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ABSTRACT

The present study is devoted to the monitoring of the performance of AA2024-T3 specimens, after the formation
of Anodic Aluminum Oxide (AAO) layer and/or deposition of a Ceruim Conversion Coating (CeCC), obtained
at 20°C and 50°C, respectively. Although both methods are well described in the literature, there is no sufficient
information regarding the effect of their combination on their behaviour in corrosive media. The performance of
the respective specimens was elucidated after 24 h of exposure to 3.5 % NaCl model corrosive medium (MCM) by
means of Electrochemical Impedance Spectroscopy (ELS) and acquisition of Potentiodynamic Scanning (PDS) curves.
Since the combined AAO/CeCC coating primers revealed superior barrier properties, the respective specimens were
subjected to long-term corrosion tests of up to 672 h of exposure to the MCM to evaluate their durability. The results
revealed the synergistic effect of the combination of the surface treatment procedures on effective corrosion mitigation.

Kevwords: AA2024-T3, anodization, cerium conversion coatings, corrosion protection, barrier ability, durability.

INTRODUCTION On the other hand, the advantages of the Cerium

Conversion Coatings (CeCC), as successful environmen-

Anodization is a relatively simple method that
provide excellent possibility for formation of highly
textured anodized aluminum oxide (AAO) films, like the
obtained by Gonzales-Rovira et al. [1]. The possibility
for incorporation of various metals, such as for example:
Cu, Ni [2, 3] and Ag [4, 5] is a major advantage of
the AAO layer. Indeed, a number of metals, entire
molecules [6], crystals [7] and also nanoparticles could
be incorporated into the self-ordered porous oxides, as
summarized by Brudzisz et al. [8]. In this sense, the
incorporation of boehmite [9], silica [10] and carbon
[11 - 13] nanoparticles in such AAO structures were
reported in recent years.

tally acceptable substitutes of the widely used Chromium
Conversion Coatings (CCC) were recently emphasized
[14 - 16].

The application of Ce-based compounds to
mitigate corrosion and to form coating primers
still remains a subject of great interest [17 - 27].
Furthermore, as mentioned by Presuel-Moreno et
al. [28], cerium compounds can be used as active
corrosion protective components for the elaboration of
advanced conversion primers [29, 30], epoxide [31],
polymethyl methacrylate [32], carbon fiber reinforced
plastic [33], superhydrophobic [34, 35], sol-gel derived
[36, 37], coordination polymer [38] and CeO, loaded
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polytetrafluoroethylene coating systems [39]. Ce-based
compounds were also implemented as precursors for Ce-
modified AAO [40, 41], and Ni/Cu metallic layers [42].

In this sense, special attention to the great importance
of the preliminary treatment of Al-based alloys, prior to
the actual CeCC deposition is paid by de Frutos et al.
[43] and Ping et al. [44]. Subsequently, the application
of the anodization process to form a porous AAO matrix
suitable for the deposition of a CeCC layer appeared as
a rather interesting research object.

The objective of the present research is to determine
in what way anodization and deposition of CeCC on
AA2024-T3 alloy alter the surface properties and the
performance in a model corrosive medium. In this sense,
systematic comparative investigations were performed.
To assess the influence of the temperature, the CeCC
depositions were performed at 20°C, as well as at
50°C. The performance evaluation of the investigated
specimens in a model corrosive medium employed two
electrochemical methods: Electrochemical Impedance
Spectroscopy (EIS) and potentiodynamic polarization
scanning (PDS). To gather comprehensive information,
the test procedures were divided into: (i) comparative
assessment of the barrier ability of all samples after
24 h of exposure to the model corrosive medium and
(i1) determination of the durability exhibited by the
combined AAO/CeCC layers after exposure periods of
168, 336, 504, and 672 h.

The results obtained indicate a synergistic effect
between anodization and subsequent Cerium Conversion
Coating (CeCC) layer deposition, as observed through
both electroanalytical methods. The latter process can
be conducted under moderate conditions, such as room
temperature, achieving an optimal combination of
surface treatment procedures.

EXPERIMENTAL

Surface treatment procedures

Six pairs of plates (30 x 30 x 2 mm) cut from
AA2024 were submitted to various combinations of
surface treatments under the following conditions:

Preliminary treatment

It was performed by immersing the samples in a
50 g dm NaOH solution at 50°C for 2 min, followed by
subsequent vigorous rinsing with both tap and distilled
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water. This procedure was succeeded by desmutting in
diluted with distilled water HNO, (dilution ratio was
1:1) for 2 min at room temperature. Finally, the samples
were again washed with tap and distilled water for about
1 min. Two of the samples (Set 1) were subjected to this
procedure only.

Formation of Anodic Aluminum Oxide (AAQO) layers
After undergoing the above-described preliminary
treatment, some of the samples have been subjected
to galvanostatic anodization for 15 min in a 15 wt. %
aqueous solution of H,SO, with applied current density
of 15 mA cm?at 20°C. After anodizing, two samples were
separated from the rest and were labelled as (Set 2). The
working zones subjected to anodization are circular with
a diameter of 23 mm, corresponding to a surface area of
415 mm?. During the anodic polarization, the evolution
of the forming voltage (U with time (t) was recorded.

Cerium Conversion Coating deposition

The deposition was performed spontaneously,
for 5 min in aqueous mixture with the following
composition: 0.025 M CeCl,.7H,0 combined with
0.025M (NH,),Ce(NO,)..4H,0. Just prior to the coating
depositions, 5 mL of 30 % H,O, (for each 250 mL of
electrolyte) were added.

This process was carried out at two temperatures
(at 20°C and at 50°C, respectively), on AA2024-T3
samples, with and without preliminary anodization.
These CeCC deposition temperatures were selected,
since they correspond to the temperatures of the
preliminary desmutting, the anodizing (20°C) and the
etching (50°C). Besides, the CeCC deposition at 20°C
does not require additional energy consumption. For
convenience, all samples and respective treatments are
summarized in Table 1.

Electrochemical Impedance Spectroscopy (EIS)

The EIS spectra were recorded using a Autolab PG-
stat 30 (Metrohm), equipped with a Frequency Response
Analyzer (FRA-2). The excitation signals were input in
the electrochemical cells by a cylindric platinum mesh
mounted around the reference electrode, which was Ag/
AgCl 3 M KCl type, model 6.0733.100, product of the
same producer. The obtained spectra consist of 50 data
points distributed in the frequency range from 10 kHz
to 0.01 Hz by applying an excitation signal from 10 to
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Table 1. Description of the investigated samples and the respective applied procedures abbreviations.

Q

Potential

Applied procedure

Sample sets Sample code Preliminary Anodization CeCC deposition Temperature .of
treatment CeCC formation
Set 1 S,.S,, Yes Not applied Not applied Not applied
Set 2 S,.S,, Yes Yes Not applied Not applied
Set 3 S.,S,, Yes Not applied Yes 20°C
Set 4 S,»S,, Yes Not applied Yes 50°C
Set 5 S.,S,, Yes Yes Yes 20°C
Set 6 Se1s SG’2 Yes Yes Yes 50°C
20
b

Time, (min)

15

Voltage (V)
°

o
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Time (s) bores
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Fig. 1. Theoretical (a) and actual U (t)-kinetic curves (b) anodization kinetic curves in galvanostatic mode and illustration

of the respective AAO layer formation stages (c).

90 mV, in respect to the open circuit potential (OCP).
The respective OCP value was determined immediately
before recording each spectrum.

Potentiodynamic Polarization Scanning (PDS)

The PDS curves were acquired in the potential
range -50 to +500 mV in accordance with the reference
electrode, with a potential sweep of 10 mV s'.

RESULTS AND DISCUSSION

Procedures for the formation of protective coating
primers

For the surface treatment, three procedures
(preliminary treatment, anodization and CeCC depo-
sition) were applied under the conditions described in

detail in the experimental part. However, only the effects
of anodization and CeCC deposition were subjected to
detailed analysis, where the samples undergone only
pretreatment (Set 1) served as references.

The subsequent anodizing of Set 2 samples involved
the simultaneous acquisition of U(t)-kinetic curves.
Examples of typical anodization curves according to the
scientific literature review, as well as U (t)-kinetic curves
recorded during the anodization of the Set 2, 5 and 6
samples in the present investigation are shown in Fig. 1.

The theoretical curves, shown in Fig. 1 are described
by Girginov et al. [2], based on the literature analysis of
several fundamental works [44 - 48]. According to these
concepts, the formation of porous AAO layers proceeds
in four stages: (1) growth of a dense oxide layer; (2)
pore initiation; (3) pore formation and (4) steady-state
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oxide growth. However, the actual shapes of the curves
acquired during anodization of the preliminary treated
samples of the AA2024-T3 alloy in the present case
are different. At the very beginning, the potential rises
sharply, because the native oxide layer does not possess
notable resistance against the 15 % H,SO, electrolyte
used. After a retention at about 5 V for almost a minute,
the potential increases up to 16.5 - 17.0 V. The curves
then become nearly horizontal until the end of the
process. Applying Ohm’s law and keeping in mind that
anodization proceeds under galvanostatic conditions
(G = 15 mA cm) and the above-described voltages, it
can be concluded that the resistance of the obtained
AAO films reaches values between R, , ™" = 1.100
and R, , ;™ = 1.133 kQ cm?. Hence, the difference
between the maximum and the minimum resistance
values is AR = 33 Q cm? When this value is divided
by the average resistance of the AAO layers, it can be
concluded that: AR/R_ =(0.033/1.1165) x 100 =2.96 %.
Therefore, the difference between the resistance values
of the obtained AAO layers is relatively low, indicating
the high repeatability of the properties of the obtained
AAOQ layers. Finally, it should be mentioned that the
initial retention of the potential for a minute at 5 V is
related to consumption of electric current for dissolution
of intermetallic inclusions, especially the so-called
S-phase inclusions, having Al,CuMg composition, as
was reported in [27, 49, 50].

In the present case (shown in Fig. 1b), the stages
of pore initiation (Stage 2) and formation (Stage 3)
do not occur. Instead, the curves pass directly from
Stage 1 to Stage 4, after the mentioned initial retention
of the potential. Consequently, the pore initiation and
formation occur between the first and the third minute
of'anodization. These stages cannot be distinguished by
a maximum (unlike the examples in Fig. 1a), because
pore formation begins after reaching the thickness of
the dense layer. The most probable reasons for the lack
of such maximum are the relatively high concentration
of the aggressive electrolyte (15 wt. % H,SO,) and the
considerable current density applied (15 mA cm™).

Systematic electrochemical characteristics assessment

As described in the experimental part two
electrochemical methods, EIS and PDS, were employed
for the characterization of the coatings during their
exposure to the 3.5 % NaCl model corrosive medium.
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The combination of both these methods allowed the
evaluation of their corrosion protective properties in the
described medium. These properties were divided into
barrier ability and durability.

Barrier ability

The comparison of the potentiodynamic scanning
(PDS) curves presented in Fig. 2 clearly reveals that the
highest barrier ability belongs to the combined AAO/
CeCC layers (Sets 5 and 6). Their curves are situated at
much lower current densities compared to the rest. In
this sense, the curves of the reference samples (Set 1)
remain at higher current densities compared to all other
types of specimens. This fact indicates the much lower
barrier ability of the native oxide layer, compared to
the AAO and AAO/CeCC layers, formed during the
described procedures.

The PDS curves in Fig. 2 were further subjected
to Tafel slope analysis and the obtained results are
summarized in Table 2.

The data in Table 2 show some differences between
the values of the open circuit potential (OCP) and the
corrosion potential (E_ ), although theoretically they
should be equal. The reason for this difference is that
the OCP is measured before the acquisition of the
PDS curves, while the E__ values are obtained from
its analysis (i.e., after the respective measurement).
Therefore, during the PDS measurement, the device
polarizes the sample so that the E__ values differ from
those of the OCP. The relatively minimal disparities
between the OCP and E_ _ values indicate that the
chosen conditions for acquiring the PDS curves do not
significantly polarize the electrodes.

According to the pitting nucleation potential
(Epm) and the strength against pitting nucleation
(SAPN=E_ -E ), defined by Bethencourt et al. [51],
no clear trends could be distinguished. However, drastic
differences in the polarization resistance (Rp) values are
observed. These values for the bare samples (Set 1) are
below 10 kQ cm?. For comparison, the anodized samples
(Set 2) possess Rp values between 115.2 and 156.9 kQ
cm?. The direct CeCC depositions on the preliminary
treated alloy (Sets 3 and 4) practically do not alter the
Rp values, as it can be seen from their comparison with
those of the references (Set 1).

The highest values of R, belong to the samples
with the combined AAO/CeCC layers (Sets 5 and 6).
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Fig. 2. PDS curves acquired after 24 h of exposure to 3.5 % NaCl model corrosive medium.

Table 2. Values of the electrochemical parameters of the investigated samples.

Sample Set Sample OCP, con? Epm, SAPN, Rp,
(24h) mV mV mV mV kQ cm?
Set 1 S, -604 -616 -535 -81 8.35
S, -626 -639 -536 -103 6.44
Set 2 S, -689 -694 -559 -135 156.90
S,, -662 -668 -541 -127 115.20
Set 3 Sy, -625 -637 -536 -101 6.71
S, -626 -636 -528 -108 6.70
Set 4 S, -615 -626 -526 -100 6.85
S, -603 -616 -526 -90 13.83
Set 5 S, =701 -631 -540 91 944.30
S, -687 -694 -526 -168 842.00
Set 6 Se. -631 -651 -450 -122 5919.00
Se2 -555 -585 -479 -106 4044.00

Their Rp values are orders of magnitude higher than
those of the other sample types, consequently their
barrier properties are notably superior. Indeed, the R,
values of the combined layers formed at 20°C, are one
order of magnitude higher than those of the AAO layers
(Set 2). The formation of CeCC on AAO layer at 50°C
results in even higher Rp values, reaching values around
6 MQ cm? (Set 6).

Clear differences can be seen in the Nyquist plots

(Fig. 3a). It is obvious that the combined AAO/CeCC
layers have much higher resistance values compared
to the other types of samples. This fact indicates
the occurrence of a synergistic effect between the
anodization and the CeCC formation on the barrier
ability of the obtained AAO/CeCC coating primers.
This effect probably results from the interactions
between the AAO and CeCC layers. On the one hand,
the porous AAO layer serves as a reinforcing matrix
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for CeCC. On the other hand, the CeCC layer seals the
cavities and pore openings of the AAO layer. Therefore,
the combined AAO/CeCC layer possesses a rather
enhanced barrier ability due to the contribution of both
layer deposition techniques (the formation of AAO
by means of anodization and CeCC by spontaneous
deposition).

The comparison between the spectra in the Bode
plots (Fig. 3b) shows that the values of log|Z| at 10
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mHz for the anodized samples with subsequent CeCC
deposition reaches 6.5, while those of the anodized
only samples (Set 2) lie slightly above 5 and around 4
for the reference samples (Set 1). In other words, the
total impedance values differ by orders of magnitude
between sample types. At this frequency, its average
values (in Q cm?) are: 4.266x10°; 8.475x10%; 2.027x103
and only 1.306x10* for sets 6, 5, 2 and 1, respectively.
Furthermore, the phase shift vs. frequency plots
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Fig. 3. EIS spectra of the specimens after different surface treatment procedures, acquired after 24 h of exposure to model

corrosive medium.
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Fig. 4. Model equivalent circuits used for EIS data fitting of the spectra.

(Fig. 3c) reveal the appearance of two clear maxima
corresponding to two distinguishable time constants.
For comparison, the reference samples have only one
maximum, whose appearance is result of the native
oxide layer formed on the AA2024-T3 substrates after
the preliminary treatment. Their capacitance cannot be
distinguished from that of the electric double layer, so
their maxima overlap. In turn, the phase shift/frequency
dependence of the AAO and AAO/CeCC coatings show
the occurrence of additional protective layers, notable
by the presence of a second maximum.

The clear differences between the spectra recorded
from the samples of the different sets require the use
of different model equivalent circuits (MEC) for the
interpretation of EIS data. The respective MECs were
composed, following the basic rules, postulated in
the fundamental work of Zheludkevich et al., and are
presented in Fig. 4 [52].

Experience shows that the completely different
spectra of the bare alloy samples (Set 1) and these of the
other sets require different MECs for their interpretation.

All the proposed circuits have R, . elements related

MCM

to the resistance of the 3.5 % NaCl model corrosive

environment. Electrochemical corrosion processes are

represented by the charge transfer resistance (R ).
However, as already mentioned, in the case of the

bare alloy specimens (Set 1), the native oxide layer

formed after the preliminary treatment and the electric

double layer have indistinguishable capacitances. For

this reason, only one capacitor element for both layers,

assigned as C was used (Fig. 4a). Finally, in

oxy+edl’
some cases, a constant phase element for the diffusion

processes (CPE | ) on the samples’ surface in the MCM

diff)
was used, commented in the next paragraph.

The additional AAO and CeCC layers on the other
types of samples demand three additional elements:
CPEedl’ Clayer’
description of the electric double layer formed between

the sample’s surface and the model corrosive medium.

and Rlayer. The CPE_, element serves for the

The C, . component describes the capacitance resulting
from the insulating properties of the Al O,, making
up the AAO film and the Ce-oxides and hydroxides,
composing the CeCC layer. The R, _ element describes
the resistance of those parts of the MCM that have
already penetrated the defects, cracks and pores of the
CeCC and AAO layer.

These MECs have been employed for the quantitative
analysis of the components of the EIS spectra for all
samples, and the fitting results of the EIS data are
summarized in Table 3.

The analysis of the data in Table 3 shows that there
is no clear difference between the R, ., values for the
different sample types. That is because all experiments
were performed in the same medium (aqueous 3.5 %
NaCl solution). However, a considerable variation in
the values of the charge transfer resistance R  for the
respective sets of samples is notable. For the reference
samples (Set 1) this value is below 4 kQ cm?, whereas the
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Fig. 5. Averaged PDS curves acquired after different times of exposure to 3.5% NaCl MCM for samples of: (a) Set 5

and (b) Set 6.

AAO layers (Set 2) possess entire orders of magnitude
higher R values: between 147 and 214 kQ cm’. The
direct CeCC formation on the preliminary treated
AA2024-T3 alloy at 20°C (Set 3) and at 50°C (Set 4)
results in R  values of the same order as the references
(Set 1). The highest R  values belong to the combined
AAO/CeCC coating primers. Depending on the CeCC
formation temperature, these values tend towards R =
1 MQ cm? (Set 5), approaching the range R = 15 + 18
MQ cm?(Set 6).

Durability

Since the combined AAO/CeCC layers revealed
a rather superior barrier ability compared to the other
sample types, only representatives of these sample sets
are commented below. The averaged PDS curves acquired
after different exposure times to the MCM for both types
of AAO/CeCC layers, obtained at 20°C (Set 5) and at
50°C (Set 6), are presented in Fig. 5.

All curves in Fig. 5 reveal pitting corrosion,
regardless of which sample type they belong to.
However, their evolution with exposure time is different.
For the CeCC layers deposited at 20°C (Set 5), there is a
clear difference before and after 336 hours of exposure.
Therefore, both curves obtained after 504 and 672 hours
remain in the higher current density range compared to
the others.

The curves recorded for the CeCC layers, obtained
at 50°C (Set 6), are almost indistinguishable. This fact

reveals suppression of the corrosion currents during
the exposure of the samples to the MCM. Furthermore,
with exception of the curve at 336 hours of exposure,
all others shift to more positive E__ values.

Some authors recognize this shift of E__ values
as “self-healing effect” [53]. However, the cathodic
inhibition by Ce*" and Ce*" free ions is not applicable
in the present case, because the CeCC layer should
be composed by insoluble Ce(IIl) and Ce(IV) oxides
and hydroxides. A much more probable explanation is
based on the ability of AAO to re-passivate, forming
a new oxide layer on damaged areas. Furthermore,
the defects of the AAO/CeCC film are deep (due
to the coating thickness) and narrow enough to be
easily blocked by corrosion products. Such corrosion
products are, for instance, the Keggin’s type aluminum
polyhydroxy chlorides, such as: (Al ,0,(OH),,(H20) ,)"™
or (AlO,Al (OH),,(H,0) )™, as proposed in a previous
work [54].

Consequently, during the exposure of the anodized
samples with CeCC deposition at 50°C (Set 6) to the
MCM, new pittings constantly appear and re-passivate,
maintaining constant values of the corrosion currents.

All PDS curves acquired from the durability tests
were subjected to further Tafel slope analysis. The results
are given in Table 4.

Notable fluctuations inthe E_ _values are observed
for both sample types. This fact indicates that the
corrosion process does not proceed gradually, but rather
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Table 4. Values acquired by Tafel slope analysis for combined AAO/CeCC samples, obtained at 20 °C and 50 °C after

different times of exposure to MCM.

Time Sample set OCP, mV o MV o MV SAPN, mV R, kQ cm?
24k Set 5 -694 -663 -533 -130 893.55
Set 6 -593 -618 -465 -114 (4.98)10°
168 h Set 5 -631 -648 -498 -150 1990.40
Set 6 -633 -667 -463 -204 (5.73)10°
336 h Set 5 -624 -640 -491 -149 971.10
Set 6 =704 -716 -494 -222 (4.13)10°
504 h Set 5 -693 =710 -454 -257 971.60
Set 6 -637 -659 -453 -206 (4.16)10°
672 h Set 5 -667 -682 -503 -180 704.70
Set 6 -604 -624 -493 -131 (4.4710°

a competition occurs between the processes of pitting
nucleation and re-passivation.

The strength against pitting nucleation (SAPN)
values for both sample sets pass through maxima, due to
the already mentioned competition between the pitting
nucleation and re-passivation. In the case of the CeCC
formation at 20°C (Set 5), the SAPN values gradually
increase until the 504" h of exposure. For comparison,
the samples from Set 6 show a more remarkable
increment of these values, reaching a maximum at the
336" h of exposure. This difference in the SAPN values
can be explained assuming cracking of the AAO/CeCC
layers of Set 6. The accumulation of corrosion products
in the cracks of the samples from Set 6 leads to the earlier
reaching of the maximum SAPN value, compared to Set 5.
However, the maximum registered SAPN value for Set 5
is higher. The reason for this fact is the much smaller
number of defects in this case. Hence, the access of the
MCM components to the metallic surface is efficiently
suppressed, enabling re-passivation of the damaged
AAO areas under the cracks.

Finally, after these maxima, the SAPN values
decrease again for both sets. This subsequent reduction
in SAPN occurs because pits that are not passivated
continue to grow, turning into intergranular corrosion
[S1,55].

Clear differences are also observed for the evolution
of the R values of Set 5 and Set 6. The polarization
resistance values of the AAO/CeCC layers, formed
at the lower temperature (Set 5) tend to 1 MQ cm?,
whereas those, formed at 50°C (Set 6) reveal higher
R values, tending to about 5 MQ cm?®. However, the

1298

difference between these values is not so pronounced,
and considering that the CeCC deposition at 50°C leads
to solution precipitation, the spontaneous deposition at
20°C seems more attractive for industrial applications.

The R values reach maxima after 168 h of exposure
in both cases, due to the more intensive accumulation of
corrosion products in the cracks and defects of the AAO/
CeCC layer during the initial period of exposure. This
process is most probably combined with CeCC swelling
due to film hydration.

The Nyquist plots of the EIS spectra (Fig. 6a, b) show
a sharp increase in Z’(- Z”) - arcs at 168 h of exposure,
confirming the conclusions made regarding the efficient
obstructions of the cracks and defects at the initial exposure
periods. Further, the recorded arcs of Set 5 are relatively
smaller, compared to those of Set 6. Consequently, the
former AAO/CeCC layers have a relatively lower
resistance, compared to this of the latter. Probably
the CeCC layers of Set 5 are thinner than those of
Set 6. Thus, the former do not cover completely the
intermerallic inclusions.

The corresponding Bode |Z|(f)-plots (Fig. 6b, c)
recorded after different exposure times for the two
sets are indistinguishable. Besides, there is no notable
difference between the respective plots for Set 5 and
Set 6, either. Consequently, the resistance values for the
respective sets are of the same order of magnitude, as
commented in the previous paragraph.

The phase shift (¢)/frequency (f) plots (Fig. 6d, e)
reveal the occurrence of more than one maximum for
both sets. Their appearance indicates that there are
several interfaces in the corresponding AAO/CeCC
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Fig. 6. EIS spectra of combined AAO/CeCC coatings at 20°C (left) or 50°C (right) after different times of exposure to the
model corrosive medium.
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Table 5. Values acquired by analysis of the recorded EIS spectra of the combined AAO/CeCC layers after different times

of exposure to MCM.
Element Sample Exposure time
24 h 168 h 336 h 504 h 672 h
R, Set 5 28.77 £4.29 65.35+9.03 60.90 £ 6.95 58.60 £5.31 69.75 £9.00
Q cm? Set 6 60.65 = 10.66 113.35 £ 24.40 46.55 +46.28 57.80 £20.60 66.60 = 14.85
ayer Set 5 469.9 + 32.47 265.15+£19.65 | 265.30+23.48 | 607.10+59.92 | 821.95+120.00
nF cm* Set 6 198.10 + 7.99 144.35 + 6.63 88.35+5.85 83.70 +£2.87 79.75+3.71
e Set5 284.30 +£57.00 | 408.55+41.93 27590 +£40.78 | 287.45+25.44 | 325.95+42.23
Q cm? Set 6 780.67 £ 60.12 | 1650.01 £110.83 790.06 = 60.09 | 850.00 +£110.11 | 770.09 + 80.05
CPE,_, 107, Set 5 33.74+£0.72 40.99 £ 1.61 52.53+£2.22 54.66 +40.07 70.74 £ 4.33
s'Qlem? | Qet6 | 21.23+0.46 21.81+0.59 11.01 +1.28 10.49 + 0.83 6.01+0.57
Set5 0.81 £0.01 0.80 £0.01 0.77 £0.01 0.82 +0.01 0.83 £0.01
B Set6 0.86 £ 0.01 0.86 +0.01 0.78 £0.01 0.79 +£0.01 0.77 +£0.01
R, Set5 0.94+0.36 5.59+0.15 3.25+0.39 1.61 £0.18 2.82+0.67
MQ cm? Set6 16.41 +0.89 19.03+4.60 | (520+0.71)10° | (7.42 +0.83)10° | (6.33 = 0.40)10°
CPE,_ 107, Set3 476.75 + 123.91
s Qlem? Set 6 10.73 £1.38 10.98 +£0.90 9.50 +0.62
Set5 0.52+0.14
! Set6 0.95+0.01 0.94 +0.01 0.96 £ 0.01
layers, the capacitances of which are commented below. CONCLUSIONS

The EIS spectra in Fig. 6 were submitted to further
analysis by fitting to MECs, shown in Fig. 4b and Fig.
4c. It was established that the circuit in Fig. 4c¢ is more
appropriate for the long-term exposure experiments.
Thus, the practice has shown that an additional constant
phase element is necessary, to describe the notable
diffusion processes, which proceed inside the pores and
defects of the layers. It was marked as CPE_ and is
given in bule in the modified MEC. The obtained results
are summarized in Table 5.

Fitting of the EIS data to the MECs has shown that
the element CPE
Set 5, whereas for Set 6, it appears at the end of the entire

appears after 168 h of exposure for

exposure period. Its appearance coincides with a sharp
decay of the R values. Consequently, from the data in
Table 5 it could be concluded that the AAO/CeCC layers
of Set 5 are more durable, despite their lower barrier
ability compared to Set 6.
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The present study is a part of systematic research
activities, dedicated to the application of rare earth
elements for the elaboration of reliable and durable
coating primers. The impact of the cerium conversion
coating on the surface characteristics of AA2024-T3
alloy samples with and without preliminary anodization
was consistently evaluated. For completeness, the CeCC
layers were deposited at two different temperatures.

The present research work was completed by
performing electrochemical measurements by two
independent methods (PDS and EIS) during extended
exposure to the model corrosive medium. This approach
has enabled to determine both the barrier ability of all
investigated samples, and the durability of the specimens
that showed best performance.

The PDS curves and EIS spectra acquired after
24 h of exposure to the model corrosive medium have
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revealed that the superior barrier ability belongs to the
combined AAO/CeCC coating primers. The CeCC
deposition on preliminary anodized samples at 50°C
additionally enhanced the barrier properties of the
resulting combined coating primer. These facts have
confirmed the synergism between the applied surface
treatment procedures.

In turn, the durability tests have shown that corrosion
on the AAO/CeCC covered AA2024-T3 samples
proceeds with notable re-passivation of the surfaces.
Besides, despite their relatively lower barrier ability the
combined AAO/CeCC, formed at 20°C are relatively
more durable than those obtained at 50°C.

The most important conclusions from the present
research work are related to the occurrence of clear
synergism between the anodization and CeCC formation
procedures. The layers, formed at 50°C revealed inferior
durability compared to those obtained at, 20°C although
the higher barrier ability of the former. Hence, the
spontaneous CeCC deposition at 20°C could be more
attractive from technological point of view, since it does
not result in precipitation of the deposition solution.
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