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Abstract

The electrochemical behaviour of pure aluminium and three of its alloys were investigated in 0.6 M NaCl in the
presence and absence of In3� ions. The study comprised polarization and potentiostatic current±time measurements
complemented by SEM±EDAX investigation. In 0.6 M NaCl the corrosion resistance of the alloys decreases in the
following order: Al < Al±Sn < Al±Zn ' Al±Zn±Sn. The addition of In3� ions to the test electrolyte revealed
activation of pure Al which increases with increase of In3� concentration. Similar results were obtained for the
binary Al±Zn and the ternary Al±Zn±Sn alloys, while Al±Zn alloy displayed a higher activation effect with In3�. It
is also concluded that the existence of Zn either as an alloying element or present as a cation in the electrolyte leads
to an enhanced activity of aluminium in presence of In3� ions. Deactivation is observed in the case of Al±Sn alloy
on addition of In3� because tin retards the diffusion pathway of In to the bulk alloy, in addition to the presence of
iron as an impurity in the alloy.

1. Introduction

Electrochemical studies of aluminium alloys have been
mainly motivated by the application of these alloys in
Al-battery and as anode materials in cathodic protection
systems. Pure aluminium is oxidized rapidly by air to
form an insulating ®lm which leads to the passive
behaviour of the metal in aqueous solutions [1, 2].
Therefore, unalloyed aluminium is electrochemically too
passive for employment as an anode material in batter-
ies or as a sacri®cial anode in cathodic protection of
steel in sea water. Elements such as indium [3±7],
gallium [8±10], zinc [11, 12] and tin [13±16] have been
added as alloying components for this purpose. Alter-
natively, activation of aluminium can be also achieved
by the addition of small quantities of suitable metal salts
to the electrolyte [17±25]. Numerous investigations [11±
16] dealt with the corrosion behaviour of some Al alloys
in which aluminium is electrochemically active. Two
main explanations have been provided to account for
the activation of aluminium; the ®rst involves dissolu-
tion of the activator elements from the alloy and their
subsequent redeposition on the surface [11]. This process
is proposed to remove the passive ®lm on the Al surface

and, thus, causes activation. The second approach is
based on the semiconducting property of the passive
®lm. Application of the semiconducting concept is
limited only to the Sn activator [26, 27]. Keir et al.
[26] attributed the activation e�ect to the doping of the
oxide ®lm by Sn4�, resulting in generation of cationic
vacancies in Al2O3 and leading to activation of Al.
The objective of the present work is to study the

electrochemical behaviour of Al, Al±Sn, Al±Zn and Al±
Zn±Sn alloys in chloride solutions free and containing
In3� ions using electrochemical and surface analytical
techniques. The study is also aimed to demonstrate the
synergistic e�ect of zinc and indium in the activation
process.

2. Experimental details

Measurements were made on ultrapure Al (99.999%),
Al±Sn, Al±Zn and Al±Zn±Sn alloys, the composition of
the alloys is given in Table 1. All alloys were prepared
from aluminium of purity 99.61%, with high purity tin
and zinc as alloying additions and were used in the cast
state. The electrodes were abraded successively with
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metallographic emery paper of increasing ®neness up to
800, then degreased with acetone and washed with
running distilled water. The electrodes were cathodically
polarized at )1900 mV vs SCE for 3 min in the
electrolyte (0.6 M NaCl) before polarization and
potentiostatic current±time measurements.The electro-
chemical cell was made of Pyrex glass ®tted with a
platinum auxiliary electrode, separated from the elec-
trolyte by a sintered glass diaphragm, and a saturated
calomel reference electrode (SCE). All solutions were
prepared from Analar grade reagents and distilled
water.
Polarization measurements were made using a po-

tentioscan (Wenking model POS 73). The electrode
potential was changed in steps of 40 mV min)1 towards
the positive direction up to the breakdown potential.
Potentiostatic current±time tests were carried out using
a potentiostat-galvanostat (Amel model 2053) with an
X±Y recorder (Kipp & Zonen). The treated electrodes
were passivated in the electrolyte for 20 min at
)1050 mV and )980 mV in the case of Al and Al±Sn
alloy respectively, and at )1140 mV in the case of Al±Zn
and Al±Zn±Sn alloys. Appropriate amounts of dissolved
InCl3 or ZnCl2 salts were then added to the electrolyte
maintaining the Clÿ ion concentration constant. The
solution was agitated slowly by a magnetic stirrer to mix
the additives with the electrolyte. A scanning electron
microscope (SEM: JSM T20 of Joel Japan) and energy
dispersive X-ray analyser (EDAX) were utilized to
examine the electrode surface.

3. Results and discussion

3.1. Polarization measurements

Polarization curves of Al, Al±Sn, Al±Zn and Al±Zn±Sn
alloys in 0.6 M NaCl solution are displayed in Figure 1.
The polarization curve for pure aluminium is charac-
terized by a ¯at passive region extends from )1600 to
)780 mV vs SCE. The potential at the end of the passive
region represents the breakdown potential at which the
onset of pitting attack takes place. The passive current
density is very low, 3 lA cmÿ2, showing the passive
behaviour of Al and revealing the stability of the passive
®lm in this medium.

The polarization curve of Al±Sn alloy exhibits an
active behaviour compared to that of pure Al. The
pitting potential takes more negative value ()900 mV)
than pure Al and a noticeable reduction of the passive
region is recorded. This behaviour is attributed to the
presence of Sn as an alloying element leading to an
electrochemical activity of the alloy [26, 27] due to
modi®cation in the chemistry of the ®lm leading to the
active dissolution of Al [14]. Tin ions are known to be
incorporated in the Al2O3 ®lm enhancing the chloride
ion migration from ®lm±solution interface to the metal
®lm interface [26, 27]. The outer most oxide layer on
Al±Sn alloy is more hydroxy in nature than that of Al
[14]. Hashimoto et al. [28] suggested that the higher
hydroxide content is responsible for the poor protective
nature of the ®lms. Accordingly, the active dissolution
of Al±Sn alloy resulted not only from enhancement of
defects created in the oxide as a result of Sn addition [15]
but also from the higher hydroxide content of the oxide
®lm [14].
The polarization behaviour of Al±Zn and Al±Zn±Sn

alloys in 0.6 M NaCl shows some differences from that
of Al±Sn. The pitting potential of the two alloys shifted
to more negative values than Al±Sn alloy ()1000 mV for
Al±Zn and )1020 mV for Al±Zn±Sn). It is known [16,
29, 30] that the presence of Zn and/or Sn as alloying
components shift the chloride ion adsorption to more
negative values, hence the pitting potential moves to the
negative direction. The peak observed on the anodic

Fig. 1. Polarization curves of (a) Al, (b) Al±Sn, (c) Al±Zn and (d) Al±

Zn±Sn in 0:6M NaCl.

Table 1. Chemical composition of the alloys

Alloy Fe Si Cu Mn Mg Pb Zn Sn Al

Al±Sn 0.402 0.067 0.062 0.005 0.011 0.009 0.0009 0.745 rest

Al±Zn 0.155 0.041 0.005 0.126 0.0005 0.003 4.92 0.0007 rest

Al±Zn±Sn 0.194 0.043 0.189 0.002 0.0005 0.004 5.59 0.685 rest

474



branch of the polarization curves of Al±Zn and Al±Zn±
Sn alloys can be explained in terms of the oxidation of
elemental zinc to Zn(OH)2 [31]. The retardation of the
Zn(OH)2 peak in the case of Al±Zn±Sn alloy can be
ascribed to the presence of Sn as an alloying element,
which reduces the oxidation process of zinc for the
increase in the active dissolution of the alloy.
The e�ect of adding di�erent concentrations of In3�

on the polarization behaviour of Al and the tested alloys
in 0.6 M NaCl solution was investigated, Figure 2. As
shown in Figure 2(a), the pitting potential of the Al
electrode moves towards more negative values and a
reduction of the passive region takes place with increase
in In3�concentration. The reduction step observed on
the cathodic branch of the polarization curve at rela-
tively higher concentration of In3� is due to the
deposition of indium at the surface.
On the one hand, additions of In3� to the electrolyte

causes an insigni®cant shift in the pitting potential of the
binary Al±Sn electrode in the negative direction, Fig-
ure 2(b). At CP10ÿ2 M In3�, a reduction step for the
deposition of In is observed in the cathodic branch of
the polarization curve as in the case of Al . On the other
hand, In3� causes a pronounced in¯uence, leading to
further activation of Al±Zn and Al±Zn±Sn alloys,

Figure 2(c) and (d). The pitting potential of the Al±Zn
electrode shifts in the negative direction with increase in
In3�concentration, Figure 2(c). The oxidation peak of
Zn/Zn(OH)2 is affected by increase in In3� concentra-
tion which may be attributed to the greater amount of
the deposited In which covers the Zn atom on the
surface. In the case of Al±Zn±Sn alloy, the pitting
potential shifts in the negative direction at In3� concen-
trations greater than 10ÿ3 M.

3.2. Current±time measurements

3.2.1. E�ect of In3� addition
The potentiostatic current±time measurements give
further valuable information about the e�ect of In3�

addition on the activation of Al and further activation
of Al±Sn, Al±Zn and Al±Zn±Sn alloys. Figure 3
presents the current±time decay pro®les of pure alumin-
ium polarized at )1050 mV (which is in the passive
range) in 0.6 M NaCl solution to which a de®nite
amount of In3� was added after 20 min. The curves
exhibit a rapid decrease in the anodic current in the early
minutes of passivation then become constant, indicating
passive ®lm formation. The addition of In3� to the
solution after 20 min causes no immediate effect and the

Fig. 2. Polarization curves of (a) Al, (b) Al±Sn, (c) Al±Zn and (d) Al±Zn±Sn in 0:6M NaCl and di�erent concentrations of In3�. Curves (Ð)

without In3�, (- - -) 10ÿ4 M In3�, (±�±) 10ÿ3 M In3�, (±��±) 3� 10ÿ3 M In3� and (±� � � �±) 10ÿ2 M In3�, for Al, Al±Sn and Al±Zn±Sn. Curves (Ð)

without In3�, (- - - -) 10ÿ4 M In3�, (±��±) 5� 10ÿ4 M In3�, (±�±) 10ÿ3 M In3� and (±� � � �±) 10ÿ2 M In3� for Al±Zn.
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current remains constant for a certain time which is the
induction period before activation. After the induction
period, the anodic current increases with ¯uctuations,
indicating the start of passivity breakdown. As a
consequence of In3� addition, activation takes place at
different rates, increasing with increase in In3� concen-
tration. SEM±EDAX examination of the electrode
surface, Figure 4, shows that the attack is localized.
The scanning electron micrograph, Figure 4(a), shows
the surface morphology of an Al electrode after passiv-
ity breakdown under potentiostatic conditions in 0.6 M

NaCl containing 5� 10ÿ3 M In3�. The surface exhibits
crystallographic pitting attack with a high indium
concentration, as detected by the corresponding EDAX
analysis, Figure 4(b).
The curves of Figure 5 display the current±time

measurements of Al±Sn alloy polarized in 0.6 M NaCl
at )980 mV for 20 min, followed by addition of a
de®nite amount of In3�. The curves exhibit a rapid
decrease in the anodic current in the early moments of
immersion. Before In3� ion addition the current attains
an almost constant value with ¯uctuations indicating
incomplete passivation of the electrode. On addition of

Fig. 3. Current±time curves of Al electrode passivated at )1050mV in

0:6M NaCl solution to which di�erent concentrations of In3� were

added after 20 min.

Fig. 4. (a) SEM micrograph of Al surface obtained after potentiostatic

polarization at )1050mV in 0:6M NaCl + 5 �10ÿ3 M In3�. (b) EDAX

analysis inside the pit shown in the micrograph.

Fig. 5. Current±time curves of Al±Sn electrode passivated at )980 mV

in 0:6M NaCl solution to which di�erent concentrations of In3� were

added after 20 min.
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lower concentrations of In3�, the cathodic current
increases and remains constant throughout the experi-
ment. At higher concentrations (C P 5� 10ÿ3 M In3�),
the cathodic current increases and remains almost
constant for a de®nite time, depending on In3� concen-
tration. A further increase in the cathodic current is then
recorded up to a constant value. This is due to the
increased amount of deposited indium. This fact is
con®rmed by SEM±EDAX examination of the surface
of the Al±Sn electrode passivated at )980 mV in 0.6 M

NaCl and 5� 10ÿ3 M In3�, Figure 6. The deposition of
a large amount of indium is clearly seen from the
micrograph in Figure 6(a), where the deposit is analysed
as indium by the corresponding EDAX pro®le, Fig-
ure 6(b).
Unlike the behaviour of Al±Sn alloy, Al±Zn alloy

displays a completely di�erent behaviour on addition of
In3� to the electrolyte during potentiostatic I=t mea-
surements (E � )1140 mV), Figure 7. The anodic cur-
rent decreases rapidly in the early stages, then takes an
approximate constant value. Addition of In3�, after

20 min, causes a noticeable activating e�ect. The con-
centration of 10ÿ4M In3� is too low to activate the
electrode and the current is unchanged during the time
of the experiment. This is attributed to insuf®cient
deposited In to promote activation. At concentrations
more than 10ÿ4 M and less than 3� 10ÿ3 M, the anodic
current increases after an induction period, indicating
the starting of passivity breakdown. The induction
period decreases with increase in In3� concentration
until it disappears at C P 3� 10ÿ3 M and the anodic
current increases rapidly, with ¯uctuations, indicating
accelerated activation. The large ¯uctuations observed
in the I=t curve at a concentration of 10ÿ2 M In3� can be
attributed to an activation±repassivation process result-
ing from the accelerated deposition of In. Surface
examination of the Al±Zn electrode by SEM, Fig-
ure 8(a), after activation by 10ÿ3 M In3� during potent-
iostatic I=t measurements at )1140 mV in 0.6 M NaCl
showed localized attack with typical pits containing
indium as detected by EDAX, Figure 8(b).
Figure 9 displays current±time curves of the ternary

Al±Zn±Sn alloy under the same experimental condi-
tions. There is a resemblance between these curves and
those for the Al±Zn alloy. However, higher concentra-
tions of In3� are required to achieve a comparable
degree of activation. It seems that the presence of Sn in
the alloy suppresses the activation process by In3�, as
seen earlier in the case of Al±Sn alloy (cf. Figure 5).
These results are in agreement with those obtained from
the polarization measurements. The SEM micrograph in
Figure 10(a) shows a corroded surface of Al±Zn±Sn
alloy after activation by 10ÿ3 M In3�. The localized

Fig. 6. (a) SEM micrograph of Al±Sn electrode obtained after

potentiostatic polarization at ±980mV in 0:6M NaCl + 5� 10ÿ3 M

In3�. (b) EDAX analysis of the area shown in the micrograph.

Fig. 7. Current±time curves of Al±Zn electrode passivated at ±

1140mV in 0:6M NaCl solution to which di�erent concentrations of

In3� were added after 20 min.
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attack is characterized by broad shallow cavities con-
taining indium, Figure 10(b).
In the light of the above results, the alloying compo-

nents have an important role in the activation or
deactivation processes by indium ions. However, the
deactivation observed on addition of In3�, for Al±Sn
alloy, can be attributed to the presence of Fe (0.402%) as
an impurity in the alloy. The existence of Sn also retards
the di�usion path of the activator ion to the bulk of the
alloy matrix. The activation process takes place only if
the activator ions (In3�) are incorporated in the outer-
most surface layer of aluminium [3, 18, 20, 32]. On the
other hand, the activating e�ect of In3�on Al±Zn alloy is
higher than its e�ect on pure Al. This is ascribed to the
presence of Zn as an alloying component in the alloy.
Breslin et al. [33, 34] suggested that the presence of zinc,
either as an alloying element or as cations in the
electrolyte, promotes the nucleation of ZnAl2O4 spinel
which gives rise to increased defects and cracking of the
protective layer. Once the indium is deposited, at the
newly generated defects, it may di�use into the bulk

Fig. 8. (a) SEM micrograph of Al±Zn electrode obtained after

potentiostatic polarization at ±114mV in 0:6M NaCl + 10ÿ3 M In3�.
(b) EDAX analysis inside the pit shown in the micrograph.

Fig. 9. Current±time curves of Al±Zn±Sn electrode passivated at

)1140mV in 0:6M NaCl solution to which di�erent concentrations

of In3� were added after 20 min.

Fig. 10. (a) SEM micrograph of Al±Zn±Sn electrode obtained after

potentiostatic polarization at ±1140mV in 0:6M NaCl + 10ÿ3 M In3�.
(b) EDAX analysis inside the cavity shown in the micrograph.
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material owing to its high mobility, enabling true In/Al
contact and facilitating the adsorption of chloride ions
at the surface (i.e., activation) due to its greater a�nity
to indium [35]. In the case of Al±Zn±Sn alloy, the zinc
plays the same role, as before, and accelerated deposi-
tion of In occurs at the defect centers. However, the
presence of Sn retards, to some extent, the di�usion of
In to the bulk alloy. Accordingly, the activating e�ect of
In3� is reduced for Al±Zn±Sn compared to Al±Zn alloy.
The mechanisms of ®lm breakdown of pure Al, Al±Zn
and Al±Zn±Sn alloys are similar. The initiation step
depends on both the availability of defect centres and on
the deposition of In at such centres, which is responsible
for the adsorption of Clÿ at more negative potentials
[36].

3.2.2. E�ect of In3� and Zn2� addition
It seemed of interest to examine the e�ect of Zn2� ion on
the activation of pure Al by In3� ion to clarify the
interrelationship between indium and zinc. Figure 11
shows the e�ect of Zn2� ion alone and with In3� ion on
the activation of pure Al in 0.6 M NaCl during
potentiostatic current±time measurements at )1050
mV. It is clear that zinc ion alone of 10ÿ2 M concentra-
tion has no in¯uence on the Al electrode but the
presence of both Zn2� and In3� in the electrolyte
increases the activation process, as indicated from the
shorter induction period compared to that obtained in

the case of In3� alone. The extent of activation increases
with increase in Zn2� content at a constant In3�

concentration (5� 10ÿ3 M). It is interesting to note that
the increase in current accompanied by ¯uctuations in
the case of In3� alone indicates activation±repassivation.
On the other hand, when adding Zn2� together with
In3� the anodic current increases abruptly without
¯uctuations. Although, aluminium can be activated
with zinc as an alloying component [37, 38], no
activation is observed on adding Zn2� ion, Figure 11.
This can be attributed to the tendency of zinc to dissolve
from the surface after deposition, combined with its
much lower mobility into the bulk metal. Moreover,
aluminium should be protected cathodically at the
expense of the deposited zinc and, consequently, disso-
lution of zinc takes place from the surface. When In3�

and Zn2� are present, accelerated deposition of In
occurs, since adsorption of Zn2� on the electrode surface
mainly takes place, thus permitting preferred In depo-
sition on the freshly nucleated Zn where In deposition is
easier on Zn than on Al [17]. This situation is veri®ed by

Fig. 11. Current±time curves of Al electrode passivated at ±1050mV

in 0:6M NaCl solution to which Zn2� and/or In3� were added after

20 min. (a) 10ÿ2 M Zn2�, (b) 5� 10ÿ3 M In3�, (c) 5� 10ÿ3 M In3� +

5� 10ÿ3 M Zn2� and (d) 5� 10ÿ3 M In3� + 10ÿ2 M Zn2�.

Fig. 12. (a) SEM micrograph of Al electrode obtained after potent-

iostatic polarization at ±1050mV in 0:6M NaCl + 5� 10ÿ3 M In3� +

10ÿ2 M Zn2�. (b) EDAX analysis of the area shown in the micrograph.
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SEM±EDAX examination of Al passivated at
)1050 mV in 0:6M NaCl to which 5� 10ÿ3 M In3� and
10ÿ2 M Zn2� were added after 20 min, Figure 12. The
micrograph, Figure 12(a), shows the severity of attack
due to the deposition of large amounts of In and Zn, as
detected by EDAX pro®le, Figure 12(b). As a conse-
quence of Zn deposition, suf®cient nucleation of
ZnAl2O4 spinel occurs and causes rupture of the
protective oxide ®lm enabling In3� to play its role in
the activation process. The recorded enhanced activity
of aluminium in the presence of Zn2� and In3� agrees
with other investigations [11, 34, 39].

4. Conclusion

The following statements can now be made:
(i) The pitting potential of the tested alloys in 0:6M

NaCl increases in the negative direction in the order
Al < Al±Sn < Al±Zn ' Al±Zn±Sn.

(ii) The addition of In3� ion produced activation of
pure Al, Al±Zn, and Al±Zn±Sn electrodes and the
extent of activation increases with increase in In3�

concentration.
(iii) The activating e�ect of In3� on Al±Zn alloy is

higher than its e�ect on pure Al due to the presence
of Zn, which promotes nucleation of ZnAl2O4 spi-
nel which, in turn, gives rise to increased defects in
the protective layer.

(iv) The activating e�ect of In3� is reduced for Al±Zn±
Sn alloy compared to that of Al±Zn alloy.

(v) Deactivation is observed in the case of Al±Sn alloy
on addition of In3� due to the presence of Sn which
retards the di�usion pathway of In to the bulk of
the alloy, in addition to the presence of iron as an
impurity.

(vi) The existence of Zn, either as an alloying element or
as a cation in the electrolyte, leads to enhanced
activity of aluminium in the presence of In3� ions

(vii)The mechanisms of activation of pure Al, Al±Zn
and Al±Zn±Sn are similar. The initiation step de-
pends on both the availability of defect centres and
on the deposition of In at such centres.
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