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1 | INTRODUCTION

| Isolda Costa

| Fernanda Martins Queiroz! ® | Maysa Terada? |

3 | Marie-Georges Olivier*® | Hercilio Gomes de Melo?

In the aircraft industry, anodizing and posttreatment steps use Cr (VI) compounds,
which, despite offering good corrosion resistance and self-healing properties, are
highly toxic and carcinogenic. Ce compounds are recognized as efficient corrosion
inhibitors for Al alloys, and several works report self-healing ability for these
chemicals. In this investigation, the corrosion resistance of Alclad AA2024-T3 alloy
anodized in tartaric-sulphuric acid (TSA) bath and posttreated in a solution comprising
cerium nitrate without and with hydrogen peroxide was evaluated. The purpose is to
investigate the potentiality of using hydrothermal treatment in Ce nitrate solution as
candidate to replace Cr (VI) posttreatment. The aim is to provide a posttreatment step
which, while improving the corrosion resistance, does not plug the mouths of the
pores maintaining the adhesion properties of the porous anodic layer. Microstructural
characterization was carried out by SEM-EDS whereas corrosion resistance was eval-
uated by EIS. The surface analysis showed that the posttreatments, all performed at
50°C, kept the open structure of the pores. EIS analysis showed that the
posttreatments performed in the H,O, solution for short immersion times were the
most effective in improving the corrosion resistance of the samples, whereas electri-
cal equivalent circuit (EEC) fitting of the data indicated sealing of the porous layer
during the immersion of the different samples in the test solution. SEM-EDS analysis
of the samples posttreated in the H,O, containing solution, prior and after the corro-
sion test, showed the presence of Ce oxy-hydroxide randomly deposited on the sam-

ple surface, indicating that Ce could be incorporated/stored in the anodic layer.
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complexity of this alloy, with the presence of intermetallics, disper-

2-7

soids, and strengthening particles,”” considerably reduces its resis-

The low density and high tensile strength of aluminium alloys 2024-T3
(AA2024-T3) make them a preferred material in the aerospace indus-
try. The good mechanical properties are achieved by means of a com-
plex microstructure, resulting from the addition of several alloying
elements, such as Mg, Mn, and Cu, and thermomechanical treatments

performed during the production stage.! However, the microstructural

tance to localized corrosion.®? Thus, for use in aircraft, AA2024-T3
requires an efficient protection system.

One of the most frequently used methodologies to increase the
corrosion resistance of Al alloys is anodizing. The procedure consists
of thickening the oxide layer by applying an anodic potential to the

Al piece immersed in an electrolyte of suitable composition. When
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performed in acidic solution, anodizing results in a duplex layer com-
posed of a very thin barrier layer with high resistance to corrosion
and a thicker porous layer, whose microstructure is ideal for increasing
adhesion between the substrate and protective coatings.>° In the
aerospace industry, for more than 60 years, anodizing has been per-
formed in acidic baths containing chromate ions, mainly for structural
components.11 In a bid to increase the corrosion resistance, the anod-
ized alloy is then subjected to the commercial alodine treatment
(which also contains chromates) and by the application of a primer
(generally containing chromate-base inhibitors) and a topcoat.2? To
ensure good adhesion of the primer, the porous layer cannot be
sealed.

The extensive use of chromate ions in surface treatments with the
aim of increasing the corrosion resistance of metallic substrates is jus-
tified by their low cost and the self-healing properties presented by
systems containing these ions.2?® Zhao et al'* summarize that the
mechanism of corrosion inhibition of Al by chromate ions can be
ascribed to the presence of very soluble and high oxidation state chro-
mate ions (CrO42” or Cr,O,27) within the composition of the
protecting system. Upon exposure to electrolytes, these species are
dissolved (lixiviated) and migrate to defective sites, wherein they are
reduced to highly insoluble Cr (Ill) oxy-hydroxides (Cr,O3; or Cr
(OH)3), thus extinguishing the localized corrosion. However, the use
of chromate-based surface treatments for corrosion protection of
metallic substrates, although consolidated and efficient, is extremely
aggressive to human health and the environment,* and their use is
already being banned in several industrial sectors. Nevertheless, due
to high safety requirements, their application is still allowed in the
aerospace industry. As a result, currently, several research works have
been devoted to investigating the effectiveness of chromium-free sur-
face treatments for corrosion protection of high strength Al alloys.

With specific reference to anodizing, various alternative bath com-
positions are being employed by commercial aviation. Among them,
the anodizing in boric-sulfuric acid patented by Boeing,'® in tartaric
sulfuric acid (TSA) used by Airbus,*® and in phosphoric and sulfuric
acid bath, which, according to Abrahami et al,** should be used by
Fokker in the near future. The TSA anodizing procedure, used in this
study, is considered environmentally friendly and results in anodized
layers with corrosion resistance similar to those produced in chromic
acid electrolytes.!” Authors suggest that the improved corrosion resis-
tance could be ascribed either to the retention of tartaric acid deriva-
tives within the pores of the anodized layer, stabilizing the pH and
avoiding alkalinization or local acidification associated with corrosion
processes,*® or to the formation of chelates with ionic species of more
noble elements present in the alloy composition, which would be dis-
solved inside the pores during the corrosive process.’ Regarding the
fatigue resistance, another important property that must be looked
at when anodizing procedures are employed, data available in the fast
magazine, from Airbus, show similar behaviour for samples anodized
either in chromic acid or TSA baths.*

Typically, anodized pieces are stored prior to their use and coating
application.?° To improve the corrosion protection, the pieces are nor-

mally pretreated with Alodine, a commercially available treatment
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(containing F~ and chromates), before primer application. This treat-
ment introduces chromate ions in the skeleton of the porous layer
conferring self-healing properties to the system, which then become
able to hinder corrosion activity at defective sites of the coating
(primer + topcoat) system during ageing.t”

Ce conversion coatings have been widely investigated as a meth-
odology for protecting Al alloys from corrosion. In the early studies,
it was verified that the addition of few hundred ppm of Ce salts to a
NaCl solution produced a conversion layer composed of oxides and
hydroxides of Ce (Ill) and Ce (IV), able to significantly reduce the cor-
rosion rate.?! However, in these initial studies, the formation and
thickening of the Ce-oxide layer from the aqueous solution occurred
very slow and could take several days.?* However, Wilson and
Hinton?? showed that the addition of H,O, to an aqueous solution
containing Ce salts caused precipitation of a relatively thick conver-
sion layer on the alloy surface, reducing the treatment time to only a
few minutes. With this new perspective, the protection against corro-
sion of Al alloys by Ce conversion layers began to be investigated by
other researchers.?3-27

Self-healing properties have been attributed to Ce oxide films
deposited on Al alloys.?®° For instance, in the study performed by
Ershov et al,?? on a clad AA2024 protected with a CeO, layer deposited
by magnetron sputtering, it was suggested that the increased polariza-
tion resistance with immersion time in the test electrolyte (observed
for a coating with certain composition—highest amount of oxygen intro-
duced during the sputtering process) could be ascribed to the interac-
tion between the cerium and aluminium oxide layers, leading to the
blockage of defective sites. On the other hand, in the investigation car-
ried out by Yoganandan et al,*° the increased impedance modulus with
immersion time and the superior stability of a Zr-Ce conversion coating
applied on AA2024-T3 when compared with a Zr-only coating was
attributed to the migration of Ce®* species to defective sites at which
they would precipitate at cathodic regions as insoluble CeO,. Using a
simulated scratch-cell wherein bare AA2024-T3 was exposed together
with a sample protected by the Zr-Ce conversion coating to the same
electrolyte, the authors documented increased impedance response of
the bare sample with immersion time, which was associated with the
precipitation of Ce-oxide at cathodic sites.>° Finally, several works in
the literature report self-healing abilities for different coatings when
modified with Ce ions.334

In the present study, the effect of a posttreatment step consisting
of immersion in solutions containing Ce ions on the microstructure
and the corrosion resistance of clad AA2024-T3 anodized in TSA
was investigated. In addition to improving the corrosion resistance
of the system, the treatment aims to create a reservoir of Ce-ions
which could impart corrosion inhibiting properties (self-healing) to an
anodized layer that, in future investigations, will be further protected
by coatings (primer and top coating). Further, aiming for industrial
application, which demands adhesion properties of the anodized layer,
it is essential that the treatments employed do not plug the pores.
Anodizing was carried out in a clad alloy to evaluate more clearly pos-
sible changes and damages caused to the anodized layer by the differ-

ent posttreatments.
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It should be noted that, in the literature, there are already studies
where posttreatments with Ce ions were used to increase the corro-
sion resistance of anodized aluminium alloys in TSA.2>%” However, rel-
atively thick conversion layers have been produced in these studies.
Contrary to these previous studies, maintaining the porosity of the
anodic layer is an essential aspect of the present investigation, thereby

maintaining its adhesion properties.

2 | EXPERIMENTAL

The clad AA2024-T3 sheet, with nominal composition of 0.7 wt.%
Si + Fe, 0.1 wt.% Cu, 0.05 wt.% Mn, 0.05 wt.% Mg, 0.1 wt.% Zn,
0.03 wt.% Ti, and 0.03 wt.% others and balance of Al, was provided
by an industrial partner.

Prior to anodizing, as-received specimens with dimensions
(6 x 4.5 x 0.105) cm were degreased by sonication in acetone for
10 minutes. Surface treatment was performed by dipping the samples
in an alkaline etching solution: NaOH (40 g L™?) at 40°C for 30 seconds
and in a chromate-free commercial acid dismutting bath (Turco
Smuttgo-Henkel) at room temperature for 15 seconds. Between each
step and at the end of the surface preparation procedure, the speci-
mens were thoroughly washed with distilled water.

Anodizing was carried out according to procedures already
employed by our group by applying a constant voltage of 14 V for
20 minutes to the samples immersed in a TSA bath (40 g L™t
H,SO,4 + 80 g L™ C4H4O4) maintained at 37°C.2837 After anodizing,
the samples were rinsed with deionized water and then posttreated
at a constant temperature of 50°C under different conditions: hot
water for 20 minutes (HW); 50mM Ce (NO3)3.6H,0 for 20 minutes
(Ce 20M); and 50mM Ce (NO3)3.6H,0 + 10% v/v H,0, for 20 minutes
(CeP 20M), 5 minutes (CeP 5 M), or 2 minutes (CeP 2M). Non-
posttreated samples (UNS) were used as control. The experimental
conditions are summarized in Table 1.

The corrosion behaviour of samples only anodized (UNS), and of
samples treated with the different posttreatments was evaluated
using electrochemical impedance spectroscopy (EIS) in 0.1 mol L™*
NaCl solution. A three-electrode cell comprising the anodized piece
(12.57 cm? of exposed area), an Ag/AgCl reference electrode, and a
platinum  mesh  counter electrode was employed. A
potentiostat/galvanostat Solartron S| 1287 coupled to a frequency

response analyser Solartron SI 1260 was used for the measurements.

TABLE 1 Posttreatment conditions

Ce (NO3)3.6H,0, H,O0,,  Temperature, °  Time,

Condition  mM % C min
UNS

HW 20M 50 20
Ce 20M 50 50 20
CeP 20M 50 10 50 20
CeP 5M 50 10 50 5
CeP 2M 50 10 50 2

The frequency range was 10° to 10°* Hz, and the amplitude of the ac
signal was 15 mV with an acquisition rate of seven points per decade.
Experiments were performed up to 28 days of immersion when local-
ized corrosion spots were observed in all the surfaces of the samples.
In order to verify reproducibility, measurements were performed at
least in triplicate.

The morphological characterization of the samples was carried out
by scanning electron microscopy (SEM) with field emission gun—FE-
SEM—Inspect 50, equipped with secondary and backscattered elec-
tron detectors, and with facilities for energy dispersive X-ray analysis
(EDS) (spectrometer EBSD—TEAM). Analyses were performed for
uncorroded and corroded samples (after the completion of the EIS
tests).

Macrograph evaluation of the surface by digital camera (Samsung
ST90) was also performed after the corrosion tests.

3 | RESULTS AND DISCUSSION

3.1 | Microstructural analyses of uncorroded
samples

Presented in Figure 1 are SEM micrographs showing the cross-
sectional details of the Alclad AA2024-T3 sheet employed in this
study. A typical clad layer with an approximate thickness of
153.5 £ 5.2 um is revealed with far less coarse intermetallics when
compared with the base metal. As reported in the literature, the clad

4041 3and also forms

layer galvanically protects the underlying bulk alloy
a less tortuous oxide layer during anodizing since differential oxidation
resulting from the presence of coarse intermetallics rich in copper is
greatly minimized.'”-*® The cross-sectional SEM image of the porous
anodic layer is presented in Figure 2. The oxide thickness is in the
range of (3.9 + 0.1) um showing that it was formed only from the con-
sumption of a portion of the clad layer and is in accordance with
others produced under similar conditions.*® A defect is visible in the
anodic oxide layer, probably associated with the presence of an inter-
metallic particle in the underlying clad layer.

Following anodizing, the samples were posttreated using the dif-
ferent procedures described in Table 1. Figure 3 depicts SEM micro-
graphs of the surface of these samples and of a UNS sample. At the
magnification at which the micrographs were obtained, significant dif-
ferences between the morphologies of the surfaces of the porous
layers of the samples UNS, HW, Ce 20M, CeP 5M, and CeP 2M were
not observed. A scalloped surface with pores with similar and regular
diameters estimated by software ImageJ (around 13.32 + 1.58 nm)
could be observed, showing that the posttreatment steps did not plug
the mouths of the pores, as aimed in the present study. However, for
the CeP 20M sample, the surface features were markedly different
from the others. Unevenly distributed ball-shaped Ce-enriched com-
pounds were evident all over the surface. The comparison of this sur-
face morphology with that of the Ce 20M sample demonstrates a clear
effect of the addition of hydrogen peroxide to the cerium nitrate solu-

tion. As discussed in the literature,?® the addition of hydrogen
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CLAD Layer Element Weight % Atomic %
Mgk 046 052

SiIK 0.35 034 V
FeK 040 019

BASE METAL (AA'ZOZ‘) Element Weight % Atomic %
Mgk 17 194
AK 9358 .77
SiK 034 034
MnK b 073 037
CL;( 363 1.58

FIGURE1 Cross-sectional SEM micrographs
of the (A) Alclad AA2024-T3 alloy with EDX

data obtained from the clad layer and the base
metal and (B) mean thickness of the clad layer

FIGURE 2 Cross-sectional SEM micrograph of the oxide layer in the
TSA anodized Alclad AA2024-T3 alloy

peroxide to the posttreatment solution must accelerate the Ce (lll) to
Ce (IV) oxidation reaction, occurring in the bulk solution, thus increas-
ing the deposition rate of Ce oxy-hydroxides. Moreover, the analysis
of the top surface of the sample subjected to the CeP 20M posttreat-
ment (Figure 3D) clearly shows that the anodic layer was severely
etched during the posttreatment step. However, this was not the case

CLAD Layer

Approximate thickness
= 153.5+5.2um

for the CeP 2M (Figure 3F) and CeP 5M (Figure 3E) samples. These
results indicate that an excessive immersion period of the anodized
sample in the hydrogen peroxide-containing solution degrades the
anodic oxide layer and may reduce its protective properties. Equation 1
presents the reduction reaction of H,O, together with its standard
potential. It shows that, besides being a powerful oxidizer, H,O,
reduction consumes interfacial H*, thus increasing the local interfacial
pH. Therefore, the presence of H,O, would lead both to increased
precipitation rate of Ce oxy-hydroxides and to chemical attack or
the anodized layer, as verified in Figure 3D.*?

H,0,(aq) + 2H" (aq) + 2e—2H,0 E° = +1.77V/EPH. (1)

Figure 4 presents SEM images together with EDS analyses of some
spots on the surface of CeP 2M and CeP 5M samples. They reveal
that, although not forming a continuous and thick layer, Ce oxy-
hydroxides deposits were sparsely formed on these samples. On the
other hand, for the Ce 20M sample (without H,O, addition), no evi-
dent Ce deposit could be found on the sample surface, even after a
careful examination by SEM. Therefore, the addition of H,O, to the
posttreatment solution increases the deposition rate of Ce oxy-
hydroxides, while it may lead to a chemical attack of the oxide layer

upon excessive exposure, as shown in the previous paragraph.
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4 | EIS MEASUREMENTS

In the literature, EIS has been widely used to investigate the corrosion

process of anodized layers.*®*3

It has proved to be able to detect
changes occurring throughout their thicknesses like modification of
electrical properties, changes in the integrity of both the porous and
barrier layer, and the effect of sealing and ageing within the pores.**
46 These latter phenomena are of particular importance for the present
investigation. Figures 5 and 6 present the EIS diagrams acquired during
672 hours (28 days) of immersion in the 0.1M NaCl solution of Alclad
AA2024-T3 anodized in TSA and posttreated with the different proce-
dures. The experiments were interrupted when visible signs of corro-
sion were observed on the surface of all the samples, which occurred
at different degrees. Figure 5 displays the Bode plots of the UNS (refer-
ence) sample (A) and (B), together with those for samples posttreated in
solutions not containing H,O, (HW [C] and [D] and Ce 20M [E] and [F]),
while the plots for the samples posttreated in H,O, containing solutions
(CeP 20M [A] and [B], CeP 5M [C] and [D], and CeP 2M [E] and [F]) are

FIGURE 3 SEM micrographs of the Alclad
AA2024-T3 anodized in TSA bath. (A) without
(UNS) and after posttreatments, (B) HW 20M,
(C) Ce 20M, (D) CeP 20M, (E) CeP 5M, (F) CeP
2M

shown in Figure 6. Irrespective of the posttreatment step, the diagrams
acquired after 4 and 24 hours of tests, representing the early hours of
corrosion, are characterized by a single time constant spread over a
wide frequency range. For these immersion times, precipitation within
the pores is negligible, and the open pores are filled with the conductive
electrolytic solution. Therefore, this single time constant is associated
with the properties of the thin barrier layer at the bottom of the
pores.t”** Typically, in the low frequency (LF) limit, the diagrams still
exhibit a fairly capacitive response with impedance modules greater
than 10° Q cm?, indicating good barrier properties of the thin oxide
layer. These single time constant EIS diagrams are similar to those
reported by other authors for unsealed anodized layers.

Except for the CeP 20M sample (Figure 6A,B), which keeps the one
time constant response for longer test periods, for immersion times
superior to 24 hours, the Bode plots of the other samples evolve to
a complex two and three time constants response. These new time
constants are characterized by the onset of capacitive features in

the high (HF) to medium (MF) frequency domain, which are due to
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FIGURE4 SEM-EDS micrographs of the surface of Alclad AA2024-T3 anodized in TSA and posttreated with Ce (NO3); + H,O, for (A) 5 minutes

(CeP 5M) and (b) 2 minutes (CeP 2M)

the increase of the impedance modulus in this frequency region. Sev-
eral authors report two time constants response for sealed porous
anodic layers, with the HF time constant being ascribed to pore
sealing. 38444647 When the effect of sealing time is investigated, the
better the sealing procedure the more well-defined the two time con-
stants.***” Also reported in the literature is the increase in the HF
impedance modulus with sealing improvement during immersion
tests.*® Therefore, by taking the literature survey into account, the
new time constants observed for exposure times longer than 24 hours
can be ascribed to changes taking place within the pores. Specifically,
pore blocking which, as observed in the present study, can also takes
place when the porous anodic layer is exposed to the atmosphere or
mildly aggressive environments.**4-50 |t is hypothesized that, for
the posttreatments involving Ce ions, these time constants may result
from the precipitation of mixed Ce and Al oxy-hydroxides within the
pores, with the contribution of corrosion products for longer immer-
sion times, when three time constants are observed in the diagrams.
Interestingly, even the sample with the worst corrosion resistance
(CeP 20M—Figure 6A,B) exhibits an HF time constant (see diagrams
obtained after 336 and 672 hours) indicating that precipitation within
the pores takes place, even though not much protection seems to be

afforded to the substrate for this specific sample.

Besides evident pore blocking, the diagrams of Figures 5 and 6 also
show that the LF impedance modules decrease with immersion time,
indicating that the precipitation (sealing) within the pores is not
completely able to block the penetration of aggressive species. For
most of the samples, after longer immersion periods, the LF imped-
ance decrease is accompanied by oscillations in the phase angle. This
can be associated with the onset of localized corrosion, the potential
spikes characteristic of this type of corrosion leads to a nonstationary
transient behaviour leading to a distortion in the impedance spec-
trum.>? The extent of the LF impedance drop with immersion time
was different among the samples, indicating different protective prop-
erties of the precipitated products. In order to better compare this
issue, Figure 7 presents merged Nyquist plots of the six systems
obtained after 336 hours (Figure 7A) and 672 hours (Figure 7B) of test
in the aggressive medium, and Figure 8 depicts the variation of the LF
impedance modules during the whole test period. In this latter figure,
only data acquired after 24 hours are presented, as, for shorter immer-
sion periods, a discontinuity in the LF impedance modulus with no
change in the associated phase angle could be verified for all the dia-
grams, probably associated with the shunt resistor that is automati-
cally selected above a certain impedance value. The plot of the LF

impedance modulus has been used as a preliminary diagnosis to gauge
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FIGURE 5 Bode plots in 0.1M NaCl solution of Alclad AA2024-T3 anodized in TSA: (A, B) untreated (UNS), and posttreated with (C, D) hot-water
(HW) and (E, F) 20 minutes in 50mM Ce (NQO3); (Ce 20M). All posttreatments were performed at 50°C

the corrosion protection afforded to metals by different protective
systems.®85253 Both figures show that the corrosion resistance
decreases in the following order: CeP 2M > CeP 5M > HW > Ce
20M > UNS > CeP 20M, indicating that almost all the posttreatments
improve the corrosion resistance of the samples when compared with
the reference one. Particularly noteworthy is the stability of the LF
impedance modulus of the CeP 2M sample and the fact that the sam-
ples posttreated in the H,O, containing solution present the best (CeP
2M and CeP 5M) and the worst (CeP 20M) corrosion resistance. This
latter response is of no surprise as it agrees well with the SEM micro-
graphs of the posttreated surfaces earlier presented in Figure 3. The
EIS results confirm that the dissolution of the alumina layer on the
CeP 20M sample was excessive and probably led to the attack of

the primary barrier layer. Subsequently, the deposition of the Ce-

based compounds was not uniform, and as a result, the corrosion
resistance offered was poor, even when compared with the UNS sam-
ple. Given that the Ce 20M sample and the CeP 20M sample were
both exposed for 20 minutes at 50° C to their respective posttreat-
ment solutions, the major difference in the response must be from
the excessive exposure of the CEP 20M to the H,0O, containing solu-
tion, which, even though enhancing the deposition of Ce ions, attacks

the oxide layer hindering the corrosion resistance.

4.1 | Equivalent circuit analysis

Four electrical equivalent circuit (EEC) models (Figure 9) were used
to take into account both the complex evolution of the EIS response

resulting from the changes in the porous layer morphology due to
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FIGURE 6 Bode plots in 0.1M NaCl solution of Alclad AA2024-T3 anodized in TSA posttreated in 50mM Ce (NO3); and H,O, (10% vol) for (A,
B) 20 minutes (CeP 20M), (C, D) 5 minutes (CeP 5M), and (E, F) 2 minutes (CeP 2M). All posttreatments were performed at 50°C

the sealing process (ageing by hydration) and the changes in the
corrosion resistance while the samples were immersed in the aggres-
sive electrolyte.*>*? The EEC of Figure 9A was employed to fit the
spectra with the single time constant, which, except for the
sample CeP 20M, was verified during the early stage of corrosion
(4 and 24 hours). In this EEC, Rs and Rb represent, respectively,
and CPEb, a
constant phase element (CPE) accounting for the capacitance of

the solution and the barrier layer resistance,
the barrier layer. In the EEC fitting procedure, a pure capacitive
response is frequently replaced by a CPE, and the impedance is
given®* by Equation 2:

(2)

1
ZCPE = 7),,

Q(jw

In Equation 2, “n” is the dispersion factor and takes into account
1, the CPE
is equivalent to a pure capacitor; however, when n < 1, a 2-D or 3-D

nonhomogeneity in the capacitive behaviour. When n =

distribution of properties should be expected.” In the former case,
the CPE behaviour can be ascribed to potential and/or current distri-
bution along the electrode surface associated with the geometry,
whereas a 3-D distribution results from effects normal to the elec-

trode surface like surface roughness and electrode porosity.>®
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FIGURE 8 Evolution of the impedance modulus at 100 mHz with
immersion time in NaCl 0.1M of Alclad AA2024-T3 anodized in TSA,
untreated (UNS), and posttreated according to the different
procedures. Data acquired after 24 hours of immersion

clearly observed in the diagrams, the EEC of Figure 9B,C were
employed. The EEC of Figure 9B has been used to fit diagrams
either of sealed anodized layers*® or of unsealed layers at which pre-
cipitation occurred within the pores.®® The added time constant
(CPEp//Rp) is ascribed to the response of the precipitates within
the pores. On the other hand, the EEC of Figure 9C, where a capac-
itance ascribed to the pore walls (Cpw) is added in parallel to the
EEC of Figure 9B, is used to account for the situation when the
sealing procedure is well performed, ie, when the current pathway
through the precipitated products within the pores and through
the barrier layer becomes more resistive.383%%” Alternatively, this
situation may also correspond to a condition at which an increased
deterioration of the protective properties of the pore walls has taken
place leading to an increase of its capacitive response due to hydra-

tion and/or thinning. However, as will be shown later by the fitting
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FIGURE 9 Electrical equivalent circuits (EEC) used to fit the EIS diagrams in NaCl 0.1M of Alclad AA2024-T3 anodized in TSA untreated (UNS)
and posttreated according to the different procedures. Below each EEC, the immersion times at which they were most frequently used are
indicated

TABLE 2 Results of the fitting procedure of the EIS diagrams with the EEC of Figure 9 for the Alclad AA2024-T3 anodized in TSA bath, without
(UNS) and after posttreatments: HW 20M, Ce 20M, CeP 20M, CeP 5M, and CeP 2M

A. CPEb

UNS HW 20M Ce 20M CeP 20M CeP 5M CeP 2M
Immersion CPEb nb  CPEb nb  CPEb nb  CPEb nb  CPEb nb  CPEb nb
Time, h (MF cm~2.80"1) (F cm~2.801) (MF cm~2.801) (MF cm™2.801) (UF ecm2.801) (UF ecm2.501)
4 0.59 0.99 0.49 0.98 0.63 0.98 1.14 0.93 0.51 0.98 0.48 0.97
24 0.64 0.97 0.49 0.98 0.68 0.96 1.58 091 0.53 0.98 0.52 0.96
72 0.64 0.96 0.45 1.00 0.67 0.95 2.33 0.87 0.52 1.00 0.51 0.98
168 0.66 0.94 0.52 0.92 0.70 0.90 2.86 0.84 0.60 0.94 0.51 0.97
336 0.74 0.92 0.55 086 0.75 0.88 2.87 0.85 0.56 0.94 0.51 0.93
672 0.99 0.91 0.57 0.87 0.80 0.86 3.51 0.82 0.58 0.92 0.50 0.92
B. Cpw
Immersion Cpw (uF cm™?)
Time, h UNS HW 20M Ce 20M CeP 20M CeP 5M CeP 2M
4
24
72
168 2.28E-03 2.74E-03 3.99E-03 3.98E-03 1.36E-03
336 3.09E-03 2.94E-03 4.08E-03 3.66E-03 2.80E-03
672 2.65E-03 4.09E-03 3.73E-03 3.04E-03 2.48E-03
C. CPEp

UNS HW 20M Ce 20M CeP 20M CeP 5M CeP 2M
Immersion CPEp np CPEp np CPEp np CPEp np CPEp np CPEp np
Time, h (MF cm~2.80"1) (F cm™2.801) (MF cm™2.801) (MF cm™2.8(1) (MF ecm™2.501) (UF ecm~2.501)
4
24
72 5.02 0.51 12.28 0.50 3.12 0.49 5.48 0.85 42.22 0.53
168 2.52 0.49 1.06 0.50 1.16 0.50 8.27 0.50 7.09 0.44
336 1.78 049 0.25 0.59 0.70 0.51 43.49 0.50 2.83 0.51 1.70 0.56

672 1.75 043 0.18 0.65 0.65 047 11.19 0.50 1.70 0.51 1.19 0.55
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results, this was not the case for the present investigation. Addition-
ally, a parallel pore wall resistance (Rpw) also exists. However, its
value is extremely high, and no conductive pathway can be

1.06+408

1.0€+04

1.0€+03

developed.®® The use of a pure capacitor to represent Cpw indicates
that its property hardly changes during immersion in the aggressive
electrolyte.
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FIGURE 10 Results of the fitting procedure
of the EIS diagrams with the EEC of Figure 9
for the Alclad AA2024-T3 anodized in TSA
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bath, without (UNS) and after posttreatments:
HW 20M, Ce 20M, CeP 20M, CeP 5M, CeP
2M, (A) Rb, (B) Rp, (C) Rcorr
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Finally, for longer immersion periods, when three time constants
were clearly observed, the EEC of Figure 9D was employed, at which
another resistive term (Rcorr) was added in parallel with Cpw and in
series with the remainder of the EEC of Figure 9C. This circuit is sim-
ilar to that proposed by Gonzales et al** and takes into account an
additional resistive pathway imposed by the precipitation of corrosion
products blocking the mouths of the pores, which, nevertheless, does
not hinder the penetration of aggressive species into the pores.

The results of the fitting procedures for all the treatments are pre-
sented in Table 2A to C for the capacitive elements, together with
their respective “n” values, and in Figure 10A-C for the main resistive
elements. The evolution of CPEb and “nb,” displayed in Table 2A,
shows that, whatever the sample, the values slightly increase and
decrease with immersion time, respectively. Both tendencies are asso-
ciated with the deterioration of the protective properties of the barrier
layer, which becomes thinner/more hydrated and less homogeneous.
However, the “nb” values for the samples are close to 1, especially
when they are not deteriorated (short immersion periods), indicating
a fairly capacitive response. Moreover, the CPEb value for the CeP
20M sample is clearly higher than for the other samples. This indicates

(C)

(E)

FIGURE 11 Digital images of the surfaces of
the UNS (A), HW (B), Ce 20M (C), CeP 20M
(D), CeP 5M (E), and CeP 2M (F) after the
completion of the EIS tests; 28 days of
immersion in the 0.1M NaCl

A‘\V\JALYS\S

that it is thinner, in accordance with the inferior corrosion resistance
exhibited by this sample. For the other samples, the CPEb values were
not very different, indicating similar properties.

The values of Cpw, presented in Table 2B, remained almost con-
stant with immersion time, indicating that the protective properties
of the porous layers were not affected by the contact with the aggres-
sive electrolyte. The fitting of the EIS diagrams of the sample CeP
20M did not require the use of an EEC with three time constants;
therefore, the EEC of Figure 9C,D were not employed to fit the dia-
grams of this particular sample, and no Cpw was estimated.
Concerning the fitted values, they were similar for all the samples
and in the order of few nF cm™2, confirming its stability and high
impedance. Additionally, coherent with its higher thickness, the fitted
values were more than two orders of magnitude lower than those
determined for CPEb.

Finally, the fitting results for CPEp, representing the properties of
the products precipitated within the pores, presented in Table 2C,
show “n” values close to 0.5. Classically, “n” close to 0.5 is associated
with diffusion controlled processes (Warburg impedance). However,

such values are frequently found in fitting procedures for sealed

(B)

CeP 20M |
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porous aluminium oxide layers.®8324748 Hoar and Wood,® in an arti-
cle dating back to 1962, proposed that the properties of the sealed
porous layer are heterogeneous and change along the pore extension.
Therefore, they represented the impedance of the pores using a trans-
mission line.”’® However, the transmission line model should be ade-
quate to represent the EIS response of a conductive oxide layer,>”
which is not the case for the anodized aluminium oxide. Therefore, it
is likely that the low “n” exponent results from a vertical distribution
of time constants.’” As the pores are only partially sealed, the current
would experience different values of dielectric constants (the compo-
sition of the precipitated products should not be homogeneous) and
even different geometric features along the pore extension before
reaching its bottom. However, due to these facts, a direct comparison
between the CPEp for the different samples would not be representa-
tive. However, the data presented in Table 2B show a decreasing
trend, indicating an improvement in the sealing process.

Considering that the porous layer exhibited a pure capacitive
response (Cpw) and that the exponents of CPEb were close to 1, par-
ticularly for short immersion times, the values displayed in Table 2A,B
were employed to estimate, respectively, the barrier and the porous
layer thicknesses (d) by means of Equation 3. Due to the similarity
and stability of Cpw for all samples during the test period, an average
value of 3 nF cm™2 was adopted. On the other hand, for the barrier
layer thickness estimate, the fitting result for the unsealed sample
after 4 hours immersion was adopted (5.9 x 1077). For the calculations,
a dielectric constant (€) of 12 was assumed for aluminium oxide (con-
sidering that € for pure Al,O3 is 9.1°® and that some hydration of both

layers must occur during the anodizing procedure) and

€° = 8.854 x 107¥F cm™! is the vacuum permittivity.

e
d= < (3)

The value calculated for the thickness of the porous layer was
3.54 um and for the barrier layer is 18 nm. The former is in good
agreement with the SEM image of Figure 2, whereas the latter lies
well within the growth rate of the barrier layer, between 1.0 and
1.5 nm/V, depending on the electrolyte composition.>?¢°

Concerning the resistive elements, Rb, Rp, and Rcorr (Figure 10A-
C), the two latter increase with immersion time, indicating increased
precipitation within the pores and heavier corrosion product precipita-
tion blocking the mouths of the pores, respectively, even though Rcorr
was quite low, demonstrating that there is no effective blockage of
aggressive species penetration. On the other hand, Rb, Figure 10A,
slightly decreased, demonstrating that aggressive species can pene-
trate through the partially blocked pores reaching the barrier layer at
their bottoms. The fitting procedure also evidenced that Rb is the
main factor responsible for the good corrosion protection afforded
by the anodic layer. Therefore, at the end of the exposure period, its
values were about one order of magnitude higher than that of Rp,
even though the latter continuously increased during the test period.
Moreover, the lower corrosion resistance of the CeP 20M sample
was confirmed, as the Rb values were about one order of magnitude
smaller than those of the other samples. The best anticorrosion
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FIGURE 12 SEM micrographs and EDS analyses of precipitates on the surface of the CeP 2M (A) and CeP 5M (B) sample after 672 hours of
immersion in NaCl 0.1M



PRADA RAMIREZ ET AL.

and 1273

performance was exhibited by the CeP 2M sample, which showed the
highest and most stable Rb.

4.2 | Images of the surfaces of the samples after the
EIS tests

As already stated, the EIS experiments were stopped when corrosion
was visually observed at the surfaces of all samples, which intensity
varied according to the posttreatment. Figure 11 depicts the digital
images of the surfaces of the samples after the disassembly of the
cells used in the EIS tests (672 hours of immersion). Clearly, the
UNS sample (Figure 11A) exhibits the highest number of small pits,
whereas the CeP 20M sample (Figure 11D) displays the biggest pits.
This is in full agreement with the LF impedance modules showed in
Figure 8. On the other hand, the surface of the HW sample
(Figure 11B) became lustreless with evidences of general corrosion
permeated with a number of medium sized pits. Ce 20M (Figure 11
D) presented a few small pits, whereas no clear differentiation could
be made between samples CeP 5M (Figure 11E) and CeP 2M
(Figure 11F), at which only very small pits were verified.

4.3 | SEM-EDS analysis after EIS tests in 0.1M NaCl

This research aims to incorporate Ce ions within the porous anodic
layer, which, afterwards, may act as a reservoir for self-healing proper-
ties in a more complex protection system. Therefore, it is important to
verify the presence of Ce oxy-hydroxides compounds on the surface
of the samples after corrosion. With this purpose, SEM analyses of
the surface of the samples CeP 2M and CeP 5M were performed after
the completion of the EIS tests in the 0.1M NaCl solution (672 hours,
corresponding to 28 days). Initially, the surface survey showed that it
was no longer possible to observe the pore openings at the surface of
the samples. This is in agreement with the physical structure of the
anodic layer proposed for the interpretation of the EEC of Figure 9
D, wherein the pore mouths were progressively blocked by the precip-
itation of corrosion products. Additionally, Ce oxy-hydroxides were
not found distributed all over the surface but were found randomly
distributed in discrete places as globular precipitates, as highlighted
in the micrographs and EDS analyses presented in Figure 12A,B,
acquired, respectively, on sample CeP 2M and CeP 5M. In addition,
Ce oxides were more easily found in the surface of the corroded sam-
ples when compared with the untested ones. This is a strong indica-
tion that Ce ions were stored in the microstructure of the oxide
layer and may precipitate at active sites when necessary. Further work
is being developed to identify the distribution, as well as the oxidation
state of the Ce species at the surfaces of the samples and will be pre-

sented in future work.

5 | CONCLUSIONS

In the present work, the effect of a posttreatment step consisting of

immersion in a solution at 50°C containing cerium nitrate, either

S
Wi LEY-}

without or with H,O,, on the corrosion resistance of Alclad
AA2024-T3 anodized in TSA was investigated. The EIS results showed
that the posttreatment of the anodized samples in the H,O, contain-
ing bath for short immersion times (2 and 5 minutes) was the most
effective in improving the corrosion resistance of the alloy. On the
other hand, excessive immersion time in the same solution decreased
the corrosion resistance of the anodized sample, likely due to the
deterioration of the anodic layer because of pH increase. SEM surface
analysis of the anodized samples after the posttreatment steps
showed that the pores keep their opened structure, thus maintaining
their adhesion properties, as aimed in the present investigation. How-
ever, partial pore closure was verified for the sample posttreated for
longer times (20 minutes) in the H,O, containing solution. SEM-EDS
surface analysis of the samples posttreated in the H,O, containing
bath, prior and after the corrosion tests, showed the precipitation of
Ce oxy-hydroxide compounds, indicating that Ce ions were incorpo-

rated in the anodic layer.
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