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To protect Al alloys from corrosion, standard procedures in the aerospace industry use chromium-based acid anodizing with subsequent
post-treatment steps also containing hexavalent chromium (Cr(VI)) ions. However, environmental and health related concerns associated with
Cr(VI) have encouraged the search for new surface treatments providing effective corrosion protection without the drawback of generating
toxic residues. In this investigation, a hydrothermal treatment in aqueous solution with cerium ions is proposed as a post-treatment for
tartaric-sulfuric acid (TSA) anodizing, and its effects on the AA2524-T3 alloy corrosion resistance investigated. The effect of Ce on the
characteristics of the surface film formed, such as morphology and corrosion resistance, is investigated by scanning electron microscopy and
electrochemical impedance spectroscopy (EIS). The results show that the hydrothermal treatment in solution containing Ce(III) ions presents
a less stable behavior than the treatment in boiling water. However, the results of the EIS experiments show recovery of the protective
properties of the system, indicating that some self-healing properties must be imparted to the system.
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INTRODUCTION

Chromium-based acid anodizing is one of the standard
procedures used to protect aluminum alloys from corrosion

in the aerospace industry.1 The produced anodic layer exhibits
the required corrosion resistance due to its self-healing prop-
erties.2-4 Also, sealing processes with hexavalent chromium
are used as an additional protection for materials used with
organic coatings, as they promote not only adhesion of
the coatings but also improve the corrosion resistance. The
metallic oxide formed on the surface is homogeneous and
insoluble, formed by trivalent and hexavalent chromium.
However, this method of protection causes large environ-
mental and health related problems due to the toxic residues
generated, mainly hexavalent chromium compounds.3-4

Moreover, the European regulation REACH (Registration,
Evaluation, Authorization and Restriction of Chemicals) has
planned the complete prohibition of hexavalent chromium in
this industry since 2017.5

Recent studies recommend tartaric-sulfuric acid (TSA)
anodizing, a chromium-free process, as a viable alternative.6 It is
environmentally compliant and provides corrosion resistance
properties compatible with the requirements of the aerospace
industry with appropriate paint adhesion.7-8 In addition, it has
been shown that it can produce oxide layers with corrosion
resistance comparable to those formed in chromic acid
baths.6

Depending on their application, anodized alloys need to
be sealed to prevent aggressive species to reach the base
metal.6,9-10 López, et al.,11 studied the sealing of an anodized
layer on commercial pure aluminum using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and electrochemical impedance spectroscopy (EIS) and pro-
posed a detailed sealing mechanism for the porous anodized
layer. According to the authors, initially, the pores are filled with
water (sealing solution) and pore mouths are plugged by a top
surface layer of acicular pseudoboehmite crystals and a compact
intermediate layer. Below this latter layer, the pore is occupied
by an aluminum hydroxide gel. In a second step, partial disso-
lution of the pore walls can be detected, increasing the pore
diameter by 50% to 60%. This phenomenon starts during the
sealing process and may continue for a long period upon
exposure to mildly aggressive environments. Boehmite gel is
present within the pores. Finally, the gel inside the pores is
saturated by the progressive dissolution of the pore walls and
precipitate as bayerite, Al2O3·3H2O, which is stable at ambient
temperature, plugging the entire length of the pores. However,
the sealing time (even when performed industrially) is too short
to completely saturate the pores with bayerite, and sealing is
completed during exposure of the sealed layer to mildly
aggressive environments, like atmosphere.11 This would explain
the increased impedance often verified when aluminum an-
odized layers exposed for extended periods to the atmosphere
are tested.11-12 The sealing process is frequently performed in
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boiling water13 or in hexavalent chromium-containing solution.9-10

The corrosion protection of sealed aluminum alloys in chromium-
free solutions and the potential for replacement of chromating
treatments is under evaluation based on their environmentally-
friendly properties.14 Inoue, et al., studied the incorporation of
cerium ions into the surface layer formed by hydrothermal
treatments on the AA2524 (UNS A92524(1)).15

For replacement of sealing treatments with hexavalent
chromium-based additives, surface treatments with cerium ions
have been studied. The literature reports several works with
cerium as the most promising element to replace chromium in
baths due to its self-healing properties.16-18 Cerium com-
pounds precipitate coherent oxide films on metal substrates,
acting as cathodic inhibitors.19-20 The literature also reports
that post-treatments of 2 min or 5 min maintain the pores of the
anodized layer with open structures, retaining their adhesion
properties. Surface analysis of anodized samples post-treated in
solutions with Ce ions and H2O2, prior and after corrosion
tests, showed precipitation of Ce oxy-hydroxide compounds,
indicating that Ce ions were incorporated in the anodic layer.21

One promising method to protect the exposed metal
surface is to use eco-friendly alternative corrosion inhibitors in
combination with a barrier coating system. Different combi-
nations have been investigated.18,22-26 Sol-gel coatings have
been extensively studied as potential pretreatments not as-
sociated with toxic residues for aluminum alloys’ surface prep-
aration prior to paint. It has been demonstrated that they can
be efficient alternatives for replacement of the chromate tech-
nology.18,22 Lamaka, et al., used a layer of TiOx porous
nanoparticles as reservoir for organic corrosion inhibitors and
then a classical sol-gel coating as barrier protection to provide
self-healing ability and long-term active protection for AA2024
(UNS A92024).23-24 Ferreira, et al., studied a rare-earth con-
version layer and a sol-gel film.25 Rosero-Navaro, et al., presented
a multilayered sol-gel coating with a cerium layer deposited
between two undoped layers. They concluded that the presence
of the cerium layer enhanced the corrosion resistance of the
AA2024.26

The AA2524 was developed in 1990s by Aluminum
Company of American (ALCOA) to substitute for AA2024. It is a
version of AA2024 with lower and more controlled amounts of
alloying elements, as well as lower amount of impurities.27

Nowadays, AA2524 sheets are used as skin sheets in Boeing
and Airbus aircrafts.28 In this study, samples of AA2524 were
anodized in a TSA bath and hydrothermally treated in a solution
with Ce(III) ions for 5 min or 10 min, to introduce nanometric
reservoirs of Ce inside the pores of the anodized layer. The
commercial sealing procedure is performed during 20min or 25min,
depending on the alloy. The effect of Ce(III) ions on the corrosion
resistance of the AA2524 was investigated by SEM and EIS.

EXPERIMENTAL PROCEDURES

The cold-rolled AA2524 alloy was supplied by EMBRAER
S.A. The chemical composition of the alloy was 4.07 wt% Cu,
1.66wt%Mg, 0.60wt%Mn, 0.10wt% Zn, 0.11wt% Fe, 0.03wt%
Ti, 0.01 wt% Si, and 0.02 wt% others.

Prior to anodizing, specimens of the AA2524 with
dimensions of 4.5 cm × 5.0 cm × 0.105 cm were degreased by
sonication in acetone for 10 min. Surface preparation was

performed by dipping the samples in an alkaline etching solution:
NaOH (40 g/L) at 40°C for 30 s and in a chromate-free com-
mercial acid dismutting bath (Turco® Smuttgo-Henkel†) at room
temperature for 15 s. Between each step of surface prepara-
tion, the specimens were thoroughly washed with distilled water.

Samples were then anodized in a TSA bath (40 g/L H2SO4

and 80 g/L C4H6O6) at 10 V for 20 min at 37°C. After anodizing,
some samples were immediately rinsed with distilled water and
partially sealed for 5 min or 10 min by hydrothermal treatment in
boiling deionized water (BW) containing or not 50 mM of Ce(III)
ions, added as commercial Ce(NO3)3. The counter anion was
selected in order not to provoke localized corrosion of Al, as
nitrate is not aggressive to Al alloys. Addition of chloride ions was
avoided to prevent localized corrosion by this type of ions.

A Gamry PCI4/300† potentiostat-frequency response
analyzer system was used. EIS was performed in a classical
three-electrode arrangement using 3.80 cm2 area of the
specimen as working electrode, Ag/AgCl (0.197 VSHE) as refer-
ence 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 NaCl solution,
over a frequency range from 105 Hz to 10−2 Hz with 10 points per
decade using an AC signal amplitude of 20 mV (rms). The
monitoring of the electrochemical behavior during immersion
test was performed up to 1,512 h, corresponding to 9 weeks.
The tests were performed at least three times to ensure the
reproducibility.

SEM characterization was performed in a field emission
gun microscope FEI Quanta 650† at Nanotechnology National
Laboratory in Campinas, using a working distance of 10 mm
and high voltage of 20 kV, and a Hitachi SU8020† microscope at
Materia Nova Research Centre in Mons, with a working dis-
tance around 10 mm and high voltage of 3 kV. Some areas were
analyzed by energy dispersive x-ray spectrometry (EDS), to
evaluate the presence/absence of Ce.

RESULTS

Figure 1 shows a SEMmicrograph of the top surface of an
unsealed TSA anodized AA2524 specimen showing an irregular
morphology of the nanometric pores.

SEM micrographs of samples that were anodized and
hydrothermally treated for 5 min or 10 min, either in BW or in
solution with 50mMof Ce(III) ions, are presented in Figure 2. All
micrographs show interconnected pseudoboehmite lamellas

SU8020 3.0 kV 2.5 mm ×200k SE(U) 200 nm

FIGURE 1. SEM micrograph of unsealed anodized layer on AA2524.

(1) UNS numbers are listed in Metals and Alloys in the Unified Numbering
System, published by the Society of Automotive Engineers (SAE Interna-
tional) and cosponsored by ASTM International.

†Trade name.
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interlocking in various direction.11,29 The porous nature of the
anodized layer is no longer detectable in either of the samples,
showing that even a short immersion period in the BW blocks
the pores mouth, in accordance with the sequential mechanism
proposed for pore sealing by López, et al.11 Some cracks are
clearly visible, pointed by the arrows in Figures 2(c) and (d). EDS
analysis detected 2 wt% to 3 wt% of Ce at some areas of the
anodized layers, mainly near the flower-shaped structures
(pointed by arrows in Figure 2[d]).

EIS tests were performed up to 9 weeks to evaluate the
corrosion resistance of the samples. The plots acquired in NaCl
0.1mol/ï»¿L for samples submitted to 5min in BW in the absence
and in the presence of Ce(III) ions are depicted, respectively, in
Figures 3 and 4. The same results for the samples submitted to
10 min in BW in the absence and in the presence of Ce(III) ions are
depicted, respectively, in Figures 5 and 6. For most tests, the
phase angle diagrams are composed of a high-frequency (HF) time

constant, around 104 Hz, whose capacitive response varies with
the immersion time and the sealing procedure, and by a wide
deformed phase angle in the medium-frequency (MF), around
1 Hz, to low-frequency (LF) range, around 0.1 Hz, whose evolution is
also dependent on the sealing procedure.

As shown in Figure 4(b), the addition of Ce ions to BW
increases the LF impedance modulus of the anodized layer
when compared to the BW sample. It remains basically above
106 Ω·cm2 during the test period, and at the end of the 9 weeks
exposure time it is almost two orders of magnitude higher than
that exhibited by this latter sample.

Figure 5 depicts the impedance responses of a sample
treated for 10 min in BW after 7 weeks test in NaCl 0.1 mol/L
solution. The overall behavior was very similar to that previ-
ously described for the 5 min in BW samples: the onset of a HF
time constant and an increase of the HF impedance modulus
with immersion time associated with progressive pore sealing;
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FIGURE 2. SEM micrographs of the AA2524 TSA anodized at 10 V and hydrothermally treated in boiling water (a,b) 5 min or
(c,d) 10 min, (a,c) without and (b,d) with the addition of 50 mM of Ce(III) ions.
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better separation of the HF and LF time constants as im-
mersion time elapses; and higher LF impedance modulus for the
samples treated in Ce-containing solution. In addition, in ac-
cordance with the behavior verified for the samples treated for
5 min in Ce-containing solution, the sample treated for 10 min
showed self-healing ability, which allowed the impedance mod-
ulus as well as the phase angles to recover their previous
behavior after tests where impedances showed significant drops
(see Figure 4[b]).

The diagrams presented in Figure 6(a) clearly show that
the wide MF to LF phase angle is composed by the overlap of two
time constants. This feature was already perceived in the
experiments performed with the samples treated in BW for 5 min.
Figure 4(a), however, was characterized only by a slight de-
formation of the LF phase angle for this latter condition.

Figure 7 shows the diagram representing the evolution of
the impedance modulus versus time (at 0.01 Hz). The results
illustrate the decrease of the impedance values with time of
immersion for the BW samples and the recovery of the previous
values of the BW samples in Ce solution.

Some samples were observed by SEM after 3 weeks of
immersion in the NaCl 0.1 mol/L solution (Figure 8). This time of
immersion was selected after the EIS tests, as some changes
could be noticed in the Bode phase angle diagrams, suggesting
that corrosion processes could be occurring. Themicrographs
showed not only localized corrosion but also corrosion products
on the surface of the samples unsealed or treated in BW,
pointed out by the arrows in Figures 8(a), (b), (c), and (f). On the
other hand, samples treated in Ce solution presented flower-

shaped structures, pointed out by the arrows in Figure 8(i), where
up to 5 wt% of Ce could be detected by EDS. The cracks were
only a surface feature in a few places and did not affect the
corrosion resistance of the samples. Some cracked areas
were covered by Ce-rich “petals,” also pointed out by the arrows
in Figure 8(i).

DISCUSSION

In the present work, the effectiveness of Ce(III) ion ad-
dition to a hydrothermal sealing treatment applied to 10 V TSA
anodized AA2524 samples toward the anticorrosion proper-
ties of the anodized layer was investigated and tested against
hydrothermally treated samples (BW).

Figure 1 presented the irregular and nanometric pores of
the anodized and unsealed samples, characteristic of Al-Cu
alloys. In the literature, this has been mainly ascribed not only
to the rates of intermetallic particles oxidation,30-32 but also to
copper enrichment at the substrate surface, leading to in-
corporation of metallic or oxidized copper in the anodic film
triggering oxygen generation.33-34 However, the AA2524 is
less prone to this latter phenomenon as it presents lower and
more controlled alloying elements than the AA2024, as well as
lower amounts of impurities, resulting in a cleaner microstructure,
i.e., smaller density of intermetallics.35

EIS results present phase angle plots with two well-
separated time constants typical of well-sealed porous anodic
layer,36-37 showing that the adopted sealing time did not lead
to massive precipitation of bayerite within the pores,11 which
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FIGURE 3. EIS diagrams for the AA2524 TSA anodized alloy (10 V)
treated for 5 min in boiling water. Immersion up to 7 weeks in a 0.1mol/L
NaCl solution. (a) Bode phase angle and (b) lZl diagrams.

1.0×10–2 1.0×10–1 1.0×100 1.0×101

Frequency (Hz)
1.0×102 1.0×103 1.0×104 1.0×105

1.0×100

1.0×101

1.0×102

1.0×103

1.0×104

1.0×105

1.0×106

1.0×107

||  Z
 |  (

Ω
. c

m
2 )

24 h 72 h 96 h48 h

1 w 2 w 4 w

6 w

3 w

5 w 7 w 8 w

9 w

24 h 72 h

96 h

48 h

1 w 2 w

4 w
6 w
3 w 5 w

7 w 8 w
9 w

1.0×10–2 1.0×10–11.0×100 1.0×101

Frequency (Hz)
1.0×102 1.0×103 1.0×104 1.0×105

–P
h

as
e 

A
n

g
le

 (
d

eg
re

e)

0

10

20

30

40

50

60

70

80

90

(a)

(b)

FIGURE 4. EIS diagrams for the AA2524 TSA anodized alloy (10 V)
treated for 5 min in solution with Ce (III) ions. Immersion up to 9 weeks
in a 0.1 mol/L NaCl solution. (a) Bode phase angle and (b) lZl diagrams.
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could then afford superior anti-corrosion protection to the
substrate. Typically, EIS results of anodized and sealed samples
present two time constants due to the difference between the
capacities of the barrier (very thin) and porous (thick) layers.1,12

The EIS results suggested that, after only one day of
immersion, the LF impedance modulus of the BW samples
(Figure 3[b]) is lower than 106 Ω·cm2. This value is about one
order of magnitude smaller than others reported in the literature
for aluminum alloy substrates sealed for longer immersion
times and exposed to even more aggressive solutions (3.5 wt%
NaCl),1 confirming that the sealing time adopted in the present
investigation is not sufficient to effectively avoid the penetration
of aggressive species through the boehmite layer into the
pores. At this time, the phase angle plot is composed of a HF time
constant with slightly capacitive behavior and a wide deformed
MF to LF capacitive phase angle, indicating the overlap of two
time constants. As immersion time increases, the impedance
continuously decreases, indicating increased deterioration of the
protective properties of the poorly sealed anodized layer.

As also shown in Figure 3(a), from 3 weeks of testing, the
capacitive response of the HF phase angle starts to drop and is
progressively shifted to lower frequencies, indicating thinning
and/or contamination of the precipitated layer with ionic species.
This provokes a decrease of the HF impedance modulus,
pointing to easier resistive pathways through the blocked pores.
At the same time, an important decrease of the LF impedance
modulus and a shift of the LF phase angle to higher frequencies
were verified, pointing to increased degradation of the barrier
layer protective properties. From 5 weeks of testing, the HF time

constant appears as just a small shoulder. At this point in the
test, the LF impedance modulus has decreased by almost one
order of magnitude, becoming like those presented by non-
anodized Al alloys in NaCl solutions,38-39 and another time
constant is visible in the lowest-frequency region of the phase
angle diagram, clearly indicating the onset of stable corrosion
process at the Al/solution interface.

The data presented in Figure 3(b) also show that, up to
2 weeks of immersion, an increase of the impedance modulus in
the MF region took place. This is accompanied by an increase
in the capacitive response of the highest-frequency phase angle.
González, et al.,12 and Boisier, et al.,36 investigated the effect of
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FIGURE 5. EIS diagrams for the AA2524 TSA anodized alloy (10 V)
treated for 10 min in boiling water. Immersion up to 7 weeks in a
0.1 mol/L NaCl solution. (a) Bode phase angle and (b) lZl diagrams.
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sealing time in boiling water in the EIS response of porous
aluminum anodized layer and verified that the longer the
sealing time, the higher the impedance modulus in the MF range.
Therefore, increased impedance modulus in this frequency
range is associated with improved sealing efficient, as docu-
mented in the works of Gonzàlez, et al.,12 and of Bosier,
et al.36 Indeed, in the experiments performed during this im-
mersion period, the capacitive response of the highest-
frequency time constant constantly increased, proving that the
impedance associated with the HF process was increasing.
Recently, Yang, et al.,37 also reported the onset of a new time
constant in the HF range during exposure of sealed anodized
AA2024-T3 to a 3.5% NaCl solution, which was ascribed to the
porous layer hydration. Therefore, the observed behavior is in
accordance with literature findings, and can be ascribed to the
continuation of the sealing process of the porous layer (aging
by hydration) while the sample is immersed in the aggressive
electrolyte. However, this does not improve the overall cor-
rosion resistance, as the LF impedance modulus continues to
slightly decrease, indicating that the precipitated bayerite
inside the pores present conductive pathways through which the
electrolyte and aggressive species reach the pores’ bottom.

As shown in Figure 4(a), up to 96 h of testing, the sample
treated with Ce(III) solution presents a wide phase angle in the MF
to LF range and a small shoulder in the HF region that could be
ascribed to the boehmite coverage of the pores mouth.44 Phase
angles like that found in the MF to LF range are frequently
reported for porous anodized layer either unsealed or treated
during short immersion times6,12,36 and has been ascribed to
unresolved time constants associated to the sealed porous layer
and to the barrier layer.12,37-44 From 1 week of immersion, the
capacitive phase angle associated with the HF time constant
starts to steadily increase up to the completion of the ex-
periment (9 weeks). Meanwhile the phase angle plot starts to split
in only two time constants, which progressively become better
separated, and the impedance modulus in the HF to MF range
starts to increase, indicating the continuation of the sealing
process (aging by hydration).12,37-44 The hypothesis of pores
blocking by precipitation of corrosion products within the
pores is not being considered as the main cause of the devel-
opment of this HF time frequency, because when the LF
impedance modulus decreases, this process is followed by a
recovery of the previous impedance value, remaining relatively
stable during the whole test period, indicating that there is no
massive penetration of aggressive species through the trea-
ted porous layer. This indicates self-healing ability of the anod-
ized layer, which can be likely ascribed to the presence of Ce,
as reported for other protective systems.

Considering this study’s impedance responses, it is
proposed that the time constant at MF could be ascribed to the
bayerite layer within the blocked pores. However, as aging
takes place during immersion in an aggressive solution, pene-
tration of chloride ions together with water would not allow
complete pore plugging. Chloride penetration would explain both
the continuous impedance modulus decrease with immersion
time for the BW samples and the sudden decrease of this same
quantity for the BW samples treated in Ce(III) solution. In this
latter case, the self-healing ability of the plugged pore would
provide the continuation of the sealing process and would
explain the slight impedance increase observed for these
samples.

The EIS response has shown that the BW samples treated
in Ce(III) solution present a less stable behavior, particularly in the
first week of immersion in the 0.1 mol/L NaCl solution, when a

great decrease of impedance was verified. However, for longer
test periods, EIS diagrams clearly show a recovery of the
system protective properties, indicating that active protection
might be imparted to the system. Figure 7 confirms the self-
healing process, as the BW samples treated in Ce solution
impedances at 0.01 Hz diminished, but recovered the previous
value. These results are confirmed by themicrographs presented
in Figure 8, where BW samples are locally corroded but those
treated in Ce(lll) solution showed flower- and petal-shaped
structures, rich in Ce.

Certain microstructures show multiple peaks in the
complex plane, which may be misinterpreted as separate elec-
trochemical processes in real impedance data.

CONCLUSIONS

➣ In this study, samples of the AA2524 alloy were anodized in
a tartaric-sulfuric acid (TSA) bath and hydrothermally treated,
either in boiling water or in a solution with Ce(III) ions, for 5 min
or 10 min. The hydrothermal treatments did not result in com-
plete sealing of the anodized layer, as expected. After 3 weeks
of testing, localized corrosion spots were seen in the samples
hydrothermally treated in boiling water but no signs of cor-
rosion were detected in those treated in Ce-containing solution.
Also, at this test time, the impedance of the samples treated
solution with Ce ions started to increase, indicating a self-healing
process. The results of this work showed that Ce is in fact
introduced into the pores of the anodized layer of Al alloys by
hydrothermal treatment and provide long-term protection
being a potential treatment for replacing post-treatments of
anodized layers with Cr(VI) ions.
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