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A. INTRODUCTION

Localized corrosion of passive metals includes various types of corrosion phenomena such as pitting,
crevice corrosion, intergranular attack as well as stress corrosion cracking. The latter form of
corrosion is discussed in Chapter 11 of this book and will not be addressed here, but it has to be
pointed out that crack initiation quite often starts at sites where localized corrosion processes occur.
Therefore localized corrosion and stress corrosion cracking are quite often correlated.

Since Section 1 of this book is devoted primarily to the fundamental aspects of corrosion, the
scope of this chapter will also be limited to the fundamentals of localized corrosion of passive
metals, where several detailed mechanisms for the different stages of localized corrosion have been
extensively studied. Pitting and crevice corrosion are the two major forms of localized corrosion.
They are often treated separately, especially when dealing with more practical aspects of localized
corrosion. The different morphological appearance of the two types of corrosion suggest different
mechanisms, a point of view that does not hold when looking at the electrochemical fundamentals of
these processes. Therefore this chapter is focused mainly on pitting corrosion phenomena. With
respect to intergranular corrosion, the structural aspects of the various alloys are of primary impor-
tance. Since this form of localized corrosion depends strongly on the alloy under consideration,
the readers are referred to Section III of this book where the various metals and alloys are treated
separately.

B. PHENOMENOLOGICAL ASPECTS

During pitting corrosion of passive metals and alloys, local metal dissolution occurs leading to the
formation of cavities within a passivated surface area. In practice, pitting corrosion of passive metals
is commonly observed in the presence of chlorides or other halides. Therefore the question arises
whether the presence of specific, so-called localized corrosion inducing anions, such as halides, are
always required for pitting to take place. Some results indicate that pitting may also occur in pure
water as in the case of carbon steel in high purity water at elevated temperature or aluminum in
nitrate solutions at high potentials. In all these forms of localized corrosion, active and passive
surface states are simultaneously stable on the same metal surface over an extended period of time,
so that local pits can grow to macroscopic size. Therefore, from an electrochemical point of view,
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more appropriate questions would be: What are the necessary requirements to initiate pits and what
is required to stabilize a heterogeneous electrode state consisting of simultaneously active and
passive surface areas, exhibiting significantly different dissolution rates?

1. Electrochemical Potential

Electrochemical studies of pitting corrosion usually indicate that stable pitting occurs only within or
above a critical potential or potential range. Therefore the susceptibility of passive metals to pitting
corrosion is often investigated by electrochemical methods. Most commonly, potential current
curves are measured either by applying potentials stepwise (potentiostatically) or by applying a
constant potential sweep rate (potentiodynamically) and recording the resulting current. Typical
potential current curves exhibit an active-passive transition and subsequently a sudden current
increase within the passive potential range, as shown schematically in Figure 1. The following values
are often determined and used to characterize metals and alloys with respect to pitting and crevice
corrosion: (1) the critical current density /crit characterizing the active-passive transition, (2) the
pitting potential Ep where stable pits start to grow, and (3) the repassivation or protection potential
Erep or £pp (after reversal of the potential sweep direction) below which the already growing pits are
repassivated and the growth is stopped.

More detailed reviews of the various electrochemical methods used to measure the susceptibility
to pitting corrosion are given by Szlarska-Smialowska [1] and Sedriks [2]. Obviously, these quanti-
ties mentioned above can be measured as functions of the alloy composition or of the composition of
the environment. Without discrediting the practical value of such investigations especially in
comparing alloys as well as environments with respect to their pitting-susceptibility or pitting-
promoting tendency, they give neither any direct insight into the mechanisms of localized corrosion
processes nor can the values be used as true limiting potential values to prevent localized corrosion
processes in engineering applications.
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FIGURE 1. Schematic polarization curve for a metal showing active-passive transition as well as pitting in the
passive potential range: E > Ep, pitting will occur; E < Erep, growing pits will repassivate.
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2. Effects of Alloying and Microstructure

The alloy composition as well as the microstructure can have a strong influence on the pitting
resistance of an alloy, as shown, for instance, by Horvath and Uhlig [3], who demonstrated the
beneficial effect of chromium and molybdenum in stainless steels. The pitting potential was found to
increase dramatically with chromium contents > 20 wt%, whereas molybdenum is effective at minor
concentrations of 2-6 wt%, but only in the presence of chromium. Similar effects have also been
reported for small amounts of alloyed nitrogen or tungsten. Various explanations have been given to
explain the strong influence of molybdenum on the pitting behavior of stainless steels, which is also
well confirmed in engineering practice. It was suggested that molybdenum is adsorbed on the surface
as molybdate or acts by blocking active surface sites, inhibiting active metal dissolution and finally
favoring repassivation [4-6]. Other models suggest that molybdenum, as well as other elements,
improves the cation-selective properties of the passive film, hindering the migration of aggressive
anions, such as chlorides, to the metal surface [7, 8] or reduce the flux of cation vacancies in the
passive film [9]. Though the exact mechanism is not clear yet, most of the research done so far
favors an effect on the growth stage rather than on the initiation stage of localized corrosion. Recent
results, applying microelectrochemical techniques, confirmed that even in the superaustenitic
stainless steels molybdenum strongly improves the repassivation behavior but has no influence on pit
initiation [10, U].

Similar effects can also be observed on aluminum, where small additions of alloying elements
may increase the pitting potential as long as the structure is single phase. Aluminum-copper alloys,
widely used in the aircraft industry, are well known and intensively studied examples with respect
to their pitting behavior [12]. The pitting potential increases with increasing copper concentration
as long as copper is in solid solution. Since aluminum usually exhibits rather low solubility limits,
alloying elements tend to form second-phase intermetallic compounds, such as Al2Cu. In the
presence of Al2Cu the pitting resistance decreases to values of aluminum with small copper
concentrations. The corresponding decrease in pitting potential is explained by the existence of a
copper-depleted zone around these particles, where pits would initiate first.

Localized corrosion of passive metals almost always initiates at local heterogeneities, such as
inclusions and second phase precipitates as well as grain boundaries, dislocations, flaws, or sites of
mechanical damage. In the case of stainless steel surfaces, pit initiation occurs almost exclusively at
sites of MnS-inclusions, which are found in commercial as well as in high purity alloys. A
more detailed discussion of this subject will follow. To prevent inclusions and precipitates, non-
equilibrium single-phase conditions can be attained by special preparation techniques, such as
rapidly quenching or physical vapor deposition. The resulting microstructure is either nano-
crystalline or amorphous. It was recently shown that sputter-deposited aluminum alloys containing
only a few atomic percent of metal solute such as Cr, Ta, Nb, W, Mo, or Ti, exhibit a strong
increase of Ep of 0.2-IV [13-17]. Similar results were also obtained with sputter-deposited
stainless steels, where nonequilibrium single-phase structures with molybdenum concentrations up to
14wt% could be obtained [18, 19]. In both cases, the increase in pitting resistance was explained
by the reduced pit initiation tendency as well as by a more protective passive film, favoring rapid
repassivation.

3. Effect of Temperature

Increasing temperature usually also increases the pitting tendency of metals and alloys. At low
temperature, high pitting potentials are observed. In the case of stainless steels, a strong decrease of
pitting potentials in the temperature range between O and 7O0C of ~ 0.5 V can be observed as shown
in Figure 2 [20, 21]. This strong dependence on temperature has led to experimental techniques
which allow stainless steels to be ranked according to their pitting susceptibility. A critical pitting
temperature (CPT) has been defined, below which a steel in an aggressive Cl~-containing solution,
usually a FeCl3 solution, would not pit regardless of potential and exposure time [20, 22].
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FIGURE 2. Effect of temperature on pitting potential Ep of 304 stainless steel (SS) in 0.1M NaCl with different
sulfur contents [21].

Furthermore, the CPT used to characterize the pitting resistance of alloys is often correlated
with the composition of stainless steels, especially with Cr, Mo, and N [1, 2, 2O]. The effect of
temperature on the pitting behavior of other metals and alloys such as Ni, Al, Ti, and its alloys
has also been studied but to a lesser extent. Important earlier results are summarized in [2O].
Nevertheless most of the investigations on temperature effects of localized corrosion deal with the
significance of temperature to evaluate and compare pitting susceptibilities of different metals and
alloys rather than with the more fundamental aspects of temperature effects on pit initiation and pit
growth mechanisms.

4. Stochastic Aspects

Corrosion processes are based mainly upon deterministic approaches, such as the electrochemical
theory of corrosion. Localized corrosion events, however, due to their unpredictable occurrence,
cannot be explained without using statistical methods to evaluate the experimental data. Stochastic
aspects of pitting corrosion were studied in the late 1970s, especially by authors in Japan [23-26].
Recently, a convincing review of statistical and stochastic approaches to localized corrosion was
published by Shibata [27]. He evaluated large numbers of pitting potential values using a Gaussian
distribution, whereas the Poisson distribution was found to be a better approach for pit generation.
The results indicate that different pit generation rates can be observed as a function of time. He
proposed two groups of models considering either pit generation events alone or assuming pit
generation and subsequent repassivation processes. The latter model could be fitted more satis-
factorily to the various cases studied experimentally. More detailed information will be given in
Chapter 22.

C. STAGES OF LOCALIZED CORROSION

The different stages of localized corrosion can best be explained and discussed in connection with its
potential dependence. In Figure 3, a typical potential current curve of a passive metal, such as
stainless steel, measured in chloride solutions, shows the different stages of pitting corrosion.
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FIGURE 3. Typical potential current curve of stainless steel in chloride solution showing the different stages of
localized corrosion (see text).

At lower potentials, pit initiation is followed by rapid repassivation. This stage is usually referred
to as metastable pitting. The resulting current transients differ widely with respect to the peak current
height as well as the lifetime. Small current transients in the femtoampere (f A) and picoampere (pA)
range, corresponding to pits of nanometer and micrometer size can be detected only by applying
micro- and nanoelectrochemical methods, as will be discussed later. Increasing the potential
generally leads to larger current transients with higher peak currents and longer lifetimes, indicating
an extended pit growth period. Above a certain potential or potential range, a transition to stable pit
growth occurs. Even above the pitting potential, repassivation may still occur, showing the stochastic
character of localized corrosion processes. Whether well-defined pitting potentials can be deter-
mined depends on a variety of factors, such as the type of metal, the chloride concentration and the
temperature. The higher the chloride concentration or the temperature, the more precise the resulting
pitting potentials usually are. Furthermore the use of crevice-free experimental techniques may also
be very decisive in obtaining reproducible results.

Metastable pitting is usually not considered as a real corrosion risk from an engineering point of
view. Nevertheless, studies of metastable pitting as a precursor to stable pitting may provide valuable
insights into fundamental aspects of pitting corrosion, since pit initiation as well as the trans-
formation of metastable into stable pits are key factors in localized corrosion processes.
Investigations of metastable pitting also allow a statistical evaluation of corrosion data necessary
to study stochastic pitting models.

With respect to engineering application, studies of metastable pitting may also substantially
improve the evaluation of metal/environment systems. The occurrence of metastable pitting below
the pitting potential indicates a potential corrosion risk, especially when crevice conditions cannot be
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completely excluded. Furthermore the repassivation behavior of metals and alloys can easily be
studied, which is very important for developing highly corrosion resistant alloys.

D. METASTABLE PITTING: PIT INITIATION AND REPASSIVATION

A number of models have been proposed to describe the initiation of localized corrosion of passive
metals based either on the breakdown processes of the passive film itself or on structural defects or
heterogeneities of the underlying metal or alloy such as dislocations, grain boundaries, second-phase
precipitates, or nonmetallic inclusions. Certainly a strict differentiation of the two approaches is not
always possible, since film breakdown and structural parameters of the underlying metal may be
correlated.

1. Passive Film Breakdown

Theoretical models that describe the initiation process leading to passive film breakdown may be
grouped into three classes: (1) adsorption and adsorption-induced mechanisms, where the adsorption
of aggressive ions like Cl~ is of major importance, (2) ion migration and penetration models, and (3)
mechanical film breakdown theories, as shown in Figure 4 [28-3O].

In the case of the cluster adsorption model, originally proposed by Heusler and Fischer [31]
several years ago for iron, localized adsorption of Chlorides leads to an enhanced oxide dissolution at
these sites with subsequent thinning of the oxide film until finally a complete removal is achieved and
active dissolution starts. During the latter years further refinements of this model were obtained
evaluating the measured induction times statistically [32]. Further evidence for the stochastic nature
of these initiation processes were also obtained on stainless steels [1O]. For the mechanical
breakdown of passive films models have been discussed, where the breakdown is either the principal
step, giving the environment direct access to the metal surface, as shown by Sato [33], or an
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FIGURE 4. Models for pit initiation leading to passive film breakdown (after Strehblow and co-workers [28-
3O]). Reproduced with permission from H. Kaesche, Die Korrosion der Metalle, 3rd edition, Springer-Verlag,
Berlin, Germany, 1990, Fig. 12.12a-c, p. 308. Copyright © Springer-Verlag.



additional step combined with other processes as in the case of the defect model as pointed out by
Macdonald and co-workers [34, 35]. A critical review of these mechanisms is given in [36].

Most of the theoretical models for pit initiation have not been sufficiently verified experimentally.
Since the relationships used to test the different models are very general in nature, such as the
correlation between pitting potential and chloride concentration or the quantitative prediction of
induction times, they do not really cover specific model-sensitive aspects. Furthermore, the pitting
potentials proposed in these models are actually critical pit initiation potentials, which often do not
correspond with the experimentally determined pitting potentials, at which the transition to stable pit
growth takes place. Pit initiation processes, on the other hand, often occur at much lower potentials,
as was recently shown on stainless steels by applying a new microcapillary technique to measure
current-transients in the picoampere and femtoampere range [10, 37, 38].

Recently, new results on the initiation and formation of porous semiconductors were obtained
[39]. In case of n- andp-type GaAs, local dissolution can be electrochemically triggered in chloride-
containing solutions resulting in a porous structure. In contrast to pitting corrosion of passive metals,
local dissolution can be achieved not only by the presence of an oxide film (p-type GsAs), but also by
depletion conditions in the semiconductor spacecharge layer (n-type GaAs). In the latter case, the
presence or absence of an oxide film is not significant for the pitting process. This is of particular
significance since the previously discussed theoretical approaches ascribe a key role in the localized
nature of pitting to the properties of a surface oxide film.

2. Structural Parameters

Numerous investigations during recent years have shown that the sites of pit initiation on passive
metal surfaces may generally be related to defect structures of the underlying metals. Detailed
summaries are given in [1, 2]. In case of Ni single crystals, for instance, it has been clearly
demonstrated that the emerging points of screw dislocations are especially susceptible sites for
pit nucleation [4O]. Furthermore, the shape as well as the pit density depend markedly on the
crystallographic orientation of the surface exposed.

Pits in aluminum, titanium, and their alloys are typically associated with intermetallic phases in
these alloys. Aluminum contaminated with iron exhibits an increased pitting susceptibility due to the
presence of FeAl3 particles that act as local cathodes on the metal surface [41-43]. Recent investi-
gations using microsensors to measure local pH distributions revealed a buildup of hydroxide ions
over FeAl3 due to the cathodic reaction on the particle surface. This may lead to alkaline dissolution
of the matrix at the particle interface [44]. Preferential attack can also occur on the surface of
intermetallic phases, such as on Mg2Al3 and MgSi in Al-Mg and Al-Mg-Si alloys [45, 46]. In
Ti-Al alloys it is assumed that particles of Ti3Al2 are effective in initiating pitting corrosion [47].

On the other hand, nonmetallic inclusions may also act as potential nucleation sites [48-5O].
Sulfide inclusions in stainless steels are particularly susceptible. Figure 5 shows the initial stage of
localized corrosion on stainless steel at the site of a MnS inclusion [U]. This is observed not only in
austenitic [51-53], but also in ferritic [54, 55] stainless steels. These inclusions are often
manganese sulfides or manganese-containing sulfide compounds [53-56]. It has been suggested
that, at low manganese levels in steel, CrS is the thermodynamically stable sulfide, while above some
level of manganese the stable sulfide is an iron-manganese spinel, which appears to be a better
initiation site for pitting than CrS. In a recent survey, Srivastava and Ives [57] summarized
the different types of attack on nonmetallic inclusions in stainless steels from a phenomenological
point of view.

Powerful electrochemical techniques have been developed for studying localized phenomena on
passive metal surfaces, such as the scanning methods, extensively applied and discussed by Isaacs
and co-worker [58, 59]. To improve the local resolution substantially, small area measurements are
usually carried out, using either the photoresist techniques for masking off small areas or embedded
wires with small cross-sections (diameter ~50um) [6O]. Recently, a new microelectrochemical
technique applying microcapillaries as electrochemical cells has been developed by Suter and co-



FIGURE 5. Pit initiation and early pit growth at a MnS inclusion of 304 SS [U].

workers [10, 11, 37, 38]. Only small surface areas with a few micrometers or even nanometers in
diameter are exposed to the electrolyte.

This leads to a strongly enhanced current resolution, down to picoamperes and femtoamperes.
Therefore local processes in the micrometer and nanometer range can easily be studied. In the case
of stainless steels, the pit initiation process due to the oxidative dissolution of active MnS inclusions
as a precursor of pitting corrosion can be investigated directly as shown in Figure 6.

Additionally, the results clearly indicate that the dissolution of inclusions takes place even in
chloride-free solutions, whereas chlorides are required for metal dissolution and stable pit growth
processes.

The results in Figure 6 show that the microcapillary technique also makes it possible to
distinguish between active and inactive inclusions with respect to pit initiation. An increase of the
sulfur content drastically increases the number of large current transients due to an increasing
number of large MnS inclusions, verified by microstructural investigations [37, 38]. Similar effects
have also been observed on iron in contact with Cl ~ -containing borate solutions [61].

Noise analysis obtained from microelectrochemical investigations of stainless steels under
potentiostatic conditions revealed that the current noise, expressed as standard deviation a/ of the
passive current, increases linearly with the size of the exposed area, whereas the pitting potential
decreases. Computer simulations showed [10, 38] that the current noise, largely caused by the
dissolution of small inclusions, can be correlated to the size of the inclusions. Therefore the pitting
potential is also related to the size of active inclusions [62], as shown in Figure 7. Specifically the
size of the inclusions in stainless steels has to be kept below ~ 1 jam to improve substantially the
pitting resistance of stainless steel. This effect was already observed much earlier by simple
immersion tests [63].

The effect of molybdenum on the pitting behavior of stainless steels can also be studied by
microelectrochemical techniques and then compared to molybdenum free alloys having approxi-
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FIGURE 7. Correlation between pitting potential and inclusion size [1O].
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FIGURE 6. Local potentiodynamic polarization curves at an active and at an inactive MnS inclusion site with
corresponding scanning electron microscopy (SEM) photographs taken after polarization measurements [38].
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FIGURE 8. Microtransients of DIN 1.4301 (0% Mo) and DIN 1.4529 (6.4% Mo) stainless steels in chloride-
free and chloride containing solutions [1O].

mately the same impurity level, as shown in Figure 8 [1O]. Molybdenum in superaustenitic stainless
steels has only a minor effect on the initiation process. The superior corrosion resistance of these
high-molybdenum containing alloys rather has to be attributed to a considerably improved
repassivation behavior.

3. Stability of Passive Films

The stability of passive films plays an important role with respect to the pitting behavior of passive
alloys. Fast and effective repassivation of locally activated metal surfaces only occurs if a stable
passive film is formed. Since pit initiation can hardly be neglected on commercial alloys in real
environments, rapid repassivation in which a passive film of high stability is formed, is very
important to obtain highly corrosion-resistant alloys. In order to understand the importance of the
chemical and electrochemical stability of passive films with respect to localized corrosion, the
behavior of naturally grown as well as synthetically prepared thinoxide films has to be studied [64,
65]. In several contributions Schmuki and co-workers [66, 67] showed that the semiconductive
properties and the chemical stability of the thinoxide films of iron and chromium correlate quite well
with those of naturally grown films. The results indicate that the presence of Fe(II), acting as doping
species in iron oxide, strongly effects its stability. The good correlation between the semiconductive
properties and the stability of passive films was additionally confirmed, using in situ X-ray
absorption near edge spectroscopy (XANES) techniques [68, 69]. The experiments showed that the
mixed oxides are far more stable than the pure oxides as shown in Figure 9.

The presence of sufficient amounts of chromium oxide protects iron oxide against reductive
dissolution, whereas iron oxide protects chromium oxide from oxidative dissolution. During anodic
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FIGURE 9. Dissolution rate of sputter-deposited Fe/Cr oxide films as a function of the Cr2O3 content during
galvanostatic reduction and oxidation in borate buffer, pH 8.4. Dissolution rates determined from the drop of the
edge height of XANES spectra during the experiment. (Reproduced by permission of the Electrochemical
Society, Inc. [7O]).

polarization of iron oxide films in acidic solutions a deleterious effect of chloride anions compared
with sulfates was found. In HCl solutions of increasing concentration, not only the increased acidity,
but also the increased chloride concentration accelerates the dissolution markedly [7O].

E. PIT GROWTH

When the active state within pits and crevices is maintained over an extended period of time, rapid
metal dissolution usually occurs. The resulting pit and crevice geometries as well as the surface state
within the pits vary markedly from open and polished hemispherical pits on free surfaces to etched
crack-like shapes within crevices, depending largely on the type of rate-controlling reactions during
the growth stage.

The kinetics of pit growth is not only of scientific interest, but is also of great engineering
importance for commercial corrosion-resistant materials, since the possibility of local breakdown
should not be ignored under practical conditions. Sufficient knowledge of the mechanisms of growth
and stability is therefore a necessary requirement in order to predict the corrosion behavior of passive
metals correctly as well as for developing new corrosion-resistant materials.

1. Growth Kinetics

Although pit growth is experimentally much easier to study and quantify than pit nucleation,
substantive information on pit growth mechanisms was mainly obtained during the last two decades.
In earlier research on aluminum [71-79], iron [80], and stainless steels [81, 82] under open circuit
conditions, studies were limited to the description of growth rate by a simple power law dp — atb,
whereby dp is the pit depth, t is time, and a and b are constants, with the latter averaging in many
cases ~0.5. Values of b < 1 clearly indicate a decreasing growth rate with time as shown, for
example, on aluminum in various tap waters [79]. A comprehensive literature survey, summarizing
the rate laws of various metals and alloys is given in [83]. Numerous investigations have confirmed
that the presence of chlorides is necessary for pit growth and that the growth rate increases with
increasing chloride concentration [84-90], other anions, however, behave differently.
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To overcome the problems associated with accurate pit current density measurements, special
techniques have been developed to determine pit growth kinetics. Hunkeler and co-workers [83, 91,
92] used the time for pits to penetrate metal foils of different thickness to determine the growth rate
of the fastest growing pits. Using this simple method pit growth rates in aluminum as well as
stainless steels were measured and several parameters, such as the potential, the composition of the
electrolyte and the temperature, were varied. Another elegant approach to study the growth kinetics
involved the investigations of two-dimensional pits in thin metal films as demonstrated by Frankel et
al., [93-96]. The measurements of lateral pit growth rates from analysis of images of the growing
two-dimensonal pits provides a very simple and direct way via Faraday's law, with no need for any
further assumptions. Investigations were carried out on different materials such as nickel and
aluminum alloys. The study of single pits, formed in different ways have also been performed either
by masking off a small area, implanting an activating species at a small spot, or using single pit
electrodes, such as embedded wires [60, 97-99].

LL Diffusion Control Several detailed studies on the kinetics of growing pits, performed in the
1970s, recognized the presence as well as the importance of salt layers during pit growth [100-
104]. In Figure 10, the pit and crevice growth of 304 SS in chloride containing solution as a
function of the potential, using the foil technique as mentioned above, is shown [105, 106]. At high
potentials, where pits grow on open surfaces as well as crevices, a potential independent growth rate
is observed, suggesting diffusion controlled growth mechanism.
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FIGURE 10. Mean pit and crevice growth rate vp vs. potential of type 304 SS [105,106,112]. Reproduced with
permission from Advances in Localized Corrosion, p. 70, Copyright © NACE International. All rights reserved.



When lower potentials are applied, the mode of localized corrosion changes to etch-type crevice
corrosion with a strong potential dependence. Below a critical growth rate, depending on the chloride
concentration, etch-type crevice corrosion is the only stable form of localized corrosion, since
saturation conditions and salt film formation are not attained. Concerning the practical significance
of diffusion-controlled pit growth, it must be pointed out that this type of pit growth is not often
observed on stainless steels since it usually requires high potentials and/or high chloride concen-
tration.

In the case of unidirectional, single pit growth using wire electrodes, the diffusion-controlled pit
growth can easily be calculated using Pick's first law. Excellent experimental proof was obtained on
stainless steel and nickel, for which a parabolic rate law was observed [107]. Additionally, it was
found that if the bulk electrolyte contains the corresponding diffusing metal ion in solution, the pit
growth is much faster in less concentrated solutions, as expected from theoretical considerations
[108].

1.2. Ohmic/Charge-Transfer Control As pointed out by Beck [109] pitting on titanium and
aluminum occurs at high ohmic limited current densities. Generation of large amounts of hydrogen
bubbles within the pit strongly increases the mass transport rate. Therefore the fluid flow of the bulk
electrolyte has little effect on pit growth under such conditions [UO]. Further and more detailed
support for ohmic controlled pit growth on aluminum was obtained by Hunkeler [83]. For small
Tafel constants, as in the case of aluminum, and sufficiently large pits (> 10 um), contributions
from charge transfer as well as ohmic transport outside the pit may be neglected, and a simple
parabolic rate law [92] can be derived, in which the preexponential factor depends directly on the
electrolytic conductivity of the bulk elctrolyte. Due to the generation of hydrogen bubbles during
pitting of aluminum, no significant change in the composition of the electrolyte within the pit takes
place, in contrast to situations in which diffusion processes control pit growth. These findings are in
excellent agreement with the evaluation of long-term pit growth measurement under open circuit
conditions on aluminum in tap water of known conductivity, as shown in Figure 11 [111, 112]. The
experimental values fit very nicely into the parabolic rate law. The resulting potential difference of
~ 15mV is in good agreement with the open-circuit conditions in the absence of strong oxidants.

For materials such as stainless steels or nickel, the charge-transfer reaction cannot be
neglected, as shown in Figure 10. A semilogarithmic relationship between current density and
potential is observed at low potentials, indicating that mixed ohmic/charge-transfer control is

Time, t [weeks]

FIGURE 11. Pit growth on aluminum in tap water at open-circuit conditions [111]. Reproduced with
permission. Copyright © NACE International. All rights reserved.
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probably effective. Similar results obtained by Newman [6] using artificial pit electrodes,
showed that molybdenum in stainless steels ennobles the anodic dissolution reaction in the pit
environment.

F. STABILITY OF LOCALIZED CORROSION

The concepts of stability of pitting and crevice corrosion are based mainly on either compositional
changes of the electrolyte within the pit, salt film formation, or sufficiently large ohmic potential
drops within pits. Various authors have suggested that critical concentrations of ionic species must be
exceeded for stable pit growth to occur. Galvele [113-115] considered localized acidification as the
main reason for stable pit growth. Sato [116, 117] pointed out that two models of metal dissolution
have to be distinguished: (1) active or etching dissolution, which occurs at lower potentials; and (2)
transpassive or brightening dissolution, which occurs at relatively noble potentials. For etch pitting, a
critical hydrogen ion concentration should be reached, whereas for brightening pits, the necessity of
a critical concentration of aggressive anions, such as chlorides, was proposed. On the other hand
Vetter and Strehblow [118, 119] concluded from theoretical considerations that during the early
stage of growth of an open hemispherical pit, the metal chloride concentration within the pit
increases, but not sufficiently for precipitation to occur, which they considered as a possible
requirement for the stability of pits. Instead, they proposed that an ion conducting salt layer on the
metal surface results from adsorption of aggressive anions, such as chlorides.

The significance of an ohmic potential drop within pits was also questioned by the same authors
[118, 119]. For iron, they estimated potential drops of ~ 18mV, which again cannot in any case
explain the stability of growing pits. However, several groups at about this time also measured large
potential variations within crevices and pits [120-124]. Pickering and Frankenthal [121-123]
explained the large potential drops by the presence of high resistance paths caused by gas bubbles
inside the pits. More recently, Pickering and co-workers [125-126] showed that the IR drop, rather
than a composition variation, was responsible for stabilizing crevice corrosion in some systems
which exhibit active/passive transitions in the bulk solution. Most of these experiments were
performed on iron or nickel in sulfuric acid, where the metal at open circuit conditions is in the active
state. Therefore, these results may not be sufficiently general to apply to localized corrosion
processes of originally passive metal surfaces, where an activation process has to occur first and the
active state has to be stabilized even without an active-passive transition under bulk conditions.

The effect of salt films formed within the pit during the initiation or growth process has been
discussed frequently [84, 118, 119]. Beck and Alkire [103] and Beck and Chan [127] demonstrated
convincingly that the formation of salt films on stainless steels may be important for the stability of
growing pits. In using a flow cell, it was shown that with increasing flow velocity the dissolution
current increases at first, before at the highest velocity the current drops drastically due to the
removal of the salt film and the subsequent repassivation of the surface. Further support for the
importance of salt film formation was also obtained from evaluation of metastable pitting on
stainless steels [128]. Transition from metastable to stable pit growth occurs only when salt-film
precipitation takes place.

Additional results showing the significance of a salt film were obtained from electrochemical
impedance spectroscopy. The investigation of the anodic dissolution of artificial pit electrodes
indicated that, in the case of stainless steel and nickel, significant ohmic potential drops are present
within the salt film during diffusion controlled pit growth. The thin, conducting salt film stabilizes
the active metal surface at the pit bottom and prevents the repassivation process [108]. Furthermore,
a critical potential for salt-film formation Esf can be determined, below which no salt film can form.
The critical potential for salt-film formation amounts to —0.19 Vsce and —0.08 Vsce for 302 stainless
steel and nickel, respectively, and does not depend significantly on the bulk concentration. For
304 SS, the lowest potential, Epi, where pit initiation occurs and current transients (metastable
pitting) have been found by microelectrochemical measurements [11] coincides with the critical



potential for salt-film formation, Esf, as well as with the photoelectrochemically determined
flatband potential EQ, [129], below which no chloride adsorption takes place. Further investi-
gations are necessary to clarify whether these values coincide accidentally or a possible correlation
exists.

The above discussion of pitting corrosion leads to the following concept of localized corrosion.
At potentials even below the pitting potential but above Epi a nonzero probability of pit initiation
exists, depending largely on the type, size, amount, and chemical properties of these local
heterogeneities. Once a pit begins to grow in the presence of aggressive anions, such as chlorides a
thin salt film may be formed after a transition time. As long as the salt film is present, stable
dissolution occurs, and the growth rate is diffusion controlled. If the potential is then lowered, pits
may continue to grow if the composition of the pit electrolyte, the current density, and the potential at
the pit bottom are such that repassivation is not possible. The growth process in this case is then
mixed ohmic/charge-transfer controlled [98, 105, 107]. Under these conditions, the ohmic potential
drop inside and outside of the pit may play an important role.

G. SUMMARY

Localized corrosion is an important but complex problem responsible for many corrosion failures in
engineering applications. The local breakdown of passivity of commercially available engineering
materials, such as stainless steels, nickel, or aluminum, occurs preferentially at sites of local
heterogeneities, such as inclusions, second-phase precipitates, or even dislocations. The size, shape,
distribution, as well as the chemical or electrochemical dissolution behavior (active or inactive) of
these heterogeneities in a given environment, determine to a large extent whether pit initiation is
followed either by repassivation (metastable pitting) or stable pit growth. Microelectrochemical
techniques, combined with statistical evaluation of the experimental results allow to gain more
insight into the mechanisms of these processes.

In addition to the local activation or pit initiation process, the stability of the passive film is
decisive for the corrosion resistance of passive metals and alloys. Fast and effective repassivation,
necessary for highly corrosion resistant alloys, may only occur if highly stable films are formed
during repassivation. Therefore, further investigations should be focused not only on the initiation of
localized corrosion, but also on the stability of passive films. The stability of passive films is often
reflected by the semiconductive properties of these films. Therefore electrochemical impedance
spectroscopy, photoelectrochemical methods as well as in situ analytical techniques are very
valuable tools to study the chemical and electrochemical behavior of these passivating oxide films.
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