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Plasma electrolytic oxidation (PEO) has been targeted as an eco-friendly alternative technology to conventional
chromic acid anodizing (CAA) for corrosion protection of aluminium alloys in the aircraft industry. However,
conventional PEO technology implies high energy consumption. Flash-PEO coatings (<10 pm) produced in short
treatment times (< 5 min) constitute a feasible way to overcome this limitation. Nevertheless, the long-term
corrosion resistance is compromised, thus requiring novel sealing post-treatments. The present work studies
the effect of stand-alone hybrid sol-gel (HSG) and Ce-doped hybrid sol-gel (HSG—Ce) coatings as a sealing post-
treatment to evaluate the long-term corrosion resistance of Flash-PEO coatings on aluminium alloy (AA) 2024-
T3. The characterization of the PEO, HSG, and HSG-Ce coatings was performed by scanning electron microscopy,
X-ray diffraction, water contact angle, dry adhesion tests (ISO 2409), optical profilometry and Fourier transform
infrared spectroscopy. The corrosion behaviour was assessed by electrochemical impedance spectroscopy up to
21 days (3.5 wt% NaCl). Active corrosion protection was assessed by immersion tests of artificially scratched
coatings. Present findings reveal that low-energy-cost Flash-PEO coatings were successfully formed on AA2024-
T3 alloy. Both HSG and HSG-Ce coatings were homogeneously formed on Flash PEO coating. Regarding the
corrosion resistance, HSG-Ce showed significant scratch protection during 21 days of immersion in 3.5 wt%
NaCl. The results suggest that, while the release of Si and Ce from the coating provided corrosion protection,
NO; release promoted localized corrosion phenomena in the scribe. This was associated with the preferential
pitting corrosion phenomena at the Cu-rich intermetallic compounds instead of forming a thick and stable NO; -
rich passive layer.

1. Introduction

One of the most widely used aluminium (Al) alloys in the aircraft
industry is AA2024-T3 (e.g., fuselage, wing parts, and internal struc-
tures). This is owed to its low density, excellent formability, and, espe-
cially, its high strength-to-weight ratio [1]. However, the high
complexity, heterogeneity and population density of intermetallic
compounds in the AA2024-T3 microstructure have a detrimental effect
on its corrosion resistance [2]. So far, the most common protection
scheme for Al alloys in the aircraft industry is a multi-layer system: (i) a
pre-treatment (a highly adherent oxide film formed by conventional

anodizing), combined with (ii) multiple organic-based layers (polymer-
based primer layers and paint). Both layers contain Cr(VI)-based com-
pounds because of their excellent protection ability. However, they are
highly toxic and carcinogenic, and their removal from wastewater is
particularly costly [1,3].

Over the last decade, promising substitutes for chromic acid anod-
izing (CAA) have been identified, such as anodizing in tartaric-sulfuric
acid (TSA) and boric-sulfuric acid (BSA) mixtures. The latter has been
identified as toxic [4]. Both treatments are used for non-bonding and
non-fatigue-sensitive applications, respectively. Nevertheless, none of
these alternatives provides the same level of corrosion protection as
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CAA, which is still used in critical components [3,4]. Therefore, the
search for high corrosion resistance Cr(VI)-free surface treatments with
low thickness and compatible with sealing post-treatments is still of
pivotal importance.

Depending on the application, Al cladding, commercial sol-gel, and
Zr/Ti-based pre-treatments are used for corrosion protection of AA2024-
T3 alloy [4]. However, critical structures are usually anodized for
maximum corrosion protection and paint adhesion.

In this scenario, the lack of Cr-free alternatives is boosting the search
for alternative surface treatments for anodizing, i.e., plasma electrolytic
oxidation (PEO). PEO is a plasma-assisted electrochemical surface
treatment characterized by anodizing in eco-friendly alkaline electro-
lytes at high voltages to produce ceramic coatings with a high level of
corrosion protection on Al alloys [5]. Nevertheless, commercially, PEO
technology does not compete with conventional anodizing due to its
high energy consumption, i.e., high voltages (200-400 V), current
densities (10-60 A drn_z), and long treatment times (15-60 min) [5,6].
These conditions give rise to the formation of 50-200 pm-thick coatings,
which strongly affect the fatigue properties, thus limiting their potential.

Therefore, to implement PEO technology as a feasible alternative to
CAA, thin and short-time-application PEO coatings are required, i.e.,
Flash-PEO [7,8]. So far, several studies addressed the formation of Flash-
PEO coatings on Al alloys with similar corrosion protection to conven-
tional thick PEO coatings [7,9]. Nevertheless, the long-term corrosion
resistance of such Flash-PEO coatings is comparable to that of the base
material itself [7]. Future developments must include long-term corro-
sion protective sealing post-treatments [5].

Currently, most Cr-free sealing post-treatments originally developed
for anodizing can be applied for PEO coatings, e.g., layered double hy-
droxides (LDH), organic polymeric coatings, silica-based coatings, etc.
[10,11]. Among them, hybrid sol-gel (HSG) coatings stand out due to
their overall improved corrosion and mechanical performance
compared to conventional inorganic-based sol-gel coatings [12]. The
formation of HSG coatings combines inorganic and organic polymeri-
zation. The inorganic part provides enhanced mechanical support,
whereas the organic part adds flexibility and decreases treatment tem-
perature [13,14].

This sealing post-treatment has been targeted as a corrosion-
protective, cost-effective, simple, and eco-friendly strategy in several
studies [15-17]. Although HSG coatings provide efficient barrier pro-
tection to Al alloys, they do not provide active corrosion protection
when damage occurs. However, active corrosion protection is an
important prerequisite to consider as aircraft components usually suffer
damage during their service life.

To overcome this limitation, new formulations of HSG loaded with
rare salt-based corrosion inhibitors (e.g., Ce(IIl), Li, molybdates, vana-
dates) have been investigated on bare AA2024-T3 and, more recently,
on anodic films [18-21].

Among such inhibitors, the incorporation of Ce-based salts into the
HSG formulation shows a remarkable improvement in the active
corrosion protection properties. In detail, when corrosion occurs, ce3t
ions are hydrolyzed, and insoluble Ce hydroxides precipitate on the
cathodic sites on the AA2024-T3 surface. As a consequence, these
compounds act as a protective barrier against oxygen diffusion and its
reduction and hence lower the overall cathodic activity [19,22,23].

In this scenario, to the best of the author's knowledge, the available
literature based on duplex PEO/HSG systems is non-existent for thin
PEO coatings as the available studies are focused on developing con-
ventional sol-gel coatings on thick PEO coatings (> 10 pm) [18,24,25].

The ultimate goal of the present work is to address this lack of un-
derstanding regarding the effect on corrosion resistance of a hybrid
multilayer system based on HSG. Hereto, the present study aims to
develop a multilayer protection scheme for legacy aerospace alloy
AA2024-T3 by developing (i) a thin and cost-effective PEO coating (< 5
pm) and (ii) sealing post-treatments based on HGS and HGS—Ce.
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2. Materials and methods
2.1. Surface preparation

The base material used in the present work is AA2024-T3, supplied
by Famimetal S.L. (wt%: 3.8-4.9 Cu, 1.2-1.8 Mg, 0.3-0.9 Mn, <0.5 Fe,
<0.5 Si, <0.25 Zn, <0.15 Ti, <0.10 Cr and Al balance). The size of the
rectangular specimens was 40 mm x 25 mm X 2 mm. Prior to PEO
treatment, all specimens were etched and desmutted following a com-
mercial procedure recommended by Henkel and described in [7]. Once
cleaned, the working area (~20 cm?) was delimited using an epoxy resin
(red stopping off laquer, MacDermid Enthone) with an electrical
connection provided via a shielded copper wire for PEO treatment.

2.2. PEO coatings

The PEO treatments were performed using a 2 kW AC power supply
(EAC-S2000, ET Systems Electronic). RMS (root mean square) voltage
and current signals were recorded continuously using a Keithley KUSB-
3116 data acquisition card (500 kS/s). The experimental setup was
equipped with a cylindrical counter electrode (AISI 316L) with a 2 L
jacketed cell operating at constant temperature (20 = 1 °C) under
continuous stirring of the electrolyte. The electrolyte composition and
the PEO electrical parameters are summarized in Table 1.

After the PEO process, all samples were cleaned in deionized water,
isopropanol and dried with hot air steam. The specific energy con-
sumption (Py,) was calculated by integrating the voltage-current signals
over time.

2.3. Hybrid sol-gel preparation

Two HSG coatings were applied onto the PEO-coated AA2024-T3
alloy. The first one was synthesized without corrosion inhibitor and used
as a reference. The second was doped with Ce(NO3)3-6H0.

Both HSG coatings are GPTMS-TEOS-based (3-(glycidyloxypropyl)
trimethoxy silane and tetraethoxysilane, respectively). To enhance the
resultant barrier properties, coating thickness and density of the GPTMS-
TEOS-based coating, SiO, nanoparticles were added to the GPTMS/
TEOS solution [26,27]. Namely, the HSG synthesis was performed ac-
cording to the experimental procedure detailed in [22,23]. The molar
ratios of the hybrid sol-gel coatings were TEOS/GPTMS/SiO2 = 0.5/
0.5/0.54 and TEOS/GPTMS/Si02/Ce = 0.5/0.5/0.54/0.03, for HSG and
HSG—Ce, respectively.

Both coatings were deposited by using the dip-coating technique
with a withdrawal rate of 30 cm min . The dwell time in the solution
was 1 s. Samples were heat-treated for 1 h at 120 °C to complete the
polymerization between the sol and the PEO-coated substrate.

The designation of the studied coatings is PEO, HSG (inhibitor-free),
and HSG-Ce (Ce-doped HSG coating). Note that all the specimens

Table 1
PEO electrolyte and applied conditions.
Electrolyte Voltage Voltage Frequency Limiting Time
/v initial [Hz] current [s]
vl ramp [s] [mA em 2]
105gL! 490/ 60 400 100 100
Na,0 ~110
(8i0,)3-5H,0 (square
(CAS: 13729)  signal)
5gL7!
Na3(PO4)-
12H,0
(CAS:
10101-89-0)
28gL!
KOH (CAS:

1310-58-3)
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include a PEO layer. For ease of understanding, Fig. 1 summarizes the
multi-layer protection scheme addressed in the present work.

2.4. Coating characterization

The studied coatings were analyzed in the top and cross-sectional
views (mechanically ground through successive grades of SiC paper
and polished with a 1 pm diamond paste), using a JEOL JSM 6400
scanning electron microscope (SEM) equipped with energy dispersive X-
ray microanalysis (EDS) equipment for semi-quantitative analysis (Ox-
ford Link).

The thickness of the studied coatings was determined using an ISO-
SCOPE FMP10 eddy current meter (Fischer) equipped with an FTA3.3H
probe. ImageJ software was used for image analysis of the PEO coating
porosity, using at least three SEM plan view micrographs at x500
magnification for each coating.

Identification of the crystalline phases in the PEO coating was carried
out by X-ray diffraction (XRD) analysis using a Philips X'Pert-MPD in-
strument (Cu Ko = 1.54056 10\). XRD patterns were analyzed with the
ICDD™ database. XRD spectra using grazing incidence (0.5°) were ac-
quired in the 20 range from 20° to 80° with a step size of 0.05° and a
dwell time of 2 s per step.

Deionized water contact angle (WCA) measurements were carried
out using an FTA 1000/FTA instrument and FTA32 software. The values
quoted are the average of 6 drops measured on two samples (3 drops
each).

Dry adhesion was evaluated in triplicate on HSG-coated specimens
following the ISO 2409 standard. The rating system is based on the
detached surface area (%) after the test (rating 0: no detachment; rating
5: complete detachment).

Real and topographic 3D images were obtained with an Infin-
iteFocusSL optical profilometer (InfiniteFocusSL, Alicona). High-
resolution 3D measurements were carried out using a motorized stage
and x10 and x50 magnification objectives. The topographic informa-
tion was analyzed with the IF-Measure Suite software to extract
roughness parameters, such as S, (the difference in height of each point
compared to the arithmetic mean of the surface) and S;, (the sum of the
arithmetic means of the five highest peaks and the five deepest valleys).
Given that HSG coating layers are transparent, these were carbon-coated
to ascertain the abovementioned roughness parameters.

Fourier transform infrared spectroscopy (FTIR) analysis was per-
formed using a Nicolet iS50 instrument equipped with a KBr beam
splitter, a DTSG-KBr detector, and a SpectraTech Performer ATR
accessory with a diamond crystal. The spectrum obtained by the FTIR
technique is in the mid-IR region (4000 and 500 cm™1). The resolution
and number of scans were set at 0.5 cm™ ! and 7500, respectively.

IIT) HSG and HSG-Ce

coatings

Hybrid sol-gel preparation.
Section 2.3

Cleaning procedure-
Section 2.1
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2.5. Corrosion evaluation

2.5.1. Electrochemical impedance spectroscopy

The corrosion resistance of PEO, HSG, and HSG-Ce coatings was
evaluated by electrochemical impedance spectroscopy (EIS) in 3.5 wt%
NaCl aqueous solution at room temperature. A GillAC potentiostat (ACM
Instruments) connected to an electrochemical cell with a Ag/AgCl
reference electrode (3 M KCl), a graphite rod auxiliary counter elec-
trode, and the working electrode (~ 1 cm?) AA2024-T3 were used. All
measurements were performed inside a Faraday cage (Gamry In-
struments VistaShield™) to enable reproducibility of the measurements
by limiting any effects of possible external interference. In all tests, a
sine wave of 10 mV amplitude and a frequency range of 10°-1072 Hz
was applied at different immersion times (1 h, 3, 7, 14, and 21 days). The
Zview™ software was used for the EIS data analysis. The goodness of fit
was guaranteed by chi-square values <0.01 (square of the standard
deviation between the original data and the calculated spectrum) and,
additionally, by weighted sum of squares <1.0. The latter is proportional
to the average percentage error between the data points and the fitting
points. All measurements were repeated twice.

2.5.2. Active corrosion protection evaluation

Immersion tests of PEO, HSG, and HSG-Ce coatings were performed
on scratched samples. An artificial cross-shaped defect was created with
a knife blade; the defect depth was higher than the thickness of the
coating. Scratched coatings were monitored by optical microscopy and
SEM/EDS analysis after 1, 3, 11, and 21 days of immersion in a 3.5 wt%
NaCl aqueous solution. After the tests, the active corrosion protection
was evaluated by SEM/EDS analysis.

3. Results and discussion
3.1. PEO coating formation and characterization

Fig. 2 shows the voltage- and current density-time transients during
the PEO treatment of the 2024-T3 alloy. As can be seen, the voltage
ramp (first 60s) is accompanied by an increase of the current (~ 100 mA
em2). There is a current maximum at ~5 s which is related to several
phenomena such as the thinning of the barrier layer and dissolution of
intermetallic compounds [11]. After ~45-55 s (~ 180-250 V),
numerous electrical discharges on the surface were observed which
produced instantaneous current oscillations [6,8]. At this stage, there is
also significant gas evolution (oxygen in the positive and hydrogen in
the negative pulses due to oxidation and reduction of water, respectively
[28]).

Note that the energy consumption value (~ 5.3 kWh m™~2 pm™1) and

IT) Flash PEO layer

PEO coating-
Section 2.2

Fig. 1. Schematic representation of the multi-layer corrosion protection scheme addressed in this study for AA2024-T3.
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Fig. 2. Voltage- and current density-time responses during Flash-PEO treat-
ment of AA2024-T3.

coating thickness (2.5 = 0.3 pm) are much lower than those for the
conventional thick PEO coating for Al alloys, i.e., 20-27 kW hm ™2 ym !
and 50-150 pm, respectively [5].

Notwithstanding, the energy consumption value is higher than that
reported in the literature for other thin PEO coatings (~ 2-2.5 pm)
developed in silicate (2.2 kW h m~2 pm_l) [8,29] and phosphate elec-
trolytes (1.3-4.7 kW h m~2 pm™1) on AA2024-T3 [6].

On that basis, although the coating growth rate of the studied PEO
coating (0.7 pm min ') is in line with the reported coating growth rates
for silicate- (0.4-1.3 pm min’l) [8,29] and phosphate-based electrolytes
(1.3-3.5 pm min~ 1) [30,31], the slightly higher energy consumption
reported in the present work may be associated with the AC PEO pro-
cessing regime mode. The negative pulse involved in the AC regime is
not intended for the PEO coating formation, thus making the process less
energy efficient than the DC regime [6,11].

XRD analysis reveals the presence of y-Al;03 (ICDD reference pattern
00-010-0425) in the studied PEO coating. The detection of Al (ICDD
reference pattern 00-004-0787) is due to the low coating thickness,
thereby allowing the interaction of X-rays with the base material
(Fig. 3).

Note that the a-Al,03 phase, which is typically found in conventional

1 1. Al
2.7-ALO,
=
;Ei
w
=
£
=
[
20 30 40 50 60 70 80

201[°]

Fig. 3. XRD pattern of the studied PEO coating upon application on
AA2024-T3.
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thick PEO coatings (>20 pm) [11], is not detected in the present study.
The predominance of metastable y-Al;O3 over the stable a-Al,O3 phase
is to be expected since the short treatment time of PEO involves short-
lived microdischarges and low coating thickness and, therefore, higher
cooling rates in the discharge channels after they are extinguished (i.e.
heat dissipation towards the substrate and electrolyte is easier for thin
coatings) [7,8].

3.2. PEO and HSG coatings characterization

Fig. 4 shows the top view scanning electron micrographs of the PEO,
HSG, and HSG-Ce coatings.

The short-lasting discharges of the PEO process result in a homoge-
neous surface coating morphology (Figs. 4a) with very sparse sub-
micrometric and circular-like pores (Figs. 4b). Several authors re-
ported that this circular shape is associated with the prompt solidifica-
tion of the coating material after the discharge event [5,11]. It is worth
mentioning that the pore size in the PEO coating is in the order of a few
hundred nanometres (~225 + 110 nm), which may be explained by the
short duration of the treatment. Another explanation may be even
related to the AC mode as the DC regime promotes the formation of
larger pores in phosphate- (~3 pmz) [7] and silicate-based (~5-7 pmz)
[9,32] electrolytes on AA2024-T3.

The studied HSG and HSG-Ce coatings showed a smooth and ho-
mogeneous morphology (Fig. 4 c-f). In both cases, no surface cracks or
detachment areas were observed (Fig. 4 ¢, e). Notwithstanding, the
surface morphology of the PEO layer is evident for HSG coating (Fig. 4 c,
d).

In the case of HSG-Ce coating, no PEO pre-treatment layer was
visible (Fig. 4 e, f). This is due to the beneficial effect of cedt cations,
which promote the condensation and polymerization of the inorganic
and organic networks in the HSG formulation [19,27].

As shown in Table 2, EDS analysis of the PEO coating indicates the
presence of O and Al as the main constituent elements and a small
contribution of Si and P that were incorporated from the electrolyte. The
detection of Cu is probably associated with the penetration of the elec-
tron beam beyond the coating thickness since it is one of the main ele-
ments in AA2024-T3.

By contrast, EDS analyses of HSG and HSG-Ce coatings reveal higher
O, Si, and C concentrations than the PEO coating. This is due to the use
of TEOS and GPTMS in the sol-gel formulation. Note that the C content
obtained by EDS analysis is less accurate as it is an element of relatively
low atomic number (in the PEO coating, C is associated with surface
contamination).

The surface of HSG coating reveals some randomly distributed bright
deposits with higher concentrations of Al and P and lower contents of Si
and C (marked as 2 in Fig. 4d). These deposits were detected in thinner
areas on the HSG coating.

Note that Ce was relatively homogeneously distributed for the HSG-
Ce coating (0.2 at.%; marked as 1 in Fig. 4e). This finding is opposite to
the results of an author's previous work [22], where Ce could not be
detected in a Ce-doped HSG coating formed on an anodized AA2024-T3.
The authors associated this phenomenon with the possible precipitation
of Ce-containing nanoparticles within the inner coating part. By
contrast, Tiringer et al. [23], reported a homogeneous Ce distribution in
higher concentration (0.6-0.9 at.%) on an HSG-Ce coated AA7075-T6.

The results regarding the Ce detection/distribution can be inferred to
be related to the possibly different interaction between the PEO layer (e.
g., morphology, chemical composition, etc.) and the Ce-containing HSG
formulation during the curing process in comparison to prior works.

To accurately address the distribution of the different elements
through the coating structure, including Ce, cross-sectional view SEM
analysis of the studied coatings is depicted in Fig. 5. EDS analysis is
summarized in Table 3.

Cross-sectional micrographs of the PEO coating revealed a multi-
layered structure, with dense and porous band sublayers of ~2.5 +
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c)

100 pm

e)

100 pm

Fig. 4. Plan view secondary electron images of the PEO (a, b), HSG (c, d), and HSG-Ce (e, f) coatings. EDS analysis results of the yellow boxed areas are presented in
Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
EDS analysis (at.%) of PEO, HSG, and HSG-Ce coatings. Locations are denoted on
the top-view SEM micrographs in Fig. 4.

Coating Location o Al Si Cu

PEO 49.1 1.3 . 0.4
37.7 14.0 . 0.2
48.8 3.8 K 0.1
42.8 . 15.6 . -

0.3 pm thickness (Fig. 5a). The pore band and microcracks may be
caused by the evolution of gas bubbles (mainly Oy and Hj) entrapped
during the rapid solidification of molten material in the discharge
channels during the PEO process [5,11].

The application of HSG and HSG-Ce sealing post-treatments gives
rise to the formation of homogeneous films over the PEO coating with
comparable thickness values (~ 4.0 + 0.4 pm) (Fig. 5 c-f).

The EDS analysis reveals that the PEO coating consists mainly of Al,
0, and a low Si content. In addition, a higher percentage of Al, Mg, and P
is detected in the inner areas of the coating. Al and Mg stem from the
substrate, while P and Si originate from the PO}~ and SiO%~ anions from
the electrolyte, respectively. These anions migrate towards the substrate
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Table 3
Cross-section EDS analysis (at.%) of PEO, HSG, and HSG-Ce coatings. Locations are denoted on the cross-view SEM micrographs in Fig. 5.
Coating Location ) Al Si P C Cu Mg Ce
PEO 1 39.7 15.7 0.9 - 43.4 0.1 0.2 -
2 36.6 37.3 0.9 - 24.6 0.3 0.3 -
3 22.1 49.2 0.5 2.3 24.6 0.8 0.5 -
HSG 1 22.5 - 11.0 - 66.4 0.1 - -
2 27.4 0.4 32.5 - 39.5 0.2 - -
3 36.9 4.6 17.5 - 40.9 0.1 - -
4 46.5 23.2 5.8 - 24.0 0.2 0.3 -
5 30.2 41.4 4.0 - 23.0 0.8 0.6 -
HSG-Ce 1 28.4 - 10.4 - 61.0 0.1 - 0.1
2 24.6 0.3 31.1 - 43.2 0.3 - 0.5
3 31.4 1.6 23.0 - 43.2 0.3 - 0.5
4 37.8 11.9 12.6 - 37.2 0.2 0.1 0.2
5 39.7 30.9 2.6 - 25.9 0.5 0.4 -

Regarding the Ce distribution in the HSG-Ce coating, cross-section
EDS analysis confirms the heterogeneous distribution of Ce across the
coating thickness. Ce concentration was higher (0.5 at.%; marked as 2-3
in Fig. 5f) in the middle-upper region (~ 1.5 pm from the surface) than
that in the inner coating part (0.2 % at.; marked as 4 in Fig. 5f). Ac-
cording to U. Tiringer et al. [23,27], this may be associated with the
precipitation of Ce-containing nanoparticles within the coating struc-
ture, especially during the HSG curing step. Fig. 6 shows the FTIR
spectra for the PEO, HSG, and HSG-Ce coatings.

PEO coating (Fig. 6) shows a low-intensity signal at 2871 cm ™! and a
broad band below 960 cm™'. These bands correspond to C—H bond
stress vibrations (surface contamination) and the vibrational modes of
the y-Al,O3 (as detected in the XRD pattern; Fig. 3) [38], respectively.

Both HSG and HSG-Ce coatings showed similar bond vibrations at
3100-3600 cm ™! and 1633 cm ™! assigned to the O—H bonds (water
molecules) and Si-OH groups from the HSG formulation [39]. The C—H
bond vibrations at 2937-2871 ¢cm™! are mainly associated with the
GPTMS precursor (-CHs3 and -CHj groups) and contamination [19,39].
Signals corresponding to Si-O-Si bonds appear at 960-1260, 785, 545,
and 440 cm™! [40]. The most intense bands correspond to asymmetric
vibrations around 1030 cm ™! and are an indication of the complete
formation of the sol-gel coating [40,41].

FTIR spectra of HSG-Ce coating compared to HSG show a lower
signal intensity of the Si-O-Si bands and the asymmetric vibration of the
epoxy ring (at 910 cm™1). Several authors suggest that Ce3* cations in
the HSG formulation promote the catalytic epoxy ring opening by the
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Fig. 6. FTIR spectra of PEO, HSG, and HSG-Ce coatings.

exothermic reaction produced by nitric acid catalyst during sol-gel
preparation [23,27]. This favors the organic precursor (GPTMS) cross-
linking over the inorganic component (TEOS). Note that a higher con-
centration of Ce (>0.1 M) in the HSG formulation (GPTMS-TEOS) may
promote (i) the destabilization of the Si-O-Si network and (ii) the for-
mation of pores over the HSG coating surface [34,35]. Present findings
reveal that the used concentration (0.03 M) is in the range to promote
the formation of a stable and pore-free HSG-Ce coating over the Flash
PEO coating surface (Figs. 4e, f). To further correlate the effect of HSG
sealings on the topographic properties of the PEO coating, Fig. 7 shows
the 3D topographic maps and WCA values of the studied coatings.

As can be seen in 3D topographical maps, all studied coatings show
parallel bands and small circular depressions from the base material
topography (Fig. 7a). The presence of these bands is due to the rolling
process typical in the manufacturing of AA2024-T3 wrought substrate.
The concavities correspond to the dissolution of intermetallic com-
pounds after the chemical cleaning (see Section 2.1).

Note that, although no significant topographic differences in S,; and
S10z values were observed on the 3D maps, the inherent porosity and
topographical heterogeneities of the PEO coating result in rougher sur-
faces than HSG-coated samples (Table 4). This may be related to the
homogeneous HSG deposition on the PEO layer since the increase of
roughness values in HSG coatings is usually associated with the presence
of heterogeneities over the surface [23,42].

Regarding the WCA values (Fig. 7b), the PEO coating shows rela-
tively high hydrophilicity with a contact angle value of (51 & 7)°. This is
due to the presence of sub-micrometric pores and heterogeneities on the
PEO coating surface [7]. On the other hand, the non-porous nature and
homogeneous distribution of HSG and HSG-Ce coatings over the PEO
coating surface result in higher contact angle values [35], namely, (101
+ 6)° and (94 + 4)° for HSG and HSG-Ce coatings, respectively.

Note that the presence of cerium in HSG coating decreases its hy-
drophobicity. A similar effect was observed by Hernandez-Barrios et al.
[41]. The authors reported that the catalytic opening of the epoxy ring
(GPTMS) after Ce incorporation results in the formation of additional
hydrophilic O—H bonds on the HSG coating surface, which corroborates
with the FTIR analysis (Fig. 6).

3.3. Corrosion evaluation of PEO and HSG coatings

Fig. 8 shows the Bode plots obtained for the PEO, HSG, and HSG-Ce
specimens after 1 h and 21 days of immersion in a 3.5 wt% NaCl aqueous
solution (bare AA2024-T3 was also included as reference). For further
information, Fig. S2 shows the impedance at low frequency (10 mHz) |
Z|10 muz of the studied coatings at different immersion times.

The Bode plots of studied specimens show the presence of three
distinct regions: (i) the high-frequency range (10°-10° Hz), related to
the response of the outer coating part at the HSG coating/electrolyte
interface, (ii) the intermediate frequency range (10%-10° Hz), related to
the HSG interlayer, and (iii) the low-frequency range (1072-10° Hz),
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Fig. 7. (a) Optical 3D-topographical maps and (b) WCA images of the PEO, HSG, and HSG-Ce coatings.

Table 4
Roughness values of studied PEO, HSG, and HSG-Ce coatings on the 2024-T3
alloy.

Coating S, (um) S10, (um)
PEO 0.31 £ 0.03 6.2 + 2.0
HSG 0.26 + 0.01 3.8+0.3
HSG-Ce 0.29 £+ 0.01 3.4+03

related to the charge transfer processes at the inner metal/PEO barrier
layer interface. The latter is well-known to provide an estimation of the
overall corrosion resistance, where higher values of |Z|19 mu, indicate a
lower corrosion rate [11,43].

For a short immersion time (1 h), the impedance modulus values of
the PEO and HSG-coated specimens (Fig. 8a) were similar and two or-
ders of magnitude higher than that for the reference bare AA2024-T3,
denoting a corrosion resistance improvement. Despite this, both PEO
and HSG coatings revealed the presence of an impedance drop in the
low-frequency range. This phenomenon is commonly associated with
electrolyte penetration through the coating layers [42,44]. This
impedance drop was not detected in the HSG-Ce coating, which, in turn,
showed the highest impedance modulus values among the studied
coatings.

Regarding the phase angle-frequency plots (Fig. 8b), both HSG and
HSG-Ce coatings show a phase angle drop in the mid-high frequency
range, thus indicating diffusion phenomena of corrosive species
throughout the HSG layers [22,45]. By contrast, the PEO coating shows
a superior response of the outer (10°-10° Hz) and the inner barrier

(10°-10~2 Hz) layers compared to HSG-coated specimens. This higher
stability is also in line with the similar impedance modulus of the PEO
coating compared to HSG-coated specimens.

For longer immersion times (21 days), the PEO coating shows a two
magnitude orders decrease in the impedance modulus over the entire
frequency range. Namely, the impedance modulus of the PEO coating
decreased after 3 days of immersion (Fig. S2) and, after 21 days of im-
mersion was comparable to the reference AA2024-T3 alloy (Fig. 8c). By
contrast, HSG-coated specimens show a minimal decrease in the
impedance moduli at all the studied immersion times (Fig. S2), indi-
cating the beneficial effect of the HSG coating on long-term corrosion
resistance (Fig. 8b).

The phase angle values at high frequency were higher for HSG and
HSG-Ce coatings compared to those for PEO coating (Fig. 8d). However,
at low frequencies, the phase angle values of PEO, HSG and HSG-Ce
coatings were higher than those for 1 h of immersion. This may be
attributed higher protective character of the HSG layer and/or the
protective character of corrosion products from the underneath PEO
layer [17,36].

The equivalent circuits used to interpret the EIS results are repre-
sented in Fig. 9. Considering the non-ideal behaviour (non-ideal resistor)
of the system, constant phase elements (CPE) were used.

For the PEO coating at short immersion times (Fig. 9a), the equiva-
lent circuit elements include R (solution resistance), CPE-p/R;, (capac-
itive and resistive behaviour of the outer porous layer), and CPE-b/Ry,
(capacitive and resistive behaviour of the inner layer).

After 21 days of immersion (Fig. 9b), the outer and inner PEO coating
layers behave as a single oxide layer, giving an overall response of (CPE-
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Fig. 9. Equivalent circuits to fit the experimental EIS data for (a, b) PEO, and c¢) HSG and HSG-Ce coatings after 1 h and 21 d of immersion in 0.1 mol Lt

NacCl solution.

0x/Roy) at medium frequencies. The time constant at low frequencies is
defined by the charge transfer resistance (R.) and the capacitive
behaviour of the double layer at the metal/electrolyte interface (CPE-
db.

In the case of the HSG and HSG-Ce coatings (Fig. 9c) at the studied
immersion times, the equivalent circuit elements include the stand-
alone sol-gel layer (CPE-HSG/RHSG) response, the outer layer of the

PEO coating response (CPE-PEO-p/R PEO-p) and, the contribution of the
inner layer of the PEO coating (CPE-PEO-b/R PEO-b).

Table 5 shows the electrical parameters obtained by fitting the
equivalent circuits for 1 h and 21 days.

For easier understanding, the simulation parameters corresponding
with the different coating parts detailed in Fig. 9, will be named as
follows:

Table 5
Fitted electrical parameters of studied coatings after 1 h and 21 days of immersion in 3.5 wt% NaCl solution.
Coating  CPE-1 n-1 R-1 CPE-2 n-2 R-2 CPE-3 n-3 R-3
1h
PEO 1.5-1077 0.73 4.2.10° 5.21078 (+ 0.90 1.70-10* - - -
(£510°%) (£0.01) (£7-10%) 2:1079) (£0.01) (+£4-10%)
HSG 1.7.1077 0.48 2.8.10° 8.51078 (& 0.86 5.0-10* 2.31078 0.88 1.66-10*
(+£3-107%) (+0.09) (£3-10%) 6107 (40.03) (+1-10%) (+£2:1079) (+0.04) (+2:10%)
HSG-Ce 6.3-10°% 0.53 2.1-107 2.61078 (+ 0.88 8.2:10° 4.6107° 0.98 5.4-10*
(+8-107%) (+0.03) (£2-10%) 5.107%) (40.02) (£2-10% (£1-10719 (40.01) (£3-10%)
21 days
PEO 1.6:107* 0.73 2.5.10° 5.0107° 0.87 1.6:10* - - -
(+4-107%) (+£0.07) (+£2-10% (+8107%) (+0.01) (+4-10%)
HSG 9.91077 0.71 5.7-10° 4.41077 0.81 2.8-10* 1.5:1077 0.77 7.0-10°
(+8-107%) (+0.02) (+8-10%) (+8107%) (40.01) (£2-10%) (+£4-107%) (40.01) (+1-10%)
HSG-Ce  1.2.1077 0.70 8.0 -107 311078 0.83 8.3.10* 1.6:10°8 0.90 3.0-10°
(£7-107%) (+£0.01) (£1-10%) (£5-107%) (£0.04) (£1-10%) (£6-1079) (40.03) (+1-10%

+ Units: CPE: F s™Y.cm™2; R: Q cm?.
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(i) The inner layer of the PEO coating (CPE-b/R}, (1 h) and CPE-dl/
Rt (21d)): CPE/R-1.
(i) The outer layer of the PEO coating (CPE-p/R;, (1 h) and CPE-ox/
Rox (21d)): CPE/R-2.
(iii) The external HSG coating layer (CPE-HSG/RHSG): CPE/R-3.

For a short immersion time (1 h), the resistance and CPE values of the
outer (CPE2/R2) and inner (CPE1/R1) layers of the PEO coating are
comparable to those of the HSG coating (CPE3/R3) (Table 5). This may
be associated with the relatively low porosity of the PEO coating (Fig. 4),
thereby delaying the electrolyte penetration through the coating layers
at the early stages of the corrosion process.

For longer immersion times (21 d), the PEO and HSG coatings show
an overall decrease in the resistance values of all coating layers and an
increase in the CPE values (Table 5). This is associated with the loss of
protective barrier properties and the onset of electrochemical activities
at the substrate/coating interface [22,46]. This is common for PEO
coatings, where the long-term corrosion resistance is usually compro-
mised [7,31].

By contrast, such a decrease is not so evident for HSG-Ce coating, as
the resistance values are in the same order of magnitude after 1 h of
immersion (Table 5). Considering the comparable thickness between
HSG and HSG-Ce coatings, the beneficial effect of Ce incorporation into
the HSG-Ce coatings in the long-term corrosion resistance is probably
due to the synergic effect of (i) the low porosity of the PEO coating and
(ii) improved HSG barrier effect due to a protection mechanism
involving the precipitation of Ce compounds. This combined effect may
hamper the electrolyte penetration throughout the coating, thus
providing the highest long-term corrosion protection [27,47].

15 pm
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After the EIS test, all studied coatings were further analyzed by SEM
(Fig. 10) and EDS analysis (Table 6).

As can be seen in Fig. 10a, the PEO coating shows signs of hydration,
with most of the pores sealed. Note that the hydration phenomenon was
not extensive as the Al/O ratio (0.65; Table 6) is similar to the original
surface (0.66; Table 2).

This may be associated to some extent with the formation of
aluminium hydroxides as corrosion products, possibly bayerite (p-Al
(OH)3) [48]. Besides, its low density compared to y-Al;03 (~ 2.5 vs. ~
3.6 g cm~>) can lead to coating cracking due to induced stresses, thus
eventually decreasing the overall long-term corrosion protection, as
shown in the EIS test (Fig. 8b).

Regarding the HSG and HSG-Ce coatings, the underlying PEO layer
was visible due to the HSG cracking. This is possibly related to the HSG
layer hydration during the immersion test, thus leading to the hydrolysis
of Si-O-Si bonds [22,49] (Figs. 10b, c).

Table 6

EDS analysis (at.%) of PEO, HSG, and HSG-Ce coatings after 21 days of im-
mersion in 3.5 wt% NaCl aqueous solution. Locations are denoted on the top-
view SEM micrographs in Fig. 10.

Coating Location o Al Si Na C Cu Ce
PEO 1 52.6 34.4 0.9 - 11.1 1.0 -

1 45.0 17.8 8.0 - 29.0 0.2 -
HSG 2 47.7 35.1 1.3 - 15.4 0.5 -

3 41.7 11.1 13.1 - 33.9 0.2 -

1 44.2 11.5 11.5 0.5 31.9 0.2 0.2
HSG-Ce 2 16.9 68.1 12.4 - - 2.6 -

3 41.8 2.9 15.1 0.5 39.4 - 0.3

Fig. 10. Top-view scanning electron micrographs of (a) PEO, (b) HSG, and (c) HSG-Ce coatings after 21 days of immersion in 3.5 wt% NacCl aqueous solution. EDS
analysis results of the yellow boxed areas are presented in Table 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 11. Scanning electron micrographs corresponding to the scribed plan views of studied coatings after 11 and 21 days immersion in 3.5 wt% NacCl solution. EDS
analysis results of the yellow boxed areas are presented in Table 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

12
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Fig. 11. (continued).

This was likewise confirmed by the EDS analysis, where the Si/Al
ratio decreases due to a greater contribution from the inner PEO layer
(Table 6).

On that basis, the low phase angle values and the non-ideal behav-
iour of these coatings at the early stages of the corrosion test may be
related to the diffusion processes for PEO, HSG, and HSG-Ce coatings.
Therefore, the partial HSG layer detachment and the possible protective
character of the underneath PEO layer corrosion products may explain
the higher impedance and phase angle values for HSG and HSG-Ce
coatings after the corrosion test (Fig. 8b, d). Notwithstanding, there is
no damage to the underlying AA2024-T3 substrate (Fig. 10).

It is interesting to note that the effect of Ce incorporation is not

Table 7

noticeable from a coating stability point of view. This is opposite to the
results found for a Ce-doped HSG coating on conventional anodizing,
where a less-cracked surface was observed after the corrosion test for 21
days in 0.1 M NaCl (aq.) [22]. Considering the corrosive character of the
chloride anions, the degradation of the inner Flash-PEO layer at the
early stages of the corrosion test may also favour the outermost HSG
layer detachment.

3.4. Evaluation of active corrosion protection of HSG-coated specimens

Fig. 11 shows the SEM micrographs of the corrosion damage as a
function of immersion time on scribed PEO, HSG, and HSG-Ce coatings

EDS analysis (at.%) of PEO, HSG, and HSG-Ce scribed coatings after 11 and 21 days immersion in 3.5 wt% NaCl aqueous solution. Locations are denoted on the top-

view SEM micrographs in Fig. 10.

Coating Location o Al Si Na C Cu Mg Ce
11 days
PEO 1 52.4 29.1 2.4 1.2 13.9 1.0 -
HSG 1 44.7 15.7 8.6 1 29.6 0.4
2 46.1 10.8 10.3 1.3 31.1 0.4
3 47.7 27.1 5.8 3.6 14.6 1.2
HSG-Ce 1 9.6 72.4 1.9 - - 15.8 0.3
2 41.4 12.8 13.3 1.0 30.4 0.7 0.4
21 days
PEO 1 52.4 29.1 2.4 1.2 13.9 1.0 -
2 53.3 25.9 2.5 1.0 15.2 1.8 0.3
3 50.0 28.2 2.5 0.8 15.2 2.9 0.4
4 53.7 30.4 1.8 0.2 12.5 1.0 0.4
HSG 1 46.1 16.1 8.1 1.1 28.2 0.4
HSG-Ce 1 44.3 23.6 5.3 3.9 20.2 2.7 -
2 52.0 15.9 9.2 1.5 20.7 0.3 0.4
3 56.1 25.6 2.4 1.3 13.2 1.2 0.2
4 44.0 16.5 10.0 0.9 28.4 - 0.2
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up to 21 days of immersion in 3.5 wt% NaCl solution. Table 7 shows the
corresponding EDS analyses. Note that the selected immersion times in
Fig. 11 were those in which visible corrosion was observed (Fig. S3).

After 11 days of immersion, the PEO coating shows the accumulation
of corrosion products, possibly related to localized corrosion phenom-
ena (marked with arrows in Fig. 11b). This is in line with the long-term
EIS tests (Fig. 8b).

After 21 days of immersion, the high oxygen content on the artificial
defect may be related to the formation of aluminium hydroxides
(marked as 1 in Fig. 11c). Interestingly, Si (~2.5 at.%) is also detected in
this area. This may be associated with the Si release from the PEO
coating since the Si content from the AA2024-T3 is negligible (< 0.5 wt
% Si; Section 2.1).

In the case of the HSG coating, the sol-gel layer cracking occurs after
11 days of immersion due to water uptake and hydrolysis of the Si-O-Si
bonds (Fig. 11b). This cracking is more noticeable in the regions sur-
rounding the scribe due to the induced stresses by the cutting tool. As in
the PEO coating, Si was detected in the corrosion products on the scribed
surface. Nevertheless, the Si content is higher (~6 at.%; marked as 3 in
Fig. 11f) than PEO. This may be due to the additional Si source from the
HSG coating.

By contrast, HSG-Ce coating shows a less-cracked surface after 11
and 21 days of immersion. This may be due to the enhanced interaction
of HSG-Ce coating with the PEO layer before the corrosion tests (Fig. 4 e,
f.

After 11 days of immersion, there are (i) partially corroded areas (~
9 at.% O; marked as 1 in Fig. 11j), (ii) pitting corrosion, and (iii)
corrosion products precipitation with a small amount of Ce (~0.3 at.%
Ce, marked as 1 in Fig. 11j).

After 21 days of immersion, the scribed defect surface remains
almost unchanged, but the pitting corrosion is more evident (Fig. 11k).
The EDS analysis over the pitting surface reveals that the Si signal in-
creases (~5 at.% Si; marked as 1 in Fig. 111) compared to that observed
after 11 days (~2 at.% Si; marked as 1 in Fig. 11j). Regarding Ce dis-
tribution, it is worth mentioning that although no Ce was detected in the
marked pitting, the cross-section analysis of the HSG-Ce coating after 18
days of immersion (Fig. S4; Table S1) reveals its homogeneous distri-
bution (~0.05-0.08 at.% Ce) over the artificial defect.

Therefore, based on the present findings in SEM/EDS analysis of
scribed specimens, a corrosion protection mechanism can be proposed
for the HSG-Ce coating.

According to this, when bare Al in the artificial scribe is exposed to
the corrosive medium (3.5 wt% NaCl, pH ~6.5), there is a release of AR*
ions (Eq. (1)) and subsequent precipitation of bayerite (Eq. (2)) [22,48].

Al(s)—>Al* (aq) + 3¢~ (€))

APP*(aq) +3H,0(1)—Al(OH);(s) +3H" (aq) &)

Simultaneously, the gradual PEO coating degradation may result in
Si release as silicic acid (Si(OH)4). In the case of HSG-coated PEO
coatings, the Si release is higher due to the additional HSG layer
contribution. At the studied pH, silicic acid tends to condense and pre-
cipitate as amorphoussilica particles [50] or even interact with A1(OH)3,
leading to the precipitation of amorphous aluminosilicates, which may
act as a protective barrier (Eq. (3)) [51,52].

AI(OH);(s) + Si(OH), (aq)— (HO),Al — O — Si(OH)3(s) + H,0(1) 3)

Although this mechanism may be common for both HSG coatings, it
should be noted that HSG-Ce coating shows a higher susceptibility to
pitting corrosion (Fig. 11k). This may be related to the presence of Ce
(NO3)3 in the HSG formulation as explained below.

The presence of Ce (Table 7) is prone to protect where reduction of
oxygen takes place (cathodic reaction), i.e., on the intermetallic com-
pounds (IMCs) (Eq. (4)). This reaction increases the local pH at the IMC
and promotes the precipitation of Ce(OH)3 (Eq. (5)) and Ce(OH)4 (Eq.
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(6)). The formation of these hydroxides has been previously reported in
a neutral environment at pH above 6, although may also occur at pH ~ 3
when there is Ce** [22,53].

0,(aq) + 2H,0(aq) +4e~ —40H™ (aq) (©)]
Ce’*(aq) +30H (aq)—Ce(OH);(s) (5)
Ce*"(aq) +40H (aq)—Ce(OH),(s) (6)

Although the incorporated Ce(NOs)s in the sol-gel layer reduces the
overall corrosion over the scribed surface, due to Ce release and pre-
cipitation of Ce hydroxides, it also appears to induce pitting. This is
possibly related to the release of NO; ions.

Nitrate ions are efficient inhibitors for aluminium as they favour the
formation of protective oxide films over the aluminium alloy matrix.
However, in competition, preferential dissolution of Cu-rich particles
may occur in presence of nitrate ions, the cathodic reaction being the
reduction of nitrate ions [54].

In the present study, it is worth mentioning that N was not detected
by EDS analysis of the HSG-Ce coating (Table 7). A possible explanation
for this finding may be its incorporation in the inner HSG coating part at
a minimal concentration.

Therefore, it is possible that NO3 release, even at minimal concen-
trations, may be responsible for promoting pitting corrosion phenomena
at the IMC regions instead of forming a thick and stable NO; -rich pas-
sive layer (Fig. 11 k, i). Based on the results by Blanc et al. [54], it is
suggested that a higher liberation of NOj is needed to further enhance
the stability of the passive film and minimize pitting in the scribed area.
Hereto, present findings indicate that the active protection mechanism
of HSG-Ce coating may be associated mainly with both Si and Ce species.

4. Conclusions

The main conclusions regarding the synthesis, characterization, and
corrosion performance of the studied inhibitor-free and Ce-containing
Flash PEO-HSG coatings can be summarized as follows:

e PEO coatings with an energy consumption of ~5.3 kW h m~2 pm™!
and ~2.5 pm thickness were successfully produced on a 2024-T3
aluminium alloy by using a silicate-phosphate-based electrolyte.
The energy consumption and thickness values for the studied PEO
coating are considerably lower compared to conventional PEO
treatments on Al alloys. The coating revealed submicrometric pores
and was mainly composed of y-Al,O3 with traces of Si and P.
Hybrid sol-gel sealings based on TEOS and GPTMS precursors pro-
duced a uniform crack-free 4 pm-thick top layers with lower
roughness in comparison to the PEO coating. Trace amounts of Ce
(~0.2 %) were successfully incorporated into the sol-gel sealing by
using Ce(NOs)s in the precursor solution. Ce was heterogeneously
distributed across the thickness of the sealing layer.

e FTIR results revealed the successful development of the sol-gel
coatings. The presence of Ce seemed to promote the cross-linking
of the organic part in the GPTMS precursor. Both inhibitor-free and
inhibitor-containing sol-gel sealings revealed excellent adhesion to
the base PEO coating. Contact angle measurements showed the hy-
drophilic character of the PEO coating and the hydrophobic nature of
the sealed systems.

o All the investigated coating systems improve the corrosion behaviour

of the 2024-T3 alloy in a saline medium by up to 3 to 4 orders of

magnitude. Electrochemical tests indicated that the HSG-Ce coating
revealed the best corrosion performance after 21 days of immersion
in 3.5 wt% NacCl.

Specimens with an artificial scribe showed an acceptable corrosion

performance after 21 days of immersion in 3.5 wt% NaCl. The un-

sealed PEO coating revealed signs of hydration and pitting, but the
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scribe remained largely unaffected with only a slight formation of
corrosion products. The latter revealed Si which was released from
the surrounding coating. HSG sealing showed degradation in the
form of cracking but remained attached to the surface. The scribe in
the inhibitor-free formulation revealed significant amounts of Si (~5
%), indicating an active protection mechanism involving the pre-
cipitation of aluminosilicates. The Ce-containing sealing revealed a
similar behaviour, however, it is suggested that NOj3 release pro-
moted localized corrosion phenomena in the scribe.

Present findings reveal that HSG-Ce coating will be considered a
promising alternative to hexavalent chromium-free systems for non-
painted components in the aircraft industry. Nevertheless, more
studies concerning localized electrochemical tools, mechanical perfor-
mance, and up-scaling should be carried out in the future to meet the
stringent requirements in the aircraft industry.
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