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Abstract

The effect of tin on the corrosion and electrochemical behavior of
Al-Zn-Mg alloy in 3.5 wt.% NaCl solution was investigated by
open-circuit potential measurements (OCP), polarization tech-
niques and electrochemical impedance spectroscopy (EIS). The
Morphology of the alloy after corrosion was studied by scanning
electron microscopy (SEM). The results showed that the anodic
dissolution of Al-Zn-Mg alloy increased with increasing tin con-
tent. EIS measurements showed that the polarization resistance
decreases with increasing tin content. Moreover, surface analysis
indicated that Sn reduced intergranular corrosion of the aluminum
alloy and promoted the formation of the corrosion products.

Introduction

Lightweight alloys are the key materials for the future of manu-
facturing industry and their use in the field of automotive, aero-
space and electronics are of major research interest [1-3].

Al-Zn-Mg base alloys have been widely used as structural mate-
rials due to attractive combined properties, such as low density,
high strength, ductility, toughness and resistance to fatigue [4-10].
In these alloys the high solubility of Mg and Zn in aluminum is
exploited to obtain a tensile strength that pure Al does not have. In
such applications Mg and Zn contribute to the alloy hardening
with the formation of Guinier—Preston (GP) zones [11] and pre-
cipitates [12] which modify the aluminum lattice by internal strain
so that the motion of dislocations is hampered, thus strengthening
the alloy [11]. These alloys have also been considered as galvanic
anode due to their anodic dissolution process showing a more
negative or active corrosion potential [13].

It is known that small additions of various alloying elements
often change the morphology, spatial distribution and size of pre-
cipitates. For this reason, many studies focused on improving the
mechanical and corrosion properties of Al alloys to achieve excel-
lent corrosion resistance and mechanical properties, needed for
industrial applications by adding small additions of various alloy-
ing elements [14,15]. To inhibit recrystallization and to improve
localized corrosion via the formation of new dispersoids in Al—
Zn-Mg—Cu alloy have recently aroused lots of interest among
researchers. Addition of Sc to Al-Zn-Mg—Cu alloys can produce
Al;Sc dispersoids, effectively restrain recrystallization and im-
prove the stress corrosion resistance. Additions of Sc and Zr to
Al-Zn-Mg—Cu alloys can produce finer and more stable
Al;(Sc,Zr) dispersoids, and more effectively restrain recrystalliza-
tion. However, expensive Sc limits the development and applica-
tion of Sc-containing Al-Zn-Mg—Cu alloys. Additions of cheaper
rare earth elements and transition elements to Al-Zn-Mg—-Cu
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alloys to form new dispersoids inhibiting effectively recrystalliza-
tion are being studied [7].

Another cheaper addition could be Sn, which has been tried in Al-
Cu alloys and has been reported to yield remarkable property
improvement by influencing the precipitate density, morphology
and interfacial energy. Addition of Sn in Al-Zn-Mg alloy has
shown remarkable improvement in properties and a recent report
by Ogura [15] has revealed that Sn significantly reduces the pre-
cipitate free zone (PFZ) in the system without the threat of early
melting owing to lower melting point of Sn. Sn has been consid-
ered as an attractive element for its interaction with a vacancy in
the Al matrix and is expected to change the precipitate morphol-
ogy in the vicinity of grain boundaries. However, no results have
been reported on the corrosion and electrochemical behavior of
Al-Zn-Mg alloy containing different amount of Sn. In the present
study, the influence of Sn on the corrosion behavior of Al-5.3Zn—
2.4Mg in 3.5 wt.% NaCl solution was investigated by using open-
circuit potential measurements (OCP), polarization techniques and
electrochemical impedance spectroscopy (EIS).

Experimental Work
Material

The present study was carried out using Al-Zn-Mg alloy. Its
chemical composition is 5.3 wt.% Zn, 2.4 wt.% Mg, 0.02 wt.% Cu,
0.01 wt.% Fe and Al is the rest. Sn was added with different
amount (0.05, 0.1 and 0.2 wt. %) to molten Al-Zn-Mg alloy and
mechanically stirred for 5 minutes at 750°C under a constant flux
of nitrogen. The melt is then casted into steel mold of dimensions
(100x50x10 mm) and naturally cooled down to room temperature.

Electrochemical Measurements

All electrochemical measurements were carried out using electro-
chemical work station, Gamry PCI300/4 Potentiostat/ Galvanostat
/ Zra analyzer, with a personal computer. Specimens were pol-
ished to 1200 grit sizes and then specimens were cleaned with
distilled water. A three-electrode cell composed of a specimen as
a working electrode, Pt counter electrode, and Ag/AgCl reference
electrode were used for the tests. Prior to electrochemical tests,
the specimens were cathodically cleaned for 15 min at -1200 mV
(Ag/AgCl) to remove the air-formed oxide film. Polarization tests
were carried out at a scan rate of 0.5 mV/min at 25 °C. Specimens
with exposed surface area of 1.0 cm® were used as a working elec-
trode. The Echem Analyst 5.21 statistically fits the experimental
data to the Stern-Geary model for a corroding system. The routine
automatically selects the data that lies within the Tafel region
(250 mV with respect to the corrosion potential).



The Echem Analyst calculates corrosion potential, corrosion cur-
rent density, anodic and cathodic slopes.

Cyclic polarization measurements were carried out by sweeping
linearly the potential from the starting potential into the positive
direction at a given scan rate till a required potential value and
then reversed with the same scan rate till the starting potential to
form one complete cycle.

In EIS technique a small amplitude ac signal of 10mV and fre-
quency spectrum from 100 kHz to 0.01 Hz was impressed at the
OCP and impedance data were analyzed using Nyquist plots. The
charge transfer resistance, R,, was extracted from the diameter of
the semicircle in Nyquist plot.

Surface Examination Study

Al-Zn-Mg specimens were immersed in 3.5 wt. %. NaCl solution
for a period of 3 days. After that, the specimens were taken out
and dried. The surface of the metal specimens was analyzed by
scanning electron microscope (SEM, Joel-JXA-840A).

Results and Discussions

Open Circuit Potential Measurements

The electrochemical behavior of Al-5.3Zn-2.4Mg with different
amount of Sn in 3.5 wt. % NaCl solutions was studied on the basis
of the change in OCP with time and represented in Figure 1. In-
spection of the data reveals that the OCP of Al-5.3Zn-2.4Mg, in
all cases, tends from the moment of immersion towards more
negative value. This behavior represents the break down of the
pre-immersion air formed oxide film on Al-Zn-Mg surface.
Moreover Figure 1 indicates that the OCP shifts to more negative
values with increasing Sn amount. This is due to increasing
amount of Sn leads to an increase in free Sn and intermetallic
compounds which encourage galvanic corrosion with the sur-
rounding matrix.
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Figure 1. Potential-time curves for Al-Zn-Mg with different
amount of Sn in 3.5wt. % NaCl solution.

Potentiodynamic Polarization Measurements

Figure 2 shows the potentiodynamic curves of Al-5.3Zn-2.4Mg
alloy with and without Sn . It can be seen that the corrosion poten-
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tial (E,,,) shifts to more active potential with increasing Sn in Al-
5.3Zn-2.4Mg alloy. The electrochemical parameters including
corrosion potential (E.,), corrosion current density (i), anodic
and cathodic slopes (3, and 3.) were calculated from Tafel plots,
and are summarized in Table 1.
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Figure 2. Anodic and cathodic polarization curves of Al-Zn-Mg
with different amount of Sn in 3.5 wt. % NaCl solution.

From the calculated corrosion current densities it can be seen that
the corrosion current densities increases with the increase of Sn
content. From physical metallurgy and phase diagrams of alumi-
num alloys, it is clear that tin is negligibly soluble in aluminum.
Tin has been observed to have a solubility of less than 0.01 wt.%
in the aluminum matrix at the melting point of approximately
231.2 °C. Also it is known that the solubility of tin is approxi-
mately about 0.1% at temperature of 600 OC and above [16]. This
is probably why its globules were found (black dots) in the alumi-
num matrix. It is suspected that galvanic cells set up between the
tin globules and the aluminum matrix results in dissolution of
aluminum or zinc and magnesium in the vicinity of the tin when
they are soaked in seawater. The consequence of this phenomenon
is that the networks of the passive oxides of the aluminum alloy
are broken down thus increasing the anodic dissolution. [16].
Moreover Table I illustrated that the anodic and cathodic Tafel
slopes were changed with increasing Sn amount. This means that
Sn affects on anodic and cathodic reaction mechanisms.

Table I. Electrochemical Parameters Obtained from Potentiody-
namic Polarization Measurements for the Corrosion of Al-5.3Zn-
2.4Mg with Different Amount of Sn in 3.5 wt. % NaCl Solution

Sn ECOI‘. iCOl‘ BC ﬁa
Wt.% | (V) | (Alem?) | (V/dec) | (V/dec)

0.0 |-1.16 | 4.1%10° 0.38 0.24
0.05 | -1.18 | 9.5%107 0.43 0.28
0.1 -1.23 | 2.8*10™* 0.55 0.30
02 |-1.34 | 4.6%10* 0.56 0.35




Cyclic Polarization Measurements

Pitting studies were conducted by cyclic polarization technique.
Figure 3 (a and b) presents cyclic polarization curves recorded for
Al-Zn-Mg alloy with and without Sn content in 3.5 wt. % NaCl
solution. The solid arrows next to the forward and the reverse
anodic branches indicate potential scan directions.

Cyclic polarization technique allows the repassivation potential
(E,p) to be determined. In the present work, E,;, is defined as the
potential on the reverse scan at which the anodic current becomes
zero (i.e., the current changes polarity). Determination of E,, is
essential in order to establish the passive and pitting potential
regions of the system. Indeed, in pitting corrosion studies, Ey, is
the relevant potential instead of E, because significant induction
time for pit nucleation may exist when the potential is increased
from the passive region. At potentials more negative than E,,, the
electrode is protected by an oxide film and pitting will only take
place at more positive potentials [17]. This remarkable hysteresis
anodic loop denotes that Al was able to repassivate after the
breakdown of the passive film. It is obvious from Fig. 3(a) that the
obtained plots had the familiar form for Al and Al alloys showing
a well-defined corrosion potential, E.,, followed by a passive
region. The passive region results due to the formation of a pro-
tective barrier oxide film.

On the other hand cyclic polarization curves indicate that smaller
content of Sn does not affect the pitting potential. The pitting
potential tends to become more negative with increasing Sn con-
tent. A more negative potential signifies an easier breakdown of
oxide film. The characteristic parameters associated to cyclic
polarization curves are summarized in Table II.

Electrochemical Impedance Spectra

EIS studies were carried out to get information about the electro-
chemical and physico-chemical phenomena associated with the
electrode reactions during dissolution process. The EIS plots of
Al-Zn-Mg with and without Sn are shown in Figures 4 and 5(a
and b). The high spectra are used to detect the local surface de-
fects, whereas the medium and low frequency spectra detect the
processes within the corrosion product and at the metal/corrosion
product interface, respectively. The Nyquist plots for all samples
in Figure 4 presented a single capacitance loop in the whole fre-
quency range, which indicates that the system can be described by
a single time constant model. The high frequency plot has been
associated with the charge transfer process and the low frequency
plot with mass transfer process. Moreover, the presence of single
time constant in the spectra can be observed from the phase angle
at low frequencies as shown in Figure 5b. According to the Bode
plots of IZI versus frequency shown in Figure 5a, it was found that
the IZI for as-received sample was the maximum value, and then it
reduced gradually with the increase of Sn content.

The characteristic parameters associated to the impedance dia-
gram (R, R, and Cy) are given in Table III. Where, R is the solu-
tion resistance, R,, represents the charge transfer resistance of the
interfacial reaction and Cg is the capacitance. As seen from Table
III, the value of (R;) decreases and Cg increases with an increas-
ing Sn content. A decrease in the capacitance, which can result
from increase in the thickness of the oxide film. The equivalent
circuit used to fit the behavior of Al-5.3Zn-2.4Mg with different
amount of Sn in 3.5wt. % NaCl solution is shown in Figure 6.
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Figure 3. Cyclic polarization curves of as-received Al-5.3Zn-
2.4Mg (a) and Al-5.3Zn-2.4Mg with Sn additions (b) in 3.5 wt. %
NaCl solution.

Table II. Cyclic Polarization Parameters of Al-5.3Zn-2.4Mg in
3.5 3.5wt. % NaCl Solution with and without Sn

Sn Eeor Eyi E,
Wt.% %) V) )
0.0 -1.16 | -0.047 -1.01
0.05 118 | -0.129 -0.970
0.1 123 | -0.150 -0.980
0.2 134 | -0.170 -1.00

Table III. Effect of Sn Additions on the Electrochemical Imped-
ance Parameters of Al-5.3Zn-2.4Mg in 3.5wt. % NaCl Solution

Sn R, R, Ca
Wt.% (Qemd) | (Qem?®) | (uF/em?d)
0.0 3.51 229.2 30.4
0.05 3.50 222.4 40.2
0.1 3.50 162.3 554
0.2 3.50 152.1 65.6




Surface Morphology

The corrosion surface morphology of the investigated alloy with
and without Sn addition after constant immersion time for 3 days
was observed using scanning electron microscopy (SEM) as
shown in Figure 7(a-d).

Figure 7(a and b) shows the surface of as-received and 0.05wt. %
Sn alloys. The corrosion product is minimal but the attack seems
to be along grain boundaries. This is due to in the as-cast condi-
tion there is existence of a microstructure consisting of a-Al solid
solution with precipitation of the t (Al-Zn-Mg) phase and an
eutectic consisting of a fine dispersion of the o and t segregates (a
+ 1) at grain boundaries as shown in Figure 8.

On the other hand Figure 7(c and d) represents the micrographs of
samples with 0.1 and 0.2 wt.% Sn .This Figure illustrates the
breakdown of oxide film and corrosion product layer are found
on the alloys. The amount of corrosion product layer increases
with increasing Sn content. This is due to increasing Sn content,
the precipitates are uniformly distributed throughout the whole
grain and encouraged breakdown of the passive oxide network.
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Figure 4. Nyquist plots of Al-5.3Zn-2.4Mg with different amount
of Sn in 3.5wt. % NaCl solution.

500.0
e, @
o
400.0 NS . o Al-Zn-Mg
a” AA o A Al-Zn-Mg +0.05Sn
6,°% o A Al-Zn-Mg +0.1Sn

300.0 " A A . o o Al-Zn-Mg +0.2Sn
a o
(\El o A 000A o
S A o A
a oo fA oA o
= A AAp o A
g 2000 (AT, ° OOAA
= o
g A o gA
3 RA o 2.0
2 e .
— 00 i

100.0 ok @A

) 'éﬁ
Hatgere
0.0 . .
1.00E-02 1.00E+01 1.00E+04 1.00E+07

Frequency (Hz)

20.0
I 00300 (b) O Al-Zn-Mg
L o A Al-Zn-Mg +0.05Sn
o A Al-Zn-Mg +0.1Sn
0.0 o o Al-Zn-Mg+0.2Sn
- T %o
ey 4po0
= fA':' o 0,
> L
@ 200 AR mAgégA
s “a,76080
2 éﬂ A, A
<=
~ L o g
-40.0 - [mn u]
600 L
1.00E-02 1.00E+01 1.00E+04 1.00E+07

Frequency (Hz)

Figure 5(a and b). Bode plots of ~ Al-5.3Zn-2.4M with different
amount of Sn in 3.5wt. % NaCl solution.

Ca

Rs II

L AA—

R

Figure 6. The equivalent circuit used to fit the behavior of Al-
5.3Zn-2.4Mg with different amount of Sn in 3.5wt. % NaCl solu-
tion.




Figure 7. SEM micrographs of surface morphology of samples
tested after constant immersion in 3.5 wt.% NaCl for 3 days, (a)0
wt.% , (b) 0.05 wt.%, (c), 0.1wt.% and (d) 0.2 wt.% Sn.
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Figure 8. Vertical section of the ternary Al-Zn—Mg phase dia-
gram [18,19]. The vertical line shows the composition of the in-
vestigated alloy.

Conclusions

The effect of tin Additions on the corrosion and electrochemical
behavior of Al-Zn—Mg alloy was studied. The results showed
that:

1. The corrosion potential shifts to more active potential and the
corrosion current density increases with increasing tin additions.

2. The pitting potential tends to become more negative with in-
creasing Sn content.

3. SEM analysis showed that the investigated alloy with Sn con-
tent up to 0.05 wt. % is easily corroded along the grain boundaries
whilst further addition of Sn promoted uniform corrosion.

4. The amount of corrosion product layer increases with increas-
ing Sn content.
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