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1. Introduction

Oscillatory phenomena and other nonlinear phenomena such as bistability and
spatiotemporal patterns are frequently observed in metal and alloy electrodissolution-
passivation processes (Hudson & Tsotsis, 1994; Koper, 1996a; Krischer, 1999; Krischer,
2003b). Current oscillations during the Fe electrodissolution-passivation in acid solutions
were reported as early as 1828 (Fechner, 1828). Since then, metal|electrolyte interfacial
systems have received considerable interest over the past three decades for many reasons.
Among them, is that progress in the theory of nonlinear dynamical systems, achieved in
parallel over last decades, has led to the formulation of new theoretical concepts and tools
that could apply to electrochemical oscillators. Therefore, an understanding of the
fundamental principles underlying the nonlinear phenomena observed in electrochemical
processes has been considerably improved (Berthier et al., 2004; Eiswirth et al., 1992;
Karantonis & Pagitsas, 1997; Karantonis et al., 2005; Karantonis et al., 2000; Kiss & Hudson,
2003; Kiss et al., 2003; Kiss et al., 2006; Krischer, 2003b; Parmananda et al., 1999; Parmananda
et al., 2000; Sazou et al., 1993a). On the other hand, electrochemical systems can be readily
controlled through the variation of the potential (under current-controlled conditions) or the
current (under potential-controlled conditions) and have served as experimental model
systems to implement and test new theoretical concepts.

Technological applications of nonlinear electrochemical phenomena in materials science are
exemplified by their impact on electrodissolution, electrodeposition and electrocatalytic
reactions (Ertl, 1998; Ertl, 2008; Nakanishi et al., 2005; Orlik, 2009; Saitou & Fukuoka, 2004).
Another promising application might be the preparation of self-organized nanostructures
such as TIO; nanotubes (Taveira et al., 2006). Regarding electrodissolution processes, the
progress in defining the conditions for metal stability and dynamical transitions in
metal | electrolyte systems is of fundament importance for metal performance and safety in
natural environments (Hudson & Basset, 1991; Lev et al., 1988; Sazou et al., 2000b; Sazou et
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62 Pitting Corrosion

al., 1993a; Sazou & Pagitsas, 2003b). The existence of passivity on metals is well recognized
as the most important factor for the metal safe use in our metal-based civilization (Sato,
1990; Schmuki, 2002; Schultze & Lohrenger, 2000). It has been shown that depassivating
factors, resulting either in uniform dissolution of passive films (general corrosion) or
localized breakdown of an otherwise stable passivity on metals (pitting corrosion) give rise
to temporal as well as spatiotemporal instabilities (Green & Hudson, 2001; Otterstedt et al.,
1996; Sazou & Pagitsas, 2003b; Sazou et al., 2009; Wang et al., 2004). For Fe, these instabilities
are more pronounced in pitting corrosion occurring in different corrosive media, but mostly,
in those containing halides such as chlorides, bromides and iodides. This will be the main
theme of this brief review.

In practice, chlorides are of a major concern due to their abundance in environments
encountered in industry and in domestic, commercial and marine industry. Extensive
studies have been carried out over the last century and continue aiming to estimate the
conditions leading to local breakdown, gain a deeper understanding of mechanisms and
processes underlying pitting and develop effective strategies of metal protection (Bohni,
1987; Frankel, 1998; Kaesche, 1986; Macdonald, 1992; Sato, 1982; Sato, 1989; Sato, 1990;
Strehblow, 1995). Exploring the nonlinear dynamical phenomena associated with pitting
corrosion of Fe and other metals might provide a new approach in investigating passivity
breakdown from both mechanistic and kinetic points of view. Especially, electrochemical
measurements and nonlinear dynamics in conjunction with new surface analytical
techniques constitute a promising way towards studying pitting corrosion (Maurice &
Marcus, 2006; Wang et al., 2004).

The onset of current and potential oscillations is the most common nonlinear behavior of the
Fe | electrolyte system in acidic solutions containing halides, X- (X-= Cl,, Br-, I) (Georgolios &
Sazou, 1998; Koutsaftis et al., 2007; Li et al., 2005; Ma et al., 2003; Pagitsas & Sazou, 1999;
Sazou et al., 2000a; Sazou et al., 2000b; Sazou et al., 1993b; Sazou et al., 1992). In particular, it
was shown that adding small amounts of X- in the Fe |[n M H;SO, system induces complex
periodic and aperiodic current oscillations under potential-controlled conditions
(Georgolios & Sazou, 1998; Koutsaftis et al., 2007; Li et al., 2005; Pagitsas & Sazou, 1999;
Sazou et al., 2000a; Sazou et al.,, 2000b). These oscillations are of large amplitude and
represent passive-active events emerged out of an extensive potential region. A gradual
increase of halide concentration results in the establishment of a limiting current region out
of the Fe passive state. This new state of Fe is accompanied by complex aperiodic current
oscillations of small amplitude. The latter oscillations occur under mass-transport controlled
conditions, which are established inside pits due to the formation of ferrous salt layers
(Sazou & Pagitsas, 2003a; Sazou & Pagitsas, 2006a). Moreover, as was mentioned above,
halides induce also potential oscillations under current-controlled conditions, associated
with either early (Postlethwaite & Kell, 1972; Rius & Lizarbe, 1962; Sazou et al., 2009) or late
stages (Li & Nobe, 1993; Li et al., 1993; Li et al., 1990; Strehblow & Wenners, 1977) of pitting
corrosion.

Unambiguously, both current and potential oscillations include valuable information related
to the kinetics of the oxide growth and its breakdown (Pagitsas et al., 2001; Pagitsas et al.,
2002; Sazou & Pagitsas, 2003a; Sazou & Pagitsas, 2006a). Though, several investigations
aiming to reveal and use profitably this information have been brought about some progress
in understanding underlying processes, many aspects remain to be revealed and exploited.
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In this article only few of these aspects will be touched upon. Emphasis is placed on
displaying certain features of the oscillatory response of the halide-containing Fe|n M
H>SO4 system that might be employed in establishing new tools, useful in detecting and
characterizing the extent of pitting corrosion on passive Fe surfaces.

The chapter starts with a short section (section 2) in which basic information about
measurements used in all sections is provided.

In section 3, the basics regarding the origin of oscillations in metal | electrolyte systems
under corrosion conditions are discussed briefly to show that the halide-free Fe | n M H2SO4
system, being an N-NDR oscillator, is unlikely to display either current oscillations within
the stable passive state, extended beyond the Flade potential, or potential oscillations under
galvanostatic conditions. Thus oscillatory phenomena discussed in this chapter are the
result of the interplay between pitting corrosion and basic dynamics of an N-NDR system
that is transformed rather to an HN-NDR oscillator.

Section 4, displays briefly the characteristic current-potential, I = f(E) or potential-current, E
= f(I) polarization curves of the halide-free Fe|0.75 M H)SO; system traced under
potentiodynamic and galvanodynamic conditions, respectively. This section aims in
demonstrating that in the absence of aggressive ions only single periodic oscillations occur.
The fundamental physico-electrochemical processes underlying the mechanism of single
periodic oscillations are briefly summarized.

Section 5, focuses on the nonlinear dynamics of the halide-perturbed Fe|0.75 M H>SO,
system at relatively low halide concentrations. Halide-induced changes in I = f(E) and E =
f(I) polarization curves are pointed out. By choosing appropriate potential and current
values from I = {(E) and E = {(I) curves, current and potential time-series are traced under
potentiostatic and galvanostatic conditions, respectively. Experimental results are analyzed
in order to establish appropriate kinetic quantities as a function of either the potential or
current and the halide concentration. Emphasis is placed here on how these quantities can
be used in studying initiation of pitting at early stages.

Section 6, provides selected experimental examples displaying the nonlinear response of the
halide-containing Fe | 0.75 M H,SO, system at relatively high halide concentrations. It is thus
concerned with late stages of pitting corrosion, which are exemplified by a different type of
oscillations.

Section 7, includes an overview of conditions under which the nonlinear response of the
halide-containing Fe | 0.75 M H;SO4 system appears and a summary of proposed diagnostic
criteria, appropriate for characterization of pit initiation and its growth.

In section 8, conclusions are presented, while section 9 contains references.

2. Experimental

Electrochemical measurements were carried out using a VoltaLab 40 electrochemical system
and the VoltaMaster 4 software from Radiometer Analytical. Additionally, a Wenking POS
73 potentioscan from Bank Elektronik was employed. It was interfaced with a computer,
which was equipped with an analog-to-digital, and vice versa, converter PCL-812PG
enhanced multi-Lab. Card (Advantech Co. Ltd). The maximum sampling rate of the PCL-
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64 Pitting Corrosion

812PG card was equal to 30 kHz. The working electrode (WE) was the cross section of an
iron wire with a diameter equal to 3 mm from Johnson Matthey Chemicals (99.9%)
embedded in a 1 cm diameter PTFE cylinder (surface area=0.0709 cm?). A volume of 150 ml
was maintained in a three-electrode electrochemical cell. A Pt sheet (2.5 cm?) and a saturated
calomel electrode (SCE) were used as the counter (CE) and reference electrodes (RE),
respectively. The Fe-disc surface was polished by wet sand papers of different grit size (100,
180, 320, 500, 800, 1000, 1200 and superfine) and cleaned with twice-distilled water in an
ultrasonic bath. Solutions were prepared with HoSO, (Merck, pro-analysis 96% w/w) and
NaF or NaCl or NaBr or Nal, all from Fluka (puriss p.a.), using twice-distilled water.
Measurements were carried out at 298 K, while N> was passed above the solution during the
course of the experiment. A scanning electron microscope (SEM) JEOL JSM-840A was used
for the Fe surface observation. Further experimental details can be found in previous studies
(Pagitsas et al., 2003; Sazou & Pagitsas, 2003b; Sazou et al., 2009).

3. Origin of oscillations in corroding metal|electrolyte interfacial systems

Spontaneous oscillatory phenomena observed in metal electrodissolution-passivation
reactions are often associated with multisteady-state current-potential (I-E) curves due to the
occurrence of a region with negative differential resistance (NDR). NDR appears either in N-
type (the electrode potential acts as activator, positive feedback variable) (Fig. 1) or S-type
(the electrode potential acts as inhibitor, negative feedback variable) I-E curves (Fig. 2).
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Fig. 1. Multisteady-state current-potential curves of N-type under potential controlled
conditions with (a) a stable NDR-region at vanishing Rs, (b) current oscillations around NDR
for intermediate values of R, (c) bistability without oscillations. (d) N-type curve under
current-controlled conditions with bistability but without potential oscillations. (e) A
general equivalent circuit of an electrochemical cell where E is the applied potential and V is
the electrode potential.

Three basic categories are suggested to classify homogeneous (the spatial coupling is
neglected) electrochemical oscillators. (Koper, 1996b; Krischer, 2003a):

1. N-NDR, characterized by an N-type current-potential curve for a vanishing ohmic
resistance, Ry — 0 (Fig. 1a). Potentiostatic current oscillations occur for intermediate
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values of R (Fig. 1b) whereas bistability without oscillations exists for Rs > (Rs)crit (Fig.
1c). Galvanostatic potential oscillations do not occur (Fig. 1d). The majority of corroding
metal | electrolyte systems that exhibit current oscillations across the active-to-passive
transition are related to N-NDR systems. Among them the Fe|H>SO,, Fe|H3PO,
Co | H3PO4 and Zn | NaOH systems being few of them (Hudson & Tsotsis, 1994).

2. HN-NDR, characterized by a regime of a hidden negative differential resistance in the I-E
polarization curve. Potentiostatic current oscillations around a regime of a positive slope
occur when Rs>(Rs)rit Whereas galvanostatic potential oscillations occur as well. Example
of this category is the transpassive electrodissolution of Ni in H,SOy (Lev et al., 1988).

3. S-NDR, characterized by an S-type polarization curve (Fig. 2). S-NDR systems oscillate
under galvanostatic conditions at applied current values located within the NDR
regime of the polarization curve. Example of this category may include the complicated
dynamics of the electrodissolution of Fe in concentrated nitric acid (Gabrielli et al.,
1976).
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Fig. 2. Multisteady-state current-potential curves of S-type under potential-controlled
conditions with (a) a vanishing Rs, (b) current oscillations for Rs>(Rs)eit. (c) Potential
oscillations under current-controlled conditions within the NDR regime, which in practice
becomes not accessible and the I-E curve exhibits bistability.

As was shown in Fig. 1, the NDR in N-type current-potential curves is destabilized by
increasing the ohmic resistance, Rs. Considering the general equivalent circuit (EC) of an
electrochemical cell (Fig. le), the R, represents the ohmic resistance, which includes un
uncompensated cell resistance and a resistor connected in series between the working
electrode, WE and ground. The total current I through the electrolyte interface consists of
the faradaic current, Ir through the faradaic impedance, Z, and the current, Ic through the
capacitor, C of the double layer. Under potential-controlled conditions, the potential, E
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between the WE and reference electrode (RE) should be constant and equal to E=V + IR;.
Destabilization of the N-type curves might be caused through the variation of the
electrode potential, V. It introduces a positive feedback loop (activator) in the system by
increasing Rs, which is used as a bifurcation parameter. Bifurcation parameter is a system
parameter, which induces changes in the dynamic behavior of the system at a critical
value. Dynamical changes occur through bifurcations (Koper, 1996b; Koper & Sluyters,
1993b).

Elucidation of the origin of oscillations includes the effect of the ohmic potential drop, IR
and the discontinuous variation of the surface coverage ratio with the electrode potential
due to the formation-dissolution of anodic surface films or the presence of autocatalytic
chemical reactions concurrently occurring with electron transfer reactions. Mechanistically,
the faradaic impedance, Zr, depicted in the EC of an electrochemical cell (Fig. 1e), is related
to the electrochemical processes at the metal (WE) | interface. Zr should be derived from a
reaction scheme. The basic equations are the mass balance for the reaction intermediates and
charge balance equations derived from the general EC shown in Fig. 1e.

9 e v) 1
dt_fici/ ()
dv I-1,(V

at c;x() @

where ¢; is the surface concentration of reaction intermediates and A is the surface area. At
least one intermediate species, which introduces a negative feedback loop (inhibitor), is
required for an N-NDR system to exhibit periodic current oscillations. Details on this issue
can be found in several comprehensive reviews and related articles (Koper, 1996b; Krischer,
1999; Krischer, 2003b).

As was mentioned above, on the basis of certain essential dynamical features, the Fe | Ho5SO4
system can be classified in the N-NDR category (Sazou et al., 1993a) where most of the
metal | electrolyte systems belong. Therefore, only potentiostatic current oscillations are
anticipated within a fixed potential region (Fig. 1b), when the IRs exceeds an upper critical
value, IRs > (IRs)uit bistability is expected, without oscillations. Under current-controlled
conditions oscillations are not anticipated but only bistable behavior (Fig. 1d). The halide-
perturbed Fe |H>SO,4 system cannot be readily classified in one of the above categories
and there is not doubt that it deserves a further investigation within this context.
However, its dynamical behavior observed at relatively low chloride concentrations bears
resemblance with the essential features of the HN-NDR oscillators (Krischer, 2003b). It
seems, that oxide growth causes the NDR, whereas the slower action of chlorides on the
oxide film and the gradual increase of passive-state current inhibits the appearance of
NDR (Sazou et al., 2009).

4. Electrochemical behavior of the Fe|H,SO, system

Fig. 3a illustrates the anodic current-potential (I-E) polarization curve of the Fe|0.75 M
H>SOy4 system traced under potential-controlled conditions at dE/dt=2 mV s during both
the forward and reverse backward potential scans. It seems that a variety of physico-
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electrochemical processes occur upon increasing/decreasing the potential within the region
between -0.5-2.5V.

< 4
£55 1
=35

9% T
7% T

Fig. 3. (a) Potentiodynamic I = f(E) curve traced at dE/dt =2 mV s and (b) galvanodynamic
E = {(I) curve traced at dI/dt = 0.05 mA s of the Fe |0.75 M H,SOs.

As can be seen in Fig. 3a, five typical regions are distinguished in the potentiodynamic I-E
curve:

i

ii.

1ii.

iv.

Active electrodissolution region, where Fe dissolution occurs from a film-free Fe surface
through multiple stages (Keddam et al., 1984) and an overall reaction,

Fe + nH,O — [Fe(H,0)]2+ + 2e i)

Limiting current region (LCR) where, under proper conditions, current oscillations may
occur (Geraldo et al., 1998; Kiss et al., 2006; Kleinke, 1995; Sazou et al., 2000b; Sazou et
al., 2000c; Sazou & Pagitsas, 2006b) beyond the peak potential, E, and before the
establishment of a steady transport-controlled LCR within which formation-dissolution
of the ferrous salt, FeSO,.7H,O proceeds at equal rates, according to the overall
reaction,

Fe2* + SO~ + 7H,0 «> FeSO47H,0 (I0)

Active-to-passive transition region, as defined during the forward potential scan (or
passive-to-active transition region defined during the backward scan), associated with a
hysteresis loop since transition to passivity, during the forward potential scan, occurs at
the primary passivation potential, E,, whereas reactivation of the Fe, during the
backward scan, occurs at the Flade potential, Er (Rush & Newman, 1995). The Er and
not the E,, is considered as the passivation potential of the Fe electrode since the
ohmic potential drop, IRs becomes almost zero at Er due to the very low current value
established in the passive state traced during the backward scan. Therefore, the Er
determined in I = f(E) curves is very close to the electrode potential V, which is
related to the applied potential, E via the relationship, E = V + IR,. In practice, R;
includes any series resistance added to the general EC of the electrochemical cell (Fig.
le).

The passive region, located between the Er and transpassivation potential, E.
Transition of Fe to passivity can be represented by the overall reaction,

Fe + x/2H,0 — FeOy/2 + xH* + xe (III)
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v. The transpassive region, extended beyond the E, where the oxygen evolution reaction
(OER) occurs (Sazou et al., 2009).

The galvanodynamic I-E curve of the Fe|0.75 M HSO, system (Fig. 3b) differs from the
corresponding potentiodynamic I-E curve (Fig. 3a) in that region ii is not recorded. A
sudden transition to passivity and, in turn, to OER (region v) occurs during the forward
current scan, while the LCR (region iii) is skipped. It seems that the sudden active-to-
passive transition occurs once the ferrous salt layer is established at the critical current
value, [,as. The Ipas corresponds to the peak potential E;, of the potentiodynamic curve (Fig.
3a). During the backward current scan, Fe sustains passivity (region iv) up to the corrosion
potential, E..r whereas the passive-to-active transition occurs at a very low current, [. A
hysteresis loop exists because Ias # L.t Potential oscillations are never observed under
galvanostatic conditions at any applied current value up to 60 mA (Sazou et al., 2011; Sazou
et al., 2009), in line with the galvanodynamic curve (Fig. 3b).

On the contrary, periodic current oscillations occur under potentiostatic conditions,
immediately after switching on the potential within the oscillatory region, AE. at E < Er
(AEose = 30-35 mV for the Fe|0.75 M HySO,; system). Typical potentiostatic current
oscillations occurring within the AE are illustrated in Figs. 4a-c.
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Fig. 4. (a-c) Potentiostatic current oscillations traced at different values of the applied
potential, E and (d) dependence of the oscillation period, T on E for the Fe|0.75 M H,SO,4
system.

Single periodic relaxation oscillations are revealed with a potential-dependent period, T. Fig.
4d shows that T increases upon increasing the potential (Podesta et al., 1979; Sazou et al.,
1993a; Sazou & Pagitsas, 2003b). This indicates that the stability of the passive oxide film
increases upon increasing the potential as a result of the increase of the oxide-film thickness
and the concentration of Fe3* in the oxide lattice (Engell, 1977; Vetter, 1971). The
composition of the iron oxide film is related to Fe3O4 and y-Fe;Os (Toney et al., 1997) and its
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stability is determined roughly by the ratio cres+ / cre2+. Increasing the c . /c, .. ratio

within the oxide film results in an increase of the oxide stability in acid media (Engell, 1977).
Thus upon increasing the potential at E > Ef, the oxide structure is related rather with the
stable y-Fe;Os than with the less stable in acidic solutions Fe;O, prevailing at E < Er where
oscillations may occur.

The mechanism of spontaneous current oscillations of the Fe|0.75 M H;SO, system is
understood on the basis of the early suggested Franck-FitzHugh (F-F) model (Franck,
1978; Franck & Fitzhugh, 1961) according to which periodic passivation/activation of the
Fe occurs due to local pH changes (Rush & Newman, 1995; Wang & Chen, 1998) that lead
to a shift of the Er with respect to the electrode potential, V because the Er depends on the
pH,

Er = 0.58-0.058pH vs. NHE at 293 K 3)

— £= E'E., <0 <

Fe aciive elecirodissolution

Y

€. Increases

H* lons migrate from the Fe surface
for the electroneutrality to be kept

¢,-decreases locally at the Fe surface

Does the ¢, decrease sufficiently,
so that e> 07

YES

Y
| Fe passivation
a | —»0

Y
H* ions migrate back to the Fe surface

¢,.increases locally at the Fe surface

Does the ¢,.increase sufficiently,
sathat e <07

Fig. 5. Flow diagram illustrating the principle physico-electrochemcial processes involved in
a current oscillatory cycle of the Fe | 0.75 M H;SO4 system.

Furthermore, the formation of the ferrous salt layer and the ohmic potential drop, IRs should
be also taken into account for a realistic description of the periodic oscillations arisen across
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the passive-to-active transition of Fe in acid solutions (Birzu et al., 2001; Birzu et al., 2000;
Koper & Sluyters, 1993a; Pagitsas & Sazou, 1991; Rush & Newman, 1995). As was mentioned
above, the electrode potential, V coincides with the applied potential, E at Er. Therefore, E -
Er = e denotes the difference from the passivation potential. It becomes evident that at £< 0,
the Fe active electrodissolution via the overall reaction (I) occurs. Inversely, at &€ > 0,
passivation of the Fe via the overall reaction (II) occurs. In between, the LCR is esrablished
through the reaction (III) (Pagitsas et al., 2003). These processes, identified in the I = f(E) of
the Fe|0.75 M H;SO, system (Fig. 3), are in practice the principle physico-electrochemical
processes occurring during an oscillation cycle. Identical processes are also taken into
account in improved versions of the F-F model (Koper & Sluyters, 1993a; Krischer, 2003a) as
can be seen in the flow diagram displayed in Fig. 5.

5. Chemical perturbation of the Fe|H,SO, system by adding small amounts of
halides

In a series of studies, was shown that addition of halides, X =CI, Br-, I gives rise to changes
in both the potentiodynamic I=f(E) (Pagitsas & Sazou, 1999; Sazou et al., 2000a; Sazou et al.,
2000b; Sazou & Pagitsas, 2003b; Sazou et al., 1993b; Sazou et al., 1992; Sazou et al., 2009) and
galvanodynamic E = f(I) curves (Sazou et al., 2011; Sazou et al., 2009) of the Fe|0.75 M
H>SOy4 system. All halide-induced changes can be identified approximately within regions i-
v (Fig. 3). This indicates that halides participate in both the electrodissolution and
passivation processes of Fe. However, since this article focuses on features that might be
exploited to characterize pitting corrosion, special emphasis is placed on the passive and
passive-active transition states of Fe.

The halide-induced changes together with nonilinear phenomena are investigated first on
the basis of potentiodynamic, I = f(E) and galvanodynamic, E = f(I) curves. These curves can
be considered as characteristic curves of the nonlinear system under study, in an analogy
with the semiconductor “characteristic curve” used in solid state physics, or as a one-
parameter “phase diagram” or “bifurcation diagram” in terms of nonlinear dynamics.
Characteristic I = f(E) and E = f(I) curves exhibit all transitions between different steady and
oscillatory states upon varying the applied potential acting as a bifurcation parameter. Then,
the different states of the system being known, current or potential time-series are recorded
under potentiostatic or galvanostatic conditions, respectively, at potentials or current values
located within the corresponding oscillatory regions. A slight deviation is noticed in
determining the upper and lower limits of the oscillatory region under static conditions as
compared with dynamic I = f(E) and E = f(I) curves.

5.1 Under potential-controlled conditions

The effect of an increasing chloride concentration, within a relatively low-concentration
range (cc- < 20 mM), on potentiodynamic I= f(E) curves is displayed in Fig. 6.

Inspection of the I= f(E) curves of Fig. 6, reveal that pitting corrosion manifests itself in
changes that are summarized as follows:

1. The halide-induced oscillatory region, AEuci, relative to the halide-free AEo, is
extended towards higher potentials (AEosc, c1 > AEosc).
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2.

100 T Fel0.75 M H,SO

The lower, Eiow and upper, Eupp potential limits of the oscillatory region shift towards
higher values indicating destabilization of the stable passive state existing in the halide-
free system. It is found that both Ej,w and E.pp vary linearly with the log(ccr-).
Appropriate analysis, leads to the critical values of cci-, beyond which oxide formation
becomes unlikely and hence transition to a mass-transport LCR may occur due to the
formation-dissolution of ferrous salts signifying a stable pit growth. This value is found
to be ~30 mM in agreement with experimental observations (Sazou et al., 2000a; Sazou
et al., 2000Db).

The current in the passive state increases. It is lower during the forward potential scan
(Ipas,f in Fig. 6b) than during the backward one (Ipasp in Fig. 6c). This can be interpreted
considering that pitting corrosion is a dynamical process and therefore, the longer time
elapsed for the backward scan allows the progress of pit propagation and/or growth to
a greater degree than during the forward scan.

The maximum oscillatory current, (losc)max (Fig. 6b) deviates from the kinetics of the
linear segment in region i, indicating a larger real surface of the Fe electrode. This is
attributed to the increase of the surface roughness due to pitting corrosion as compared
with the uniformly corroding Fe surface in the halide-free system (Fig. 6a). The
magnitude of the deviation is expressed as the ratio (Iosc)max/ (Iosc)max, expr Where the
(Iosc)max, exp is the current expected on the basis of the relationship E = V + IR;. The latter
relationship is valid in the linear segment of the active region i located beyond the Tafel
region (Pagitsas et al., 2007; Pagitsas et al., 2008).

No access to Ey is possible whereas the critical pitting potential Epi; appears (Fig. 6b).
The E,j is the critical potential for stable pitting to occur.
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Fig. 6. Chloride-induced changes in the potentiodynamic I= f(E) curves of the Fe|0.75 M
H>SOy4 system traced at dE/dt =2 mV s
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Moreover, Fig. 6 shows that increasing gradually the cc- the current in the passive state
increases (Table 1). At cci- > 15 mM, both I s and Ipasp tend to reach a limiting value within
the potential region between ~0.3 and 2.5 V whereas new oscillatory states emerge out of the
passive state. These current oscillations are associated with the precipitation-dissolution of
ferrous salt layers in front of pits grown on the Fe surface, while the OER rate diminishes
(Sazou et al., 2000b; Sazou & Pagitsas, 2003a).

Adding Br- and I ions leads to similar changes in the corresponding potentiodynamic I-E
curves with those mentioned above. However, comparing quantities such as the (losc)max
/ (Iosc)max, expr AEosc and the current in the passive state allows characterization of the extent of
pitting corrosion induced by each halide ion (Sazou et al., 2000a). This becomes obvious
from Table 1, which summarizes the values of these quantities for all halides in comparison
with those obtained for the halide-free Fe|0.75 M H;SO4 system. At relatively low halide
concentrations, these quantities depend on cx- and the aggressiveness of halides. It is thus
concerned with localized oxide breakdown and repeated activation-repassivation events of
the entire Fe-disc surface at early stages of pitting corrosion. However, depending on the
halide identity, additional individual differences are noticed in the case of I- and fluoride
species. In the former case, it is observed that Ipas > Ipasp, Which is an inverse relationship
compared to that anticipated for pitting corrosion induced by ClI- and Br-. This is assigned to
the formation of a compact iodine layer over the Fe surface due to iodide electrochemical
oxidation. Iodine layer seems to prevent the evolution of pit growth. In he case of fluoride
species, though the AE. is extended towards higher potentials, drastic changes in the I,
max and the current in the passive state are not observed indicating an enhanced general
corrosion instead of pitting.

Addition | ¢ (mM) | AEese (V) | Ipas (MA) | Ioas b(MA) | (Tose)max/ (Tose)max, exp | Etr Epit (V)
None - 235-270 0.15 0.15 1.01 1.65
NaF 10 240-290 0.22 0.22 1.05 1.65
20 245-310 0.25 0.25 1.03 1.65
NaCl 10 240-380 2.4 13.7 1.2 1.00
20 290-520 23.7 22.4 1.23 LCR
NaBr 10 255-500 3.9 3.7 113 14
20 280-700 225 225 1.18 LCR
Nal 10 243-440 6.8 1.12 1.01 1.55
20 245-450 5.5 0.6 1.02 1.37

Table 1. Effect of halide ions, X- on the oscillatory potential region AEs., the current in the
passive state observed during the forward, I,.sand backward, Ipas» potential scans, the
maximum oscillatory current ratio (losc)max/ (Losc)max, exp and the transpassivation potential, E
or the pitting potential, E;: appeared in the presence of X-.
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Besides changes observed in potentiodynamic I = f(E) curves, pitting corrosion manifests
itself in potentiostatic current oscillations too. An example of halide-induced oscillations is
given in Fig. 7a. Fig. 7a displays a transition between single periodic oscillations observed in
the halide-free system, immediately after switching on the potential at E < Ep, and the
halide-induced complex periodic oscillations appeared after an induction period of time, finq
(Fig. 7b). The halide-induced current oscillations occur over a wide potential region (Table
1) and their periodicity was found to follow period doubling, quadrupling and aperiodicity
by increasing the applied potential, E and cx- (Sazou et al., 2000b). Depending on E and cx-
different temporal patterns were recorded such as bursting and beating. Variation of the
current waveform was also observed at longer times as it is anticipated for pitting corrosion,
being strongly- dependent on time (Sazou et al., 2000b; Sazou et al., 1993b).
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Fig. 7. (a) Transition of the single periodic to a complex periodic current oscillation induced
by adding Cl- into the Fe | 0.75 M H;SO4 system. Next to each oscillation waveform, SEM
micrographs display the corresponding Fe surface morphologies. (b) Induction time, ting
occurring prior the onset of chloride-induced oscillations and dependence of tj,q on the
potential at various cci.

The complex oscillations induced by Cl- as well as Br- and I is the result of the aggressive
action of halides on the Fe surface (Sazou et al., 2000a; Sazou et al., 2000b). This is confirmed
by SEM observations, an example of which is depicted in Fig. 7a. The morphology of the Fe-
disc surface during the occurrence of single periodic oscillations reflects a general corrosion
induced by H* ions. Hydrogen ions catalyze the uniform dissolution of the passive oxide
film consisting primarily of Fe3O, (Engell, 1977; Sato, 1990). Associated with temporal
current patterning, are also spatial phenomena that deserve to be investigated (Hudson et
al.,, 1993). On the other hand, when complex periodic current oscillations occur in the
presence of chlorides and other X- ions, the morphology of the Fe surface reveals
hemispherical pits as a result of the local breakdown of passivity on Fe. Local active areas
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generated by the local action of halides results in an inhomogeneous passive Fe surface and
perhaps in new spatiotemporal patterns.

It is noted that besides the potential, the solution resistance, Rs or equally a variable external
series-resistance, Rex inserted between the working and reference electrodes, the rotation
speed, ® of the rotating Fe-disc electrode, the solution pH and temperature, all parameters
control the nonlinear behavior of the Fe |0.75 M H,SO, electrochemical oscillator. However,
though these contol parameters influence the onset, the period and amplitude of
oscillations, none of them changes the oscillation waveform. Whenever current oscillations
appear across the passive-to-active transition region (at E < Ef), they are single periodic of
relaxation type. To our knowledge, the type of these oscillations will change only when a
halide-induced chemical perturbation of the passive state of the Fe| HxSO4 system is
conducted and pitting instead of uniform corrosion occurs. This is a striking indication that
new physico-electrochemical processes have been triggered by halides manifested in the
variety of complex oscillations.

Inspection of Fig. 7b shows that a fluctuating steady current exist during the induction
period of time, tinq elapsed before the onset of oscillations. This is indicative of the
aggressive action of Cl, which leads to the nucleation of small pits that in turn are
repassivated immediately. It proceeds until a complete destabilization of the passive state
occurs (1Ist activation event). The transition to the active state is followed by repeated
passivation-activation events (complex oscillations) that constitute a phenomenon termed as
unstable pitting corrosion. Therefore, the ting characterizes the kinetics of the oxide attack by
X- ions. It was found that tinq depends on both the cx- and E. An example is given in Fig.
7b for a chloride- perturbed Fe | 0.75 M HxSO4 system. As Fig. 7b shows, increasing the cx-
leads to the decrease of tinq indicating promotion of the local breakdown of the oxide film.
On the contrary, increasing the applied potential the ting increases. The rate of unstable
pitting corrosion diminishes by increasing the potential due to the enhancement of oxide
stability.

Another quantity describing quantitatively the competitive process between halide action
and enhancement of oxide stability is the oscillation period, T. As can be seen in Fig. 8a, T
decreases with ccj-, while it increases with E. It is noticed that the increase of T observed at
lower cc- is interpreted in terms of changes in periodicity since period doubling and
quadrupling occurs. More accurate empirical relationships are obtained if an average
activation rate (number of spikes over a period of time) is employed instead of T (Pagitsas et
al., 2001; Pagitsas et al., 2002; Sazou et al., 2000a).

In this context, it should be noted that the decrease of T with cc- is also associated with the
general corrosion occurring concurrently with unstable pitting corrosion. As can be seen in
Fig. 8b, a similar dependence of T on the concentration of fluoride species is also obtained. It
is well known that fluorides in acid solutions (pH ~ 0-0.5) cause general corrosion but not
pitting since HF is the largely predominant species, while other fluoride species may coexist
at negligible amounts (Pagitsas et al., 2001; Pagitsas et al., 2002; Strehblow, 1995). In
agreement with the fluoride effect, is also the effect of cy+ on T (Sazou & Pagitsas, 2003b). As
was mentioned above, the onset of current oscillations in the halide-free Fe |0.75 M H;SO4
system is assigned to destabilization of the oxide film due to pH changes occurring
uniformly at the Fe surface (Eq. (3)). In this case, general corrosion of the oxide film is
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induced by H* ions only around the Er (Fig. 3) and hence T decreases with increasing the cy+
(Sazou & Pagitsas, 2003).
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Fig. 8. Dependence of the oscillation period, T as a function of the applied potential, E at (a)
various ccl- and (b) various concentrations of fluoride species.

Therefore, distinction between pitting and general corrosion is possible on the basis of
quantities obtained from both potentiodynamic I = f(E) and potentiostatic I = f(¢) curves.
Besides, Cl-, Br-, I and fluoride species, chlorates and perchlorates were also used in
perturbing the Fe | 0.75 M H,SO, system (Pagitsas et al., 2007; Pagitsas et al., 2008). The effect
of chlorates and perchlorates on the Fe passive surface, being disputable in the literature,
was clarified using all the above-mentioned diagnostic criteria including AEqsc, Ipass and
Ipas,b/ (Iosc)max/ (Iosc)max, expr Epit/ tinaand T.

Moreover, these diagnostic criteria were also tested in the presence of nitrates in chloride-
containing sulfuric acid solutions (Sazou & Pagitsas, 2002). Newman and Ajjawi
characterized the effect of nitrates on stainless steel as peculiar (Newmann & Ajjawi, 1986).
Regarding pitting corrosion, nitrates may act either as activating or inhibiting species
(Fujioka et al., 1996). This property of nitrates was also realized in the case of Fe. It is
manifested in several features of current oscillations observed over a wide potential region.
Appropriate analysis of I = f(E) and I = {(f) curves demonstrated that nitrates may stimulate
pitting corrosion at lower potentials, while may cause a sudden passivation of Fe at higher
potentials. This behavior is interpreted by taking into account the electrochemical and
homogeneous chemical reactions of nitrates. Current oscillation seems to be a suitable probe
to indicate both qualitatively and quantitatively if a stable passive state is established in
corrosive media (Sazou & Pagitsas, 2002).

5.2 Under current-controlled conditions

Fig. 9 shows galvanodynamic E = f(I) curves of the Fe|0.75 M H;SO, system traced at
gradually increasing cci-. Chlorides seem to induce:

1. Potential oscillations at a critical cc-.
2. Occurrence of more potential oscillations during the backward current scan as well as
by increasing cci-.
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3. Considerable increase of I,.: with a slight decrease of I.s by increasing cci-. Hence the
width of the hysteresis loop, Al = |Ipas - Iact| decreases (Fig. 9a). The I,as and Ia are
defined as the critical current values where transition to passive and active states occurs
during the forward and inversely backward current scans, respectively.
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Fig. 9. Chloride-induced changes in the galvanodynamic E = f(I) curves of the Fe |0.75 M
H>SOy4 system traced at dI/dt = 0.05 mA s-1.

Apparently, potential oscillations in galvanodynamic E = f(I) curves constitute manifestation
of pitting corrosion since, as was mentioned in sections 3 & 4, no oscillations should occur
for the halide-free Fe | 0.75 M H,SO4 system under a current control. Corresponding changes
in E = f(I) curves are also induced by adding other halide species. An example of E = f(I)
curves at 20 mM of fluorides, Cl-, Br- and I- ions is illustrated in Fig. 10.

Comparing the E = f(I) curves illustrated in Fig. 10, it seems that fluorides do not induce
potential oscillations, as it should be anticipated, since fluorides cause only general
corrosion of the Fe surface. In the present case, general corrosion proceeds concurrently with
the OER exemplifying itself by the occurrence of small amplitude potential fluctuations due
to the formation and subsequent escape of oxygen bubbles from the Fe surface (Fig. 10a).
Regarding Br-, potential oscillation does appear (Fig. 10c), though to a lesser degree than in
the presence of CI- (Fig. 10b), in agreement with the lesser aggressiveness of Br- as compared
with that of CI-.

Inspecting Fig. 10d, one may see that no pitting corrosion occurs in the presence of I-.
However, it is well known that iodide does cause pitting corrosion (Strehblow, 1995),
manifested also in both the [=f(E) and I=£(f) curves (Pagitsas et al., 2002; Sazou et al., 2000a).
This apparent discrepancy can be interpreted by taking into account oxidation processes of
iodides that result in the formation of a solid iodine film on the Fe surface (Ma & Vitt, 1999;
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Vitt & Johnson, 1992). This iodine film hinders the activation of the Fe surface expected to
occur due to the localized action of I. Thus any noticeable increase of I, is not shown. In
fact, the I, remains equal with that of the unperturbed system (Fig. 9a). Instead of large
amplitude oscillations, indicative of localized corrosion, a new type of potential oscillation
emerges (Fig. 10d) associated with the OER occurring concurrently with the formation-
dissolution of the iodine layer. The features of these low amplitude oscillations are
influenced by the c- and applied current values and become more pronounced at higher ci-
(~50 mM). Therefore, the electrochemical and chemical behavior of I- together with their
action on the passive Fe surface becomes very complicated under current-controlled
conditions. Further investigation within a different context deserves to be carried out.
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Fig. 10. Comparison of the effect of various halide species on the galvanodynamic E = f(I)
curves of the Fe | 0.75 M HSOy system traced at dI/dt = 0.05 mA s

Table 2 summarizes the values of Ip.s and I, obtained for the halide-free Fe |0.75 M HxSO,
system in comparison with the corresponding values evaluated for the halide-perturbed
one. The occurrence of potential oscillations and the quantity I..: are associated with pitting
corrosion. The I, increases by increasing either the halide concentration or the
aggressiveness of halides implying stimulation of pitting corrosion. The higher the I, or the
lower the width of the hysteresis loop is, Al, the greater is the susceptibility of Fe to pitting
corrosion. Comparing the aggressiveness of Cl-and Br- in terms of the I, or Al , the order ClI-
> Br- is found, in agreement with the order found from the nonlinear dynamical response
obtained under potential-controlled conditions (Pagitsas et al., 2002; Sazou et al., 2000a), as
well as with literature data based on other criteria (Janik-Czachor, 1981; Macdonald, 1992;
Strehblow, 1995).

The current region within which potential oscillations are expected to occur at a constant
applied current, Ipp1 can be deduced from the E=f(I) curves. As was mentioned in the
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beginning of this section, E=f(I) curves represent roughly one-parameter bifurcation
diagrams. It seems that, for oscillations to occur, the I,pp should be approximately higher
than L. Fig. 11 shows examples of galvanostatic E=f(#) curves traced for 20 min at ,pp1 = 30
mA for the halide-free and chloride-perturbed Fe | 0.75 M H;SO4 system at different ccr.

Addition ¢ (mM) Ipas (MA) Lot (MA) Al= Ipas Tact
None - 33 0.15 32.85
NaF 10 33 0.22 32.78

20 32 0.25 31.75
NaCl 10 30 20 10
20 29 25 4
NaBr 10 32 18 14
20 29 22,6 6.4
Nal 10 24 0.15 23.85
20 28.9 0.15 28.75

Table 2. Effect of halides, X- on the current, I,,s at which transition to passivity occurs during
the forward current scan, the current I, where reactivation occurs during the backward
current scan and the width of the hysteresis loop, Al defined from galvanodynamic curves
(dI/dt=0.05 mA s?) of the Fe | 0.75 M HxSOj4 system.
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Fig. 11. Chloride-induced potential oscillations of the Fe | 0.75 M H2SO4 system traced under
galvanostatic conditions at I,ppi=30 mA.
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Similar potential oscillations, with those illustrated in Fig. 11, were also observed in the
presence of Br-. In summary, chloride- and bromide-induced changes in galvanostatic E=f(t)
curves at constant Ipp1 for various ccr and at constant ccr- for various Ioppr include:

1. Onset of potential oscillations of large amplitude (~2 V) when ccr is higher than a
critical value (>5 mM) and only if Loppi > Lact.

2. The potential oscillates between the two steady states, namely the passive and active
states. This indicates that initiation of pitting results in the destabilization of passivity
on Fe and activation of the entire Fe surface.

3. Different waveforms of potential oscillations depending on ccr (or cpr) and Ipp with an
average frequency that increases with increasing ccr- and Lippi.

4. Occurrence of certain induction period of time, tinq before oscillations start, which
decreases by increasing the ccr and Ioppi.

The dependence of ti¢ and average oscillation frequency with ccr and Iqppl is displayed in
Figs. 12a, b. The oscillation frequency is expressed as the average firing rate, <r> defined by
the ratio, <r> = N/Art, where N is the number of spikes (passive-active events) appeared
during a fixed duration, At of the experiment (Dayan & Abbott, 2001). The N is measured at
t > tina (Sazou et al., 2009). It becomes clear that #nq reflects the kinetics of pit initiation on the
passive Fe surface whereas <r> is rather related to the pit growth and propagation.
Therefore, both ting and <r> can be used to describe quantitatively pitting corrosion on
passive Fe. The quantities tj,g and <r> are currently used to estimate the inhibiting effect of
nitrates on pitting corrosion.

When Fe is in the passive state (high-potential state) and chlorides start their action
generating local active areas on the Fe surface, the oxide becomes gradually dark brown due
to the conversion of its outer layer into ferrous oxo-chloride complexes. At the moment of Fe
activation, all anodic layers, being separated from the Fe substrate, seem streaming away
from the electrode. Due to the high current, the active Fe surface abruptly passivates and
correspondingly the potential increases to its highest value. SEM images reveal an
inhomogeneous growth of the passive oxide since it covers both localized activated and
perhaps never-activated sites.
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Fig. 12. Dependence of the (a) induction time, finq required for potential oscillations to start
and (b) average firing rate, <r> as a function of the applied current, I,,p1 and cci- for the
chloride-perturbed Fe | 0.75 M H2SOj system.
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The mechanism of passive-active oscillations associated with unstable pitting corrosion
includes the formation and detachment of the oxide film that can be sufficiently explained in
terms of the point defect model (PDM) (Macdonald, 1992; Pagitsas et al., 2001; Pagitsas et al.,
2002; Pagitsas et al., 2003; Sazou et al., 2009). PDM is a realistic quantitative model that
includes many of the oxide properties and explains many of the experimental observations
during oxide growth and its breakdown. The processes leading to pitting corrosion are
associated with the occupation of oxygen vacancies by halides, X-. This reaction results in
perturbation of a Schottky-pair equilibrium and autocatalytic generation of cation vacancies.
Cation vacancies accumulate at the Fe | oxide interface leading to the formation of void and
separation of the oxide from the Fe substrate. Simultaneously, the thickness of the oxide film
decreases due to general corrosion through the formation of surface complexes between iron
lattice-cations and halides. When the void exceeds a critical size and the oxide film over the
void thins below a critical thickness film breakdown occurs at this particular site
(Macdonald, 1992; Sazou et al., 2009).

At sufficiently high ccr or cpr, dissolution rates are enhanced whereas oxide formation
becomes unlikely. Instead, formation of ferrous salt layers is facilitated leading to the
electropolishing dissolution state (Li et al., 1993; Li et al., 1990). This situation is discussed
briefly below only in the case of potential-controlled conditions.

6. Non-linear dynamical response of the Fe|H.,SO, system at relatively high
concentrations of halides

Fig. 13a shows that at relatively high halide concentrations (i.e. cci- > 20 mM), Fe cannot
sustain passivity and a limiting current region (LCR) is established out of the passive state
within 0.3 and 2.7 V (the upper potential limit used in the potentiodynamic measurements).
This LCR is due to the precipitation-dissolution of salt layers since the oxide growth is
prevented by Cl- and differs from the LCR appeared for E < Er, where oxide formation is
thermodynamically prohibited. Within this “new” LCR, two distinct types of current
oscillations are observed.

e Type I, called also as passive-active oscillations appeared within the lower potential
regime (E < 0.6 V) either as a continuous spiking (beating) or aperiodic bursting.
These oscillations arise out of a limiting current state with a full-developed amplitude
and differ from those observed at relatively low cc- , which arise out of a passive
state (Fig. 7).

e Type II, chaotic oscillations of a relatively small amplitude occurring at higher
potentials (E > 0.6 V). The extent of each oscillatory regime depends on the halide
concentration and halide identity. Upon a further increase of cci-, the regime
corresponding to oscillations of type I is restricted gradually. For cc->40 mM, current
oscillations of type II dominate the entire LCR for E > 0.3 V (Fig. 13a).

An induction period of time, tiq is elapsed before current oscillations of type I or II appear.
During tinq, the current reaches a steady state value during which precipitation-dissolution
of ferrous salts occurs at equal rates. Precipitation of ferrous salt occurs inside pits when a
local supersaturation condition for Fe2* and sulfates/chlorides is reached. There are
evidences (Sazou & Pagitsas, 2003a) that the bifurcation potential, Evi, for the transition
from oscillations of type II to those of type I coincides with the repassivation potential, Er
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used in pitting corrosion studies under steady state conditions (Sato, 1987; Sato, 1989). Er it
is the critical potential at which a transition from a polishing state dissolution (bright pits) to
active state dissolution (etching pits) occurs. Critical conditions for the onset of different
types of oscillations may be defined in terms of the critical pit solution composition (critical
cc- and cpt) at which Fe cannot sustain passivity and, thereby, pit stabilization is possible
(Sazou & Pagitsas, 2003a).
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Fig. 13. (a) Non-linear dynamical response of the Fe | 0.75 M H,SO4 system in the presence of
relatively high cci-. It exhibits a transition from a situation where oscillations of type I and II
appear in the I-E curves to one where oscillations of type II dominate the whole LCR at E >
0.3 V. Polarization curves were traced at dE/dt =2 mV s-1. (b) Representative examples of
type I and type II current oscillations corresponding to the [=f(E) curves shown in (a).

An example of a potential-induced transition between potentiostatic current oscillations of
type I (aperiodic bursting) to those of type II (low amplitude chaotic oscillations) is
illustrated in Fig. 14 for the Fe|0.75 M H;SO4 + 30 mM CI- system. It seems that this
transition occurs around Epi = 0.55 V which coincides with the Eg (Sazou & Pagitsas, 2003a).

Oscillations of type II occurring at either high potentials of the oscillatory region at relatively
low cc- or within the entire oscillatory region at sufficiently high cc- originate from
processes similar to those responsible for chaotic oscillations observed at the beginning of
the LCR (E < 0.3 V) shown in the I = f(E) curve of the halide-free Fe|0.75 M H,SO, system
(Fig. 3a) (Sazou & Pagitsas, 2006b). Supersaturation conditions of the ferrous salts
established inside pits results in a density gradient Ad between the solution in the
interfacial regime in front of the Fe electrode and the bulk solution. When Ad exceeds a
critical value the steady limiting current becomes unstable. This condition is fulfilled in
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the presence of a critical IR drop (Georgolios & Sazou, 1998; Pickering, 1989; Pickering &
Frankenthal, 1972).
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Fig. 14. Sequence of current oscillations at late stages of pitting corrosion of Fe in 0.75 M
H>SO4 + 30 mM CI- displaying a transition from oscillations of type I to those of type II upon
increasing the applied potential, E.

7. Alternate diagnostic criteria to characterize pitting corrosion at early
stages of pitting corrosion

It becomes clear that the non-linear dynamical response of the halide-perturbed Fe |0.75 M
H>SO4 system exemplified either under potential- or current-controlled conditions reflects
the aggressive action of halide ions, especially of Cl- on the Fe passive oxide film. Steady-
state processes leading to passive and active states of Fe in a halide-free sulfuric acid
solution are perturbed through a series of physico-electrochemical reactions including
autocatalytic steps. In fact, pit nucleation, propagation and growth are autocatalytic
processes (Budiansky et al., 2004; Lunt et al., 2002; Macdonald, 1992). Pit repassivation or
stable growth can be realized by investigating the system oscillatory states and oscillation
waveform. Therefore, oscillations might be used like a “spectroscopic” technique to detect
pitting corrosion and moreover to characterize unstable and stable stages during pit
evolution. A summary of oscillatory phenomena expected to arise at different stages of
pitting corrosion can be seen in the flow diagram displayed in Fig. 15.

Under potential-controlled conditions, the nonlinear dynamical response of the halide-
perturbed Fe |0.75 M H,SO, system recorded in [=f(E) and I=£(f) curves is characterized by
complex current oscillations. The halide concentration, cx-, applied potential, E and time, all
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affect characteristic features of oscillations, which point to pit initiation, propagation, and
growth on an otherwise passive Fe surface.

Fel0.75 MH,SO, + Cl or Br

Does pitting corrosion occur?

NO

I-control l' E-control

v '

Steady-state Single periodic
potential current oscillations

Is the pitting corrosion stable?

v

Ferrous salt formation

Does complete pit-repassivatio> i

Small amplitude
chaotic oscillations

YES

y

Passive-active oscillations | |Coexistence of oxide & ferrous salts
of complex periodicity

Bursting and continuous spiking

Fig. 15. Flow diagram displaying a phenomenological classification of the nonlinear
dynamical response of the halide-perturbed Fe | 0.75 M H,SO, system arisen at various
stages of pitting corrosion.

Perturbation with relatively small amounts of Cl- (cci- <20 mM) leads to unstable pitting
corrosion associated with complex passive-active current oscillations arisen within a fixed
potential region. These oscillations may be employed to distinguish between general and
pitting corrosion and characterize pit initiation and propagation.
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In summary, the localized breakdown of passivity on Fe and pit initiation are characterized
by:

1. A gradual decrease of the current in the passive state, Ip.s s and Ipasp upon increasing
gradually the cc- .

2. No access to Ey and the onset of E,;.. At potentials higher than E,; a steady pit growth
occurs.

3. The disappearance of the single periodic relaxation oscillation of the halide-free system
and the onset of complex passive-active oscillations that represent early stages of
pitting.

4. The induction time, tinq elapsed before oscillations start. During ting pit nucleation and
repassivation occur repeatedly.

5. Deviation of the (losc)max from the kinetics of the linear part of the active region, which is
assigned to the increase of the Fe active surface due to pitting.

Upon increasing cci-> 20 mM and E the rate of pit growth is accelerated resulting in late
stages of pitting corrosion. At late stages of pitting corrosion, formation of the iron oxide
film becomes unlikely and precipitation of ferrous salts may occur. When a steady pit
growth is established and formation of the oxide film becomes unlikely, the precipitation-
dissolution of ferrous salt layers results in new oscillatory phenomena related to the
following changes:

1. The current in the passive state tends to a limiting current value and a LCR emerges out
of the passive state.

2. A critical pitting potential E; does not exist.

3. At lower potentials either aperiodic bursting oscillations or continuous spiking
(beating) of the current (type I) are observed.

4. At higher potentials small amplitude chaotic oscillations (type II) arise around the LCR,
instead of the large amplitude oscillations of type I. Beyond a halide concentration
threshold, oscillations of type II occur within the entire oscillatory potential region.

Under current-controlled conditions, the nonlinear dynamical response of the halide-
perturbed Fe|0.75 M HySO, system recorded in E=f(I) and E=f(f) curves is characterized by
potential oscillations. It is worth-noting that under a current control the halide free-system
exhibits only bistability without oscillations (Fig. 3b). Therefore, potential oscillations can be
used alternatively to identify at a first glance pitting corrosion occurring at a critical cci- or
cer- that depends on the applied current. Iodides do not induce potential oscillations of this
type due to the formation of a compact iodine surface layer. Potential oscillations recorded
at different cci- or cg- exhibit characteristic properties that correspond either to early or late
stages of pits. In summary, identification and characterization of pitting corrosion should be
based on the following criteria:

1. Onset of potential oscillations in the E = f(I) and E = f(t) curves.

2. The increase of the current I, at which activation of Fe occurs during the backward
current scan in the galvanodynamic E = {(I) curves upon increasing gradually either cci-
or cp-. The I, coincides with the current in the passive state of the potentiodynamic I =
f(E) curves and hence quantifies the extent of pitting corrosion and aggressiveness of
halides.
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3. The decrease of the induction period of time, ting, elapsed before potential oscillations
start, upon increasing gradually either cc- and cp- or Lippl. The ting characterizes the
kinetics of pit initiation on the passive Fe surface.

4. The decrease of the average firing rate, <r> upon increasing gradually either cc- and cp,-
or Ippl. The <r> characterizes pit growth and is associated with the conversion of the
outermost oxide layer on the Fe surface to an unstable porous, nonprotective iron
chloride or bromide ferrous salt film related rather to electropolishing state dissolution.

The formation of mutually interacted pits on the passive metal surface is necessary for the
appearance of potential oscillations. An autocatalytic process formed by a coupling between
the oxide detachment and oxide growth causes the repetitive passivation-activation
processes resulting in the appearance of the potential oscillation (Sazou et al., 2009).

Analogous phenomena of current and potential oscillations have been also observed for
other metals and certainly for several iron alloys during pitting corrosion (Podesta et al.,
1979). Thus an approach within the framework of nonlinear dynamics might be used and
further developed to study efficiently localized corrosion phenomena in other corroding
systems.

8. Conclusions

Pitting corrosion is a complex multi-stage phenomenon of a great technological importance.
It has been investigated intensively over many decades. Numerous theoretical and
experimental contributions brought about considerable progress in understanding critical
factors controlling pitting corrosion. Noticeable progress in elucidating pit nucleation
processes during last decades might be attributed to the combined application of
electrochemical and surface analytical techniques (Winston Revie, 2011). However, many
aspects of pitting corrosion remain unclear.

In this brief review, an alternate route to investigate pitting corrosion is suggested. This
includes a closer look on the conditions related to the onset of nonlinear dynamical response
of the metal|electrolyte system as well as on characteristics of oscillations related to
different stages of pitting. The halide-containing Fe|H:SO; system was selected as a
paradigm using current oscillations observed under potentiostatic conditions as well as
potential oscillations observed under galvanostatic conditions. Since oscillatory phenomena
is a widespread phenomenon in electrochemical reactions, many other metal | electrolyte
systems should certainly respond by an oscillatory current and/or potential to a halide ion
perturbation. A wide variety of processes can lead to oscillation in the current and potential.

In the case of the halide-perturbed Fe | H;SO4 system these processes can be classified at first
in two broad categories, those associated with general corrosion and those associated with
pitting corrosion. General corrosion corresponds to either a stable steady-state passivity
under current- controlled conditions or single periodic current oscillations under potential-
controlled conditions. Pitting corrosion corresponds to complex periodic and aperiodic
(bursting and continuous spiking) oscillation. Second, processes associated with pitting
corrosion can be distinguished to those leading to early stages of pitting and those leading
to late stages. At early stages, unstable pitting gives rise to passive-active current and
potential oscillation. Both current and potential oscillate between the active state (high
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current, low potential) and the passive state (low current, high potential). At late stages, the
oxide growth becomes unlikely and stable pitting evolves through the precipitation-
dissolution of ferrous salt layers whereas complex current or potential oscillations arise.
Quantities such as the dissolution current, the induction period required for oscillation to
occur and the frequency of oscillations can describe the kinetics of different processes.

It is also worth noting, that current transients of a stochastic nature (noise) of the order of
PA might be also induced by halide ions due to randomly nucleated metastable pits over the
passive metal surfaces. They occur at potentials lower than the E,; being the critical
potential for pit stabilization. Spatial and temporal interactions among metastable pits
leading to clustering and hence high corrosion rates of stainless steel were investigated
thoroughly over last decade within the context of nonlinear dynamics and pattern formation
(Lunt et al., 2002; Mikhailov et al., 2009; Organ et al., 2005; Punckt et al., 2004). The potential
region where these current transients appear is distinctly different from the potential region
within which the large-amplitude complex passive-active current oscillations, discussed in
this article, arise. Both stochastic noise and deterministic oscillations can be useful in
investigating localized corrosion, which is by itself a typical intrinsically complex system
(Aogaki, 1999).

This brief review, not necessarily comprehensive, has focused on results from a research
project being carried out by our research group over last two decades. It is noticeable that
complex and chaotic current or potential oscillations can be further analyzed using
numerical diagnostics (i.e. power spectral density, phase portraits, correlation dimension of
chaotic attractors, Lyapunov exponents) developed to characterize time series in nonlinear
dynamical systems (Corcoran & Sieradzki, 1992; Hudson & Basset, 1991; Kantz & Schreiber,
1997; Karantonis & Pagitsas, 1996; Li et al., 2005; Li et al., 1993). This analysis might provide
new diagnostic criteria that can be profitably used in pitting corrosion studies. However, the
purpose of this chapter was restricted to point out the rich dynamical response that may
arise under appropriate conditions when localized breakdown of the passivity on a metal
occurs. It seems that the need for continuing research into the field remains mandatory. It is
our belief that the rich nonlinear dynamical response of corrosive systems can be used
profitably to gain a further understanding of complex, not-fully understood processes
underlying technologically important problems.
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