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Voltammetric study of Al±Zn±Mg alloys in chloride solutions
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1. Introduction

Al±Zn±Mg alloys are age-hardenable materials which
®nd many applications in aerospace and other transport
areas [1]. High-strength, weldable and corrosion resis-
tant Al±5%Zn±1.7%Mg alloys containing 0.2% Cu and
sometimes with Cr and/or Nb, submitted to di�erent
heat treatments, were previously studied using cyclic
voltammetry, open circuit potential measurements,
metallography, SEM, TEM, EDX and XPS [2±5]. The
cyclic voltammograms were obtained for low sweep
rates, typically between 0.02 and 1 mV s)1, in order to
study the localized corrosion behaviour of these alloys
[3, 5].
Chromium and niobium are not the most common

alloying elements in Al±Zn±Mg alloys. However, the use
of 0.15±0.25% Cr can be recommended for stress
corrosion cracking (SCC) resistant, high-strength and
weldable Al±(4.90±5.2%)Zn±(1.6±1.8%)Mg alloys [2, 4,
5]. The use of Nb has recently been considered [4±6], the
results showing an increase in the fatigue resistance of
the alloy, the e�ect of a slight reduction of its grain size
and also a small increase in the pitting corrosion
resistance.
Specimens submitted to interrupted quenching and

arti®cial ageing presented cyclic voltammograms with
an anodic maximum before the pit propagation region
[3, 5]. SEM observations showed that no pitting took
place in the region of the anodic maxima, but a surface
transformation involving all the alloy surface (rough
oxidized ®lm was present). The anodic peak disappeared
after the ®rst cycle when the cyclic voltammetry was
performed between the passive region and after the
current decay following the anodic peak. The anodic
charge corresponding to such maxima increased only
slightly with sweep rate in the sweep rate range studied
and decreased in the presence of small amounts of Cr

and Nb. In addition, no e�ect of stirring on these anodic
charges was found, thus indicating that such anodic
maxima were not related to di�usion control in the
electrolyte. These results and XPS analyses showed that
such anodic maxima corresponded to Mg depletion at
the oxide/alloy interface, together with some oxide
growth and dissolution. Magnesium was probably
transported through the oxide ®lm defects, these defects
being produced by the chloride penetration. To the
authors knowledge, no similar characteristics have been
described in the literature on Al±Zn±Mg alloys. These
alloys were SCC resistant, in agreement with breaking
stress experiments [7], because, according to the theory
of Galvele and de Micheli [8] and to the results of
Maitra and English [9], these maxima did not corres-
pond to intergranular pitting attack.
As stated above, cyclic voltammetry at low sweep

rates was applied previously to study the resistance to
localized corrosion of the present Al±Zn±Mg alloys. In
this work, linear sweep voltammetry over a wide range
of sweep rates has been applied to study the kinetics of
the processes related to these anodic maxima and thus,
to obtain further insight into the reaction mechanism.
The results have been interpreted on the light of
theoretical models and previous work.

2. Experimental details

The alloys studied were H, J, L and O, and their
compositions are given in Table 1. Alloy cylinders 3 mm
in diameter were submitted to heat treatment B
(quenched, naturally aged for three days at 25 °C and
then, arti®cially aged for 8 h at 90 °C, and for 24 h at
135 °C) or to heat treatment C (quenched, interrupted
for 2 min at 400 °C, and aged as B) [3±5]. Afterwards,
they were embedded in epoxy resin and polished using
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diamond paste up to 1 lm ®nish and cleaned with
ethanol in an ultrasonic bath. Only one base of the alloy
cylinder was exposed to the electrolyte.
The electrochemical cell, alloys and instrumentation

were the same as those reported elsewhere [5]. The
experiments were performed in a three-electrode cell at
25.0 � 0.1 °C. A SCE and a Pt mesh were used as
reference and auxiliary electrodes, respectively (all the
potentials given are referred to the SCE). The working
electrolyte was 0.5 mol dm)3 NaCl (Merck p.a.),
prepared with distilled water ®ltered through a Milli-
pore Milli-Q system. The voltammetric experiments
were performed in quiescent and deaerated electrolyte
using a PAR 273 potentiostat and the 342C PARC
corrosion software. The initial potentials in the
voltammetric experiments were )1.2 V, which was
about the open circuit potential in deaerated NaCl
solutions [4, 5], and sweep rates in the range 0.02±
80 mV s)1 were applied.

3. Results and discussion

The voltammograms obtained at di�erent sweep rates
for the specimens H, J, L and O submitted to heat
treatments B and C are exempli®ed in Figures 1 and
2. The shape of the voltammograms were the same
independently of the presence of Cr and Nb. Curves
of this type, for low sweep rates, were interpreted
elsewhere [5]. As shown in Figure 1, for all the

specimens studied, a passive region is found during
the initial stages of the anodic sweep and afterwards,
an anodic peak (m) appears. This peak was related to
the alloy oxidation involving all the alloy surface
together with a Mg depletion at the alloy/oxide
interphase (surface dealloying with transport of Mg
cations through the ®lm defects to the solution). Some
oxide formation and dissolution was also demonstrat-
ed by XPS and then, some kind of passivation takes
place. The current goes to zero after the anodic
maximum for the lowest sweep rates applied, but this
does not preclude the alloy põÁ tting found for more
positive potentials. Small anodic maxima before pit-
ting were also previously observed in Al±Fe alloys
[10]. In this case, the anodic maxima were related to
iron oxidation on the iron intermetallic compounds.
After this anodic peak, the current increases due to
®lm breakdown (b) and pit propagation (p).
In the low sweep rate range, that is from 0.02 to

1±2 mV s)1, these peaks are completely separated from
the pitting corrosion region. However, when the sweep
rate increases, both the anodic peak and the breakdown
potential are shifted to more positive potentials with a
resultant increasing overlap, shown in Figure 2. For
high sweep rates, these peaks appear as a shoulder(s) in
a net current increase. The separation between the
anodic peak and the breakdown potential was slightly
higher for alloys H and J than for alloys L and O.
The peak current (jm) and peak potential (Em) plots

against the square root of the sweep rate, v1/2, for
di�erent specimens, to test whether the kinetics of the
anodic maxima follow a mass transfer control [11±13],
have been plotted in Figures 3 and 4. The peak current
densities measured for the highest sweep rates di�ered
about 5 mA cm)2 for all the specimens studied (Fig-
ures 3(a) and 4(a)), but no sequence in the peak currents
could be found. In contrast, signi®cant di�erences in the
peak potentials appeared for the two groups of alloys,
that is those containing chromium (L and O, heat
treatments B and C) and those which did not contain

Table 1. Compositions of the Al±Zn±Mg alloys under study (in wt %

by spectrophotometric analysis) with Fe, Ni, V and Mn contents less

than 0.001%

Alloy Zn Mg Cu Cr Nb Si Ti

H 5.0 1.7 0.23 <0.001 <0.01 0.006 <0.001

J 5.0 1.7 0.23 <0.001 0.053 0.006 <0.001

L 5.0 1.7 0.24 0.140 <0.01 0.007 <0.001

O 5.0 1.6 0.24 0.140 0.053 0.001 0.003

Fig. 1. Voltammograms obtained for alloy HC in deaerated and

quiescent 0.5 mol dm)3 NaCl at di�erent sweep rates: (I) 0.6, (II) 1.2,

(III) 2 and (IV) 5 mV s)1.

Fig. 2. Voltammograms obtained for alloy OB in deaerated and

quiescent 0.5 mol dm)3 NaCl at di�erent sweep rates: (I) 2, (II) 5,

(III) 30 and (IV) 80 mV s)1.
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chromium (H and J, heat treatments B and C). This is
exempli®ed in Figure 4(b). The peak potentials corre-
sponding to the specimens H and J were more negative
than those found for the specimens L and O. This
appears to be related to the signi®cant increase in the
pitting corrosion resistance produced by the presence of
Cr in the aluminium alloys [4, 5, 14, 15]. The anodic
peak potentials, and the breakdown and repassivation
potentials, were all shifted in the positive direction. The
shift of the breakdown and repassivation potentials was
related to an increase in the pitting corrosion resistance
[4, 5, 14, 15], and this was explained by the presence of
Cr in the anodic ®lm, which restricted the chloride from
reaching the metal/®lm interface. The increase in the
pitting corrosion resistance with Cr and Nb is not then
due to a surface depletion of Mg, but to the presence of
these elements in the oxide layer. This also explains the
shift of the anodic maxima to more positive potentials
with Cr because the Mg depletion was related to the
ingress of chloride into the anodic ®lm [5], and Cr in the
®lm could restrict the chloride penetration to more
positive values. In addition, it could limit the Mg
depletion and the oxide dissolution by chloride, because
the charges of such anodic maxima were lower when the
alloy contained Cr [5]. Chromium and niobium did not

in¯uence the shape of the voltammograms but limited
the chloride attack.
Despite good linearity being obtained in the jm and Em

against v1/2 plots, to establish the relationship between jm
and v, double logarithmic plots were also made. The
power of v in the jm against vx equation can be obtained
from the slope of the log jmagainst log vplots. From these
plots, values of x of 0.7 � 0.1 were obtained for all the
specimens studied. Thus, the processes related to these
anodic maxima do not appear to ®t to a simple model.
Linear jm against v1/2 and Em against v1/2 plots have

been predicted in the case of growth of new phases on
metal surfaces both under di�usion control (of species in
solution or in the ®lm on the metal) [11, 12], and also
under migration control (of species through a porous
®lm) [12, 13]. However, migration control with growth
of a passivating ®lm according to MuÈ ller's model is
discarded in our case, taking into account that alumin-
ium and aluminium alloys always appear to be covered
by a passivating oxide ®lm in the pH range 3 to 9 [16],
the amorphous nature of this oxide [16] and the surface
transformation reported elsewhere [5]. Proportionalities
between Im and v0.5 or v0.6 have also been described for
nucleation and growth of crystals [17]. However, no
evidence of crystal growth processes after the anodic

Fig. 3. Peak current, jm (a), and peak potential, Em (b), against the

square root of sweep rate, v1/2, for the specimens JB and JC.

Fig. 4. Peak current, jm (a), and peak potential, Em (b), against the

square root of sweep rate, v1/2, for the specimens indicated.
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maxima were found for the specimens studied here [5].
Stirring did not change the charges of the anodic
maxima [5] and therefore we have to think in terms of
solid state phase formation/transformation as a result of
a dealloying process.
The present results, together with those previously

reported, suggest that the processes corresponding to the
anodic maxima found in the voltammograms shown in
Figures 1 and 2 are, at least partially, controlled by mass
transport through the defective ®lm which is being
formed on the alloy. The situation resembles other cases
described in the literature for other systems such as
copper [18±20], in which a proportionality between Im
and v0.8 was obtained for the Cu(II) peak in alkaline
solutions, this result being interpreted assuming a mixed
control by diffusion and surface steps. There are several
possibilities in the case of the present alloys, because
solution phase diffusion, diffusion through pores and
surface and solid state diffusion may take place.
However, solution phase diffusion is not considered to
be relevant because no effect of stirring in the peak
charge was found [5]. On the other hand, the peak
current against sweep rate analysis could only be
performed for sweep rates in the range 0.1±10 mV s)1

because of peak overlap with pit propagation. Although
the extension to much higher sweep rates would be
interesting in the de®nition of the current against sweep
rate behaviour, the present analysis had to be restricted
to sweep rates lower than 10 mV s)1. Similar sweep rate
ranges were also employed in other work for model
testing [19, 20]. It has to be taken into account, however,
that a mass transport process through the surface ®lm is
being suggested in our case, and probably, high sweep
rates are not necessary to show mass transport control.
In addition, some oxide ®lm growth was shown to
coexist with such anodic maxima [5]. This explains the
deviation from 1/2 in the slope of the double logarithmic
jm against v plots discussed above. A similar interpr-
etation was suggested by Hampson et al. [20] for copper
in alkaline solutions, in which the rate determining step
appeared to be the transport of the oxidation product by
di�usion from the surface to the solution. The deviation
from 1/2 in the slope of such double logarithmic plots
for sweep rates greater than 25 mV s)1 was explained by
the production of Cu(II) oxide, which hampered the
current ¯ow. Further constant potential experiments are
being performed to obtain deeper insight into the

kinetics of this particular process affecting the present
Al±Zn±Mg alloys.
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