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In the present investigation, a two-layer coating systemwas developed in order to protect 2024 aluminium alloy
against corrosion. At themetal interface, a silicamesoporous thin filmwas used to offer storage and release func-
tionalities for benzotriazole inhibitive molecules (active protection). An acrylic top coat was then applied as a
barrier layer against corrosive species (passive protection). Various electrochemical techniques were employed
to evaluate the anticorrosion performance of the coating system. Amongst them, the scanning vibrating electrode
technique (SVET) and the scanning electrochemical microscopy (SECM) showed a slowdown of corrosion pro-
cesses occurringwithin the damaged coating area. The acquisition of anodic polarization curves inside the scratch
through the use of an electrochemical micro-cell allowed to correlate this enhancement in the corrosion protec-
tion with the formation of an inhibitive film. Upon a through-coating damage, the mesoporous reservoir comes
into contactwith the aggressive electrolyte and benzotriazolemolecules are able to be released and to inhibit cor-
rosion of the baremetal exposed in the scratch. Thework demonstrates the potential of mesoporous films as res-
ervoir for inhibitive species and its efficiency for controlled release of the inhibitor. Furthermore, the work
demonstrates the added value of electrochemical micro-cell measurements to highlight active corrosion protec-
tion in coating defects due to inhibitor doped coating systems.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The development of environmentally friendly protective coating
systems for 2024 aluminium alloy (AA2024) is a concern of prime im-
portance for the aerospace industry. Until now, hexavalent chromium
based pretreatment and primer coating systems have traditionally
been used for the corrosion protection of AA2024 [1]. However, the
European regulation REACH (Registration, Evaluation, Authorization
and Restriction of Chemicals) has planned the complete prohibition of
hexavalent chromium in this industry as from 2017 due to its toxicity
for health and environment [2], unless an authorization has been
granted to the user or the upstreammanufacturer/importer. Authoriza-
tion applies regardless of the quantity used, and in addition to the
REACH registration requirement. Nowadays, it is clear that the introduc-
tion of hexavalent chromium free surface protection systems has the
highest priority in the aerospace industry. The new generation of
oux),
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coatings has to provide long-term anticorrosion protection to metallic
substrates. This performance is related to barrier properties (passive
protection) offered by the intact coating system and to its ability to pro-
tect the exposed metal surface when defects occur (active protection)
[3–5]. One promising method is to use eco-friendly alternative corro-
sion inhibitors [6–10] in combination with a barrier coating system.
Different approaches have already been reported in the literature to
introduce inhibitive species in protective coatings including direct
addition in the coating formulation [11–17], prior encapsulation
in nanocapsules [18–22], halloysites [23–26], ion-exchange nanoclays
[3,5,27–30] etc.

A very interesting alternative is theuse of a two-layer coating system
with each layer playing a unique role in the overall protection scheme:
active and passive functionalities. Ferreira et al. [31] reported a two-step
pretreatment composed of a rare-earth conversion layer and of a sol–gel
film. The first layer was the corrosion inhibitor reservoir while the sol–
gel coating provided a barrier against the aggressive solution. Some au-
thors [32] also applied amulti-layered hybrid inorganic–organic sol–gel
coating with a structure composed of an intermediate cerium layer de-
posited between two undoped layers. It was shown that the presence of
the intermediate layer enhances the metal protection. More recently,
Lamaka et al. developed a new strategy for incorporating corrosion
inhibitors [33,34]. They used a layer of TiOx porous nanoparticles as
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reservoir for organic corrosion inhibitors and then a classical sol–gel
coating as barrier protection. The system was particularly efficient to
provide self-healing ability and long-term active protection to 2024
aluminium alloy.

In thiswork, amesoporous silica sol–gel thinfilmdopedwith benzo-
triazole was firstly applied by dip coating on AA2024 to offer a reservoir
and release functionality for corrosion inhibitors (active protection).
Then an acrylic top coat was deposited by spin coating on the top of
the doped mesoporous film to confine the corrosion inhibitor inside
the mesoporosity and to prevent the diffusion of aggressive species
through the coating system (passive or barrier protection) [35]. Benzo-
triazole was selected for its high inhibitive efficiency on AA2024. The
compound forms a film by adsorption on the alloy surface providing an-
ticorrosion properties. Benzotriazole molecules adsorbed on the metal
decrease the rate of both anodic and cathodic reactions occurring during
the corrosion process [36–38]. A long-term corrosion protection of
AA2024 is observed in neutral chloride solutions containing a sufficient
amount of benzotriazole [39]. The high solubility in water of the com-
pound as well as the fact that it does not specifically interact with the
mesoporous silica framework promote its release in solution once the
barrier properties of the top coat are damaged [39].

Using a two-layer coating systemallows to avoid the deterioration of
barrier properties of the coating system and a deactivation of the corro-
sion inhibitor observed when the latter is directly added in the coating
formulation [13,14,16]. Moreover, the dispersion step required with
the use of nanocontainers is by-passed and the quantity of inhibitive
species is not conditioned by stability issues but only by the porosity
of the pretreatment. Finally, the diffusion of active species in the aggres-
sive solution once the coating system is damaged is easier since inhibi-
tive molecules are not entrapped in closed pores or in a cross-linked
structure [39].

In light of these numerous developments of smart coatings, several
electrochemical methods for the evaluation of the self-healing ability
at the microscopic level have also been developed. Amongst them, the
scanning electrochemical microscopy (SECM), a powerful technique to
monitor in situ corrosion processes due to its high spatial resolution
and electrochemical sensitivity, can be mentioned. This technique has
already provided very interesting information in the study and the
evaluation of defective coating systems [4,40–45]. In particular, the
redox competition mode allows to record the cathodic reaction of the
corrosion onset taking place within a scratch. The scanning vibrating
electrode technique (SVET) can also be mentioned amongst the tech-
niques widely used to study the efficiency of corrosion inhibitors. This
in situ technique monitors the distribution of ionic currents arising
from the metal surface and provides the opportunity of locating anodic
and cathodic areas related to corrosion processes atmicrometric resolu-
tion [18,21,33,46–48].

The electrochemical micro-cell technique, initially set-up by Suter
and Böhni [49], is useful to characterize the microstructure of metals
[50–52]. The behaviour of intermetallic particles in aluminium alloys
exposed to a solution containing corrosion inhibitors was also studied
in some works through this method [7,53–55].

In the present paper, complementary macro- and micro-
electrochemical techniques were used to study the protective proper-
ties of themesoporous film and release efficiency of the inhibitorwithin
the defect. The electrochemical impedance spectroscopy (EIS) was
employed to get an average information on the protective properties
of the coating at the macro-scale. The active protection provided by
the two-layer coating system was evaluated using SECM and SVET
measurements. Finally, the electrochemical micro-cell was used as a
new alternative technique in the evaluation of the active protection
offered by a coating system and in themonitoring of the healing process
occurring directly in a damaged coating area. The acquisition of local an-
odic polarization curves on the bare metal exposed in the scribed coat-
ing allowed us to monitor the formation of a passive film within the
defect.
2. Material and methods

2.1. Materials and sample preparation

The synthesis of the active mesoporous sol–gel pretreatment doped
with benzotriazole molecules and its application on AA2024 have al-
ready been reported in detail previously [39,56]. Mesoporous films are
synthesized by the evaporation induced self-assembly process (EISA).
Benzotriazole is post-incorporated inside mesoporous films by impreg-
nation in a solution containing the inhibitor followed by solvent evapo-
ration. The thickness of the film deposited by dip coating process is
about 240 nm and its porous structure was fully characterized in
previous papers [39,56]. Films showed an important specific surface
area (360 m2/g) and a high open porosity (around 40 vol.%) with an
average pore size of 7 nm. The inhibitor loading content was about
8 × 10−7 mol ∙cm−2 inside the film.

The top coat is based on an acrylic copolymer, namely the poly(2-
ethylhexyl acrylate(EHA)-co-glycidyl methacrylate(GMA)), with a
molar ratio in EHA and GMA of 20:80 [35]. This top layer is deposited
by spin-coating on the mesoporous pretreatment with a rotation
speed of 3000 rpm to obtain acrylic films with a thickness of 1 μm.
Thicknesses were checked using a mechanical profilometer. This
process was chosen in order to avoid the leakage of benzotriazole
during this step. The drying step is achieved at room temperature
during 24 h.

It is worth noting that the acrylic top coat selected for this work can-
not compete with more advanced top coat systems. The coating thick-
ness is low and no chemical additive is added in the formulation in
order to deliberately limit the barrier protection against aggressive spe-
cies with time and to focus on the active corrosion protection provided
by the underlying loaded mesoporous film.

To highlight the contribution of the corrosion inhibitor to protective
properties, two types of samples were prepared and tested:

(1) aluminium alloy coated with the mesoporous pretreatment and
then coated with the acrylic top coat (undoped coating system);
and

(2) aluminium alloy coated with the mesoporous pretreatment, im-
mersed in benzotriazole solution (20 g/L in ethanol), dried at 50
°C during 2min and then coatedwith the acrylic top coat (doped
coating system).

2.2. Experimental techniques

EISmeasurements were performed on uncoated and coated AA2024
samples using a conventional three-electrode set-up. Theworking elec-
trodewas the sample under investigation. The exposed surface areawas
defined by the diameter of the Plexiglas cell (7 cm2) used to contain
20 mL of the testing solution (0.05 M NaCl). The counter electrode
was a platinum wire and all potentials were measured with respect to
an Ag/AgCl/KCl sat. reference electrode (+197 mV/SHE). Samples
were placed in a Faraday cage to avoid electromagnetic interferences
duringmeasurements. A 5 mV rms sinusoidal perturbation was applied
to the open circuit potential in the 10−2–105 Hz frequency range. Mea-
surements were performed using an AMETEK Parstat 2273 computer
controlled with Powersuite® software.

SECM measurements were carried out with the Scanning Electro-
chemicalWorkstationModel 370 (PrincetonApplied Research, AMETEK).
A platinum-disc microelectrode of 10 μm diameter, an Ag/AgCl,KCl sat.
electrode and a platinum plate were used as the working, the reference
and the counter electrodes, respectively. Experiments were performed
in 0.01 M NaCl solution containing 5 mM ferrocenemethanol. The
ferrocenemethanol was used as electrochemical redox mediator. Cyclic
voltammogramswere recorded at a scan rate of 0.01 V s−1 in the bulk so-
lution at the Pt-microelectrode prior to anymeasurements and after each



Fig. 1. Bode plots in modulus (a) and in phase (b) for bare AA2024 after 1 h of immersion
(ref) and the undoped coating system after different immersion times in 0.05 M NaCl
solution.
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scan. The potential was ranged from 0 V (vs Ag/AgCl, KCl sat.) to 0.5 V (vs
Ag/AgCl, KCl sat.) to force oxidation of ferrocenemethanol. This step
allowed checking the state, i.e. degradation or contamination, of the tip.
The dissolved oxygen was used as mediator to establish the tip-sample
distance. Approach curves were measured for a tip potential set at
−0.77V (vsAg/AgCl, KCl sat.) corresponding to the reductionof dissolved
oxygen in the solution and were performed sufficiently far from the de-
fective area of the coating. SECM scan measurements were performed
in redox competition mode at an identical tip potential and at a tip-
sample distance of 100 μm. This height was chosen in order to minimize
a local pH change close to the sample surface due to the reduction reac-
tion of dissolved oxygen occurring at the tip [57]. Scan lines and maps
were carried out at scan rates of 50 μms−1 and of 100 μms−1 respective-
ly. All themapswere built as a composition of X displacement lines (from
left to right), which were stepwise shifted in the Y direction (top-down).

SVET (Applicable Electronics Inc., USA) analyses were performed in
0.01 M NaCl solution. The micro-electrode (MicroProbes Inc., USA) is
electroplatedwith platinum to get a round-shape tip of 20–30 μmdiam-
eter. The probe-sample distance was 100 μm. Each map scan took ap-
proximately 12 min. Scans were initiated within 5 min of immersion
and collected every 2 h for 24 h. A picture of the sample surface was
also taken for each scan by a video camera. Plotting of the results was
performed by using QuikGrid. To minimize problems of evaporation of
the solution a peristaltic pump supplied with demineralized water
was used during all SVET measurements.

For SVET and SECMmeasurements, three samples were scanned for
each condition to evaluate the reproducibility. For each case, represen-
tative scans were selected for presentation. Prior to analyses, samples
were scratched using a scalpel blade to obtain a defect area with a
length of about 2 mm and a width of about 70 μm.

The experimental set-up used for electrochemical micro-cell mea-
surements was according to the configuration reported by Suter and
Böhni [49]. Themicro-cell was a glass microcapillary filled with electro-
lyte and embedded in amicro-cell whichwasmounted on the revolving
nosepiece of an optical microscope. A silicone gasket was used to seal
the glass microcapillary tip and to avoid any solution leakage. A three
electrode set-up was used with the working electrode corresponding
to the exposed area defined by the size of the glass microcapillary.
Microcapillaries of 100 ± 15 μm diameter were employed. The counter
electrode was a platinum wire while an Ag/AgCl, KCl sat. electrode was
used as reference. All electrodes were connected to a potentiostat/
galvanostat able tomeasure currents in the range of fA. Open circuit po-
tential measurements were carried out for 5 min. Potentiodynamic an-
odic polarization curves were then acquired. A scan rate of 1 mV s−1

was used. All micro-electrochemical measurements were performed
in a 0.01MNaCl solution. In order to obtain reliable results, for each con-
dition, at least ten measurements were carried out. The solution in the
capillary was refreshed before each measurement.

In this work, the total area of scratched samples was firstly im-
mersed in 0.01MNaCl solution in order to induce the release of the cor-
rosion inhibitor. The sample was rinsed and the micro-cell was then
positioned inside the scratch on the baremetal to highlight the presence
of an inhibitive layer. A normalized tool (Elcometer 1538 DIN) with a
0.5 mm cutter was used to scratch samples for this technique in order
to obtain a perfectly flat surface and a sufficient width to position the
glass micro-cell.
3. Results and discussion

3.1. EIS: evolution of barrier and anticorrosion properties

EIS was used to estimate barrier and anticorrosion properties of
unscratched coating systems (with and without benzotriazole). Figs. 1
and 2 show the electrochemical response in the form of Bode plots
for different immersion times for undoped and doped samples,
respectively. The electrochemical response corresponding to the bare
AA2024 after 1 h of immersion is added as a reference (ref).

After 24 h of immersion, the coating system doped with benzotri-
azole shows the highest corrosion protection with an impedance mod-
ulus value around 2 × 107 Ω ∙cm2 at 0.01 Hz. The low frequency
impedance modulus in the case of the undoped coating system is
about two orders of magnitude lower in comparison with the benzotri-
azole doped sample. The anticorrosion protection is considerably im-
proved when benzotriazole molecules are hosted in the mesoporous
film. For both systems, the low-frequency modulus decreases with im-
mersion time but more slowly for the doped sample, demonstrating
the positive effect due to the presence of the inhibitor. For the undoped
sample, the protection brought by the coating is no more visible after
192 h of immersion. By contrast, the corrosion protection is maintained
until 768 h of immersion for the doped mesoporous film and the low-
frequency modulus is still one order of magnitude higher than that for
bare AA2024 for this immersion time.

From a phase perspective, two main time constants are observed.
However the presence of a developing additional time constant at low
frequencies cannot be excluded for the undoped coating system for
long immersion times. The time constant in the high frequency range
(about 104 Hz) can be related to the coating while the time constant
in the medium frequency range (about 5 Hz) is probably the result of
the native oxide layer that might be reinforced by the presence of the
mesoporous film [36]. The latter is not represented as a separate time
constant probably due to the low resistance of the layer induced by its
low thickness (250 nm) and high porosity (about 40 vol.%). As a conse-
quence, the mesoporous film cannot be distinguished from the top coat
or from the natural oxide layer present on the alloy surface. By compar-
ing undoped and doped coating systems, it is noticeable that the



Fig. 2. Bode plots in modulus (a) and in phase (b) for bare AA2024 after 1 h of immersion
(ref) and the doped coating system after different immersion times in 0.05 M NaCl
solution.
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electrochemical response of the coating is different when benzotriazole
is incorporated in themesoporous film. The time constant related to the
coating is indeed visible until 768 h of immersion while this one is
shifted towards higher frequencies for the undoped sample due to the
decrease in the coating resistance for this system. The behaviour in
the low frequency range is also different. The time constant related to
the oxide layer appears more quickly for the undoped system, demon-
strating the weak anticorrosion protection brought to the metal.
Fig. 3. Evolution of the impedance modulus measured at 0.1 Hz with immersion time in
0.05MNaCl solution for undoped (■) and doped (□) coating systems. Standarddeviations
are calculated on the basis of three different samples.
The evolution of the low frequency (10−1 Hz) impedance modulus
with immersion time is also reported in Fig. 3 for both types of samples
to compare their corrosion protection performance and especially to
show the good reproducibility of measurements.

The higher corrosion protection observed for the doped sample
could be explained either by a better adhesion and compatibility of
the top coat on the mesoporous film when benzotriazole molecules
are incorporated in mesopores. Another hypothesis would be that
the corrosion inhibitor seals the porosity of the mesoporous film after
impregnation, increasing its resistance and so the global coating
resistance.

Only based on EIS measurements, it is not possible to relate the im-
provement of the corrosion protection to a self-healing effect due to
benzotriazole. In order to ascertain the ability of the system to provide
an active protection to the metal, scratched samples were also studied
with different local electrochemical techniques.

3.2. Local electrochemical evaluation of self-healing ability

3.2.1. SECM results
In order to highlight the role of benzotriazole in the enhancement of

the corrosion protection observed for the doped sampleswith EIS, SECM
measurements were performed on scratched samples in 0.01 M NaCl.
The redox competitionmode described in [4,40,58] was used to localize
corrosion processes. In this mode, the electrochemically active species
(namely the dissolved oxygen in the solution) followed at the tip are
also involved in the corrosion reactions. During the corrosion process
of AA2024 in neutral environment, the dissolution of aluminium is in-
deed associated with the reduction of the dissolved oxygen in solution
(Eq. (1)).

O2 þ 2H2Oþ 4e−→4OH− ð1Þ

A competition for the same redox species in the solution between
the tip and the sample is thus established. The more oxygen is involved
in corrosion reactions, the less oxygen is reduced at the tip, leading to
lower currents at the tip.

SECM images of scratched undoped and doped coating systems after
20 h of immersion in 0.01MNaCl are shown in Fig. 4(a) and (b) respec-
tively. Maps are represented in the form of the normalized current cor-
responding to the ratio of the tip current to the limiting current. This
normalization is mandatory to avoid the influence of the initial concen-
tration in dissolved oxygen present in the aggressive solution. This
quantity is dependent upon the solution temperature, aeration etc.
and influences the current measured at the tip independently of corro-
sion processes.

Corrosion activity is detected for the undoped sample. The tip cur-
rent is lower along the scratch compared to the coating, which indicates
a decrease in the concentration of oxygen in this area as a consequence
of cathodic processes in the coating defect. The current at the SECM tip
measured above the coating is about 60% of the limiting current, sug-
gesting that the protective function of the coating is not ensured any-
more after 20 h of immersion in the aggressive solution. This
observation is in good agreement with EIS results previously discussed.
Corrosion processes are even more marked inside the scratch with a
normalized tip current in the order of 30%.

Very interestingly for the doped coating system a very dissimilar
SECM map is obtained. After 20 h of immersion in NaCl solution the
scratched area is no longer visible and the current decreases progres-
sively with the scan from 80% of the limiting current till 50%. Cyclic
voltammograms were recorded far from the sample surface for
different immersion times to understand this behaviour. Results
are reported in Fig. 5(a) and (b) for undoped and doped samples
respectively.

Voltammograms recorded just after the beginning of immersion
(0 min) depict a single voltammetric wave which corresponds to



Fig. 4. SECM images of undoped (a) anddoped (b) coating systems after 20h of immersion
in 0.01 M NaCl solution containing 5 mM ferrocenemethanol. The scale is expressed in
normalized current measured at the tip. The coating defect is located at x = 800 μm for
the undoped coating system and at x = 500 μm for the doped coating system.

Fig. 5.Cyclic voltammogramsmeasured at the SECMtip in 0.01MNaCl solution containing
5 mM ferrocenemethanol for different immersion times for the undoped (a) and doped
(b) coating systems.

Fig. 6. SECM line scans across the defect after 30 min of immersion in 0.01 M NaCl using
dissolved oxygen as electroactive species at the tip (Etip = −0.77 V vs Ag/AgCl,KCl sat)
for the undoped (dash) and doped (line) coatings.
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ferrocenemethanol oxidation. A limiting current is observed for poten-
tial values higher than 0.25 V/Ag/AgCl due to a diffusion-limited reac-
tion at the ultramicroelectrode (Eq. (2)).

i lim ¼ 4nFCDr ð2Þ

In this equation, n is the number of electrons transferred during the
oxidation reaction of ferrocenemethanol, F the Faraday constant, C the
concentration in ferrocenemethanol, D the diffusion coefficient of
ferrocenemethanol in water (1.2 × 10−9 m2 s−1) and r the tip radius.

For the undoped coating system, cyclic voltammograms are not af-
fected by the immersion time. On the other hand, when the corrosion
inhibitor is incorporated in the coating system, a progressive decrease
in the limiting current is observed with the elapsed time. This suggests
a contamination effect and can be explained by the interaction of benzo-
triazole molecules with the platinum surface of the tip [59]. Inhibitive
species released from the coating system are able to adsorb on platinum
resulting in the partial blockage of the sensing tip and thus in a decrease
in the active area of the microelectrode. As a consequence, the current
measured at the Pt tip is not exclusively related to corrosion processes
occurring at the metal surface and precautions have to be taken during
SECM measurements. However, although the SECM map is unreliable
for the doped sample in terms of relative oxygen concentration
determination, the decrease in the tip current observed can still be
considered as an indication of the release of inhibitive species from
the mesoporous pre-treatment.

In order to overcome problems of tip contamination, the way of
performing SECMmeasurementswasmodified. Line scanswere record-
ed instead of map scans to minimize the scan time. The tip was also
stored outside the solution between each line scan to limit the contact
time with benzotriazole. Fig. 6 shows line scans corresponding to
undoped and doped samples after 30 min of immersion in 0.01M NaCl.

The current at the SECM tip decreases above the coating defect for
both samples, demonstrating that the oxygen is consumed by corrosion
processes in this zone. However, the normalized current is lower in the



Fig. 8. Cyclic voltammograms measured at the SECM tip in 0.01 M NaCl solution doped
with 5 mM ferrocenemethanol for different immersion times for the doped coating sys-
tem. The tipwas stored outside the aggressive solution between consecutive experiments.
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absence of the corrosion inhibitor which is an indication of faster corro-
sion reactions.

It is worth mentioning that measurements were performed at three
different places along thedefect to take into account the homogeneity of
phenomena happening inside the scratch. The average value of the
normalized current recorded above the defect as well as the standard
deviation calculated on the basis of three different samples for each con-
dition are reported according to the immersion time in the aggressive
solution in Fig. 7.

At the early stages of immersion, the normalized tip current mea-
sured above the coating defect decreases with immersion time for
both samples, revealing that corrosion processes in the scratch are not
completely inhibited by the presence of benzotriazole. Nevertheless,
in the case of the doped coating system, the current drops at a lower
rate and tends to stabilize for longer immersion times. This suggests
that dissolved oxygen is less consumed by corrosion reactions when in-
hibitive species are incorporated in the protective coating and that cor-
rosion processes are slower in the defect in that case. By contrast, for the
undoped coating system, the progressive decrease in tip current points
out that exposure to sodium chloride solution accelerates the corrosion
occurring in the defect.

SECM scan lines clearly demonstrate the inhibitive action of benzo-
triazole molecules released from mesopores in the scratch and the
positive effect of the compound on anticorrosion properties of the sys-
tem. It is alsoworth noting that the contamination of the tip is no longer
observed by performing line scans. As a proof of this fact, Fig. 8 depicts
cyclic voltammograms recorded far from the sample surface for differ-
ent immersion times.

The limiting current is relatively constant along the immersion, sug-
gesting that precautions taken during measurements (line scan and
storage of the tip out of the solution between measurements) are suffi-
cient to limit the adsorption of benzotriazolemolecules on the SECM tip.

3.2.2. SVET results
The slowdown of corrosion processes inside the scratch for the

doped coating system was revealed by SECMmeasurements. However,
as explained previously, interactions observed between benzotriazole
and Pt-microelectrode make the scanning of the whole defect unreli-
able. As a consequence, SVETwas used as a second technique to confirm
results observed with SECM.

2D current density maps measured after different immersion times
and corresponding optical images are presented for the undoped coat-
ing system in Fig. 9. Positive values of current density correspond to
the anodic activity and negative values to the cathodic activity.

Anodic and cathodic activities are observed above the scratch after
immersion of the sample in the aggressive solution. The anodic activity
is assigned to the dissolution of the metal while the cathodic activity is
Fig. 7. Evolution with immersion time of the normalized tip current above the scratch for
the undoped (○) and the doped (●) coating systems. The tip was stored outside the ag-
gressive solution between consecutive experiments.
related to the reduction reaction of dissolved oxygen. A pitting corrosion
site is directly detected after immersion. The current density increases
until 4 h of immersion due to corrosion processes and then decreases
for longer immersion times. This drop can be associated to the appear-
ance of corrosion products inside the scratch as observed on optical
images corresponding to the SVET maps.

The same experiment was carried out for the doped coating system.
2D current density maps measured after different immersion times and
corresponding optical images are presented for the doped coating
system in Fig. 10.

An obvious slowdown of the activity and as a consequence of the
corrosion processes is noticed for samples doped with benzotriazole
molecules.

The anodic activity is weaker compared to the undoped sample and
the decrease observed after 4 h of immersion is not due, contrarily to the
undoped coating, to the appearance of corrosion products. The surface
of the metal within the scratch does not show significant corrosion at-
tack during the whole test duration (Fig. 10(e)). This improvement in
anticorrosion properties can be related to the corrosion inhibitor incor-
porated in the coating. It was shown in [39] that the mesoporous film
presents an important open pore volume (40% in volume) leading to a
high loading content in benzotriazole (8 × 10−7 mol ∙cm−2 of film)
and that the corrosion inhibitor is directly leached out in presence of
an aqueous environment. When the top coat is not damaged, its pres-
ence prevents an undesired leakage of benzotriazole in the electrolyte.
In contrast, as soon as the top coat is scratched, mesopores are exposed
to the saline solution and benzotriazole is released from the mesopo-
rous silica film in a sufficient amount to partially inhibit corrosion
processes occurring on the bare metal.

The trend is similar to the one observed with SECM measurements.
However, it is interesting to mention that optically, samples always ap-
pear to be more corroded during SECM measurements compared to
SVET measurements despite the same aggressive solution (0.01 M
NaCl). This is probably due to the undesired influence of the SECM
probe measurement on the processes occurring. The reduction of dis-
solved oxygen is forced at the tip, producing hydroxyl ions and locally
modifying the pH of the aggressive solution. These changes can induce
a modification in corrosion and protection mechanisms [57,60].

3.3. Electrochemical micro-cell measurements: highlighting the formation
of an inhibitive layer inside the scratch

In order to have better insights on the phenomena involved at the
substrate surface exposed in the scratched area of the doped coating
system, anodic polarization curves were performed at different places
inside the defect (Fig. 11). The scratchwasmadewith a 0.5mmnormal-
ized cutter and the diameter of the glass micro-cell surrounded by the



Fig. 9. 2Dmaps of ionic currents above the defect of the undoped coating system and the corresponding optical images after different immersion times in 0.01MNaCl: 2 h (a), 4 h (b), 14 h
(c) and 24 h (d). The current density scale (e) is expressed in μA/cm2. The scan size is 2500 μm × 2080 μm and the defect size is 1.9 mm × 75 μm.
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silicon gasket was 100 ± 15 μm. Before performing the electrochemical
test, the whole area of the sample (coating + defect) was immersed in
0.01 M NaCl in order to induce the release of benzotriazole and the for-
mation of an inhibitive layer. The objective of the polarization curve is to
highlight the presence of a protective film inside the defect. Unlike usual
microcell measurements [53,54], the set-up used in the present work is
not designed to select a specific region on AA2024. Measurements were
performed on the bare metal inside the scratch regardless of the under-
lying microstructure.

Fig. 12 shows anodic potentiodynamic polarization curves in 0.01 M
NaCl carried out on distinct regions on the bare metal inside the scratch
of the doped coating system before the immersion step (i.e. benzotri-
azole molecules are still hosted inside mesopores). As explained in
Section 2.2, a large number of polarization curves were acquired. The
curves displayed in Fig. 12 were selected in order to be representative
of all measurements carried out.
Fig. 10. 2Dmaps of ionic currents above the defect of the doped coating system and the corresp
(c) and 24 h (d). The current density scale (e) is expressed in μA/cm2. The scan size is 2160 μm
The application of a potentialmore positive than the open circuit po-
tential (OCP) forces the dissolution reaction of aluminium and leads to
local damages in the passive oxide film, naturally present on AA2024.
A rapid breakdown of the passive layer is observed as a consequence
of the pitting phenomenon. Corrosion potentials Ecorr as well as break-
down potentials Eb are highly scattered probably due to the non-
selection of a specific region on AA2024 and due to the small analysed
surface areas (7.85 × 10−5 cm2). Corrosion potentials range from
−0.65 V to −0.45 V vs Ag/AgCl, KCl sat. in good agreement with
those reported by Paussa et al. [61]. In that work, authors performed
electrochemicalmicro-cell measurements specifically on three different
regions of AA2024 and measured the following open circuit potentials:
regions rich in Al–Cu–Mg intermetallic particles (−0.75 V vs Ag/AgCl,
KCl sat.), regions rich in Al–Cu–Fe–Mn intermetallic particles
(−0.32 V vs Ag/AgCl, KCl sat.) and regions with a very small amount
of intermetallic particles (−0.44 V vs Ag/AgCl, KCl sat.). In the present
onding optical images after different immersion times in 0.01MNaCl: 2 h (a), 4 h (b), 14 h
× 1350 μm and the defect size is 1.6 mm × 70 μm.



Fig. 11.Optical images of the normalized scratchmade on coating and of the silicon gasket
surrounding the glass micro-cell.

Fig. 13. Local anodic polarization curves in 0.01MNaCl acquired using a glassmicro-cell of
100 μm in the scratch of the doped coating system after 1 h immersion in 0.01 M NaCl
solution.
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study, the analysed surface is the combination of all these elements giv-
ing accordingly intermediate values of OCP. The difference between cor-
rosion and breakdown potentials is rather low for all curves and the
pitting phenomenon happens relatively quickly with the anodic polari-
zation. Corrosion current densities are around 1 μA ∙cm−2.

Fig. 13 displays anodic potentiodynamic polarization curves in
0.01 M NaCl solution carried out on distinct regions on the bare metal
inside the scratch of the doped coating system after an immersion of
1 h in 0.01 M NaCl solution in order to release benzotriazole molecules
from the film. Again, the curves displayed in Fig. 13 were selected to be
representative of all measurements carried out. After 1 h of immersion
in the aggressive solution, values of corrosion potentials are again too
dispersed to determine a clear-cut influence of the corrosion inhibitor
on the open circuit potential. However, corrosion current densities are
about one order of magnitude lower than those before immersion and
a large passive region is observed. The anodic behaviour inside the
scratch is therefore considerably improved by the immersion step in
the aggressive solution, highlighting the formation of a passive film
due to the presence of benzotriazole.

Fig. 14 reports the average value and the standard deviation of cor-
rosion and breakdown potentials based on all measurements for differ-
ent immersion times in 0.01 M NaCl solution.

Before immersion in the 0.01 M NaCl solution (0 min), the pitting
phenomenon on the bare metal inside the scratch occurs directly
when the anodic polarization is applied. It is the reason why corrosion
and breakdown potentials are almost overlapped taking into account
Fig. 12. Local anodic polarization curves acquired using a glass micro-cell of 100 μm in the
scratch of the doped coating system before immersion in 0.01 M NaCl solution.
standard deviations. As discussed above, samples immersed in the ag-
gressive solution before electrochemical micro-cell measurements ex-
hibit a more marked difference between both these potentials
whatever for 30 min or 1 h of immersion. Thus, the release of benzotri-
azole from themesoporousfilm to the scratched zone seems to decrease
the sensitivity to pitting of the bare metal due to a rather fast inhibitive
action. This observation is in good agreement with SECM and SVET re-
sults and with the well-known ability of benzotriazole to adsorb on
themetal surface, reinforcing its natural passive oxide layer [36]. For im-
mersion times longer than 1 h in 0.01 M NaCl solution, local anodic po-
larization curves are no longer measurable. Indeed, as shown in Fig. 15,
several pits are visible inside the defect making the area heterogeneous
and the OCP not sufficiently stable to determine a reliable polarization
curve. This result underlines the time limited effect of benzotriazole
for the active protection of the substrate.

These performance limits have already been detected by SECM and
SVET results but are more marked for micro-cell measurements proba-
bly due to the size of the defect. For the latter technique, thewidth of the
scratch is adapted to themicro-cell diameter and is about ten times larg-
er than for SECM or SVET measurements. The quantity of benzotriazole
released frommesopores is therefore more critical to obtain a homoge-
neous and stable inhibitive layer on the total surface area exposed in the
defect.

The positive effect brought by benzotriazole can also be highlighted
on the basis of optical pictures taken after 30 min of immersion in
0.01 M NaCl for undoped and doped coating systems (Fig. 16).
Fig. 14. Corrosion (■) and breakdown (●) potentials measured by means of the electro-
chemicalmicro-cell inside the scratch of thedoped coating system for different immersion
times in 0.01 M NaCl solution.



Fig. 15. Optical photo of the scratched doped coating system after 2 h of immersion in
0.01 M NaCl solution.
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In the absence of the corrosion inhibitor, the pitting phenomenon is
observed on the sample surface while the metal exposed in the scratch
for thedoped coating system is not damaged. The fast appearance of pits
inside the scratch also explainswhymicro-cell measurements were not
possible for the undoped coating system even after relatively short im-
mersion times.
Fig. 16. Optical photos of the scratched undoped (a) and doped (b) coating systems after
30 min of immersion in 0.01 M NaCl solution.
4. Conclusions

Results presented in the present paper clearly confirm the formation
of an inhibitive film leading to slower corrosion processes in a coating
defect in case a benzotriazole doped mesoporous silica pretreatment is
applied. Benzotriazole molecules are directly released from the meso-
porous silica pretreatment once the top coat is damaged and act rapidly
to protect the bare metal and to delay the initial stages of corrosion. The
potential of these two-layer coating systems to offer an active protec-
tion to AA2024 aluminium alloys is confirmed by complementary
macro- and microscopic electrochemical techniques.

The use of an electrochemical micro-cell was demonstrated to be a
useful technique to evaluate a self-healing action of a coating in an arti-
ficial defect. The formation of a protective film on the bare metal was
proved by the appearance of a passive region in anodic polarization
curves.

Although the positive effect of the corrosion inhibitor has been re-
vealed, the corrosion protection was not ensured for long immersion
timeswhen the coating system is scratched. The limited quantity of cor-
rosion inhibitor released from themesoporosity and its lower inhibitive
actionwhen the compound is not present in excess in the aggressive so-
lution might explain the time-limited efficiency of the system. In order
to enhance the long-term corrosion protection, the mesoporous silica
pretreatment doped with benzotriazole could be combined with a
more advanced top coat system, such as a self-healing polymer coating.
The action of the corrosion inhibitor could delay corrosion processes oc-
curring inside the defect during the period required by the polymer to
recover its initial barrier properties.
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