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Urša Tiringer,1,2 Alicia Durán,3 Yolanda Castro,3 and Ingrid Milošev 1,∗,z
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Aluminum alloy AA7075-T6 is most commonly used in the aircraft and automotive industries. Due to the presence of intermetallic
particles, AA7075-T6 is susceptible to localized corrosion in chloride solutions. In the present work multilayer hybrid sol-gel coatings,
based on silane precursors 3-glycidyloxypropyl(trimethoxysilane) (GPTMS) and tetraethoxysilane (TEOS), were used to protect
AA7075-T6 from corrosion. To enrich the barrier properties of the coating, SiO2 nanoparticles were added to the GPTMS/TEOS
sol-gel solution. Inhibition and a self-healing effect were achieved by doping Ce(NO3)3 in the coating. A multi-layer system was
applied on the substrate composed of a first layer doped with Ce(NO3)3 and the second, undoped sol-gel layer. The addition of cerium
increases the lifespan of hybrid sol-gel coating and has a role in self-healing if it is locked within the first layer of the multilayer
coating. The self-healing effect was confirmed by immersion of unscribed and scribed coated substrates in 0.1 mol/L NaCl by using
the immersion test, electrochemical impedance spectroscopy, X-ray photoelectron spectroscopy and scanning electron microscopy
with chemical analysis.
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Due to increasing demand for light-weight metals to reduce
fuel consumption and, consequently, CO2 emission, aluminum alloy
AA7075-T6 is very attractive in automotive and aircraft industries. In
addition to its low density, its advantages are high strength-to-weight
ratio and good mechanical properties.1–3 However, due to the presence
of zinc and copper intermetallic particles, AA7075-T6 readily under-
goes localized corrosion, which limits its use in more aggressive en-
vironments. Chromate conversion coatings (CCCs), which were used
for decades as providing the most effective corrosion protection of
aluminum alloys, are limited, in the European Union.4 Many surface
treatments have been proposed to replace CCCs, the sol-gel process
being one of the most promising and environmentally friendly.5–12 In
hybrid sol-gel coatings, which combine inorganic and organic com-
pounds, the inorganic compound provides mechanical support, while
the organic compound adds to flexibility and decreases treatment
temperature.8,12–15 Hybrid sol-gel coatings achieve protection of un-
derlying substrate by acting as barrier coatings. Addition of silica
nanoparticles (SiO2) into sol-gel coating has been reported to addi-
tionally increase the barrier effect by increasing the coating thickness,
density and reinforcement.16–23 Still, if these coatings do not contain
corrosion inhibitors they lack the ability to inhibit the corrosion pro-
cess once it commences, i.e. they do not show active inhibition ability
resulting in a self-healing of the coating.

To obtain an active corrosion protection, corrosion inhibitors can
be incorporated into sol-gel coating. According to Hinton et al.,24,25

many salts of rare earth ions such as Ce3+, Y3+, La3+, Pr3+ and Nd3+,
are successful corrosion inhibitors for aluminum alloys, Ce3+ being
the most efficient. When added directly to corrosive solution, e.g.
chloride solution, earth salts hydrolyse and can then precipitate at the
metal surface once the conditions for precipitation are established;
in the case of Ce, cerium (III) hydroxide Ce(OH)3 precipitates at the
cathodic sites at the surface where the pH increases due to formation
of OH− ions during the reduction of oxygen.26,27 Ce(OH)3 formed
can be further oxidized to Ce(OH)4 and insoluble CeO2, which acts
as a protective barrier to oxygen and lowers the cathodic activity
by hindering the transfer of electrons from the anodic to cathodic
sites.28–30 The addition of corrosion inhibitors, including cerium, to
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the formulation based on precursors, such as tetramethylorthosil-
icate (TMOS), tetraethoxysilane (TEOS), methyltrimethoxysilane
(MTMS), 3-glycidoxypropyltrimethoxysilane (GPTMS), etc.8 has
been shown to provide self-healing properties when these coatings
are applied on aluminum alloys.21,29,31–35 Thus, when the coating is
mechanically damaged or local defects are present, the inhibitor is
released and act in such a way to repair the damage or retard the cor-
rosion process. The most probable self-healing mechanism involves
the formation of Ce(OH)2

2+ ions which can migrate to the damaged
sites where are converted into highly insoluble Ce(OH)4/CeO2.28,36–38

Another possibility to express self-healing ability in silane hybrid sol-
gel coating was pre-treatment of aluminum alloy in a 1·10−3 mol/L
Ce(NO3)3 solution.37

The possible drawback of direct incorporation of cerium ions into
the hybrid coating is the generation of high porosity and consequently
fast release of inhibitor into the solution which prevents the long-term
self-healing ability.39–41 Further, the increased roughness of cerium
containing coatings was noticed and ascribed to a superficial agglom-
eration/precipitation of cerium containing nanoparticles.32 This im-
plicates that there exist an optimal content of Ce which would not
deteriorate the coating stability but yet provide a self-healing abil-
ity for a reasonably long period of time upon exposure to chloride
solution. This task is difficult to achieve, as shown in our previous
study.40,41 When using monolayer sol-gel coating doped with cerium
to obtain barrier and active protection, the long-term coating stability
can be jeopardized.16,40–42 Namely, the inhibition effect was observed,
but a fast deterioration of the barrier properties of the coating occurred
after 24 hours in 0.35 wt% NaCl.16 A multi-layer sol-gel hybrid coat-
ing, based on TEOS, methacryloxypropyl trimethoxysilane (MPS),
ethylene glycol dimethacrylate (EGDMA) and glycidyl methacrylate
(GMA) containing an intermediate cerium doped layer was shown
to greatly improve the corrosion properties of AA2024.32 It was fur-
ther showed that the barrier and active protection of coatings were
improved in multi-layer coating, based on TEOS, GPTMS and SiO2

nanoparticles, where cerium was in the top layer, but the self-healing
ability of such coatings applied on carbon steel was not confirmed.16

In the present work three types of multi-layer hybrid sol-gel coat-
ings were developed based on the inorganic precursor TEOS, or-
ganic precursor GPTMS, SiO2 nanoparticles and corrosion inhibitor
Ce(NO3)3. The aim was to develop a coating system that would pre-
vent the leaching of cerium ions from the coating. Thus, a multilayer
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system of two different coatings was used: the first layer was doped
with cerium, while the second was undoped to increase the stabil-
ity of cerium in the underlying layer. This multi-layer system was
expected to enable self-healing through migration of cerium ions to
damaged sites and the recovery of damaged sites (i.e. self-healing) in
the course of prolonged immersion in chloride containing electrolyte.
We planned the experiments in such a manner as to prove the self-
healing effect particularly on scribed coatings. A further novelty of
the present work is the type of aluminum alloy used, i.e. AA7075-T6
which is difficult to protect due to its high susceptibility for localized
corrosion in chloride environment.

Experimental

Metal substrate preparation.—Aluminum alloy AA7075-T6 (Zn
5.81 wt%, Mg 2.55 wt%, Cu 1.67 wt%, Fe 0.21 wt%, Si 0.08 wt%,
the remaining Al) with dimensions of 30 mm × 65 mm × 2 mm,
supplied by Kaiser Aluminum, was subjected to a three-step cleaning
procedure including alkaline cleaning (Metaclean T2001 – Chemie
Vertrieb Hannover GmbH & Co KG), an alkaline etching (Turco
Liquid Aluminetch Nr.2 – Turco Chemie GmbH) and a final step of
acid desmutting (Turco Liquid Smutgo NC – Turco Chemie GmbH).
After each step samples were rinsed with deionized water.

Synthesis of hybrid sols and coatings deposition.—The schematic
presentation of sol synthesis and coating deposition and curing are
presented in Figs. 1 and 2a. Two hybrid sols were prepared, one
undoped and the other doped with cerium (Fig. 1). The first sol was
prepared at room temperature by mixing tetraethoxysilane (TEOS,
Aldrich, 99%) and 3-(glycidyloxypropyl)trimethoxy silane (GPTMS,
ABCR, 98%) with a colloidal silica (SiO2) suspension (Ludox-4S,
Aldrich, aqueous suspension 40 wt%, particle size 20 nm, pH 9).
After 30 minutes of stirring, 0.6 mL of concentrated nitric acid HNO3

(VWR, 65%) was added to 100 mL of solution as a catalyst. Finally,
absolute ethanol (EtOH, Panreac, 99.8%) was added as a dissolvent.
The final silica concentration was 120 g/L, with 64 g/L of colloidal
particles, labelled as 120 (64). The molar ratio of the first hybrid sol
was TEOS/GPTMS/SiO2 = 0.4/0.46/0.14 and it was denoted as GTS.

The second sol was prepared following the same process, but in-
corporating cerium as a corrosion inhibitor. Cerium nitrate (Ce(NO3)3

.6 H2O, Aldrich, 98%), dissolved in EtOH, was added before addi-
tion of the catalyst (HNO3). The molar ratio of the second sol was
TEOS/GPTMS/SiO2/Ce = 0.39/0.44/0.12/0.05, denoted as GTS-Ce.

After synthesis, sols were immediately deposited on AA7075-T6
substrate by dip-coating at a withdrawal rate of 30 cm/min. Three dif-
ferent coatings were prepared (Fig. 2a). The first coating was prepared
by the deposition of two layers of GTS sols (denoted as GTS), and the
second by the deposition of two layers of GTS-Ce sols (denoted as
GTS-Ce). Before depositing the second layer the first layer was dried
using a hot air gun at 100◦C for 3 minutes. The third coating was the
combination of GTS-Ce and GTS sols (denoted as GTS-Ce+GTS).
Each sol was deposited as a single layer, with intermediate curing
using a hot air gun at 100◦C for 3 minutes.

Finally, the coatings were cured as follows: using a ramp of
5◦C/min from room temperature up to the curing temperature of
120◦C, cured for 1 h, and then cooled down with the same rate 5◦C/min
to reach room temperature (Fig. 2a).

Coating characterization.—The coating thickness was measured
on coated glass-slides by Spectroscopic Ellipsometer (J.A. Woollam
Co., Inc, EC-400, M-2000 U Software: WVASE32). The spectral band
was recorded from 250 nm to 900 nm at incident angles between 50◦

and 60◦. The data were fitted using the WVASE32 software with a
Cauchy model. Three measurements were performed for each sample
at different sites and the mean value was deduced for each coating.

The morphology and composition of coatings were analyzed using
a field emission scanning electron microscope (FE-SEM, JEOL JSM-
7600F) equipped with energy dispersive X-ray spectrometer (EDS,
Oxford Instruments INCA). The diameter of the analyzed area was a

Figure 1. Schematic presentation of synthesis of hybrid sols GTS and
GTS-Ce.

few micrometres and the analyzed depth around 1 μm. Prior to anal-
ysis, samples were coated with a carbon layer to reduce the charging
effect. Images were recorded in a compositional mode using an energy
of 15 kV. EDS mapping was performed with a resolution of 512 lines.

Ultraviolet-visible (UV-vis) spectra (Perkin with Elmer Lambda
950 spectrophotometer) were acquired between 200 and 700 nm for
coatings deposited on SiO2 substrates. Spectrum for the uncoated SiO2

substrate was recorded for reference.
X-ray photoelectron spectroscopy (XPS) was carried out using a

PHI-TFA XPS spectrometer (Physical Electronic Inc.). The vacuum
during the XPS analysis was in the range of 10−9 mbar. The analyzed
area was 0.4 mm in diameter and the depth about 3–5 nm. X-rays
were provided from a monochromatic Al source at photon energy of
1486.6 eV. XPS spectra were analyzed by Multipak software, version
8.0 (Physical Electronics Inc.). The elemental composition was deter-
mined from survey spectra. An Ar+ ion beam, with an energy of 4 keV
and a raster of 3 mm × 3 mm, was used for etching. The sputtering
rate was 2 nm/min, as determined on a Ni/Cr multilayer structure of
known thickness.
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Figure 2. (a) Schematic presentation of the coatings GTS, GTS-
Ce and GTS-Ce+GTS and drying and curing treatments. SEM
images of AA7075-T6 coated with (b) GTS, (c) GTS-Ce and (d)
GTS-Ce+GTS coatings. The numbers 1–9 denote locations where
EDS analysis was carried out (Table I). Note that all coatings are
bilayer coatings.

Corrosion behavior of coatings.—The corrosion performance of
uncoated and coated AA7075-T6 substrates was tested using elec-
trochemical impedance spectroscopy (EIS) in a 0.1 mol/L NaCl
aqueous solution at room temperature. An AUTOLAB PGSTAT
12 potentiostat/galvanostat, controlled by NOVA 1.11 software, was
used for measurements made in a three-electrode standard corrosion
cell (PAR Flat cell K0235, volume 250 mL). An Ag/AgCl/saturated
KCl electrode was the reference electrode (0.192 V versus standard
hydrogen electrode), the platinum mesh was a counter electrode and
the tested material embedded in a Teflon holder was a working elec-
trode. The area exposed to the corrosion medium was 1 cm2. All
potentials in the text are given with respect to an Ag/AgCl electrode.
The EIS were performed at open circuit potential with an ac excita-
tion voltage of 10 mV in the range from 10−2 Hz to 105 Hz. Corrosion
resistance was assessed by determining the modulus of impedance,
Z, from the Bode plot (Z vs. frequency) at a frequency of 10−2 Hz.
Experiments were repeated at least three times and the most highly
representative measurement was chosen for plotting.

The development of corrosion process on uncoated and coated
substrates were also monitored by an immersion test carried out in
0.1 mol/L NaCl at room temperature. Samples were placed in a DU-
RAN glass flask containing 300 mL NaCl solution. The area of sample
exposed to electrolyte was 1450 mm2, giving a ratio of 0.207, thus in
accordance with the “Standard guide for laboratory immersion cor-
rosion testing of metals” (NACE TMO 169/631). Immersed samples
were monitored for 80 days.

Evaluation of the self-healing effect on scribed coatings.—To
evaluate the self-healing property of coatings, the samples were
scribed and the course of self-healing process was followed using dif-
ferent methods. Two types of scribe were created: (i) a cross shaped
scribe, with a depth of over 7 μm, made with a diamond tip; the depth
of the scribe was larger than the coating depth and reached the un-
derlying substrate, and (ii) cross shaped indents, with a depth around
2–4 μm, made using a Vickers diamond indenter within the coating
depth. The indents were made using a Fisherscope H100C tester at
the indentation load 2 N. The depth of the scribe was determined by
the profilometer (model Bruker DektakXT). The radius of the sty-
lus was 2 μm; it was used at a force of 30 mN. Map resolution was
10 μm/trace, scanned at a spot size of 1 mm × 1 mm. The vertical anal-
ysis range was 65.5 μm and the vertical resolution 0.167 μm/point.
Data was processed using Bruker Vision 64 and TalyMap Gold 6.2
software. Three measurements were performed at different sites of the
scribe and the mean value was determined.

Scribed GTS, GTS-Ce and GTS-Ce+GTS coatings were exposed
to the 0.1 mol/L NaCl solution for various immersion times to follow
the self-healing. EIS spectra were recorded during the course of im-
mersion. The morphological changes at the scribe were monitored as
a function of immersion time using an optical microscope (Olympus
BX51). The magnification and light were controlled and kept con-
stant throughout the experiment. At the end of the immersion test,
SEM/EDS and XPS analyses were carried out.

Results and Discussion

The morphology, composition and corrosion properties of the un-
coated and coated AA7075-T6 samples were analyzed. The study
was divided into three parts: (i) characterization of as-prepared coat-
ings, (ii) corrosion behavior of unscribed coatings and (iii) corrosion
behavior of scribed coatings.

Coating characterization.—Ellipsometry.—The thickness of
GTS, GTS-Ce and GTS-Ce+GTS coatings deposited on glass-slides
was measured by ellipsometry. The total thickness of GTS coating
was 5.3 ± 0.4 μm, of GTS-Ce was 7.0 ± 0.7 μm and of GTS-Ce +
GTS coating was 6.0 ± 0.6 μm. The GTS-Ce coating was thicker as
a result of the presence of cerium, which was ascribed to increased
porosity, i.e. free volumes in the hybrid network, as will be described
below.44–46

SEM/EDS analysis.—The morphology and composition of differ-
ent coatings applied on AA7075-T6 were investigated by SEM/EDS
analysis (Fig. 2, Table I). The surface of the GTS coating applied on
AA7075-T6 was shown by SEM/EDS analysis to be homogeneous
(Fig. 2b). EDS analysis shows Si and O as only elements of the coat-
ings; Al and alloying elements were not detected, since the coating
thickness was greater than 5 μm.43 The concentrations of Si and O at
locations 1, 2 and 3 were similar, indicating homogeneous composi-
tion over the surface. At the surface of GTS-Ce coating in addition to
Si and O, a small concentration of Ce (up to 1 at.%) was identified at
all three locations 4, 5 and 6 (Fig. 2c, Table I). Although the coating
was homogeneous as GTS, some underlying structure in the form of
grains is evident (Fig. 2c). This may be caused by the incorporation
of cerium. It has been shown that the addition of cerium affects the
structure of the hybrid sols in several ways: Ce promotes inorganic
and organic polymerization of the network and the process of opening
of the epoxy ring.46 The degree of this effect is, however, dependent
on Ce concentration in the sol. When Ce is present at low concen-
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Table I. Concentrations of elements obtained by EDS analysis
at various locations on the AA7075-T6 alloy coated with GTS
(locations 1–3), GTS-Ce (locations 4–6) and GTS-Ce+GTS
(locations 7–9) coatings. Locations are denoted on SEM images
in Fig. 2.

Location Si [at.%] O [at.%] Ce [at.%]

1 37.7 62.3 /
2 34.7 65.3 /
3 33.3 66.7 /
4 35.3 63.8 0.9
5 35.3 64.0 0.7
6 36.9 62.5 0.6
7 35.1 64.9 /
8 37.4 62.6 /
9 33.8 66.2 /

tration, the condensation and polymerization of both inorganic and
organic networks are favored. When present at higher concentrations
(> 0.01 mol/L), the polymerization of inorganic network is favored
and may lead to destabilization of the Si−O−Si structure and possible
creation of free volumes (pores) in the hybrid.46 Atomic radius of Ce is
larger than that of Si (185 and 110 pm, respectively) which is another
factor which can cause internal stress. The Ce concentration used
herein is 0.05 mol/L, which may already be in the range when desta-
bilization of the network may occur leading to the structure observed
in Fig. 2c. However, this higher Ce concentration may be beneficial
for the self-healing effect, as will be shown below. The surface of the
GTS-Ce+GTS coating was homogeneous and similar to that of GTS,
as confirmed by EDS analysis (Fig. 2d). The absence of cerium at the
surface of the GTS-Ce+GTS coating confirms that the deposition of
the second layer (GTS) completely covered the underlying GTS-Ce
layer. No structure similar to that in GTS-Ce (Fig. 2c) was observed
indicating that the outer GTS layer does not destabilize the coating
structure and that incorporated cerium was locked in the inner layer,
closer to metal surface.

EDS analysis confirmed the presence of cerium but it could not
differentiate between two oxidation states Ce3+ and Ce4+. UV-vis
analysis is explored for that purpose. UV-vis spectra recorded on un-
coated SiO2 substrate and substrates coated with GTS-Ce and with
GTS-Ce+GTS coatings are presented in Fig. 3. The GTS-Ce coating
absorbs some visible light in the range from 300 to 500 nm. Since
Ce3+ ions are colorless and Ce4+ are yellow, this coating contains at
least some amount of cerium ions in Ce4+ oxidation state. Although
Ce is added in the sol in the form of Ce3+, during the sol-gel synthesis

Figure 3. UV-vis-NIR spectra of uncoated SiO2 and SiO2 coated with GTS-
Ce and GTS-Ce+GTS in the range from 300 to 700 nm. Coatings were cured
from a room temperature, with a ramp of 5◦C/min, up to the 120◦C and cured
for 1 hour at 120◦C.

and especially during curing process at 120◦C it can be partially oxi-
dized to Ce4+, as evident by slightly yellow coloration of the coating.
In contrast, UV-vis spectrum for the GTS-Ce+GTS coating shows
only a slightly different curve compared to substrate, i.e. no evidence
of Ce(IV). After curing at 120◦C, the coating remained colorless and
not yellow as GTS-Ce coating. Although both coatings (GTS-Ce and
GTS-Ce+GTS) contain GTS-Ce as an inner layer (Fig. 2a), the differ-
ence between two coatings arises from the curing procedure. Namely,
whilst GTS-Ce coating was finally cured for 1 h at 120◦C where ox-
idation of Ce3+ to Ce4+ can take place, in the case of GTS-Ce+GTS
coating the final curing does not affect the underlying GTS-Ce layer
and Ce remained mainly as colorless Ce3+. Intermediate drying for
3 min at 100◦C was not sufficient to produce significant amount of
Ce4+ species.

Corrosion behavior of unscribed coatings in nacl solution.—
Electrochemical impedance analysis.—EIS as a non-destructive
method was used to in situ follow the electrochemical properties of
the uncoated and coated substrates. The magnitudes of the impedance,
|Z|, and the phase angle, φ, as a function of the frequency, f, (Bode
plots) for uncoated and variously coated AA7075-T6 substrates are
presented for different immersion time up to 25 days (Fig. 4). The
uncoated AA7075-T6 sample shows an EIS spectrum (Figs. 4a, 4b)
typical of pitting corrosion, as described by Mansfeld and Wang,47

i.e. transmission line type impedance and a minimum in the phase
angle at lower frequencies. The plot of |Z| vs. f shows transmission at
frequencies of 101 to 100, depending on the immersion time (Fig. 4a).
With prolonged immersion the transition shifted to lower frequencies
and the impedance increased within one order of magnitude. This may
be related to the gradual formation of an oxide layer during the course
of immersion which offers a certain degree of protection. In conse-
quence, the maximum of the φ vs. f plot shifted to lower frequencies
(Fig. 4b) and the phase angle at the lowest frequencies increased.

Coated substrates showed different Bode plots from those of un-
coated substrate. The results are interpreted qualitatively in accor-
dance with the modelling of physicochemical processes reported for
aluminum alloys coated with hybrid sol-gel coatings incorporating
Ce(NO3)3.31,48–50 In general, in Bode plots of |Z| vs. f three distinct
regions are evident: high frequency range related to the outer part
of the coating at the coating/electrolyte interface, intermediate fre-
quency range related to the inner part of the coating and intermediate
oxide-based layer formed between Al substrate and sol-gel coating
(natural aluminum oxide layer Al−O−Al and Al−O−Si bonds51 at
the substrate/coating interface), and low frequency range related to
corrosion process at the inner metal/sol-gel coating interface. During
immersion, the pore resistance of the coating as well as the resis-
tance of the intermediate oxide layer are important for compactness
of the interface between the substrate and sol-gel coating. Stable and
dense interface prevents the formation of conductive pathways and
electrolyte ingress to the substrate. This process then leads to the lo-
cal corrosion process expressed by the double layer capacitance and
charge transfer resistance at the low frequency side.

On the immersion, two time constants are present in Bode plots
for the GTS coating, at high frequency of 105 Hz and intermediate
frequency of 1 Hz (Figs. 4c, 4d), related to the sol-gel coating and in-
termediate oxide layer. Coatings shows some barrier effect evidenced
by increased Z in the low frequency range. After 2 days of immersion,
a low frequency resistive part appeared, as reflected in the progres-
sive decrease in impedance, probably related to the cracks formed in
the intermediate oxide layer that allow ingress of electrolyte. In the
φ vs. f plot, signs of corrosion at the inner substrate/coating inter-
face (low frequency) were visible at the same time (Fig. 4d). On the
high frequency side, reflecting the coating capacitance, the value of φ
also decreased, indicating deterioration of the coating that progressed
further at longer immersion times.

Similar to GTS, the GTS-Ce coating (Figs. 4e, 4f) also shows
barrier protection. However, at the low frequency part (inner interface
substrate/coating) the resistive part was smaller, and the φ vs. f plot
showed that the φ values were initially much lower, indicating lower
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Figure 4. Bode plots of magnitude of impedance and phase angle recorded after various immersion times in 0.1 mol/L NaCl (from 1 h to 25 days) for (a, b)
uncoated AA7075-T6, and for AA7075-T6 coated with (c, d) GTS, (e, f) GTS-Ce, and (g, h) GTS-Ce+GTS coatings.
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stability of this coating. This may be related to the incorporation of
Ce which may destabilize the structure of the coating46 and/or to
progressive release of cerium from the coating which, at the same
time, leaves the porous structure underseath susceptible to corrosion.

Finally, the GTS-Ce+GTS coating exhibited behavior that can be
attributed to barrier effect and self-healing. Namely, on immersion
and up to the following 3 days, trend in the |Z| vs. f plot (Fig. 4g)
was similar to that for the GTS coating, i.e. progressive appearance
of resistive behavior at low and intermediate frequencies. However,
the values of φ were high, around −80◦, in both high and low fre-
quency regions, indicating stability of the coating (Fig. 4h). After 4
days, the impedance at low frequencies started to increase again, and
the values of φ at the maximum were high and remained so at low
frequencies, which may be ascribed to high charge transfer resistance
of Ce-containing multilayer coating.50 Only after 25 days were signs
of corrosion noted ─ Z at low frequency decreased (Fig. 4g) and φ
values formed a peak with low values on both low and high frequency
sides (Fig. 4h).48,49

The impedance value determined at 0.01 Hz in the Bode plot
of modulus of impedance vs. frequency was chosen as the parame-
ter representing the corrosion resistance of the coating.52 Values of
Z0.01 Hz as a function of immersion time are presented for uncoated
and coated samples (Fig. 5). The Z0.01 Hz value of uncoated sample
AA7075-T6 gradually increased with time over the first 14 days for
approximately one order of magnitude, reaching 2·104 � cm2. The
uncoated AA7075-T6 surface is in direct contact with the electrolyte
solution and becomes covered by an oxide that gradually forms and
acts protectively for a certain period of time.53 On immersion, the
Z0.01 Hz value of the GTS coated substrate was larger, by more than
two orders of magnitude (Z0.01 Hz = 4·106 � cm2), than that of the
uncoated sample, confirming the barrier protective properties of the
coating. After 3 days of immersion the Z0.01 Hz values decreased grad-
ually, which may be the result of the porous nature of the coating and
the diffusion of the chloride anions into the coating where they interact
with the substrate. Z values of the GTS-Ce coated sample were, at the
beginning of immersion, similar to those of the GTS coating (1.5·106

� cm2). After 1 day of immersion, however, the value of Z0.01 Hz de-
creased, indicating that the almost all cerium was released from the

Figure 5. Values of Z0.01 Hz (impedance at 0.01 Hz determined from Bode
plots, Fig. 4) for uncoated and variously coated AA7075-T6 as a function of
immersion time in 0.1 mol/L NaCl.

coating. At immersion times longer than 14 days, uncoated and GTS
and GTS-Ce coated samples deteriorated but the latter coating still
showed higher impedance indicating beneficial effect of Ce addition.

The trend of the Z0.01 Hz value of the GTS-Ce+GTS coating, how-
ever, was different. At the beginning of immersion the value of Z was
large, similar to that for the GTS coating (4·106 � cm2). After 3 days
of immersion it was reduced to 105 � cm2. After 4 days of immer-
sion, however, it again increased, almost to its initial value of 2·106

� cm2 and remained stable for up to 21 days of immersion. After 25
days of immersion, the value of Z0.01 Hz decreased to 2·105 � cm2 but
remained larger compared to other two coatings.

Immersion testing.—The lifespan of differently coated AA7075-
T6 samples was followed using the NACE TMO 169/631 immersion
test in 0.1 mol/L NaCl for up to 80 days (Fig. 6). Pitting and galvanic
corrosion of an uncoated sample was visible after 1 day of immer-
sion. Corrosion of a GTS coating was visible on the borders after

Figure 6. Images of uncoated AA7075-T6 and AA7075-T6 with GTS, GTS-Ce and GTS-Ce+GTS coatings during an immersion test in 0.1 mol/L NaCl at room
temperature. Images were taken after different times of immersion up to 80 days (NACE TMO 169/631 immersion test).
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Figure 7. SEM image of AA7075-T6 coated with GTS-Ce+GTS after 4 days
of immersion in 0.1 mol/L NaCl. The numbers 1, 2 and 3 on the SEM image
denote locations where EDS analysis was carried out (given in Supplement
materials as Fig. S1). The SEM image was taken in compositional mode.

7 days and was spread throughout the surface after 21 days. The cor-
rosion resistance of the GTS coating is the result of its good barrier
properties.43 The GTS-Ce coating remained undamaged for 40 days
of immersion, which may the result of the active corrosion inhibition
caused by cerium. The longest period of resistance to corrosion was
observed for samples coated with a GTS-Ce+GTS coating which re-
mained virtually undamaged up to 70 days of immersion, at which
point corrosion was observed on the borders. Based on EIS results
(Figs. 4, 5) and immersion test (Fig. 6), an efficient protection is ob-
served to GTS-Ce+GTS coating. Thus, even when some pits were
formed during 70 days of immersion, they were healed by the action
of cerium ions.

SEM/EDS analyses.—To study the role of cerium in the self-
healing effect in more detail, AA7075-T6 prepared with a GTS-
Ce+GTS coating was immersed for 4 days in 0.1 mol/L NaCl. Sam-
ples were then inspected using SEM/EDS (Fig. 7 and Fig. S1). After
immersion, numerous bright deposits were shown to be present at
the surface. Since images were recorded in compositional mode, the
brightness is related to atomic mass. These bright deposits (Fig. 7)
contained cerium and oxygen (Fig. S1, spectra at locations 1 and 2),
indicating the formation of cerium hydroxide or oxide. In addition
to Ce and O, Si was detected as a major element of the surrounding
coating. It is known that the deposition of Ce-oxides proceeds at the
cathodic sites at the surface which are, in the case of AA7075-T6,
Cu-containing intermetallic particles (IMPs).54–59 The fact that no Cu
could be identified at the intermetallic particles proves that the de-
posits of Ce hydroxide/oxide are thicker than is the EDS analysis
depth, i.e. several micrometers. At the surrounding surface, where no

Figure 9. Bode plots of the magnitude of (a) impedance and (b) phase angle
for a scribed GTS-Ce+GTS coating deposited on AA7075-T6 after various
immersion times in 0.1 mol/L NaCl.

bright deposits were formed, no Ce was detected (or the deposits were
too thin to be detected by EDS) but only Si and O (Fig. S1, location
3). The presence of Ce in the deposits indicates that it was concen-
trated at particular sites at the surface, presumably at IMPs which
are sites where cathodic reduction of oxygen proceeds and leads to
release of hydroxyl ions and consequent increase in pH; a local pH
increase to about 8.5 enables the precipitation of cerium oxide and /or
hydroxide.26,27,36

Figure 8. Optical microscope images of the cross shaped scribe on AA7075-T6 coated with (a) GTS, GTS-Ce and (c) GTS-Ce+GTS coatings after various
immersion times in 0.1 mol/L NaCl. The depth of the scribe (∼7 μm) was larger than the coating depth. The scale 200 μm (a, 0 day) is the same for all presented
images.
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Figure 10. The impedance at 0.01 Hz, determined from Bode plots, of the
magnitude of impedance vs. frequency recorded for a scribed GTS-Ce+GTS
coating deposited on AA7075-T6 after various immersion times in 0.1 mol/L
NaCl.

Corrosion behavior of scribed coatings in nacl solution.—The
self-healing property of the coatings was addressed directly, using a
cross-shaped scribe made at the surface. Scribe simulates the damage
on/inside the coating, First, set of experiments was performed on GTS,
GTS-Ce and GTS-Ce+GTS coatings scribed throughout the coating
with a depth of 7.5 ± 0.4 μm, as determined by the profilometer.
Self-healing ability was evaluated following immersion in 0.1 mol/L
NaCl for up to 21 days. The propagation of the corrosion damage and
self-healing process was monitored using optical microscope images
of the scribe (Fig. 8). Secondly, EIS, SEM/EDS and XPS analyses
were carried out at the scribed GTS-Ce+GTS coating (Figs. 9–17).

Immersion testing.—Corrosion on GTS and GTS-Ce at the scribe
started after 4 days of immersion and spread over the surface (Figs.
8a, 8b). The width of the scribe on the GTS-Ce+GTS coating in-
creased over 3 days of immersion and some corrosion products were
observed (Fig. 8c). However, after 4 days of immersion the width
of the scribe was diminished, indicating self-healing of the damage
zone. Corrosion of the GTS-Ce+GTS coating was visible only after

Figure 11. SEM/EDS analysis of the cross-shaped scribe on coating GTS-
Ce+GTS, applied on AA7075-T6, after 4 days of immersion in 0.1 mol/L
NaCl. The numbers 1–4 denote locations where EDS was carried out (Table II).
The depth of the scribe (∼7 μm) was larger than the coating depth.

21 days of immersion. Based on the obtained results, further study of
the self-healing effect was concentrated on the GTS-Ce+GTS coating
as GTS and GTS-Ce coatings did not show evidence of self-healing
ability.

Electrochemical impedance analysis.—The corrosion properties
of scribed GTS-Ce+GTS coatings were followed in situ during 21
days immersion in 0.1 mol/L NaCl using EIS. The dependence of
the magnitude of impedance and phase angle on the frequency (Bode
plots) after different immersion times is shown in Fig. 9. The corro-
sion resistance is represented by the values of the magnitude of the
impedance determined at 0.01 Hz as a function of immersion time
(Fig. 10). The shape of EIS spectra changed with increasing time of
immersion. The most significant changes took place within 1 day of
immersion, confirming improved corrosion resistance and an increase
in Z0.01 Hz value by more than one order of magnitude. With increasing
immersion time up to 4 days the impedance plot changed to a more
capacitive shape, with a pronounced linear range at the intermediate
frequencies (Fig. 9a). At the same time the phase angle plot changed
from that centered at intermediate frequencies to a plateau at the low
frequencies (Fig. 9b). After 4 days immersion, a broad plateau extend-
ing up to 1 Hz is formed (Fig. 9a), reaching a phase angle of −70◦

Figure 12. EDS mapping of cross-shaped scribed on GTS-Ce+GTS coating deposited on AA7075-T6 after 4 days of immersion in 0.1 mol/L NaCl (SEM image
on Fig. 11). The depth of the scribe (∼7 μm) was larger than the coating depth.
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Figure 13. SEM images of cross-shaped Vicker’s indents on a GTS-Ce+GTS
coating deposited on AA7075-T6: (a) as-prepared, and (b) after being exposed
to 0.1 mol/L NaCl for 4 days. The numbers 1–3 denote locations where EDS
spectra were recorded (given in Supplement material as Fig. S2). The depth of
the scribe (∼2–4 μm) was smaller than the coating depth but the indentations
induced cracks.

(Fig. 9b). Spectra remained similar up to 14 days but, at longer immer-
sion times, the beginning of dissolution is observed as a progressive
reduction of |Z| and φ at the low frequency side.

The value of Z0.01 Hz of the scribed GTS-Ce+GTS coating in-
creased gradually from 2·103 � cm2 to 105 � cm2 in the first 2

days (Fig. 10). After 3 days, a small drop in the value of Z0.01 Hz was
observed (6·104 � cm2), indicating that the corrosion process had
commenced. After 4 days, however, the Z0.01 Hz value regained its pre-
vious value (105 � cm2) and then remained stable up to 14 days of
immersion, confirming the healing of the scribed damage. After 21
days of immersion it again dropped to a smaller value (9·103 � cm2),
indicating that the corrosion process proceeded gradually.

SEM/EDS and XPS analyses.—SEM analysis of the scribed zone
after 4 days of immersion in 0.1 mol/L NaCl is presented in Fig. 11
accompanied by EDS analysis at locations 1–4 (Table II). Cerium
was deposited on the surface at locations 1 and 2 and also within the
scribe, at locations 3 and 4. Therefore, self-healing of the damage site
observed during immersion is related to the deposition of cerium.

The presence of Ce was additionally corroborated using EDS map-
ping of the cross-shaped scribe (Fig. 12). Silicon and oxygen, the
main components of the coatings, were detected only outside the
scribe, since the coating was removed at the scribe. Aluminum and
the alloying elements zinc and magnesium were identified within the
scribe. Oxygen is also detected in the scribe associated with Al and Ce
oxide/hydroxides formed during immersion. Finally, cerium was ob-
served outside and inside the scribe, although in higher concentration
in the latter site. This results evidences that the migration of Ce from
the interior layer of the coating occurred and results in the deposition
of Ce compound, not only on the surface, but also on the damaged
area.

Second set of experiments was carried out on GTS-Ce+GTS sam-
ple scribe damaged within the coating, i.e. at indentations 2 to 4 μm
deep, without reaching the underlying substrate. However, the inden-
tation procedure itself damaged the coating and induced cracks (Fig.
13a) although the depth of indents did not reach the substrate, as ev-
ident by EDS spectrum (Fig. S2, spectrum 1) showing only Si. No
such cracks were observed when using diamond blade (Fig. 11). The
sample was then again immersed in 0.1 mol/L NaCl for 4 days and
analyzed by SEM (Fig. 13b) and EDS at labelled positions (Fig. S2,
spectra 2 and 3). Cerium was deposited mainly within the scribed

Figure 14. High resolution XPS Al 2p spectra recorded
within a cross-shaped scribe on a GTS-Ce+GTS coating
on AA7075-T6, before after 4 and 14 days immersion in
0.1 mol/L NaCl. After 14 days immersion the layer was
etched using Ar+ to reveal cerium deposits buried under
aluminum oxide layer. Intensity of individual component
peaks (expressed as%) is given in Table III. Solid curve
denotes experimental data, and dashed and dotted curves
are curve fitted component peaks.
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Figure 15. Non-normalized high resolution XPS (a) Zn 2p3/2, (b) Si 2p and (c) C 1 s spectra recorded within a cross-shaped scribe on a GTS-Ce+GTS coating
on AA7075-T6, before and after 4 and 14 days immersion in 0.1 mol/L NaCl. After 14 days immersion the layer was etched using Ar+ to reveal cerium deposits
buried under aluminum oxide layer.

Figure 16. High resolution XPS O 1 s spectra recorded within a cross-shaped scribe on a GTS-Ce+GTS coating on AA7075-T6, before, and after 4 and 14 days
immersion in 0.1 mol/L NaCl. After 14 days immersion the layer was etched using Ar+ to reveal cerium deposits buried under aluminum oxide layer. Intensity of
individual component peaks (expressed as %) is given in Table III. Solid curve denotes experimental data, and dashed and dotted curves are curve fitted component
peaks.
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Figure 17. Non-normalized high resolution XPS Ce 3d spectra recorded
within a cross-shaped scribe on a GTS-Ce+GTS coating on AA7075-T6,
before, after 4 and 14 days of immersion in 0.1 mol/L NaCl. After 14 days
immersion the layer was etched using Ar+ to reveal cerium deposits buried
under aluminum oxide layer.

area (label 3), while it was not detected out of the indents (label 2).
Cerium had obviously migrated from the underlying coating and was
deposited at damage sites after 4 days of immersion.

Therefore, in both cases – when scribed through the coating depth
to reach the underlying substrate, or within the coating depth, the
GTS-Ce+GTS coating was able to recover at damage site by the de-
position of Ce-containing compound. However, the cracks induced
by indentation propagate further during long-term immersion in NaCl
(Fig. 13b) resulting in the observed cracking pattern. Therefore, in-
dentation technique may be used as a complementary technique but
that it may be more appropriate to use scribing procedure which does
not induce damage (e.g. diamond blade).

In order to complement the EDS results and to study the oxidation
state of Ce and elements of underlying substrate, XPS analysis was
explored. The XPS spectra were recorded prior the immersion, and
after 4 and 14 days of immersion in NaCl (Figs. 14–17). The diameter
of XPS analysis is approximately 400 μm, i.e. similar to the diameter
of the scribe. Therefore, the analysis identifies the elements coming
from substrate (i.e. within the scribe) and the coating remnants (after
being removed by diamond tip). The following elements were identi-
fied: Al and Zn originating from the substrate, O originating from the
substrate and coating, and Si, C, and Ce related to the coating. Al 2p
and O 1 s spectra were curve fitted, whilst Si 2p, Zn 2p, C 1 s and Ce
3d were described only qualitatively.

First, composition of surface prior immersion in NaCl will be
discussed. Aluminum can originate from metal (71.0–71.5 eV) and
aluminum oxide (74.6–74.8 eV) (Table III). A separate peak denoting
the bonding between Al and Si, Al−O−Si, related to covalent silane-
metal bonding51 (73.2–73.6 eV) was not taken into account herein as
we are concentrated on the processes within the scribe. Upon removal

Table II. Concentrations of elements obtained by EDS analysis at
different locations on the cross shaped scribe on GTS-Ce+GTS
coating deposited on AA7075-T6 after 4 days of immersion in
0.1 mol/L NaCl (locations 1–4) (SEM images in Fig. 11).

Al O Si Zn Cu Ce
Location [at.%] [at.%] [at.%] [at.%] [at.%] [at.%]

1 70.9 23.8 7.9 1.9 / 0.1
2 60.3 34.8 3.0 4.2 1.7 0.1
3 70.4 21.7 1.7 5.2 1.0 0.3
4 62.4 25.6 2.8 6.7 2.2 0.2

Table III. Intensity of individual component peaks (expressed as
%) obtained by curve fitting of XPS Al 2p (Al metal and Al2O3, Fig.
14) and O 1 s spectra (O2−, OH− and H2O peaks, Fig. 16) recorded
within scribe in GTS-Ce+GTS coating on AA7075-T6 before and
after 4 and 14 days immersion in 0.1 mol/L NaCl. After 14 days,
surface was etched to remove the oxide layer.

Al Al2O3 O2− OH− H2O
Immersion time [%] [%] [%] [%] [%]

0 0 100.0 14.8 80.0 6.2
4 days 45.2 54.8 7.7 90.2 2.1

14 days 28.5 71.5 37.7 62.3 0
14 days and etching 78.4 21.6 21.0 75.2 3.8

of sol-gel coating within the scribe, Al oxide forms spontaneously.
Therefore, prior immersion, only Al oxide is identified within the
scribe (Fig. 14a, Table III). A small amount of zinc is also detected
originating from the AA7075-T6 substrate (Fig. 15a). The center of
the Zn 2p3/2 peak is located at 1022.5 eV. XPS Zn 2p spectrum cannot
allow an exact differentiation between Zn metal and ZnO due to small
chemical shift of only 0.9 eV.60 Instead, Zn LMM spectra should be
used for this purpose but due to a small amount of Zn such analysis
would be ambiguous. Silicon originates from the coating. The Si 2p
peak is centered at 103.7 eV (Fig. 15b). This peak could be comprised
of several component peaks: Si−OH, Si−O−Si and Si−O−Al.51

Carbon C1s peak is centered at 284.8 eV and relates to adventitious
carbon and aliphatic carbon (C−C) present in the coating (Fig. 15c).
However, the peak is quite broad which may be related to the presence
of (C−O) bonds at 286.5 eV in the coating structure, as proposed also
based on FTIR spectra.43 More detailed analysis of Si 2p and C 1 s
peaks is beyond the scope of this study and requires NMR analysis.

The O 1 s spectra can be separated into three component peaks:
oxide, O2−, at approx. 530 eV, hydroxide, OH−, at approx. 531 eV,
and water, H2O, at approx. 533 eV (Fig. 16a).50,61 Deconvolution of
the peak shows that the native layer is composed mostly of hydroxide
(Table III).

Prior immersion, four main peaks were observed in the Ce 3d
spectrum, at 882.6, 886.6, 901.8 and 905.1 eV (Fig. 17). The XPS
3d spectra of cerium compounds show a complex satellite structures
derived mainly from ligand to metal charge transfer transitions, i.e.
O 2p → 4f transitions.62 The Ce spectrum of Ce(III) compound is
composed of four peaks corresponding to two spin-orbit features at
880.9, 885.5, 899.1 and 903.4 eV.62 The spectrum of Ce(IV) com-
pound is composed of six peaks corresponding to three spin-orbit
features at 882.7, 886.6, 898.3, 901.3, 907.3 and 916.7 eV. It appears
that prior immersion cerium is present primarily in the Ce(III) oxi-
dation state, although some peaks may indicate the presence of small
amount Ce(IV) state (i.e. at Eb higher than 905 eV). It should be noted
that the concentration of Ce in sols GTS-Ce+GTS coating is very
low (0.05 mol/L). Consequently, the concentration in the coating is
also low, as evidenced by weak signal which is poorly defined. After
4 days of immersion the metal Al peak appears in the spectra (Fig.
14b), indicating that in the course of immersion Al oxide may be
dissolved exposing Al metal. The intensities of Zn and C peaks de-
creased, and the Si peak disappeared, probably due to the coverage by
deposited Ce-based layer. (Fig. 15). The O 1 s spectrum is still mainly
composed of hydroxide contribution (Fig. 16b, Table III). The pres-
ence of tetravalent cerium may be indicated by the peak at 916.7 eV
which distinguishes Ce(III) and Ce(IV) compounds (Fig. 17).62 Tak-
ing into account that two types of oxide/hydroxide are formed (Al-
and Ce-based), oxygen peak could be curve fitted by additional OH−

and/or O2− component, as proposed previously.50,63 Further study us-
ing well prepared standards would be required to corroborate further
differentiation between two components.

After 14 days of immersion, however, cerium was not identified
within the scribe (Fig. 17). This may be the consequence of progressive
formation of an aluminum oxide film within the scribe in the course
of prolonged immersion in 0.1 mol/L NaCl (Fig. 14c, Table III). At
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the same time, Zn signal disappeared, and that of C 1 significantly
increased which may be related to precipitation of coating remnants
within the scribe (Fig. 15c). As the analysis diameter is similar to
scribe diameter it is difficult to differentiate the origin of the signal
(i.e. from scribe or surrounding coating remnants). It seems certain,
however, that formation of Al oxide covered the underlying cerium
oxide deposits. This was proved using Ar+ etching which removed
approximately 26 nm of Al oxide layer (Fig. 17). After etching, cerium
was again detected within the scribe showing the characteristic peak
of Ce(IV) at 916.7 eV thus proving that Ce(III) is oxidized to Ce(IV)
species. The Al2O3 peak disappeared and that of Al and Zn metals
increased (Figs. 14d, 15a).

Proposed mechanism of cerium inhibition and self-healing in
GTS-Ce+GTS coatings.—The proposed self-healing mechanism and
the role of Ce ions in the self-healing effect in the GTS-Ce+GTS coat-
ing can be summarized as follows. During immersion in aerated NaCl,
Ce3+ ions from the underlying GTS-Ce coating can oxidize to Ce4+

through different pathways, assisted by O2 or H2O2.16,28 SEM/EDS
and XPS analyses have confirmed that deposition of cerium within the
cross-shaped scribe increased after 4 days’ immersion. The oxidation
state of cerium changes from mainly Ce(III) to Ce(IV). This process
takes place at the substrate/electrolyte interface, i.e. within the coat-
ing. As the self-healing experiments were carried out at the scribe
exposed to electrolyte, during the course of immersion the formation
of aluminum oxide takes place as well which then covers the cerium
oxide deposits underneath.

The self-healing ability may be achieved by the migration of
Ce(OH)2

2+ to local damaged regions where these ions precipitate
as Ce(OH)4 and CeO2, which are highly insoluble.16,28,36 According
to thermodynamic calculations by Yasakau et al., Ce(OH)2

2+ are sta-
ble only at pH below 3, thus their presence at neutral and slightly
alkaline pH may be questionable.36 However, results obtained in the
present study show that the migration of Ce ions takes place as the
healing of corrosion damage site is noticed. The exact speciation of
migrating species could not be confirmed despite using different an-
alytical techniques (XPS, EDS). In the literature the exact nature of
migrating species has not been yet proven; this issue remains to be
investigated further. The self-healing cycle can be repeated as long as
Ce3+ are present in the coating.33 It was proposed that the Ce3+/Ce4+

redox reaction is dynamic, and proceeds readily in both directions.59

According to results obtained using SEM/EDS, XPS and EIS, the self-
healing effect of the GTS-Ce+GTS coating is operative, even after 14
days of immersion in NaCl solution, because of the presence of Ce3+

ions in the coating. Under these conditions the repetitive cycle of (i)
Ce3+ to Ce4+ oxidation, (ii) Ce(OH)2

2+ migration to damaged site, and
(iii) transformation Ce(OH)2

2+ to Ce(OH)4 can continue.50 The final
step in the mechanism is the formation of insoluble CeO2 at cathodic
sites, providing additional hindering of the corrosion process.35

At a longer immersion time (21 days), the magnitude of impedance
decreased, indicating diminished self-healing ability. However, the
overall coating stability was still much higher than that of the coating
without cerium (GTS), or in the case of GTS-Ce (Fig. 5).

Conclusions

1. Three types of sol-gel coatings prepared based on TEOS,
GPTMS, SiO2 and Ce(NO3)3 and applied on AA7075-T6 sub-
strates. This was done in order to produce a coating which would
exhibit a self-healing ability in chloride environment. Although
all three coatings (GTS, GTS-Ce and GTS-Ce+GTS) improved
the corrosion resistance of the substrate during 80 days immer-
sion in NaCl, only the GTS-Ce+GTS coating containing cerium
in the inner layer showed the self-healing properties. The GTS
coating provides only barrier protection. GTS-Ce coating may be
destabilized either due to the modified structure of the coatings
due to incorporation of Ce, or due to progressive outward leaching
of cerium which limits its role in the self-heling activity. Locking

of Ce in the inner layer inhibits the destabilization of the coating
and prolong its activity in the self-healing process.

2. Active role of cerium in the inhibition process was proved by
long-term EIS measurements and immersion test on unscribed
and scribed coatings. Self-healing of the GTS-Ce+GTS coating
starts after 4 days of immersion in 0.1 mol/L NaCl. After an initial
decrease, the impedance at low frequency increased by more than
one order of magnitude proving the self-healing process. It is thus
demonstrated that the migration of cerium ions occurred. Cerium
is deposited on the alloy surface and within the cross-shaped
scribe, in the form of hydroxide. The latter insoluble compound
reduces the kinetics of the cathodic reaction and contributes to
self-healing of the coating.

3. Although gradually transformed into Ce(IV) hydroxide, both ox-
idation states (Ce(III) and Ce(IV)) were identified, even after 14
days of immersion, indicating that the self-healing process was
still operative.

4. All systems in the present work were found to have promising
applications and could be regarded as potential replacements for
hazardous chromate conversion coatings.

5. Future study will focus on the compatibility of these coatings with
organic top coatings, e.g. adhesion and the corrosion performance
of such full systems.
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