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A B S T R A C T

This work presents a new approach to develop protective pre-treatment for AA2024 based on the inhibitor
efficiency of cerium ions which are considered as a promising alternative to replace chromate compounds. The
inhibition properties of cerium salts for improving the anti-corrosion performance of AA2024 have been char-
acterized by polarization curves and EIS measurements. Cerium ions were inserted into nanoclays platelets by
cationic-exchange reactions (CeMMT). XRD analysis proved the presence of cerium ions intercalated into clay
structure. EIS measurements and polarization curves highlighted a high corrosion inhibition effect of cerium-
modified nanoclays. This effectiveness can be related to the release of 60% of cerium ions from CeMMT structure
in sodium chloride as determined by UV–vis measurements. Salt spray test made on scratched sol–gel samples
indicated a self-healing effect of cerium ions which provide an active corrosion protection to aluminum sub-
strate. EIS measurements revealed that hybrid sol–gel films doped with CeMMT improve barrier properties and
anticorrosion protection of aluminum 2024 substrate.

1. Introduction

Chromated-based compounds are considered as the most efficient
inhibitors for the corrosion protection of aluminum alloys substrates
due to their low solubility, oxidizing and self-healing abilities [1].
Unfortunately, as chromate (VI) compounds also act as cancerogenic
elements for human health and toxic species for environment, alter-
native inhibitors must be developed in order to obtain an equivalent or
higher effectiveness and replace the use of Cr (VI) [1,2].

Among the potential chromate-free inhibitors, cerium-based com-
pounds have been proved to provide an active protection to metallic
substrates [3,4]. Their inhibition effect is based on the formation of
insoluble hydroxides on the cathodic zones in case of corrosion that
block the cathodic reaction and so reduce the global corrosion current
rate [3]. Cerium-based inhibitors can be directly incorporated into
sol–gel coatings or indirectly by their incorporation in nanocontainers
[5–7].

In literature, many studies focused on the use of cerium-based in-
hibitors doped silane coating as they can improve the barrier properties
and the corrosion resistance of the film [5,7–10]. Montemor et al.
showed that cerium-based inhibitors can contribute to reduce the por-
osity of the film, probably by blocking small defects /or cracks in the
film structure, [11]. Furthermore, the addition of the cerium

compounds can contribute to a good densification due to the formation
of SieOeCe bonding into silane network [12–15] without increasing
the thickness of sol–gel layer [13]. Druart et al showed that the addition
of a high concentration of cerium salt (1000 ppm) into sol–gel for-
mulation can reduce the film resistance and provoke the deterioration
of silane layer [13]. A concentration of 500 ppm of Ce (III) salt doped in
silane layer improved the barrier properties and the resistance in wet
atmosphere [13]. In addition, their anti-corrosion properties can also be
improved by the self-healing effect due to the incorporation of cerium
compounds. According to Palanivel et al., this mechanism can be ex-
plained by two different oxidation states of cerium ions: Ce3+ and Ce4+

[16]. When the cathodic reactions started, the Ce3+ ions in the silane
film were oxidized to Ce4+, which are more soluble and would then be
released from the coating and favorized to the formation of a hydro-
xide/oxide layer that would protect the metallic substrate.

Nevertheless, the release of inhibitors from the coating in the cor-
rosive solution sometimes is difficult to control, resulting to a rapid
consumption of incorporated inhibitors and the formation of osmotic
blistering in sol–gel films [7,9]. In some particular cases, the amount of
added inhibitor is limited by its solubility, its dispersion in the matrix or
its compatibility with the coating [17,18]. In order to solve these dif-
ficulties and to assure the self-healing effect, the micro- or nano-parti-
cles were useful as containers of inhibitors [6,7,19–21].
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Sodium montmorillonite (NaMMT) has been well-known as layered
silicate clay naturally hydrophilic which contains sodium cations at
clay platelets. These defects on its structure give it a negative charge,
leading to a high cationic exchange capacity [22–24]. These inorganic
ions can be effectively replaced by surfactants, cationic organic mole-
cules by cationic-exchange reactions. In particular, a number of pub-
lished studies on the use of clay as a container of inhibitors can be found
in the literature [6,19,25,26]. Montmorillonite platelets can be dis-
persed in the polymer binder or sol–gel network by forming inter-
calated and exfoliated structures which can effectively increase water
and aggressive ions diffusion pathways, so consequently improve bar-
rier properties of organic coatings [19,23,25–28]. Motte et al. used
cerium (III)-modified montmorillonite incorporated into the silane
formulation in order to protect galvanized steel surface [19]. A sy-
nergistic effect was found at a concentration of 5000 ppm NaMMT and
100 ppm Ce3+. It was also shown that 4% wt. of NaMMT combined
with 2 wt. % cerium nitrate improve the barrier properties of epoxy
coating deposited on the carbon steel surface [29]. Moreover, a high
concentration of incorporated nanoclays leads to the aggregate forma-
tion and an increase of the film porosity, inducing a rapid degradation
of the coating [29]. The dispersion of nano-clays must also be optimized
when added in coating in order to exploit their platelet structure,
leading to good compatibility with the matrix and limiting the forma-
tion of aggregates [27,30].

Clay incorporation can improve barrier properties of sol–gel
coating. However, the concentration of doped clay was also high,
variable from 250 ppm to 5000 ppm or 1% to 5% wt., leading to an
increase of film thickness (about few μm) [25,31]. The performance
protection of the modified clays is mainly studied on galvanized steel
and carbon steel and only few papers are related to the aluminum
substrate, especially 2024 aluminum alloy. AA2024 alloy is widely used
in aircraft and automobile industry due to its low density and high
tensile strength that are achieved by the presence of alloy elements like
copper, iron and magnesium [3,18]. Moreover, the formation of micro-
galvanic couples into AA2024 alloy structure leads to corrosion pro-
cesses taking place. So, it needs to develop an effective pretreatment
method in order to protect AA2024 alloy [3,21]

In this context, this study focuses on the synthesis of sol–gel coating
doped with cerium-modified clay (CeMMT) in order to improve cor-
rosion resistance of 2024AA. Inhibition properties of cerium ions was
firstly evaluated by electrochemical impedance spectroscopy and po-
larization measurements. The cerium-modified clays were then char-
acterized by XRD diffraction, electrochemical measurements, and
UV–vis analysis. Sol–gel was formulated by using Tetraethoxysilane
(TEOS) and 3-Glycidopropyltrimethoxysilane (GPTMS) as precursors.
The NaMMT and CeMMT clays were then incorporated into sol–gel film
deposited on aluminum alloy 2024 sample. Anti-corrosion properties of
un-doped sol–gel film and clay-doped sol–gel films were then evaluated
by electrochemical impedance methods and salt spray test.

2. Method and experiments

2.1. Materials

2.1.1. Aluminum alloy substrate preparation
Aluminum alloy AA2024 (provided by Sonaca company, Belgium)

was pretreated depending on the experiment. For the inhibition effi-
ciency test, AA2024 rod (Aludis, France) having a surface area of 1 cm2

was grinded by SiC abrasive paper with grades from 100 to 1200, rinsed
with absolute ethanol, quickly dried before immersion in the studied
solution. For the coating evaluation, AA2024 panels with dimension
4 cm×6 cm×1mm were degreased by using acetone, immersed in
Turco 4215 solution (10min, 50 °C), chemically treated in 1M NaOH
(30 s, 40 °C) and Turco Smutgo solution (containing HF, 15 s, room
temperature) before application of the sol–gel film.

2.1.2. Cerium-modified clay preparation
The commercial sodium montmorillonite (NaMMT) Cloisite 116®

Na (BYK – Southern Clay company) was used. Cerium chloride hepta-
hydrate (CeCl3·7H2O) was purchased from Fluka (99.99%). The amount
of 0.5%wt. NaMMT was mixed in demineralized water by stirring for
24 h and then subjected to sonication (30min, 15W). These steps favor
the exfoliation of the sheets of NaMMT and thus promote the in-
corporation of the Ce (III) ions by cationic exchange with the Na+ ions.
A quantity of 500 ppm of Ce (III) was then introduced into the clay
suspension which was stirred for 24 h. After the modification, cerium-
modified clay was collected by centrifugation (Hettich equipment,
model Universal 320) at 5000 rpm and rinsed until chloride ions were
totally removed. The absence of the chloride trace was verified by using
0.1 M AgNO3 solution. The powder was dried overnight at 80 °C and
then manually grinded for the required experiments.

2.1.3. Hybrid sol–gel coating: formulation and deposition conditions
A mix of two different precursors, namely tetraethoxysilane (TEOS,

Merck, 99%) and glycidoxypropyltrimethoxysilane (GPTMS, Sigma
Aldrich 98%) with ratio molar 1:2 dissolved in a 1:1 (mol ratio) mixture
of demineralized water and absolute ethanol was used for sol–gel film.
TEOS is used as inorganic precursor in order to improve the thermal
and chemical properties of the layer (four hydrolysable functions). It is
also available at reasonable price for many applications [13]. GPTMS
provides flexibility to the sol–gel network thanks to one non-hydro-
lysable epoxy group, promotes the coating adhesion and improves the
compatibility between AA2024 substrate/sol–gel film and an epoxy
coating [32]. Firstly, the amount of NaMMT or CeMMT was ultra-
sonically dispersed in the demineralized water (30min, 15W) then
added into sol–gel suspension in order to get finally 0.5% wt. of clay.
The pH was setup to 3.5–4 by using 96% acetic acid. After 2 h of hy-
drolysis time, the sol–gel solution was applied by a KSV Nima Dipcoater
(Biolin Scientific) on the pretreated aluminum alloy panels with an
immersion time of 2min, a withdrawal speed of 100mm/min. After
drying for 5min in air, the plates were dried at 150 °C for 60min.

2.2. Experiments

2.2.1. Characterization of cerium-modified clay
X-ray diffraction patterns of NaMMT and CeMMT powders were

determined by using the XRD D8 ADVANCE equipment with a CuKα
radiation source (1.54065 Å) at room temperature in order to determine
the distance between clay platelets. The diffraction was recorded in the
range of 1 – 10° with an increment of 0.005°. Zeta potential of NaMMT
and CeMMT were determined in demineralized water by using a
Zetasizer Nano Series (Malvern).

The quantity of cerium ions released from the modified clay struc-
ture was determined by GBC CINTRA 40 Ultra-Visible spectrometry in
the region of wavelengths from 200 to 400 nm. Samples of different
concentrations of cerium ions (from 10 to 300 ppm) were prepared in
0.1 M NaCl solution. The peaks corresponding to the absorption of Ce
(III) were detected and a calibration curve was established. This curve
allowed to determine the concentration of Ce (III) released from the
modified NaMMT structure versus immersion time in the aggressive
solution. Then 1 g of CeMMT was introduced into 500ml of 0.1 M NaCl
solution. A fixed volume (25ml) of the suspension was taken at dif-
ferent stirring times, then filtered on filter paper and analyzed by
UV–vis spectrometer. The measurements were performed at least two
times to assure the reproductible results.

2.2.2. Electrochemical measurements
Inhibition properties of cerium (III) ions and CeMMT were char-

acterized using Bio-Logic SP-300 (BioLogic Science Instruments)
equipped with a motor EDI 101 (LANGE, Hach) using as rotating
electrode (exposed surface area: 1 cm2). The corrosion protection of
sol–gel films and doped sol–gel films deposited onto aluminum 2024
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samples were characterized by using Parstat 2273 (Princeton Applied
Research) placed in a Faraday cage. The electrolyte solution was 0.1 M
NaCl solution and the exposed area was 7.07 cm2. A three-electrodes
system was used, with the differently pretreated AA2024 samples as
working electrode, an Ag/AgCl/KCl saturated as reference electrode
and a platinum grid as counter electrode. Spectroscopy impedance
measurements were performed in a frequency range from 100 kHz to
10mHz and with 5mV rms sinusoidal perturbation amplitude at open
circuit potential (OCP). Electrochemical parameters were extracted by
using ZSim Win 3.50 (Ametek).

The cathodic and anodic branches of the polarization curves were
separately determined at a scan rate of 1mV/s toward a potential value
of± 300mV starting from the OCP value after 2 h of immersion in the
electrolyte solution [33].

2.2.3. Salt pray test
Salt spray test was performed to evaluate the corrosion protection

given to AA2024 by the applied sol–gel films. The AA2024 samples
covered with the different sol–gel layers were scratched by an artificial
defect in the form of a cross of 20mm×0.38mm. The four edges of the
aluminum samples were protected by an epoxy paint before exposure.
All specimens were then placed in a salt spray test chamber (Q-Fog
Cyclic Corrosion Tester, Labomat) according to ASTM B117 standard.
After each day of exposure, the samples were removed, rinsed with
deionized water and the change of surface appearance was recorded by
optical observation equipped with a Leica DFC420 microscope. Film
thickness of sol–gel layer was measured on the cross-section with a
SEM-FEG Hitachi S-4800.

3. Results and discussions

3.1. Inhibition properties of cerium (III) ions

In this study, 500 ppm of Ce (III) was chosen from the previous
study [13] in order to investigate their inhibitive effect on the alu-
minum alloy by using a AA2024 rotating electrode. The impedance
diagrams obtained for AA2024 in 0.1 M NaCl solution with or without
inhibitor versus immersion time are presented in the Fig. 1.

Without inhibitor, two time constants are clearly visible: the first
one at high frequency is related to the natural aluminum oxide layer at
the electrode surface and the second one at low frequency is due to the
corrosion processes taking place at the surface [34]. The impedance
value obtained at low frequency in this case was low, about
2× 103Ω cm2 after 2 h of immersion. In contrast, the impedance
modulus values at low frequency obtained for the AA2024 rotating
electrode immersed in the sodium chloride solution containing
500 ppm Ce (III) are higher, relatively stable with immersion time and a
more capacitive behavior is observed in the middle frequency range due
to the protection of the metallic substrate. The impedance modulus

value is about an order of magnitude higher compared to one obtained
for the reference system. In the presence of inhibitors, only one-time
constant is observed from 2 h to 10 h of immersion related to a stable
effect of cerium ions at studied concentration for the anticorrosion
protection of aluminum 2024. The corrosion processes in the low fre-
quency range are not observed. The second time constant at low fre-
quency only appears after 24 h immersion. In addition, from the im-
pedance diagrams, the inhibition efficiency (Ieff) can be calculated
following the equation:

=

−

I
R R

R
x 100 (%)eff

p po

p (1)

where Rp and Rpo correspond to the polarization resistance values ob-
tained for the measurements with and without corrosion inhibitors. The
inhibition efficiency versus immersion time is presented in Table 1. As
observed in this table, when the cerium (III) ions are introduced in
aerated solution, they display high inhibition properties with an effi-
ciency reaching 95% at the end of the experiment. Fig. 2 shows the
images of the AA2024 surface electrode obtained after 2 h of immersion
in the electrolyte solution with and without cerium ions. Corrosion
products were formed on the surface of the electrode immersed in the
reference solution (Fig. 2a) while the electrode surface immersed in the
solution containing cerium ions was not corroded (Fig. 2b). These re-
sults confirm that cerium (III) ions act as corrosion inhibitor for
AA2024 surface. This concentration of cerium ions is then used to be
intercalated into the montmorillonite structure.

3.2. Characterization of cerium-modified clay (CeMMT)

X-ray diffraction patterns obtained of the NaMMT and CeMMT are
presented in Fig. 3. From the diagrams, using the Bragg’s law [23], the
calculated interlayer space of the unmodified NaMMT was determined
to 12.9 Å. This data is comparable with the measurements reported in
the literature [19,22]. On the other hand, the incorporation of cerium
into the clay platelets provokes an increase in the d001 basal space,
which can be observed by an increase of d001 value and, also a small
displacement of the diffraction peak. The interlayer space obtained for
Ce (III) modified-NaMMT is 15.7 Å which can be explained by the in-
terlayer intercalation of the cerium cations (atomic radius= 0.248 nm)
characterized by a bigger size than sodium ions (atomic ra-
dius= 0.227 nm).

Fig. 1. Bode diagrams of aluminum 2024 rotating electrode versus immersion time in 0.1M NaCl solution with and without 500 ppm Ce3+.

Table 1
Inhibition efficiency Ieff (%) calculated from impedance measurements versus
immersion time in 0.1M NaCl.

Ieff (%) 2 h 4 h 6 h 10 h 24 h

0.1M NaCl+ 500 ppm Ce3+ 96.9 97.1 96.9 98 95.1
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In addition, Table 2 shows the zeta potential values of the NaMMT
and CeMMT determined in demineralized water and, also the pH values
of these suspensions. It can be seen that the addition of cerium causes a
progressive decrease in the absolute value of the zeta potential and
induces a change in pH value: from an alkaline media to a weak acid
media. The suspension containing 0.5% wt. cerium-modified clay is less
stable due to its low zeta potential value close to 0mV. This phenom-
enon can be explained by the compensation of the negative charge of
the clay by the trivalent Ce3+ ions but also related to the increase of the
ionic strength in the clay suspension due to the presence of cerium ions
[30]. As the result of hydrolysis reaction of the rare earth cations in
aqueous media proposed by Baes and Mesmer [35] (Ce3++3H2O→ Ce
(OH)3+ 3H+), the high cerium concentration doped in clay structure

induces an acidification of the solution and also a decrease of pH value.
Due to this modification, the CeMMT surface nature becomes less
charged than NaMMT and more susceptible to the aggregate formation.

The corrosion protection of CeMMT was characterized by electro-
chemical impedance spectroscopy and polarization measurements.
AA2024 rotating electrode was immersed in chloride electrolyte solu-
tion dispersing 0.5% wt. of CeMMT. Fig. 4 shows the Bode plots of
AA2024 obtained after 2 h of immersion in the studied solutions.

As it was seen in Fig. 4, cerium modified clay shows a positive effect
on the corrosion protection of aluminum alloy 2024. The impedance
modulus at low frequency reaches a value of the order of 3×104Ω cm2

in the presence of CeMMT, which is higher than that one obtained from
the reference solution. The phase diagram in the case of CeMMT only
shows one-time constant, related to a more capacitive behavior than
that one obtained for the reference. This behavior seems to be like the
one observed from adding free cerium ions to electrolyte solution
(Fig. 1), relating to a release of Ce (III) ions from MMT platelets. Based
on these electrochemical measurements, it can be calculated that the
cerium-modified clays show a high inhibition efficiency (Ieff=96%
after 2 h of immersion) in the anticorrosion protection of aluminum
2024 electrode.

Fig. 5 displays the images of the aluminum electrode surface after
2 h of immersion in the studied solutions. Comparing the electrode
surface immersed in the reference solution (Fig. 2a), it appears that the
unmodified NaMMT cannot protect the AA2024 substrate (Fig. 5a).
Furthermore, no accumulation of corrosion products can be observed
on electrode surface for the sample immersed in solution containing
cerium-modified clay (Fig. 5b). The aluminum surface is protected by a
thin layer, which may be due to the precipitation of cerium hydroxide
due to the release of Ce (III) ions into the solution [3,16,20,21].

In parallel, the polarization curves were recorded for the AA2024
rotating electrode after 2 h of immersion in these solutions and the
curves are presented in Fig. 6. The curves obtained in blank 0.1M NaCl
solution are also considered as reference. The results obtained de-
monstrate that the addition of Ce3+ ions provides an anticorrosion
protection for aluminum alloy 2024. After 2 h of immersion of AA2024
rotating electrode in 0.1M NaCl solution, it is observed that the den-
sities of the anodic and cathodic currents ian and icath, decrease in the
presence of Ce (III) ions compared to those ones obtained for the re-
ference solution. The value of Ecorr is close to that one obtained without
inhibitor. No pitting corrosion is observed on the AA2024 surface after
2 h of exposure in the studied solution. This indicates that Ce3+ ions act
as mixed inhibitor in the range of studied concentration and for this
period of immersion time. In addition, a plateau can be observed on the
anodic branch, reflecting a passivation zone on aluminum in presence

Fig. 2. Optical observations of the surface of AA2024 rotating electrode after 2 h of immersion (a) in 0.1M NaCl solution, (b) in 0.1M NaCl solution containing
500 ppm Ce (III).

Fig. 3. XRD patterns of unmodifed clay NaMMT and cerium-modified clay
CeMMT.

Table 2
Zeta potential values of NaMMT and CeMMT in demineralized water.

Sample Zeta potential (mV) pH

NaMMT −35.9 ± 1.9 10.5
CeMMT −1.7 ± 0.3 6.2
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of Ce3+ ions. In parallel, clays modified with Ce3+ ions present an ef-
fective capacity in the protection of aluminum alloy 2024. In compar-
ison with the polarization curves obtained for the reference solution, a
clear inhibition effect is observed which is attributed to the release of
Ce3+ ions from the platelets clay to the electrolyte solution. The
CeMMT react on the cathodic zones (Fig. 6a), resulting in a decrease of
the current density and a shift on the value of Ecorr (−1 V) towards
more negative values than those obtained for reference solution
(−0.56 V). In presence of NaMMT, the corrosion current density is as
high as the reference system. A corrosion potential shift is observed and
is associated to the alkaline pH measured (10.5) when NaMMT are
introduced in aqueous solution. It cannot be excluded that this pH in-
crease contributes to the aluminum dissolution and so to a higher
corrosion rate.

In order to confirm the release of Ce3+ from CeMMT structure into
electrolyte solution, the solutions were analyzed by UV–vis analysis
after different immersion times in the chloride solution. Fig. 7 displays
the UV–vis adsorption spectra of the Ce (III) ions at different selected
concentrations and the amount of cerium released from the CeMMT
versus immersion time in 0.1 M NaCl solution.

The UV–vis absorbance spectra of cerium (III) in 0.1 M NaCl
medium (Fig. 7a) show three peaks in the ultraviolet zone at
237.44 nm, 251.09 nm and 299.03 nm respectively. In agreement with
the results presented by Greenhaus et al. [36], the absorbance peak
corresponding to the peak around 251.09 nm is chosen to establish a
cerium calibration curve. The results presented in Fig. 7b confirm the
release of cerium from the structure of modified clays in the aerated

solution. The quantity of released cerium increases rapidly when
modified clays are added to the measured solution and stabilizes after
1 h. After 6 h, this value increases slightly until 24 h. At the end of test,
the amount of released cerium is about 70% (calculated with the
amount of cerium ions incorporated in the clay). This result suggests
that one part of cerium ions absorbed at the internal layer is still in the
clay structure because this interaction is stronger than the interaction
between the cerium ions and the external layer [19]. However, this
leached rate can protect the aluminum substrate as confirmed by the
electrochemical measurements. Based on these promising results,
cerium-modified clay CeMMT is selected for incorporation into sol–gel
coating in order to protect AA2024 aluminum alloy substrate.

3.3. Characterization of the corrosion protection of sol–gel coating
containing CeMMT particles

Fig. 8 shows SEM images of the cross section of the neat silane
layer/the silane layer modified with clay particles used to determine
the thickness of the coating. As can be seen, the film thickness of un-
doped sol–gel is about 507 nm with a homogenous surface, Fig. 8a. The
sol–gel coating doped with unmodified clay shows a slight increase in
the film thickness value (527 nm, Fig. 8b) which is attributed to the
doping of clay particles. Due to the dispersion and sonication in as-
prepared step, the clay in the sol suspension is found at the intercalated
and exfoliated structures, which induce an increase of film thickness
and suggest to a barrier protection to the aluminum substrate [30,37].
In addition, the one doped with cerium-modified clay presents higher

Fig. 4. Bode diagrams of aluminum 2024 rotating electrode after 2 h of immersion in 0.1M NaCl solution with and without 0.5%wt cerium-modified clay particles:
(a) modulus and ((b) phase angle.

Fig. 5. Optical images of AA2024 rotating electrode after 2 h of immersion (a) in 0.1M NaCl solution containing 0.5% wt. NaMMT and (b) in 0.1M NaCl solution
containing 0.5% wt.
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film thickness value (575 nm, Fig. 8c). The layered structure of clay can
also be observed in the cross section in the two cases which confirms
the doping of clay in the sol–gel layer.

Fig. 9 represents the Bode diagrams of AA2024 covered with the
hybrid sol–gel coating doped with NaMMT or CeMMT after different
immersion times in 0.1M NaCl solution. The Bode diagrams of bare
AA2024 after 6 h of immersion in 0.1 M NaCl are also presented as
reference. For bare aluminum, the time constant well observed in the
phase diagram is related to the alumina layer at the surface, Fig. 9b. The
impedance modulus value at low frequency is low, about
2× 104Ω cm2. The impedance behavior of aluminum 2024 changes
when a hybrid sol–gel coating is deposited on the substrate, Fig. 9a and
b respectively. In comparison with the results obtained for bare alu-
minum 2024, the sol–gel coating provides an improvement of the cor-
rosion protection, marked by an increase of two orders of magnitude of
the low frequency impedance modulus. At the short immersion time,
the impedance modulus value at low frequency is about 8×106Ω cm2

against 2×104Ω cm2 for bare aluminum. Two-time constants are ob-
served on this phase diagram (Fig. 9b). The time constant at high fre-
quency can be attributed to the presence of a covering and homogenous
sol–gel layer as can be observed in the SEM image cross section (Fig. 8a)
while the one at low frequency is associated to the interfacial alumina
layer due to the presence of Si-O-Al bonds resulting from the interaction
between the Si−OH and the Al−OH bonds at the surface [19,37].
During immersion times, the low frequency impedance modulus value
gradually decreases, relating to the degradation of the sol–gel film
[25,37].

As it is observed in Fig. 9c and d, when the sol–gel layer is doped by
using NaMMT, two-time constants are observed in these diagrams: the
first one at high frequency linked to silane layer and the second one at
low frequency associated with the interface phenomena [19,37]. The
presence of NaMMT in sol–gel film changes the global electrochemical
behavior with a time constant at high frequency which is strongly de-
pressed compared to the one of the undoped sol–gel at the same im-
mersion time. From 168 h of immersion, this time constant becomes
difficult to define which is explained by a strong decrease in the re-
sistance of the silane layer and a modification of the interface. In ad-
dition, the impedance modulus value at low frequency is close to
107Ω cm2 at the initial immersion time. These values are close to that
one obtained from undoped sol–gel coating, suggesting that the pre-
sence of NaMMT maintains barrier properties at the aluminum inter-
face. As can be found in a few publications relating to the introduction
of nanoclay into polymer matrix, the good interaction between the OH
group of clay platelets and the silanol group promotes the silanization
reactions [19,30,35] at the interface. When immersion time increases,
the value of the impedance modulus at low frequency gradually de-
creases, which is due to the degradation of the sol–gel matrix. As a
result, water and ions from the electrolyte can easily migrate, resulting
in a decrease in the modulus value of doped sol–gel coating [29,31].

Fig. 6. Cathodic (a) and anodic (b) polarization curves of AA2024 rotating electrode after 2 h of immersion in 0.1M NaCl solution with and without cerium-modified
clay.

Fig. 7. (a) UV–vis spectra of Ce (III) ions at different concentrations in 0.1M
NaCl solution (b) Released cerium concentration from CeMMT versus immer-
sion time determined by UV–vis analysis.
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Results in Fig. 9(e+ f) show a modification in electrochemical be-
havior when Ce (III) ions were inserted in clay structure. It is observed
that the first time constant at high frequency is more pronounced than
that one observed in the case of NaMMT doped sol–gel (Fig. 9d). So, the
sol–gel layer doped with CeMMT is more capacitive than that one
doped with un-modified NaMMT. The electrochemical properties, in
this case, seem like that ones obtained by the undoped sol–gel coating
(Fig. 9a) but indicate a reinforcement of the barrier properties. At the

initial immersion time, impedance modulus values at low frequency
gradually decreases but remains stable for 24 h of immersion, Fig. 9e
respectively. In parallel, the shape of phase diagram changes during
immersion time (Fig. 9f). The time constant related to sol–gel layer is
gradually depressed while the second time constant increases versus
immersion time. This phenomenon can be explained by the role of
doped-cerium ions which reinforced the interface of the metallic sub-
strate with time [13,15].

These electrochemical behaviors of sol–gel system can be described
by an equivalent electrical circuit (EEC) using ZSim Win 3.50 which is
illustrated in Fig. 10. In this case, the pure capacitance C is replaced by
the constant phase element Q which is written as Q= (Qo

−1 (iω)-n)
where Qo is the constant phase element admittance and n is a factor
variable between 0 and 1. The evolution of electrochemical parameters
as a function of immersion time in 0.1 M NaCl solution can be found in
Fig. 11.

As observed in Fig. 11, the Rcoat values of the NaMMT-doped sol–gel
film are low, resulting to an alteration of sol–gel layer due to the in-
teractions between the clays and the silanol groups during the hydro-
lysis [19], (Fig. 11a). On the other hand, the Rcoat values of the undoped
sol–gel film, in this case, are higher, which confirmed that in the case of
doped clays, the contribution of the silane layer to the total impedance
is less important than the protection related to the interface. In the case
of CeMMT-doped sol–gel coating, the film resistance shows a high value
which can be related to the high corrosion resistance properties. As
comparison, this correlates to the high values of ncoat (between
0.91–0.97) which indicated a behavior close to a pure capacitance of
the silane film Qcoat (Fig. 11b). The coating capacitance obtained for the
NaMMT-doped sol–gel film is high (ncoat values between 0.84 and 0.87)
and its Rcoat value is low which are related to the lower barrier prop-
erties of the sol–gel film [19]. This Qcoat value presents an increasing
trend indicating a degradation of layer due to penetration of water into
the film [31]. The fitting parameters corresponding to the silane sol–gel
film indicate that the presence of cerium-modified clay could improve
its corrosion resistance. On the other hand, the evolution of fitting
parameters corresponding to the alumina layer gives information on the
interface silane film/aluminum substrate layer (Fig. 11 c and d). The
resistance values (Roxide) of the NaMMT-doped film show a degradation
at the beginning of immersion and then present a higher value than
non-doped film. Moreover, the evolution of interfacial layer Roxide of
CeMMT-doped sol–gel always shows stable values up to the end of
measurement and its capacitance Qoxide revealed lowest values com-
pared to the other sol–gel layer suggesting a good protection to the
aluminum substrate [38]. The lower value of Qoxide can also be re-
presentative of a higher interfacial film thickness relating to the re-
inforcement due to the cerium ions at the interface [15,19,39].
Nevertheless, in the present case the value of nox is too low (between
0.58 and 0.63) to confirm a thicker layer.

As it is observed in the evolution of |Z|10mHz values of the various
doped sol–gel films (Fig.11e), the modulus values at low frequency
obtained for the un-doped sol–gel film progressively decrease up to the
end of measurement confirming that the neat sol–gel layer is not suf-
ficient to protect the metallic substrate for long time of immersion
[5,9,37]. The same trend is recorded for the low modulus values ob-
tained for the NaMMT-doped sol–gel film from the beginning of im-
mersion but a higher value is measured at the end of test compared to
the undoped sol–gel film. This can be attributed to the reinforcement
effect given by the presence of clay nanoparticles as mentioned in the
literature [19,30]. On the other hand, the modulus values corre-
sponding to the CeMMT-doped coating are higher than the other ones,
about 107 Ω cm2 at the beginning of measurement (Fig. 11e). These
values progressively decrease following immersion time and then sta-
bilize at a quite stable value of 4×106 Ω cm2. This reinforcement is
due to the barrier effect given by the incorporation of cerium-modified
clay into the sol–gel formulation and also by the contribution to the
reinforcement at the interface by cerium ions doping [15].

Fig. 8. SEM cross section images of (a) neat sol–gel layer, (b) sol–gel layer
doped with un-modified clay NaMMT, (c) sol–gel layer doped with cerium-
modified clay CeMMT deposited onto AA2024 substrate.
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Fig. 12 shows the surface appearance (Fig.12a–c) of aluminum alloy
2024 coated with sol–gel film or (un) modified clay doped sol–gel films
and the microscope image of the artificial scratch (Fig. 12d–f) after 72 h
of salt spray test.

As it can be observed, the specimen coated with un-doped sol–gel
film dramatically corrodes after 3 days of salt spray test, Fig. 12a, with
numerous corrosion products appearing on the surface specimen and
around the scratch, Fig. 12d. This phenomenon seems to be limited
when the sol–gel film is doped with NaMMT clay, Fig. 12b respectively.
The corrosion products still appear on the surface sample with a less
important accumulation than for the first case, which is related to the
protection effect on the interface due to the incorporation of NaMMT
particles. However, for NaMMT-doped sol–gel layer, Fig. 12e, corrosion
appears in the scratch revealing a passive protection behavior of un-
modified clay particles. On the other hand, the better performance in
salt spray test is obtained for the sol–gel coating doped with CeMMT
particles. No corrosion products can be obviously observed at the

Fig. 9. Bode diagrams of AA2024 samples coated (a+ b) with an undoped hybrid sol–gel coating, (c+ d) with a hybrid sol–gel doped with 0.5% wt. NaMMT, (e+ f)
with a hybrid sol–gel doped with 0.5%wt CeMMT (e+ f) versus immersion time in 0.1M NaCl solution.

Fig. 10. Equivalent electric circuit (EEC) used for EIS fitting: electrolyte re-
sistance (Rsolut), coating capacitance (Qcoat), sol–gel film resistance (Rcoat),
double layer capacitance (Qoxide) and charge transfer resistance (Roxide).
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surface sample (Fig. 12c). The surface is protected, and only some
products can be observed at the artificial scratch (Fig. 12f), which can
be related to the formation of cerium hydroxide due to the release of
cerium (III) ions [3,16].

4. Conclusions

In this study, a dense, hybrid sol–gel coating formulation was de-
veloped. The electrochemical impedance measurements proved the ef-
fective passive barrier protection given by this sol–gel layer to protect
the metallic substrate. In order to reinforce the anti-corrosion proper-
ties and to provide an active protection, the cerium-based inhibitors are
then incorporated in this sol–gel formulation by using montmorillonite
as a reservoir for Ce (III) ions. At low concentration of cerium-modified
clays particles (0.5% wt), it had been shown that cerium– modified clay
played a role as effective cathodic inhibitor of aluminum 2024 substrate
due to the release of cerium ions in the corrosive medium. The leached
cerium rate is about 70% which firstly comes from the cerium ions

adhered on the external layer of clay platelets. The incorporation of
cerium ions into the clay platelets helps to improve the barrier prop-
erties of sol–gel film. Furthermore, the presence of cerium ions at the
interface favorizes the formation of cerium hydroxide in order to pro-
tect aluminum substrate so the corrosion resistance of sol–gel layer is
reinforced. The salt spray test confirms that the cerium- modified clay-
doped sol–gel coating provided a positive effect on the protection of the
aluminum alloy 2024 in terms of the barrier effect and, also the cor-
rosion inhibition due to the self-healing effect of cerium-based in-
hibitors.
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