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[ Abstract] Pitting corrosion behavior of A12024-T3 in sodium chloride solution was investigated by using potentiodyna-
mic scanning ( PDS) measurements and electrochemical impedance spectroscopy (EIS) technique. When pitting corrosion
of the alloy occurs, there exists a passive region in the anodic branch of PDS polarization curve, which is enlarged with the
increasing of immersion time due to the competition of the halide ions with OH™ ions to adsorb on the oxide film to form
the corrosion products film and the increase of pitting corrosion area. Two capacitive semicircles were observed in complex
plane plot. For more extensive pitting and general corrosion of A12024-T3, the passive region in PDS disappeared, while
another depressed semicircle was observed in Nyquist plot because of the formation of corrosion products film. On the oth-
er hand, the low frequency inductive loop, which had often been regarded as a manifestation of pitting or formation and
precipitation of a salt film, was not observed, which indicates that the low frequency inductive loop can not be the charac
teristic of pitting corrosion or the formation of salt film. The results also show that higher reactant CPE exponent values
will correspond to more extensive transformation of a metal surface by very localized corrosion, while general corrosion can
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result in a smaller CPE exponent value.
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1 INTRODUCTION

Aluminum and its alloys are widely used in the
telecommunications, electronics and aviation indus-
tries because of their good electrical conductivity and
processability. But they are very susceptible to pitting
corrosion in aqueous environments, and the pitting
corrosion process can be accelerated by combined
presence of reactive anions in solution and some inter-
metallic inclusions embedded in the metal ma
trix| '~ 1,

It is well known that pitting corrosion process
consists of three stages: initiation, propagation and
repassivation. The pit propagation stage can be fur
ther divided into three steps defined by the rate-con-

[7-81. 1) As soon as a pit is nucleated,

trolling process
the dissolution of matrix metal becomes the rate con-
trolling step, duration of which is short because the
saturation of the pit environment is quickly achieved.
The step is often characterized by the formation of a
nonprotective salt film composed of the dissolved met-
al cations and concentrated aggressive anions with
high ionic conductivity at the inner surface of the pit.
2) The nonprotective salt film provides a high capacr-
ty for the dissolution of the metal, which leads the
ion migration process to be the rate controlling step.
The ion migration process, which constitutes most of
the lifetime of a pit growth is produced by diffusion
and electromigration under the concentration gradient

and the potential gradient in the pit. In addition, the
dissolved metal cations undergo hydrolysis reactions,
resulting in an autocatalytic condition. 3) When the
potential drop inside the pit or the potential of the
dissolved metal decreases, the metal dissolution ca-
pacity of the inner metal surface also decreases, while
the rate of formation of nonprotective film ( hydrous
product of metal and aggressive anions) increases.
Therefore, the pit growth process terminates, and
the repassivation of a pit begins.

Traditionally, pitting potential ( ¢,) and protec
tion or repassivation potential ( ¥,;) are used to char-
acterize the material’ s resistance against pitting,
where @, is related to the pit initiation and %, is pro-
posed to be associated with pit growth. Smaller dif-
ference ( ®,— %), as determined from potentiody-
namic scanning ( PDS) or cyclic polarization ( CP),
indicates greater resistance to pit growth[9~ " How-
ever, the values of them are governed by a number of
factors, such as the environment and the scan rate
used in the measurement'®’. On the other hand, the
mechanism of pitting corrosion is still not very clari-
fied, and some doubts remain for further investiga-
tion. Meanwhile, pitting corrosion can lead to the
premature failure of high-strength Al alloys used in
aerospace structures and lose their promising charac
teristics as engineering materials for many other in-
dustrial applications. Hence, a better understanding
of their pitting corrosion behavior is of scientific inter-
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est and technological importance.

The authors intend to study the corrosion behav-
ior of Al 2024-T3 in sodium chloride solution by
means of potentiodynamic measurements and electro-
chemical impedance spectroscopy (EIS) and to devel
op an appropriate model for the impedance, from
which the parameters characterizing the corrosion
process can be extracted.

2 EXPERIMENTAL

Specimens of 2cm in length were cut from com-
mercial aluminum rod of 28. 26 mm in diameter, with
the chemical composition ( mass fraction, %): 4.24
Cu, 1.26 Mg, 0.65 Mn, 0.15 Fe, 0.06 Si, 0.08
Zn, 0.031 Ti, < 0.01Cr, and balance Al. The spec
imens were connected respectively to a copper wire
using screw at one cross section to accommodate the
specimen and provide electrical contact, then mount-
ed in epoxy with the other cross section exposed. Be-
fore testing, the exposed surface was polished using
abrasive papers through 500-grade to 1200-grade,
then rinsed using distilled water, degreased using ace-
tone and ethanol and dried for 30 min in air.

Electrochemical measurements were carried out
in a three-compartment cell. The working electrode
was the Al 2024-T3, a large platinum sheet and a
saturated calomel electrode (SCE) with a Luggin cap-
illary served as counter and reference electrodes re-
spectively. Both were separated from the main com-
partment of the cell by fine-pored glass diaphragms.
All potentials were referred to the SCE. All tests
were carried out in 2% neutral sodium chloride solu-
tion (1. 5L) prepared using analytical reagents and
deionized water at ambient temperature.

Electrochemical impedance spectroscopy ( EIS)
measurements were performed with a commercial
electrochemical analyzer/ workstation ( Model 660A )
at the open circuit potential. EIS was always taken in
the direction of decreasing frequency and each EIS
measurement was repeated five times in order to as-
certain the stability of the system being evaluated. A
frequency range of 10° Hz to 0. 015Hz was selected
for its sensitivity to corrosion resistance. The alter
nating current was applied directly between the work-
ing electrode and the counter electrode, and kept at a
value which would not cause more than SmV differ
ence ( peak to peak) across the cell to maintain the
linear relationship between the applied potential and
the response current. During the experiments, the
specimens were examined with optical microscopy to
observe the change in corrosion morphologies.

3 RESULTS AND DISCUSSION

3.1 Potentiodynamic measurement
Fig. 1 represents the potentiodynamic scanning
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Fig. 1 Potentiodynamic plots for
A12024-T3 in 2. 0% neutral NaCl solution

at different immersion time
Curve @ —40min; Curve b —198 min; Curve ¢ —1495 min;

Curve d —2 835 min; Curve f —4320min

(PDS) curves of A12024-T3 in 2. 0% neutral sodium
chloride solution at a sweep rate of 0.01V/s, be
tween — 200mV to — 250 mV from open circuit po-
tential(OCP) and + 1000 mV from OCP. Before pit-
ting corrosion begins ( curves a~ d), there exists a
distinct passive region ( A®) between the primary
passivation potential ( %,) and the oxide film break-
down potential ( ?,), the value, AP(= ¥, - %),
increases with the immersion time while the current
density in this region increases with time, which may
be attributed to the competition of the halide ions
with OH™ ions to adsorb on the oxide film to form Al
(OH),_ »CL,'"® and the increase in pitting corro-
sion area.

Pitting corrosion of A12024-T3 proceeds accord-
ing to the following reactions:

¥ALO3;*H,0 —AxAl(OH), (1)

ot Al(OH) ,+ mClI" —=

Al(OH) ,- »Cl,,+ mOH"™ (2)

Therefore, when the applied potential becomes
more positive than OCP and increases positively, the
anodic current is controlled by two factors: 1) diffu-
sion of halide ions from solution to the interface of ox-
ide film and counter diffusion of OH™ ions, and 2)
chemical reaction rate of reactions (1) and (2). Con-
sequently, the above factors result in the enlargement
of passive region and anodic current density.

After a long time of corrosion of Al2024-T3
(curve f'), passive region disappears in the anodic
branches of PDS curves and no ®, and %, potentials
appear to be present, the current continues increasing
with potential throughout the entire forward anodic
potential scan. The reason for these phenomena is

that the oxide film on the Al2024-T3 surface has

(7,8

mostly transformed into AI(Cl) , I, which is solu-

ble in the solution. Meanwhile, some corrosion black
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products cover the entire surface of the material in the
general and pitting corrosion, are expected to occur.

3.2 AC impedance measurement

The equivalent circuit (EC), shown in Fig.2,
was utilized with the Boukamp program to simulate
the impedance characteristics of A12024-T3 in NaCl
solution at rest potential. Within the passive region,
two capacitive semicircle can be resolved in complex
plane plot when the high frequency behavior is en-
larged (Figs. 3 and 4). The semicircle at the highest
frequency with shorter time constant probably arises
from the dielectric property of the surface film, and
the second depressed (lg( Z)/1g(f) < 0.1) capacitive
semicircle is associated with the oxide film formed on
the A12024-T 3 surface, the diameter of semicircle de-
creases with the prolonging of immersion time due to
the thinning of the original oxide film.
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Fig. 2 Equivalent circuit for
A12024-T 3 in neutral NaCl solution
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Fig. 3 Nyquist plot for duration time of
pitting corrosion of A12024-T3 in NaCl solution
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Fig. 4 Enlarged diagram in
high frequency range of plot in Fig. 3

In some cases, simulation of the impedance spec
tra can be improved by replacing the capacitance, C,
with a constant phase element, CPE = 1/ Yo(j )",
which is expressed as an exponent affecting the imag-
inary component of a complex impedance. For n= 1,
CPE represents an ideal capacitance with C = Yy;
n= 0 a resistance with R= Yy 1; n= 0.5, awar
burg and n= - 1, an inductance with L = Yj I
The presence of a CPE often has been explained by
dispersion effects that might be caused by microscopic
roughening of a surface! >~ " which, in turn, have
been related to surface preparation or localized corro-
sionl 1>

In our experiments, the reactant CPE ( Q) ex-
ponents ( n) were close to one (approximately 0.9)
at the beginning of immersion time decreasing with
the time of immersion. It is shown that higher reac-
tant CPE exponent values would correspond to more
extensive transformation of a metal surface by very lo-
calized corrosion, while smaller CPE exponent value
would correspond to general corrosion''”!. The reac-
tant resistance ( R,) and other equivalent elements’
values after immersion for different time, obtained
using Boukamp program, are listed in Table 1. As
expected, the reactant resistance decreased with
time, caused by the breakdown of the oxide film and
the increase of electro-dissolution rate, indicating an
increase of corrosion rate with immersion time,
w hile the pore resistance R , and corrosion product resis-

Table 1 R,, R, and other fitted values of elements of equivalent circuit
Immersion R s Q m Q m R m R P R out Q out () out R L () L Q L
time/ min  / Q Yo/ Qs n / Q /Q /Q Yol Qs n /Q Yol Qs n
38 3.44 4.988x 1077 0.43 4.80x 10" 12.65 8.67 1.998x10°% 0.99 4.81x10° 1.11x10"° 0.93
240  4.82 5.24x10°° 0.42 4.20x10* 12.38 7.30 1.08x10"° 0.87 4.41x10* 2.79x10"° 0.91
1220 9.30 2.49x10°° 0.85 2.73x10Y 17.43 81.87 8.12x10°* 0.60 6.95x10° 1.06x10"* 0.93
3760 5.12 1.40x10°7 1 3.73x 10" 23 2.02x10°7.79x10°% 1 4.16x10° 1.11x10°* 0.73
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tance R, increase, caused by the formation of prod-
uct film on the surface of the corroding electrode.
The film resistance R,, decreases at first because of
the thinning of the oxide film, then increases due to
the formation of corrosion products film.

For more extensive pitting of 2024-T3 ( longer
duration and/ or greater anodic polarization), the sur-
face of the corroding electrode was covered by a layer
of clearly evident black salt film containing pits. An-
other capacitive semicircle in the low frequency region
was observed. Its diameter increases with the immer-
sion time. This was assumed to be related to the for-
mation of a thick but nonprotective composite layer of
oxides and corrosion products, and hence, to the cor
roding intensity ( Figs.5 and 6). With the increasing
immersion time, the low frequency capacitive semr
circle was found to become dominating by diffusion
processes (Fig.5). On the other hand, no low fre
quency inductive loop, which has been interpreted as
a manifestation of pitting by MetikossHunkovic and
Bessone et al' ™| or has been regarded to be associat-
ed with the formation and precipitation of a salt
film by Breslin and Rudd'™', was observed. This im-
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Fig. 5 Complex plane impedance plot for
more extensive pitting corrosion of A12024-T 3
in NaCl solution
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Fig. 6 Enlarged diagram in high

frequency range of diagram in Fig. 5

plies that the low frequency inductive loop may not be
the characteristic of pitting corrosion or the formation
of salt film.

4 CONCLUSIONS

During pitting corrosion of aluminum alloy,
2024-T 3 in neutral sodium chloride solution, in PDS
plot there exists a passive region, which expands with
the immersion time. This phenomenon may be at-
tributed to the competition of the chloride ions with
OH"™ ions to adsorb on the oxide film to form the cor-
rosion products Al( OH) ,_ ,, Cl,, and the increase of
pitting corrosion area. Once general corrosion occurs,
the passive region disappears. Meanwhile, two de
pressed semicircles can be observed in Nyquist plot
within the passive region, the high frequency semr
circle was regarded to be related to the dielectric per
formance of the surface film, while the other may be
associated with the oxide film on the A12024-T 3 sur-
face, the diameter of semicircle decreases with the
immersion time due to the thinning of the oxide film.
The second depressed semicircle appears with the pro-
longation of immersion time due to the formation of
corrosion products film, and its diameter increases
with the immersion time. However, no low frequen-
cy inductive loop was observed. It implies that the
low frequency inductive loop is not the characteristic
of pitting corrosion or the formation of salt film.
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