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The electrochemical and corrosion behaviour of 6013-T6, 2024-T3 aluminium alloys and pure alu-
minium in 0.6 M NaCl and 0.3 M Na2SO4 aqueous solutions was investigated using d.c. and a.c.
electrochemical techniques. Results show that the 6013-T6 alloy exhibits superior corrosion resis-
tance compared with that exhibited by the 2024-T3 alloy in both environments. These ®ndings were
interpreted on the basis of a barrier oxide ®lm model.

1. Introduction

The alloy 6013-T6 o�ered an improved performance
with respect to other Al alloys, such as 2024-T3,
6061-T6 and the 7XXX series high strength alloys,
which are currently used in aeronautical applications.

When wedge tested, 6013-T6 exhibits better crack-
ing resistance than 7021-T6 [1, 2]. Compared to 2024-
T3, 6013-T6 has a 12% higher tensile strength, 14%
lower ultimate strength, 30% higher compression yield
strength, similar fracture toughness (which makes it
applicable for use in aircraft wing lower surfaces and
fuselages, for Mach numbers up to 2), 3% lower den-
sity, and a slightly lower cost. The one shortcoming
appears to be a 20% lower fatigue performance com-
pared to 2024-T3 in the presence of small surface
damage (`nicks' and `dings') on the edges of otherwise
smooth fatigue coupons. When fatigue tested after
corrosion of coupons, however, both 2024-T3 and
6013-T6 give similar results [3, 4]. Finally, 6013-T6 is
easily weldable, while welding of 2024-T3 requires the
use of an inert gas shielded process [5].

Results obtained in the Alcoa laboratories indicate
that 6013-T6 has excellent resistance to corrosion and
is virtually immune to exfoliation and stress corrosion
cracking (SCC) [6, 7]. During outdoor exposure to
various environments, 6013-T6 is as resistant to cor-
rosion as 6061-T6. In more corrosive environments
(acidi®ed 5% NaCl spray, wet pine wood contact and
sea water) 6013-T6 is slightly less resistant than 6061-
T6. The corrosion resistance of 6013-T6 is superior to
2XXX and 7XXX series high strength alloys [6, 7].

These properties make 6013-T6 attractive for use
in some aircraft parts where other Al alloys, such as
2024-T3, were previously utilized. The main di�erence

between the two alloys is in the Cu content, which is
4.2 wt % in 2024-T3 and only 0.8% in 6013-T6.

This work assesses the electrochemical and corro-
sion behaviour of 6013-T6, 2024-T3 and pure alu-
minium (99.99%), in aerated and deaerated 0.6 M

aqueous NaCl and 0.3 M Na2SO4 at room tempera-
ture, by employing both electrochemical (d.c. and
a.c.) and weight loss techniques [8]. The d.c. po-
larization technique, according to Dignam [9], is
useful in the study of ionic current in oxide ®lms on
aluminium and can supply information about the
porous nature of the oxide ®lm [10], the critical pit-
ting potential of aluminium [11], and the corrosion
resistance of its oxide layer [12]. The a.c. technique
permits the examination of phenomena not clearly
detectable with d.c. polarization [8]. Such phenomena
include low corrosion rate, ionic sorption or the e�ect
of a corrosion inhibitor on the aluminium oxide layer
[13, 14]. Simple models (electrical equivalent circuits)
that describe physical phenomena occurring at the
aluminium oxide/solution interface [15±17] and/or
inside the oxide ®lm [18±20] can be developed. Some
authors report information on complex electro-
chemical reactions occurring at the interface [21±23],
even in non-neutral media [24±27]. Electrochemical
impedance spectroscopy (EIS) is widely employed
even when localized corrosion occurs [28±30] and
Mansfeld et al. [31, 32] report the appearance of
characteristic changes in the impedance spectra when
pitting reaches a certain minimum depth.

2. Experimental details

The metallic materials tested in this investigation
were aluminium alloys 6013-T6, 2024-T3 and pure
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aluminium. The composition of these alloys is pre-
sented in Table 1. Dissolution rates in mg dm±2 day±1

(mdd) of all metallic materials (50 mm � 25 mm
� 1 mm specimens) were obtained from weight loss
measurements in neutral aerated aqueous 0.6 M

NaCl (3.5 wt %), adjusted to pH 7 by using NaOH or
HCl with an air ¯ow of approximately 50 or
200 cm3 minÿ1. In addition, weight loss measure-
ments were performed in deaerated solutions.

Before each experiment, the surface of the metallic
electrode was cleaned with ®ne emery paper, rinsed in
distilled water, degreased in acetone, dried in an air
stream and then weighed. After the corrosion test, the
specimens were washed in distilled water, deoxidized
(10 wt % H2SO4 aqueous solution) at room temper-
ature, washed, dried and reweighed. The weight loss
due to corrosion was calculated after correction for
the weight loss of control specimens in the deoxidizer.

The electrochemical and corrosion behaviour of
these materials were studied by exposing specimens to
aerated and deaerated neutral aqueous solution of
0.6 M NaCl and 0.3 M Na2SO4, respectively. The SO2ÿ

4

ion was chosen: (i) to investigate the dielectric prop-
erties of the oxide layer [33±36] and (ii) to promote
selective attack of the Cu on the exposed surface of
the Al alloys.

To perform polarization and impedance measure-
ment, specimens of 6013-T6, 2024-T3 and pure alu-
minium of about 1 cm2 surface area were cleaned with
emery paper (to 0000 grit), polished to a mirror ®nish
(0.3 lm Al2O3 suspension), rinsed with distilled water
and stored in a desiccator until the beginning of the
test. Potentiodynamic polarization curves and EIS
measurements were carried out in a conventional
three electrode electrochemical cell, with a platinum
counter electrode and a reference electrode placed in a
Luggin capillary with the tip located approximately 1
or 2 mm from the specimen surface. Either a saturated
calomel (SCE) or saturated sulfate (SSE) electrode
(when testing Al alloys in Na2SO4) was used for the
reference. Unless otherwise indicated, all potentials
are referred to a SCE electrode. Before each experi-
ment, the working electrode was left at open circuit
for about 2 h to reach a stable corrosion potential.
The solution was mechanically stirred and either
aerated or purged with argon, in accordance with the
procedure followed by others [18, 19, 33, 37±40].

Potentiodynamic polarization curves were record-
ed at a scan rate of 30 mV minÿ1using an EG&G
PAR 273 potentiostat controlled by an Olivetti
M290S computer using PARCALCTM software. Po-
tentiodynamic polarization experiments were carried

out in a single sweep starting from 200 to 500 mV
below the corrosion potential and ending about
100 mV above the pitting potential, when the pitting
potential was observed.

Electrochemical impedance spectroscopy was per-
formed at the corrosion potential using a Schlum-
berger Solartron 1255 frequency response analyser
connected to an EG&G PAR 273 potentiostat. The
analyser was controlled by an Olivetti M290S com-
puter using a software program described in the lit-
erature [41, 42]. In general the frequency was
monitored between 105 and 10ÿ2 Hz at ten points per
decade. The amplitude of the superimposed potential
was 10 mV with respect to Ecorr. High frequency shift
errors due to the use of the EG&G PAR 273 [43] were
numerically corrected.

3. Results and discussion

3.1. Weight loss analysis

The corrosion of pure aluminium and the two alloys
(6013-T6, 2024-T3) was evaluated in 0.6 M NaCl in
the presence and absence of an air stream. Figure 1(a)
presents the weight loss per unit area as a function of
time at 25 °C in the presence of an air ¯ow of

Table 1. Chemical composition of 2024-T3 and 6013-T6 aluminium

alloys

Al alloys Cu Mg Si Mn Fe

2024 4.20 1.60 0.50* 0.30 0.50*

6013 0.80 0.95 0.75 0.35 0.30*

* max

Fig. 1. (a) Weight loss in mg dm±2 as a function of time at an air
¯ow of 200 cm3 min±1, and (b) corrosion rate as a function of air
¯ow for the 2024-T3 ((� ), 6013-T6 (¨) and pure aluminium (s) in a
0.6 M neutral air saturated aqueous solution of NaCl at 25 °C.
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200 cm3 min±1. Figure 1(b) presents the corrosion rate
for the same materials as a function of the amount of
air ¯ow.

It is apparent from Fig. 1(a) that in the presence of
an air ¯ow of 200 cm3 min±1 the alloy 2024-T3 su�ers
signi®cantly more corrosion than either of the other
materials. Further, pure aluminium and the alloy
6013-T6 exhibit similar weight loss data. The data
presented in Fig. 1(b) reveal that the dissolution of Al
and both of the alloys is in¯uenced by the change in
the level of oxygen in the solution. However, the
corrosion rate of 2024-T3 increases much more rap-
idly with increasing air ¯ow than either of the other
materials. In addition, the corrosion rate of 6013-T6
and pure aluminium parallel each other with the alloy
exhibiting slightly higher dissolution for all ¯ow
rates. These data suggest that, for the conditions
studied, the air formed ®lm developed on 6013-T6
exhibits protective properties similar to that of pure
aluminium and signi®cantly better than that formed
on the 2024-T3 alloy. In addition, these data suggest
that the di�usion of cathodic reactant (oxygen) to the
metallic surface is the rate limiting process. This re-
sult is in agreement with those reported in the liter-
ature [37, 39, 44].

3.2. Electrochemical experiments: d.c. techniques

It should be noted that while aluminium and its oxide
layer are susceptible to Clÿ ions, they are almost
immune to SO2ÿ

4 ions [34]. This is a useful charac-
teristic for investigating the electrochemical proper-
ties of aluminium and its alloys. The SO2ÿ

4 ion is
aggressive to Cu even in the absence of Clÿ[34], thus,
Al alloys with a high percentage of copper (such as
2024-T3) may, in an aerated environment, su�er from
pitting corrosion due to the presence of SO2ÿ

4 .
The potentiodynamic polarization curves for pure

Al and the two alloys tested (2024-T3 and 6013-T6)
are reported in Fig. 2 for Na2SO4 and in Fig. 3 for
NaCl.

In the deaerated Na2SO4 solution (Fig. 2(a)), the
cathodic reaction is assumed to be the evolution of
hydrogen. Although 6013-T6 exhibits a more active
Ecorr value, the anodic polarization curves for pure
aluminium and this alloy exhibit the same general
features. Thus there is no active±passive transition
and the passive current densities for the two materials
are virtually the same. These features are indicative of
a material which has formed a protective passive ®lm
prior to initiation of the experiment. This is not
surprising as Al2O3 is thermodynamically possible at
potentials well below the open circuit potential
(o.c.p.) recorded during this experiment. In this en-
vironment the polarization curves are not smooth in
the passive region, which has been interpreted by
Moshier et al. [33] in terms of a surface instability
due to clustering of SO2ÿ

4 ions inside the ®lm. The
2024-T3 alloy exhibits similar behaviour to the other
materials except for an anodic peak which transverses
the potential range between approximately ÿ0:200

and ÿ0:050, and exhibits a maxima at about
ÿ0:080 V. This is assumed to result from the higher
copper content of this alloy and the potential corre-
sponds quite well to the potential associated with the
oxidation of Cu to Cu2O [45].

The potentiodynamic curves for pure aluminium
and the alloys 6013-T6, 2024-T3 Al in an aerated
Na2SO4 solution are presented in Fig. 2(b). Again the
three curves exhibit similar general features, with al-
uminium displaying the lowest passive current den-
sity. The 2024-T3 curve reveals a small anodic peak
with a maxima at a potential (ÿ0:105 V) within
25 mV of that recorded for the same alloy in the
deaerated solution (Fig. 2(a)). In addition, while the
passive current density for the 6013-T3 initially ex-
hibits the highest value, it decreases with increasing
applied potential. Conversely, over the same poten-
tial range, the passive current density for the 2024-T3
alloy revealed an increase.

Figure 3(a) presents the behaviour, in deaerated
0.6 M NaCl, for pure Al and the two alloys being
evaluated. In this electrolyte, pure Al exhibits passive
behaviour in the potential range ÿ1100 to ÿ780 mV.
It is believed that, in this passive potential region,
adsorption of Clÿ at the oxide ®lm/solution interface

Fig. 2. Potentiostatic polarization curves for the aluminium alloys
2024-T3 (� � � � � �), 6013-T6 (ÐÐ) and pure aluminium (± ± ± ±) in
neutral deaerated (a) and aerated (b) 0.3 M Na2SO4 at 25 °C.
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leads to an increase in the rate of metastable pit nu-
cleation [46]. The adsorption of Clÿ increases with
applied potential up to the pitting potential, Ep, at
which time a transition from metastable to stable pit
growth occurs and a sharp rise in anodic current is
observed. These phenomena are consistent with the
conclusions reported by Pride, Scully and Hudson
[46] and Beccaria and Poggi [47]. The behaviour of
6013-T6 and 2024-T3 is qualitatively close to that of
pure Al. Passive behaviour is observed in the poten-
tial range from ÿ1050 to ÿ650 mV for the 6013-T6,
and in the potential range from ÿ960 to ÿ595 mV for
the 2024-T3 alloy. Although the pitting potential in-
creases in the order Al < 6013-T6 < 2024-T3, the
passive current density is signi®cantly higher for the
2024-T3 alloy than for the other two materials, which
display similar values.

The following parameters can be utilized to rank
alloy susceptibility to pitting: (i) the pitting potential,
Ep, (ii) the values of current and anodic slope at this
potential, and (iii) the polarization resistance, Rp

calculated through a linear regression of the data
recorded in an interval of �10 mV around Ecorr [39].
These values are reported in Table 2. By using
Faraday's law the current at E � Ep can be con-

verted to mdd. Values obtained are 9.17, 0.764 and
0.20 mdd for the 2024-T3, 6013-T6, and pure alu-
minium, respectively. These values provide a ranking
of the corrosion rate which is analogous to that de-
termined for the weight loss data.

Figure 3(b) presents the potentiodynamic polari-
zation curves, in aerated 0.6 M NaCl, for the materials
under investigation. None of the three materials ex-
hibit any passive behaviour. The values of the cor-
rosion potentials for 2024-T3, 6013-T6 and pure
aluminium are ÿ0:600;ÿ0:652 and ÿ0:750, respec-
tively. In each case this value is within a few millivolt
of the pitting potential determined in the analogous
deaerated solution. This result supports the view that
corrosion of these alloys in aerated NaCl progresses
by pitting. In addition, it has been observed that Ecorr

of each material has shifted in the noble direction
with respect to that recorded in the deaerated elec-
trolyte and the cathodic branch of the polarization
curves display di�usion control. The latter observa-
tion is in agreement with the results of Bellucci [37],
Berrada et al. [39] and Mansfeld et al. [44]. It is also
apparent from this ®gure that the cathodic behaviour
of 6013-T6 is quite similar to that of 2024-T3, while
signi®cantly lower cathodic currents were observed
on pure Al. It is assumed that the higher cathodic
current density for the alloys results from the pres-
ence of copper at the surface. The latter provides a
good site for the cathodic reaction. That the two al-
loys display quantitatively similar cathodic curves
suggests that the solution transport properties of
oxygen and not the level of Cu in the alloy is rate
limiting. A visual inspection of the specimens pro-
vided the following ranking in order of decreasing
susceptibility to pitting corrosion: 2024-T3 > 6013-T6
> pure Al.

3.3. Electrochemical impedance spectroscopy

Although d.c. measurements provide information
about electrode kinetics for processes occurring at
potentials far from the open circuit potential EIS is
frequently obtained at o.c.p. [18] and this has been
followed during the current study.

Interpretation of the results is not simple, because
of the complexity of the phenomena occurring for an
aluminium oxide layer. Equivalent electrical circuits
with constant phase elements (CPEs) have been
proposed to interpret experimental data [18, 48±51].
However, according to the current literature on alu-

Fig. 3. Potentiostatic polarization curves for the aluminium alloys
2024-T3 (� � � � � �), 6013-T6 (ÐÐ) and pure aluminium (± ± ± ±) in
neutral deaerated (a) and aerated (b) 0.6 M NaCl at 25 °C.

Table 2. Pitting potential, Ep �mV vs SCE�, current density,

i�lA cmÿ2�, anodic Tafel slope, ba �mV decÿ1�, and polarization

resistance, Rp �kXcm2� for 2024-T3, 6013-T6 Al alloys and pure Al,

in 0.6 MM NaCl deaerated neutral aqueous solution

Alloy Ep

/mV

i at E�Ep

/lA cm)2
ba at E�Ep

/mV dec)1
Rp

/kW cm2

2024-T3 )590 10 18.7 0.46

6013-T6 )650 0.9 23.2 20.8

Pure Al )738 0.25 15.5 145
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minium oxide ®lms [19, 36, 38], the best equivalent
circuit for modelling phenomena occurring at the
oxide/environment interface is presented in Fig.4.
A physical description of this model consists of a
barrier-type layer covering the aluminium substrate.
The electrical properties of this layer a�ect the cor-
rosion characteristics of the metallic substrate. The
equivalent circuit represented in Fig. 4 incorporates
three time constants related to the structure and
properties of this layer (Rp and (Cp) and to the dy-
namics of the electrochemical interfacial reaction
(L;RL;Cdl and Rct). This model has been proposed to
simulate the behaviour of oxide ®lms formed on pure
aluminium in di�erent aqueous media (0.5 M NaCl
and Na2SO4) [19]. In subsequent sections, however,
this model has also been adopted for interpretation of
the data from the aluminium alloys investigated
during this study.

Figure 5 presents a.c. spectra for the three mater-
ials being investigated in deaerated Na2SO4. From
the Bode diagram (Figure 5(a)) we observe that
6013-T6, and pure Al exhibit similar behaviour, which
is comparable to a single RC circuit over a wide
frequency range (10ÿ2 � 105 Hz). The second and
third time constant as reported in Fig. 4 are currently
observed at frequencies below 10ÿ2Hz [19], which is
lower than the minimum frequency monitored during
the current study. Results shown in Fig. 5 reveal
similar capacitive behaviour over the frequency range
(100 � 103 Hz) for 6013-T6, 2024-T3 and pure alu-
minium. However, 2024-T3 shows a slightly lower
impedance (higher capacitance) at high frequencies.
The capacitance is related to the dielectric properties
of the ®lm through the expression:

C � ee0Alÿ1 �1�
where A represents the surface area of the sample, l is
the ®lm thickness, C is capacitance, and e and e0 are
the dielectric constant and permittivity of a vacuum
(8:854� 10ÿ14 F cmÿ1), respectively. The higher ca-
pacitance observed for the 2024-T3 alloy suggests
that the dielectric properties of the protective ®lm are
inferior to those of the other two materials.

Additionally, from Fig. 5(a) it appears that at very
low frequencies the impedance is lower for 2024-T3
than for 6013-T6 or pure Al. These two properties
(high capacitance at high frequencies and low im-
pedance at low frequencies) exhibited by the 2024-T3
alloy suggest that the protective properties of the ®lm
are inferior to those exhibited by the other two ma-
terials. The low impedance value observed for the
2024-T3 alloy is indicative of a higher corrosion rate
in this environment.

Figures 6(a) and (b) present the results obtained in
an aerated neutral aqueous solution of 0.3 M Na2SO4.
It is obvious from Figure 6(a), that the impedance of
pure Al is greater than that revealed by either
2024-T3 or 6013-T6 and this becomes more pro-
nounced with decreasing frequency. The frequency
range over which the materials display capacitive
behaviour is similar for the three materials and is in
the range 101ÿ103 Hz (Fig. 6(b)). By comparing the
data from the aerated (Fig. 6) and deaerated (Fig. 5)
Na2SO4 solutions it can be seen that the range of
capacitive behaviour is narrower in the aerated so-
lution. The narrower frequency range observed sug-
gests that the oxide formed in the aerated solution is
less protective than that formed in the deaerated so-

Fig. 4. Equivalent circuit modelling the behaviour of the complex
phenomena occurring at the oxide/environment interface when
inductive loops are observed.

Fig. 5. (a) Impedance modulus and (b) phase angle obtained for
2024-T3 ((� ), 6013-T6 (¨) and pure aluminium (s) in deaerated
0.3 MM Na2SO4.
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lution. Furthermore, results at low frequencies show
impedance values in the following order pure alu-
minium > 6013-T6 > 2024-T3. This ®nding suggests
that the superior properties of 6013-T6 arise from an
oxide which exhibits a higher impedance than that
formed on the 2024-T3. From the low frequency
branch of the Bode plot, a second time constant re-
lated to the Rct and Cdl is observed.

Results obtained in deaerated and aerated 0.6 M

NaCl neutral aqueous solutions are reported in Fig. 7
and 8, respectively. In the deaerated solution, the
Bode diagram (Figure 7(a)), reveals a similar response
over the frequency range 100 ÿ 104 Hz for both 6013-
T6 and pure Al. Conversely, the low impedance values
observed for 2024-T3 suggest that the oxide ®lm is
much less resistant than that of the other two mater-
ials. In addition, the maximum phase angle value ex-
hibited by 2024-T3 (� 60�) is much lower than that
exhibited by the 6013-T6 (� 80�) and pure aluminium
(� 85�) (see Figure 7 (b)). Finally, a second time
constant is clearly seen in Figs 7(a) and (b). It is worth
pointing out that the frequency at which the second
time constant appears is higher for the 2024-T3 alloy.
This result is consistent with the inferior protective
properties of the oxide layer on this alloy [19].

In the aerated 0.6 M NaCl neutral aqueous solution,
negative impedance values, or inductive loops, were
clearly observed for all the investigated materials
(Fig. 8). Thus all three time constants of the equiva-
lent circuit reported in Fig. 4 are apparent. The
negative impedance values were reported by numer-
ous authors researching aluminium and have been
attributed to adsorption phenomena occurring in the
aluminium oxide layer [29, 30, 52±54] or to pitting
phenomena observed, at short exposure times, when
the values of Ecorr and Ep are similar [55]. During the
current study, an inductive loop was not observed
after prolonged immersion in aerated NaCl in
agreement with data reported by Mansfeld [55] ob-
tained with 7075-T6 aluminium alloy exposed to
0.5 M NaCl for three days. These results are reported
in Fig. 9 for 6013-T6 alloy after 0, 1 and 4 days of
immersion in aerated NaCl. Similar results were ob-
tained for the other materials; however, these have
been omitted here for the sake of simplicity.

The time required for the inductive loop to dis-
appear is equal to 10 h, 4 and 5 days for the 2024-T3,
6013-T6 and pure aluminium, respectively. Following
a model on the pitting of aluminium reported in the
literature [19], this time is the time required to reach a

Fig. 6. (a) Impedance modulus and (b) phase angle obtained for
2024-T3 ((� ), 6013-T6 (¨) and pure aluminium (s) in aerated 0.3 M

Na2SO4.

Fig. 7. (a) Impedance modulus and (b) phase angle for 2024-T3
((� ), 6013-T6 (¨) and pure aluminium (s) in deaerated 0.6 M NaCl.
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reproducible stationary state in which no intact pas-
sive surface area exists. Thus, on this basis, the more
resistant an alloy is, the longer it will take for the
inductive loop to disappear, suggesting again the
protective behaviour in the order: pure aluminium
> 6013-T6 > 2024-T3.

4. Conclusions

Results reported in this investigation reveal the su-
perior corrosion resistance of 6013-T6 alloy with re-
spect to the 2024-T3 in aggressive (NaCl) and non
aggressive (Na2SO4) media. Assuming the presence of
an air formed protective oxide on each of the alloys,
EIS results suggest that the superior properties of the
6013-T6 alloy are due to a more homogeneous pro-
tective oxide layer.
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