promising replacements to conventional Sn-
Pb solders.  
 
2. Properties of Sn-9Zn solders 

The immediate ban on Pb-based solders in consumer 
electronics has urged researchers to extensively explore 
replacements for this type of solder. Elements such as silver 
(Ag), copper (Cu), indium (In), bismuth (Bi), and zinc (Zn) 
have been integrated with Sn to achieve solder systems with 
characteristics similar to those of Sn-Pb solders. Binary, 
tertiary, and quaternary solder alloys are the results of such 
integrations [1]. 

The Sn-Zn system, particularly Sn-9Zn solders, has 
thermal properties that are significantly similar to those of 
Sn-Pb solders. Sn-9Zn solders possess a eutectic temperature 



advantageous than using Sn–9Zn. On the other hand, the micro-
structures, solidification thermal parameters and mechanical prop-
erties of hypoeutectic Sn–4 wt.% Zn alloy, hypereutectic Sn–
12 wt.% Zn alloy and eutectic Sn–9 wt.% Zn alloy are examined by
Garcia et al. [14]. It was found that the microstructure of the eutec-
tic Sn–9 wt.% Zn alloy has induced higher mechanical strength than
those of the Sn–4 wt.% Zn and Sn–12 wt.% Zn alloys due to the for-
mation of a globular Zn-rich phase in the former. Creep behavior of
the hypoeutectic Sn–Zn alloys containing 2.5–6.5 wt.% Zn was
studied by Mahmudi et al. [15] and compared with that of eutectic
Sn–9Zn alloy. They found that the creep resistance of Sn–6.5Zn was
only slightly lower than that of the eutectic alloy, while the other
two alloys showed much lower creep resistances. Although the
metallurgical and micromechanical aspects of the factors control-
ling microstructure, unsoundness, strength and ductility of Sn–
9Zn solder alloys are complex, minor alloying additions and/or
reducing the amount of Zn phase have been considered as an
important strategy to improve the integrity and reliability of Sn–
9Zn solder [2,16,17]. These issues have to be resolved to increase
the practical applications of this solder alloy. The aim of this pres-
ent paper is to investigate the main features of hypoeutectic Sn–
6.5 wt.% Zn alloy, with a view to utilize as alternative solder mate-
rials. The effect of Ni and Sb additions on the resulting microstruc-
tures, solidification thermal parameters and creep properties of
Sn–6.5 wt.% Zn alloy are also examined.

2. Experimental procedures

Three different types of lead-free solder alloys were examined.
Their compositions were Sn–6.5 wt.% Zn, Sn–6.5 wt.% Zn–0.5 wt.%
Ni and Sn–6.5 wt.% Zn–0.5 wt.% Sb, respectively. The lead-free sol-
ders were prepared from Sn, Zn, Ni and Sb (purity 99.99%) in vac-
uum furnace under 400 !C for 100 min. Chemical compositions of
the solders are listed in Table 1. The melt was poured in steel mold
to prepare the chill cast ingot with a diameter of approxi-
mately10 mm. A cooling rate of 6–8 !C/s was achieved, so as to cre-
ate the fine microstructure typically found in small solder joints in
microelectronic packages. The microstructure was examined by
scanning electron microscopy (SEM) JSM-5410, Japan. A solution
of 2% HCl, 3% HNO3 and 95% (vol.%) Ethyl alcohol was used to etch
the samples. Phase identification was based on two complimentary

techniques, namely X-ray diffraction (XRD) and Energy Dispersive
X-ray Spectrometry (EDS). For XRD, we used a Philips diffractome-
ter with monochromatic Cu Ka radiation and individual phases
and their crystal structures were identified by matching the char-
acteristic XRD peaks against JCPDS data. The X-ray diffractograms
were recorded from bulk specimens and thus texture effects were
likely. Because of different approaches in the specimen design, test
setups and experimental methodology are necessary to investigate
solder tensile behavior at different volumes. In the present work,
the homogenized cast ingots were then mechanically machined
into a wire samples with a gauge length marked 4 ! 10"2 m for
each samples and 2.5 mm diameter. Details are described in [18].
Before testing, the specimen was annealed at 120 !C for 60 min
to reduce the residual stress induced in the sample preparation.
Subsequently, tensile creep tests are conducted on a 3360 univer-
sal material testing system, and GWT 504 high temperature testing
system respectively. The tensile creep tests were conducted at
temperature range of 25–110 !C, and different constant loads (with
load cell capacity meet or exceed ASTM: E4-10. The stress depen-
dence of the creep rate _e at a single temperature was usually ob-
tained from three tests. The axial strain is measured in
accordance with the ASTM E83-10a. Then, the mechanical proper-
ties were obtained by averaging testing data. The temperature var-
iation inside the high temperature furnace is maintained within
1.5 !C. The loading process is controlled and the experimental data
are recorded by computer system.

3. Results and discussion

3.1. Microstructure of solder alloys

Fig. 2a–c shows the microstructure of as-solidified solder alloys.
In Fig. 2a, the hypoeutectic Sn–6.5Zn alloy consists of two phases,
namely; the gray b-Sn and dark needle-like Zn-rich phases, as con-
firmed by EDS and XRD analysis shown in Figs. 2d and 3a, respec-
tively. Since Zn is soluble in nitric acid, it is seen in Fig. 2a that Zn
was etched so that the Zn-rich areas will form dark grooves, where
originally occupied by Zn rich phase. Wei et al. [2] also reported
that the coarser needle-like a-Zn rich phases might be formed dur-
ing solidification of solder alloy because of the accumulation of
small Zn rich phase. However, the coarse needle-like a-Zn rich
phases in the eutectic area of Sn–6.5Zn solder joints are mostly
inevitable. They are detrimental to mechanical reliability of the
joints. It is predicted that coarser needle-like a-Zn phases could
act as obstacles for dislocation motion during plastic deformation,
which might provide more accumulation of dislocation pile-up
near the region of a-Zn phase, leading to the formation of voids.
These voids can act as sites for nucleation of cracks and initiate
crack propagation [19].

With the addition of 0.5 wt.% Ni to the Sn–6.5Zn alloy, the vol-
ume fraction of eutectic area is somewhat increases and size of the
needle-like phase decreases with small spacing. As shown in
Fig. 2b, a uniform and fine structure is obtained. Although Sn and
Zn cannot react according to the Sn–Zn binary phase diagram, it
is possible for Ni to form compounds with Zn or Sn. Since Zn has
high chemical affinity to the added elements, formation of stable
(Ni,Zn)3Sn4 IMC could occur [20]. XRD analysis confirmed the reac-
tion between Ni, Zn and Sn to form (Ni,Zn)3Sn4 IMC. The high mag-
nification SEM image of the tree-like shaped IMC is shown in Fig. 4.
Using EDX analysis, the percentage of Ni found here was about
19 wt.% and the new phase was identified as (Ni,Zn)3Sn4. A possible
explanation here for the finer Zn-rich acicular shaped is that both
the high melting of Ni–Zn compounds and the Ni element may
act as the heterogeneous nucleation sites for the a-Zn phase. An-
other important thing is that the a-Zn phase is depleted from the
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Fig. 1. Sn–Zn phase diagram.

Table 1
Chemical composition of the solders studied (wt.%).

Alloy Zn Ni Sb Sn

Sn–6.5Zn 6.5 – – Bal.
Sn–6.5Zn–0.5Ni 6.5 0.5 – Bal.
Sn–6.5Zn–0.5Sb 6.5 – 0.5 Bal.

A.A. El-Daly et al. / Materials and Design 52 (2013) 966–973 967

of 198.5 °C, which is close to that of eutectic Sn-Pb solders 
at 183 °C (Fig. 1) [8-10]. Efforts have been exerted to 
incorporate tertiary elements into the Sn-9Zn system to 
impart superior soldering properties [9, 11-13]. Das et al. 
[13] reported that melting temperature varies slightly by 
approximately ±3 °C from the eutectic temperature when 
small amounts of aluminum (Al) and Cu are added to Sn-
9Zn solders. A similar report reiterated that adding Cu does 
not significantly change the melting point of Sn-9Zn solders 
[11]. By attaining a similar melting temperature, the 
transition from Sn-Pb to Sn-9Zn soldering applications is 
achieved without major alterations. 

 

 

 

 

 

Fig. 1: Phase diagram of the Sn-Zn system. Reprinted with 
permission [14]. Copyright 2013, Elsevier 

 
 X-ray diffraction (XRD) is a common characterization 
tool used to determine phase of Sn-9Zn solders. The XRD 
patterns of Sn peaks are more prevalent than those of Zn 
peaks (Fig. 2). The large amount of Sn used to produce 
solder alloys is nine times the amount of Zn, which 
corresponds to the differences in peak intensities between 
the two elements. Furthermore, Sn-Zn is a non-interacting 
system, thus, no formation of new phases has been reported 
[15, 16].  
 

 
Fig. 2: XRD patterns of (a) pure Sn, (b) pure Zn, and (c) an 
Sn-9Zn solder [16] 

The distribution of Zn in Sn-9Zn solders is important to 
understand the morphology of this binary solder. Two 
significant regions can be typically observed in Sn-9Zn 
alloy, namely, the β-Sn matrix and the Zn-rich phase (Fig. 
3a). The β-Sn matrix is seen in bright gray regions and is 
primarily solidified, whereas the Zn-rich phase appears as 
dark grooves and is dispersed throughout the β-Sn matrix [9, 
12, 16-18]. The Zn-rich phase is homogeneously scattered in 
the β-Sn matrix because of the low solubility of Zn in Sn. 
Furthermore, a needle-like microstructure is obviously 
exhibited in Sn-9Zn solders. Throughout the solder surface, 
Zn-rich phases are dispersed and arranged close to one 
another, with open spaces of β-Sn matrices in between them.  

 

 

Fig. 3: (a) Actual and (b) schematic surface microstructures 
of the Sn-9Zn solder [16] 
 
3.  Solder joints 

Major concerns on the integrity of solder interconnection 
include strength and failure mechanisms at solder/substrate 
interfaces during various applications. Thus, mechanical 
strength is an important factor to consider when assessing 
the performance of solders because this factor provides an 
understanding of the metallurgical bonding and reliability of 
solder joints.  

These evaluations are conducted at large on specially 
made experimental joints, which can provide reliable results 
regarding mechanical strength. The fracture surfaces of 
testing joints are well-maintained and can reflect failure 
mechanisms. Evaluations on the mechanical strength of 
solder joints are more prominent than other reliability 
studies because stress distributions in all interface layers are 
the same. These evaluations can be used to reveal and 
predict the weakest layer or interface of a solder interface. 
 
3.1 Types and preparations of solder joints 

Solder joints vary in configurations according to 
specifications and requirements needed by respective 
researchers. Common joint types and applications are butt 
joints with dimensions of 50.0 mm × 1.0 mm × 5.0 mm [6, 
19], lap joints with dimensions of 50.0 mm × 1.0 mm × 5.0 
mm [20, 21], and Al-stud joints with diameters of 2.7 mm 
(Fig. 4) [22, 23]. ASTM E8-01 (the Standard Test Methods 
for Tension Testing of Metallic Materials) can be used as a 
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Fig. 2: XRD patterns of (a) pure Sn, (b) pure Zn, and (c) Sn-9Zn solder [16] 

 

Distribution of Zn in the Sn-9Zn solder is important in understanding the morphology of 

this binary solder. For the Sn-9Zn alloy, normally two significant regions can be observed, 

namely the β-Sn matrix and the Zn-rich phase (Fig. 3a). The β-Sn matrix is seen in bright grey 

regions and is primarily solidified whereas the Zn-rich phases appeared as dark grooves, 

dispersed throughout the β-Sn matrix [9, 12, 16-18]. The Zn-rich phases are homogeneously 

scattered in the β-Sn matrix as a result of the low solubility properties of Zn in Sn. Furthermore, 

in the Sn-9Zn solder, needle-like microstructure is obviously exhibited. The Zn-rich phases are 

dispersed and arranged close to one another, with open spaces of β-Sn matrix in between 

throughout the solder surface.  
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Fig. 3: Sn-9Zn solder (a) actual and (b) schematic surface microstructure [16] 
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3.0 Solder Joints 

 Major concerns for the integrity of the solder interconnection is on the strength and 

failure mechanisms at the solder/substrate interfaces during various applications. Thus, 

mechanical strength is an important factor when assessing the performance of solders since this 

provides an understanding into the metallurgical bonding and reliability of the solder joints.  

 These evaluations are conducted on large, specially made experimental joints which 

could give reliable results regarding the mechanical strength. The fracture surfaces of the testing 

are well-maintained and can reflect the mechanisms of the failure. Evaluations of mechanical 

strength on solder joints are more prominent than other reliability studies as the stress 
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Fig. 4: Schematic diagram of different types of solder joints for mechanical strength evaluations; 

(a) Butt, (b) Lap, and (c) Al-stud joints 

  

Tensile strength evaluations are the most common to be performed by researchers to 

investigate the corrosion and the reliability of Sn-9Zn lead-free solder. Nazeri et al. [6] studies 

the tensile strength and fracture behavior of butt joints for pre- and post-immersion in 6 M KOH. 

Two Cu plates (50.0 mm x 1.0 mm x 5.0 mm) and a Sn-9Zn solder were used to form the Cu/Sn-

9Zn/Cu butt joint (Fig. 5). The soldering process was performed on a hotplate at 250 °C for 10 s 

with assistance of a ZnCl-based flux. 

 

 

 

 

 

Fig. 5: Schematic diagram for solder butt joint preparation 
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The lap joint configuration is also favored due to the evaluations on the shear strength of 

the solder joints which is significant in studying the Sn-9Zn properties. The joints are formed by 

Fig. 5: Schematic of solder butt joint preparation 
	  

reference for preparation and testing processes depending on 
the type of samples and targeted applications. 
 

 
 
Fig. 4: Schematic of different types of solder joints for 
mechanical strength evaluations: (a) butt, (b) lap, and (c) Al-
stud joints 

 
Tensile strength evaluations are most commonly 

performed by researchers to investigate corrosion and 
reliability of Sn-9Zn Pb-free solders. Nazeri et al. [6] studied 
the tensile strength and fracture behavior of butt joints 
during pre- and post-immersion in 6 M KOH. Two Cu plates 
(50.0 mm × 1.0 mm × 5.0 mm) and a Sn-9Zn solder were 
used to form the Cu/Sn-9Zn/Cu butt joint (Fig. 5). The 
soldering process was performed on a hot plate at 250 °C for 
10 s with the aid of a ZnCl-based flux. 

 
Lap joint configuration is favored because of evaluations 

on the shear strength of solder joints, which is significant in 
studying Sn-9Zn properties. Lap joints are formed by fusing 
the surface of substrates with solder alloy through reflowing. 
Preparation is carried out by aligning a Sn-9Zn solder 
between two Cu pads (50.0 mm × 1.0 mm × 5.0 mm) before 
the remelting and solidification processes (Fig. 6) [24]. The 
study conducted by Affendy and Mohamad [20, 21], further 
explained this preparation process.  

 

 

Fig. 6: Schematic of solder lap joint preparation 
 

3.2 Inter metallic compounds of Sn-9Zn solder joints 
IMCs are the most significant compounds formed at the 

interface between the solder and the substrate. IMCs are 
formed from the diffusion of elements between the solder 
and the substrate during soldering. IMCs offer high 
interfacial adhesion strength and excellent solder joint 
reliability [2, 25].  

IMC formation can be visually described by first aligning 
the solder and the substrates into their fixed orientation (Fig. 
7a). Subsequently, during soldering, Cu and Zn atoms 
diffuse to regions with a low concentration within the 
interface. This diffusion allows the formation of the Cu5Zn8 
layer, which is the initial IMC (Fig. 7b). As the soldering 
process continues, the high diffusivity of Cu leads to the 
formation of the Cu6Sn5 layer, which is the second IMC 
layer close to the Sn-9Zn solder (Fig. 7c). IMCs that consist 
of γ-Cu5Zn8 and η-Cu6Sn5 are also common compounds 
formed during the soldering process [26, 27].  
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distribution in all interface layers is the same. These evaluations can be used to reveal and 

predict the weakest layer or interface of the solder interface. 

 

3.1  Types and Preparations of Solder Joints 

 Solder joints vary in configurations according to the specifications and requirements 

needed by the respective researchers. Common joints types and application are the butt joints 

with dimensions of  50.0 mm x 1.0 mm x 5.0  mm  [6, 19], lap joints with dimensions of 50.0 

mm x 1.0  mm x 5.0 mm  [20, 21], and Al-stud joints with diameters of 2.7 mm (Fig. 4) [22, 23]. 

The ASTM E8-01 (Standard Test Methods for Tension Testing of Metallic Materials) can be 

referred regarding preparation and testing whereas depending on the type of samples and the 

targeted applications. 
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joining the surface of substrates with the solder alloy through reflowing. The lap joint can be 

prepared by aligning the Sn-9Zn solder in between two Cu pads (50.0mm x 1.0mm x 5.0mm)  

before the remelting and solidification process (Fig. 6) [24]. This particular preparation can be 

further explained from the study done by Affendy and Mohamad [20, 21].  
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Fig. 7: Schematic diagram of intermetallic compound formation during soldering for lap joint; 

(a) Sn-9Zn and Cu attached (b) formation of Cu5Zn8 and (c) formation of Cu6Sn5 

 

3.3  Mechanical Strength Studies of Sn-9Zn Solder Joints 

 The stress-strain curves represent the solder joint strength, defined by the maximum 

stress withstood by the samples. The Sn-9Zn solder joint has the highest strength in the range of 

45-50 MPa [6, 13], followed by Sn-Pb in the range of 24-40 MPa [19, 30] and Sn-Ag-Cu solder 
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The enhancement of solder joint strength is attributed to 
high ή-Cu6Sn5 amount at Sn-9Zn/Cu interfaces. As stated by 
Dyson et al. [28], Cu has been proposed to diffuse 
interstitially in solders, thus causing Sn unit cell deformation 
and paving the way for phase transformation of hexagonal η-
Cu6Sn5 into monoclinic ή-Cu6Sn5. Kirkendall voids may 
form at solder interfaces because of differences in diffusivity 
of Cu and Sn, which are favorable with respect to high 
reflowing temperature and long contact time [29]. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Schematic of IMC formation during soldering for lap 
joint: (a) attachment of Sn-9Zn and Cu, (b) formation of 
Cu5Zn8, and (c) formation of Cu6Sn5 

 
3.3 Mechanical strength studies on Sn-9Zn solder joints 

Stress–strain curves represent solders joint strength, 
which is defined by the maximum stress withstood by the 
samples. The Sn-9Zn solder joint has the highest strength 
ranging from 45 MPa to 50 MPa [6, 13], followed by that of 
the Sn-Pb solder joint, which ranges from 24 MPa to 40 
MPa [19, 30], and then that of the Sn-Ag-Cu solder joint, 
which ranges from 20 MPa to 45 MPa (Fig. 8) [31]. High 
strength values allow solder joints to endure large loads 
during application without failing.  
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8: Stress–strain curves of (a) Sn-Pb, (b) Sn-Ag-Cu, and 
(c) Sn-9Zn bulk solders after evaluating solder strength 

The high strength recorded by Sn-9Zn is attributed to 
solid-solution strengthening, wherein Zn atoms (impurities) 
substitute Sn atoms (host) to exert tensile strain on the 
surrounding crystal lattice. Corresponding to Zn substitution, 
dislocation movements are restricted between Sn planes, 
thus triggering the need for high applied stress to enable 
deformation to proceed. Thus, improving the strength of Sn-
9Zn solders is achievable. The strain values of these joints 
exhibit different results. Sn-9Zn solder joints present the 
lowest strain values compared with Sn-Ag-Cu and Sn-Pb 
solder joints. This result signifies that the Sn-9Zn solder fails 
because of its brittleness given that the solder joint fails 
abruptly, whereas prolonged deformation, which yields large 
strain values, represents ductile failure in the solder joint. 
 
4.0 Assembly for corrosion joint studies 

Atmospheric corrosion causes deficiency in solder joint 
performance in electronic devices. Corrosion studies and 
knowledge are undoubtedly significant for the newly 
developed Pb-free solders, particularly the Sn-9Zn solder. 
Investigations on the corrosion effects of the Pb-free solders 
with respect to mechanical properties have drawn major 
interest among researchers, particularly toward the 
promising Sn-9Zn solder alloy. 

Electrochemical polarization measurement is a common 
method used in corrosion studies of Pb-free solders. Li et al. 
[22] conducted polarization measurements by using a three-
electrode configuration setup. A potentiostat connected to 
the electrodes was used to determine the over potential of 
the solder sample, whereas 3.5 wt.% NaCl solution was used 
as solution. Electrodes consisting of Sn-9Zn-1.5Ag and Sn-
9Zn-1.5Ag-2Bi solders functioned as working electrodes, 
and a platinum (Pt) counter electrode and a saturated 
calomel electrode were used as references. The Hg/HgO 
reference electrode is preferable for corrosion studies on 
Cu/Sn-9Zn/Cu butt joints in alkaline solutions, such as KOH 
solution [6]. 

Corrosion studies via the immersion method are a direct 
approach that can be conducted with polarization to further 
understand the corrosion behaviors of the solders. Solder 
joints are immersed completely into a selected solution, as 
similarly performed by Affendy and Mohamad [20, 21]. 
Cu/Sn-9Zn/Cu lap joints are left immersed in 3.5 wt.% NaCl 
solution for different periods. The experimental setup 
includes a polyethylene flask covered with a fabric mesh for 
oxygen ventilation and to prevent impurities. 
 
5.0 Effects of corrosion on Sn-9Zn solder joints 

The effects of corrosion on Sn-9Zn solder joints can be 
evaluated from the mechanical strength and failure analysis 
of joints. Characterization methods through phase 
determination and microstructural analysis of corroded Sn-
9Zn solder joints are relevant for further observations. 
Various studies on the effects of corrosion on Sn-9Zn solder 
joints are relevant prior to solder application as replacement 
to Pb solders (Table 1). 
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(c) 

pit-filled presence. This would lead to a lack of ductility and the main cause for the UTS 

reduction of the solder joint [6]. 

A notable observation among the stress-strain curves is the reduction of the flow 

hardening region (Fig. 9). The flow hardening region prior to immersion is the largest, as the lap 

joint experienced ductile failure of the Sn-9Zn solder (Fig. 9a). This allows the Sn-9Zn solder to 

deform gradually thus producing large strain values. Pits formed through corrosion activites 

contributed to the disappearance of flow hardening region after immersion (Fig. 9b and Fig. 9c). 

The Sn-9Zn solder is severly weakened by the pits formation, causing the lap joint to endure a 

brittle failure upon high shear stress applications.  

 

 

 

 

 

 

 

 

 

 

- = not available 
 
5.1 Effects on mechanical strength 

Corrosion effects on the mechanical strength of solder 
joints can be explained by evaluating the adhesion strength 
of Sn-9Zn-1.5Ag/Cu and Sn-9Zn-1.5Ag-2Bi/Cu joints in 3.5 
wt.% NaCl solution [22]. Both Sn-9Zn-1.5Ag/Cu and Sn-
9Zn-1.5Ag-2Bi/Cu joints experience reductions in interfacial 
adhesion strength from 8.27 ± 0.56 MPa to 4.78 ± 0.45 MPa 
and from 12.67 ± 0.45 MPa to 8.14 ± 0.38 MPa, 
respectively, after polarization. The ultimate shear strength 
(USS) of Cu/Sn-9Zn/Cu lap joint decreased from 128.50 
MPa to 70.97 MPa after immersion for 28 days [20, 21]. A 
reduction in tensile strength has also been reported in the 
corrosion study of Cu/Sn-9Zn/Cu butt joints in 6 M KOH 
solution [6]. The ultimate tensile strength (UTS) of the butt 
joints was reduced from 45 MPa to 35 MPa after immersion 
in KOH solution. 

The mechanical strength of the solder joints that are 
subjected to immersion is significantly different because of 
the reduction in joint surface area between the solder and the 
substrate. Corrosion favors surface area reduction because 
this process forms pits and corrosion products. The pits 
formed in the solder alloy cause stress concentration, which 
lowers the strength of the matrix because of plastic 
inhomogeneity. This phenomenon is also attributed to the 
decrease in shear strength experienced by Cu/Sn-9Zn/Cu lap 
joints immersed in 3.5 wt.% NaCl solution [20, 21]. The 
formation of pits alters the surface of the Sn-9Zn solder from 
being pristine to being uneven and pit-filled. This situation 
leads to lack of ductility, which is the main cause of UTS 
reduction in solder joints [6]. 

 

 

 
 

A notable observation among the stress–strain curves is 
the reduction in the flow hardening region (Fig. 9). The flow 
hardening region prior to immersion is the largest because 
the lap joint experiences ductile failure of the Sn-9Zn solder 
(Fig. 9a). This phenomenon allows the Sn-9Zn solder to 
deform gradually, thus producing large strain values. Pits 
formed through corrosion activities contribute to the 
disappearance of the flow hardening region after immersion 
(Figs. 9b and 9c). The Sn-9Zn solder is severely weakened 
by the formation of the pits, thus causing the lap joint to 
experience brittle failure upon high shear stress application.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9: Shear stress–strain graph of Cu/Sn-9Zn/Cu lap joints: 
(a) before, (b) after 7 days, and (c) after 28 days of 
immersion in 3.5 wt.% NaCl solution [16] 
 

Alloy Joint type 
/substrate 

Corrosive medium, 
NaCl (wt.%) Strength type Strength value 

before/after (MPa) Corrosion products Ref. 

Sn-9Zn-
1.5Ag 

Dipping/ 
Cu 3.5 Adhesion 8.27/4.78 Pits 

SnCl2, ZnCl2, ZnO [22] 

Sn-9Zn-
1.5Ag-2Bi 

Dipping/ 
Cu 3.5 Adhesion 12.67/8.14 Pits 

SnCl2, ZnCl2, ZnO [22] 

Sn-9Zn Bulk solder 3.0 - - 
ZnO 
Zn(OH)8Cl2H2O 
Platelet-shaped 

[32] 

Sn-9Zn-3Bi Bulk solder 3.0 - - 
ZnO 
Zn(OH)8Cl2H2O 
Acicular 

[32] 

Sn-9Zn-
1.5Ag-0.5Bi Bulk solder 3.0 - - 

ZnO 
Zn(OH)8Cl2H2O 
Granular 

[32] 

Sn-9Zn Bulk solder 3.5 - - 
SnO and ZnO 
Zn(OH)8Cl2H2O 
Needlelike, sheetlike 

[33] 

Sn-9Zn Butt/Cu 3.5 - - 
SnCl2 
Sn4(OH)6Cl2 
Uncompact 

[33] 

Table 1: Studies on the effects of corrosion on Sn-9Zn solder joints or bulk solders 
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Cu 

Sn-9Zn 
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distribution is in a randomly manner, without proper orientation or arrangement (Fig. 10a). The 

dimples produced in the microstructure are shallower and larger in size. The morphology fit the 

description of a brittle failure experienced by the lap joint. The Sn-9Zn solder layer remains 

attached to the Cu substrate whereas the Sn-9Zn solder is transformed into a rough and flaky 

microstructure (Fig. 10b). Dark pits in the IMC layer exhibits a loose, uncompact, and porous 

solder interface [33]. 

 

 

 

 

 

 

 

 

!

Fig. 10: Fracture micrographs of Cu/Sn-9Zn/Cu lap joint at (a) surface and (b) cross-section after 

immersion for 28 days in 3.5 wt. % NaCl solution [16] 

!

The sequence of the fracture path growth indicates the formation of pits throughout the 

surface of the Sn-9Zn solder as a result from the dissolution of Sn-rich phase (Fig. 11) [36]. Pits 

5.2 Effects on failure analysis 
The failure mechanism of solder joints can be further 

explained by observingfracture morphology. Li et al. [22] 
studied failure analyses for Sn-9Zn-1.5Ag/Cu and Sn-9Zn-
1.5Ag-2Bi/Cu joints and obtained different fracture paths for 
the two solders. The fracture occurred along the Cu6Sn5 and 
Cu5Zn8 interfaces for the Sn-9Zn-1.5Ag solder, and along 
the solder alloy/ZnO and solder alloy/Cu6Sn5 interfaces for 
the Sn-9Zn-1.5Ag-2Bi solder. The fracture paths caused by 
corrosion do not correlate with the results of Yu et al. [34] 
and Chang et al. [35]. The failure reported in the present 
study resulted from the stress concentration caused by 
plastic inhomogeneity between the substrate and the solder 
alloy.  

Along with interfacial failure, cracks across the Sn-9Zn 
solder may function as fracture paths for the post-tensile 
analysis of Cu/Sn-9Zn/Cu butt joints after electrochemical 
polarization in KOH solution [6]. The origin of fracture 
paths is attributed to the formation of small cracks that 
results from the generation of corrosion products. These 
cracks link with one another and propagate to form large 
cracks, thus weakening the butt joint.  

The fracture micrographs for Cu/Sn-9Zn/Cu lap joints in 
surface and cross-sectional views after 28 days of immersion 
in 3.5 wt.% NaCl solution indicate deformation across the 
surface, which does not concur with shear directions (Fig. 
10) [16]. The lap joint surface is rough and surrounded by 
pits (dark regions) and corrosion products (gray regions). 
Pits are randomly distributed without proper orientation or 
arrangement (Fig. 10a). The dimples produced in the 
microstructure are shallowand large. The morphology fits 
the description of a brittle failure experienced by a lap joint. 
The Sn-9Zn solder layer remains attached to the Cu 
substrate, whereas the Sn-9Zn solder is transformed to have 
a rough and flaky microstructure (Fig. 10b). The dark pits in 
the IMC layer exhibit a loose, uncompact, and porous solder 
interface [33]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10: Fracture micrographs of the Cu/Sn-9Zn/Cu lap joint 
at (a) the surface and (b) in cross section after immersion for 
28 days in 3.5 wt.% NaCl solution [16] 

The sequence of fracture path development indicates the 
formation of pits throughout the surface of the Sn-9Zn solder 
as a result of the dissolution of the Sn-rich phase (Fig. 11) 
[36]. Pits function as stress concentration points, which 
disrupt the distribution of load applied on the lap joint [37]. 
Pit formations function as nucleatic sites for crack initiation; 
they subsequently enlarge and coalesce to form small cracks 
[38]. The fracture formed by the rapid propagation of cracks 
continues until the lap joint splits apart. A long immersion 
time allows further dissolution of the Sn-rich phase, which 
consequently results in large and deep pits on the surface. 
Increments in pit depths accelerate crack initiation and 
propagation processes, thus weakening the solder region and 
decreasing the USS of lap joints. 

 

 

Fig. 11: Sequence of fracture path formation through (a) 
crack nucleation, (b) crack enlargement, and (c) crack 
coalescence and propagation 
 
5.3 Effects on phase determination analysis 

Determining the phase of the products of corrosion is a 
common practice in characterizing corrosion. 
Electrochemically polarized Sn-9Zn-1.5Ag solder joints in 
3.5 wt.% NaCl solution produces tin (II) chloride (SnCl2), 
zinc chloride (ZnCl2), and zinc oxide (ZnO) as corrosion 
products [22]. Ag3Sn and Cu6Sn5 are IMCs formed in the 
solder joint and are nobler than the Sn matrix. Thus, Sn 
functions as the anode, which later reacts with Cl- to form 
SnCl2. The formation of ZnCl2 is attributed to corrosion that 
occurs in the Sn-9Zn solder [39]. In a Zn2+/H2O system, the 
third corrosion product formed is ZnO, which is the most 
stable by-product [40]. Sn and ZnO are the dominant 
corrosion products formed from Cu/Sn-9Zn/Cu butt joints 
through an alkaline media, such as KOH solution [5, 6]. 

Corrosion products can be determined from the XRD 
patterns of Cu/Sn-9Zn/Cu lap joints (Fig. 12). The XRD 
pattern of the Cu/Sn-9Zn/Cu lap joint before immersion 
indicates several Sn and Zn peaks as main constituents, 
which correspond to its pure forms [16]. Corresponding to 
the immersion process, additional phases are found to be 
present in the XRD patterns of the Cu/Sn-9Zn/Cu lap joint, 
namely, SnCl2 and zinc hydroxide chloride 
[Zn5(OH)8Cl2.H2O]. The presence of these phases in XRD 
analysis is mainly attributed to corrosion reactions and 
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act as stress concentration points, disrupting the distribution of load applied on the lap joint [37]. 

Pits formation serve as the nucleatic sites for crack initiation, subsequently enlarged, and 

coalesced together to form miniature cracks [38]. The fracture ensued by the rapid propagation 

of crack continue until the lap joint splits apart. Longer immersion time allowed further Sn-rich 

phase dissolution, in return producing larger and deeper pits on the surface. Increment in the pits 

depth accelerates the crack initiation and propagation process thus weakening the solder region 

and decreasing the USS of the lap joints. 

 

 

 

Fig. 11: Sequence of fracture path formation (a) crack nucleation, (b) crack enlargement, and (c) 

crack coalescence and propagation 

!

5.3  Effects on Phase Determination Analysis 
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difference between both Sn-9Zn-1.5Ag/Cu and Sn-9Zn-1.5Ag-2Bi/Cu joints are the size of pits 

produced, where the Sn-9Zn-1.5Ag-2Bi/Cu joints produced smaller pits compared to Sn-9Zn-

1.5Ag solder joint. Through the microstructure analysis, it can be seen that the Sn-9Zn solder is 

sensitive towards pitting corrosion [41]. 

Prominent microstructural changes can be seen from the Cu/Sn-9Zn/Cu lap joint after 

immersion for 28 days (Fig. 13a). Pits are formed on the Sn-9Zn layer, signified by the dark 

regions. The surface region of the solder totally altered from a smooth to a rough structure with 

cracks incorporation (Fig. 13b). 

 

 

 

 

 

 

 

Fig. 13: Surface micrographs of Cu/Sn-9Zn/Cu lap joint (a) before and (b) after immersion in 3.5 

wt. % NaCl solution after 28 days [16] 

Corrosion will delve in deeper from the surface into the core of solder with a 

considerable amount of immersion period. The micrograph for the control sample indicate no 

corrosion activity as the solder surface is smooth and contains no microstructural changes (Fig. 

activities during the immersion of Cu/Sn-9Zn/Cu lap joints 
in 3.5 wt.% NaCl solution. 

 

 

Fig. 12: XRD patterns of the Cu/Sn-9Zn/Cu lap joint (a) 
before and (b) 28 days after immersion in 3.5 wt.% NaCl 
solution [16] 
 
5.4 Effects on microstructure analysis 

The corrosion products of SnCl2, ZnCl2, and ZnO are 
determined through the microstructure analysis of Sn-9Zn-
1.5Ag solder joints with pit formations caused by the 
dissolution of Cu5Zn8 [22]. The significant difference 
between Sn-9Zn-1.5Ag/Cu and Sn-9Zn-1.5Ag-2Bi/Cu joints 
is the size of produced pits, that is, Sn-9Zn-1.5Ag-2Bi/Cu 
joints produce smaller pits compared with Sn-9Zn-1.5Ag 
joints. Through microstructure analysis, the Sn-9Zn solder is 
found to be sensitive to pitting corrosion [41]. 

Prominent microstructural changes can be observed from 
the Cu/Sn-9Zn/Cu lap joint after immersion for 28 days 
(Fig. 13a). Pits are formed on the Sn-9Zn layer, which are 
denoted by dark regions. The surface region of the solder is 
completely transformed from being smooth to having a 
rough structure with cracks (Fig. 13b). 

 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 13: Surface micrographs of the Cu/Sn-9Zn/Cu lap joint 
(a) before and (b) after immersion in 3.5 wt.% NaCl solution 
for 28 days [16] 

Corrosion will spread from the surface and deep into the 
core of solders with a considerable immersion period. The 
micrograph for the control sample indicates no corrosion 
activity given that the solder surface is smooth and exhibits 
no microstructural change (Fig. 14a). Immersion in NaCl 
solution for 28 days has resulted in the formation of pits that 
penetrate deeply into the Sn-9Zn solder as a result of the 
increase in Cl- concentration (Fig. 14b). Corrosion products 
detach themselves from the Sn-9Zn surface and leaving 
large pits that expose the Sn-9Zn/Cu interfaces. The exposed 
Sn-9Zn/Cu interfaces, along with the deep pits produced, 
weaken lap joints, thus explaining the decrease in solder 
shear strength. 

 

 

Fig. 14: Cross-sectional micrographs of Cu/Sn-9Zn/Cu lap 
joints (a) before and (b) after 28 days of immersion in 3.5 
wt.% NaCl solution [16] 

 
Changes in the microstructure of lap joints are prominent 

because of the influence of the galvanic corrosion 
mechanism during immersion in NaCl solution (Fig. 15). 
The presence of pits in the micrograph is attributed to the 
active dissolution of Sn in the presence of halide ions [42]. 
Pit formation is also attributed to the leaching of ions, which 
occurs during corrosion activities in the system [33]. 

 

 
 

Fig. 15: Schematic of galvanic corrosion between Sn-9Zn 
and Cu in Cu/Sn-9Zn/Cu lap joints 
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The determination of the corrosion products can be seen in the XRD patterns of the 

Cu/Sn-9Zn/Cu lap joints (Fig. 12). The XRD pattern for the Cu/Sn-9Zn/Cu lap joint before 

immersion indicate several Sn and Zn peaks as main constituents which correspond to its pure 

forms [16]. Correspond to the immersion process, there are additional phases present in the XRD 

patterns of Cu/Sn-9Zn/Cu lap joint which are the SnCl2 and zinc hydroxide chloride 

[Zn5(OH)8Cl2.H2O]. The presence of these phases in the XRD analysis is mainly due to the 

corrosion reactions and activities during the immersion of Cu/Sn-9Zn/Cu lap joints in 3.5 wt. % 

NaCl solution. 

 

 

 

 

 

 

 

Fig. 12: X-ray diffraction patterns of Cu/Sn-9Zn/Cu lap joint (a) before and (b) 28 days after 

immersion in 3.5 wt. % NaCl solution [16] 

5.4  Effects on Microstructure Analysis 

Corrosion products of SnCl2, ZnCl2, and ZnO are found in the microstructure analysis of 

Sn-9Zn-1.5Ag solder joints with pits formation due to the dissolution of Cu5Zn8 [22]. Significant 
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Fig. 14: Cross-sectional micrographs of Cu/Sn-9Zn/Cu lap joints (a) before and after (b) 28 days 

of immersion in 3.5 wt. % NaCl solution [16] 

 

 

Changes in microstructure on the lap joints are prominent due to influences of the 

galvanic corrosion mechanism during immersion in the NaCl solution (Fig. 15). The presence of 

pits in the micrograph is attributed to the active dissolution of Sn in the presence of halide ions 

[42]. Pits formation is also attributed to the leaching of ions which occurs during the corrosion 

activities in the system [33]. 
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Fig. 15: Schematic illustration of the galvanic corrosion between Sn-9Zn and Cu in Cu/Sn-

9Zn/Cu lap joints 

 

 

 

6.0       Conclusion 

 Atmospheric corrosion is a vital threat to the performance capabilities of Sn-9Zn solder 

joints; hence corrosion studies on these joints are extremely essential. It is known that corrosion 

leads to the formation of pits and corrosion products which later favors the reduction in solder 

joint strength. The formed pits coalesced together and produce large cracks in which serve as the 

fracture paths upon joint failure. Phase and microstructural analysis reveal that the corrosion 
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6.0 Conclusion 
Atmospheric corrosion is a significant threat to the 

performance capabilities of Sn-9Zn solder joints; hence, 
corrosion studies on these joints are crucial. Corrosion is 
known to result in the formation of pits and corrosion 
products, which later reduce solder joint strength. The 
formed pits coalesce and produce large cracks, which 
function as fracture paths upon joint failure. Phase and 
microstructural analyses reveal that corrosion products 
formed as a result of chemical reactions between active Sn2+ 
and Zn2+ ions from the Sn-9Zn solder and the corrosive 
NaCl or KOH solution. Knowledge on the corrosion of Sn-
9Zn solders is expected to further support future 
developments of these solder alloys as replacements to lead 
solder systems. 
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