
Chapter 9
Electrochemical Techniques for the Study
of Self Healing Coatings

Y. Gonzalez-Garcia, S.J. Garcia and J.M.C. Mol

9.1 Electrochemistry in the Context of Corrosion

As discussed in chapter one, corrosion can be defined as the degradation of the
material properties due to its interaction with the environment [1]. In general this
interaction takes place by an electrochemical reaction. While in chemical reactions
elements are added or removed from a chemical species in electrochemical reac-
tions electrons are also involved in the process. In electrochemical reactions ele-
ments might be added or removed from a chemical species but also at least one
species undergoes a change in the number of valence electrons (oxidation or
reduction). Electrochemistry is thus the branch of chemistry focused mainly on the
study of chemical changes caused by the passage of an electric current and the
production of electrical energy by chemical reactions.

There are four necessary prerequisites for electrochemical reactions to take place
thereby triggering the corrosion process: an anode (where oxidation occurs), a
cathode (where reduction takes place consuming the electrons released from the
anode), an electrolytic path for ionic conduction between the two reaction sites, and
an electrical path for electron conduction between the reaction sites. These
requirements are illustrated schematically in Fig. 9.1.
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Corrosion research requires a thorough understanding of the electrochemical
events within a particular metal-electrolyte system. The driving force for electro-
chemical events must be known in order to classify the type of electrochemical cell
to be characterized to prevent corrosion.

9.2 Electrochemical Evaluation of Self-healing/Self-repair
Coatings

In most metal applications, coatings are required to prevent the systems from fast
corrosion or degradation. The underlying protection of coatings relies on barrier,
adhesion, and active protection. The active protection mechanism is being
improved using active and responsive materials (i.e. “smart coatings”). Such sys-
tems provide on-demand resistance to corrosion upon mechanical or chemical
damage [1]. Such coatings inhibit corrosion processes of the underlying metal by
active release of inhibiting species or by the on-demand or autonomous
closure/repair of the damage. Significant research effort has focused on finding
alternatives to introduce corrosion inhibitors into the organic coating. The tradi-
tional approach of using inhibitors is by their direct mixing with the coating binder,
however problems such as dispersion and interaction with the polymer matrix
affecting the release kinetics and inhibiting efficiency are likely to occur. In order to
avoid such interactions encapsulation strategies of the corrosion inhibitor or healing
agent have been proposed [2, 3] (see also Chap. 8). The incorporation of corrosion
inhibitors into capsules is intended for controlled and effective release of the
inhibitor. Therefore, an ideal performance of these encapsulated systems, would
release the inhibiting species only when they are needed. The triggering of the
inhibitor release can be established according to different mechanisms: breakdown

Fig. 9.1 Diagram displaying
the main elements required
for a corrosion process to
occur: anode, cathode,
electron path and ionic path
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by mechanical damage, pH, dissolution, exchange, humidity or moisture, to name a
few. In the end, the ability to suppress or decrease corrosion to tolerable levels will
depend on efficiency of the healing behavior of the coating system. It is at this point
where the evaluation methods are relevant. The techniques used for evaluation of
(self-healing) anticorrosive coatings can be divided in three main groups:

• accelerated tests used in industry
• conventional (global) electrochemical methods, and
• localized electrochemical techniques.

Accelerated testing is possibly the most widespread methodology for corrosion
resistance evaluation at an industrial scale and presents many different variants and
adaptations. These tests are typically based on exposure of the material to controlled
(atmospheric) severe conditions: humidity, salinity, pollutants, temperature, etc.
Alternating wet/dry cycles changes the thickness of electrolyte layer. The presence
of water, temperature, and chloride ions promotes the corrosion processes at the
scribe (degree of corrosion) as well as at the intact coating (delamination, blisters).
The degradation of coated metals (or materials in general) is assessed by visual
inspection. Accelerated tests only provide information that allows a ranking of the
specimen from “unacceptable” to “excellent”. They are screening methods to dif-
ferentiate corrosion performance of the specimen under study. However, acceler-
ated test results form no basis for the understanding of the corrosion (or protection)
mechanism. These types of evaluation can accumulate sometimes large amounts of
error due to the extreme aggressive conditions, the long duration of the test and a
subjective, user-dependent evaluation. Moreover, despite all its drawbacks, since it
is used broadly in industry, this is an almost mandatory technique before any
system is introduced in the market. More about the evaluation and application of
self-healing systems from an industrial point of view is discussed in Chaps. 12–14.

To gain insight into the healing-process behind the behaviour of the system other
techniques have to be used. These techniques include electrochemical techniques
described in this chapter and physico-chemical characterization described in
Chap. 10.

Electrochemical methods are versatile and they can provide a wide range of
information that can include the understanding of multi-step reactions, the kinetics
of heterogeneous electron-transfer reactions, coupled chemical reactions and
adsorption processes. For corrosion studies, electrochemical evaluation provides
valuable information such as kinetics of the corrosion or protection processes,
formation of protective films, evolution of barrier properties, identification and
quantification of redox species.

Potential measurements, potentiodynamic experiments (including polarization
curves and cyclic voltammetry) and electrochemical impedance spectroscopy
(EIS) are the most common electrochemical methods used for corrosion and
self-healing research. In this chapter they are classified as global methods. More
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advanced techniques that provide electrochemical properties with spatial resolution
are considered localized techniques. Within this group micro-capillary cell, scan-
ning vibrating electrode technique (SVET) and scanning electrochemical micro-
scope (SECM) are included.

It is very important to identify the information that we can obtain from the
electrochemical evaluation as function of the self-healing system under investiga-
tion. A summary of the information to be retrieved from electrochemical evaluation
is presented in the Table 9.1. Three main types of healing-mechanism are con-
sidered: active and physical healing.

Table 9.1 Summary of the electrochemical techniques used to evaluate self-healing processes

Type of healing System Information Electrochemical
technique

Active Corrosion inhibitor in
solution

Screening of inhibitors Potentiodynamic
measurements

High-throughput
(multi-electrode)
approach

Mechanistic
information

Electrochemical
Impedance
Spectroscopy (EIS)Kinetics of protection

mechanism

Protection efficiency Localized
information: SVET

Inhibition mechanism
(localized)

Electrochemical
microcapillary cell

Active-smart
release

Inhibitor or healing agent
incorporated into coating
(directly in matrix or with
micro-carriers)

Barrier properties of
the coating

Electrochemical
Impedance
Spectroscopy (EIS)Kinetics of healing

process (release)

Efficiency of the
healing (protection)
for long immersion
time

Efficiency of healing
(localized in the
defect) for short
immersion time

Scanning Vibrating
Electrode
Technique (SVET)

Scanning
Electrochemical
Microscope
(SECM)

Properties of the
coating around defect
and healing activity in
the defect

Local
Electrochemical
Impedance
Spectroscopy
(LEIS)

(continued)
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9.3 Conventional Electrochemical Techniques

In conventional electrochemical experiments, the electrode (metal) response to a
perturbation signal corresponds to a surface-averaged measurement attributable to
the behaviour of the whole electrode surface.

9.3.1 Open Circuit Potential

Measurements of the open circuit potential (OCP) as function of time is commonly
used to study healing recovery of corroding metals.

When using this technique complementary tests are recommended to confirm the
healing efficiency nevertheless it can be used as a first order approximation technique.

9.3.2 Potentiodynamic Measurements

Potentiodynamic methods consist of forcing the electrode potential to follow a
known potential scan. The potential may be held constant or may be varied with
time in a predetermined manner as the current is measured as a function of time or
potential. In general, for these methods, systems in which the mass transport of
electroactive species occurs only by diffusion should be considered.

Table 9.1 (continued)

Type of healing System Information Electrochemical
technique

Active-physical
recovery

Smart polymeric coatings Healing of barrier
properties of the
coating

Electrochemical
Impedance
Spectroscopy (EIS)

Fast and quantitative
information about the
healing degree

AC/DC/AC
technique

Localized evaluation
of the defective zone
after healing process

Local
Electrochemical
Impedance
Spectroscopy
(LEIS)

Confirmation of
hindered corrosion
activity after
(localized) defect
healing

Scanning Vibrating
Electrode
Technique (SVET)

Scanning
Electrochemical
Microscope
(SECM)
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Linear sweep voltammetry, alternatively named polarization curve measurement,
is the most common potentiodynamic measurement. In Fig. 9.2 a scheme of
polarization curve for a metal M during immersion in aqueous solution.

From polarization curves, the corrosion current density (icorr) can be extrapolated
from the linear parts of the Tafel plots (blue lines in Fig. 9.2). The intersection of
the lines for cathodic and anodic processes correspond to the values of the corrosion
current density. The linear parts of the curves should be in the range of potential
±150 mV above the corrosion potential (Ecorr) value.

Another alternative to obtain the corrosion current is the linear polarization
resistance (LPR) method. The polarization resistance of a material is defined as the
slope of the potential-current density (ΔE/Δi) curve at the free corrosion potential.
Resistance polarization refers to the potential drop due to either the high resistivity
of the electrolyte surrounding the electrode or an insulation effect of the film on the
electrode surface formed by the reaction products.

Polarization resistance Rp is related to the corrosion current by the Stern-Geary
equation:

Rp ¼ B
icorr

¼ DEð Þ
Dið Þ DE!0

ð9:1Þ

where, ΔE is a variation of the applied potential around the corrosion potential and
Δi is the resulting polarization current. The proportionality constant, B, for a par-
ticular system can he determined empirically (calibrated from separate weight loss
measurements) or, as shown by Stern and Geary, can be calculated from ba and bc,
the slopes of the anodic and cathodic Tafel slopes:

B ¼ babc
2:3 ba þ bcð Þ ð9:2Þ

Fig. 9.2 Example of
polarization curve for a metal
M in an acidic environment.
Ecorr and icorr are estimated by
the intersection of the linear
section of the curves
corresponding to the Tafel
slope
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The Tafel slopes themselves can be evaluated experimentally using real polar-
ization plots. A high Rp for a metal implies high corrosion resistance and a low Rp

implies low corrosion resistance.
The extrapolation from the Tafel curves is only valid when the anodic and

cathodic reactions are under activation control. In practice, determining the linear
section of the Tafel plot is not always straightforward. Experimental polarization
curves sometimes can present peculiarities that bring doubts about where to choose
the linear section in the curve. This issue is a regular cause of errors when esti-
mating the corrosion current.

Corrosion current is correlated to corrosion rate (r) of the process through
Faraday’s law by the following equation:

r ¼ aicorr
nFD

ð9:3Þ

where a is the atomic number of the metal, n number of electrons, F the Faraday
constant and D the density of the metal.

Within the context of self-healing materials, polarization methods are commonly
used to evaluate and compare corrosion inhibitor performance in solution. The test
consists of analyzing the response of the metal while it is immersed in solution
containing dissolved corrosion inhibitor [4]. The resulting polarization curves give
access to the corrosion rate. Furthermore it visualizes the anodic, cathodic or mixed
protection performance of the inhibitor (Fig. 9.2). The analysis of the curves and
interpretation of the results is well explained in Chap. 4.

Conventional potentiodynamic methods are usually not applicable for coated
substrates due to important limitations arising from the high IR drop over the
coating. This method cannot give any useful information on the active corrosion
protection and the self-healing ability of protective coatings.

An alternative is the direct current (DC) measurement. For this case the coated
sample is kept at high constant potential (potentiostatic method) and the current that
flows through the system is measured. The electrochemical measurements are
carried out in an electrochemical cell with typically a three electrode system
(working, reference and counter electrodes) immersed in an electrolyte. The
application of this constant potential can fully reduce or oxidize species in a given
solution depending on the potential values, the substrate, pH of the electrolyte and
other factors. It moves the systems out of electrochemical equilibrium possibly
leading to (i) accelerated degradation of the system; or (ii) forced
deposition-reaction of healing agents.

This technique has been used to study the healing capabilities of epoxy-amine
coating doped with organic fillers containing inorganic corrosion inhibitors on steel
[1] by monitoring the current density values at fixed potential (−0.85 VAg/AgCl and
−1.1 VAg/AgCl) with time. In this study, healing was detected by a decrease of the
current density in a scratched doped-system, while the non-doped one showed an
increase. The same system evaluated by electrochemical impedance spectroscopy
(EIS) only showed a slight improvement with respect to the reference one. A similar
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method has been also employed to assess healing of a steel plate coated with a
self-healing coating using microencapsulation of liquid healing agents [5]. In this
case, the experiment was performed at 3 V polarization measuring the current
density evolution with time of the scratched samples. Healed samples showed two
orders of magnitude lower current density than the reference systems indicating the
formation of a barrier layer at the scribe (gap filling of the damage).

The evaluation of healing properties under high potentiostatic polarization is
useful mostly when the final application of the coating requires similar conditions
as the applied experimental parameters.

9.3.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is one of the most used techniques
at scientific level in the fields of corrosion and coatings technology and thus its
extension and importance in the evaluation of self-healing (anticorrosive) coatings.
EIS is a non-destructive test that allows assessment of the degradation (or healing)
of the system with time. But more importantly it provides quantitative information
of the processes taking place within the system.

Electrochemical impedance spectroscopy is based on electric circuit theory and
the description of the different electrochemical processes occurring in the
coating-oxide-metal system by a combination of electrical parameters such as
resistors and capacitors. The technique uses the description of the behaviour of an
electric circuit when an alternating current or voltage is applied as a function of the
frequency.

The concept of electrical resistance is well known and is defined by Ohm’s law.
Resistance is the ability of a circuit to resist the flow of current, mathematically
expressed as:

R ¼ V=I ð9:4Þ

where R is resistance in ohms, V is voltage in volts, and I is current in amperes.
However, this simple relationship is limited to one circuit element, the resistor, and
it does not represent more complex behaviour that many systems exhibit in the real
world. Therefore, the concept of impedance (Z) is introduced. The impedance is a
measure of the tendency of a circuit to resist the flow of an alternating electrical
current. The equivalent mathematical expression of Eq. (3) for the case of impe-
dance is:

Z ¼ Vac=Iac ð9:5Þ

This simple and basic equation actually hides some more complicated
assumptions and concepts. First, it applies only to the time-varying, alternating, or
ac components of the current and voltage. Secondly, it is not sufficient to just
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indicate the magnitude of the voltage and the current signals, it must also be
expressed how they are related in time, since they are both time-varying ac
quantities. Finally, the size and time-relationships nearly always depend on the
frequency of the alternating current and voltage.

Figure 9.3 shows a sine wave voltage applied to an electrochemical cell. The
response is obtained as a sinusoidal current with certain phase shifting with respect
to the perturbation. The response is shifted in time due to the response of this
system depending on the combination of resistors and capacitors affecting the
kinetics of the process. This time shift is expressed as an angle, the phase angle shift
of the current response, or simply the phase angle, φ.

The size of the impedance of this system can be expressed by taking the ratio of
the size between the voltage sine wave (in volts) and the current sine wave (in
amperes). The signal obtained from the test is the complex impedance
(Z = Zre−j·Zim). To characterize impedance, Z, both its magnitude or modulus (in
ohms), |Z|, and phase, φ, as well as the frequency, f (in cycles per second, or Hertz),
at which it is measured must be specified together with the amplitude used in the
signal input. These three parameters are often plotted on what is known as a Bode
plot, shown in Fig. 9.4a, or in the complex impedance form, which is the Nyquist
plot (Fig. 9.4b).

The experimental set-up for EIS experiments normally consists of a
three-electrode cell: the specimen plate (working electrode), a counter electrode
(e.g. Pt wire or mesh, carbon) and a reference electrode (e.g. SCE, Ag/AgCl). The
sample is kept under immersion conditions and the impedance test is performed in
time. In Fig. 9.5 a scheme of a typical electrochemical cell for EIS measurements is
shown.

Commonly the sinusoidal voltage perturbation applied to the electrochemical
system is of small amplitude, typically in the range of ±10 mV. The voltage is
applied at a given frequency range, usually from 105 Hz to 10−2 Hz. The instru-
mentation required to measure the impedance of an electrochemical cell includes a
waveform generator to produce the sine wave electrical signal, and a potentiostat to
control the potential (Fig. 9.6). These components are controlled by a computer
used to run the experiment and to display the results in real time.

Fig. 9.3 Graphic representation of the current and voltage as a function of time
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Fig. 9.4 Data representation
for impedance data: a Bode
plot and b Nyquist plot

Fig. 9.5 Electrochemical cell
used in EIS experiments: WE,
working electrode; RE,
reference electrode; and CE,
auxiliary electrode
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As mentioned at the beginning of this section, EIS is based on electric circuit
theory. Therefore the fitting of experimental data with electric equivalent circuits
can give extra quantitative information about the system under study.
Electrochemical systems such as coated surfaces or corroding metals often behave
as simple electronic circuits when an alternating voltage is applied. And, they can
be simulated by a set of electric circuit elements such as resistors, capacitors and
inductors, which will constitute the equivalent electric circuit. This equivalence
allows to associate a real chemical-physical process to each of the circuit
components.

For example, a simple electrochemical reaction that involves a step of electron
transfer such as:

Onþ þ ne� ! R ð9:6Þ

The process can be represented by a simple equivalent circuit which is called
Randles’ circuit [6]. This circuit is depicted in Fig. 9.7, and consists of a combi-
nation of a capacitor and two resistors.

It must be noticed that when an electrochemical reaction occurs at an electrode,
at least two associated interfacial processes must be considered, namely:

• the formation of the double layer in the interface, which behaves as a capacitor;
and

• the electronic transfer through the interface, which is a faradaic process
(resistor).

Fig. 9.6 A block diagram of
the instrumentation used to
conduct EIS measurements

Fig. 9.7 Randles equivalent circuit for a charge transfer-controlled simple electrochemical
reaction
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This circuit can be used to either represent a simplification of a non-defective
coating or a bare corroding metal immersed in an electrolyte solution although such
EC simplification rarely describes inhibiting systems [7]. Depending on the elec-
trochemical system the values and meanings of the circuit components are different.
Thus, in the case of an intact coating immersed for a short time in an electrolyte, RS

represents the resistance of the electrolyte solution, or uncompensated resistance,
between the reference electrode and the surface of the coating. The capacitor, Cdl,
represents the coating capacitance and is normally represented as Ccoat, and can be
characterized by the thickness and the dielectric constant of the coating material.
The resistor, Rt, is associated with the resistance of the coating and generally
referenced as Rpore (pore resistance). It is also a property of the coating material and
varies with its thickness and composition as well as defects.

Corrosion processes are more complex phenomena than just a simple electro-
chemical reaction. For example in the case of a coating-metal systems immersed for
long times, besides the electrochemical reactions (oxidation and reduction), the
existence of the coating-metal interface and the simultaneous occurrence of diffu-
sion and adsorption processes should also be taken into consideration. Then a more
complex equivalent electric circuit is required to represent the system. For example
in the case of corrosion processes occurring underneath the coating, a more specific
circuit that can describe this case is shown in Fig. 9.8 [8–12]. The elements of the
circuit represent the following characteristics of the system [13]; RS, the resistance
of the electrolyte; Rpore, the resistance of the conducting pores in the coating layer;
Rt, the charge transfer resistance of the corrosion reaction; Ccoat, the capacitance of
the coating layer; and Cdl, the double layer capacitance at the metal/electrolyte
interface.

Often better fitting of the equivalent circuit model is obtained by replacing the
capacitances in the equivalent circuit presented in Fig. 9.8 with constant phase
elements (CPE) [14]. In reality, when studying coated-metal systems, it is difficult
to find a pure capacitor behaviour. The deviation from the ideal capacitor can be
due to:

Fig. 9.8 Equivalent circuit of intact coated metal showing corrosion processes underneath the film
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• gradients in properties within the coating (laterally and vertically). Such gra-
dients can be caused by resistivity changes [15–17], differences in water takeup
[18], porous electrodes [19, 20] to name a few.

• changes in structure such as occurs with layers within a coating or nanoporosity
as shown for thin silica layers where the n parameter in the CPE has a linear
relation to porosity [21].

However as pointed out by Tribollet and co-workers [15–18] there needs to be a
good physical reason for the introduction of CPEs.

Additionally, water uptake, which is calculated through the coating capacitance,
is complicated when CPE’s are used because of the need to calculate the capaci-
tance from the fitted parameters for the CPE. One equation that has broad accep-
tance is [22]:

C ¼ A x00
m

� �a�1 ð9:7Þ

where A is a constant, ωm″ is the frequency where the imaginary component of the
impedance is a maximum and α is a measure of the capacitive behavior.

One other component worth mentioning is the Warburg impedance which is
used to model diffusive behavior at the interface. The use of a Warburg component
is generally justified on the basis of the value of the phase angle, where a phase
angle of 22.5° or 45° is indicative of a Warburg process [19].

In conclusion, provided a good analysis is performed, information given by EIS
can be directly linked to water absorption, kinetics of reaction or absorption,
delamination, porosity and adhesion amongst other processes (e.g. diffusion). It is a
powerful method for evaluation of (self-healing) anticorrosive coatings since it can
provide information about different processes occurring on the system almost
simultaneously. For example:

• evolution of the barrier properties of the coatings (water uptake, blistering,
delamination)

• corrosion rate at the metal-coating interface
• surface changes due to action of corrosion inhibitors (passivation of the metal

surface)

EIS has already been used to assess self-healing anticorrosive (organic) coatings,
mainly using total impedance and phase angle as parameter. The main application
of this technique has been in extrinsic self-healing coatings using corrosion inhi-
bitors (e.g. loaded nanocontainers with corrosion inhibitors into a sol-gel film [3]).
In these tests the normal procedure is the application of an artificial defect reaching
the substrate followed by immersion in a corrosive medium (electrolyte). During
the experiment it is expected that the corrosion inhibitors will leach out of the
coating allowing them to react with the metallic surface at the damage site,
decreasing the electrochemical activity, which is observed as a significant increase
of the impedance of the system.

9 Electrochemical Techniques for the Study of Self Healing Coatings 215



EIS has also been successfully employed for liquid encapsulated extrinsic
self-healing coatings using two component microencapsulated liquid healing agents
[23] or one component microencapsulated healing agent [24] in both cases with
excellent results of the use of the technique. In the case of systems using
micro-encapsulation, the technique generally shows a more significant increase in
impedance than when used for corrosion inhibitor systems due to the restoration of
the barrier effect offered by gap filling or full surface coverage [22] in encapsulated
concepts and thus major hindering of the electrochemical reactions. EIS has also
been recently combined with X-ray microtomography to further understand the
mechanisms of protection of single reactive healing agents such as the silyl ester
involving delamination and underfilm pitting processes [25].

9.3.4 Odd-Random Phase Multisine Electrochemical
Impedance Spectroscopy

As an extension of use of EIS, the odd random phase multisine electrochemical
impedance spectroscopy (ORP-EIS) has also been used as a characterization tool
for diverse electrochemical processes [26, 27]. ORP-EIS cannot be considered as
conventional electrochemical test, but it is included in this section as it provides
global (averaged) information of the specimen.

In the previous section the capacity of EIS for the study and evaluation of diverse
self-healing systems was presented. A reliable model that describes the system under
investigation can only be obtained if the measurement fulfills the conditions of
causality, linearity and time-invariance. However, the two last conditions can be
difficult to satisfy. EIS measurements are often performed with very small amplitude
excitation signals (for reasons of linearity) in the steady state regime of the process (for
reasons of time-invariance). As a consequence, the measurements (i) can suffer from
poor signal-to-noise ratios and (ii) cannot describe the initial, mostly rapidly evolving,
stages of electrochemical phenomena of corrosion processes. Moreover proper fitting
of the model to experimental data needs to be achieved, by minimising the residuals
between the data and the fit across the whole frequency range [7, 28, 29].

Apart for shorter time measurements ORP-EIS allows measuring the level of
disturbing noise, the level of the non-linear distortions and the level of the
non-stationary behaviour. The additional information given by this methodology is
useful to verify the quality of the measurement. In Fig. 9.9 a typical ORP-EIS
spectrum is shown, in which, additional to the conventional impedance data, it is
possible to observe the noise level and non-stationary behaviour of the system [30].
As happens with traditional EIS, ORP-EIS becomes a powerful method when
combined with the fitting of the data. The additional information helps to reject,
accept or improve electrical equivalent circuit models used to fit the conventional
impedance spectra. The advantage of the technique has been demonstrated on an
electric circuit [27] and the study of corrosion of coated metal [31]. However, it is
still scarcely used on the study of self-healing corrosion systems.
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Jorcin et al. [30, 32] applied for the first time this methodology to the study
self-healing coatings based on a shape memory polyturethane coating leading to
partial physical recovery of the film after macroscale damage. By applying the
odd-random phase multisine methodology in contrast to the conventional EIS, it
was possible to propose a new equivalent circuit with a more accurate represen-
tation of the processes taking place in the coating after damaged. Even though a
careful fitting of traditional EIS can also lead to highly accurate equivalent circuits,
the ORP-EIS facilitates this task and increases the certainty in the selected EC.

The EC most commonly used circuit to fit damaged coatings (Fig. 9.10) assumes
that the impedance data is mainly driven by the defect, representing the coating
only as a capacitor Ccoat. The use of this EC is not based on the overall error

Rs

Rpore

Rox Rf-scratch 

Ccoat 

CPEox CPEf-cratch 

CPEf

Rf Coating 

Scratch

Fig. 9.10 (left) Initial equivalent electrical circuit used for the data analysis of the damaged
coatings proposed by Bonora et al. [33]. (right) New proposition for an equivalent electrical circuit
used for the odd-random phase data analysis of the damaged coatings

Fig. 9.9 ODR-EIS
Impedance spectra plotted on
Bode coordinates showing the
impedance value (red), noise
level (green), non-stationary
behaviour (black) and the
non-linear behaviour (blue) of
the corroding metal system
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minimization [7, 24] but on the chi-square, however, it is generally accepted
without questioning its validity. When this circuit is applied to fit the odd-random
EIS data, a residue (difference between model and experimental data) higher than
the stochastic noise of the measurement is observed. This is a clear indication that
the equivalent circuit is not well adapted to this electrochemical system probably as
a result of a simplification of the physical phenomenon in a damaged coating. Based
on this lack of correlation it was possible to propose a new EC consisting in two
parts [30]: one related to the organic coating and one related to the phenomena
occurring in the artificial defect. The fitting of the data with this new model pre-
sented a residue at the level of stochastic noise of the measurement, indicating that
all information in the spectrum is taken into account.

The odd-random phase impedance spectroscopy (ORP-EIS) appears as a valu-
able alternative to conventional impedance methodology for the study of corrosion
and self-healing processes. The main advantages are: rapid acquisition of the data
and more accurate information to model the system of interest. Nevertheless,
analysis of the spectra and the fitting procedure is still tedious and requires a certain
level of expertise that makes it not accessible yet for routine research.

9.3.5 AC/DC/AC Accelerated Electrochemical Protocol

Despite the fact that EIS and ORP-EIS can lead to very reliable information about
the properties of intact and damaged coatings, they require very long times to assess
intact high impedance coatings. In the case of intrinsic self-healing coatings, EIS
and ORP-EIS can discern quickly the level of healing when the healed interface is
only weakly healed (closed). When the damage interface of the healed coating is of
high quality and close to the original network properties non-destructive EIS
requires very long times to assess the healing of the scribe. A very recent study with
highly efficient intrinsic healing coatings demonstrated that EIS is not capable of
detecting any difference between the intact coating and healed coating (macroscale
scratches) even after 30 days immersion in corrosive media [34]. In order to detect
the healing state (healing degree) the researchers introduced the use of an accel-
erated destructive electrochemical protocol named AC/DC/AC or ACET. Such
technique consists of cycles of EIS measurements/polarization to −2 or −4 V
depending on the coating quality/potential relaxation/new EIS to measure the after
damage state. [35–38]. When this protocol was applied to self-healing coatings [34]
the healed scratches (interfaces) were detected after a number of cycles by a sudden
drop of the impedance spectrum. While EIS indicated that the healed coating
behaved as a high impedance coating (same behavior as the intact coating) for at
least 30 days the AC/DC/AC indicated in three cycles (approximately 12 h) that the
damages do act as heterogeneities in the coating even when the healing degree is
high (Fig. 9.11). Such a result suggests that healed interfaces can protect damages
for long times (at least 1 year as shown in the same article) but that the polymer
network at the healed interface remains different from the bulk coating. This first
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time results suggest that the AC/DC/AC technique can be a powerful technique to
evaluate healing in intrinsic coatings and potentially even quantify healing degree
based on the number of cycles to failure as well as polarization potential applied.

9.4 High-Throughput Screening Techniques

In the previous section the most common electrochemical methods to evaluate the
efficiency of self-healing systems were introduced. In general, these techniques
require testing times ranging from hours (in the case of electrochemical studies) to
weeks (for accelerated laboratory testing, mass loss testing) or even years (in the
case of outdoor exposure testing) and produce data on only one system of interest at
a time. Hence, if a broad range of systems is to be investigated, more rapid means of
evaluating their performance need to be found. This is typically an issue for the
research focused on development of new corrosion inhibitive coatings. Restrictions
on using Cr(VI) compounds for corrosion protection has forced an increase in the
effort to search for equally efficient substitute inhibitors. Up to now the research of
alternative corrosion inhibitors for all sorts of metals is still an ongoing topic.
Within the development of new protective coatings we can identify five stages or
milestones (Fig. 9.12):

• selection of alternative inhibitor candidates
• evaluation of their intrinsic efficiency
• incorporation into the coating
• total performance evaluation
• final optimization of delivery kinetics

In all these steps the main problem, apart from finding the perfect inhibitor, is
that it is a very time consuming process, especially when thousands of inhibitor
candidates have to be tested. For this reason the introduction of high throughput
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Fig. 9.11 Healed coating after 30 days exposure to electrolyte measured by EIS (left) and after 6
cycles of the AC/DC/AC procedure (right). (adapted from [34])
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techniques for inhibitor selection is a very necessary step previous to traditional
aqueous corrosion tests. It is needed to test the efficiency of a large number of
chromate-free alternative inhibitors and to be able to provide a shortlist of candi-
dates in a reasonable time. Furthermore, due to the reliable and efficient perfor-
mance of chromate-based inhibiting technologies, attempts to find a ‘direct
replacement’ have largely failed, and therefore, present day approaches aim to
develop ‘multifunctional’ corrosion inhibitors, which have the ability to passivate
both anodic and cathodic reaction sites at the metal surface. Inhibitor development
and evaluation approaches therefore require a large number of experiments if a
systematic survey of potential cathodic, anodic and combined (multifunctional)
inhibitors is to be performed [39, 40]. Then, high-throughput or rapid screening
methods need to be used for assessing inhibiting efficiency of a broad range of
potential inhibitors.

In this section the development of rapid screening techniques for
high-throughput testing of inhibitors is described

Multi-electrode arrays have been introduced in recent times as valuable methods
to carry out corrosion measurements [42–44] and high-throughput testing of cor-
rosion inhibitors [45–49].

In the approach proposed by Taylor et al. [46], identical pairs of metal wires
were placed into a large number of separate reaction wells. The experiment con-
sisted of polarizing one of the electrodes with respect to the second pair which is
held at a potential corresponding to the open-circuit potential of the metal. The
current between each pair was monitored and used to measure the linear polari-
sation resistance (LPR) from which the corrosion rates can be calculated.

Muster et al. [41, 50] presented an adaptation of the multiple-electrode method
that allowed the simultaneous investigation of several metals in one solution. Pairs

Fig. 9.12 Scheme presenting the milestones to develop corrosion inhibitive coatings [41]
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of metals were immersed into various inhibitor solutions at relatively low polar-
ization. The current flowing between the individual electrodes of each metal pair
was measured. The current exchange between the individual electrodes of the same
metal then was expressed in inhibitor efficiency with respect to that in uninhibited
solutions.

Other main differences with respect to Taylor and Chambers approach are:

• no reference electrode is used to fix electrode potentials of the metals
• a blank sample is used as a control for each inhibitor evaluation

Electrochemical methods are usually not carried out in the absence of a reference
electrode. However, for the rapid screening of multifunctional corrosion inhibitors,
the omission of the reference electrode offers the benefit of simplicity whilst
retaining the key information regarding inhibition.

High-throughput screening methods reduce the experimental time significantly.
For example, in the work of Taylor and Chambers [45, 46] potential corrosion
inhibitors and their synergistic combinations for aluminium alloy AA2024 were
studied. The inhibition characteristics of 50 separate chemistries were assessed
simultaneously. The test using direct current (DC) polarization in the
multiple-electrode system was performed within 9 h while for electrochemical
impedance experiments for the same number of inhibitors at least 10 days of
measurements was needed.

In addition to electrochemical techniques that aim to determine the corrosion
current, or potentiostatic current as above, high throughput studies of corrosion
inhibition have also been applied to the detection of chemical changes. These
techniques are non-electrochemical, high-throughput screening methods. These
methods are based on fluorimetric [45, 51] and spectroscopic measurements [52].
They are used to determine the concentration of chemical species in solution.

A different type of method for high-throughput screening is based on micro-
fluidic approaches [53]. These differ from the multielectrode in that only one metal
can be studied in the one test. The metal is exposed to a range of aqueous corrosion
inhibitors and concentrations via micro-fluidic channels. The sample is visually
inspected and solutions are chemically analyzed. Another non-electrochemical
high-throughput test employs arrays of wells which are filled with inhibitor-doped
solutions and after exposure the bottom wells are then examined by digital
micrograph analysis [54].

9.5 Local Electrochemical Techniques

In Sect. 9.3, general electrochemical methods were presented. These methods are
characterized by having the sample of interest as working electrode. The obtained
results provide averaged information of the electrochemical processes taking place
on the entire surface of the working electrode. In this section we examine localised
electrochemical techniques.
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9.5.1 Electrochemical Microcapillary Cell

The electrochemical microcapillary cell is a technique used to perform conventional
electrochemical measurements (open circuit potential measurements, potentiody-
namic polarization and EIS) on areas with dimensions in the micrometer range [55,
56]. In general the microcapillary cell is a powerful technique since it allows
performing electrochemical measurements on very small surface areas, in the
micrometer range.

The microcapillary cell is based on the miniaturization of the standard
three-electrode cell setup. For this, the area of the working electrode is reduced by
using a glass microcapillary which holds a droplet of the electrolyte on the sample
surface. The most common sizes of the tip of the capillary are found between 10–
100 μm for corrosion research, but can be even less. The droplet of electrolyte can
be held in position in two different ways: free droplet and silicone rubber gasket
[57]. The silicon gasket provides a cushion while approaching and reaching the
sample and it avoids leakage of electrolyte. The silicone with its high deformability
shapes to the roughness of the surface. In any case, the wetted area on the sample
surface defines the working electrode.

In Fig. 9.13 a scheme of the components of the microcapillary cell technique is
shown. The setup consists of micro-electrochemical cell (3-electrode cell), micro-
scope, camera, potentiostat and computerized controller. The microscope and
camera enable a fast and precise positioning of the microcapillary on the desired
spot of the sample surface. The components that will determine the resolution and
quality of the electrochemical measurements are mainly:

• The potentiostat. A high resolution potentiostat is required. The current detec-
tion limit of the potentiostat will determine the resolution of the measurements.
Currently modern instruments have a lower detection limit for the current down

Fig. 9.13 (left) Schematic of the electrochemical microcapillary cell setup. (right) Detail of the
microcapillary approaching the sample surface
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to pA and fA levels. Furthermore, adequate isolation and filters to reduce noise
influencing the measurements is required.

• Microcapillary. Preparation of the microcapillary consists of “pulling” a glass
capillary until the desired shape and diameter is obtained. The final size of the
capillary is achieved by careful grounding and polishing of the capillary
tip. Afterwards, the silicone gasket is applied. The final inner diameter of the
capillary will influence the limiting current density during the measurements. It
is important to take into account this factor when planning a experiment. For
example, a current density of 10 μA/cm2 corresponds to a capillary of 1 μm
diameter (exposed area). This is equivalent to corrosion currents in the order of
10 fA [57].

The electrochemical microcapillary cell is a very attractive technique to study the
effect of microstructural features on the corrosion mechanisms of metal alloys. The
microcapillary cells have been successfully used to the study of the local behaviour
of intermetallics in aluminium alloys [58–60] and pit initiation of steels [61–63].

In this sense, the microcapillary cell can be used to study the protection
mechanism of corrosion inhibitors for individual phases or intermetallics from the
metal alloy. Some works have been done focusing on rare-earth corrosion inhibitors
and their cathodic-type behaviour for AA2024 alloy.

Birbilis et al. [64] studied the protection mechanism of AA2024 alloy offered by
cerium dibutyl phosphate (Ce(dbp)3). Taking advantage of the capabilities of the
microcapillary cell, it was possible to perform potentiodynamic measurements on
individual intermetallics and to study their behaviour in presence and absence of the
inhibitor. Cathodic polarization curves on the main cathodic phases (Al2Cu,
Al7Cu2Fe, Al20Cu2Mn3, and Al3Fe) showed that the Ce(dbp)3 effectively inhibits
oxygen reduction on each of them. Interestingly, anodic polarization curves mea-
sured for anodic phases (Al7Cu2Fe and Al2CuMg) demonstrated that the inhibitor is
able to stabilize the passivity of these phases. This work suggested that Ce(dbp)3
acts as a mixed inhibitor offering cathodic and anodic inhibition for the AA2024
alloy. It may effectively inhibit localized corrosion owing to its mixed nature,
providing retardation of the oxygen reduction reaction upon noble intermetallics
and concomitant retardation of dissolution of phases that may be prone to attack.

In the work of Andreatta et al. [65] the localized corrosion inhibition of CeCl3
was investigated for clad AA2024. In this case the research focused on the beha-
viour of areas containing Fe-rich intermetallic compounds and areas without
inclusions (matrix). Microcapillary based potentiodynamic polarization evidenced
that the deposition of Ce-species occurs on the entire sample surface being affected
by the alloy microstructure. Moreover, it is activated by alkaline etching of the
substrate. The deposition takes place preferentially at the sites of intermetallics due
to their cathodic behaviour and to local alkalinization associated with cathodic
reactions. It was possible to demonstrate that the amount of Ce detected at the sites
of intermetallics is larger than on the matrix.

More recently, the microcapillary cell has been used to characterize the pro-
tective layer formed in a scratch by inhibitor released from the coating after it is
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damaged. In this work by Recloux et al. [66], benzotriazole (BTA) inhibitor was
incorporated into a silica mesoporous thin film as pretreatment applied on an
AA2024 alloy sample. The acquisition of local anodic polarization curves with the
microcapillary cell on the bare metal exposed in the scribed coating was used to
monitor the formation of a passive film by the BTA within the defect. The results
demonstrated that the inhibitor was directly released from the mesoporous pre-
treatment once the top coat was damaged and acted rapidly to protect the bare metal
and to delay the initial stage of corrosion phenomena.

It is clear that this type of information and conclusions are not accessible from
conventional (macroscopic) potentiodynamic experiments. The microcapillary cell
is a powerful method for localised electrochemical measurements and to establish
correlation between corrosion/inhibition mechanisms and microstructural features
at metal surfaces.

Nevertheless, the electrochemical microcapillary cell technique also presents
several drawbacks or precautions:

• risk of crevice corrosion at the silicon periphery of the capillary
• requires a large number of measurements to assure the reproducibility of the

results
• possibility of contamination of the solution during the measurement
• small size of the microcapillary can affect the transport of species to the sub-

strate, such as oxygen and protons resulting in diffusion limited corrosion
behaviour

• problems with high ohmic resistance between working and counter electrode
can occur. The choice of an appropriate geometry of the cell will minimize this
issue.

9.5.2 Scanning Vibrating Electrode Technique (SVET)

The SVET technique produces in situ measurements with high spatial resolution
and provides valuable information on the behaviour of the corroding system at a
microscopic level [67, 68]. The SVET offers the possibility of mapping variations
in the ionic current densities in the micrometric range facilitating the location of
anodic and cathodic zones (related to corrosion processes). This technique is based
on the detection of electric fields generated in a solution due to ionic concentration
gradients. The electric field is zero when the solution is at rest, but if there is a
gradient of concentration caused by a source of ions, a variation of potential in the
solution occurs. Ionic flows can arise from corrosion processes on a metal. The
oxidation reactions occurring at anodic sites on a metal surface in contact with an
electrolyte cause electrons to flow through the metal substrate to adjacent cathodic
areas. This flow of electrons through the metal is supported by a flow of ionic
current in the electrolyte, which in turn causes potential gradients to exist in the
solution close to sites of localized corrosion. Figure 9.14 depicts a scheme of the
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distribution of equal-potential and current lines during a corrosion process and the
operation principle of the SVET.

The SVET uses a vibrating microelectrode that scans the surface to measure
these gradients in situ. Measurement is made by vibrating a fine tip microelectrode a
few hundred microns above the sample, usually in a plane perpendicular to the
surface. The electrochemical potential of the microelectrode is recorded at the
extremes of the vibration amplitude, resulting in the generation of a sinusoidal AC
signal (cf. Fig. 9.14). Then this signal is measured using a lock-in amplifier, which
is tuned to the frequency of probe vibration. The measured potential variation, ΔV,
can be related with the ionic currents (I) by use of the equation [7, 69]:

I ¼ E
q
¼ 1

q
DV
Dr

: ð9:8Þ

where E is the electric field measured between two points of the solution, ρ is the
resistivity of the solution, and Δr the distance between the two extremes or
vibration amplitude of the microelectrode.

The resulting signal, which is a measure of the DC potential gradients in solu-
tion, can be converted to current density by a calibration procedure. This consists of
placing the vibrating microelectrode at a known distance from another electrode
that acts as source of a given constant current. Then the potential measured by the

Fig. 9.14 Schematic representation of the operation principle of the SVET technique
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SVET probe at determined distance from the source corresponds to a known cur-
rent. The potential (V) measured in each point can be related to the current inten-
sities (I) of the processes occurring at the metal surface by Ohm’s Law, using the
following equation:

V ¼ Iq
2pd

ð9:9Þ

where ρ is the resistivity of the solution, and d the distance between the point of
measurement and the source of the current. The calibration is valid for the solution
used and while the amplitude and the frequency of the vibration remain unaltered
[70].

The scanning vibrating electrode instrument is basically constituted by:

• The electrochemical cell (detail in Fig. 9.15)
• The piezo-oscillator system which produces the vibration of the microelectrode
• Two lock-in amplifiers that measure and filter the signal produced in the probe.
• Tri-axial piezoelectric motors to control with precision the movement and the

position of the vibrating probe
• Computer, interface and display system

The SVET microelectrode consists of a platinum/iridium (Pt/Ir: 80 %/20 %) wire
insulated with paralene C® and arced at the tip to face the metal. The tip is pla-
tinized to form a small spherical platinum black deposit of 10–20 μm diameter. An
image of the tip after platinization is shown in Fig. 9.15.

A map of current distribution can be obtained by making a grid of points and
measuring at each point the potential difference while scanning in a plane parallel to
the surface of the sample. The SVET is therefore a technique able to make in situ
measurements of the localised corrosion activity occurring at the surface of the
sample. Figure 9.16 shows an example of the application of the SVET for mea-
suring the distribution of anodic and cathodic activities on AA2024 alloy sample
during immersion in chloride solution.

Fig. 9.15 (left) Configuration of the electrochemical cell employed in the SVET experiments
(right) Image of the SVET microelectrode tip after platinization
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One of the important advantages of the SVET is that it is not a destructive
method, in the sense that it allows to visualize corrosion activity occurring on the
same sample surface during immersion [71]. The SVET is currently one of the most
extended scanning micro-electrochemical techniques applied for corrosion research.

SVET measurement is widely used for analysis of corrosion inhibitor perfor-
mance [72, 73]. In this case the bare metal substrate is immersed in the solution
containing the inhibitor under study. Sequential SVET maps are obtained with
immersion time to monitor the corrosion activity on the surface in situ.

Inspired by the high-throughput concept, a fast screening of the corrosion
inhibitors by SVET measurements has also been proposed [74, 75]. It consists of a
multi-electrode cell with a range of metal wires embedded in insulating material.
Then the inhibition performance of the inhibitor for each metal wire is monitored all
at the same time by using SVET. It can be used as preliminary testing when a large
number of metals and corrosion inhibitors have to be tested.

With the emerging interest on finding new, environmentally friendly inhibitors
and novel inhibitor controlled release concepts, the number of publications using
the SVET has increased significantly in the last years [76–78]. With this technique
it is possible to monitor the corrosion or inhibition activity in a coating defect.
Therefore it is a useful and straightforward method to evaluate the performance of
self-healing polymeric coatings [24, 79].

9.5.3 Selective-Ion Electrode Technique (SIET)

The SIET consists of a potentiometric micro-probe that measures the concentration
of specific ions at a quasi-constant distance (at micrometer range) over the surface
of interest. Potentiometric micro-probes have been used for biological applications
for a long time now. Profiles and gradients of concentrations of Ca2+, Mg2+, K+,
Na+, NH4

+, Cl− determined by potentiometric micro-sensors above biological

Fig. 9.16 a Image of AA2024-T3 sample after 2 days immersed in 0.05 M NaCl solution (image
obtained while in solution). Scale 1 mm × 1 mm. b Vector map of the SVET data representing the
direction of ionic currents. c Current density map of the surface. Anodic and cathodic currents can
be correlated with the aspect of the sample in (a)
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specimens have been reported in numerous publications [80–83]. It is not until
recent years that the SIET technique has been used to monitor specific ions in real
corroding systems. The first time, it was applied for mapping local activity of Mg2+ and
H+ over the surface of a Mg-based alloy in chloride-containing solution [84].

The main components of a SIET device are: an ion-selective microelectrode, a
reference electrode (e.g. Ag/AgCl mini-electrode), 3D computerized stepper-motors
systems, a camera to control the location of the microelectrode over the sample.

The microelectrode consists of a glass-capillary filled with a selective
ionophore-based oil-like membrane. The microelectrode also includes an inner
reference electrolyte and the reference electrode Ag/AgCl wire. The diameter of the
glass-capillary microelectrode varies from 0.1 to 5 μm. This type of electrode is
highly fragile and have limited life time (<1 day). Furthermore, the detection limit is
biased by the flux of primary ions from the ion-selective membrane and inner
reference electrolyte. Recently, more robust designs have been introduced. They are
based on solid-contact ion-selective microelectrodes which do not require an inner
reference solution [85–89].

The potential measurements are correlated to the ion concentration (activity) by
the Nernst equation:

Ei ¼ E0
i þ

RT
Fzi

lnai ð9:10Þ

where F is the Faraday constant, R is the universal gas constant, and T is the
absolute temperature.

Before and after measuring a sample the ion-selective microelectrode has to be
calibrated. The calibration consists of recording the potential Ei versus time
dependence with sequential increase of ion activity, ai. This also allows to check the
stability of the potential measurements, the drift and the time response. More details
about potentiometric measurements can be found in several reviews [90, 91].

SIET mapping has been used in several studies to evaluate corrosion inhibitor
efficiency and mechanism [92, 93]. For example, the corrosion processes on AZ31
alloy coated with hybrid sol-gel was studied in NaCl solution containing three
different potential inhibitors by Karavai et al. [94]. Localized measurements of pH
and Mg2+ concentration at microdefects of the sample showed that it was possible
to obtain complementary information of electrochemical reactions inside the defect.

9.5.4 Scanning Electrochemical Microscope (SECM)

The SECM is a non-optical scanning microscopic instrument which is included in
the group of scanning probe microscopies (SPMs) [95]. The SECM is based on the
reaction that occurs on the surface of a microelectrode immersed in the electrolyte
solution. The microelectrode is scanned in close proximity to the sample surface to
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characterize the topography and/or redox activity of the microelectrode/sample
interface [96]. This latter feature is very important, because it allows SECM to gain
information about reactions that take place in the solution space between the tip and
the sample, as well as on those occurring on the surface of the scanned sample.
The SECM has become a very powerful technique for probing a great variety of
electrochemical reactions, due to the combination of its high spatial resolution and
its electrochemical sensitivity. Its capability for the direct identification of chemical
species with high lateral resolution is of great interest in the study of corrosion
processes [97].

Prior to explaining the operation and the response of the SECM, it is necessary
to understand the behaviour of the microelectrode inside the electrochemical cell.
Let’s consider the case where the microelectrode is immersed in a solution con-
taining an electrolyte and a reducible species, R. When a potential sufficiently
negative is applied to the microelectrode, the reduction of the specie occurs at the
surface of the microelectrode:

Rnþ þ ne� ! O ð9:11Þ

If this reaction is kinetically controlled by the diffusion of R from the bulk of the
solution to the electrode surface, the current decays due to the formation of a
diffusion layer of R around the electrode, and attains a steady-state value rapidly
given by:

ilim ¼ 4nFDca ð9:12Þ

where F, is the Faraday constant; a, the microelectrode radius; D, the diffusion
coefficient of the reducible species; and, c, its concentration.

A steady-state current results from the constant flux of R to the electrode surface
due to an expanding hemispherical diffusion layer around the microelectrode
(Fig. 9.17).

The measurements at a SECM microelectrode are not affected by stirring or
other convective effects. In SECM measurements, the proximity of the tip to the
substrate is the perturbation that constitutes the microelectrode response [96]. If the
microelectrode is brought to the vicinity of an insulating substrate, the steady-state
current that flows through the tip, tends to be smaller than ilim (Fig. 9.18). This is a
result of the insulating substrate partially blocking the diffusion of An+ towards the
tip. The current at the tip becomes smaller when the tip is closer to the substrate,
and tends to zero when the distance between tip and substrate, d, approaches zero.
This effect is known as negative feedback. In contrast, if the tip is close to a
conductive substrate at which the oxidation reaction of A can occur (Fig. 9.18).
Then a flux of An+ from the substrate to the tip occurs, in addition to some flux from
the bulk solution towards the tip. This effect leads to an enhancement of the current
at the tip, itip, which is higher than ilim. This effect is known as positive feedback.

Then by using An+ as electrochemical mediator, the nature of the substrate
(conductive or insulating) can be established. The SECM technique operating in
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Fig. 9.18 Basic principle of SECM: (left) Negative feedback: The tip is placed near an insulating
substrate which hinders the diffusion of species An+. (right) Positive feedback: The tip is located
near a conductive substrate where the oxidation of species A occurs

Fig. 9.17 Scheme of the geometry and diffusion field for (left) conventional macro-electrode, and
(right) microelectrode. They present linear and hemispherical diffusion layer respectively
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this mode provides an excellent tool for the in situ study of film growth on various
materials. Such is the case for the formation of a passive layer by corrosion inhi-
bitors. Several works have been published in the study of organic inhibitors for the
protection of copper [98, 99]. SECM was used to follow the transition of the copper
surface from conducting to insulating as film growth proceeds. A scheme showing
this effect is presented in Fig. 9.19. A sequence of approaching curves of the SECM
microelectrode towards the metal (copper) is recorded. It represents the transition of
the metal from active to passive with the time of immersion in the solution con-
taining the inhibitor.

When studying with the SECM, organic corrosion inhibitors such as mercato-
benzimidazole, benzotriazole or similar, it should be noted that often contamination
of the microelectrode by the deposition of the inhibitor on it, may occur.
Measurements should be performed with caution and regular checking of the state
of the electrode is needed. There is no report so far of using the SECM for the
evaluation of inorganic chromate-free inhibitors for the protection of aluminium
and steel alloys.

Another way of operating the SECM is the generator-collector mode. In this case
the tip current is used to monitor the flux of electroactive species generated or
consumed by the metal substrate. The microelectrode is polarized at certain
potentials where a redox reaction of one of the species takes places. This config-
uration has been applied to determine concentration profiles of species involved in
the corrosion processes [100]. Iron, zinc and oxygen profiles have been monitored
when corrosion is taking place on bare metals and defective coatings [101–103].

Recently this SECM operating mode has been applied for the evaluation of
self-healing processes. In this case measurements are based on monitoring changes
of dissolved oxygen concentration in the solution at the proximity of the substrate.
The reduction of oxygen is commonly the cathodic reaction of corrosion processes
in neutral/alkaline solutions. A consequence of this is the local depletion of

Fig. 9.19 Plot representing approaching curves of the microelectrode toward the metal surface at
different immersion times. By the formation of a passive layer by the inhibitor action, a change of
the response of the metal from conductive to insulating is detected. X axis: normalized distance
(d/a = distance/electrode radius). Y axis: normalized current (I/Ilim = measured current/limiting
current)
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dissolved oxygen concentration in the solution near the cathode area (Fig. 9.20).
This is an indirect way to follow the spontaneous corrosion processes occurring on
a metal system and their depletion by the action of the healing process. This mode
was used to evaluate the healing efficiency of polymer healing in a shape-memory
type of coating for protection of an aluminium substrate [104]. Also this operation
mode was used to study an autonomous healing system consisting of encapsulated
healing-agent incorporated into organic coating for protection of the underlying
metal substrate [105, 106].

The SECM oxygen sensing measurements are very interesting for corrosion
research, however the results (profile concentration of oxygen) should be carefully
discussed. While reducing oxygen at the SECM tip, two undesired processes will
take place at the proximities of the microelectrode: consumption of dissolved
oxygen and increase of pH by the generation of OH− ions. These processes can
have an impact on the corrosion processes taking place on the metal substrate,
affecting the kinetics and the formation of corrosion products. The SECM mea-
surement by itself can influence the natural corrosion mechanism under study. This
undesired effect has been pinpointed by electrochemical simulation [107] and the
analysis of the corrosion products [108]. The magnitude and impact of the unde-
sired effect depends on: the proximity of the tip to the substrate and the duration of
the experiments. When performing the experiments, short-time measurements and a

Fig. 9.20 (top) Diagram showing the anodic and cathodic reactions (oxygen reduction) on a
corroding metal. The SECM microelectrode is polarized at a potential corresponding to the
reduction potential of oxygen. (bottom) SECM line scan of the microelectrode across the metal
surface. It shows the depletion of current when scanning over the cathodic region where less
oxygen is available for the reduction reaction at the microelectrode
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large tip-substrate distance is desired. The SECM oxygen sensing mode is a
valuable method for qualitative indication of corrosion activity on the metal sur-
face, but quantitative data should be carefully interpreted.

In general the main components of the scanning electrochemical microscope are:

• The tip movement and position controller, which is the SPM component.
• The electrochemical cell, which is formed by the tip, the counter electrode, the

reference electrode and the substrate that, occasionally, can act as second
working electrode.

• The bipotentiostat, which constitutes the SECM electrochemical setup together
with the electrochemical cell. The bipotentiostat allows to polarize microelec-
trode and sample.

• Computer, interface and display system.

The most common microelectrode used for corrosion research is a platinum wire
embedded in a glass capillary, resulting in a microdisc electrode. The diameter size
of the electrode can vary from 1 to 25 μm.

SECM is a more versatile technique when compared to SVET or the micro-
capillary cell since it provides higher resolution (wide range of microelectrode
sizes) and chemical selectivity at the same time to monitor electrochemical pro-
cesses occurring on the surface. When performing SECM measurements several
facts needs to be considered:

• resolution of the measurement depends on the microelectrode dimensions and
tip-sample distance,

• possible contamination or poisoning of the microelectrode. It is important to
check the state of the tip after experiments,

• undesired influence of the SECM measurement on the system to be studied, The
redox processes occurring on the microelectrode can affect the electrochemical
processes taking place on the sample.

• select the adequate scan rate to assure limiting steady-state during measurement

9.5.5 Local Electrochemical Impedance Spectroscopy
(LEIS)

SVET and SECM are based on the measurements of events or processes taking
place between the probe and the specimen. A disadvantage of both these techniques
is that this information may be disturbed by noise or limited response from the
substrate, and the impossibility to obtain information of the processes underneath a
coating. Local Electrochemical Impedance Spectroscopy (LEIS) appears an alter-
native where it is important to have direct information of the response of the
substrate under different conditions such as during a healing event.
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The LEIS technique is based on the hypothesis that the local impedance can be
generated by measuring the AC-local current density in the vicinity of the working
electrode in a three-electrode cell configuration. This was introduced by the Isaacs
group in the 1990s [109]. Quantitative information was achieved by using a dual
microelectrode for sensing the local AC-potential gradient, and therefore the local
current by direct application of Ohm’s law. The use of a multichannel frequency
response analyzer also allows for the simultaneous measurement of global and local
response of the specimens. The resolution of the technique depends on the size of
the electrodes used in the bi-electrode probe to sense the local potential and the
spacing between the electrodes. More detailed information about the fundaments of
LEIS can be found in the recent review by Huang et al. [110].

The first applications of LEIS method were in the study of corrosion processes
and focused on the investigation of localized delamination of coatings. As an
example, Jorcin et al. in 2006 [32] mapped local electrochemical impedance which
allowed them to observe and quantify the delamination process beneath the
steel/epoxy-vinyl primer interface. An interesting observation was that the delam-
inated surface area measured by LEIS was significantly higher than that observed
by visual examination of the systems. These results pointed out that LEIS is a
powerful technique for visualizing, with high accuracy, the zones of coatings where
adherence to the metal substrate has been lost.

The use of LEIS to evaluate the local efficiency of a healing mechanism against
corrosion is becoming more common in recent years. Several works have
demonstrated the capabilities of LEIS method for evaluation of corrosion inhibitor
performance [111, 112]. Snihirova et al. [113] presented a new smart anticorrosion
system for AA2024, based on the incorporation of encapsulated inhibitor into a
coating. Controlled delivery was triggered by local changes of pH induced by the
corrosion processes. Conventional EIS and local impedance spectroscopy were
used to evaluate the efficiency of the systems as function of the active inhibitor
employed and their incorporation into the coating.

The resolution of the LEIS technique depends on the size of the electrode/sensor
and the distance between the electrode and the sample. The ultimate resolution
achievable is constrained by the sensitivity of the potential measuring circuitry.
Measurement sensitivity in the order of 1 nV limits the resolution to the micrometer
range [110].

9.6 Conclusions

This chapter describes several global and local electrochemical techniques used for
the evaluation and characterization of novel protection approaches based on
extrinsic and intrinsic self-healing concepts.

Potential measurements, potentiodynamic experiments and electrochemical
impedance spectroscopy (EIS) are the most commonly used methods used for
corrosion and self-healing research. These global methods provide kinetic and
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mechanistic information of the self-healing processes. Apart from these traditional
techniques some newer methods based on EIS have been proposed to obtain faster
and more accurate information about the healing degrees and process such as the
odd-random EIS and the AC/DC/AC protocol.

High-throughput techniques have also attracted considerable interest due to their
powerful use for fast screening of a large number of samples. This is tremendously
useful for evaluation of potential corrosion inhibitors of potential use in self-healing
concepts.

In order to obtain local information about the evolution of damage and protected
or healed damage local electrochemical techniques with spatial resolution have
been proposed. Within this group micro-capillary cell, scanning vibrating electrode
technique (SVET), selective ion-electrode technique (SIET), scanning electro-
chemical microscope (SECM), and local electrochemical impedance spectroscopy
(LEIS) are the most common. Even though these techniques have so far only been
used to obtain pseudo-quantitative information about the healing degree they have
the potential to be used for more quantitative studies of the healing processes
themselves.

There is no doubt that electrochemical evaluation of self-healing processes is
considered a key requirement to understand the healing mechanisms and to evaluate
the corrosion performance of new developments. Nevertheless, these studies should
always be supported by dedicated complementary surface, optical and/or physical
chemical analysis.
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