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Abstract In the present research the electrochemical behavior of the Sn-Zn alloys (Sn-1 wt.%Zn,

Sn-4 wt.%Zn and 8.9 wt.%Zn) in 3% NaCl solution is analyzed using potentiodynamic cyclic

polarization measurements and Electrochemical Impedance Spectroscopy (EIS) technique. Speci-

mens were longitudinally solidified with simultaneous heat extraction in two opposite directions.

Working electrodes were constructed using longitudinal and cross sections of the specimens with

both types of structure: columnar and equiaxed.

Results obtained from the polarization curves indicated that the two types of grain structures of

Sn-Zn alloys (Sn-1 wt.%Zn, Sn-4 wt.%Zn and Sn-8.9 wt.%Zn) corresponding to longitudinal sec-

tion present a pseudo passive zone. In the case of specimens from cross sections of the samples, the

columnar and equiaxed zones of Sn-8.9 wt.%Zn are the only ones that do not have this pseudo pas-

sive region. In addition, the interdendritic zone of alloys is susceptible to corrosion by dealloying

because this phase is zinc-rich. This type of corrosion also occurs in the zinc rich lamellar structure

present in the eutectic. The percentage of zinc in the alloy increases with increasing susceptibility to

pitting corrosion. The EIS values obtained revealed that the susceptibility to corrosion increases

with increasing zinc content in alloys, for both the columnar and equiaxed zones. In addition,

the columnar zones of Sn-4 wt.%Zn and Sn-8.9 wt.%Zn specimens are more resistant to corrosion
ns. Ara-
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than the equiaxed grain specimens. However, the equiaxed zone of Sn-1 wt.%Zn alloy is less sus-

ceptible to corrosion than the columnar zone. After adjustment by equivalent circuits it is revealed

that the equiaxed zone of Sn-8.9 wt.%Zn alloy has a second porous layer composed of corrosion

products on the electrode surface.

� 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/

).
1. Introduction

Both zinc and tin are widely used in industrial activity as coatings pro-

tect steel against corrosion, as mentioned in the literature (Cuthertson

and Angles, 1948; Zhang, 1996; Adams, 2004; Pistofidis et al., 2006;

Yang et al., 2012; Ares and Gassa, 2012). One of most common uses

of zinc is galvanized for outdoor use. Because tin and zinc are respec-

tively more and less noble than iron, the Sn-Zn alloys in a given region

are believed to be closer but more active than iron. These types of

alloys can act as sacrificial anodes with good anticorrosive properties

for ferrous base metals (Wang et al., 2001; Wang et al., 2002; Wang

et al., 2004). Therefore, the corrosion behavior of Sn-Zn alloys with

variable composition is worth to be investigated systematically (Hu

and Wang, 2006).
directional solidification system

M. et al., Electrochemical behavior of S
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The Sn-Zn coatings provide protection against corrosion, fric-

tional and anti-frictional properties (Vitkova et al., 1996), ductility

and weldability to the base metal in question (Wang et al., 2001;

Guaus and Torrent-Burgués, 2003; Guaus and Torrent-Burgués,

2005; Dubent et al., 2007). These coatings are also used in various

industrial applications such as in the frame of electrical and electronic

equipment due to the low electrical contact resistance of Sn-Zn

(Ashiru and Shirokoff, 1996; Wang et al., 2001; Guaus and

Torrent-Burgués, 2003). Also, they are used as an alternative to cad-

mium and nickel coatings due to toxic and allergenic effects they pro-

duce to individuals who manipulate objects covered with these metals

(Cuthertson and Angles, 1948; El-Sharif et al., 2000; Guaus and

Torrent-Burgués, 2003; Guaus and Torrent-Burgués, 2005). The Sn-

Zn coatings with high tin content provide very good protection
with heat extraction in two opposite directions.

n-Zn alloys with different grain structures in chloride-containing solutions. Ara-
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against oxidation and uniform corrosion of metals (Arici et al., 2011).

In materials with pure tin coatings or tin rich alloys, a process of uni-

form corrosion affects the substrate, while the coating is attacked

slightly. After prolonged exposure to the corrosive medium, tin and

tin-rich coatings are not damaged. However, zinc-rich coatings offer

greater protection to steel substrates. Previous investigations have

evidenced that Sn-25 wt.%Zn sheets are better than pure zinc or cad-

mium in corrosion tests of saline fog, and equal to cadmium and

higher than zinc in humid atmosphere tests. During atmospheric

tests, it has been found that the advantages of zinc covers, Sn-Zn

and cadmium depend on aggressive media (Vitkova et al., 1996). In

general, analysis of the electrochemical behavior of the Sn-Zn alloys

is performed by cyclic potentiodynamic polarization test, widely used

to study corrosion (Lin and Liu, 1998; Chou et al., 2003; Quartarone

et al., 2003; Park and Pyun, 2003; Zuo et al., 2003; Lin et al., 1998)

and measures of Electrochemical Impedance Spectroscopy (EIS) tech-

nique. During testing potentiodynamic polarization, the specimen

(working electrode) is brought from a state of cathodic polarization

to anodic values. When the specimen reaches a predetermined poten-

tial value, called passivation potential, it is possible the formation of

passive film, where the current density at this point is called critical

current density (Icrit). After this point, the corrosion current density

begins to fall at a much lower value. When a compact passivation

film on the surface is formed, the density of corrosion current
Reference 
electrode 

Working 
electrode

Fig. 2 (a) Solidifying system used with heat extraction system in two

electrodes used.
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becomes stable, obtaining the passivation current density (Ip), and

remaining constant while the potential of the sample continuously

increases until the potential reaches the rupture potential. At this

point, the passive film begins to break and pitting corrosion occurs

in the material under the film, resulting in an increase in corrosion

current density (Li et al., 2008). The Electrochemical Impedance

Spectroscopy (EIS) technique allows continuous monitoring of the

corrosion process without acceleration of the corrosion reaction

and may provide sufficient information on the dielectric behavior,

reactions and mass transport through the electrochemical interface

with a well-defined equivalent circuit (EC). In addition, it is very sen-

sitive to the evolution of resistive and capacitive behavior of the elec-

trochemical interface, considered one of the most effective methods

for the study of localized corrosion (pitting) (Hu and Wang, 2006;

Liu et al., 2015a,b,c).

At the present, few papers address microstructure phase composi-

tion and type of grain structures with the corrosion resistance of alloys.

Taking into account the above mentioned, the objective of the pre-

sent research was to analyze the corrosion susceptibility of Sn-Zn

alloys (Sn-1 wt.%Zn, Sn-4 wt.%Zn and Sn-8.9 wt.%Zn), which have

different grain structures, using cyclic potentiodynamic polarization

tests and Electrochemical Impedance Spectroscopy (EIS). The tests

are carried out in a naturally aerated solution of 3% NaCl (pH ffi 5)

and at room temperature (25 �C).
Electrochemical cell

Counterelectrode

opposite directions. (b) Conventional electrochemical cell of three

n-Zn alloys with different grain structures in chloride-containing solutions. Ara-
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Fig. 3 OCP done before cyclical polarization and EIS measure-

ments. (a) Transversal and (b) longitudinal.
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2. Materials and methods

To analyze the corrosion resistance of the alloys, the specimens

were first obtained by directional solidification method. To this
end, metals were horizontal unidirectional solidified inside clay
molds in a furnace with heat extraction in two opposite direc-

tions and simultaneously (Fig. 1).
To appreciate the macrostructure, the obtained specimens

were subjected to a chemical attack and roughed previously
with abrasive paper of SiC with a wide particle size between

# 60 and # 1500 and then with alumina (0.25 lm). Etching
involves immersing the specimens in a solution composed of
5 g FeCl3, 10 mL HCl and 100 mL distilled water solution

for about 10 s at room temperature (25 �C).
This allowed defining three zones of different grains struc-

tures along the samples (Ares et al., 2002;Ares et al., 2008;

Agaliotis et al., 2008; Rosenberger et al., 2010; Gueijman
et al., 2010; Ares and Gassa, 2012; Ares et al., 2012; Parra
et al., 2013; Scheiber et al., 2014; Scheiber et al., 2015;

Kociubczyk et al., 2016): A columnar (C) zone with large
Please cite this article in press as: Méndez, C.M. et al., Electrochemical behavior of S
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and elongated grains, a zone of columnar-to-equiaxed transi-
tion (CET) and an equiaxed (E) zone, with smaller grains.
Samples of columnar and equiaxed zones were taken by longi-

tudinal and transverse sections and used as working electrodes
(Fig. 2).

The electrochemical behavior of the materials was evalu-

ated by cyclic potentiodynamic measures in an electrochemical
cell of three electrodes Pyrex (ASTM G-5) with a saturated
calomel electrode (SCE) as a reference electrode and a plat-

inum wire as spiral as counterelectrode (Fig. 2).
Assays were performed in a solution of 3% NaCl (pH ffi 5)

at room temperature (25 �C) in the naturally aerated. The
average area of the samples exposed to the electrolyte was

0.44 cm2. A potentiostat/galvanostat/ZRA Reference 600
Gamry was used.

The polarization curves were performed at a sweep velocity

of 1.6 � 10�4 V/s (ASTM 61-86) from 0.1 V below the open cir-
cuit potential, increasing the potential in the anodic direction
until reaching a current density of 3.25 * 10�3 A/cm2, and

then, the sweep direction was reversed until the back curve
was cut back, closing the hysteresis cycle, or until the corrosion
potential was reached.

The analysis of the specimens before and after each mea-
surement, was done by optical microscopy technique. In addi-
tion, Electrochemical Impedance Spectroscopy (EIS) tests were
performed using a Reference 300 Gamry�. The amplitude of

the sinusoidal signal of applied potential, around the corrosion
potential, was 10 mV in a frequency range between
1 � 10�1 Hz and 1 � 105 Hz. The equivalent circuits that sim-

ulate the electrochemical response obtained from the system
were built with the help of Equivcrt version 3 software. For
both types of trials, an initial delay of 300 s at open circuit

potential was considered to stabilize the system (Liu et al.,
2010), see Fig. 3(a) and (b).

Each measurement (potentiodynamic polarization and elec-

trochemical impedance spectroscopy (EIS)) was repeated at
least three times for repeatability.

3. Results and discussion

3.1. Macrostructure and microstructure

The three grain structures, Columnar (C), Columnar-to-
Equiaxed Transition (CET) and Equiaxed (E) were differenti-
ated along the specimens by the macrostructure revealed alloys

(Fig. 2).
Fig. 4 shows the microstructure for hypoeutectic composi-

tion, in which the presence of two phases is observed: b-Sn
phase in the case of Sn-1 wt.%Zn (Fig. 4(a)) and b-Sn plus
eutectic phase (b-Sn + Zn) for Sn-4 wt.%Zn (Fig. 4(b)). Both
phases are well distributed throughout the system. The b-Sn,
light gray (free Zn) zone phase has an elliptical morphology
with an approximate size ranging from 20 to 30 [lm], while
the eutectic phase is observed as fine needles of Zn (black
color) dispersed in a matrix of b-Sn. By increasing the content

of Zn in the alloy to the eutectic composition, the zones of b-
Sn (Zn free) disappear completely and only the eutectic phase
is observed, which is described above as fine needles Zn (black

color) dispersed in a matrix of b-Sn (light gray) (Fig. 4(c)).
Fig. 5 shows the typical microstructures of hypoeutectic

and eutectic Sn-Zn alloys along the length of the casting, as
n-Zn alloys with different grain structures in chloride-containing solutions. Ara-

http://dx.doi.org/10.1016/j.arabjc.2016.12.019


Fig. 4 Sn-Zn phase diagram and microstructures of Sn-1 wt.%Zn, Sn-4 wt.%Zn and Sn-8.9 wt.%Zn.
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also previously reported (Garcia et al., 2010). The Sn-8.9%Zn
alloy has a characteristic eutectic structure with large, dis-
persed precipitates rich in zinc, in the b-Sn matrix (Liu et al.,
2015a,b,c; Garcia et al., 2010; El-Daly et al., 2014; Garcia

et al., 2009). For the case of hypoeutectic Sn-4%Zn alloy
(Fig. 6), fine precipitates rich in zinc are segregated from the
b-Sn matrix to form part of the eutectic appearance and b-
Sn islands can be clearly observed, as reported in the literature
(Liu et al., 2015a,b,c;El-Daly et al., 2014). In the case of Zn-
1%Zn alloy, only b-Sn islands without the formation of inter-

dendritic zone are observed (Fig. 7).

3.2. Cyclic potentiodynamic polarization curves

As shown in Table 1, no significant differences were observed

between the corrosion potentials of the alloys for the three dif-
Please cite this article in press as: Méndez, C.M. et al., Electrochemical behavior of S
bian Journal of Chemistry (2017), http://dx.doi.org/10.1016/j.arabjc.2016.12.019
ferent grain structures or regarding the longitudinal and
transversal sections. However, potentials for transversal sec-
tions are higher than for longitudinal sections. In addition, it
can be seen that there is no significant variation of corrosion

potential with respect to increased zinc content in the alloy.
If corrosion potentials obtained for each of the alloys are

compared to the potentials reported in Scheiber et al. (2014),

which correspond to pure metals tested under the same condi-
tions, being �0.491 V vs. SCE (saturated calomel electrode)
for Sn and �1.146 V vs. SCE (saturated calomel electrode)

for Zn, it is observed that all samples have potentials close
to corresponding of pure Zn.

The corrosion current values are low in general for longitu-
dinal cutting. There is no a clear trend of corrosion current

with respect to the content of Zn or with respect to the struc-
ture of alloys.
n-Zn alloys with different grain structures in chloride-containing solutions. Ara-
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(a)

(b)                                                     (c)

25x12.5x

Fig. 5 (a) Macrostructure of Sn-8.9 wt.%Zn. (b) and (c) Microstructures of columnar and equiaxed zones of the specimens, respectively.

(a)

(b) (c)

12.5x 12.5x

Fig. 6 (a) Macrostructure of Sn-4 wt.%Zn. (b) and (c) Microstructures of columnar and equiaxed zones of the specimens, respectively.
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Figs. 8 and 9 reveal that in the case of the longitudinal sec-

tion, the three alloys exhibit curves with similar characteristics,
and the same behavior applies in the case of cross sections of
Sn-1 wt.%Zn and Sn-4 wt.%Zn alloys.

In these curves, it is observed that the current density

reaches a point and then advancing active simulating a passiv-
ity range. That is, a pseudo-passivity for more positive values
than the corrosion potential was observed. While this region of

the curve has a density of approximately constant current it
cannot be considered as a passive zone due to the high current
values reached, especially after achieving high critical current
Please cite this article in press as: Méndez, C.M. et al., Electrochemical behavior of S
bian Journal of Chemistry (2017), http://dx.doi.org/10.1016/j.arabjc.2016.12.019
values, see Table 1. According to Liu et al. (2015a,b,c);

Ahmido et al. (2015) this pseudo passive region is attributed
to the formation of oxides and/or hydroxides supersaturated
surface of alloys. These oxides act as a barrier that inhibits
the dissolution of the alloys, and the Sn-1 wt.%Zn alloy shows

the lowest density corrosion values in the pseudo-passive zone.
However, columnar and equiaxed grain structures of Sn-

8.9 wt.%Zn alloy corresponding to the cross section do not

present such pseudo-passive region. This could be attributed
to the fact that zinc is very active and acts as anode in the chlo-
rinated solution as reported in Hu and Wang (2006).
n-Zn alloys with different grain structures in chloride-containing solutions. Ara-
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(a)

(b) (c)

12.5x25x

Fig. 7 (a) Macrostructure of Sn-1 wt.%Zn. (b) and (c) Microstructures of columnar and equiaxed zones of the specimens, respectively.

Table 1 Corrosion parameters of Sn-Zn alloys (Sn-1 wt.%Sn, Sn-4 wt.%Zn and Sn-8.9 wt.%Zn) in 3% NaCl.

Corrosion potentials

(V vs SCE)

icorrosion
(lA/cm2)

icritic (lA/cm2) ipseudopassive
a

(lA/cm2)

Break pseudo passivity

potential (V vs SCE)

Long. Transv. Long. Transv. Long. Transv. Long. Transv. Long. Transv.

Sn-1 wt.%Zn C �1 �0.95 2.51 2.51 27.54 12.19 16.98 10.96 �0.457 �0.545

E �1.07 �0.95 0.63 14.12 43.05 133.05 27.23 73.62 �0.526 �0.452

Sn-4 wt.%Zn C �1.04 �1.05 2.51 6.31 767.36 1081.43 557.19 685.49 �0.452 �0.467

E �1.13 �1.05 5.62 1.58 1205.04 1207.81 524.81 783.43 �0.463 �0.45

Sn-8.9 wt.%Zn C �1.13 �0.98 3.16 6.31 1547.03 – 1545.61 – �0.459 �0.98

E �1.13 �1.10 10.00 6.31 436.52 – 524.52 – �0.466 �1.10

–: it is not observed.
a Obtained at – 0.7 V vs SCE.

Electrochemical behavior of Sn-Zn alloys 7
The current values of this pseudo-passivity generally grow
in the direction of Zn% increase for both longitudinal and

transversal sections, Sn-1 wt.% (C) < Sn-1 wt.% (E) < Sn-
4 wt.% (C) = Sn-4 wt.% (E).

Comparison of the superposed curves revealed that when
values are greater than �0.5 V (see Table 1), the current

increases rapidly (iP 10�5 A/cm2) suggesting the breakage
of pseudo-passive film covering the surface thereof.

Except for Sn-8.9 wt.% Zn alloy, that is not presenting this

pseudo-passive range, a rapid increase was in current from cor-
rosion potential. Given these results, we can state that the Sn-
8.9 wt.%Zn alloy is the most susceptible to corrosion.

Because the tests were performed in a deaerated solution of
3% NaCl, the feasible cathodic reaction is the hydrogen evolu-
tion from water reduction, section AB of curves (Ahmido

et al., 2015; Mohanty and Lin, 2008) (Fig. 5)

2H2Oþ 2e� ! 2OH� þH2 ð1Þ
The current abruptly increases from point B, where dissolu-

tion of zinc occurs according to the following reactions
(Mohanty and Lin, 2008),
Please cite this article in press as: Méndez, C.M. et al., Electrochemical behavior of S
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Znþ 2H2O ! ZnðOHÞ2ðsÞ þ 2Hþ þ 2e� ð2Þ

ZnðOHÞ2 ! ZnOþH2O ð3Þ

2Znþ 2NaClþ 3H2O ! ZnOZnCl2ðsÞ þ 2NaOH

þ 4Hþ þ 4e� ð4Þ
Point B corresponds to the corrosion potential where

cathodic and anodic slopes were intercepted and the current
equals to zero. The dissolution of Zn begins at this point
and continues up until the region C.

As a result of the oxidation of zinc, the surface of the alloys
become tin rich (Figs. 4–7 - micrographs) (Mohanty and Lin,
2008). In the region of the BC curve, the tin dissolution to
Sn (II) and Sn (IV) species also occurs by the reactions shown

(Newman, 1985; Harrington and Devine, 2008; Brug et al.,
1984; Boissy et al., 2013).

Insoluble zincates formed were deposited on the surface of

the specimens of the alloys and generated the CD zone. This
region of the curve shows an almost vertical line since the cur-
rent density in this region is independent of the potential, in a

range of approximately 0.55 V (Fig. 5) except for columnar
n-Zn alloys with different grain structures in chloride-containing solutions. Ara-
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Fig. 8 Potentiodynamic polarization curves obtained from the

superimposed alloys according to the grain structure, transversal

sections (a) columnar and (b) equiaxed.

Fig. 9 Potentiodynamic polarization curves obtained from the

superimposed alloys according to the grain structure, longitudinal

sections (a) columnar and (b) equiaxed.
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and equiaxed structures in Sn-8.9 wt.%Zn The film formed in
this segment of the curve is not passive (Ahmido et al., 2015).

This fact is attributed to the irregular distribution of the oxides
forming on the surface of the specimens, since each alloy com-
prises a tin solution and a phase rich in zinc. Zn phase is usu-

ally diluted in NaCl and consequently, this phase does not
present a passive layer (Mohanty and Lin, 2007). As the for-
mation of pseudo passive film begins with the precipitation
of Zn (OH)2 on the surface (Ahmido et al., 2015), the Zn

(OH)2 becomes ZnO according to Ec. (2), being ZnO a semi-
conductor which can degrade the corrosion resistance. There-
fore, ZnO is detrimental to film formation. At point D, the

curves show an increase in current density accompanied by
an increase in potential, indicating the rupture of pseudo pas-
sive layer. The break of the film may be attributed to the pen-

etration of Cl� ions for the oxide layer or oxygen evolution
(Ahmido et al., 2015; Mohanty and Lin, 2007). The halide ions
promote the dissolution of zinc, which results in rupture of the

oxide film (Ahmido et al., 2015). Pistorius and Burstein
Please cite this article in press as: Méndez, C.M. et al., Electrochemical behavior of S
bian Journal of Chemistry (2017), http://dx.doi.org/10.1016/j.arabjc.2016.12.019
reported that Cl� penetration occurs within the oxide layer

and causes mechanical disruption thereof (Pistorius and
Burstein, 1994).

After performing cyclic potentiodynamic polarization mea-

sures, the observation of each of the samples through an opti-
cal microscope (Fig. 10) revealed the microstructure in the
specimens exposed to corrosive medium. The most susceptible

zone to localized corrosion is the interdendritic region, which
is the zinc rich phase, while b-Sn phase presents generalized
corrosion.

The type of corrosion that occurs in the interdendritic

region is by dealloying (Liu et al., 2015a,b,c; Khireche et al.,
2014). This is consistent with reports by Zhang (2005) who sta-
ted that alloys containing zinc are associated with loss process

thereof, in which the metal is preferably dissolved. As a result
of dezincification, the surface concentration of the other com-
ponents of the alloy increases. Therefore, the corrosion poten-

tial and the current density tend to vary much more with time
for the case of pure zinc (Galvele and Duffó, 2006). The Sn-
n-Zn alloys with different grain structures in chloride-containing solutions. Ara-
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Table 2 Setting values obtained of EIS spectra. Sn-Zn alloys.

RO

(O * cm2)

CPE1

(O�1 cm�2 sn)

n1 R1 (O * cm2) R2 (O * cm2) CPE2

(O�1 cm�2 sn)

n2 R3 (O * cm2) CPE3

(O�1 cm�2 sn)

n3 Equivalent circuit

(Fig. 11)

v2 (10�4)

Sn-1 wt.%

Zn

C 4.57

(6.12%)

6.02 * 10�6

(16.61%)

1 4.48 * 102

(29.09%)

2.52 * 103

(30.55%)

4.90 * 10�5

(21.28%)

0.62 (b) 7.6 * 10�1

E 5.52

(5.07%)

2.10 * 104

(16.57%)

0.74 9.79 * 103

(5.10%)

(a) 3.8 * 102

RO

(O * cm2)

CPE1

(O�1 cm�2 sn)

n1 R1 (O * cm2) R2 (O * cm2) CPE2

(O�1 cm�2 sn)

n2 R3 (O * cm2) CPE3

(O�1 cm�2 sn)

n3 Equivalent circuit

(Fig. 11)

Sn-4 wt.%

Zn

C 3.02

(0.05%)

5.04 * 10�5

(0.37%)

0.85 1.53 * 102

(0.77%)

4.95 * 103

(0.54%)

5.33 * 10�4

(0.14%)

0.47 (b) 3.8 * 10�2

E 4.26

(0.09%)

1.64 * 10�5

(30.19%)

0.92 1.99 * 10�15

(31.0%)

3.66 * 102

(1.98%)

2.89 * 10�4

(4.16%)

0.42 (b) 2.4 * 10�2

RO

(O * cm2)

CPE1

(O�1 cm�2 sn)

n1 R1 (O * cm2) R2 (O * cm2) CPE2

(O�1 cm�2 sn)

n2 R3 (O * cm2) CPE3

(O�1 cm�2 sn)

n3 Equivalent circuit

(Fig. 11)

Sn-8.9 wt.

%Zn

C 4.58

(0.09%)

5.26 * 10�4

(9.93%)

1 1.29 * 102

(46.85%)

4.30 * 103

(0.14%)

2.87 * 10�4

(0.31%)

0.46 (b) 2.1 * 10�2

E 5.14

(0.06%)

2.50 * 10�5

(1.14%)

0.91 2.58 * 101

(1.22%)

5.39 * 100

(9.53%)

9.78 * 10�4

(10.49%)

1 2.95 * 103

(6.4%)

3.95 * 10�3

(0.26%)

0.39 (c) 2.1 * 10�2

*Data in parenthesis are the estimated error.
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4 wt.%Zn and Sn-8.9 wt.%Zn alloys, also in b-Sn phase pre-
sent a varied litmus color on the surface of the specimen, which
could be attributed to the presence of an adherent oxide layer

(Liu et al., 2015a,b,c). Regarding the eutectic case (Liu et al.,
2015a,b,c), indicated that Cl� anions migrate along the inter-
granular boundaries of zinc precipitate into the b-Sn matrix

alloys. The intergranular edges provide efficient diffusion path
anions Cl� and therefore promote the pitting process. With
reference to corrosion susceptibility, as mentioned above, the

corrosion potential of zinc is more electronegative than tin
(ASTM G82, 2006), indicating that zinc is preferably dissolved
due to galvanic coupling and, therefore, favors the process of
pitting in Sn-Zn alloys. Furthermore, it is observed that the

most affected zone of the test pieces was the zone where these
specimens experienced shear stress.

3.3. Electrochemical Impedance Spectroscopy (EIS)

EIS measures were carried out on longitudinal sections of the
specimens of the alloys. The spectra obtained were simulated

using three models by equivalent circuits including a set of
electrical elements that describe the electrochemical character-
istics of the electrode-solution interface. As can be seen in
(a) Sn-1wt.%Zn               

(c) Sn-8.9w

25 x

Fig. 10 Micrographs of alloys, after performing the polarization cur

Sn-1 wt.%Zn, (b) Sn-4 wt.%Zn y and (c) Sn-8.9 wt.%Zn.

(a)                       (b)

CPE1

CPE2

R2 R1

RΩ
RΩ

CPE1 

R1

Fig. 11 Models of equivalent circuits

Please cite this article in press as: Méndez, C.M. et al., Electrochemical behavior of S
bian Journal of Chemistry (2017), http://dx.doi.org/10.1016/j.arabjc.2016.12.019
Fig. 11, the first model (a) RX(R1CPE1) consists of RX, which
corresponds to the resistance of the electrolyte, R1, which is the
resistance to charge transfer occurring in the double layer and

finally, the constant phase element, CPE1, corresponding to the
capacitance attributed to the double layer. The second model
(b) (Liu et al., 2015a,b,c; Osório et al., 2012; Liu et al., 2016)

consists of RX(CPE2(R2(R1CPE1)))and R2, which corresponds
to the charge transfer resistance associated with the metal-
oxide interface and the CPE2 that relates to the process of dif-

fusion through the oxide film formed on metal.
The model (c) RX(CPE3(R3(R2CPE2)(R1CPE1))), has the

same electrical circuit elements (b) and is also formed by the
arrangement (R3CPE3), indicating the presence of a second

porous oxide layer on the electrode surface. The origins of
the CPE are summarized in the literature (Jorcin et al., 2006;
Brug et al., 1984), including surface roughness and heterogene-

ity, the porosity of the electrode, slow adsorption reactions,
non-uniform potential and current distribution. The CPE is
defined by Eq. (5),

ZCPEðxÞ ¼ ½YðixÞn��1 ð5Þ
where Y is the magnitude of CPE, i is an imaginary number,

x ¼ 2pf represents the angular frequency (rad/s) (f is the fre-
(b) Sn-4wt.%Zn

t.%Zn

25x

25x

ves, corresponding to the cross section of columnar structure: (a)

(c)

RΩ

CPE1 

R1

CPE2 

R2R3

CPE3 

used to adjust the spectra obtained.

n-Zn alloys with different grain structures in chloride-containing solutions. Ara-
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quency in Hz) and n is the exponential term corresponding to

the depression degree impedance spectrum. Depending on the
value of n, CPE can represent pure resistance (n = 0), pure
capacitance (n = 1), pure inductance (n = �1) and/or War-

burg impedance (n = 0.5) (Liu et al., 2015a,b,c; Khireche
Fig. 12 Bode diagrams superposed structures according to the

type of grain structures of alloys. (a) Sn-1 wt.%Sn. (b) Sn-4 wt.%

Zn. (c) Sn-8.9 wt.%Zn.

Please cite this article in press as: Méndez, C.M. et al., Electrochemical behavior of S
bian Journal of Chemistry (2017), http://dx.doi.org/10.1016/j.arabjc.2016.12.019
et al., 2014). Table 2 shows the list of the alloys with the elec-

trical circuit to which spectra were adjusted.
According to electrical circuits used for different alloys

observed in the case of the columnar structure, the spectra

are adjusted with the same model. Therefore, it can be assumed
that increasing the percentage of zinc does not affect its elec-
trochemical behavior, since in Parra et al. (2013) the same cir-
cuit was used for pure tin tested under the same conditions. In

the case of the equiaxed zone it was observed that the zinc con-
tent in the alloy increases with increasing capacitive
contributions.

Also, according to the electric circuit model that fits the
spectrum obtained for the Sn-8.9 wt.%Zn alloy, with equiaxed
structure, the formation of a second oxide layer on its surface

is due to the contribution of CPE3.
Bode plots are obtained for each grain structures of the

three alloys (Fig. 12). Fig. 12 shows that the tested specimens
have two capacitive contributions, except for Sn-1 wt.%Zn in

the equiaxed structure. The first loop, located in the high fre-
quency region corresponds to the capacitance of the double
layer, instead of a pure capacitance an element of constant

phase is used not only for a good fit but also to remove the dis-
persion frequency capacitance (Harrington and Devine, 2008).
Then, the metal acts as an RC equivalent circuit to the poten-

tial difference at the interface metal-solution itself of a metal
electrode immersed RC circuit. The second loop, at low fre-
quencies, reveals the presence of an oxide layer for which the

resistance to charge transfer (R2) is greater than the polariza-
tion resistance (R1), except for the equiaxed structure of Sn-
8.9 wt.%Zn alloy. Table 2 shows the values obtained from
the resulting adjustment experiences. This feature could be

interpreted as a preferential dissolution of zinc as a form of
selective corrosion of Sn-Zn alloys.

The low definition of the second semi-circle, could be attrib-

uted to a variation in the chemical composition of the oxide
film and the various processes of diffusion and/or dissolution
that develop through it. In the case of the equiaxed zone of

Sn-8.9 wt.%Zn alloy has a third contribution attributed to a
second layer, formed as a result of the deposit of corrosion
products on the surface of the specimens. According to
Dubent et al. (2010), the charge transfer occurs without mass

transport by dissolving the alloy.
A decrease in the corrosion resistance was observed for the

two structures of grain with increasing zinc content of alloys.

This feature is consistent with the results of potentiodynamic
polarization measurements, which indicate that the alloys are
more susceptible to pitting corrosion with increasing zinc con-

tent in the alloy.
This fact agrees with reports in Liu et al. (2015a,b,c). In

addition, it was observed that in the case of Sn-4 wt.%Zn

and Sn-8.9 wt.%Zn alloys, the columnar structure has greater
corrosion resistance than the equiaxed structure, while in the
case of Sn-1 wt.%Zn the equiaxed zone is more resistant to
corrosion than the columnar structure.

4. Conclusions

After considering the measures of cyclic potentiodynamic polarization

curves and the EIS tests conducted in Sn-1 wt.%Zn, Sn-4 wt.%Zn and

Sn-8.9 wt.%Zn, we conclude the following:

The zinc content in the alloys does not significantly affect the cor-

rosion potentials (Ecorr).
n-Zn alloys with different grain structures in chloride-containing solutions. Ara-
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The corrosion resistance increases in the direction of reducing the

percentage of zinc in the alloy; this is evidenced by the decrease in cur-

rent in the pseudopassive zone as the zinc content decreases.

The interdendritic zone (zinc rich) is the phase more susceptible to

localized corrosion in the case of the two-grain structures of alloys.

The alloys have two capacitive contributions that are attributed to

charge transfer, diffusion and dissolution processes, which are devel-

oped in layers composed of corrosion products.

Regarding the structure, columnar zones of Sn-4 wt.%Zn and Sn-

8.9 wt.%Zn alloys are more resistant to corrosion than the equiaxed

zones. However, for the Sn-1 wt.%Zn alloy this is reversed.

The columnar grain structure has the same equivalent circuit in all

alloys, while the equiaxed grains present a greater number of capacitive

contributions as rising the weight percentage in zinc alloys.
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