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Abstract: The corrosion behaviors of Sn—20Bi—xCu—yIn (x=0.3, 0.5 wt.%; y=1, 2, 3 wt.%) in 3.5 wt.% NaCl solution
at room temperature were investigated. Electrochemical impedance spectroscopy (EIS) plots, potentiodynamic
polarization curves, and corroded surface product characterization were used to evaluate the corrosion resistance of the
solders. Analysis of EIS and polarization curves shows that the corrosion resistance of the solders decreases as the In
and Cu contents increase. Scanning electron microscopy, energy dispersive spectroscopy, X-ray diffraction, and X-ray
photoelectron spectroscopy were applied to characterizing the corrosion product. It is found that the corrosion product is
Sn3;O(OH):Cl,, which cannot play a protective role because of its loose structure. Sn—20Bi—0.3Cu—1In has the best

corrosion resistance.
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1 Introduction

In the past, Sn—Pb alloy was widely used in the
manufacturing industry to provide good mechanical
properties at a lower cost [1]. The toxicity of lead
poses a significant hazard to humans and the
environment. Lead-free solder alloys are essential
for the “green manufacturing” and “environmentally
friendly” aspects of the electronics industry [2].
Corrosion resistance is a critical factor in the
long-term adoption of solders [3].

At present, solders are mainly binary and
ternary alloys containing Sn. Binary alloy systems
include Sn—Ag, Sn—Zn, Sn—Bi, and ternary alloys
include Sn—Bi—Sb, Sn—Zn—In, and others. Sn—Zn
alloys have poor corrosion and oxidation resistance,
which limits the application of this system [4].
Due to the solid solution formed by the mixing
of Sb and Sn, Sn—Sb alloy has low corrosion
resistance [5]. As the most promising alternative

to Sn—Pb alloys, Sn—xAg—Cu has lower melting
temperature, lower coefficient of thermal
expansion, better mechanical properties, and higher
wettability [6]. Due to the high cost of the
Sn—Ag—Cu alloy, much research is being done on
alloys with less silver [7].

The Sn—Bi system is an up-and-coming
Sn—Bi solder has better wetting
properties and higher tensile strength, and Bi is
abundant, so it is more promising for use in
low-temperature brazing materials [8]. Compared
with the Sn—Pb system, Sn—Bi eutectic solder has
lower melting temperature, better tensile strength,
and better creep resistance [9]. The -eutectic
temperature of the Sn—58Bi alloy is 138 °C, and the
alloy is formulated in the melting temperature range
of 138-232°C [10]. A large amount of Bi is
solutionized in the Sn matrix, and no compound
is formed. When the content of Bi in the alloy is
20 wt.%, the melting temperature range is 138—
211 °C, and the melting point is close to that of the

alternative.
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Sn—37Pb eutectic solder. Compared with the
Sn—58Bi alloy, Sn—20Bi reduces the Bi content
with high resistivity, significantly improving the
solder’s electrical and thermal conductivity. While
maintaining wettability, the adverse effects of Bi
can be decreased by reducing the content of Bi in
Sn—Bi solder [10]. With the addition of Cu to the
Sn—Bi alloy, fine CueSns intermetallic compounds
are formed to improve the bonding performance
and reliability of the solder joint. The addition of
Cu can significantly improve the coarsening of the
Bi-rich phase in the tissue. The addition of In
enhances the tensile strength of the alloy while
reducing the melting temperature of the alloy. The
corrosion behavior of the solder is equally vital
without sacrificing excellent mechanical and
microstructural properties. ROSALBINO et al [11]
investigated the corrosion behavior of Sn—Ag alloys
with the addition of In, Bi, and Cu. They found that
the 96.1Sn—3.1Ag—0.8Cu alloy was the best in
terms of corrosion resistance. LI et al [12] showed
that lead-free solders have lower passivation current
density values and more expansive passivation
areas than Sn—Pb solders.

With the development of marine resources, an
increasing number of electronic devices will operate
in the marine atmosphere for a long time. Marine
atmospheric chemical reactions on metal surfaces
result in corrosion products that can short-circuit
electronic equipment [13,14]. Therefore, it is
necessary to study the initial corrosion evolution of
Sn—Bi solders in the marine atmosphere.

The corrosion resistance should be fully
considered early in material development to ensure
reliability. To date, research on the addition of Cu
and In to Sn—20Bi based solder alloys has focused
on the effect of the solder microstructure. Studies
on corrosion evolution and corrosion product
formation mechanisms have rarely been reported.
In this study, a 3.5wt% NaCl solution was
used to simulate the marine atmosphere, and
potentiodynamic polarization tests were used to
study the corrosion behavior of Sn—20Bi—xCu—yIn
solders. The expected findings are essential for
understanding the long-term corrosion behavior of
Sn—20Bi—xCu—yIn solders and their potentials in
guiding the maintenance of electronic devices for
the safe operation and stability in the marine
atmospheric environment,

2 Experimental

2.1 Preparation of electrochemical corrosion

samples

In this experiment, Sn—20Bi—xCu—yIn was
prepared by melting using commercially pure Sn
(99.99%), pure Bi (99.99%), pure In (99.99%), and
pure Cu (99.99%). A molten salt with LiCI/KCl
mass ratio of 1:1.3 was prepared. The temperature
of the muffle furnace was kept at 600 °C. When the
molten salt was melted, the measured Sn, Bi, In,
and Cu were added and stirred thoroughly. The
samples were poured into the mold to prepare
Sn—20Bi—xCu—yIn (x=0.3, 0.5 wt.%; y=1, 2, 3 wt.%).
The test surface of the alloy sample was ground
with 400, 1000, 2000, 3000, and 5000 grit
sandpaper, respectively.

2.2 Electrochemical tests

The surface area exposed to the test solution
was 0.785 mm? and all the experiments were
performed at room temperature ((25+0.1) °C). The
corrosion medium was 3.5 wt.% NaCl solution.
Before the test, samples were immersed in test
solutions for 1 h to make the samples reach a stable
state. Every test was performed at least 3 times
to guarantee satisfactory reproducibility. The
experiments were carried out on a CHI660
electrochemical workstation manufactured by
Shanghai CH Instrument. This workstation adopted
the traditional three-electrode configuration. The
reference electrode was a saturated calomel
electrode (SCE) and a platinum (Pt) electrode was a
counter electrode, as shown in Fig. 1. After waiting
for 900 s to ensure that all the experiments were the
same, EIS measurements were started. Because the
EIS test was performed at open-circuit potential,
and unsteady-state conditions may distort the
measurement, 900 s was considered sufficient to
stabilize the potential. The potential amplitude was
set to be 10 mV (vs SCE) at peak-to-peak (AV
signal) in an open-circuit, with 5 points per decade,
and the frequency range was set from 0.01 to
100000 Hz. The measurement voltage range is from
—2to2 V.

A low scanning rate can reduce the distortion
of the polarization curve. When the scanning rate is
low, the interference of the charging current can be
ignored, so the distortion of the polarization
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curve of the potentiodynamic potential can be
ignored [15]. To reduce the distortion of the
polarization curve of the potentiodynamic potential,
the scanning rate was 0.002 V/s, ranging from —2.5
to 0.5 V. The corrosion current density (Jeor) and
AC impedance were calculated and fitted by the
electrochemical fitting CVIEW2 software, where
the polarization curve is a more intuitive way to
reflect the corrosion performance of the material.

Electrochemical|—
station

NaCl solution

Fig. 1 Schematic diagram of Sn—20Bi—xCu—yIn (x=0.3,
0.5 wt.%; y=1, 2, 3 wt.%) alloy electrode polarization
measurement devices

Scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS) was used to
observe the corrosion morphology of the sample
surface and the composition of surface corrosion
products after the polarization test. X-ray photo-
electron spectroscopy (XPS) was used to examine
the composition and valence states of the elements
in the products of electrochemical corrosion.

3 Results and discussion

3.1 Equivalent circuit

Figure 2 shows the equivalent circuit diagrams
that fit the experimentally obtained EIS data,
where R, represents the solution resistance; CPEq
represents the capacitance caused by the double-
electric layer at the interface between the electrode
and the electrolyte (capacitive impedance of the
corrosion product layer); R represents the charge
transfer resistance of the corrosion reaction
(corrosion product resistance); CPE; represents the
capacitive impedance at the interface between the
corrosion product layer and the solder substrate

bilayer; R, represents the resistance at the interface
between the corrosion product and the solder
substrate bilayer. The Nyquist and Bode plots are
shown in Fig. 3. It is not a standard semi-circle,
which may be due to various factors such as surface
roughness, frequency dispersion of time constants,
porous transport effects, and dispersion effects [16].
The high-frequency impedance spectrum is related
to the properties of Sn—20Bi—xCu—yIn. The low-
frequency impedance spectrum is related to the
charge transfer process between the corrosion
product layer and the solder substrate. This factor is
related to the two equivalent circuit parts made up
of resistors and capacitors connected in parallel.

Fig. 2 Equivalent circuit used for fitting experimental
EIS data

3.2 EIS results

Figure 3(a) shows that each Nyquist plot is
composed of two capacitive semi-arcs, indicating
that the solder system is equivalent to two
resistor-capacitive circuits [17]. All samples consist
of semicircular loops from high to low frequencies.
The Nyquist data in the low frequency range
indicate the hybrid electrochemical—concentration
polarization. The low frequency range of the
Nyquist data is determined by the activation energy
of the electrochemical reaction, the ionic diffusion
rate in the corrosion product layer, and the solder
base layer. It is considered that the surface
corrosion product layer affects the transmission
of ions through this layer [18,19]. It is suggested
that the electrode process is controlled by electro-
chemical steps. The Nyquist plots show a decrease
in the capacitive semi-arcs, where a decrease in
the semi-arcs indicates a decrease in corrosion
resistance [20]. Figure 3(a) shows that the
Sn—20Bi—0.3Cu—3In sample has the smallest
capacitive arc radius, which means that it has the
worst corrosion resistance. In contrast, the
Sn—20Bi—0.3Cu—1In sample has the largest radius
of capacitance arc, indicating that the sample has
the best corrosion resistance. Figure 3(b) shows the
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phase angle versus frequency functions. There are
two-time constants in the figure. According to
CRUZ et al [21], phase angle values are above —45°
when scanning from high to low frequency. The
current is evenly distributed over the electrode
surface in the lower frequency region. Larger value
of the phase angle represents better combined

corrosion resistance [22]. In Fig. 3(b), the presence
of phase angle values higher than —45° for the
four samples indicates a uniformly distributed
electrode surface. The decreasing order of corrosion
resistance is Sn—20Bi—0.3Cu—1In > Sn—20Bi—
0.3Cu—2In > Sn—20Bi—0.5Cu—2In > Sn—20Bi—
0.3Cu—3In.

Bode impedance plots are shown in Fig. 3(c).
The high-frequency impedance value |Z| corresponds
to the corrosion product layer resistance R.. The
low-frequency impedance value |Z| represents the
resistance (R;) at the double-clectric layer between
the corrosion product layer and the solder substrate.
|Z| mainly manifests as the anodic dissolution
process of the substrate, which is primarily affected
by the protective ability of the corrosion product
layer [19]. A higher value of |Z] represents better
corrosion resistance of the alloy [23], as shown in
Fig. 3(c). The strength of the corrosion resistance is
consistent with the above results. The analysis
results of the three electrochemical impedance
profiles are consistent. The order of corrosion
resistance from strong to weak is as follows:
Sn—20Bi—0.3Cu—1In > Sn—20Bi—0.3Cu—2In >
Sn—20Bi—0.5Cu—2In > Sn—20Bi—0.3Cu—3In. Table
1 shows the impedance spectrum data.

From the data in Table 1, it is shown that the
variations in Ry and R; can reflect the formation
process of the corrosion product layer and the
corrosion rate of the substrate solder [17]. CPE; and
CPEy are the capacitances associated with the pores
on the surface of the composite and the double-
electric layer, respectively. The fitting quality
between experimental and simulated data is
determined when Chi-squared values ()°) are
analyzed [24]. The obtained impedance parameters,
»* and error ranges, are shown in Table 1. The sum
of squares (provided by the CVIEW?2 software) for
each sample examined are also shown in Table 1.

The corrosion resistance of the alloy decreases
with increasing In content. From Table 1, the R
values are 1566, 1216, and 860.5 Q-cm?, and the R,
values are 717.4, 490.3, and 352.3 Q-cm? when the
Cu content is the same, and the In content is added
at 1, 2, and 3 wt.%, respectively. Figure 4 provides
a more intuitive representation of Table 1. The
decrease in the R value indicates that the increase
in the In content reduces the resistance of corrosion
product layer formation and promotes the formation
of corrosion products. A decrease in the R; value
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Table 1 Equivalent circuit parameters obtained by fitting EIS results of Sn—20Bi—xCu—yIn alloy in 3.5 wt.% NaCl

solution
Parameter Sn—20Bi—0.3Cu—1In  Sn—20Bi—0.3Cu—2In  Sn—20Bi—-0.3Cu—3In  Sn—20Bi—0.5Cu—2In
R/(Q-cm?) 19.19+0.05 18.01+0.05 16.46+0.07 14.80+0.02
Ri/(Q-cm?) 717.4£15.04 490.3£10.97 352.3+£12.59 590.0+8.07
R/(Q-cm?) 1566.0+8.24 1216.0+6.27 860.5+£7.78 866.5+£2.78
R/(Q-cm?) 2283.4 1706.3 1212.8 1456.5
CPE/(uF-cm?) 1217437 1543+52 1504483 2686+43
n 0.91 0.96 0.91 0.73
CPEq/(uF-cm?) 20.6+0.19 21.4+0.23 25.6+£0.47 30.1+0.18
ndi 0.86 0.87 0.85 0.82
Sum of squares 0.11 0.14 0.3 0.03
Va 6.70x107 9.10x107* 8.10x107 1.80x107*

Rt is the sum of R1 and R, n is the CPE exponent, and CPE is equivalent to the pure resistance R for n=0 and pure capacitance for n=1
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Fig. 4 Electrochemical impedance data of Sn—20Bi—xCu—ylIn solder alloy: (a) R, Ri, Rt and Ry; (b) CPE; and CPEy,

indicates an increase in the anodic dissolution rate
on the solder substrate [17]. Because the increase in
the In content maintains the active state of the metal
substrate (Sn), it increases the anodic dissolution
rate and again promotes the corrosion reaction [25].
The values of Ry are 1216.0 and 866.5 Q-cm? when
the In content is constant at 2 wt.%, and the Cu
content is 0.3 and 0.5 wt.%, respectively. The
former has a high resistance to the formation of the
corrosion product layer. The R; values are 490.3
and 590.0 Q-cm?,  respectively. The anodic
dissolution rate of the former is faster than that of
the latter. Cu wusually reduces the corrosion
resistance of alloys [26]. Therefore, when the Cu
content increases to 0.5 wt.%, the R value is lower
than that of Sn—20Bi—0.3Cu—2In. This indicates a
reduced resistance to corrosion product formation.

The increase in trace Cu content reduces the
corrosion resistance of the Sn—20Bi—xCu—ylIn alloy.
The scarcity of surface corrosion products does not
cover the substrate solder surface well, increasing
the contact area between the solder substrate and
the corrosion solution, which increases the anodic
dissolution rate. Thus, the R; value is relatively
low [17].

HEAKAL et al [27] and LIU et al [28] reported
that the total impedance value R;, Ri=R:+R, could
be used to qualitatively evaluate the corrosion
resistance of an alloy. The inverse of the total
impedance value is usually used to project the
corrosion rate [27,29,30].

Table 1 expresses the total resistance of the
alloy measured in a 3.5wt% NaCl solution.
Sn—20Bi—0.3Cu—1In presents the highest R; value
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0f 2283.4 Q-cm?, and Sn—20Bi—0.3Cu—3In presents
the smallest R, value of 1212.8 Q-cm?. The Sn—20Bi—
0.3Cu—1In alloy has the best corrosion resistance,
and the corrosion resistance strengths of the four
alloys are consistent with the impedance plot
analysis.

3.3 Potentiodynamic polarization curves

The potentiodynamic polarization curves
of the Sn—20Bi—xCu—yIn composite solder in
3.5 wt.% NaCl solution are shown in Fig. 5, and the
electrochemical corrosion parameters in Table 2
were obtained according to the Tafel extrapolation
principle of electrochemical corrosion. For the
convenience of comparison, the polarization curve
parameters of three typical solders are listed in the
latter part of Table 2. The corrosion resistance of
Sn—20Bi—0.3Cu—1In is significantly better than
that of Sn—9Zn, and it is very close to that of
Sn—3.5Ag—0.5Cu and Sn—37Pb. The cathodic part
of the polarization curve shows three different
stages. In the first stage, the redox reaction occurs
mainly on the electrode surface: O,+2H,O+4e—
40H". This section of the redox reaction can be
divided into three steps [31]: (1) dissolved oxygen
diffusion to the electrode surface, (2) charge
transfer between the oxygen at the electrode and the
solution interface, and (3) OH™ gathering from the
reaction towards the specimen electrode. The
second stage is dominated by the maximum
diffusion of oxygen [32]. The terminal diffusion
current density (Jim) 1is proportional to the
electrolyte thickness. According to the Nernst—Fick
equation, the steady-state diffusion current density
can be calculated in theory as follows:

nkDg,

Jiim = p [O,] (D)

where n is the number of electrons required to

reduce oxygen molecules, F'is the Faraday constant,
Do, is the diffusion coefficient of oxygen atoms, [O2]
is the effective concentration of dissolved oxygen in
the electrolyte layer, and o is the thickness of the
electrolyte. From Eq. (1), Jim increases with the
decreasing thickness of the electrolyte layer. In the
third stage, because of the high cathodic potential,
the primary reaction is the reduction of water [33].

Table 2 records the corrosion current density
(Jeorr), corrosion potential (gcor), corrosion rate, and
polarization resistance (R,) obtained from the Tafel
extrapolation method. The R, was calculated using
CVIEW2 software based on the Stern—Geary
equation as follows:

_ b,b, /[2.303(b, +5,)]
P J

corr

R (2)

R, is the slope of the tangent line of the
polarization curve at the corrosion potential. This is
equivalent to the resistance value when the area of
the corroded metal electrode is a unit value. b, and
b are the Tafel slopes of the common logarithms of
the anode and cathode reactions, respectively.
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Fig. 5 Potentiodynamic polarization curves of Sn—20Bi—
xCu—yIn composite solder

Table 2 Electrochemical parameters of Sn—20Bi—xCu—yIn alloy in 3.5 wt.% NaCl solution

Solder alloy Jeor/(LA-cm?) ¢con(vs SCE)/V  Corrosion rate/(mm-a') Ry/(Q-cm?)
Sn—20Bi—0.3Cu—1In 7.17£0.51 —0.88+0.02 0.18+0.01 8411+23
Sn—20Bi—0.3Cu—2In 22.99+1.45 —0.96+0.02 0.58+0.02 6253+47
Sn—20Bi—0.3Cu—3In 44.49+5.24 —1.03+0.07 1.12+0.04 2748+24
Sn—20Bi—0.5Cu—2In 26.64+3.78 —1.02+0.05 0.67+0.04 5653+39

Sn—9Zn [25] 26.91 -0.94 - 976

Sn—3.5Ag—0.5Cu [25] 0.54 —0.61 - 46400
Sn—37Pb [25] 1.91 -0.59 - 8140
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From the corrosion potential point of view, we
can obtain Sn—20Bi—0.3Cu—1In, which has the
best corrosion resistance. The corrosion resistance
strength is consistent with the corrosion potential
and impedance plot analysis. The larger the
absolute value of the corrosion potential is, the
greater the corrosion tendency is. From the
corrosion potential, corrosion resistance of the alloy
changes from strong to weak, i.e., Sn—20Bi—
0.3Cu—1In > Sn—20Bi—0.3Cu—2In > Sn—20Bi—
0.5Cu—2In > Sn—20Bi—0.3Cu—3In. From a
corrosion current density point of view, the
corrosion resistance of the alloy decreases with
increasing In content when the Cu content is
0.3 wt.%. When the In content is 2 wt.%, the
corrosion resistance of the alloy decreases with
increasing Cu content. A smaller corrosion current
density indicates a slower corrosion rate. According
to Table 2, Sn—20Bi—xCu—yIn (x=0.3, 0.5 wt.%;
y=1, 2, 3 wt.%) have corrosion current densities on
the order of 7.17, 22.99, 44.49, and 26.64 pA/cm?.
When the Cu content is 0.3 wt.%, the corrosion
current density increases with increasing In content.
The increase of In content maintains the active state
of the metal matrix (Sn), increases the anodic
dissolution rate, and promotes the occurrence of the
corrosion reaction again [25]. The corrosion current
density of Sn—20Bi—0.3Cu—2In is lower than that
of Sn—20Bi—0.5Cu—2In, which may be attributed to
the addition of trace amount of Cu, thus increasing
the intermetallic compound content of the solder
alloy. TSAO and CHEN [34] showed that the
corrosion current density increases with increasing
Cu content. The increase in corrosion current
density may be due to the formation of galvanic
couples and Sn,
compounds (CueSns), and Sn-rich phases. The
presence of both CueSns and CusSn increases the
corrosion current density values. SONG and
LEE [35] investigated the corrosion behavior of
Sn4Ag0.5Cu. They believed that the presence of
AgsSn in the solder accelerated the corrosion
of Sn because of the galvanic couple corrosion
mechanism. This result suggests that the generation
of intermetallic = compounds reduces the
corrosion resistance of the alloy in 3.5 wt.% NaCl
solution [26].

Figure 5 shows the electrochemical polarization
curves of the Sn—20Bi—xCu—yln solder alloys in
3.5wt.% NaCl solution. The four alloys show

between Cu intermetallic

the same corrosion behavior. According to the
polarization curve, the process of polarization
behavior can be divided into three stages: 4B, BC,
and CD. The cathodic reaction occurs between A
and B. Point B is the cathodic transformation point,
and the reaction is the dissolution of oxygen and
hydrogen precipitation. First, the oxygen in the
corrosion solution is dissolved, which 1is the
electron reduction reaction of water:

02+2H,0+4e=40H" 3)

As shown in Fig. 1, when the oxygen in the
solution is consumed, the polarization progresses,
the Pt chip of the auxiliary electrode produces
many bubbles, and the reaction is a hydrogen
precipitation reaction. The reaction is

2H,0+2e=20H +H; 4)

The cathodic polarization reaction stage
process does not cause corrosion of the alloy. The
surface remains bright, and no generation of
corrosion products is observed. Point B is the
cathodic—anodic transition point, and the potential
corresponding to this point is the self-corrosion
potential (pcorr). The range of Points B and C is the
anode reaction. The typical active metal dissolution
behavior occurs in this range with increasing
current density. Because the corrosion potential of
the Bi-rich phase is positive, it is preserved as a
cathode in the electrochemical corrosion reaction.
The Sn-rich phase has a relatively low corrosion
potential. The Sn phase is the anode to be
selectively dissolved in the electrochemical reaction.
According to the activity order of Sn, Bi, Cu, and In,
metal dissolution behavior occurs only in the Sn
phase. The reaction process is as follows:

Sn—2e=Sn" %)
Sn?>*—2e=Sn*" (6)
Sn+20H =Sn(OH),+2e (7)
Sn(OH); is easily dehydrated to form SnO:
Sn(OH),=SnO+H,0O (8)

Subsequently, Sn(OH), is formed and dehydrated
to produce SnO»:

Sn(OH),+20H =Sn(OH)+2e (9)
SnO+H,0+20H =Sn(OH)s+2e (10)
Sn(OH),=Sn0,+2H,0 (11)

Sn3;O(OH),Cl, is then produced, and the
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reaction 1s
3Sn+40OH +2C1"=Sn3;0O(OH),Cl,+H,0O (12)

After that, pseudo passivation is observed
when the potential reaches Point C. The CD
segment is a pseudo passivation stage [36]. The
current density is maintained at approximately
0.5 A/cm?. Notably, pseudo passivation results from
the physical protection of the thick corrosion
products on the working surface instead of a
passivation process. Further corrosion can be
prevented because the products can prevent contact
between the solder substrate and the etching
solution.

3.4 Corrosion products

The corrosion product layer on the surface of
the Sn—20Bi—xCu—yIn alloy sample was identified
by XRD, EDS, and XPS analysis. As shown in
Fig. 6(a), the XRD patters showed that the
corrosion product in the solder in 3.5 wt.% NaCl
solution was Sns;O(OH),Cl,. Combined with EDS
analysis, the corrosion product was verified to
be SnsO(OH),Cl, again. Figure 6(b) shows the
XRD pattern of Sn—20Bi—0.3Cu—3In sample
without the corrosion test. It can be observed from
Fig. 6(b) that there are only peaks of Sn and Bi in
the spectral line. A small amount of In is in the solid
solution in the matrix. The content of added Cu is
minimal, part of which is solid-solution in the
matrix, and the other part generates trace amount of
alloy compounds. Therefore, it could not be
detected by XRD. As shown in Fig.7. The
corrosion products of Sn—20Bi—0.3Cu—1In are
mainly composed of Sn, O, and Cl. The high-
resolution spectra of Sn 3ds», O 1s, and Cl 2p are
shown in Fig. 8. The Sn 3ds» spectrum has three
fitted peaks, as shown in Fig. 8(a). Three Gaussian
functions centered at 485.2, 485.9, and 486.2 ¢V
represent Sn’, Sn**, and Sn*, respectively.
Figure 8(b) shows the O 1s spectrum. The peak at
530.2 eV can be attributed to the oxygen of the
oxide, and the peak at 531.8 eV belongs to the
carboxyl oxygen. Figure 8(c) is the Cl 2p spectrum,
with two peaks at 197.7 and 200.0 eV.

This 200.0 eV peak corresponds to Sn** and
Sn*" chlorides and possibly chlorine oxides and
hydroxyl chlorides. The value of 197.7 eV for Cl 2p
could be a residual of sodium chloride.
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Fig. 6 XRD patterns of solder surface after Sn—20Bi—
0.3Cu—3In polarization test: (a) After corrosion test;

(b) Before corrosion test
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Fig. 7 EDS analysis results of Sn—20Bi—0.3Cu—1In
solder: (a) SEM image; (b) EDS data at Point 4 in (a)

The formation of these compounds leads to an
increase in the local volume of the solder [26]. The
formation of disc-like compounds is shown in
Fig. 9. Sn—20Bi—xCu—yIn solder alloy generates a
mixture of disc-like corrosion products covering the
surface of the solder after polarization tests in NaCl
solution. Figure 9 shows the surface corrosion
morphology of the solder after corrosion in a
3.5 wt.% NaCl solution. From the electrochemical
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Fig. 8 XPS spectra of Sn—20Bi—0.3Cu—1In solder alloy measured in 3.5 wt.% NaCl solution: (a) Sn 3dsp»; (b) O 1s;
(c)Cl2p

Fig. 9 Surface corrosion morphologies of Sn—20Bi—xCu—yIn (x=0.3, 0.5 wt.%; y=1, 2, 3 wt.%): (a, b) Sn—20Bi—
0.3Cu—11In; (¢, d) Sn—20Bi—0.3Cu—2In; (e, f) Sn—20Bi—0.3Cu—31In; (g, h) Sn—20Bi—0.5Cu—2In
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corrosion morphology, the microstructure of
corrosion products on different solders is similar
and densely dispersed on the surface of the solder.
As shown in Fig. 10, the increase in corrosion
products on the surface of the solder leads to an
increase in the local volume of the solder. Corrosion
products appear to be stacked on top of each other
and squeezed. The yellow rectangle in Fig. 10
shows holes between the corrosion products. The
enlarged area of the disc-like corrosion product
shows gaps between the layers, and the adhesion is
poor. Because these features of the corrosion
product layer cannot stop the electrolyte from
getting through, the electrolyte can keep contacting
with the matrix through holes and other flaws,
which causes the corrosion reaction to continue.

Fig. 1 Corrosion morphology of cross-section of Sn—
20Bi—0.3Cu—3In solder alloy

Therefore, the galvanic effect induced by the
microstructure will still come into playing and last
for a long time when the surface corrosion product
layer is non-adherent and cracks. However, this
primary cell effect decreases when the surface
corrosion product layer is dense and adheres to the
solder substrate. Then, the protective effect of the
corrosion product layer will become dominant [37].

As shown in Fig. 11, a comprehensive
explanation is given for the decrease in the
corrosion resistance of the Sn—20Bi—xCu—yIn alloy
with increasing In content. WU et al [25] found that
adding In to Sn—3.5Ag—0.5Cu solder reduced the
corrosion resistance in a 3.5 wt.% NaCl solution.
The microstructural change caused by alloying is
the main reason for the decrease in corrosion
resistance. The strong interaction of In with OH™
and CI leads to the increased anodic dissolution.
This also indicates that the presence of In ensures
the accumulation of adsorbed Cl™ on the sample
surface and maintains the active state of the metal

matrix Sn [38]. With an increase in the In content
from 1 to 3 wt.% in the Sn—20Bi—0.3Cu—ylIn alloy,
more CI” and OH™ in solution are adsorbed on the
solder surface. The anodic dissolution rate increases
and promotes further corrosion reactions.

@ Sn,0(0H),Cl,
®cr
® oH

@ Solder

Fig. 11 Schematic diagram showing corrosion mechanism
of Sn—20Bi—xCu—yIn (x=0.3, 0.5 wt.%; y=1, 2, 3 wt.%)

Because the increase in the In content
maintains the active state of the metal matrix (Sn),
more Sn is involved in the reaction. At the same
time, In can absorb more CI” and OH ions.
Therefore, Reaction (12) is promoted, and the
formation of corrosion products is further promoted.
Blue spheres represent corrosion products, gray
spheres represent solder alloys, and red and green
spheres represent C1I” and OH™ ions, as shown in
Fig. 11. Area A4 in the figure represents the top view
of the corrosion product. Combined with Fig. 9, it
can be observed that the corrosion product is
disc-like, and there are gaps between the layers.
Region B represents the gap between corrosion
products, and there are significant gaps between
corrosion products. These gaps allow CI” and OH™
ions to further react with the solder substrate. The
corrosion resistance of the alloy decreases with
increasing In content.

4 Conclusions

(1) Based on the capacitive semi-arcs, phase
angle, impedance modulus |Z|, Ri, R« and
potentiodynamic polarization curves, the corrosion
resistance of Sn—20Bi—xCu—yIn (x=0.3, 0.5 wt.%;
y=1, 2, 3 wt.%) solder in 3.5 wt.% NaCl solution
decreases with increasing In content.

(2) The corrosion resistance of the alloy
decreases slightly with the increase of Cu content.

(3) According to XRD phase identification,
XPS, and EDS analysis, it was determined that the
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corrosion product on the surface of the Sn—20Bi—
xCu—yIn alloy sample was Sn;O(OH),Cl,.

(4) By comprehensive analysis of Sn—20Bi—
xCu—yIn (x=0.3, 0.5 wt.%; y=1, 2, 3 wt.%), the
order of corrosion resistance from strong to weak
is Sn—20Bi—0.3Cu—1In > Sn—20Bi—0.3Cu—2In >
Sn—20Bi—0.5Cu—2In > Sn—20Bi—0.3Cu—3In.
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