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Abstract

A hybrid organic-inorganic self-healing coating for anticorrosive protection of AA2024 was developed through the sol-gel method.
Combination of permeability, provided by a methacrylate-silica hybrid matrix, with hardness and density of silica nanoparticles, allowed
obtaining a coating material where the diffusion of Ce ions occurred at the same time that an anticorrosive physical barrier was devel-
oped. Electrochemical impedance spectra (EIS) on coated samples showed an increase of the impedance modulus at 0.01 Hz as a function
of immersion time in a 3.5 wt% NaCl solution. Self-healing effect was verified by impedance fitting through the evolution of resistive and

capacitive parameters of the equivalent circuits.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Aluminium alloys are widely used as structural materials
because of their low densities and excellent mechanical
properties. However, these alloys are subjected to corro-
sion when exposed to the environment, which is a highly
important topic for aerospace and automotive industries.
Chromate conversion coatings (CCCs) provide an excellent
protection mechanism against the localized corrosion.
CCCs present self-healing behaviour after superficial dam-
age; a scratch or defect appearing in the film can be pro-
tected by migration of soluble Cr (VI) species from the
coating that precipitate on the surface healing the defect
[1]. However CCCs are extremely dangerous for human
health and generate serious problems of environmental
contamination. In fact, the European Parliament and the
Council on end-of-life vehicles foresaw the total elimina-
tion of Cr based coatings before 1st July 2007 [2]. There-
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fore, it is necessary to find a replacement that supplies an
enough protection against corrosion.

AA2024 (Al, 4.4% Cu, 1.5% Mg, 0.6% Mn) is the most
common aluminium alloy used in aerospace applications
and it is rather susceptible to localized corrosion as a result
of its heterogeneous microstructure. The inhomogeneous
distribution of Cu associated with intermetallic particles
gives high strength and toughness to the structure but, on
the other hand, makes it very vulnerable to rising temper-
atures that decrease the mechanical properties. Thus, any
treatment to improve the corrosion resistance of AA2024
should not rise above 120 °C to avoid dissolution of the
intermetallic particles [3]. This fact makes useless the inor-
ganic sol-gel coatings which provide excellent barrier prop-
erties as anticorrosive films because they need thermal
treatments of densification at temperatures higher than
350 °C [4,5]. Furthermore, the requirements of the aircraft
industry impose very rigorous conditions for coatings. Due
to the possibility of corrosion by the presence of scratches,
micropores and areas with low cross-linking density, a sim-
ple barrier against corrosion is not enough to protect the
aircraft’s structural alloys. In fact, the actual requirement
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is a protective coating that, besides providing a good
barrier against corrosion, can be resistant to small defects
through a self-healing process provided by inhibitors incor-
porated in the coatings.

A possible alternative for replacing CCCs is the develop-
ment of hybrid organic-inorganic sol-gel coatings, which
can be densified at low temperatures without affecting the
microstructure and mechanical properties of the AA2024
substrate. The control of the synthesis parameters, incorpo-
ration of different organic monomers and inorganic nano-
particles allows obtaining materials with the desired
properties like density and hydrophilic character [6,7]. Many
authors have focused their works on hybrid organic—
inorganic sol-gel coatings as protection for AA2024-T3 at
low temperatures [8—13]. Barriers against corrosion can be
prepared using alkylalkoxides and epoxy-functionalized alk-
oxides with thermal treatments between room temperature
and 80 °C [8-10]. Other authors [11-13] have incorporated
different compounds, such as inorganic salts or organic
inhibitors with the purpose of obtaining a self-healing effect.
The inhibitors incorporated in the film should migrate and
precipitate producing a passivating deposit where the defect
was originated. Rare earths, like Ce and La, are well-known
corrosion inhibitors. Ce ions form insoluble hydroxides
which can work as cathodic inhibitors [14], they have a
low toxicity and are relatively abundant in nature [15-19].

The objective of this work was the development of new
self-healing hybrid coatings designed to produce an effec-
tive barrier as well as an appropriate support for passivat-
ing agents. In the present study, hybrid organic-inorganic
sols were developed from tetraethoxysilane (TEOS) and
3-methacryloxypropyl trimethoxysilane (MPS) using SiO,
nanoparticles to improve mechanical and barrier properties
and a source of Ce(III), cerium nitrate, as inhibitor. MPS
permits an increase in the maximum thickness of hybrid
coatings through a stress relaxation induced in the silica
structure [6]. The self-healing effect was analysed by imped-
ance measurements (EIS) as a function of immersion time
in a NaCl standard solution.

2. Experimental

The precursor sols were synthesized employing 3-meth-
acryloxypropyl trimethoxysilane (MPS, ABCR, 98%), tet-
raecthoxysilane (TEOS, ABCR, 98%), colloidal SiO,
(Levasil 200A, Bayer, aqueous suspension 40 wt%, particle
size 20 nm, pH 9) and cerium nitrate (Ce(NO3)3 - 6H,0,
Aldrich, 99%) as a source of Ce (III).

Three different sols were prepared from TEOS and MPS
incorporating SiO, nanoparticles. TM-SiO, sol was pre-
pared keeping the molar ratio TEOS/MPS of 65/35 adding
the colloidal silica suspension at a 35 mol% with respect to
alkoxides. Hydrolytic condensation was catalysed at room
temperature with HNOj3 concentrated at a 0.6 vol% reach-
ing a pH between 2 and 3. A final silica concentration of
250 g 17! was obtained by diluting with ethanol. TM-SiO,
sol was doped with Ce (III) salt at the end of the synthesis

keeping Ce/Si molar ratios of 5/95 and 10/90, for the
TM-Si0,—5Ce and TM-SiO,-10Ce sols, respectively.

Glass slides (2.5 x 7 cm?) and AA2024-T3 aluminium
alloy (5 x 7 cm?) were used as substrates. Aluminium alloy
was exposed to a three-step cleaning procedure using Meta-
clean T2001 (Chemie Vertrieb Hannover GmbH & Co
KG), Turco Liquid Aluminetch Nr. 2 (Turco Chemie
GmbH) and Turco Liquid Smutgo NC (Turco Chemie
GmbH).

Coatings were obtained by dip-coating at different with-
drawal rates between 20 and 40 cm/min on glass slides and
AA2024 aluminium alloy. The films were dried at room
temperature and densified during 120 min at 120 °C in air
with a heating rate of 10 °C/min. The coating thickness
was measured by profilometry (Talystep, UK).

AC impedance spectra for bare and coated metal sub-
strates were performed in 3.5 wt% NaCl solution with a con-
ventional three-electrode cell. A saturated calomel reference
electrode (SCE) and a platinum wire as counter-electrode
were used in the tests. The surface area of the test coupons
(as the working electrode) exposed to the electrolyte was
3.14 cm®. Impedance measurements (EIS) were performed
using a Gamry FAS2 Femtostat at different times of immer-
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Fig. 1. Impedance diagrams (Bode plots) for the bare AA2024 after one
hour of immersion and the alloy with TM-SiO, coatings after different
immersion times in 3.5 wt% NaCl solution.
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sion in the electrolyte. The tests started by recording the elec-
trode potential with time. When the corrosion potential
remained stable, a sinusoidal ac signal of 5 mV (rms) ampli-
tude at the open circuit potential (OCP) was applied to the
electrode over the frequency ranged from 3 x 10° Hz down
to 1072 Hz. Each value was obtained as the mean value of
five measurements in a logarithmic sweep of frequencies
(10 points per logarithmic unit). Impedance fitting was per-
formed using Gamry Echem Analyst software.

AA2024-T3 coated samples, before and after electro-
chemical tests, were evaluated by optic and scanning elec-
tron microscopy (HITACHI S-4700 field emission).
Elemental chemical analysis of the coatings was performed
by Energy Dispersive X-ray Spectroscopy (EDX, NORAN
system six) connected to the FE-SEM.

1285
3. Results and discussion

The sols were transparent and colourless, with viscosity
values around 5 cP. Coatings after thermal treatment are
transparent. The Ce-free coating was colourless and the
Ce-doped ones were slightly yellow. The thickness was
3.7, 43 and 4.0 um for coatings prepared without Ce,
and doped with 5% and 10% of cerium, respectively.

Fig. 1 shows the impedance diagrams (Bode plots) for
the bare AA2024 after one hour of immersion and the alloy
with TM-SiO, coatings after different immersion times in
3.5 wt% NaCl solution. The EIS results are interpreted
through a two-layer coating model with an inner thin
layer composed of natural aluminium oxide, and the outer
sol-gel coating. The phase angle curve of the bare alloy
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Fig. 2. Equivalent circuits used to fit the EIS spectra: (a) Bare AA2024 after 1 h of immersion; (b) AA2024 with TM-SiO, coatings after 1 and 42 h of
immersion; (c) AA2024 with TM-SiO, coatings after 164 and 240 h of immersion, and AA2024 with TM-SiO,-5Ce coatings after 1, 41, and 114 h of
immersion; (d) AA2024 with TM-SiO,—5Ce coatings after 215 h of immersion, and AA2024 with TM-SiO,—10Ce coatings after all immersion times.
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presents two time constants at 30 and 0.015 Hz, assigned to
the intermediate aluminium oxide layer and the electron
charge transfer process from corrosion, respectively [20].
The incorporation of the sol-gel coating originates the
presence of a new time constant at higher frequencies
(above 10° Hz) associated with the sol-gel layer. This coat-
ing also leads to an increase of the impedance modulus at
0.01 Hz of two orders of magnitude as a consequence of
the additional barrier functionality provided. However,
Bode plots of coated samples after only one hour of immer-
sion showed signals of corrosion activity by the presence of
a time constant at 0.02 Hz. A porous structure of the sol—
gel coating should explain this behaviour. The other two
time constants at 10° and 2.10° Hz correspond to the inter-
mediate layer and the sol-gel coating, respectively. A rela-
tively open structure like this can be adequate for the
objective of combination of barrier properties and self-
healing effect when an inhibitor such as cerium is incorpo-
rated in the coating.

The increase of the immersion time produced a slow
deterioration of the corrosion protection system. The total
impedance at 0.01 Hz decreases slightly with time as a first
signal of degradation. As well, the plateau observed in the
impedance plot between 1 and 100 Hz, associated with the
contribution of the resistances assigned to the NaCl solu-
tion, sol-gel coating and intermediate layer, decrease with
immersion time, also indicating coating degradation. The
reduction of phase angle of the two higher frequency time
constants with immersion time indicates a less capacitive
response due to the permeation of the solution through
the pores of the sol-gel coating and intermediate layer.
At lower frequencies, the phase angle also decreases with
immersion time, suggesting the occurrence of diffusion pro-
cesses within pores in the coating. Nyquist plots (not
shown) for 164 and 240 h show the characteristic diffusion
tails with an angle of 45° attached to the semicircle at low
frequency. In spite of the continuous and slow deteriora-
tion, the system maintains a good level of protection after
240 h of immersion [21].

The interpretation of impedance spectra was performed
using numerical fitting. In the simulation, the constant
phase element (CPE) was used instead of an ““ideal” capac-
itor to explain the deviations from ideal behaviour. The
impedance of a CPE (Zcpg) can be defined by [22]

Zepe = (1/Y)/(jw)" (1)

The parameters correspond to the frequency (w),
pseudo-capacitance (Y), and the parameter a associated
to the system homogeneity. When this equation describes
a capacitor, a=1 and Y= C (the capacitance). For a
CPE, the exponent « is less than one.

The equivalent circuits used to model all impedance
curves are displayed in Fig. 2. R, the resistance of the elec-
trolyte, has very low values being usually ignored. R,y is
the resistance of the sol-gel coating, considered to be due
to the formation of ionically conducting paths in the coat-
ing. Yot 18 the pseudo-capacitance of the sol-gel coating,

and R,jumina aNd Yaumina, the resistance and pseudo-capac-
itance associated with the thin natural aluminium oxide
layer. R, is the resistance describing the corrosion of the
metal substrate in contact with the ionically conducting
paths. Yy is the double-layer pseudo-capacitance formed
in the metal-electrolyte interface. W is a Warburg or
pseudo-impedance element included to model increasing
ionic conductivity due to the corrosion process. When the
coating is thick enough, as in this case, the Warburg imped-
ance is described by [22]

Z, = (1/7)/(jw)"? (2)

These equivalent circuits are used in several papers
[20,23,24] to fit impedance spectra in the case of aluminium
alloys covered with hybrid silica sol-gel coatings.

The variation of resistances and capacitances with the
immersion time obtained from the analysis of impedance
spectra for TM-SiO, coated AA2024 samples using the
equivalent circuits of Fig. 2 are shown in Fig. 3. Errors
from numerical fitting appear in the plot. The values of
“Goodness of Fit” obtained with Gamry Echem Analyst
software indicate an average error below 10%. The resis-
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Fig. 3. Resistances and capacitances values of AA2024 alloy protected
with TM-SiO, coatings as a function of immersion time in 3.5 wt% NaCl
solution. Errors obtained from numerical fitting for each data are
incorporated in the plot.
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tance of the coatings usually decreases with time of expo-
sure due to the permeation of electrolyte through the pores
of the coating. This trend has been previously observed in
the literature and the slope is a consequence of the quality
of the coating formed on the alloy surface [25,26]. Resis-
tances of sol-gel coating and intermediate layer show a
slow reduction with time up to the end of the test as a con-
sequence of the existence of open porosity. In spite of this
porous structure, R, maintains high values along all the
immersion time confirming the good barrier properties of
the coating. The value of R for the bare alloys was
2 x 10° Ohms cm?, much lower than that of coated alloy
as a consequence of the difference in the exposed area of
metal to the solution. The capacitance of the coatings
(Ceoating) can be written as

Ccoating = 66OA/ t (3)

A is the area exposed, ¢ is the dielectric constant of the
coating, & is the permittivity of vacuum (8.85 % F/cm),
and ¢ is the thickness. As ¢ of coatings is generally small,
usually an order of magnitude smaller than that of water
(¢ = 80), the penetration of water into the coating should
increase its capacitance [22,27]. Fig. 4 shows photographs
of the tested areas of coated samples after the EIS tests.
TM-SiO, coatings (Fig. 4a) presents a transparent and

almost intact coating with only scarce isolate pitting. This
coating provides a good barrier, although the initiation
of the pitting can not be stopped due to the absence of a
corrosion inhibitor.

The incorporation of cerium ions in the coating TM—
SiO,—5Ce originates a significant change in the corrosion
behaviour of AA2024 alloy. Fig. 5 shows the Bode plots
of the alloy AA2024 with TM-SiO,-5Ce coatings after dif-
ferent immersion times in 3.5 wt% NaCl solution. The val-
ues of impedance at 0.01 Hz are almost two orders of
magnitude lower than those obtained with sol-gel coatings
without cerium. This change is an indication of a coating
with a higher content of defects. The presence of cerium
ions in the hybrid structure of the coating generates addi-
tional porosity with an increase of conducting paths [23].
Although it is not so evident as in the case of coatings with-
out cerium, the phase angle curves at 1, 41 and 114 h of
immersion maintain the three time constants already
observed with TM-SiO, coatings and assigned to sol-gel
coating, intermediate aluminium oxide layer and electron
charge transfer process. The curve at 215 h of immersion
does not show the time constant above 10° Hz because of
the presence of an artefact of the measurement. Like in
TM-Si0, coatings, the presence of diffusion processes
through pores is exhibited in a phase angle shift of 45° in

Fig. 4. Photographs of the tested areas of samples with coatings after the EIS — immersion time analysis: (a) TM-SiO, coating, (b) TM-SiO,—5Ce coating,

and (¢) TM-SiO,-10Ce coating.
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Fig. 5. Impedance diagrams (Bode plots) for the bare AA2024 alloy
protected with TM-SiO,-5Ce coatings after different immersion times in
3.5 wt% NacCl solution.

the phase plot and a decreasing slope in the impedance
modulus plot at lower frequencies. The reduction of the
impedance at around 10° Hz is also a signal of the deterio-
ration of the barrier functionality provided by the sol-gel
coating and intermediate layer. Although the incorporation
of cerium ions has induced a partial degradation of the
coating as barrier, an inhibition action has been provided.
A first signal of this new anticorrosion mechanism is the
increase of the impedance modulus at 0.01 Hz with immer-
sion time, contrary to that observed in coatings without
cerium. As resistances assigned to the sol-gel coating and
intermediate layer decrease with immersion time, the rise
of the impedance at 0.01 Hz can only be associated with
a significant increasing of the resistance describing the cor-
rosion of the metal substrate (R.). In theory, the value of
R would be the most appropriate parameter for monitor-
ing the protective properties of the coating as the corrosion
rate of the underlying metal can be estimated from the
Stern—Geary equation [27]. On the other hand, the varia-
tion of the time constant related to the corrosion process
show an unusual behaviour. The increase of the phase
angle from 30° for 1 h to almost 80° after 215 h of immer-
sion indicates a more capacitive behaviour. Both factors

(increase of R, and phase angle) indicate the presence of
deposits or precipitates well adhered and with enough den-
sity to reduce the area affected by corrosion.

The role of cerium ions on the corrosion protection has
been associated with the precipitation of cerium hydrox-
ides/oxides on cathode sites [28]. Some papers [29-32]
describe the partial oxidation of Ce*" to Ce*! ions, and
the further precipitation of CeO, through the formation
of intermediate species as Ce(OH)i+ or Ce(OH);.

The numerical fitting of the impedance curves of TM—
Si0,-5Ce coatings to equivalent circuits (Fig. 2) provides
the variation of resistances and capacitances displayed in
Fig. 6. Errors for each parameter are included in the figure.
The change of both parameters confirms the hypothesis
described above. While resistances associated with alumina
layer and sol-gel coating show a quicker decreasing with
immersion time compared with coatings without cerium,
resistance of charge transfer process presents an increase
from 1.8 x 10* to 6.2 x 10* Ohms cm? after 1 and 215h
of immersion, respectively.

In spite of this effect, this value is much lower than that
of coatings without cerium indicating that a single layer
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with TM-SiO,-5Ce coatings as a function of immersion time in 3.5 wt%
NaCl solution. Errors obtained from numerical fitting for each data are
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N.C. Rosero-Navarro et al. | Corrosion Science 50 (2008) 1283—1291 1289

doped with cerium is not enough to provide suitable corro-
sion protection to the metal substrate. The capacitance of
the sol-gel coating illustrates a very quick increase with
time, indicating a fast water uptake and thus, the rapid
deterioration of the coating doped with cerium. This
behaviour has been associated with blister formation and
local loss of adhesion [25,26]. Fig. 4b shows a photograph
of the sample protected with the TM-SiO,-5Ce coating
after the EIS-time test. Well adhered yellowish precipitates
all over the test area can be observed. The analysis of this
sample by FE-SEM shows a partial detachment of the sol—
gel coating and the presence of a granulated and inhomo-
geneous coating on the aluminium substrate (Fig. 7). The
particles have an average size of 50 nm and seem to be
formed from smaller particles. The EDS analysis of areas
with higher concentration of particles shows a general
increasing of the cerium content compared with the nomi-
nal composition. The Ce concentration changes along the
sample, probably due to preferential concentration of cer-
ium in some sites and inhomogeneous thickness. Macro-
scopic pits such as those observed on samples protected
with coatings without cerium were not detected. This
behaviour can be attributed to the self-healing effect pro-
vided by cerium.

Here, a doubt about the association of the impedance
increasing at 0.01 Hz with immersion time could exist,
although the photographs and the SEM study have demon-
strated a precipitation of products with a high content of
cerium. A new publication (included as Ref. [26]) has just
appeared in the literature dealing with this subject. In this
article, the authors demonstrate using a SVET technique
that the increase of impedance at low frequency with
immersion time can be associated with the self-healing
effect provided by an inhibitor incorporated to the sol-gel
coating. In order to reject that the impedance increasing
with immersion time could be related only with the forma-
tion of corrosion products, the evolution of impedance

-

spectra of bare substrates with immersion time is presented
in Fig. 8. The phase angle plot shows two time constants
assigned to the alumina layer and corrosion process. The
increase of immersion time originates a reduction of the
impedance modulus as a consequence of the corrosion
degradation.

Bode plots of alloy AA2024 protected with TM-SiO,—
10Ce coatings after different immersion times in 3.5 wt%
NaCl solution are displayed in Fig. 9. The figure shows
the same tendency observed with 5% cerium containing
coatings. The increase of cerium content to 10% produces
a greater and faster degradation of the barrier properties.
This behaviour can be observed in the reduction of imped-
ance values at 0.01 Hz, and it is a consequence of the higher
porosity of this coating. The phase angle plot reflects
curves with only two time constants at around 2 and
200 Hz associated with the corrosion process and alumina
layer, respectively. No evidence of a time constant related
to the sol-gel coating can be observed likely due of its high
porosity. Signals of diffusion process at low frequencies can
be deduced by the phase angles shift to 45°. The increase of
impedance at 0.01 Hz with immersion time from the very
beginning can be attributed to the self-healing effect pro-
vided by cerium atoms. The fitting to equivalent circuits
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Fig. 9. Impedance diagrams (Bode plots) for the AA2024 alloy protected
with TM-SiO,-10Ce coatings after different immersion times in 3.5 wt%
Nacl solution.

(Fig. 2) indicates a rise of R and a reduction of R,jumina
(not shown) in a similar way than that observed with
TM-SiO,—5Ce coatings. R.;, of TM-SiO,-10Ce coatings
increases from 3.6 x 10° to 1.5 x 10* Ohms cm? for 1 and
71 h of immersion. Fig. 4c presents a photograph of the
sample protected with the TM-SiO,—10Ce coating after
the EIS-time test. Although yellowish precipitates can be
observed as clear signals of self-healing effect, a higher pit-
ting concentration is observed in comparison with samples
with TM—-Si0,—5Ce coating (Fig. 4b). The porosity of coat-
ings with 10% cerium is excessive, this implicating a low
barrier effect and a rapid permeation of the electrolyte to
the substrate. Thus the corrosion kinetics is very fast and
the inhibitor content is not enough to heal all the pitting
produced. Although these results confirm the self-healing
effect behaviour provided by those coatings, cerium con-
tents higher than 5 mol% generates an excessive porosity
that limits drastically the barrier properties of these
coatings.

Both barrier functionality and self-healing effect have
been achieved in a single hybrid coating. The incorporation
of cerium ions to the coating induces an inhibition action,
but its inclusion reduces significantly the barrier properties.

Further work is oriented to the combination of two coat-
ings: an inner one doped with cerium ions and an outer
coating without cerium with only barrier functionality.
Separating both functions it should be possible to empha-
size both mechanisms, by producing a barrier coatings with
higher density and inhibitor doped coating with a higher
content of cerium to produce self-healing effect.

4. Conclusions

The incorporation of cerium (III) to hybrid sol-gel coat-
ings of TEOS — MPS - colloidal SiO, generates self-healing
effect promoting the corrosion protection of AA2024T3
alloy. On the other hand, the cerium provokes a porous
structure that diminish the barrier proprieties of the layers
respecting to those without cerium. After confirming the
inhibitor effect of Ce ions, a double-layer system combining
self-healing and barrier functionalities is under development.
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