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A B S T R A C T

2024 aluminum alloys are widely used in the aerospace industry due to properties as lightweight, high specific
strength and durability. However, they are prone to localized corrosion due to its high amount of intermetallics.
A promising method to protect the exposed metal surface is to use eco-friendly alternative corrosion inhibitors in
combination with a barrier coating system. In this study, a treatment in an aqueous solution with the addition of
cerium ions has been proposed and its effects on the corrosion resistance of the AA2024-T3 alloy were in-
vestigated. Samples were anodized, hydrothermally treated in aqueous solutions, containing or not cerium ions
at the boiling temperature and then coated with sol-gel. The effect of Ce ions in the characteristics of the surface
film formed, such as morphology and corrosion resistance, was investigated by scanning electron microscopy
and electrochemical impedance spectroscopy (EIS). The EIS results showed that the addition of Ce(III) ions
improved the corrosion resistance of the AA 2024-T3 TSA anodized and hydrothermally treated.

1. Introduction

AA2024-T3 is the most used AA2XXX in the aerospace industry due
to its properties as lightweight, high specific strength and durability
[1]. Besides, its passive oxide layer provides corrosion resistance as it is
formed by a porous and a barrier layer [2–4]. However, its high amount
intermetallics diminish its corrosion resistance as they form galvanic
couples with the matrix.

Chromic acid anodizing was used in aerospace industry to improve
not only the corrosion resistance but also the paint adhesion [5].
However, this process generates hexavalent chromium ions, considered
toxic for health [6–7]. In a few years, this process will be prohibited all
over the world and must be substituted for new anodizing and sealing
processes. Recent studies are pointing towards tartaric-sulfuric acid
anodizing (TSA) as an alternative for the corrosion protection of alu-
minum alloys, including treatments in cerium containing solution
[8–11]. This hydrothermal sealing process provides the required cor-
rosion resistance but diminishes the paint adhesion [12]. Another
promising method is to seal the porous anodized layer using a sol–gel

coating, trying to maintain the adhesion properties.
In this study, hydrothermal treatments in a solution containing

cerium ions and a sol-gel coating have been proposed and their effects
on the corrosion resistance of the AA2024-T3 alloy were investigated.
Samples were anodized, hydrothermally treated in a cerium containing
solution and then coated with sol-gel. The effect of Ce(III) ions in the
morphology and corrosion resistance of the surface film was in-
vestigated by scanning electron microscopy (SEM) and electrochemical
impedance spectroscopy (EIS). The EIS results showed that the addition
of Ce(III) ions improved the corrosion resistance of the AA 2024-T3 TSA
anodized and hydrothermally treated.

2. Materials and methods

The AA2024-T3 was kindly supplied by EMBRAER S.A. Prior to
anodizing, samples of the AA2524 with dimensions of
4.5 cm×5.0 cm×0.105 cm were degreased by sonication in acetone
for 10min. Surface preparation was carried out by dipping the samples
in an alkaline etching solution: NaOH (40 g·L−1) at 40 °C for 30 s and in
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a chromate-free commercial acid dismutting bath (Turco® Smuttgo-
Henkel) at room temperature for 15 s. Between each step of surface
preparation, all specimens were thoroughly washed with distilled
water.

Samples were then anodized in a tartaric‑sulfuric acid bath (TSA)
(40 g·L−1 H2SO4 and 80 g·L−1 C4H6O6) at 10 V, for 20min, at 37 °C.
After anodizing, some samples were immediately rinsed with distilled
water and partially hydrothermally treated for 5 or 10min in boiling
deionized water with the addition of 50mM of Ce (III) ions. After that,
these specimens were coated once with a hybrid organic–inorganic
sol–gel layer using a dip-coater, with immersion time of 2min and
withdrawal rate fixed at 100mm·min−1. The sol–gel solution was pre-
pared by the addition of tetraethoxysilane (TEOS) (20% v/v) and 3-
glycidyloxypropyl-trimethoxysilane (GPTMS) (10% v/v) in a mixture of
ethanol (10% v/v) and distilled water (58% v/v). The pH was adjusted
to 2.3–2.5 by adding acetic acid to the continuously stirred sol-gel so-
lution. Curing was carried out at 150 °C, for 1 h, in a furnace.

A Gamry PCI4/300 potentiostat-frequency response analyzer system
was used to evaluate the corrosion resistance of the samples. EIS was
carried out in a classical three electrodes arrangement using 3.80 cm2

area of the specimen as working electrode, Ag/AgCl (+0.197 V vs.
SHE) as reference electrode and a platinum plate as counter electrode.
EIS measurements were taken at different immersion times at room
temperature, in a naturally aerated 0.1 mol·L−1 NaCl solution, over a
frequency range from 105 to 10−2 Hz with 10 points per decade using
AC signal amplitude of 20mV (rms). The monitoring of the electro-
chemical behavior during immersion test was carried out up to 1008 h,
corresponding to 6 weeks.

Scanning electron microscopy (SEM) characterization was per-
formed in a Field Emission Gun Microscope FEI Quanta 650.

3. Results

The microstructure of the AA 2024-T3 is presented in Fig. 1. A great
amount of precipitates can be noticed, being Al-Cu-Fe-Mg and Al-Cu-
Mn [13]. Most of these precipitates are removed before the anodizing
process, during pre-treatment. Fig. 2 shows the pores on the surface of
the TSA anodized and unsealed sample. Their distribution is irregular
despite they can be noticed even at the bottom of the defective areas.

The corrosion resistance of the anodized, hydrothermally treated in
a Ce (III) containing solution and coated samples was evaluated by
electrochemical impedance spectroscopy. Anodized and unsealed
samples were also evaluated for comparison. The results are presented
in Figs. 3 to 5. The Bode phase angle diagrams of the anodized and
unsealed samples presented two time constants up to 672 h (4 weeks) of
immersion in the test solution. The diagrams are very similar up to
168 h (1week) of immersion in the test solution. However, after 336 h
(2 weeks), both peaks were displaced to lower frequencies. The Nyquist

diagrams show that the impedance values decreased after 48 h of im-
mersion and increased after 72 h. After that, the impedance decreases
up to 672 h (4 weeks), when these samples were visible corroded.

Samples anodized, hydrothermally treated and coated with sol-gel
presented three peaks in the Bode phase diagrams, at higher, medium
and lower frequencies. The impedance values are at least two orders of
magnitude higher than the ones obtained for the anodized and unsealed
samples. Besides, Nyquist diagrams of the anodized, hydrothermally
treated and sol-gel coated samples show that the impedance values
increased after 336 h (2weeks) of immersion in the test solution and
then decreased gradually up to 1008 h (6 weeks). The EIS results were

Fig. 1. Micrograph of the AA2024 - T3 surface, as-received sample.

Fig. 2. AA2024 – T3 TSA anodized at 10 V, 37 °C, 20min. The irregular pores
can be seen even inside the defective areas.

Fig. 3. (a) Nyquist and (b) Bode Phase Angle diagrams of the AA2024 – T3 TSA
anodized at 10 V, 37 °C, 20min. Tests performed in a naturally aerated
0.1 mol·L−1 NaCl solution, up to 672 h.
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Fig. 4. (a) Nyquist and (b) Bode Phase Angle diagrams of the AA2024 – T3 TSA
anodized, hydrothermally treated for 5 min in boiling deionized water with the
addition of 50mM of Ce (III) ions and then sol-gel coated. Tests performed in a
naturally aerated 0.1 mol·L−1 NaCl solution, up to 1008 h.

Fig. 5. (a) Nyquist and (b) Bode Phase Angle diagrams of the AA2024 – T3 TSA
anodized, hydrothermally treated for 10min in boiling deionized water with
the addition of 50mM of Ce (III) ions and then sol-gel coated. Tests performed
in a naturally aerated 0.1 mol·L−1 NaCl solution, up to 1008 h.

Fig. 6. Electric equivalent circuit fitted to the EIS results of the AA2024-T3 TSA
anodized and (a) unsealed, up to 168 h, (b) unsealed, after 168 h of immersion
and (c) hydrothermally treated in Ce solution and sol-gel coated.

Fig. 7. (a) Rb and (b) Rhl versus immersion time in a naturally aerated
0.1 mol·L−1 NaCl solution, up to 1008 h.
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fitted using electric equivalent circuits – Fig. 6 and the comparative
results are shown in Fig. 7. The anodized and unsealed samples were
fitted using two R//CPE pairs and the anodized, hydrothermally treated
and sol-gel coated samples, using three R//CPE pairs.

After EIS tests, all samples were observed using a scanning electron
microscope, and the micrographs are shown in Figs. 8 and 9. The un-
sealed samples presented a great amount of localized corrosion areas –
Fig. 8a and corrosion products can be noticed on their surfaces –
Fig. 8b. Some precipitates can be distinguished on the surface of the sol-
gel coated samples, below the sol-gel coating, despite the pre-anodizing
treatment – Fig. 9. On the other hand, the sol-gel layer can be detected
on the surface but micrometric pores can be seen near the inter-
metallics.

4. Discussion

Figs. 1 and 2 show the surface of the AA2024-T3, respectively in as-
received condition and after TSA anodizing. The precipitates must be

removed before the anodizing process as they not only affect the
morphology of the anodic layer, forming defective porous [14] but also
decreases the corrosion resistance.

The electrochemical tests performed to evaluate the corrosion re-
sistance of the anodized and unsealed samples showed the presence of
two time constants in the Bode phase angle diagrams. The differences
between the Nyquist and Bode phase angle diagrams obtained before
and after 336 h (2 weeks) of immersion suggest the presence of corro-
sion products on the surface of the samples - Fig. 3b. The EIS results
were fitted to electric equivalent circuits, presented in Fig. 6. Re-
presentative plots are shown in Figs. 3, confirming the accuracy of the
fittings. The equivalent circuits fitted to the anodized and unsealed
samples are the same proposed by Capelossi et al. [15] – Fig. 6a and b.
The porous layer, detected at medium frequencies, is represented by
Rp//CPEp and the barrier layer, detected at lower frequencies, by Rb//
CPEb. For longer exposure times (superior to 168 h), another element
(Cpw) was added to the EIS, related to the pore walls. However, the
resistance associated with the pore walls is still very high and do not
appear in the equivalent circuit. This component cannot be noticed
before 168 h of immersion in the test solution because the impedance
associated to the pore walls is extremely high and the impedance of the
pores filled with precipitated hydrated alumina is low. The decrease of
the barrier layer resistance (Rb), up to one order of magnitude with
time of immersion, confirms the loss of surface protection - Fig. 7a.
Besides, the micrographic analysis after the EIS tests - Fig. 8 - confirmed
that the surface of the samples was corroded.

The presence of three peaks in the Bode phase diagrams of the
samples anodized, hydrothermally treated and coated with sol-gel
suggests that the high, medium and low frequency time constants can
be attributed to the phenomena occurring within the sol-gel coating,
the porous layer filled with the sol-gel coating and to the barrier layer
response, respectively [16]. The literature suggests that electrochemical
results of AA2524 [17] or AA2024 clad [15] anodized, hydrothermally
treated and sol-gel coated present only two peaks. However, the great
amount of precipitates presented in the AA2024 T-3 can be responsible
to the peak at medium frequencies, related to a sol-gel and defective
porous hybrid layer. On the contrary of the results obtained for the
anodized and unsealed samples - Fig. 3, the impedance values of ano-
dized, hydrothermally treated and sol-gel coated samples increased
after 336 h (2 weeks) of immersion, indicating that this phenomenon is
related to the presence of Ce ions - Figs. 4 and 5. The increase of the
impedance values could be explained by the presence of corrosion
products or the self-healing of the protective layer. Fig. 8 shows that
anodized and unsealed samples are corroded after 672 h of immersion
in the test solution. However, the corrosion process could not be de-
tected on the surface of the samples anodized, hydrothermally treated
in Ce solution and sol-gel coated, even after 1008 h of electrochemical
tests - Fig. 9. Thus, the variation of the impedance values was related to
the self-healing of the protective layer, initiated by the corrosion pro-
cess. Samples TSA anodized and hydrothermally treated using the same
conditions described in this study were also evaluated (data not shown)
to confirm that the improvement of the corrosion resistance was not
related to the boehmite layer.

The EIS diagrams obtained for the anodized, hydrothermally treated
and sol-gel coated samples were also fitted to electric equivalent cir-
cuits - Fig. 6c – presented one pair Rsg//CPEsg related to the sol-gel
coating, other Rhl//CPEhl related to a hybrid layer formed by sol-gel
and the defective porous hybrid layer and, at least, one Rb//CPEb re-
lated to the barrier layer. Representative plots are shown in Figs. 4 and
5, confirming the accuracy of the fittings.

The Rb and Rhl values are presented in Fig. 7. The hydrothermal
treatment in a cerium solution and sol-gel coating increased the Rb
values up to three orders of magnitude. Besides, not only the Rb values
of the sol-gel coated samples increased after 336 h (2 weeks) of im-
mersion in the test solution, but also the ones sealed for 10min pre-
sented results in the same order of magnitude up to 1008 h (6 weeks).

Fig. 8. FESEM images of AA2023-T3 TSA anodized after EIS tests (a) 672 h of
immersion in a naturally aerated 0.1 mol·L−1 NaCl solution and (b) same at
higher magnification.
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The micrographs of the samples obtained after the EIS tests show
that the hydrothermal treatment and the sol-gel coating improved the
corrosion resistance of the anodized samples. Despite the roughness of
the surface, even the defective areas were coated with sol-gel - Fig. 9.
Corrosion products could not be noticed on the surface, nor around the
intermetallics - Fig. 9e and f. These results suggest that the presence of
the ions Ce in the hydrothermal treatment solution increased the cor-
rosion resistance of the anodized samples of AA2024-T3.

5. Conclusions

The impedance values of both samples hydrothermally treated in Ce
(III) solution increased after 336 h of immersion, suggesting that this
ion was responsible by the self-healing process. Besides, the addition of
Ce(III) ions to the hydrothermal treatment bath does not hinder the
protective properties of the integrated sol-gel-boehmite protective
layer. The sealing in the Ce(III) solution for 10min presented better
results than for 5min.

The scanning electron microscopy results showed that the sol-gel
layer increased the corrosion resistance of the TSA anodized AA2024-
T3. However, presented pores and defects were detected around the
intermetallics.
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