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Abstract The corrosion resistance of Sn—0.3Ag-0.9Zn
alloy solidified under different cooling rates in 3.5 wt%
NaCl solution was evaluated based on potentiodynamic
polarization, electrochemical impedance spectroscopy and
electrochemical noise. It is found that the corrosion resis-
tance of this alloy improves with the increase of the applied
cooling rate, which is attributed to the distinct micro-
structure. The furnace-cooled and air-cooled alloy with
active Zn-rich phase and a microstructure formed by a
coarser dendritic array associated with larger size of AgZn;
intermetallic compounds exhibit a worse corrosion resis-
tance due to a serious galvanic corrosion. Besides, the
Mott—Schottky measurement and the X-ray photoelectron
spectroscopy were performed to analyze the semiconductor
properties and composition of the passive film formed on
the surface of the alloy. It confirms that the stability and
protective ability of the passive films formed on furnace-
cooled and air-cooled alloy are worse than that of water-
cooled alloy due to their higher oxygen vacancy defects
and concentration of unstable SnO. Furthermore, the major
corrosion product on the surface of the Sn—0.3Ag—0.9Zn
alloys is tin oxide chloride hydroxide.

1 Introduction

The traditional Sn—Pb eutectic solder alloy has been widely
used in electronic industries in the last decades due to its
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outstanding physical and mechanical properties. However,
the toxicity of Pb to the human health and its danger to the
environment has prompted many studies on the micro-
structure, metallurgical and mechanical properties of Pb-
free candidate solder alloys.

Among these new lead-free solders, the eutectic Sn—
9wt%Zn alloy appears to be an attractive alternative, with a
low cost and a melting temperature of 198 °C which is rel-
atively close to the traditional eutectic Sn—Pb solder. Its
eutectic structure consists of two phases: a body centered
tetragonal Sn matrix phase and a secondary phase of hex-
agonal Zn containing <1 % tin in solid solution [1]. For some
electronic packaging methods and components, e.g. surface
mounting technology (SMT), plating through hole (PTH)
and ball grid array (BGA), the soldered interface can be
directly exposed not only to the air, but also moisture and
other corrosion media, such as brackish coastal atmosphere
[1,2]. However, Zn is easily oxidized and it is susceptible to
corrosion, which limited the application of the Sn—Zn alloy.
Takemoto and Funaki [3] have established that the addition
of Ag to the Sn—9Zn solder alloy inhibits the anodic disso-
lution of Zn and enhances the wettability of solder alloy on a
Cu substrate [4—06]. Besides, Lee et al. [5] confirmed that the
incorporation of Ag into Sn—Zn eutectic alloy is effective for
improvement of the oxidation resistance, whereas alloys
with lower Ag content have been found as better corrosion
resistance material since the high volume fraction of Ag;Sn
will accelerate the galvanic corrosion [7]. Thus, we selected
Sn-0.3Ag—0.9Zn (alow Ag and low Zn) alloy as the subject
of this research to examine its electrochemical behavior in
3.5 wt% NaCl solution to simulate seawater and address the
possible corrosion problem that may occur in the marine
environment, which was scarcely studied before.

On the other hand, the cooling rate during soldering
leaded to distinct microstructural arrays which usually
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affect the corresponding corrosion behavior of the solder
alloys [8-13]. The rapidly solidified Sn-3.0Ag—0.5Cu
(SAC305) solder with smallest Ag;Sn intermetallic com-
pounds (IMCs) exhibits better corrosion resistance than air-
cooled and furnace-cooled SAC305 solders because mi-
crogalvanic corrosion between large cathodic Ag;Sn IMCs
plates and anodic Sn matrix decreases the corrosion resis-
tance of air-cooled and furnace-cooled SAC305 solders
[13]. Osoério et al. [14] evaluated the morphology of
intermetallic particles, the segregation pattern and the
resulting corrosion potential, corrosion rate and polariza-
tion resistance of Sn—2.8wt%Cu solder alloy solidified in
different cooling rates, which showed that the cooling rate
plays an important role on the microstructure formation
affecting significantly the corresponding electrochemical
behavior.

Therefore, the present study aims to investigate the
effect of cooling rate on the electrochemical behavior of
Sn—-0.3Ag-0.9Zn alloy in 3.5 wt% NaCl solution. The
solidification processes under different cooling rates were
systematically explored by optical microscope (OM),
scanning electron microscope (SEM) equipped with the
energy dispersive X-ray (EDX) detector and differential
scanning calorimetry (DSC). Furthermore, the electro-
chemical behavior of samples was inspected through the
potentiodynamic  polarization tests, electrochemical
impedance spectroscopy (EIS) and electrochemical noise
(EN). Meanwhile, it is believed that the corrosion resis-
tance of metal is also strongly related to the properties of
the passive film formed on the surface in such environment
[15-17]. Thus, Mott-Schottky plots and X-ray photoelec-
tron spectroscopy (XPS) were applied to characterize the
semiconductor structure properties and the composition of
the passive film formed on the surface of the samples in
NaCl solution.

2 Experimental procedure
2.1 Specimens preparation

The Sn—0.3Ag—0.9Zn solders (in mass) were prepared from
bulk Sn, Ag and Zn rods (all with a purity of 4 N). The
process of melting was carried out in a vacuum arc furnace
under the protection of high purity argon atmosphere to
produce button-like specimen with a diameter of approxi-
mate 35 mm. Considering the high volatility of zinc, the
zinc and silver particles were put at the bottom covered
with tin blocks. So, with the melting current controlled
carefully all the time, tin first melted and then its liquid
surrounded the zinc and silver particles during the melting
to avoid zinc’s evaporating. In order to get a homogeneous
composition, the ingot was remelted for four times.
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Table 1 The achieved cooling
rates by cooling in different
media

Cooling
condition

Cooling rate
(Ks™

Furnace-cooled 0.08
Air-cooled 6.5
Water-cooled 100

Then, cut the specimen into three parts. The three parts
were remelted and solidified to the ambient temperature
under three different cooling rates obtained by changing
the cooling media: furnace, air and water. Table 1 lists the
applied cooling rates of the three samples.

2.2 Microstructure observation

In order to observe microstructure, the specimens were
mounted in an epoxy resin, then grounded by using SiC
papers up to 2,000 grit, polished with 0.05 mm alumina
powders, and etched by an etchant of 4 vol%
HNO;3; + 96 vol% C,HsOH. An Olympus C-35A OM and
a Phillips-XL30 SEM equipped with an EDX detector were
used for observation of microstructures and determination
of the phase composition respectively. Besides, a Mettler
Toledo DSC was employed to determine the melting and
solidification behavior.

2.3 Electrochemical measurement

The Sn-0.3Ag-0.9Zn alloy specimens were cut into
10 mm x 10 mm x 3 mm, and then embedded in epoxy
resin leaving an area of 1 cm? exposed to the solution. The
working surfaces were wet grounded with SiC metallo-
graphic waterproof abrasive papers up to 2,000 mesh,
followed by ultrasonic cleaning in alcohol and finally
rinsed in deionized water. The test solution was prepared
with deionized water and reagent-grade NaCl (3.5 wt%) to
simulate a seawater environment.

All electrochemical measurements except EN were
performed using an Autolab 302 N electrochemical work-
station at ambient temperature (25 + 2 °C) in a conven-
tional three-electrode cell, a 10 mm x 10 mm x 0.2 mm
platinum plate as the counter electrode (CE) and a satu-
rated calomel electrode (SCE) as the reference electrode
(RE). For each experimental condition, at least three
measurements were conducted on separate specimens to
assert the reliability of the result.

2.3.1 Potentiodynamic polarization

Prior to the potentiodynamic polarization measurement, the
specimens were kept in solutions for about 10 min until a
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stable open circuit potential (OCP) was reached. Poten-
tiodynamic polarization was applied by sweeping the
potential in the positive direction at 10 mV/min
(~0.1667 mV/s) from —50 mV (vs. OCP) until the current

density reached 1 mA/cm?.

2.3.2 EIS measurements

EIS measurements, which are widely accepted as a pow-
erful and non-destructive tool, were performed at the free
corrosion potential after different immersing times in the
investigated solution with a 10 mV amplitude signal and a
range of applied frequency from 10 kHz to 100 mHz with
the frequency values spaced logarithmically (eight per
decade).

2.3.3 EN measurements

Although EN is scarcely applied to investigate the solder
alloys, it is able to instantaneously monitor the rate of the
corrosion process and carry out without artificial disturbance
of the system compared to the common electrochemical
techniques. Thus, in this research, EN was measured by a
CST500 electrochemical noise meter (Corrtest Instrument,
China), in which an auto zero resistance ammeter (ZRA) and
a high impedance voltage follower (HVF) were embedded.
The ZRA was employed to measure the coupling current
between the above two nominally identical working elec-
trodes (WESs). At the same time, with a SCE as RE, the HVF
was employed to measure the voltage noise of the coupled
WEs against RE. EN data was simultaneously recorded with
time for 6 h. Each set of EN records, containing 1,024 data
points, recorded with a data-sampling interval of 0.2 s. 105
time records were analyzed. The data was trend removed
using Sth polynomial fitting. The noise resistance R,, [18]
was calculated as:
OF

where o is the standard deviation of potential noise and a;
is the standard deviation of the current noise. R,, is inver-
sely proportional to the corrosion rate when both working
electrodes have the same activity and the corrosion process
is uniform and activation controlled [19].

2.3.4 Mott-Schottky measurements

Mott—Schottky analysis was performed to identify the
semiconductor properties of the oxide film on Sn—-0.3Ag—
0.9Zn solder surfaces. The potential scan direction was
from the anodic to cathodic, with a scanning interval of
50 mV. An alternating current (AC) signal with a fre-
quency of 1,000 Hz and a peak-to-peak magnitude of

10 mV was superimposed on the scanning potential and the
capacitance was measured at each applied potential.
Since the space charge region developed in the oxide
film and the Helmholtz layer can be considered as two
capacitors in series, the capacitance of the film-electrolyte
interface in Mott—Schottky form is as follow [20]:

1 1 1 2
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where Csc and Cy are the space charge and the Helmholtz
capacitance, respectively. The doping densities of classical
semiconductors are usually in the order of 10'® cm™. In
this case, Cs- < Cp, therefore, the second and third terms
can be neglected and the measured capacitance C is equal
to the space charge capacitance Cgc. According to the
Mott—Schottky theory, the space charge capacitance (Cgc)
of n-type and p-type semiconductor are given by Egs. 3
and 4, respectively [20, 21];

1/C* = 2(E — Ep, — kT /e)/ (e80eNpA?)
for n-type semiconductor

(3)

1/C* = —2(E — Ep, — kT /) /(ce9eNaA?)
for p-type semiconductor

(4)

where e is the elementary charge of electrons (e =
—1.602 x 107" C), A is the geometrical surface area, Np
and N4 are the donor density for n-type semiconductor and
acceptor density for p-type semiconductor, respectively, in
the passive film, Ep, is the flat-band potential, E is the
applied potential under depletion conditions, ¢ is the
dielectric constant of the oxide film, which is assumed as 12,
& 1s the vacuum permittivity (8.854 x 1071 F/cm), k is the
Boltzmann constant (1.38 x 1073 J/K), T is the absolute
temperature. From Eqs. 3 and 4, Np and N4 can be derived
from the slope of the experimental C~2 versus E plots.

2.4 Surface analysis

The passive films formed by polarizing at the potential of
passivation (—0.55 Vgcg) for 1 h were studied by a com-
mercial X-ray photoelectron spectroscopy (PHL1600ESCA
XPS). And the calculations of the data were performed
using XPS Peak 4.1 peak-fitting software. Besides, the
morphology and compositions of surface corrosion pro-
ducts were investigated using SEM and EDX.

3 Results and discussion
3.1 Thermal properties and microstructures

Figure 1 illustrates the measured DSC curves of the
investigated Sn—-0.3Ag-0.9Zn alloy at a heating and
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Fig. 1 a DSC curves of the Sn—0.3Ag—0.9Zn alloy solidified under different cooling rates upon heating (heating rate: 5 K/min); b DSC curve of
water-cooled Sn—0.3Ag—0.9Zn alloy upon cooling (cooling rate: 5 K/min)
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Fig. 2 Sn-rich portion of the liquidus surface of the Sn-Ag—Zn
system [23]

cooling rate of 5 K/min, which reveals their melting and
solidification behavior. According to the Sn—Ag-Zn ter-
nary phase diagram (see Fig. 2), the reactions for each peak
in the thermal analysis curve upon heating are presented in
Table 2, which was also investigated by previous resear-
ches [22, 23]. Moreover, it is found that the temperature for
each peak shifts to the high temperature direction as each
reaction needs some superheating. Besides, upon heating,
there are two melting peaks occurring in the water-cooled
alloy and three peaks taking place in furnace-cooled and
air-cooled alloys. However, peak 1’ occurs in the DSC
curve of water-cooled Sn—0.3Ag—0.9Zn alloy upon cool-
ing (see Fig. 1b). It confirms that the rapid cooling rate
inhibits the occurrence of the reaction (L + &-AgZn; —
B-Sn 4+ Zn) which generates the Zn-rich phase.

@ Springer

Table 2 The corresponding reactions occurring in the DSC curve of
the Sn—0.3Ag—0.9Zn (see Fig. 1)

Peak  Temperature (°C)  Reaction

1 193.7 Peritectic reaction: B-Sn + Zn —
L+e-AgZn; [Ug] [23]

2 209.7 Peritectic reaction: B-Sn + e-AgZn; —
L+v-AgsZng [Us] [23]

3 Melting reaction: S — L

The OM images and the SEM images of the Sn—
0.3Ag—0.9Zn alloys solidified under different cooling
rates are shown in Fig. 3, depicting the B-Sn (dendritic
matrix) and a mixture of IMCs locating in the inter-
dendritic regions. From the Fig. 3, it can be clearly seen
that the size of both the primary B-Sn and IMCs
decreases with the increase of the cooling rate. Besides,
the chemical composition of each phase is determined by
EDX analysis, and the obtained EDX results of the
typical IMCs in furnace-cooled Sn—0.3Ag-0.9Zn alloy
(see Fig. 3b) are shown in Table 3. The atomic ration of
EDX 1 is about 1Ag:3Zn, which is e-AgZn; IMCs par-
ticle. Furthermore, due to the trace amount of Zn, though
EDX 2 detected a large number of matrix element Sn,
the needle-like IMCs are Zn-rich phases, which was also
found in Sn—9Zn and Sn-9Zn-0.5Ag—1In alloy [24, 25].
Overall, considering the DSC analyses, Sn—Ag—Zn ter-
nary phase diagram and the EDX results, the IMCs in
interdendritic region of furnace-cooled and air-cooled
alloys are relatively coarser granular AgZn; phase and
needle-like Zn-rich phase, while only fine AgZn; IMCs
particles exist in the interdendritic region of the water-
cooled alloy.
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Fig. 3 OM images and SEM images of the Sn—0.3Ag-0.9Zn alloy solidified under different cooling rates, a, b furnace-cooled, ¢, d air-cooled

and e, f water-cooled

According to the investigation of Chang et al. [24],
the appearance of the Zn-rich phase is the crucial reason
for the inferior corrosion resistance of the Sn-9Zn-—
0.5Ag—1In solder alloy. Furthermore, the IMCs with a
large size also deteriorate the corrosion resistance of
alloy due to the microgalvanic corrosion between the
cathodic IMCs and the anodic Sn matrix [13]. Therefore,
the furnace-cooled and air-cooled alloy with Zn-rich
phase and coarse IMCs are speculated to have a worse
corrosion resistance.

3.2 Potentiodynamic polarization

A comparison of experimental potentiodynamic polariza-
tion curves of the Sn—0.3Ag—0.9Zn alloy samples in 3.5 %
NaCl solution at ambient temperature are shown in Fig. 4.
The Sn—-0.3Ag—0.9Zn alloy exhibits self-passivation char-
acteristics in three cooling rates, with a wide passive
potential range, which suggests that there is a protective
oxide film spontaneously forming on the surface of the Sn—
0.3Ag—0.9Zn alloy when it is immersed in the test solution.

@ Springer



16

J Mater Sci: Mater Electron (2015) 26:11-22

The electrochemical properties of Sn—0.3Ag—0.9Zn solid-
ified under different cooling rates in 3.5 % NaCl solution
obtained from Fig. 4 are listed in Table 4.

The corrosion potentials (E.,) are —0.943, —0.875 and
—0.812 Vgcg for furnace-cooled, air-cooled and water-
cooled alloys, respectively. It indicates that the value of
E o shifts towards noble value with the increase of the
cooling rate. Besides, it is found that the E.,, of Sn—
0.3Ag—0.9Zn alloy in 3.5 % NaCl solution is more positive
than that of other Sn—Zn alloys, such as the —1.43 Vgcg of
Sn-9Zn, —1.07 Vgcg of Sn-9Zn-0.5Ag, —1.09 Vgcg
of Sn—9Zn-0.5Ag—1In [6] and (—1.160 to —1.207 Vgcg) of
Sn—8.5Zn-xAg-0.1A1-0.05 Ga (x = 0.1-2 wt%) [16].
Furthermore, the corrosion current densities (i.o,) were
estimated from the Tafel plots using both cathodic and
anodic branches of the polarization curves from —50/
70 mV (vs. OCP). As depicted in Fig. 4 and listed in
Table 4, the value of i, and the average passive current
density (i,,) in the whole passive range decreases obviously
with increasing cooling rate. Moreover, the passive film
appears to break down at a certain potential. As for the
furnace-cooled and air-cooled alloys, their pitting poten-
tials (Ep) are about 20 mV lower than that of the water-
cooled alloy. In general, the increase in cooling rate in the
Sn—0.3Ag—0.9Zn alloy results in the improvement of the
corrosion resistance and the protection from the oxide film
formed on the surface of the alloy, which is consistent with
the speculation based on the microstructure of the alloy.

3.3 EIS and EN

Figure 5a, b shows the effect of cooling rate on the
impedance spectra (Nyquist plot and Bode plot) for the Sn—
0.3Ag—0.9Zn alloy after being immersed in the solution for
2 h and 6 h. In the impedance measurement, the radius of

Table 3 EDX results of the

Lan wo Elements  Position (at.%)
indicated structure in Fig. 3b -
EDX 1 EDX2
Zn 70.5 19.0
Ag 29.5
Sn 81.0

the semi-circular arc (see Fig. 5a) enlarges with prolonging
immersion time from 2 to 6 h, showing typical features that
are often observed for a passive film forming on the alloy
[19] and an enhancement of its protective behavior [26].
Besides, the radius of the capacitive loop observed in
Fig. 5a and the module in low frequency (0.1 Hz) observed
in Fig. 5b are consistent with the potentiodynamic results
presented in Fig. 4 where a minimum i,, (2.5 HA/cm?)
occurs in the water-cooled alloy and a maximum one
17 uA/cmz) in the furnace-cooled alloy.

This trend is also verified by the EN results. Figure 6
shows the potential noise and current noise as a function of
time during immersion in the 3.5 % NaCl solution for 6 h.
The potential noise presents a trend of gradual growth,
while the current noise reduces progressively until a certain
value reaches. The initial decrease of current density cor-
responds to the formation of passive film on the electrode
surfaces [27]. Compared the alloys solidified in different
medium, the water-cooled alloy has the most positive
potential and the minimum current fluctuation, which are
consistent with the potentiodynamic results presented in
Fig. 4 and the EIS results shown in Fig. 5. Furthermore, the
calculated noise resistance (R),) as a function of immersing
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Fig. 4 Potentiodynamic polarization curves obtained for Sn—0.3Ag—

0.9Zn in 3.5 % NaCl solution at a scan rate of 0.1667 mV/s at room
temperature

Table 4 Electrochemical properties of Sn—0.3Ag—0.9Zn solidified under different cooling rates in 3.5 % NaCl solution

E o (VISCE)

icor (LA/cm?)

ipa (RA/Cm?) E, (V/SCE)

Furnace-cooled —0.943 (£0.002) 2.8 (£0.2) 17 (£1) —0.449 (£0.001)
Air-cooled —0.875 (£0.004) 0.67 (£0.03) 4.9 (£0. 1) —0.450 (£0.001)
Water-cooled —0.812 (£0.002) 0.35 (£0.02) 2.5 (£0.2) —0.431 (£0.002)

E_ ., corrosion potential; i, corrosion current density; i,,, passive current density; E,, pitting potential
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Fig. 5 EIS plots of Sn—0.3Ag—0.9Zn alloy solidified under different cooling rates after immersed in 3.5 % NaCl solution for 2 h and 6 h:
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Fig. 6 EN plots of Sn—0.3Ag—0.9Zn alloy solidified under different
cooling rates during an immersion of 6 h

time obtained from EN data is plotted in Fig. 7. The noise
resistance (R,) enhances continuously and slightly as time
goes on, implying the growth process of the passive film.
On the whole, it is observed that the R,, value of alloys in
3.5 % NaCl solution decreases in the following order: the
water-cooled alloy (approximately 80 K Q) > the air-
cooled alloy (approximately 11 K €) > the furnace-cooled
alloy (approximately 8 K Q). Since R, is inversely pro-
portional to the corrosion rate, the differences between R,

—=— furnace-cooled
—e— air-cooled
_ —a— water-cooled
10°
"Poq ik
G | /
~—c W / RA |
4 Y ]
ok
I
103 E 1 1 1 1 1
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Fig. 7 Calculated noise resistances (R,) as a function of immersing
time obtained from EN data

values indicate the different dissolution rates of the passive
films.

3.4 Semiconductor properties of the passive film

Specifically, the alloys show self-passivation properties by
forming a passive film at the surface in test solution, which
was observed through the electrochemical measurements.
Moreover, this passive film on the surface has semicon-
ductor properties, and we can get precise information in
terms of the concentration of flaws (cation vacancy and
oxygen vacancy) of the passive film by studying on their
semiconductor structure properties, which determine the
stability and protective ability of the passive film.
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Fig. 8 a Mott-Schottky results of Sn—0.3Ag—0.9Zn alloy solidified under different cooling rates; b the calculated donor density as a function of

solution

Therefore, Mott—Schottky analyses were performed for
Sn—0.3Ag—0.9Zn alloys solidified in different medium after
passivation at about —0.55 Vgcg for 1 h at ambient tem-
perature. The potential was selected to be close to the
pitting potential (—0.45 Vgcg) to help to understand the
degradation mechanism.

Figure 8a shows that the passive films exhibit Mott—
Schottky behavior when the film formation potentials are
between —0.8 and —0.58 Vgcg. The Mott—Schottky curves
of the samples under three cooling rates exhibit linear
properties with the positive slopes in 3.5 % NaCl solution,
which shows that the passive films all present n-type
semiconductor behavior. It can be attributed to the pre-
sence of oxygen vacancies in the passive film.

According to the point defect model (PDM) [28], it is
assumed that cation vacancies migrate from the oxide—
electrolyte interface to the metal-oxide interface, which is
equivalent to the transport of cations in the opposite direc-
tion. If these vacancies penetrate into the metal phase at a
slower rate than their transport through the oxide, they
accumulate at the metal-oxide interface and finally lead to a
local concentration. The inward diffusion or migration of
cation vacancies is affected by the incorporation of chloride
at the oxide—electrolyte interface according to the following
mechanism by which chloride ions can fill anion vacancies:

V,, + Cl™ (aq) = Clo (a)

where V, represents the oxygen vacancy at the film/solu-
tion interface and Clg represents a chloride ion occupying
an oxygen vacancy at the same location. The system
responds to the loss of oxygen vacancies by generating
cation vacancy/oxygen vacancy pairs via a Schottky-pair
formation type of reaction:

@ Springer

Null = Ve + % v (b)

where V; represents a cation vacancy. The newly generated
oxygen vacancies can in turn react with additional chloride
ions at the film/solution interface, generating more oxygen
vacancies and cation vacancies. These processes (adsorption
of chloride ions and generation of cation vacancies) are
autocatalytic. As a result, redundant cation vacancies gradu-
ally accumulate on the metal/film interface, which isolate the
metal substrate and the passive film, preventing the continual
growth of the passive film. Eventually, the voids formed on the
metal/film interface generate stress within the passive film,
leading to the nucleation and propagation of pitting and final
breakdown. Therefore, passive film containing more oxygen
vacancies is more vulnerable to damage.

Besides, the concentration of the oxygen vacancy defect,
quantified by Np value in this situation, can be calculated
from the slope of the linear potential region. The depen-
dence of the donor concentrations (Np) on the cooling rates
of alloys is displayed in Fig. 8b. The Np value diminishes
from about 2.68 x 10?2 cm ™ to about 1.25 x 10?? cm_3,
indicating that the oxygen vacancies in the passive film
decreased with the increase of cooling rates.

As a result, the stability and protective ability of the
passive film formed on water-cooled alloy is higher than
that of furnace-cooled alloy and air-cooled alloy, which is
consistent with the polarization curves, EIS and EN.

3.5 Composition of the passive film

The passive films of the Sn—0.3Ag—0.9Zn alloys solidified
under different medium were obtained by anodic
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Fig. 9 XPS spectrum for Zn2p;3, obtained from Sn-0.3Ag—0.9Zn
alloy solidified under different cooling rates polarized at —0.55 Vgcg
for 1 hin 3.5 % NaCl solution at room temperature: a furnace-cooled,
b air-cooled, ¢ water-cooled

polarization at —0.55 Vgcg situated at passive region for
1 h and a steady-state current was attained in 3.5 % NaCl
solution at room temperature. Then XPS was performed on
the passive film and the results are shown in Fig. 9 (Zn2p;,,
spectra) and Fig. 10 (Sn3ds,, spectra). From Fig. 9, the
element of Zn existing as Zn>" on the surface of the pas-
sive film forms on water-cooled alloy, while Zn° on the
surfaces of furnace-cooled and air-cooled alloy due to the
presence of Zn-rich phases. As the weak points more sus-
ceptible to corrosion, the 7Zn° on the surface of furnace-
cooled and air-cooled alloys would accelerate the break-
down of the passive film.

In addition, the peak in Sn3ds/,, spectra (see Fig. 10) is
separated to three ones corresponding to binding energies
of 484.2, 485.6 and 486.3 eV, which are signed to Sn, SnO
and SnO, respectively [29]. As shown in Fig. 10, the oxide
films on the surfaces of the Sn—0.3Ag—0.9Zn alloys solid-
ified under different medium after anodic polarization at
—0.55 Vgcg for 1 h have the same composition, all con-
taining SnO and SnO,. According to the study of Alvarez
et al. [30], in near neutral media, SnO and SnO, might form
through the following steps:

Sn + 20H™ —2e” = Sn(OH), (c)
Sn(OH),+ 20H™ — 2¢~ = Sn(OH), (d)

The dehydration of Sn(OH), into SnO and Sn(OH), into
SnO, was also reported as follows:

Sn(OH),= SnO + H,0 (e)
Sn(OH),= SnO, + H,0 (f)

However, each composition in each cooling rate has
different content. The ratio of SnO,/(SnO + SnO,) and
SnO/(SnO + SnO,) in the oxide films formed on the sur-
face of samples under different cooling rates obtained from
Fig. 10 is shown in Fig. 11. It is found that with the cooling
rates increasing, the proportion of SnO, increases evi-
dently. Besides, the Gibbs free energy of formation is
—251.9 kJ/mol for SnO and —515.8 kJ/mol for SnO,,
implying that SnO, is expected to be more stable than SnO
[31]. As a result, the stability and protective ability of the
passive film formed on water-cooled alloy is higher than
that of the other, which is consistent with the Mott—Scho-
ttky and other electrochemical measurements results.

3.6 Corrosion products analysis

All solders were anodic polarized at —0.3 Vgcg (higher
than the pitting potential) for 120 s in 3.5 % NaCl
solution at room temperature to obtain the corrosion
products and contrast the corrosion situations. Figure 12
illustrates the surfaces of Sn—-0.3Ag—0.9Zn alloys solidi-
fied under different cooling rates after the anodic polar-
ization. The results show that all of the solders exhibit
local corrosion behavior, especially for the furnace-
cooled alloy (see Fig. 12a), of which the surface is the
coarsest. In contrast, the water-cooled alloy has some
smooth and uncorroded parts, shown in Fig. 12d. This
result also confirms the corrosion resistance of water-
cooled alloy is better than the furnace-cooled and air-
cooled alloys, which is accorded with the consequence of
electrochemical tests.

Besides, Fig. 12b reveals a mixture of compact, sheet-
like corrosion products with pores and openings caused by
the presence of C1™ on the outer surface of the Sn—0.3Ag—
0.9Zn solder, as well as the Sn—1Ag—0.5Cu—0.5Ni alloy
polarized to 100 mV [32]. Based on the EDX analysis
performed on the SEM micrograph in Fig. 12b, the cor-
rosion products contain mainly Sn, Cl and O, at 35.92,
25.48 and 38.60 at.%, respectively.

During the polarization test in NaCl solution, the pos-
sible cathodic reaction is the dissolved oxygen reduction
reaction [26]:

O, + 4e~ + 2H,0 — 40H™ (g)
The reactions on the anode are quite complicated. After
the breakdown of the passive film, under the damaging

effect of the chlorine ions, some possible anodic reactions
have been reported in the literatures [26, 33]:

3Sn+2C1" +40H™ —6e” = Sn3O(OH),Cl, + H,0
(h)

Lots of researchers have studied the corrosion properties
of Sn—Ag, Sn—-Ag-Cu, Sn—Cu, Sn—Zn, Sn-Zn-Bi and
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Fig. 10 XPS spectrum for Sn3ds, obtained from Sn—0.3Ag—0.9Zn alloy solidified under different cooling rates polarized at —0.55 Vgcg for 1 h
in 3.5 % NaCl solution at room temperature: a furnace-cooled, b air-cooled, ¢ water-cooled
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Fig. 11 The ratio of SnO,/(SnO + SnO,) and SnO/(SnO + Sn0O,) in
the oxide film formed on the surface of Sn—-0.3Ag-0.9Zn alloy
obtained from Fig. 10
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Sn—Pb solders in 3.5 % NaCl solution, and their results
showed that the corrosion product on the surface was
needle-like tin oxyhydroxy chloride (Sn;O(OH),Cly) [2,
31-33]. Hence, from the studies above, the corrosion
product of Sn-0.3Ag-0.9Zn alloys is main of
SH30(OH)2C12.

3.7 Corrosion process analysis

Figure 13 illustrates the corrosion process of the Sn—
0.3Ag—0.9Zn alloy in NaCl solution based on the studies
above and the PDM theory [28], and the process can be
described as follows. A passive film mainly composed of
SnO and SnO, generates on the surface of the Sn—0.3Ag—
0.9Zn alloy when it is immersed in NaCl solution, which is
associated with Reaction (c—f). At the same time, the
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Fig. 12 SEM micrograph on the surface of Sn—0.3Ag—0.9Zn alloy solidified under different cooling rates polarized at —0.3 Vgcg for 120 s in
3.5 % NaCl solution at room temperature: a, b furnace-cooled, ¢ air-cooled, d water-cooled

passive film local film
(SnO and Sn0O,) detachment
dissolution absorption of chlori(ie\ ions dissolution
( (L (¢
. condensation no film growth
Sn-0.3Ag-0.9Zn " Sn-0.3Ag-0.9Zn " Sn-0.3Ag-0.92n "
solder alloy solder alloy solder alloy

passive film

break down corrosion products

(Sn,0(0H).Cl,)

metal dissolution

e

| stable pit growth ERRRE -
Sn-0.3Ag-0.9Zn Sn-0.3Ag-0.9Zn
solder alloy solder alloy

Fig. 13 Schematic diagrams of corrosion process of the Sn—0.3Ag—0.9Zn alloy in NaCl solution

oxygen vacancies (V;;) in the passive film will absorb and ~ same location, as shown in Reaction (a). Then, based on
react with the Chloride ions in solution, which will resultin  the Reaction (b), the loss of V; leads to the generation of

that the chloride ion occupied the oxygen vacancy at the  new cation vacancy (Vj/), accumulating on the metal/film

@ Springer



22

J Mater Sci: Mater Electron (2015) 26:11-22

interface, which isolates the metal substrate and the passive
film and prevents the growth of the passive film. Eventu-
ally, the voids formed and the dissolution lead to the
nucleation and propagation of pitting and final breakdown
of the passive film. With the pit growth and the metal
dissolution, the corrosion products (Sn;O(OH),Cl,) gen-
erate massly and gather on the corroded surface of the
alloy.

4 Conclusions

Based on the present experimental potentiodynamic
polarization curves, EIS tests and EN measurements per-
formed with Sn—0.3Ag—0.9Zn alloys samples and the sur-
face observation after the anodic polarization, it concludes
that the corrosion resistance of the alloy improves with the
increase of the applied cooling rates. The water-cooled
alloy without active Zn-rich phase exhibits a microstruc-
ture formed by a finer dendrite array associated with
smaller AgZn; IMCs particles, which reduces the galvanic
corrosion between the cathodic IMCs and the anodic Sn
matrix. Besides, due to the passivation behavior observed
through the electrochemical measurements, the Mott—
Schottky and XPS measurements were performed to ana-
lyze the semiconductor properties and composition of the
passive film formed on the surface of the alloys. It confirms
that the stability and protective ability of the passive film
formed on water-cooled alloy is higher than that of the
furnace-cooled and air-cooled alloy, which is consistent
with the results of electrochemical measurements. Fur-
thermore, the corrosion product of the Sn—-0.3Ag—0.9Zn
alloys is main of Sn;O(OH),Cl, and the corrosion process
exhibits typical local corrosion character.
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