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ARTICLE INFO ABSTRACT

Keywords: The effect of the presence of an anodic film and hybrid sol-gel coating loaded with corrosion inhibitors was
AA2024-T3 evaluated as a strategy for enhanced barrier and active corrosion protection of aluminium alloy 2024-T3. In this
Anodizing

study, AA2024-T3 specimens were anodized in a modified sulphuric-citric acid bath (SCA) as the first layer of a
corrosion protective multilayer system and subsequently protected by the application of silica-based hybrid sol-
gel coatings. These coatings were doped with LiNO3; and Ce(NOs)s as corrosion inhibitors and studied in com-
parison with the inhibitor-free sol-gel coating in terms of morphology, composition and corrosion protection of
intact and scribed specimens. The anodized AA2024-T3 with an overlaying inhibitor-free sol-gel coating showed
the highest impedance modulus during long-term immersion in 0.1 mol-L~! NaCl aqueous solution. Active
corrosion protection of scribed coated specimens was studied by exposure to a 0.5 mol-L~! NaCl solution and
evaluated by surface analytical techniques. The addition of Li- and Ce-based salts into the hybrid sol-gel
formulation showed active corrosion protection compared to the inhibitor-free scribed hybrid sol-gel coating.
The Ce-doped sol-gel coating showed less visual corrosion and higher active corrosion protection than the Li-
containing one during the long-term immersion test in 0.5 mol-L ™! NaCl. Present findings reveal that the
combination of the anodic/hybrid sol-gel layers on AA2024-T3 enhances the corrosion protective properties
barrier properties of both stand-alone systems and the incorporation of Li- and Ce-based inhibitors provide active
corrosion.

Sol-gel coating
Corrosion inhibitor
Active corrosion protection

1. Introduction health and safety issues coming along with it, the use of toxic hexavalent

chromium is aimed to be substituted by eco-friendly alternatives with

AA2024-T3 is one of the most commonly used aluminium alloys
(AAs) in the aircraft industry due to its low density and high strength-to-
weight ratio. The microstructure of AA2024-T3 is complex, comprising a
relatively high density and wide variety of intermetallic particles, which
enhances its inherent corrosion susceptibility [1]. For this reason,
AA2024-T3 is typically surface treated in a multistep surface protection
scheme according to strict aerospace regulations, including anodizing
and sealing post-treatments [2]. Traditionally, hexavalent chromium
based chemistries have been used in both pre-treatment processes
(anodizing and chemical conversion coating) and primer coating sys-
tems and have shown to provide effective corrosion protection of
aluminium alloys for many years [3-8]. However, given its intrinsic
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urgency [4,9,10]. For this reason, numerous studies on the replacement
of hexavalent chromium based chemistries in corrosion protection
schemes are being carried out over the last decades [11,12].

One of the promising replacements for chromic acid anodizing (CAA)
for corrosion protection is sulphuric acid anodizing (SAA) [4,13]. SAA is
widely utilized for corrosion protection of aluminium alloys, including
AA2024-T3 in non-painted and painted conditions [4]. However, the
typical SAA layer thickness is approximately 10-20 pm, which is higher
compared to that for the CAA layer (2-7 pm), resulting in a reduction of
fatigue strength [4,14,15].

Recently, thin sulphuric acid anodizing (TSAA) has been introduced
as a potential alternative to CAA for niche applications to obtain a
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thinner layer (~3 pm) and fulfil the strict fatigue requirements in the
aircraft industry [13,16]. The main drawback of TSAA is its lower
corrosion resistance compared to SAA, which is a result of their porous
morphology and their relatively low thickness [4,13,16]. A promising
way to overcome this limitation and promote the formation of protective
anodic films with improved corrosion resistance is the incorporation of
carboxylic acids (e.g tartaric, citric, glycolic, oxalic, malonic, etc) in the
electrolyte bath [14,17-20]. Among the different additives, several au-
thors confirmed the positive corrosion protection effect of tartaric and
citric acids in the TSAA bath since inhibiting anodic oxide layer disso-
lution in corrosive environments due to their incorporation in the anodic
film surface [20,21]. This approach is environmentally friendly and
provides superior surface finishing, process stability and enhanced
corrosion protection compared to stand-alone TSAA [17-19,22]. How-
ever, their corrosion protective performance is still not comparable with
CAA. Therefore, an additional sealing post-treatment is required.

On that basis, sol-gel coatings are one of the promising candidates for
sealing [11] since actual hexavalent-chromium-free sealing alternatives
do not meet the corrosion protection requirements in the aircraft in-
dustry [9,14,15]. Sol-gel technology offers several advantages, such as
cost-effectiveness and simple application procedures [23-25]. The early
sol-gel coating types were based on inorganic silane precursors, which
offer good mechanical properties and promote good adhesion between
the metal substrate, leading to low oxygen diffusion [26]. However, they
contain micropores and microcracks and require a relatively high curing
temperature, from 400 to 800 °C [24].

Hybrid sol-gel coatings (HSG) were developed in the early nineteen-
eighties as promising replacements for toxic chromate conversion
coatings [11]. They are prepared with a combination of inorganic and
organic precursors, where the organic part enables low-temperature
curing, <150 °C [24,27,28], and improves mechanical properties
(flexibility), thus increasing their ability to comply with the re-
quirements of the aircraft industry [28,29].

HSG coatings provide barrier corrosion protection to aluminium al-
loys but do not provide active corrosion protection when damage occurs.
Corrosion inhibitors, such as Ce-based salts may be incorporated into the
sol-gel coatings to enhance their active corrosion protective properties
[30,31].

When corrosion occurs, reduction of oxygen takes place at the
cathodic sites of the aluminium alloy microstructure, OH™ ions are
formed and pH increases at these local cathodic sites. Ce>* ions hydro-
lyse and cerium (III) hydroxide (Ce(OH)s) precipitates at the cathodic
sites at the surface of AA2024-T3. Ce(OH)3 formed can be further
oxidized to more stable Ce(OH)4 and insoluble CeO,, which acts as a
protective barrier to oxygen and lowers the cathodic activity by hin-
dering the transfer of electrons from the anodic to cathodic sites
[32-35].

Moreover, the addition of trivalent cerium chemistries into the
hybrid sol-gel coating has also provided a self-healing capability to the
coating [11]. It was confirmed that Ce(NO3)3 favours the condensation
and polymerization of both inorganic and organic networks of the HSG
coating, which results in enhanced corrosion protection as compared to
that for stand-alone HSG coatings [36].

Another class of corrosion inhibitors for aluminium alloys is lithium-
based salts [37-41]. They became of interest as potential corrosion in-
hibitors after reports of enhanced passivity of aluminium when it is
exposed to alkaline lithium salt solutions, such as LisCOs [11,42,43].
Lithium-ions can leach from the organic coating and generate a pro-
tective layer in the damaged area [38,40,44]. More recently, Trentin
et al. [45] studied the effect of LiCOs in hybrid sol-gel coatings and
observed an improvement in the polymerization efficiency by a reduc-
tion of stacking defects. Besides, the self-healing ability of these com-
pounds was observed by the formation of a protective layer of lithium-
containing (hydr)oxides at local defects [36].

Based on the explained above, inhibitor-doped HSG can be a po-
tential sealing method after anodizing, since it may offer various
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advantages, such as barrier and active corrosion protection. Neverthe-
less, literature based on the concept of duplex coatings based on anodic
film/HSG systems is limited [46-48] but, significant corrosion
improvement is achieved compared to stand-alone sol-gel or anodic
layers. So far, the concept of stand-alone and Ce-doped HSG coatings has
been evaluated for conventional tartaric-sulphuric (TSA) and thick sul-
phuric acid-based (SAA) films providing a significant corrosion protec-
tion performance [46,47,49].

However, there is a lack of understanding of how a modified-TSAA
layer influences HSG performance in terms of coating morphology,
corrosion resistance and active protection ability when it is doped with
corrosion inhibitors.

In the present study, these aspects are investigated using three silane-
based HSG coatings (stand-alone and doped with Li and Ce salts) based
on inorganic tetraethyl orthosilicate (TEOS) and (3-Glycidyloxypropyl)
trimethoxysilane GPTMS.

HGS coatings were deposited on citric acid-containing TSAA anod-
ized AA2024-T3 (previously selected after a screening process) by the
dip-coating technique. To evaluate the role of the anodic film before and
after sol-gel deposition, coating morphology, composition and corrosion
properties were studied with the following techniques: scanning elec-
tron microscopy equipped with energy-dispersive X-ray spectroscopy
(SEM/EDS), eddy-current thickness measurement, electrochemical
impedance spectroscopy (EIS) and digital optical microscopy. To eval-
uate active corrosion protection of different coatings, specimens were
scribed and the differences of the scribe for different coatings were
monitored during immersion time in terms of morphology and electro-
chemical properties.

2. Experimental methods
2.1. Specimens preparation

Substrates used in the present work are aluminium alloys AA2024-
T3, supplied by Kaiser Aluminum (Table 1) [50].

The size of substrates was 40 mm x 25 mm x 2 mm and they were
cleaned in 70 g L' BONDERITE C-AK 4215NC solution for 10 min at
60 °C and etched in 85 g L~! BONDERITE C-AK ALUM ETCH 2 AERO at
40 °C for 2 min. Each procedure was followed by rinsing in deionized
water. Finally, specimens were desmutted by immersion in BONDERITE
C-IC SMUTGO NC AERO for 5 min, rinsed in deionized water and dried
with warm air. The working area for anodizing treatment was ~20 cm?>
with an electrical connection provided through a shielded copper wire.

2.2. Anodizing process

Anodic films were obtained in 3 different electrolytes (Table 2) ac-
cording to the MIL-A-8625F specification for type IIB coatings for TSAA
and SCA electrolytes [16,51]. Anodizing conditions of the TSA process
were established considering previous studies and commonly used in-
dustrial conditions [4,52,53]. The experimental system was equipped
with a double-walled glass cell to keep the electrolyte temperature
under continuous electrolyte agitation. The anodic films were formed
using a DC power supply (SM120-AR-8 Systems electronic) and a
commercially pure aluminium plate was used as a counter electrode.
After anodizing, specimens were rinsed with deionized water and dried
with a stream of air. All specimens were tested in duplicate.

2.3. Hybrid sol-gel synthesis

Three HSG coatings were prepared in the present work, the first
without corrosion inhibitor as a reference, the second doped with Ce
(NO3)3-6 Ho0 and the third with LiNOg as corrosion inhibitors. First,
stand-alone hybrid sol-gel coatings were prepared by mixing tetrae-
thoxysilane (TEOS, Aldrich, 99%), 3-(glycidyloxypropyl) trimethoxy
silane (GPTMS, ABCR, 98%) and colloidal silica SiOy (Ludox-4S,
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Table 1
Chemical composition of aluminium alloy 2024-T3.
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Alloy Elements (wt%)
Cu Mg Mn Fe Si Zn Ti Cr Al
AA2024-T3 3.8-4.9 1.2-1.8 0.3-0.9 <0.5 <0.5 <0.25 <0.15 <0.10 Balance
GTS-Ce.
Tab19: 2 . All HSG coatings (GTS, GTS-Li and GTS-Ce) were deposited on pre-
Anodizing treatments evaluated for HSG deposition. viously anodized (SCA) AA2024-T3 by dip-coating technique, with a
Anodic Electrolyte composition Voltage (V)/slope  Temperature withdrawal rate of 30 cm min . The residence time of the samples in
film (mol L™ vV min €O the solution was 1 s. Samples were heat-treated for 1 h at 120 °C to
TSAA - H2804 (sulphuric acid): 15/5 25+1 complete the polymerization between the sol and the substrate. The
ScA _ 11-1'5804 (sulphuric acid): 15/5 g5 i1 designation of the final duplex coatings was the following: SCA-GTS,
15 SCA-GTS6-Li and SCA-GTS-Ce. The schematic of the synthesis steps is
- CgHgOy5 (citric acid): 0, presented in Fig. 1.
0.1, 0.25 and 0.5
TSA - C4HeO (tartaric acid): 0.5 14/2.8 37+1 2.4. Coating and performance analysis of intact samples
- HyS04 (sulphuric acid):
0.5

Aldrich, aqueous suspension 40 wt%). After 30 min of stirring, the hy-
drolysis was completed and 0.6 mL of concentrated HNO3 (VWR, 65%)
was added as a catalyst for polycondensation and the solution was
stirred for 5 min. Finally, absolute ethanol was added as a solvent. The
molar ratio of the first sol was TEOS/GPTMS/SiOs/ = 0.5/0.5/0.54,
denoted as GTS. The inhibitor-containing HSG coatings were prepared
in the same way, just by using Li(NO3)3; and Ce(NO3)3-6 H30 salts as
corrosion inhibitors, respectively. The molar ratio of the second sol was
TEOS/GPTMS/SiO2/Li = 0.5/0.5/0.54/0.03, denoted as GTS-Li and the
third sol was TEOS/GPTMS/SiOy/Ce = 0.5/0.5/0.54/0.03, denoted as

274 step:
HNO; incorporation

15 step:

TEOS + GPTMS:

10 min of stirring before
S10, incorporation.

10 min of stirring

10 min of stirring before
ethanol incorporation.
30 min of stirring.

GTS-coated 120°C-1h

specimen

(0.15 mL per 25 mL solution),

The anodic films with and without HSG coatings were evaluated by
scanning electron microscopy equipped with energy-dispersive X-ray
spectroscopy and electrochemical impedance spectroscopy.

2.5. Coating characterization

The surface morphology and composition of all studied specimens
were obtained by JEOL IT100 Scanning Electron Microscope (SEM),
coupled with an energy dispersive spectrometry (EDS) analyzer. Images
were recorded in a compositional mode using an accelerating voltage of
10 kV and a working distance of 11 mm. All measurements were per-
formed in a low vacuum mode because of the non-conductive nature of
sol-gel coatings. Data were processed with InTouchScope™ software.

A

|
—

4

3t step:

For Ce- and Li-GTS:
Incorporation of LiINO; or Ce(NO;),
dissolved 1n ethanol.
30 min of stirring.

Dip-coating.
withdrawal rate:
30 cm min’!

specimen

Fig. 1. Hybrid sol-gel route scheme for selected anodized specimen on AA2024-T3.
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Coating thicknesses of the studied specimens were determined in trip-
licate using an eddy-current meter ISOSCOPE FMP10 (Fischer) equipped
with an FTA3.3H probe.

2.6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was used to evaluate
the corrosion protection provided by the anodic films-HSG coatings in
an aqueous saline solution (0.1 mol L1 NacCl), at room temperature for
up to 28 days. Specimens with an exposed area of ~1 cm? were placed in
a three-electrode cell, connected to a Biologic VMP-300 multichannel
potentiostat computer-controlled by EC-Lab software. Silver-silver
chloride (Ag/AgCl, 3 M KCl) was used as a reference electrode (0.192 V
vs. standard hydrogen electrode), while a steel rod was used as a counter
electrode. A sinusoidal perturbation of 10 mV was applied in the fre-
quency range of 10°-1072 Hz.

The goodness of fit was ensured through chi-squared values <0.01
(square of the standard deviation between the original data and the
calculated spectrum). The obtained errors for the individual parameters
of the equivalent electrical circuits were <5%. All specimens were tested
in duplicate.

2.7. Active corrosion protection analysis of scribed samples

To evaluate the active corrosion protection ability of the anodic
films-HSG coatings with and without inhibitor, they were manually
scribed with a standard zirconia tip across the sample surface (a cross-
shaped scribe, with a width of 0.1 mm and a length of 2 cm; the depth
of the scribe was larger than the coating thickness and reached the un-
derlying substrate). Hereafter, the scribed samples were exposed to 0.5
mol L™ NaCl solution for 48 h to accelerate the corrosion process.

The visual changes on the coating and inside the scribe were moni-
tored using a digital microscope (Keyence VHX-100) equipped with an
18 megapixel CCD camera, for 21 days of exposure to a 20 mL of 0.5 mol
L~! naturally aerated NaCl solution. The magnification (250 x) and light
conditions were controlled and kept constant throughout the experi-
ment. To obtain compositional changes in the scribe area, SEM/EDS
analysis was carried out.

3. Results and discussion
3.1. Anodic film screening

Screening of the TSAA, modified TSAA and TSA anodic films with
and without HSG sealing was conducted according to the modulus of
impedance at low frequency (|Z| at 10 2 Hz) in 0.1 mol L™ NaCl after 1
h of immersion. The best candidates had to combine uniform surface
appearance and the highest impedance modulus. Different corrosion
protection responses were obtained depending on the used carboxylic
acid and more specifically, the concentration of citric acid (Fig. 2). On
that basis, TSAA doped with 0.25 M of citric acid showed the best
corrosion performance.

Contrarily to the other studied additives, citrate anions are known to
form an insoluble salt with aluminium, which may be responsible for the
enhanced corrosion resistance. Something similar has been proposed for
tartrate ions. According to other studies, insoluble aluminium tartrate
may already form during the rinsing step after anodizing due to the
increased pH within the pores [53]. However, there is no direct evidence
of such product [54-56]. Note that chemical databases indicate that
aluminium citrate is slightly less soluble in water than aluminium
tartrate [57] suggesting that it is more protective.

The lower corrosion protection provided at 0.5 M of citric acid may
be related to the increased field-assisted dissolution due to the higher
dissolving power of the electrolyte. At 0.1 M of citric acid, the formation
of solid products and complexes was not highly favoured [21].

For this reason, SCA-0.25 M (from now on SCA) was selected due to

Surface & Coatings Technology 419 (2021) 127251
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Fig. 2. Bode plots of the studied SCA anodic film (a) with and (b) without GTS
coating after 1 h of immersion in 0.1 mol L™} NaCl solution.

its higher corrosion resistance with and without HSG coating for further
HSG characterization, detailed corrosion performance study and active
protection testing.

3.2. Characterization and corrosion performance analysis of intact
samples

3.2.1. SCA and SCA-HSG coatings characterization

Fig. 3 shows the top view scanning electron micrographs of SCA,
SCA-GTS, SCA-GTS-Li and SCA-GTS-Ce coatings. The surface of SCA
(Fig. 3a) exhibits a typical TSAA layer morphology with visible rolling
lines and randomly distributed scallops due to the dissolution of inter-
metallic compounds from the AA204-T3 surface (mainly S-phase parti-
cles, Al,CuMg) (Fig. 3b) at the early stages of the anodizing process
[14,58,59]. Several authors reported that copper gets incorporated into
the anodic film, promoting the generation of oxygen gas during the
anodizing process and a highly tortuous pore network, better known as
lateral porosity [60,61]. EDS analysis at different locations (marked as 3
in Fig. 3) shows the usual elements found on TSAA films on Al-Cu-Mg
alloys, such as Cu, Mg and S [17,62].

Studied SCA-GTS and SCA-GTS-Ce coatings showed a similarly
smooth homogeneous morphology (Fig. 3c-h). This indicates a sound
interaction between inorganic (SiOy) and organic (TEOS and GPTMS)
components [63,64]. In the case of the SCA-GTS-Ce specimen, cedt
cations tend to promote the condensation and polymerization of both
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SCA-GTS

SCA-GTS-Li

SCA-GTS-Ce

S0 pm

Fig. 3. Top-view scanning electron micrographs of (a, b) stand-alone SCA anodic film and SCA/HSG duplex coatings: (c, d) SCA-GTS; (e, f) SCA-GTS-Li; and (g, h)

SCA-GTS-Ce.

inorganic and organic GTS networks on SCA film was confirmed.
Conversely, the SCA-GTS-Li specimen was almost transparent and
exhibited rolling patterns and scallops of the underlying anodic film
(Fig. 3e, ), which could be due to its relatively low thickness in com-
parison to SCA-GTS and SCA-GTS-Ce coatings. According to the present
findings, lithium addition may have a detrimental effect on the
condensation of the studied GTS formulation and the resulting GTS-Li
film thickness.

The EDS analysis of the studied HSG coatings reveals that the surface
is composed mainly of C, O, and Si (Table 3). This is in accordance with
previous studies [48,64].

Some Al and Mg from SCA anodic film were incorporated in both
SCA-GTS (Fig. 3c, d; Table 3) and SCA-GTS-Ce coatings (Fig. 3g, h;
Table 3). This is usually associated with interfacial diffusion processes
during the curing step of HSG coatings, thereby denoting an optimal
interaction between the HSG coating and the substrate [47,49,65,66], i.
e. SCA film. Regarding SCA-GTS-Li coating, Al and Mg were not detected

Table 3
EDS analysis of the SCA, SCA-GTS, SCA-GTS-Li and SCA-GTS-Ce coatings (at.%).
Locations are denoted on SEM images in Fig. 3.

Coating Location C o Mg Al S Cu Si
SCA 1 5.6 58.9 0.4 31.5 3.2 0.4
2 4.5 60.1 32.1 3.3
3 3.5 60.5 0.4 32.3 3.3
SCA-GTS 1 37.1 47.3 0.5 15.1
2 34.3 48.7 0.4 16.6
3 22.0 54.4 6.2 0.6 16.8
SCA-GTS-Li 1 36.3 47.5 16.2
2 34.7 48.5 16.8
3 345 48.4 17.1
SCA-GTS-Ce 1 37.1 46.8 16.1
2 32.5 49.6 0.2 17.7
3 24.1 53.1 7.3 15.5
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(Fig. 3e, f; Table 3). This may be related to the low diffusion of Al
throughout the HSG coating, corresponding to a lesser interaction of the
Li-containing GTS coating to the SCA anodic film [45,67].

It is interesting to note that Li or Ce were not detected by the EDS
analysis (Table 3). For Li, this is due to its low atomic number, which
makes it undetectable by SEM/EDS analysis [37,38,40]. The exact
reason for this preferential incorporation has been previously associated
with the possible precipitation of cerium-containing nanoparticles
within the coating structure [68]. In this case, it could be related to the
homogeneous Ce incorporation in the inner GTS coatings part since the
Ce content in the sol-gel formulation (0.8 wt%) is superior to the
detection limit of the EDS analysis (detection limit: 0.01 wt%) [69].

The resulting coating thickness measurements of the studied SCA
anodic film was 4.5 £ 0.2 pm. After GTS sealing, the studied coatings
reveal thicker values for SCA-GTS (6.5 + 0.2 pm) and SCA-GTS-Ce (6.5
+ 0.2 pm) coatings and slightly thinner for SCA-GTS-Li (5.5 + 0.3 pm).
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=
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3.2.2. Corrosion protection of SCA and SCA-HSG coatings

Fig. 4 shows the Bode and Nyquist plots obtained for the studied
specimens, after 1 h and 28 days of immersion in 0.1 mol L™! NaCl
solution.

The presence of different relaxation processes can be observed in the
Bode plots of all studied specimens. Three distinct regions are evident:
(i) high frequency range (10%-10° Hz) related to the outer part of the
coating at the coating/electrolyte interface, (ii) intermediate frequency
range (10°-102 Hz) related to the intermediate hybrid anodic-HSG layer
and (iii) low frequency range (10~2 Hz) related to charge transfer pro-
cesses at the inner metal/barrier layer interface, providing an estimation
of the overall corrosion resistance, where higher values of |Z| indicate a
lower corrosion rate [46,47,70].

For short immersion time (1 h), the impedance modulus response of
SCA (Fig. 4a) revealed two relaxation processes related to the response
of the outer porous layer (medium/high frequencies) and the barrier
layer of the anodic film (low frequency) [47]. The impedance modulus
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Fig. 4. Bode (a—d) and Nyquist (e-f) plots of all studied samples after (a, c, €) 1 h and (b, d, f) 28 days for bare AA2024-T3, stand-alone SCA and SCA-GTS coatings in

0.1 mol L™! NaCl solution.
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at 1072 Hz of SCA film was about one order of magnitude higher than
that for the bare AA2024-T3 substrate and one magnitude order lower
compared to SCA-GTS, SCA-GTS-Ce and SCA-GTS-Li, showing the
corrosion resistance improvement after the HSG application on the SCA
layer [46,47].

The impedance modulus for the entire frequency range for SCA-GTS
was higher than that for SCA-GTS-Ce and SCA-GTS-Li, respectively
(Fig. 4a). This suggests both Ce- and Li-based salts may affect internal
stress, as other studies stated [45,71]. More specifically, in the case of
Ce, this finding is in accordance with Tiringer et al. [71], who confirmed
enhanced barrier properties of stand-alone GTS compared to GTS-Ce
coating on 7075 aluminium alloys. However, in the phase angle-
frequency plots (Fig. 4c), higher angle values at high frequencies
(10%-10°) were achieved for SCA-GTS-Li and SCA-GTS-Ce coatings,
thereby indicating their higher stability compared to the SCA-GTS
coating [46,47]. The drop in the phase angle in the mid frequency
range (observed in Fig. 2¢) can be attributed to the diffusion of corrosive
species. This was likewise confirmed in Nyquist plots (Fig. 4e) since the
slopes of SCA-GTS-Li and SCA-GTS-Ce coatings were higher in the whole
frequency range in comparison to that of the SCA-GTS coating [72].

After 28 days of immersion, GTS-coated specimens show a negligible
decrease of the impedance modulus at low frequency in comparison to
stand-alone SCA film (Fig. 4b) indicating the beneficial effect of GTS
coating in long-term corrosion resistance [73]. The phase angle values at
high frequency were higher for SCA-GTS-Li and SCA-GTS-Ce coatings
compared to those for SCA-GTS specimen, indicating that the electrolyte
hardly penetrates across the coating structure (Fig. 4d) [45,71]. How-
ever, at low frequencies, the phase angle value of SCA-GTS and SCA-
GTS-Ce specimens was lower. This is usually attributed to their higher
protective sol-gel response, indicating the increased mobility of the
corrosive ions within the layer [47,74].

By way of comparison between SCA-GTS and inhibitor-containing
SCA-GTS coatings, the presence of a semicircle in the Nyquist plot of
SCA-GTS coating (Fig. 4f) is associated with higher coating degradation
[72]. In the case of SCA-GTS-Li and SCA-GTS-Ce coatings, the diffusion
processes observed at low frequencies can also be related to the elec-
trolyte penetration throughout the coating structure (Fig. 4f). This may
be related to the corrosion protective character of the stand-alone HSG
coating and/or additional factors such as the formation of protective
corrosion products after the long-term corrosion process [45].

To further investigate the corrosion performance of studied speci-
mens, equivalent circuits were used to fit the experimental data after 1 h
(Fig. 5, Table 4) and 28 d of immersion time (Fig. 6, Table 4). In all
circuits, Ryo accounts for the resistance of the electrolyte and constant
phase elements (CPE) were used instead of capacitances to account for

a) SCA-1h
g
§ ;’f Porous layer

Barrier layer
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the non-ideal behavior of the system [11].

After 1 h of immersion of stand-alone SCA anodic film, CPE,o:/Rpor
are ascribed to the outer porous layer and CPE/Ry, to the barrier layer
(Fig. 5a) [49,75]. For SCA-GTS duplex coatings, CPEgTs/RgTs represent
the outer sol-gel coating and CPEy;/Ry,) the mixed anodic/sol-gel layer
(Fig. 5b) [46,73]. The incorporation of Ce and Li into the GTS formu-
lation resulted in lower Rgrs, Ry and Ry, values in comparison to SCA-
GTS coating (Table 4). It could be related to the higher coating thick-
ness of the SCA-GTS coating compared to SCA-GTS-Ce and SCA-GTS-Li
coating [45,73].

After 28 d of immersion, the equivalent circuit of stand-alone SCA
anodic film (Fig. 6a). This circuit includes the additional CPEy, element,
which is associated with the capacitive response of the pore walls due to
their gradual degradation with time [49]. For SCA HSG-coated speci-
mens, CPE-GTS/R-GTS represent the outer sol-gel coating and CPEy/Ry,
the mixed anodic barrier layer (Fig. 6b) [76-78]. On that basis, all
specimens reveal a slight decrease of the barrier properties (Rgrs, Rn
and Ryp) due to the gradual electrolyte penetration throughout the GTS
structure (Table 4) [46,73]. Note that the long-term corrosion
improvement after Ce and Li addition during HSG formation was
negligible. This could be related to the adverse effect of Li and Ce on the
structural integrity of the pristine HSG layer, possibly related to the HSG
formulation used in the present work, since in accordance with previous
studies the presence of Ce and Li during HSG formation tends to increase
the corrosion resistance [45,46,66,68,71].

Interestingly, CPEgrs and CPEy, values of SCA-GTS-Li and SCA-GTS
coatings were higher after the long-term immersion period. On the
contrary, SCA-GTS-Ce showed practically constant CPEgrs and CPEy
values. This suggests a lower coating permeability after the incorpora-
tion of Ce into the GTS formulation [68,71,73]. Present findings reveal
the beneficial effect of Ce incorporation into GTS formulation in the
long-term HSG coating stability.

HSG-coated specimens were analyzed by SEM (Fig. 7) and EDS
analysis (Table 5) to ascertain the coating stability after the Ce- and Li
incorporation into the HSG coating formulation. SCA film was not
included in this test due to its low corrosion resistance.

SCA-GTS coating surface reveals numerous bright deposits and
cracks (Fig. 7a, b), thus confirming the abovementioned lower GTS
coating stability observed in EIS tests. These bright deposits revealed a
high content of aluminium and oxygen (marked as 5 in Fig. 7a), indi-
cating the possible formation of aluminium (hydr)oxides as corrosion
products from the deterioration of the inner coating layers, i.e. SCA
oxide film. The higher corrosion resistance provided by the SCA-GTS
coating can be attributed to the passive character of these possible
aluminium-based compounds [45,79].

b) SCA-GTS-1 h

losy

GTS layer

S19¥
§193d2

Anodic-GTS layer
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@dd
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Fig. 5. Equivalent circuits used to fit the experimental EIS data for (a) stand-alone SCA film and (b) SCA-GTS coatings after 1 h of immersion in 0.1 mol Lt

NaCl solution.
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Table 4
Fitted electrical parameters of studied coatings after 1 h and 28 days of immersion in 0.1 mol L~ NaCl solution.
Coating Rets CPEgrs ngrs Rul CPEy Ny Ro/Rpor CPEy/CPEpor CPE,, Np/Dpor
(Qem?) (uF cm 2 sD) (Qem?) (UF em 2 s@ D) (Qem?) (UF cm 2 s@D) (uF cm 2 s@D)
1 h of immersion
SCA - - - - - - 7 -10°/10% 0.6/0.1 - 0.9/0.8
SCA-GTS 3.10* 0.04 0.86 2.10° 0.21 0.92 25107 0.28 - 0.88
SCA-GTS-Li 1-10° 0.04 0.96 3.5.10* 0.17 0.93 9.0 - 10° 0.23 - 0.89
SCA-GTS-Ce 2.10° 0.05 0.98 1.6 -10° 0.13 0.92 9.4-10° 0.21 - 0.92
28 days of immersion
SCA - - - 7 -10%10 0.7 0.1 0.6/0.4
SCA-GTS 4.10* 0.08 0.88 2.0 - 107 0.87 0.97
SCA-GTS-Li 1.5-10° 0.04 0.91 8.7 - 10° 0.62 0.88
SCA-GTS-Ce 5.10* 0.04 0.86 9.0 - 10° 0.18 0.88
a) SCA-28d b) SCA-GTS-28d
Rsol CPE-GTS
Rsol CPEpw
> VAV >
R GTS CPEb

N N

rd

Rb

Fig. 6. Equivalent circuits used to fit the experimental EIS data for (a) stand-alone SCA anodic film and (b) SCA-GTS coatings after 28d of immersion in 0.1 mol L!
Nacl solution.

SCA-GTS

S50 pm

SCA-GTS-Li

SCA-GTS-Ce

50 pm

Fig. 7. Top-view scanning electron micrographs of (a,b) SCA-GTS, (c, d) SCA-GTS-Li, and (e, f) SCA-GTS-Ce, after 28 days immersion in 0.1 mol L~! NaCl solution.
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Table 5

EDS analysis of SCA-GTS, SCA-GTS-Li and SCA-GTS-Ce coatings after 28 days of
immersion in 0.1 mol L™! solution (at.%). Locations are denoted on the top-view
SEM micrographs in Fig. 7.

Coating Location C (0] Al S Si
SCA-GTS 1 29.7 51.5 2.0 16.8
2 23.0 56.0 1.4 19.6
3 31.1 44.6 1.2 23.1
4 17.3 55.8 16.5 1.7 8.7
5 27.5 49.1 1.6 21.8
SCA-GTS-Li 1 36.3 47.5 16.2
2 36.8 47.2 0.3 15.7
3 21.4 55.3 15.9 1.3 6.1
SCA-GTS-Ce 1 37.1 47.5 0.2 15.2
2 68.3 27.6 4.1
3 37.7 45.2 0.4 16.7

Similarly, SCA-GTS-Li coating (Fig. 7c, d) showed a cracked surface
and partial coating detachment during the corrosion process. EDS
analysis (marked as 3 in Fig. 7d) showed S in the detached areas, indi-
cating that the SCA film remains on the surface (Table 5).

The lower physical stability of Li-containing GTS coating in this
study could be to some extent due to the HSG formulation. Also, the
relatively low curing temperature and the high concentration of Li in
this study could result in low diffusion of aluminium species from the
SCA, thereby compromising the physical stability of the top-layer. This
partial coating detachment may be in agreement with the Nyquist plot
after 28 days of immersion (Fig. 4f) since the more resistive response of
SCA-GTS-Li and SCA-GTS-Ce coatings may be associated with lower
coating degradation in comparison to the SCA-GTS coating. Besides, the
diffusion processes can be related to the observed cracked surface in
both inhibitor-containing HSG coatings. Nonetheless, according to the
EIS data and SEM examination, there is no damage of the underlying
AA2024-T3 substrate.

Conversely, a much lesser cracked surface and no coating detach-
ment was observed for the SCA-GTS-Ce coating, thus confirming its high
stability during the corrosion process, as observed in the EIS test. This is
in accordance with previous studies where Ce(NO3)3 addition favours
the condensation and polymerization of both inorganic and organic
networks of the hybrid sol-gel coating, which results in improved
coating stability [36,80].

3.3. Characterization and corrosion behavior of scribed samples

Although Li and Ce addition in HSG tends to slightly decrease the
impedance modulus values as compared to those of the stand-alone SCA-
GTS coating, the influence of these species on the active corrosion
protection ability of anodic/HSG duplex system when the damage oc-
curs remains undisclosed. Hereto, SCA-GTS-Ce and SCA-GTS-Li scribed
specimens were exposed in 0.5 mol L™ NaCl solution to accelerate the
corrosion process and analyze the corrosion products and damage
propagation by SEM/EDS and EIS (Fig. S1). The inhibitor-free SCA-GTS
coating was also analyzed for comparison.

3.3.1. Immersion test of SCA-HSG coatings

Fig. 8 shows the digital micrographs of the scribed GTS-coated
specimens in 0.5 mol L™ NaCl solution as a function of immersion
time. SCA-GTS coating reveals several corrosion locations after three
days of immersion and with the scribe width increasing due to corrosion
products formation (Fig. 8a). Corrosion of the SCA-GTS-Li coating was
observed after just one day of immersion, spreading over the whole
scribed surface after three days of immersion (Fig. 8b). Conversely, SCA-
GTS-Ce coating reveals several corrosion locations after three days,
whereas the corrosion products were not observed till after seven days of
immersion (Fig. 8c).

Compared to other studies on the AA2024-T3 sample coated with Li-
[45], Ce- [68] and both-containing [30] HSG coatings, the present GTS-
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coated specimens show better corrosion resistance at the scribed surface.
This corrosion protection improvement was possibly due to the presence
of the SCA anodic layer and a possible active corrosion protection
ability, especially in the case of the SCA-GTS-Ce coating.

3.3.2. Evaluation of the active corrosion protection of scribed samples

Fig. 9 shows the evolution of corrosion damage on scribed SCA-GTS,
SCA-GTS-Li and SCA-GTS-Ce specimens up to 21 days of immersion in
0.5 mol L ™! NaCl solution. The EDS analysis of the studied GTS-coated
specimens surface (Table 6) reveals that the concentration of C and Al
decreased, whereas the O concentration increased at longer immersion
times. This may be related to the simultaneous coating degradation and
formation of Al (hydr)oxide compounds at the scribe [68]. For both SCA-
GTS and SCA-GTS-Li coatings, the concentration of Si from the sol-gel
part decreased as a function of immersion time (Table 6) due to pro-
gressive GTS coating dissolution [36,68].

Regardless of the inhibitor type, the addition of Li or Ce delays the
coating cracking and peeling (Fig. 9b). For instance, SCA-GTS coating
reveals a cracked surface and partial peeling after three days of im-
mersion (Fig. 9a) due to its low post-damage stability. Conversely, SCA-
GTS-Li coatings reveal a less cracked surface than SCA-GTS coating after
three days of immersion, and the partial peeling did not occur till 14
days of immersion (Fig. 9b).

The less cracked surface is attributed to the presence of Li in the GTS
structure. This is in agreement with previous studies where the active
corrosion protection ability of Li-containing HSG, polyurethane and
epoxy coatings has been demonstrated due to Li ion leaching to the
damaged zone [38,40,41]. It should be noted that these above-
mentioned Li-based salts (e.g LioCOs, LIOH) were insoluble in the HSG
solution used in the present work (GTS), forming white precipitates.

In the present study, the incorporation of a less alkaline salt (LiNOs;
pH: 4) into GTS formulation was beneficial, although the active pro-
tection mechanism is still under investigation.

For SCA-GTS-Ce coating, only a minor extent of surface cracking was
observed after 14 days of immersion (Fig. 9c). Also, SCA-GTS-Ce coating
peeling next to the scribe was not observed till 21 days of immersion.
Besides, the Si concentration was practically constant during the full
duration of immersion, denoting a higher coating stability during cor-
rosive exposure (Table 6). This performance may be related to the
preferential incorporation of Ce into the inner sol-gel layer, permeating
the top region of SCA (designated as the SCA-GTS layer in Fig. 4) [73,81]
and its possible release when the corrosion process occurs on a scribed
surface.

To ascertain the compositional changes in the scribed area, Table 7
represents the EDS analysis on the scribes of the different GTS-coated
specimens (Fig. 9) as a function of immersion time.

In all studied SCA-GTS coatings, Si and C were detected only outside
the scribe, which is consistent with the undamaged GTS coating. Inside
the scribe Al and Cu from the AA2024-T3 substrate were identified. The
Cu signal vanishes by the formation of overlaying (hydr)oxides during
immersion as revealed by the increased O content in the scribed area. S
corresponding to the SCA film was detected in regions were the HSG top
layer was delaminated.

In the particular case of SCA-GTS-Ce coating, a considerable amount
of Ce (~4-5 at.%) was detected in the scribe after 3 days of immersion
which remained relatively constant at longer immersion times (Table 7).
The amount of Ce found in the deposits is much higher than that pre-
viously reported by Tiringer et al. [68] using the same sol-gel coating on
a non-anodized AA7075-T6 (0.1-0.3 at.%), indicating that the presence
of the SCA underlayer is an efficient Ce reservoir that facilitates its
liberation.

The presence of Ce-rich deposits is associated with an active corro-
sion protection mechanism where Ce species leach from the coating and
precipitate on the surface of cathodic sites [34].

Fig. 10 depicts a schematic illustration of the SCA-GTS-Ce coating
and its corrosion protection mechanism. This mechanism is based on the
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¢) SCA-GTS-Ce

a) SCA-GTS b) SCA-GTS-Li

14 days 7 days 3 days 1 day 0 days

21 days

Fig. 8. Digital microscopy images of (a) SCA-GTS, (b) SCA-GTS-Li and (c) SCA-GTS-Ce scribed coatings during the immersion test in 0.5 mol L~ NaCl solution. Red

circles indicate the visually observable onset of significant corrosion damage.
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a) SCA-GTS

3 days

200 pm

14 days 21 days §

200 pm 200 um

b) SCA-GTS-Li

3 days

200 pm 200 um

¢) SCA-GTS-Ce

200 pm 200 pm

14 days

200 pm 200 um

Fig. 9. Scanning electron micrographs corresponding to the scribed plan views
of (a) SCA-GTS, (b) SCA-GTS-Li and (c) SCA-GTS-Ce coatings, before (0 days)
and after 3, 14 and 28 days immersion in 0.5 mol L™ NaCl solution.

obtained results in this work and those obtained by Lakshmi et al. [81].

According to this mechanism, Ce soluble species leach from the
coating. At this stage the majority of Ce is released as Ce>*, however
some Ce*" aqueous species are likely to be present as suggested by the
pale yellow colour observed during the Ce-containing sol-gel synthesis
(the use of HNO; during the synthesis may oxidize some Ce>" into Ce*"
[81]. Then, precipitation of Ce (hydr)oxides takes place at the locations
of intermetallic particles where the cathodic reaction is occurring (Eq.
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Table 6

EDS analysis of the entire scribed coatings surface of SCA-GTS, SCA-GTS-Li and
SCA-GTS-Ce coatings as a function of immersion time in 0.5 mol L™! NaCl so-
lution (Fig. 9).

Coating Days C o Mg Al S Si Ce
SCA-GTS 0 36.5 40.9 0.3 11.6 - 10.7 -
3 30.2 49.2 - 9.5 - 11.1 -
14 20.8 57.6 0.2 136 1.1 6.7 -
21 20.4 58.6 14.6 1.3 5.1
SCA-GTS-Li 0 32.1 42.2 0.4 137 0.4 11.2 -
3 29.7 52.3 - 4.6 - 13.4 -
14 27.0 52.8 0.1 7.9 0.7 115 -
21 23.7 57.4 8.8 10.1
SCA-GTS-Ce 0 32.1 45.1 - 10.9 06 11.3 -
3 32.2 48.1 - 7.5 - 12.2 0.3
14 31.8 49.8 - 6.0 - 12.4 0.3
21 27.31 55.17 5.74 11.54  0.24

(1)). In a neutral environment and in the presence of oxygen the
dominant precipitates should be Ce(OH)3 and Ce(OH)4 [82] formed by
the reactions indicated in Eq. (2), (3). Note that the precipitation of Ce
(OH)4 may occur either directly from the Ce(IV) present in the solution
or from oxidation of Ce3* as shown in (Eq. (4)) [82]. The precipitation of
some CeOy is also possible according to (Eq. (5)), although the amount
of this product should be negligible for the studied conditions

0>(aq) +2 H,O + 4e”—>40H (aq) )
Ce**(aq) +30H™ (ag)—Ce(OH), (s) 2
Ce** (aq) +40H (aq)—Ce(OH), (s) 3
4Ce** (aq) + 0:(aq) + 14 H,0—4Ce(OH), (s) +12 H™ (aq) (@)
Ce*(aq) + 0, (aq) +6H,0—4Ce0, (s)+ 12 H' (aq) (5)

According to several studies, there is the risk that Ce salts are quickly
released from HSG coatings into the damaged area, thereby leading to
short-term inhibition followed by fast system degradation [83,84]. This
issue is not observed in the SCA-GTS-Ce since Ce concentration on the
cathodic sites was still high even after long immersion times (Table 7).
Also, the coating remained intact in the unscribed regions without signs
of degradation.

4. Conclusions

The main conclusions regarding the synthesis and application of
inhibitor-free, Li- and Ce-loaded HSG coatings can be summarized as
follows:

e The GTS formulations of the HSG coating (inhibitor-free, Li- and Ce-
containing) were successfully synthesized and applied on the
selected SCA-coated AA2024-T3.

e EIS measurements show the impedance modulus of SCA film to in-
crease an order of magnitude after the GTS sol-gel application.

o Insitu incorporation of Ce and Li into GTS formulation improved the
coating stability and resulted in less degradation of the coatings in
comparison to that of the SCA-GTS coating.
Active corrosion protection is demonstrated by both SCA-GTS-Li and
SCA-GTS-Ce coatings. Corrosion testing with scribed specimens
revealed an improved performance of inhibitor-containing HSG
coatings. The mechanism of Li inhibition was not elucidated due to
the difficulties associated with the detection of this element. In case
of Ce, it was demonstrated that the active corrosion protection pro-
vided by the coating was due to the release of Ce>* species from the
coating and the subsequent formation of Ce-based (hydr)oxides at
coating defects.
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Table 7
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EDS analysis at the scribe at various locations (marked in Fig. 9) of SCA-GTS, SCA-GTS-Li and SCA-GTS-Ce coatings (at.%) as a function of immersion time in 0.5 mol

L~! NaCl solution.

Coating Days Location C o Al S Cu Si Ce
SCA-GTS 0 1 15.0 55.2 23.8 2.1 3.9
2 37.4 29.5 24.3 1.0 7.8
3 3 15.6 41.5 32.3 3.9 6.7
4 17.0 33.0 45.4 1.0 3.6
14 5 21.3 56.9 11.2 10.6
6 37.1 59.5 1.1 2.3
21 7 66.8 24.7 3.1 5.4
8 74.7 20.7 4.6
SCA-GTS-Li 0 1 15.0 79.7 1.7 3.6
2 18.9 57.7 17.3 1.6 4.5
3 3 18.6 36.8 38.2 6.4
4 15.5 60.9 13.6 10.0
14 5 24.7 51.5 16.7 7.1
6 13.1 62.7 19.4 4.8
21 7 8.8 69.3 16.4 5.5
8 14.7 65.2 12.8 7.3
SCA-GTS-Ce 0 1 22.7 9.3 64.2 1.5 2.3
2 15.6 55.5 22.7 2.6 0.6 3.0
3 3 16.6 48.6 23.2 7.4 4.2
4 17.5 47.8 21.0 8.6 5.1
5 20.8 54.4 13.7 7.4 3.7
14 6 15.5 60.0 18.0 4.4 21
7 129 63.5 16.3 4.9 2.4
8 15.5 56.4 18.2 6.2 3.7
21 9 18.7 53.6 15.4 8.0 4.3
Ce¥/Ce*t

Ce-containing «————
GTS layer

Anodic film

Barrier Layer

liberation

Al-Cu particles

\NaCl solution

O O,

Ce3+/Ce4+

—
Ce(OH), )
| ceom),
1 CeO, Sl

Fig. 10. Schematic illustration for active protection mechanism of SCA-GTS-Ce coating.

Present findings are highly relevant since SCA-GTS-Ce and SCA-GTS-
Li coatings could be considered as a potential hexavalent chromium-free
system for non-painted components in the aircraft industry. Neverthe-
less, more studies concerning mechanical performance, active protec-
tion and up-scaling should be carried out in the future.
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