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epartment of Electrochemistry and Materials Protection, Faculty of Chemistry and Technology, Teslina 10/V, 21000 Split, Croatia

r t i c l e i n f o

rticle history:
eceived 9 November 2009
eceived in revised form 6 June 2010
ccepted 8 June 2010
vailable online 18 June 2010

eywords:
luminium

a b s t r a c t

The corrosion behavior of Al, Al–In, Al–Sn and Al–Sn–In alloys in 2 M NaCl solution has been studied
by using potentiodynamic polarization, open circuit potential and impedance measurements as well as
volumetric determination of evolved hydrogen. Polarization measurements indicated that the alloying
elements considerably change the electrochemical behavior of aluminium. Changes are especially pro-
nounced in the anodic branch of the polarization curve, and manifest in significant shift of the corrosion
and the pitting potentials in the negative direction, reducing the passive potential region, and increasing
the current output already at low anodic overpotentials. The open circuit corrosion process of tested
luminium alloys
hloride
orrosion
ydrogen evolution

mpedance spectroscopy

samples was monitored through the period of 17 days. It was established that the dissolution of Al and
its alloys is mainly accompanied by the cathodic reaction of hydrogen evolution, with In inhibits the
cathodic reaction of hydrogen evolution, while Sn catalyzes the same one. The impedance measurement
performed also during the 17 days of corrosion test, provided a continuous monitoring of the param-
eters, which characterize the properties of the surface and their changes as corrosion occurs. Different
equivalent circuits were employed to account for the electrochemical processes taking place at different

stages of corrosion.

. Introduction

The low atomic mass of aluminium, and its high energetic
apacity (2980 Ah kg−1), along with the negative value of standard
lectrode potential (−1.66 V vs. NHE [1]) make the metal potentially
ttractive as an anode material in Al-batteries and in cathodic pro-
ection systems. However, the hindrance for the realization of these
heoretical possibilities is the protective oxide film, which is spon-
aneously formed on Al surface in air and in aqueous solutions. Due
o presence of oxide film, the corrosion potential of Al electrode
s shifted in the positive direction (almost for 1.0 V), and the active
issolution of Al is slowed down considerably. This causes a signifi-
ant loss of available energy and makes Al unattractive as energetic
node material.

However, if Al is alloyed with small quantities of elements such
s Hg, In, Ga, Zn, Sn and others [2–21], its anodic activity improves
s the structure of the aluminium/aluminium oxide film/chloride

lectrolyte system changes. The activation of Al is manifested by a
isplacement of the solution potential in the electronegative direc-
ion, the system’s ability to deliver high anodic current density,
nd the maintenance of an active surface that corrodes in a nearly
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.055
© 2010 Elsevier B.V. All rights reserved.

uniform manner. In order to make the Al/air batteries or cathodic
protection systems more economical, the possibilities of replace-
ment of the special alloys made from super-pure Al with binary
or ternary alloys of technical purity have been investigated lately
[5,19,20]. Activation of Al can also be achieved by adding small
quantities of suitable metal cations, like In3+, Ga3+, Hg2+, Sn4+, Sn2+

to the electrolyte [9,15,22–27].
The present paper describes the corrosion behavior of tech-

nical grade Al (99.8%) and its alloys Al–0.1%In, Al–0.2%Sn,
Al–0.1%In–0.2%Sn in stagnate 2 M NaCl solution. The selection of
technical grade Al, its binary alloys and ternary alloy for this study
was based on insufficient examination of application of these mate-
rials as anode materials in Al/air batteries in which 2 M NaCl is
a common used electrolyte. According to our knowledge, no lit-
eratures have reported usage of Al–0.2%Sn–0.1%In alloy in this
application. This combination of elements taken into consideration
is entirely novel. In the available literature electrochemical studies
were usually performed on samples of binary alloys of high-purity
Al (99.999%) with Sn and In.

The main objective of this work was to detect, measure and

monitor corrosion of tested samples. For this purpose, just after
immersing the tested electrodes in the solution, the variation of
the open circuit potential, volume of the evolved hydrogen, as well
as pH value of solution, were measured trough the period of 17
days. Impedance measurements were also performed at various

dx.doi.org/10.1016/j.jallcom.2010.06.055
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:senka@ktf-split.hr
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ig. 1. The electrochemical cell. WE – electrode under test; RE – reference electrode;
E – counter electrode; B – gas burette.

xposure times during the 17 days corrosion test, while the surface
amage after the test was observed by optical microscopy. In addi-
ion, prior to long term corrosion test, the polarization curves for
ach sample were recorded in wide potential range.

. Experimental

The experiments were performed on Al and Al–0.1%In, Al–0.2%Sn,
l–0.1%In–0.2%Sn alloys. The alloys have been prepared with aluminium
urity of 99.8% as the primary component, and super-pure tin and indium as the
lloying components. After alloying, the metal was homogenized at 800–850 ◦C for
5 min. The alloys were quenched in cold water.

The examined samples were made into electrodes by inserting insulated copper
ire and protecting all sides but one with epoxy resin. The exposed geometric area
as 0.5 cm2. Prior to each measurement the exposed surface was mechanically pol-

shed using successively finer grades of emery paper (until a mirror-bright surface
as attained), followed by the alkali attack by immersing the electrode for 1 min in

.1 M NaOH at 40 ◦C. Then, the electrodes were rinsed in doubly distilled water and
laced in the closed Pyrex glass cell shown in Fig. 1, which enabled performances
f electrochemical measurement, as well as measurement of hydrogen evolution
olume during the corrosion test. The counter electrode was a platinum sheet
nd the reference electrode was a saturated calomel electrode (SCE). All measure-
ents in this work were carried in freshly prepared (unstirred) 2 M NaCl solution

t 25 ± 0.1 ◦C. The volume of the electrolyte was 200 ml.
The characterization of each sample was started with potentiodynamic polar-

zation measurements. The polarization curves were recorded in the potential range
rom −2.0 to −0.5 V at a scan rate of 2 mV s−1. After that, the examination of corro-
ion behavior of samples at open circuit potential followed. For this purpose, just
fter immersing the tested electrodes in the solution, the variation of the open cir-
uit potential, volume of the evolved hydrogen, as well as pH value of solution were
easured trough the period of 17 days. The volume of the evolved hydrogen was

etermined as follows. After preparation, the tested electrode was placed in the cell

nder the burette. The electrolyte was sucked to fill the burette. The evolving gas
ccumulated in the burette, pushed the electrolyte out into the electrolyte. At the
nd of the measurements, the volume of evolved hydrogen was determined.

The impedance spectra were also recorded at various exposure times during
he 17 days corrosion test. The measurements were performed in a wide frequency
Fig. 2. Potentiodynamic polarization curves of (a) Al, (b) Al–In, (c) Al–Sn and (d)
Al–In–Sn electrodes in 2 M NaCl solution.

range, from 100 kHz to 100 mHz, with an ac voltage amplitude of ±5 mV. Data
were processed according to the EQUIVCRT program (B.A. Boukamp, University
of Twente). The electrochemical measurements were carried out by an EG&G PAR
potentiostat/galvanostat model 273A with a lock-in amplifier model 5210 controlled
by a computer. After 17 days the surface of Al and Al alloys was observed by an optical
microscope Citoval (Carl Zeiss Jena) at magnification of 100 times.

3. Results and discussion

3.1. Potentiodynamic polarization measurements

Fig. 2 compares the potentiodynamic polarization curves of Al,
Al–In, Al–Sn and Al–In–Sn alloys in 2 M NaCl solution. The polar-
ization curve for Al is characterized by a broad passive region
over which the current density is constant and relatively small.
This passive region is attributed to the formation of protective
oxide film on aluminium surface. At the end of the passive region
(i.e. at ≈−0.74 V) the current increases abruptly as a consequence
of the pitting initiation process and hence the passivity break-
down. The cathodic branch of the polarization curve probably
reflected the rate of the hydrogen evolution reaction. This is sup-
ported by the experimental finding of the cathodic Tafel slope of
≈−120 mV dec−1 near the corrosion potential, which is a char-
acteristic of hydrogen evolution according to the Volmer–Tafel
mechanism (−118 mV dec−1) [28].

The polarization measurements indicated that the alloying
elements considerably change the electrochemical behavior of alu-
minium in the same potential range. The changes can be observed
in the anodic, but also in the cathodic branch of the polarization
curve. For example, the addition of indium to aluminium produced
the significant shift of the corrosion and the pitting potentials in the
negative direction and reduction of the passive potential region. As
can be seen from Fig. 2, after passing the short passive potential
range (of only 0.2 V), the Al–In alloy starts to dissolve actively at
≈−1.15 V. Anodic current density increases sharply, and already at
−1.0 V becomes about three orders of magnitude higher than the
current density on Al (Al remains passive). Moreover, the cathodic
part of the current–potential curve was shifted towards lower cur-
rent, showing that the In reduced the cathodic hydrogen evolution
on Al.

On the other hand, the Al–Sn alloy exhibits quite different

behavior from that of Al, since the anodic polarization curve shows
an active dissolution without any passivity. Namely, the dissolu-
tion potential takes a value close to corrosion potential (≈−1.43 V),
while the anodic current density increases exponentially with the
potential. The cathodic polarization curve was also shifted towards
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ig. 3. Variation of the open circuit potential of Al and Al alloys with time in 2 M
aCl solution.

igher currents, showing that the Sn catalyzed the cathodic reac-
ion on Al.

The polarization curve of Al–In–Sn alloy is characterized by a
arkedly negative value of corrosion potential of −1.53 V and ill

efined a small passive region of about 50 mV. Rapid increase in
he anodic current at −1.35 V indicates the start of pitting attack.
ompare to Al, the cathodic branch of polarization curve is shifted
owards lower current.

.2. Open circuit potential (OCP) and stability to corrosion

Fig. 3 shows the variation of the OCP of Al, Al–In, Al–Sn and
l–In–Sn electrodes during the 17 days of exposure to the NaCl
olution. The potential of the Al electrode moves in the positive
irection, reaches a maximal value of ≈−0.90 V after 3 days, and
han decreases with time. After 17 days the OCP of ≈−1.05 V was
chieved. The increase in the open circuit potential with time is
nown to arise from the growth of the surface oxide film, while
he decrease of OCP can be attributed to composite change of oxide
lm due to incorporation of Cl− ions [29–31].

As can be seen from Fig. 3, the addition of alloying elements to Al
roduced in all cases a considerable shift of the OCP in the negative
irection. In the beginning, through the first 2 days, the potential
f the Al–In electrode shifts in a positive direction. After that, with
mall oscillations, an average OCP value of ≈−1.22 V was achieved.
t is interesting to note that this potential is equal to the potential
f active dissolution of Al–In alloy.

As soon as the Al–Sn and Al–In–Sn alloys were immersed in
he NaCl solution very negative potentials are measured (−1.45 V
or Al–Sn alloy, and −1.42 V for Al–In–Sn alloy). These potentials
emained constant during the first few hours, where the active dis-
olution of electrodes is evident. After that, the potential of both
lloys moves in the positive direction, and after 17 days values
f ≈−1.26 V and ≈−1.34 V were achieved on Al–Sn and Al–In–Sn
lloys, respectively. This enabled potential can be attributed to
he passivation of the electrode surface by deposition of corrosion
roducts. But some differences are noticed in manner of alloying
lements in binary and ternary alloys influence the Al passivation
rocess at prolonged immersion times.
The significant electrochemical activity imparted by In and Sn
n addition to Al is evident from the results of potentiodynamic and
pen circuit measurements. It is known (from the physical metal-
urgy and phase diagrams of Al alloys) that In and Sn are negligibly
oluble in Al. Sn has been observed to have a solubility of less than
ompounds 505 (2010) 54–63

0.01% in the Al matrix at the melting point of 232.2 ◦C [32], while
the solubility of In is 0.017% at the melting point of 156 ◦C [21,32].
By increasing the temperature the solubility of alloying elements in
Al increases; for example the solubility of Sn is approximately 0.1%
at 600 ◦C [32]. Due to low solubility of In and Sn in solid Al the total
quantity of alloying elements above the solubility limit at the deter-
mined temperature is segregated into inclusions by predominantly
at grain boundaries, but also within metal grains [21,32–35].

It is suspected that galvanic cells set up between In(Sn) inclu-
sions and the Al matrix resulting in the local dissolution of Al in
the vicinity of the In(Sn), when they are immersed in chloride solu-
tion. The consequence of this phenomenon is the local breakdown
of the surface film and subsequent local dissolution of the metal-
lic substrate [36–38]. Hence, the presence of heterogeneities in the
Al structure may strongly affect the continuity and resistance of
the surface oxide layer. The localized attack ordinary initiates and
propagates at weak point in oxide layer, i.e. in those zones enriched
in alloying element during the solidification process (grain bound-
aries and intermetallic zones).

The partial anodic reaction occurring at anodic sits (i.e. inside a
pit) during the localized corrosion of Al in NaCl solution is:

Al → Al3+ + 3e− (1)

Due to acidity at the anodic sites the hydrogen evolution takes
place as a secondary cathodic reaction (in the pit):

2H+ + 2e− → H2 ↑ (2)

Since the NaCl solution contains a certain amount of dissolved
oxygen the possible cathodic reactions at cathodic sits (outside the
pits) are hydrogen evolution and/or oxygen reduction:

2H2O + 2e− → H2 ↑ +2OH− (3)

O2 + 2H2O + 4e− → 4OH− (4)

As a result of cathodic reactions, the concentration of hydroxide
ions increases, so the local pH becomes more alkaline. Hydrogen
gas results from the partial reaction occurring during localized cor-
rosion inside the pit, as well as from the cathodic reaction on the
surface outside the pit (reactions (2) and (3)). Also in this work
the evolution of gas bubbles of hydrogen has been observed. So, it
could be concluded that the corrosion of aluminium and its alloys
is mainly accompanied by the cathodic reaction of hydrogen evo-
lution, which is supported by the experimental findings of the
cathodic Tafel slopes of ≈−120 mV dec−1.

In order to determine the effect of alloying elements (In, Sn)
addition on dissolution process of Al in NaCl solution, the volume
of the evolved hydrogen has been measured during the period of 17
days. After the dissolution test the corroded surfaces were exam-
ined by optical microscopy to correlate the dissolution features
with the microstructure.

The rate of hydrogen evolution of all the samples submerged
in chloride solution varied with time (Fig. 4). Due to the positive
value of the corrosion potential, the hydrogen slowly evolves on
the electrode of Al, especially through the first 3–4 days. However,
with time, aggressive ions penetrate into the oxide film. In such con-
ditions micropitts can be formed on the surface of Al, which cause
further evolution of hydrogen. Based on the gradually change of pH
of the solution (starting value of pH was 5.38, while the final value,
i.e. after 17 days was 6.85) it can be concluded that the volume of
hydrogen evolved during the corrosion of Al is given by the sum of

reactions (2) and (3). Furthermore, the optical microscopy exam-
ination of Al electrode after exposure to NaCl revealed a smooth
surface with randomly distributed regular-formed pits (Fig. 5a).

More negative OCP value favours the hydrogen evolution reac-
tion. As seen, the OCP of all alloys are so negative (Fig. 3) that the
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ig. 4. Volume of evolved hydrogen at Al and Al alloys during the corrosion test in
M NaCl solution.

ydrogen is evolved on the entire surface very easy due to elec-
rochemical decomposition of water. At the same time, hydrogen
volution takes place inside pits by the reaction, which is obviously
oupled with the Al dissolution. Based on the above, one might
xpect that hydrogen evolves significantly more on Al alloys than
n Al.

On the contrary, the alloy with In exhibited behavior which
as comparable to that of Al. Volume of evolved hydrogen is only

lightly greater than Al (pH value was 7.57 at the end of measure-
ent). The results obtained can be explained by the fact that In
s cathodic inclusion in the alloy inhibits the reaction of hydrogen
volution on Al [24,39–41].

The presence of In as a segregated phase at the grain bound-
ries or as an In rich phase in the intermetalic zones of the grains
romotes higher dissolution rate of Al as well as a higher overpo-

ig. 5. Corrosion morphology of (a) Al, (b) Al–In, (c) Al–Sn and (d) Al–Sn–In samples obta
Compounds 505 (2010) 54–63 57

tential for the hydrogen evolution reaction [40]. Both facts shift the
corrosion potential of the alloy and its depolarized active potential
region towards more negative values. On the other hand, the strong
Cl− adsorption exerted by In on In rich phases or possible surface
In–Al alloys brought about by decomposition, promotes its activa-
tion at more electronegative potential than corresponding to pure
Al [40].

The microstructural observations after treatment in the chloride
solution show the strongest attack taking place mainly at the grain
boundaries were the In inclusions (the “bright” area) are located
(Fig. 5b). Indium inclusions display a cathodic behavior with respect
to the Al matrix and hydrogen evolution reaction takes place over
these. Acting as cathodic centres, In inclusions support the disso-
lution of the surrounding Al substrate. The type of attack appears
to be typically for inclusions that are electrochemically cathodic to
the Al matrix causing preferential dissolution of the matrix. In many
cases in literature, traces of indium as “bright” spots were found in
pits, over which a slow hydrogen evolution takes place [21,23,24].

Contrary to In, Sn caused a very rapid evolution of hydrogen
[20,42,43], and the behavior of Al–Sn alloy differs from the behavior
of Al and Al–In alloy during the exposure to the NaCl solution (insert
of Fig. 4). After only a few seconds of immersion, the dissolution
of metal takes place, accompanied by a violent hydrogen evolu-
tion. The Al–Sn electrode became gradually covered by a white
film of corrosion products (presumably alumina and/or aluminium
hydroxide) and the solution was turned very cloudy at prolonged
immersion times. Immediately after these events, all signs of activ-
ity dissolution disappear. Namely, the hydrogen evolution leads to
the local increase of pH value (with the rapid evolution of hydro-
gen, pH of the solution increases and after 4 h reaches 8.80), which
causes the dissolution of oxide layer according to the reaction:
Al2O3 + 2OH−(adsorbed) → 2AlO2
−(aqueous) + H2O (5)

In parallel, the oxidation of the metal matrix by uniform corrosion
is also taking place, and the oxide film is formed, with the physical

ined after open circuit potential measurement in 2 M NaCl solution for 17 days.
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shown in Fig. 7, involving the elements Rel, Q1, R1 and Q2. In this
circuit the R terms represent resistor elements, while the Q terms
represent constant phase elements (CPE). The constant phase ele-
ment is used to describe the distribution of relaxation times, as a
8 S. Gudić et al. / Journal of Alloy

etachment of gaseous hydrogen, according to reaction:

Al + 3H2O ↔ Al2O3 + 3H2 ↑ (6)

n this case the accumulation of oxide film on the electrode sur-
ace would be the principal factor in reducing Al dissolution, as
ell as hydrogen evolution by blocking the activation sits. Opti-

al microscopy examination has confirmed that after removing
f corrosion products layer, the surface of Al–Sn alloy exhibited
ough morphology that is consistent with strong general disso-
ution (Fig. 5c). Literature data indicate similar behavior of alloys
ontaining small amounts of Sn [20].

Al–In–Sn alloy also exhibited the effect of temporary active dis-
olution. Results in Fig. 4 demonstrate that as soon as Al–In–Sn
lloy is immersed in NaCl solution the hydrogen evolution takes
lace rapidly (but velocity of reaction is significant lower compare
o Al–Sn alloy). At the same time pH of the solution increases and
fter 4 h was 8.36. However, at longer times of exposure to the
hloride solution (i.e., after 24 h) leads to the formation of layers of
orrosion products on the surface of the alloy and both the rate of
volution of hydrogen and the pH value of solution reduce.

Due to low solubility of In and Sn in solid Al, during the prepa-
ation of Al–In–Sn alloy, there is possibility of extraction of both
lloying elements mainly at grain boundary. The contact of In and
n lead to the formation of new micro-galvanic cells, i.e. a new
ources of local corrosion in which In has anodic character in
espect to the Sn. Therefore, in the first moments of exposure to
hloride solution, the dissolution of Al–In–Sn alloy introduces both
l3+ ions (reaction (1)) and In3+ ions into the solution:

n → In3+ + 3e− (7)

he anodic reactions are accompanied by strong evolution of hydro-
en, which takes place on the top of the Sn inclusions. This in turn
roduces a local increase in pH, which gives rise to the dissolution
f oxide layer (reaction (5)). However, the In species may redeposit
n the cathodic sits of the surface, subsequently, and caused the
ydrogen evolution decrease:

n3+ + 3e− → In (8)

he exchange current density for the hydrogen evolution reaction
n the In is smaller than on Al and Sn. Therefore the In deposition
ontributes to diminish the hydrogen evolution [24,39]. Further-
ore, after producing patches of quasi-bare Al surface (due to oxide

issolution) following reaction can take place:

l + In3+ → Al3+ + In (9)

n parallel with the oxidation of the metal matrix the oxide film is
ormed according to reaction (6), which suppresses further anodic
issolution of alloy.

During the stabilization of Al–In–Sn alloy at OCP following pro-
esses simultaneously can takes place: evolution of hydrogen, the
issolution and redeposition of In and dissolution and formation of
ew oxide film on the surface. It should be noted that all these
rocesses are dynamic and that their rate changes significantly
ith time. All these possible processes point to the idea that the In
articles may remain trapped in the pores of oxide film, and accord-

ngly may increase its resistance, which was proved by impedance
easurements.

At the end of the measurement, a thick grey layer of corrosion

roducts, that completely covers the surface of electrode, can be
een by naked eye. After removing this layer, the surface of Al–In–Sn
lloy exhibited rough morphology that is consistent with strong
eneral dissolution (Fig. 5d).
Fig. 6. Bode plots for Al electrode exposed to 2 M NaCl solution for: (�) 0 h, (�) 2 h,
(�) 4 h, (�) 24 h and (�) 72 h.

3.3. Impedance measurements

In order to obtain a physical image of the observed systems
and to explain all observed phenomena during the 17 days sta-
bilization of Al and its alloys at open circuit potential impedance
measurements have been performed. The potentials which estab-
lished during the stabilization, and at which impedance spectra
were recorded, are shown in Fig. 3.

Fig. 6 shows a Bode plots (logarithm of impedance, Z, and phase
angle, respectively, vs. logarithm of frequency, f) obtained for the
Al electrode after various exposure times up to 3 days in a NaCl
solution. At high frequencies (f > 10 kHz) the data are dominated by
electrolyte resistance. In the medium frequency region the slope of
the log |Z| vs. log f curve close to −1 and the phase angle of ≈−80◦

determined the capacitive behavior of the system. At the lowest
frequencies, the phase angle of ≈−40◦ and slope of the log |Z| vs.
log f close to −0.5 pointed out on the presence of diffusion control-
ling process. It can be seen that the overall impedance of system
increases with time, which indicates that the electrode surface gets
more protection.

The development of more than one time constant is deduced
from the inspection of the spectra, which reflect the diversity of
the phenomena, which occur in the system under investigation. The
first time constant, observed in the high frequency region is gener-
ally associated with dielectric properties of surface oxide film while
the second time constant, observed in the low frequency region, is
associated with the diffusion process in oxide film and clearly indi-
cated that mass transport occurring through the phase layer must
be taken into account by describing metal/oxide film/electrolyte
interfaces.

The results obtained can be described best by equivalent circuit
Fig. 7. Equivalent circuit employed in the fitting analysis of the impedance diagrams
for Al and Al–In alloy.



S. Gudić et al. / Journal of Alloys and Compounds 505 (2010) 54–63 59

Table 1
Electrochemical parameters obtained by fitting analysis of impedance diagrams of Al electrode using the Rel(Q1(R1Q2)) equivalent circuit.

t (h) Q1 × 106 (�−1 sn cm−2) n1 R1 (k� cm2) Q2 × 106 (�−1 sn cm−2) n2

0 18.71 0.91 3.85 114.56 0.48
1 12.82 0.90 7.99 84.63 0.49
2 10.99 0.92 12.65 68.63 0.51
3 10.19 0.92 17.03 59.96 0.50
4 9.74 0.92 21.02 33.72 0.51

24 7.29 0.94 59.29 16.21 0.47
48 6.51 0.96 80.03 13.01 0.48
72 6.06 0.96 84.76 10.45 0.52
96 9.43 0.95 70.94 21.46 0.51

168 20.21 0.92 27.75 143.51 0.51
192 24.78 0.91 23.06 180.39 0.49
216 28.99 0.90 19.28 227.36 0.47
240 32.48 0.86 16.79 288.72 0.48
264 37.43 0.85 13.56 326.49 0.49
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These conditions favour the development of pitting corrosion on
the surface of Al, which was confirmed by optical microscopy exam-
ination (Fig. 5a).
336 54.93 0.82
360 57.21 0.82
384 59.97 0.80
408 64.52 0.81

esult of inhomogenities present at the solid/liquid interface on a
icroscopic level. Its impedance, ZCPE, is described by expression

CPE = [Q(jω)n]−1 [44], where the constant Q accounts for a combina-
ion of properties related to both the surface and the electroactive
pecies, jω is the complex variable for sinusoidal perturbation with
= 2�f and n is the exponent of CPE. The parameter n is also a

onstant that can assume different values in the range from −1 to
1. When the value of n approaches unity the CPE is equivalent to
capacitor, while n values close to 0.5 are indicative of diffusion,

nd consequently the CPE represents a Warburg diffusion compo-
ent. Furthermore, for n values close to 0 the CPE represents the
esistance and for n close to −1, an inductance.

According to the fitting results, the n values for Q1 are about 0.9,
hale the n values for Q2 are close to 0.5. Hence, in equivalent cir-

uit shown in Fig. 7, Q1 is a constant phase element (CPE) accounts
or the oxide film and double layer capacitances (in series) while
2 represents a Warburg diffusion process in the oxide film and R1

s the charge transfer resistance. Rel corresponds to the electrolyte
esistance and was found to be in the order of 1 � cm2. Numerical
alues for each individual element of the equivalent circuit for Al
s a function of immersion time are shown in Table 1.

It can be seen that the charge transfer resistance (R1) increased,
hile the capacity of phase boundary (Q1), and the diffusion ele-
ent (Q2) decreased with immersion time up to 3 days. This

irection of change is attributed to the increase of protective prop-
rties of the surface layer on the electrode. Furthermore, according
o the plate capacitor model the oxide film capacity, C, is inversely
roportional to its thickness, d (according C = εoε/d; εo is the permit-
ivity of vacuum, ε is the relative permittivity of the film). Hence,
he reduction of Q1 with the increase of immersion time up to 3
ays matches the corresponding increase of the thickness of the
urface layer, which additionally indicated on increase of protective
roperties of the oxide layer at the surface of the Al.

The electrochemical and corrosion behavior of Al greatly
epends on the specific activity of the present ions, especially
nions (OH− and Cl− ions). Namely, two processes occur simul-
aneously at the oxide/electrolyte interface upon stabilization of
lectrodes at the open circuit potential: adsorption of OH− ions and
dsorption of Cl− ions. Adsorption of OH− and Cl− ions at the sur-
ace of Al is a dynamic process that depends on various factors, of
hich time, purity of Al (alloying element) and state of surface are

−
he most important. While, in the first place, the adsorption of OH
ons leads to sample passivation and to improvement of the proper-
ies of the protective oxide layer on the surface of Al, adsorption of
l− ions can lead to depassivation of Al, that is to a local dissolution
f Al. Chloride ion adsorption generally occurs at oxides’ defects,
7.99 621.55 0.52
7.01 784.43 0.51
6.63 916.77 0.51
5.68 1074.48 0.50

such as minor cuts, dips, cracks, or pores, that is where the oxide
thickness is smaller, and electric field is stronger [45–48]. This phe-
nomenon can cause significant changes in the charge transfer as is
happening in the inner, the so called Helmholtz part, of the elec-
trochemical double layer. The depassivation time corresponds to
time in which the amount of adsorbed aggressive ions is enough
to cause nucleation of local dissolution of Al. In the overall process
of dissolution, the slow stage is oxide dissolution with creation of
soluble salts with cations from the oxide lattice. Pits created con-
tinue to activate local dissolution by autocatalytic process. In the
pit, there is a high concentration of metal chlorides (M+Cl−) and as
a result of hydrolysis, a high concentration of H+ ions. Both H+ ions
and Cl− ions stimulate the dissolution of metal, and the entire pro-
cess accelerates with time. Thus, pits propagate as a consequence
of the reduction of pH within the pit [49].

It was really found out that at longer exposure times i.e. after 3
days, there is a fall in the modulus of parameter R1 and an increase
of the parameters Q1 and Q2, while a general shape of impedance
diagram is maintained (Fig. 8, Table 1). This direction of change
is attributed to the penetration of the oxide film by chloride ions.
Fig. 8. Bode plots for Al electrode exposed to 2 M NaCl solution for: (�) 96 h, (�)
168 h, (�) 240 h, (�) 336 h and (�) 408 h.
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Table 2
Electrochemical parameters obtained by fitting analysis of impedance diagrams of Al–In alloy using the Rel(Q1(R1Q2)) equivalent circuit.

t (h) Q1 × 106 (�−1 sn cm−2) n1 R1 (� cm2) Q2 × 106 (�−1 sn cm−2) n2

0 21.64 0.91 603.21 432.94 0.48
1 17.01 0.91 622.19 413.49 0.47
2 14.25 0.92 666.73 394.87 0.50
3 12.48 0.93 685.46 376.75 0.52
4 11.08 0.93 738.92 361.34 0.51

24 8.64 0.94 857.56 270.58 0.48
48 7.79 0.94 988.42 209.72 0.49
72 12.72 0.94 896.57 287.58 0.50
96 14.38 0.93 800.99 346.38 0.51

168 27.21 0.91 590.19 448.55 0.52
192 31.01 0.89 546.53 491.07 0.50
216 35.79 0.88 496.71 567.78 0.46
240 40.17 0.85 469.98 648.21 0.47
264 52.56 0.84 378.16 737.79 0.49
336 83.47 0.83
360 94.09 0.83
384 106.95 0.80
408 127.31 0.81

Fig. 9. Equivalent circuits employed in the fitting analysis of the impedance dia-
grams for Al–Sn and Al–In–Sn alloys: (a) for 0 and 1 h, (b) for 2, 3 and 4 h and (c) for
t ≥ 24 h.

Fig. 10. Bode plots for Al–Sn alloy exposed to 2 M NaCl solution for: (�) 0 h and (�)
1 h.
354.11 1006.53 0.49
337.67 1099.47 0.52
310.27 1176.11 0.50
299.16 1243.68 0.48

In contrast to aluminium, Al–In alloy shows greatly active
behavior. During the first 2 days an increase of impedance is
evident, after which the tendency is reverse, indicating that the
corrosion process is beginning. The obtained impedance spectra
have been interpreted according to the equivalent circuit shown in
Fig. 7. The corresponding fitting results are listed in Table 2.

Indium as alloying element in Al enhances the adsorption of Cl−

ions, and hence dissolution of alloy, which is accompanied by a sig-
nificant decrease in value of R1, and increase in values of parameters
Q1 and Q2. It can be seen that, after 17 days, the oxide film doesn’t
show any protective properties and the significant surface dam-
age was observed, mainly at the grain boundaries were the indium
inclusions are located (Fig. 5b).

The impedance spectra when the Al–Sn and Al–In–Sn alloys
are exposed to aggressive NaCl media reveal a different behavior
compared to that of technical grade Al. Namely, immediately after
immersion tested alloys in solution the appearance of corrosion
was evident through the evolution of small bubbles of hydrogen.
With continued corrosion the materials lost their reflective sur-
face and the thick layer of corrosion products is formed. Impedance

measurements confirmed this visual observation. The impedance
parameters were determined using the equivalent electrical circuit
models presented in Fig. 9a–c.

Fig. 11. Bode plots for Al-Sn alloy exposed to 2 M NaCl for: (�) 2 h, (�) 3 h and (�)
4 h.
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Table 3
Electrochemical parameters obtained by fitting analysis of impedance diagrams of Al–Sn alloy.

t (h) Equivalent circuit Q1 × 106 (�−1 sn cm−2) n1 R1 (� cm2) L (H cm2) R2 (� cm2) Q2 × 106 (�−1 sn cm−2) n2 R3 (� cm2)

0 Rel(Q1(R1(LR2))) 37.97 0.89 106.57 25.18 39.75
1 Rel(Q1(R1(LR2))) 89.51 0.87 46.39 20.46 26.32
2 Rel(Q1(R1(Q2R3))) 134.04 0.84 117.86 2013.36 0.54 154.11
3 Rel(Q1(R1(Q2R3))) 177.23 0.83 131.62 1204.27 0.61 268.39
4 Rel(Q1(R1(Q2R3))) 241.36 0.82 150.47 836.34 0.76 385.13

24 Rel(Q2R3) 142.00 0.91 1314.10
48 Rel(Q2R3) 128.01 0.91 2283.42
72 Rel(Q2R3) 120.83 0.92 3624.56
96 Rel(Q2R3) 115.66 0.91 4129.89

168 Rel(Q2R3) 104.15 0.91 6957.68
192 Rel(Q2R3) 98.57 0.90 8162.13
216 Rel(Q2R3) 96.13 0.92 9284.79
240 Rel(Q2R3) 94.87 0.91 10490.78
264 Rel(Q2R3) 91.55 0.91 11741.44
336 Rel(Q2R3)
360 Rel(Q2R3)
384 Rel(Q2R3)
408 Rel(Q2R3)

F
1

i
e
i
b

T
E

ig. 12. Bode plots for Al–Sn alloy exposed to 2 M NaCl for: (�) 24 h, (�) 96 h, (�)
68 h, (�) 240 h and (�) 336 h.
As an example, Figs. 10–12 illustrate the change of the
mpedance spectra for Al–Sn alloy which occurs with increasing
xposure time. Through the first hour, the response of Al–Sn alloy
n the complex impedance plane (Fig. 9) deviates from the usual
ehavior, and together with high frequency capacitive time con-

able 4
lectrochemical parameters obtained by fitting analysis of impedance diagrams of Al–In–

t (h) Equivalent circuit Q1 × 106 (�−1 sn cm−2) n1 R1 (� cm2)

0 Rel(Q1(R1(LR2))) 42.13 0.88 120.15
1 Rel(Q1(R1(LR2))) 90.21 0.85 80.39
2 Rel(Q1(R1(Q2R3))) 126.48 0.84 224.87
3 Rel(Q1(R1(Q2R3))) 160.27 0.84 245.13
4 Rel(Q1(R1(Q2R3))) 216.67 0.83 283.67

24 Rel(Q2R3)
48 Rel(Q2R3)
72 Rel(Q2R3)
96 Rel(Q2R3)

168 Rel(Q2R3)
192 Rel(Q2R3)
216 Rel(Q2R3)
240 Rel(Q2R3)
264 Rel(Q2R3)
336 Rel(Q2R3)
360 Rel(Q2R3)
384 Rel(Q2R3)
408 Rel(Q2R3)
90.00 0.91 13898.39
88.74 0.92 14571.94
87.11 0.92 15091.11
86.23 0.92 15593.46

stant an inductive time constant at low frequencies are observed.
Similar results are obtained for Al–In–Sn alloy.

It should be noted that the origin of the inductive loop at
low frequency is not clear. Numerous examples of such inductive
arcs are found in corrosion studies of Al and its alloy, and vari-
ous explanations for them have been suggested, mainly involving
potential-dependent adsorption phenomena of the intermediate or
electrically active species or pitting phenomena due to surface area
modulation or salt film property modulation [50–52]. One of the
most acceptable explanations is given by Mansfeld and associates
[53,54]. According to them, the inductive time constant in com-
plex impedance plane can be attributed to the pitting phenomena,
at short exposure times, when the values of corrosion and pitting
potentials are similar. Namely, as the pitting potential and corro-
sion potential are nearly the same (in the case of Al–Sn and Al–In–Sn
alloys, Fig. 2), even a small increase of the potential above corrosion
potential will lead to the initiation and acceleration of pitting with
a large increase of the anodic current density [53,54]. In this case,
the measured impedance will no longer be the ratio of two sinu-
soidal signals with the same frequency and different amplitudes
and phases, but will be due to a non-linear signal [53,54], which is

considered to be reason for the inductive behavior shown in Fig. 10.

Impedance plots have been interpreted according to the equiva-
lent circuit shown in Fig. 9a, in which Q1 corresponds to the double
layer capacity, R1 to the charge transfer resistance, while compo-
nents L and R2 are introduced to describe the inductive behavior of

Sn alloy.

L (H cm2) R2 (� cm2) Q2 × 106 (�−1 sn cm−2) n2 R3 (� cm2)

23.36 46.93
21.15 30.77

1438.15 0.58 282.65
873.47 0.66 454.46
531.58 0.79 689.51
127.74 0.92 4501.28

82.38 0.92 14252.37
58.94 0.93 21003.48
53.02 0.93 28084.16
46.26 0.92 47578.33
45.84 0.92 51162.97
45.12 0.92 53253.52
44.08 0.92 56910.44
43.78 0.91 58578.29
40.46 0.92 61909.17
39.58 0.92 63748.56
39.20 0.93 64750.83
37.98 0.93 64664.67
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xamined systems. The obtained results are listed in Tables 3 and 4.
fter 1 h a rapid dissolution of the electrodes is confirmed by low
alues of R1 and R2.

However, at longer exposure time, i.e. at t ≥ 2 h the impedance
f Al–Sn (Fig. 11) and Al–In–Sn alloys increase, while in the low
requency range inductive time constant disappears, and another
apacitive time constant appears, which can be attributed to some
ind of passivity due to formation of film of corrosion products on
he surface. In this case the data are analyzed using the equivalent
ircuit shown in Fig. 9b, in which Q1 corresponds to the double layer
apacity, R1 to the charge transfer resistance, while additional Q2 R3
ouple corresponds to the second time constant at the low frequen-
ies, appears to be connected with the presence of the corrosion
roducts film. The obtained values are presented in Tables 3 and 4.

Over time, an amount of oxide accumulates on the surface of the
etal increases, the oxide layer becomes thicker and more resis-

ant, and the capacitive time constant, which describes it, grows.
fter some time (1 day) the system behavior, in the impedance
iagram, is completely determined by the passive layer on the
lectrode surface (Fig. 12). In this case the measurement results
an be described by simple equivalent circuit shown in Fig. 9c,
nd the equivalent circuit parameters for both alloys are listed in
ables 3 and 4. It is evident that the impedance of the Al–Sn and
l–In–Sn alloys increases over time, that is the resistance, R3, and

he thickness of the surface layer increase (i.e., the capacity of the
ayer, Q2, reduces). These changes are attributed to the improve-

ent of protective properties of oxide layer on the surface of the
nvestigated alloys. It can also be noted that the surface layer of the
l–In–Sn alloy has better properties than the one of Al–Sn alloy,
hich is most likely due to incorporation of indium in the pores

nd defects in the oxide layer.

. Conclusion

The corrosion behavior of Al, Al–In, Al–Sn and Al–In–Sn alloys in
M NaCl solution has been studied by using polarization, open cir-
uit potential, hydrogen collection and impedance measurements
s well as by optical microscopy examination. The findings of the
resent work may be summarized as follows:

Polarization measurements indicated that the alloying elements
considerably change the electrochemical behavior of aluminium.
Changes are especially pronounced in the anodic branch of the
polarization curve, and manifest in significant shift of the corro-
sion and the pitting potentials in the negative direction, reducing
the passive potential region, and increasing the current output
already at low anodic overpotentials.
The corrosion of aluminium and its alloys is accompanied by the
cathodic reaction of hydrogen evolution. The volume of evolved
hydrogen increased with time. The obtained results show that the
indium inhibits cathodic reaction of hydrogen evolution, while
tin catalyzes the same one.
Corrosion of aluminium alloys occurs by micro-galvanic cells
that were established between aluminium and the alloying ele-
ment. Indium and tin inclusions display a cathodic behavior with
respect to the aluminium matrix and hydrogen evolution reaction
takes place over these. Acting as cathodic centres, indium and tin
inclusions support the dissolution of the surrounding aluminium
substrate.
In this case of Al–In–Sn alloy, the contact of indium and tin

lead to the formation of additional micro-galvanic cells in which
indium has anodic character in respect to the tin. Therefore, in the
first moments of exposure to chloride solution, the dissolution
of Al–In–Sn alloy introduces both aluminium and indium ions
into the solution. However, the indium species redeposit on the

[

[

[
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cathodic sits of the surface, subsequently, and caused the hydro-
gen evolution decrease. In parallel, the oxidation of the metal
matrix, the oxide film is formed, which suppresses further anodic
dissolution of alloy.

• Impedance measurement performed also during the 17 days of
corrosion test provided a continuous monitoring of the param-
eters which characterize the properties of the surface and their
changes as corrosion occurs.

• Microscopy, open circuit potential, hydrogen collection and
impedance measurements were complementary in characteriza-
tion of corrosion behavior of aluminium and its alloys.
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