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Abstract

Inorganic and hybrid organic—inorganic sol-gel coatings are one of the most interesting alternatives for the corrosion
protection of metallic substrates based on the design possibilities offered by this processing method. These include the ability
to combine the barrier function between the metal and the surrounding environment, and the self-healing effect by the
incorporation of corrosion inhibitors into the coating itself. Electrochemical characterization is essential for the study of the
corrosion process, and the techniques used are based on the movement of electric charges that takes place during the
corrosion process. Some of these techniques perform measurements on a relatively large area of the coated metal, obtaining
average results of the corrosion characteristics. The main techniques belonging to this group are electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PP). However, they do not provide details on the location of anodes,
cathodes or defects. Other local electrochemical techniques are used to provide this type of information, necessary in many
cases to determine the exact mechanism of protection offered by the coatings: scanning vibrating electrode technique
(SVET), scanning ion-selective electrode technique (SIET), scanning Kelvin probe technique (SKP) and localized
electrochemical impedance spectroscopy (LEIS). In this paper, a brief review of the particularities of these techniques in
their application to sol-gel coatings on metals is included. The main part of the paper is focused on the analysis of some of
the most representative examples of the application of these electrochemical techniques, trying to analyze different metal
alloys.

Graphical Abstract
Combination of electrochemical techniques is essential to accurately analyze the corrosion protection mechanism of sol-gel
coatings, including passive and active protection, ion diffusion, delamination, etc.
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Highlights

e Corrosion protection using sol-gel coatings has been enhanced based on the design improvement.
o Combination of electrochemical techniques for a precise evaluation of the protection mechanism.

SKP and OCP measurements are very promising electrochemical techniques for the corrosion analysis.

e Influence of corrosion products on electrochemical results should be analyzed in a greater detail.

Keywords

1 Introduction

The main problem of the metals and alloys used today is
their tendency to corrosion, defined as the spontaneous
interaction of the metal with the environment causing the
deterioration of its properties. When the metal is in an
electrolyte, the process of natural deterioration is known as
electrochemical corrosion. In this corrosion process, the
oxidation of a metal and the reduction of species in the
electrolyte, both associated with a charge transfer in the
metal/electrolyte interface, are involved. As it is a thermo-
dynamically favorable process, all methods to limit it are
focused on reducing the kinetics of the oxidation and/or
reduction reactions.

The coatings are one of the most interesting alternatives
in the protection of metals; and in this context, sol-gel
coatings can be prepared using techniques such as immer-
sion, spinning and spraying. The sol-gel coatings allow
combining the barrier function between the metal and the
surrounding environment (passive protection), and the self-
healing effect by incorporating corrosion inhibitors into the
coating itself. The self-healing effect is based on the
recovery of the original barrier properties of the coating
after a sudden external impact (active protection). This
impact can be produced by some type of object that gen-
erates a defect in the coating, such as a crack and partial
delamination. This condition exponentially accelerates the
corrosion process increasing the diffusion of the ions
included in the oxidation and reduction reactions, which in
turn can originate the activation of the self-healing effect.

The enormous design possibilities of the sol—gel process
allow developing efficient coatings for each particular case
of metal substrate and aggressive electrolyte. Among the
most interesting sol—gel processing parameters for this type
of application are the chemical composition (inorganic and
organic—inorganic hybrid materials), surface tension, visc-
osity, density, coating thickness, hardness, incorporation of
nanoparticles and corrosion inhibitors, type of interaction
with the metal substrate, compatibility with polymer coat-
ings, etc. There are different reviews in the literature
focused on the effectiveness shown by the sol-gel coatings
on different metals and alloys [1-6]. In these papers, the
efficiency of the protection offered by the sol—gel coatings,
both active and passive, is analyzed, according to their
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composition, thickness, residual porosity, adhesion to the
metal substrate and type of inhibitors incorporated in the
sol-gel coatings.

In addition to the physical-chemical and structural
characterization, the electrochemical characterization is
essential for the study of the corrosion process, and this can
be done based on the movement of electric charges that
takes place during this process. This circumstance allows
the use of electrochemical techniques that evaluate the
associated electrical parameters, both from the thermo-
dynamic and kinetic points of view. This article focuses on
the analysis of the main electrochemical techniques used in
the characterization of sol-gel coatings for the corrosion
protection of metallic substrates. Therefore, this manuscript
highlights some of the most interesting publications from a
“didactic” point of view.

2 Electrochemical techniques for the
evaluation of the corrosion protection of
sol-gel coatings

There are numerous articles and book chapters in the lit-
erature focused on the detailed analysis of the different
electrochemical techniques that can be used in the common
study of the corrosion process [3, 7-11]. In this section, we
only intend to review the particularities of some of these
techniques in their application to sol-gel coatings on metals.

Oxidation and reduction reactions on the surface of a
metal in the presence of an electrolyte occur at the same
time with a total current intensity equal to zero. This
equilibrium situation is marked by a specific potential value
(open circuit potential, OCP). The measurement of this
potential as a function of the immersion time in the elec-
trolyte can provide information on the evolution of the
oxidation and reduction reactions. In the case of a metallic
substrate protected with a sol-gel coating, the variation of
this potential can provide information related to the devel-
opment of defects in the coating, electrolyte absorption,
balance between semi-corrosion reactions and coating
delamination. In the case of incorporation of corrosion
inhibitors, this potential variation can provide information
on the initiation of the corrosion process, activation of the
self-healing process and duration of the passivation period.
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Electrochemical impedance spectroscopy (EIS) is a
technique based on the application of a sinusoidal potential
signal in order to get the system out of the equilibrium state.
The subsequent analysis of the relaxation process back to
the initial state provides a sinusoidal current signal with the
same frequency values but with different values of ampli-
tude and phase angle. In order to obtain a linear response
without irreversibly altering the system, the potential signal
used is low (<20 mV) and is usually applied at OCP. The
impedance associated with the system is the relationship
between the applied potential and the current response. In
the case of metals protected with sol-gel coatings, the
impedance value at each frequency range can be associated
with different processes such as ion diffusion through layer
defects, charge transfer in the metal/electrolyte interface,
accumulation of electric charge on the coating surface, etc.
The analysis of the impedance curves as a function of the
immersion time in the electrolyte allows determining the
corrosion kinetics and their mechanism, and evaluating the
degree of protection offered by the coating under specific
conditions. Possibly, EIS is the most common electro-
chemical technique used with sol-gel coatings since it
allows studying the kinetics of the corrosion process in the
case of passive and active protection or combination of
both.

Other technique used in the characterization of sol-gel
coatings is potentiodynamic polarization (PP). This techni-
que is based on the external application of a potential to the
coated metal substrate in order to place it in a specific range
of the oxidation zone of the metal (potentials higher than
OCP) or reduction of surrounding species (potentials lower
than OCP). The most widely used modality is based on the
variation of the potential over time at a constant speed. This
technique allows evaluating the protection degree achieved
with a specific coating under specific corrosion conditions
(type of electrolyte and temperature) and the potential range
at which the coating is stable. The technique is very useful
for comparing sol-gel coatings with different compositions
and/or thicknesses on the same metal by measuring the
passivation current density and the breakdown potential.

The techniques listed up to now provide information on
the kinetics of electrochemical corrosion of metals protected
by coatings. This information is based on average mea-
surements on the total tested area; however, they do not
provide details on the location of anodes, cathodes or
defects. For this reason, other local electrochemical tech-
niques are used to provide this type of information, neces-
sary in many cases to determine the exact mechanism of
protection offered by the coatings. One of the most inter-
esting local techniques is the scanning vibrating electrode
technique (SVET) since it is very suitable to study the self-
healing process of defects in sol-gel coatings on metals.
The technique measures the current associated with the flow

of ions in solution as a consequence of corrosion processes,
distinguishing between anodic and cathodic areas. One of
its most interesting features is the ability to evaluate the
behavior change with the immersion time so the kinetics of
the self-healing effect can be analyzed. Among the limita-
tions of this technique for the study of sol-gel coatings is
the defect size, since if it is less than one micron, the current
generated in the corrosion process is small and difficult to
detect by the equipment. The partial delamination of the
coating is another limitation since the currents able to reach
the coating outside are very small. Complementing SVET
technique, scanning ion-selective electrode technique
(SIET) is suitable for studying the phenomenon of self-
healing of defects in coatings on metals. This technique
identifies the ions integrated in the current flow during the
corrosion process, such as protons, metal cations and elec-
trolyte ions which allows establishing concentration maps
as a function of time.

Scanning Kelvin probe technique (SKP) measures the
distribution of Volta potential differences between the
substrate and the measurement probe in the absence of
electrolyte, making it a non-invasive technique. This char-
acteristic makes possible the study of the delamination of
the sol—gel coating and other processes that take place at the
interface between the coating and the metallic substrate. The
technique allows potential measurements at specific posi-
tions and distribution maps on sol-gel coatings with and
without artificial defects under different temperature and
relative humidity conditions.

Localized electrochemical impedance spectroscopy
(LEIS) technique has the same physical basics as EIS but
uses micro-electrodes to carry out impedance measurements
at specific points on the surface of the sol-gel coating and
compare the evolution of zones with and without artificial
defects. The usual mode of operation is to measure at
individual points in a given range of frequencies, but
measurements can also be carried out at a fixed frequency to
map an area of interest.

3 Some examples of application of
electrochemical techniques to metal
substrates protected with sol-gel coatings

Instead of reviewing the large number of articles related to
sol—gel coatings for the protection of metals and alloys, this
review is focused on evaluating only some of the most
representative examples of the application of electro-
chemical techniques, trying to analyze different metal
alloys.

Initially, the sol-gel coatings developed for the corrosion
protection of metals pursued the design of a barrier effect
against the electrolyte based on a high density and good
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adhesion. The most suitable electrochemical technique to
analyze the average barrier properties provided by a sol—gel
coating is the PP in its anodic zone. This technique allows
comparing variations in the chemical composition of the
coating and changes in its thickness for the same metallic
substrate. In an interesting example [12], the influence of
the content of zirconium in a silica-based hybrid sol-gel
coating (partially replacing silicon in the oxide structure) is
analyzed. The PP measurements were carried out in Harri-
son’s solution starting 250 mV negative to OCP, and
increasing in the anodic direction. The results indicate that
although a considerable improvement in corrosion resis-
tance is generally observed with all coatings, the incor-
poration of zirconium causes a very significant reduction in
the corrosion current density. This characterization techni-
que also makes it possible to differentiate the specific bar-
rier properties of each coating according to its zirconium
content. The improvement provided by the incorporation of
zirconium is based on the formation of Si—O—Zr bonds. In
this way, the PP technique identifies the most suitable Si/Zr
ratio from the point of view of corrosion protection, since an
excess of zirconium reduces the barrier properties which is
possibly associated with an increase of the fragility of the
coating that generates more residual defects.

On the other hand, the existence of small defects in the
coating and the need for protection during long periods of
immersion in the electrolyte led the design of the protection
systems towards the combination of the barrier effect with a
self-healing effect. The EIS technique is suitable for
studying the self-healing effect of an inhibitor incorporated
in a sol-gel layer because the different processes that can
occur simultaneously (electrochemical transfer, ion diffu-
sion, distribution of charges on the coating surface, etc.) are
associated with different time constants located at different
frequency ranges. However, when we have a sol-gel coat-
ing with very good barrier properties, the overlapping of the
time constants can hinder an accurate assessment of the
existence of a self-healing effect and its operating
mechanism. An example of an analysis of the self-healing
effect offered by cerium ions incorporated in a sol-gel
coating is described in the article by Rosero Navarro et al.
[13]. In this paper, the corrosion resistance of the AA2024
aluminum alloy protected with a methacrylate-silica sol-gel
coating doped with different amounts of cerium ions is
studied. The porosity generated in the coating, due to the
incorporation of cerium ions, considerably limits the barrier
properties, which allows, however, evaluating the effect of
active protection provided by the cerium ions. The results of
impedance obtained with the coating without cerium ions
indicate values almost two orders of magnitude higher than
those obtained with the coatings doped with cerium ions,
behavior associated with the residual porosity produced by
these ions. While in the case of the coating without cerium a
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Fig. 1 Impedance diagrams (Bode plots) for the bare AA2024 alu-
minum alloy protected with TM-SiO,-5Ce coatings after different
immersion times in 3.5 wt% NaCl solution [13] (reproduced with
permission from Elsevier)

reduction of the resistance associated to the charge transfer
is observed when the immersion time increases, the incor-
poration of cerium in the coating leads to an increase of the
total impedance to 0.01 Hz (Fig. 1). This behavior is related
to a significant increase of the resistance associated with the
charge transfer, more important if we consider that the
resistances associated with the sol-gel coating and the
natural layer of aluminum oxide decrease with the immer-
sion time as a consequence of the degradation of both
layers. On the other hand, the phase angle associated with
the charge transfer presents an anomalous increase with the
immersion time, contrary to what is commonly observed in
sol—gel coatings. This behavior is associated with the acti-
vation of the self-healing mechanism that leads to the pre-
cipitation of cerium oxides/hydroxides in the area affected
by corrosion, as is also confirmed by SEM-EDX. When the
barrier behavior of the methacrylate-silica sol-gel coating
on this same aluminum alloy is better, as in the case of
doping with strontium aluminum polyphosphate [14], it is
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difficult to observe a clear differentiation between the time
constants associated with the charge transfer and the natural
layer of aluminum oxide. Consequently, the self-healing
process could be associated with the “repair” effect of the
inhibitor on the oxide layer instead of the formation of
precipitates that heal the corrosion points.

A complementary analysis of the self-healing effect
provided by cerium ions immersed in a sol-gel coating is
focused on the use of the LEIS technique. This technique
allows a sweep through an artificial defect on the coating
and performs impedance measurements at a specific fre-
quency. In this example [15], it has been used with a hybrid
sol-gel coating doped with zeolite particles loaded with
cerium ions to protect the AA2024 aluminum alloy. The
results of admittance modulus versus displacement in a
direction perpendicular to the scratch length for undoped
and doped coatings with cerium show the possible
mechanism of action of cerium ions. While for the un-doped
coating the admittance modulus increases steadily with the
immersion time, in the case of the coating doped with
cerium there is a reduction after 4h of immersion. The
authors suggest that this behavior is due to the activation of
the self-healing effect of cerium ions after the beginning of
the corrosion process. The cerium ions would leach out of
the zeolite particles forming cerium hydroxide in the
cathodic zones.

An alternative to the direct dispersion of the inhibitor in
the sol—gel coating is focused on the use of nanocontainers
incorporating the corrosion inhibitors. In this way it is
intended to control the rate of leaching of the inhibitor,
prolonging the active protection for a longer period of time.
An interesting example in the protection of AA2024 alu-
minum alloys is the synthesis of mesoporous silica particles
and their use to store the corrosion inhibitor, benzotriazole
in this case [16]. The particles loaded with the inhibitor are
dispersed in the solution by sonication, and the sol-gel
coating on the aluminum alloy is prepared by immersion.
The study of the corrosion process was carried out using
three types of coatings: the sol—gel layer without inhibitors,
with the inhibitor added directly to the precursor solution of
the coating and with the inhibitor-loaded silica nano-
particles incorporated into the coating. In this case, the
electrochemical technique used for the characterization of
the corrosion process as a function of the immersion time in
NaCl solutions is SVET, applying an artificial defect pro-
duced with a scalpel. Figure 2 shows current density maps
on the aluminum substrate protected with the three types of
coatings after 15 min and 10h of immersion in the elec-
trolyte. Likewise, the maximum and minimum value of
current density is presented as a function of the immersion
time. The current density increases with the immersion time
in the cases of the coating without inhibitor and with the
inhibitor incorporated directly to the coating, evidencing the

absence of a self-healing mechanism. On the other hand, in
the case of the coating loaded with silica nanoparticles
incorporating the inhibitor, no increase in the current den-
sity is observed with the immersion time, a behavior that the
authors associate to a self-healing effect. However, it is also
necessary to indicate that the test only lasts 10 h, insufficient
time to ensure active protection during a prolonged
immersion time. On the other hand, the authors indicate that
the load of inhibitor, calculated experimentally, is 409 mg
per gram of silica nanoparticles. Evaluating the leaching
kinetics of the inhibitor from these particles in aqueous
suspensions, they showed that the leaching of the inhibitor
under these conditions is very fast, concluding in less than
1 h. Although this fast leaching has the advantage of rapid
action to slow down the corrosion process, it could also
limit its action for prolonged immersion times in the
electrolyte.

Another example of application of porous nanoparticles
based on silica to incorporate corrosion inhibitors is carried
out by Ding et al. [17]. In this case, the metal substrate to be
protected is magnesium alloy AZ31B protected with a
hybrid sol-gel coating. As corrosion inhibitors, 2-Hydroxy-
4-methoxy-acetophenone is used doping the porous parti-
cles and dispersing them in the solution before making the
coating; and 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane
by immersion of the porous coating in a concentrated
solution. The SVET results show interesting results since
after 5 h of immersion in the NaCl solution there is evidence
of corrosion in the artificial defect for coatings with and
without inhibitors. However, the results after 24 and 72 h of
immersion only show anodic and cathodic currents for the
undoped coating. The authors justify this behavior to the
effect of self-healing provided by the corrosion inhibitors.
Again, it would be interesting to evaluate the SVET results
after a longer immersion period. The results of EIS, up to
15 days of immersion in NaCl solution, only agree in part
with these results (Fig. 3). There is an important improve-
ment in the barrier function offered by the coatings when
they are doped with the corrosion inhibitors, with a slower
decreasing of the impedance values with the immersion
time. However, no signal associated with the activation of
the self-healing effect is observed; such as, for example, an
increase of impedance after a previous decrease associated
with the corrosion process, or a sudden variation in the time
constants related to the inhibition effect. In this case, it
would have been interesting to analyze the variation of the
impedance diagrams during the first three days of immer-
sion to compare these results with those obtained with the
SVET technique.

An alternative to porous silica nanoparticles in the pro-
tection of AA2024 aluminum alloy is the development of
porous TiOy sol—gel coatings from the assembly of titania
nanoparticles. This structure has also the ability to store

@ Springer



Journal of Sol-Gel Science and Technology

jluA cm”]

Fig. 2 Left and middle: SVET current density maps of aluminum
substrate coated with (a) SiO,/ZrOy film, (b) SiO/ZrO, film with
inhibitor, and (¢) SiO,/ZrO; film containing inhibitor-loaded SiO,-NPs
obtained after 15min and 10h. Right: Maximum and minimum

corrosion inhibitors, benzotriazole in this case [18]. To
complete the protection system, a hybrid sol—gel outer layer
is incorporated using tetra-n-propoxy zirconium (TPOZ)
and (3-glycidoxypropyl) trimethoxysilane (GPTMS). The
study of the behavior against corrosion was carried out
using EIS and SVET comparing the results of coatings with
and without doping with the corrosion inhibitor. Figure 4
shows the impedance diagrams (Nyquist) as a function of
the immersion time for the alloy protected with the porous
layer of TiO, doped with benzotriazole plus the outer hybrid
sol—gel layer (a), and the substrate protected only with the
hybrid layer without doping (b). The difference between
both is evident, and a continuous drop of the total impe-
dance is observed with the immersion time in the system
without inhibitor. On the other hand, a sequence of
increases and decreases of the impedance is observed in the
system including the inhibitor. The authors associate this
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behavior with the subsequent breakage and self-healing of
the natural layer of aluminum oxide based on the inhibition
effect provided by benzotriazole that is leached from the
pores of the TiOy layer. In this case, it would have been
very interesting to be able to analyze the corresponding
Bode diagrams in order to observe more accurately the
evolution of the different time constants as a function of the
immersion time. The SVET tests were performed up to 3 h
of immersion after the defects were carried out. The results
indicate the absence of corrosion in the case of the substrate
protected with the TiO, layer compared to the substrate
coated with the sol-gel layer without inhibitor. These
results are in agreement with those of EIS, although they do
not show the complete process of corrosion initiation—
inhibitor activation—self-healing, and are performed at very
short immersion times which limit the analysis.
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The results shown until now relate a drop in the anodic
and cathodic currents observed with the SVET technique
with a recovery of the barrier properties through the acti-
vation of a self-healing effect. However, it is important to
note the influence of the deposition of corrosion products on
the currents measured with this technique. In the case of
AZ31 and ZE41 magnesium substrates protected with a
bilayer sol—gel coating in simulated body fluid (SBF) [19],
the SVET results show a reduction of the currents with the
immersion time. On the other hand, the SIET results are in
agreement with these results because a reduction of alkali-
nity by increasing the immersion time is observed. In the
absence of an inhibitor, the explanation lies in the formation
of corrosion products that include magnesium and calcium
carbonates, which provide additional protection against
corrosion.

Recloux et al. [20] also observed the important influence
of the formation of corrosion products on SVET measure-
ments when the immersion time in a NaCl solution
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images of the SNAP coating (A(c)), MSNPs@SNAP coating (B(c))
and PFDS/MSNPS@SNAP coating (C(c)) taken after different
immersion times [17] (reproduced with permission from
RSCPublishing)

increases. In this particular case, the aluminum alloy is
protected with an inner layer of mesoporous silica doped
with benzotriazole as inhibitor and an acrylic top coat, to
which an artificial defect has been made. The results com-
pare the bilayer system with and without corrosion inhi-
bitor. In the case of the coating without benzotriazole, an
increase in the current density is initially observed up to 4 h
of immersion, decreasing for both, anodic and cathodic
values, after this time (Fig. 5). The authors associate this
behavior with the formation of corrosion products inside the
artificial defect, whose are confirmed by microscopy. The
analysis using the coatings doped with the inhibitor shows a
different behavior, with no appreciable differences in the
current density values when the immersion time increases.
This behavior is associated by the authors to the effect of
self-healing provided by benzotriazole. Also in this case, the
test lasts 24 h, possibly insufficient time to evaluate the
efficiency of the active protection at long immersion times,
since it is likely that the leaching rate of the inhibitor to the

@ Springer



Journal of Sol-Gel Science and Technology

electrolyte through the artificial defect is substantial. The
electrochemical micro-cell was useful in this case to

. ohm cm?

H

-Z

time, hours

Fig. 4 Evolution of the Nyquist plots during immersion in 0.05M
NaCl obtained for AA2024-T3 treated with (a) benzotriazole-doped
TiOy covered with sol-gel film and (b) undoped sol-gel coating [18]
(reproduced with permission from Elsevier)

Fig. 5 2Dmaps of ionic currents above the defect of the undoped
coating system and the corresponding optical images after different
immersion times in 0.01 M NaCl: 2 h (a), 4 h (b), 14 h (¢) and 24 h (d).
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evaluate the self-healing process. The development of a film
on the metal was verified by the presence of a passive
region in anodic polarization curves.

Continuing with this analysis, the evaluation of AA2024
without coatings using the SVET technique shows a gradual
reduction of the anodic current densities during the first 24 h
of immersion in NaCl solution [21]. This behavior is
associated with the formation of corrosion products on the
metal surface, an important circumstance when this tech-
nique is used in the characterization of metals protected
with sol—gel coatings. When it is analyzed the protection
offered by a hybrid sol-gel coating doped with 8-
hydroxyquinoline with an artificial defect, only the catho-
dic activity is appreciable after 24 h of immersion. The
authors associate this behavior with active protection
through the formation of insoluble complexes between the
inhibitor (8-hydroxyquinoline) and the metal ions resulting
from the corrosion process (AI’* and/or Mg?") on the
artificial defect due to the local alkalization produced by the
corrosion process.

In this context, the influence of corrosion products on the
protection provided by the sol-gel coatings has also been
studied by SKP; in particular, in the case of aluminum
alloys 6016-T4 pre-treated with several sol-gel layers and
an external epoxy coating [22]. For this analysis, filiform
corrosion is produced through an artificial defect, and
exposure to HCI vapors and high relative humidity. The
SKP study establishes potential maps in the area of the
defect and in the adjoining areas at different exposure times
at high RH, which allows establishing the in-situ formation
of galvanic cells under the coatings. The results indicate that
the formation of corrosion products increases the potential
of the exposed metal in the defect. They also indicate that
the defect is surrounded by areas with more negative

The current density scale (e) is expressed in pA/cm?. The scan size is
2500 x 2080 um and the defect size is 1.9 mmx 75 um [20] (repro-
duced with permission from Elsevier)



Journal of Sol-Gel Science and Technology

A defect

B defect

distance, mm

Fig. 6 SKP potential profiles (air at 95% RH) of the electrocoated systems after 3 days of exposure in the air at 95% RH (A-Oxsilan, B-sol-gel

based, C-APTES) [22] (reproduced with permission from Elsevier)

potentials under the coating close to the defect, which are
anodic zones that will later generate corrosion filaments
away from the defect (Fig. 6). This distribution of potentials
indicates that galvanic cells are being formed between the
cathode, in the defect, and the anodes, under the coating. By
increasing the exposure time to high relative humidity, it is
observed how the pretreatment using sol-gel layers con-
siderably limits the expansion of the active area of corrosion
from the defect. The measurements also make it possible to
indicate anodic corrosion points that have been passivated
by corrosion products and do not develop filaments. The
results conclude that the anodic undermining is responsible
for the adhesion loss of the coating to the substrate.

The SKP technique also has an important application in
the study of the effect of self-healing in sol-gel coatings
doped with corrosion inhibitors, always considering the
formation of corrosion products and their influence on the
values of work function distribution (mV). In the case of
magnesium alloy AZ31B protected with a hybrid sol-gel
coating doped with encapsulated 8-hydroxyquinoline with
an artificial defect, the variation of the potential as a

function of the measurement time allows the evaluation of
the self- healing effect [23]. In this particular case, the
defect was coated with a drop of NaCl solution and the
potential measurement was performed exactly on the defect.
Comparing the undoped coatings with those doped with the
inhibitor, the potential values are similar for both and close
to the bare magnesium alloy (—1.50V vs. SHE) at the
beginning of the immersion. By increasing the measurement
time, the undoped coating shows no change in the potential
indicating that the corrosion continues without variations.
However, in the case of the coating doped with the inhi-
bitor, an abrupt increase in the potential is observed up to
values around —1.05 V vs. SHE that is associated with the
self-healing effect provided by the inhibitor. This behavior
is maintained until the end of the test (56h), perhaps
insufficient time to check the efficiency of the protection
system at prolonged times of exposure to the aggressive
electrolyte. On the other hand, the impedance values are
gradually reduced with the immersion time, which would be
partially in disagreement with the results obtained with
SKP. Although it is difficult to compare results from
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Fig. 7 Corrosion potential versus immersion time of the coated steel
substrate after increasing immersion time in 3.5 wt% NaCl solution on
the same test area after the polarization-impedance measurements
made during 354 days of immersion [25] (reproduced with permission
from Royal Society of Chemistry)

techniques as different as EIS and SKP, it would have been
of great interest to analyze the impedance curves obtained at
times less than S h to study the variation of time constants
and the associated impedance values, and try to detect the
beginning of corrosion process and activation of the self-
healing. This technique is also particularly suitable for
studying the interface between the coating and the metal
substrate when there are no artificial defects. In addition, its
spatial resolution allows detecting the location of con-
tamination in the coating or delamination areas. In the
analysis of hybrid sol-gel coatings on carbon steel, the
Surface work function distribution (mV) can be measured,
so the potential values can be related to the interaction
between the metal substrate and the coating [24]. An
increase in potential towards more positive values indicates
a stronger interaction of the coating with the substrate. On
the other hand, the variation of the potential values in the
measured area is an indication of the homogeneity of the
coating, which also allows locating the presence of defects
and even the localized inhibition of the anodic reaction if
the potential increases towards more positive values. The
interesting information provided by this non-contact tech-
nique of high spatial resolution is evident, which comple-
ments the information provided by other techniques that
study average properties over large areas and with direct
interaction with the sample, as in the case of EIS.

The combination of OCP and EIS techniques can be an
interesting option to analyze the self-healing effect provided
by the incorporation of cerium ions in sol-gel coatings with
a good barrier behavior [25]. In this case, a sol—gel bilayer
system of hybrid composition was designed for the pro-
tection of carbon steel. The bilayer system is formed by an
inner layer (next to the steel) doped with cerium ions and an
outer layer without cerium. In this way, the deterioration of
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Fig. 8 Electrochemical Impedance Spectroscopy (EIS) of the bare and
coated steel substrate after increasing immersion time in 3.5 wt% NaCl
solution on the same test area after the polarization-impedance mea-
surements made during 354 days of immersion [25] (reproduced with
permission from Royal Society of Chemistry)

the barrier properties of the sol-gel layer by incorporating
cerium ions is prevented from affecting the entire protective
system. The defect in the coating has been induced through
successive polarization curves applied on the same test area
until a sudden increase in current density is observed. From
that moment, continuous OCP and EIS measurements are
carried out alternately. Figure 7 shows the OCP measure-
ments against the immersion time, indicating the temporary
position where the EIS measurements have been performed,
which are shown in Fig. 8. The strong potential variation
(Fig. 7) between —0.60 V, a value similar to that obtained
with bare steel, and +0.20 V, characteristic value of a crack-
free coating, is an indication of the possible activation of the
self-healing effect provided by the cerium ions. The values
of reduced potential correspond to a stage where the cor-
rosion predominates, activating then the self-healing pro-
cess. As a result, the defect is healed and the potential
increases, remaining until the corrosion process is reacti-
vated, reducing the potential again. The impedance mea-
surements (Fig. 8) are in agreement with this explanation,
since the curves obtained in areas of low OCP show lower
values of total impedance (107 ohm sz) than the curves
performed in sections of higher OCP (10'® ohm cm?). In the
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Fig. 9 Bode plots (log/Z/ vs. log frequency and phase angle vs. log
frequency) of the bare and coated metal substrates during the first day
and after four months of immersion in 3.5 wt. % NaCl solution [26]
(reproduced with permission from Elsevier). Coating composition is
based on methyltriethoxysilane (MTES) and dimethyldiethoxysilane
(DMDES)

first case, the system is very capacitive with a single time
constant related to the sol-gel coating. However, the curves
obtained in low OCP sections have three time constants
associated with the sol-gel coating, the active protection
process and the electrochemical corrosion on the exposed
metal surface through the defects. This successive and
alternating variation of impedance values and number of
time constants is clearly associated with the self-healing
process when corrosion takes place. The SEM-EDX and
Confocal Micro-Raman studies complement the electro-
chemical study, providing new evidence of the activation of
the self-healing effect.

An alternative to the traditional sol-gel coatings used in
the protection against corrosion of metals are those obtained
from melting gels. These sol-gel materials have been pre-
pared from the combination of mono and di-substituted
silanes for the protection of stainless steel [26, 27]. The
main characteristic of these hybrid organic—-inorganic
materials is their particular softening behavior, since they
are solid at room temperature, they become liquid at tem-
peratures around 110 °C, and return to the solid state when

the temperature is reduced to the environment. The gels
become “hybrid glasses” when the increase in temperature
exceeds the consolidation temperature (135-160 °C), and
no longer return to the liquid state in a subsequent heating.
This behavior has its origin in the reaction between residual
alkoxide and/or hydroxyl groups during the consolidation
treatment. The main advantage of this type of coatings for
the protection against corrosion of metals is that the water
and solvents used during the preparation of the sol-gel
solution are eliminated before the coating deposition. The
consolidation treatment results in a hydrophobic, non-
porous and defect-free coating as a consequence of a very
limited volumetric shrinkage. Coatings prepared from
melting gels can reach very high thicknesses (up to 1 mm)
without defects, something totally unusual in traditional
sol-gel coatings, either inorganic or organic—inorganic
hybrids. For this reason, the barrier effect provided is sig-
nificant, leading to impedance values as high as 10'' Ohm
cm?® and a single time constant associated with the coating
(Fig. 9). After four months of immersion, no appreciable
changes were seen in the impedance values, which are
associated with a quasi-ideal coating [26].

Other times, as for example in the use of stainless steel in
biomedical applications, the objective of the sol-gel coating
is not only to obtain a good barrier effect and/or a self-
healing effect, but also to reach a compromise between
these properties and an adequate residual porosity to contain
bioactive particles. The use of a bilayer sol-gel system
pursues this objective [28]. The inner layer provides a good
barrier against corrosion and against the leaching of
potentially toxic ions from steel. On the other hand, the
outer layer has interconnected and open porosity that can
enclose bioactive particles able to react with the body fluid
to produce hydroxyapatite. The use of the EIS technique for
the study of this bilayer system in comparison with each
type of coating separately, and its fitting to equivalent cir-
cuits, allows an accurate evaluation of the characteristics of
each layer in SBF. Although the total impedance at 0.01 Hz
is similar for the three layer configurations, the resistance
associated with the coating in the case of the outer layer
alone is very low as a consequence of its high residual
porosity and marked hydrophilic behavior. However, this
resistance is high in the case of coatings formed only with
the inner layer or with bi-layers based on the high barrier
effect provided by the inner layer. In this way, the EIS
technique makes it possible to clearly differentiate between
dense and porous layers.

4 Conclusions

The corrosion protection of metals and alloys provided by
sol-gel coatings has been gradually enhanced based on
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the improvements incorporated in the design of these
coatings, such as, for example, optimization in the hybrid
organic—inorganic nature of the coating, combination of
different metals, thicknesses, residual processing defects,
coating adhesion and incorporation of nanoparticles and
corrosion inhibitors. EIS is the electrochemical technique
most used in the characterization of the corrosion pro-
tection, since it allows discriminating between several
processes (charge transfer, ion diffusion, charge accu-
mulation on coating surface, etc.) that occur simulta-
neously during the corrosion process. However, this
technique belongs to the group of area techniques and
does not allow the location of anodes, cathodes and
defects, which complicates the analysis of the corrosion
protection mechanism. For this reason, different techni-
ques of local analysis (SVET, SIET, SKP, LEIS) have
been developed and used mainly for the study of the self-
healing effect, allowing the evaluation of different cor-
rosion inhibitors in specific conditions. However, in
general, these techniques also have limitations related to
low current densities because of the size of the defect or
because corrosion occurs below the coating. A separate
mention deserves the SKP technique as it is non-invasive
and can evaluate the delamination of the sol-gel coating
and other processes in the metal-coating interface. In
short, an adequate study of corrosion protection makes it
necessary to combine several electrochemical techniques
in order to determine the mechanism of protection and
inhibition of corrosion. The analysis of the open circuit
potential (OCP) shifts with the immersion time is not
usual in the literature; although these values can give
indications about the evolution of the corrosion process,
even of the activation of the self-healing effect. A critical
point, possibly not very studied in the literature, is the
significant influence of the corrosion products on the
results provided by these electrochemical techniques. In
most cases, their presence is unavoidable, and their
influence on the values of impedance (EIS), current den-
sity (SVET) and potential (SKP) is considerable, and
variations in these parameters can be imprecisely asso-
ciated with a self-healing effect. For this reason, the
combination of several electrochemical techniques with
chemical and structural analysis is necessary to perform
accurately the study of the corrosion protection offered by
sol-gel coatings.
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