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Pitting Corrosion of Metals A Review of the Critical Factors
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ABSTRACT

Pitting corrosion is localized accelerated dissolution of metal that occurs as a result of a breakdown of the
otherwise protective passive film on the metal surface. This paper provides an overview of the critical factors
influencing the pitting corrosion of metals. The phenomenology of pitting corrosion is discussed, including the
effects of alloy composition, environment, potential, and temperature. A summary is then given of studies that have
focused on various stages of the pitting process, including breakdown of the passive film, metastable pitting, and pit
growth.

Introduction

Many engineering alloys, such as stainless steels and Al alloys, are useful only because of
passive films, which are thin (nanometer scale), oxide layers that form naturally on the metal
surface and greatly reduce the rate of corrosion of the alloys. Such passive films, however, are
often susceptible to localized breakdown resulting in accelerated dissolution of the underlying
metal. If the attack initiates on an open surface, it is called pitting corrosion; at an occluded site it
is called crevice corrosion. These closely related forms of localized corrosion can lead to
accelerated failure of structural components by perforation, or by acting as an initiation site for
cracking. This paper summarizes the effects of a number of factors in pitting corrosion. It is
intended to be an overview of the critical issues and not a comprehensive review of the entire
field.

Pitting corrosion has been studied for several decades by many researchers and detailed
information is available in a book' and several conference proceedings.>’ Considerable
understanding of the pitting phenomenon has been generated, but an in-depth description of
many steps is still lacking. Fundamental studies typically have focused on one of the following
stages of the pitting process: characteristics of the passive film, the earliest stages of passive film
breakdown, the growth of metastable pits (which grow to about the micron scale and then
repassivate), and the growth of larger, stable pits. Each of these stages is discussed in turn. First,
however, the phenomenology of pitting is be reviewed.

It should be noted that, whereas localized dissolution following breakdown of an
otherwise protective passive film is the most common and technologically important type of
pitting corrosion, pits can form under other conditions as well. For instance, pitting can occur
during active dissolution if certain regions of the sample are more susceptible and dissolve faster
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than the rest of the surface.® Another example is the pitting of GaAs that has been found in the
absence of a surface oxide layer.® In that case, however, a space-charge layer in the
semiconductor played the role of a passive film by protecting most of the surface, but breaking
down locally. This review concentrates on the better known and widely studied phenomenon of
pitting corrosion of passive metals.

Phenomenology of Pitting

Environmental effects and local chemistry development.—Pitting corrosion will only
occur in the presence of aggressive anionic species, and chloride ions are usually, although not
always, the cause. The severity of pitting tends to vary with the logarithm of the bulk chloride
concentration.” The reason for the aggressiveness of chloride has been pondered for some time,
and a number of notions have been put forth. Chloride is an anion of a strong acid, and many
metal cations exhibit considerable solubility in chloride solutions.'® Chloride is a relatively small
anion with a high diffusivity, it interferes with passivation, and it is ubiquitous as a contaminant.

The presence of oxidizing agents in a chloride-containing environment is extremely
detrimental, and will further enhance localized corrosion. In fact, there is an ASTM standard for
testing the pitting resistance of materials by exposing them to 6% FeCls solution that combines
both high chloride content and high oxidizing power.™ It is shown below that the increase in
potential associated with oxidizing agents enhances the likelihood of pitting corrosion.

Pitting is considered to be autocatalytic in nature; once a pit starts to grow, the conditions
developed are such that further pit growth is promoted. The anodic and cathodic electrochemical
reactions that comprise corrosion separate spatially during pitting. The local pit environment
becomes depleted in cathodic reactant (e.g., oxygen), which shifts most of the cathodic reaction
to the boldly exposed surface where this reactant is more plentiful. The pit environment becomes
enriched in metal cations and an anionic species such as chloride, which electromigrates into the
pit to maintain charge neutrality by balancing the charge associated with the cation
concentration. The pH in the pit is lower owing to cation hydrolysis

Me?* + 2H,0 — Me(OH)' + H'
+ H,0 - Me(OH), + 2H" [1]

and the absence of a local cathodic reaction. The acidic chloride environment thus generated in
pits is aggressive to most metals and tends to propagate the pit growth.

A number of researchers have studied the local chemistries that form in pits using a range
of techniques.’**® One way to isolate the pit solution is by rapid freezing of the electrode in
liquid nitrogen, removal of the surface excess, and subsequent thawing. This approach was used,
for instance, to study the pH in Al pits'* and the chloride concentration in pits in stainless steel.™
It is also possible to extract solution from an artificial pit electrode (also called a one-
dimensional pit or lead-in-pencil electrode), which is a wire imbedded in an insulator such as
epoxy. This technique allows a considerable volume of pit electrolyte to be analyzed. Extraction
of reasonable amounts of electrolyte is also possible from crevices and cracks,***2 both of which
can develop local chemistries similar to those found in pits. Such solutions have been analyzed
by the full range of available analytical techniques. Different techniques allow determination of



cation and anion concentration, oxidation state, and complexation. Finally, it is possible to insert
microelectrodes into pits, cracks, and crevices.**** Once the local solution composition is fully
characterized, it is possible to mimic the local environment by reconstituting it in bulk form from
reagent grade chemicals, and then determining the electrochemical behavior of a normal-sized
metal electrode in that environment. The use of microelectrodes and analysis of electrolyte
extracted from a local environment, however, provide no information on gradients that exist
within pits. In order to determine these gradients, it is necessary to perform in situ measurements,
as has been done using X-ray absorption spectroscopy on artificial crevices.'®

A detailed analysis of the influence of pit chemistry changes on pit growth and stability
was provided by Galvele.®” The concentration of various ionic species at the bottom of a model
one-dimensional pit geometry was determined as a function of current density based on a
material balance that considered generation of cations by dissolution, outward diffusion, and
thermodynamic equilibrium of various reactions such as cation hydrolysis, Eq. 1. Galvele found
that a critical value of the factor x-i, where x is pit depth and i is current density, corresponded to
a critical pit acidification for sustained pit growth, Fig. 1.
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Fig. 1. Concentrations of Fe*, Fe(OH)*, and H* as a function of the product of the depth x and current density i in a
one-dimensional pit."” Reprinted with permission.

This value can be used to determine the current density required to initiate or sustain pitting at a
defect of a given size. The model of pit chemistry based on reaction, hydrolysis, diffusion, and
migration is a proper approach to the problem. The focus of Galvele's work on pit acidification,
however, may not be totally appropriate since, at least for stainless steel, the local chloride



concentration is probably more important than the local pH in terms of stabilizing pit growth and
preventing repassivation. On the other hand, other factors describing the severity of the local
environment, such as chloride concentration, will roughly scale with acidity, so a critical value of
x:1 may in fact accurately predict pit stability.

As the pit current density increases, the ionic concentration in the pit solution increases,
often reaching supersaturation conditions. A solid salt film may form on the pit surface, at which
point the ionic concentration would drop to the saturation value, which is the value in
equilibrium with the salt layer. Under these conditions, the pit growth rate is limited by mass
transport out of the pit. Salt films are not required for pit stability (though some have suggested
that they are'*'®2%), but they enhance stability by providing a buffer of ionic species that can
dissolve into the pit to reconcentrate the environment in the event of a catastrophic event, such as
the sudden loss of a protective pit cover. Under mass-transport-limited growth, pits will be
hemispherical with polished surfaces. In the absence of a salt film (at lower potentials), pits may
be crystallographically etched or irregularly shaped in some other fashion.

Potential.—Electrochemical studies of pitting corrosion have found that characteristic potentials
exist. Stable pits form at potentials noble to the pitting potential, Ep, and will grow at potentials
noble to the repassivation potential, Eg, which is lower than Ep. (Note that several other names
and subscripts have been used to describe these characteristic potentials. Furthermore, the terms
"noble™ and "active™ are used in this paper to indicate relative locations on the potential scale
with noble being in the direction of Au/Au®* and active being in the direction of K/K*) During
upward scanning in a cyclic polarization experiment such as is shown schematically in Fig. 2, a
stable pit starts growing at Ep where the current increases sharply from the passive current level
and, upon reversal of the scan direction, repassivates at Eg where the current drops back. It is
generally considered that materials exhibiting higher values of Ep and Eg are more resistant to
pitting corrosion, and cyclic polarization experiments are commonly used for this purpose. A
correlation has been found such that metals with low experimentally determined pitting
potentials have a higher tendency to form pits naturally at open circuit.® The difference between
Er and Eg, which is related to the extent of hysteresis in a cyclic potentiodynamic polarization
curve, has also been considered to be a measure of the susceptibility to localized corrosion.?®?*
However, there is abundant experimental evidence suggesting that consideration of this
simplistic interpretation of the characteristic potentials alone is insufficient for the development
of a fundamental understanding of the mechanism of pitting corrosion. For instance, the
potentiodynamically determined pitting potential of most materials exhibits a wide experimental
scatter, of the order of hundreds of millivolts. Furthermore, Ep is in many cases a function of
experimental parameters such as potential scan rate. As described below, so-called metastable
pits initiate and grow for a period at potentials well below the pitting potential,® which provides
evidence in contradiction to the definition of the pitting potential as being the potential above
which pits initiate. The meaning of the repassivation potential has also been called into question.
Wilde showed that Eg of ferritic stainless steel decreased (i.e., moved in the active direction)
with increasing values of the current density at which the potential scan direction was
reversed.”*?® So deeper pits apparently repassivated at lower potentials. In contrast, the
repassivation potential for pits in Al seemed to be relatively independent of the extent of prior pit
growth for a limited number of experiments.?” Some have found a similar lack of dependence of
Er on prior growth for pits in stainless steel, but only after the passage of large charge
densities.®® Thompson and Syrett have suggested that the highest observed repassivation



potential is the critical potential in pitting.”® They indicated that this value is associated with
repassivation of very small pits, and is close to the lowest observed value of pitting potential. No
means was suggested, however, for accurate and reproducible determination of this critical
potential.
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Fig. 2. Schematic diagram of the potentiodynamic polarization curve of a spontaneously passive metal that is
susceptible to pitting corrosion.

The existence of a critical potential for pitting has been explained in a variety of ways
based on the roles of various critical factors. For instance, the critical acidification theory
predicts that a critical potential will be required to initiate pitting since the pit current density,
and thus the product x-i for a defect of a given size x, will increase with increasing applied
potential.” Similarly, a consequence of the concept that chloride adsorption is responsible for
passive film breakdown is the idea that the driving force for adsorption will increase as the
potential increases. Other explanations are given below.

Alloy effects.—The alloy composition and microstructure can have strong effects on the
tendency for an alloy to pit.! Certainly Cr concentration plays the dominant role in conferring
passivity to ferrous alloys. The pitting potential was correspondingly found to increase
dramatically as the Cr content increased above the critical 13% value needed to create stainless
steel.*® Increasing concentration of Ni, which stabilizes the austenitic phase, moderately
improves the pitting resistance of Fe-Cr.*® Small increases in certain minor alloying elements,
such as Mo and N in stainless steels, can greatly reduce pitting susceptibility.! Mo is particularly
effective, but only in the presence of Cr. Various explanations have been given for the large
influence of Mo on stainless steel corrosion. Mo was not found in the passive film using AES or
XPS,*32 but is enriched in the surface film formed in the active region.*® It was suggested that
Mo acts by adsorbing on the surface as molybdate® or by blocking active sites during active
dissolution. Other theories include enhancement of the cation-selective properties of the passive
film* and reducing the flux of cationic vacancies.** Mo ennobles the pit dissolution kinetics,
effectively decreasing the pit current density at a given potential.*® It has also been suggested that
Mo counteracts the deleterious effect of S (see below) by enriching at the surface, bonding to



adsorbed S, and then dissolving.®® The majority of researchers seem to favor the notion that Mo
influences localized corrosion via some kind of dissolution and pit growth consideration. Small
amounts of other elements, such as N and W, also have a strong influence on the pitting
resistance of stainless steels.®”*® It was suggested that N alloying strongly affects the anodic
dissolution kinetics in the range of 3-4 M HC1.%

Since Al is a very active and reactive metal, the homogeneous addition of almost any
metal (except Mg and Zn) into Al alloys results in an increase in pitting potential.*>* It is, of
course, essential that the structure remain single phase. The pitting potential of binary Al-Cu
alloys increased with Cu concentration as long as the Cu was in solid solution.* Since the
equilibrium solubility in Al of many metals is exceedingly small, other alloying additions tend to
generate second-phase intermetallic particles. However, using rapid quenching preparation
techniques, such as physical vapor deposition (e.g., sputter deposition), it is possible to alloy Al
homogeneously with a wide range of elements. The resulting microstructure is a non-equilibrium
single phase that is either nanocrystalline or amorphous. Sputter-deposited Al alloys have been
found to exhibit dramatic increases in pitting potential.*>** A few atomic percent of metal solute
(e.g., Cr, Ta, Nb, W, Mo, Ti) will increase Ep by around 200 mV, and increases of over 1 V are
possible with higher amounts of alloying. Explanations for the improvement in pitting resistance
conferred on Al by this nonequilibrium alloying have been offered based on influences on the
composition and protectiveness or pH of zero charge of the passive film,*" the solubility of
dissolved species in the pit solution,*® enrichment of the solute species at the active surface in a
pit,* and decreases in the pit dissolution kinetics.™® More on this is given below.

Pits almost always initiate at some chemical or physical heterogeneity at the surface, such
as inclusions, second phase particles, solute-segregated grain boundaries, flaws, mechanical
damage, or dislocations.! Most engineering alloys have many or all such defects, and pits will
tend to form at the most susceptible sites first. Pits in stainless steels are often associated with
MnS inclusions, which are found in most commercial steels. The role of MnS inclusions in
promoting the breakdown and localized corrosion of stainless steels has been recognized for
some time.>*2 The explanations have focused on dissolution products of the sulfides. It has been
suggested that sulfides oxidize to form sulfate and acid,”* elemental sulfur,>? or thiosulfate,>® and
also that they chemically dissolve to form H,S.>* A recent analysis of crevice solutions found
that sulfide was the predominant sulfur-containing species with some sulfite forming in well-
established crevices.>* Many different forms of dissolved sulfur species can decrease the pitting
potential of stainless steel in chloride solutions,> and it has been suggested that sulfur can enrich
at the surface to lower the activation energy for dissolution and inhibit passivation.>®

Pits in Al alloys are typically associated with intermetallic particles.’® As described
above, Cu additions to Al resulted in improvements in pitting resistance when the Cu was in
solid solution. However, when particles of the intermetallic 9-phase (Al,Cu) formed, the
resistance to pitting decreased back to the range of Al alloyed with little Cu.*® The formation of
GP zones had no effect on pitting potential in that study. On the other hand, another study found
that microsegregation of Cu and Fe impurities at nodes in high purity Al was sufficient to
increase the tendency for pitting corrosion at open circuit.>® The decrease in pitting potential with
formation of 6-phase was explained by the existence of a Cu depleted region near the particles.*®
This region would have a lower pitting potential, so pits would tend to form there first.

Under potentiostatic control, the potentiostat provides a growing pit as much current as is
needed to maintain the applied potential. At open circuit under free corrosion conditions,
however, the anodic reaction in a pit is fed by current from cathodic areas outside of the pit, and



pit growth can be cathodically limited. The aluminum oxide surface is, in general, not very
catalytic for cathodic reactions. Cu- or Fe-rich particles are noble to the Al matrix, and exhibit
enhanced cathodic kinetics.®® In fact, metallic Cu has been found in the oxide film formed on a
bulk 9-phase sample.? If the potential of the Al matrix near a noble particle should increase
above the pitting potential, pitting would ensue. Certainly, any increase in the local potential will
increase the likelihood for pitting to occur. The passive Al in the matrix surrounding the particles
should be rather polarizable, but the small noble particle/matrix area ratio is not conducive to a
strong galvanic influence of the particles, which raises questions about the exact role of these
particles. It has been suggested that pits nucleate at noble particles in Al because of alkaline
dissolution of the matrix at the particle interface where the pH of the solution is increased owing
to the cathodic reaction on the particle surface.®® In this scenario, however, it is difficult to
understand how a trench initiated by alkaline dissolution would convert to an acidic pit. Another
factor that may enhance the initiation of attack at the boundary of an inclusion or intermetallic
particle and matrix is the possibility of a pre-existing crack or defect at that interface. Recently,
the influence of intermetallic particles on the open-circuit corrosion of Al alloy 2024 in a
corrosive environment such as salt fog has been addressed.®? It was found using careful surface
preparation that the largest class of particles in 2024-T3 is the S phase (Al,CuMg) rather than 6-
phase. The S-phase is active to the matrix, and it was suggested that first Mg and then Al
dissolve out of S-phase particles by a dealloying mechanism leaving a porous Cu-rich sponge.
Decomposition and disintegration of this sponge results in distribution across the sample surface
of both metallic and oxidized Cu. The area ratio of such a structure would then be firmly in favor
of a galvanic driving force for localized corrosion of the exposed Al matrix.

Pits often grow with a porous cover. This cover can make visual detection extremely
difficult, so that the awareness of the severity of attack is overlooked, and the likelihood of
catastrophic failure is enhanced. The pit cover might be a thick precipitated product layer that
forms as the concentrated and acidic pit solution meets the bulk environment, which might be
neutral or limited in water, as in the case of atmospheric corrosion. Small pits in stainless steels
often have a pit cover that is a remnant of the undermined passive film.?® Larger pits in stainless
steel can be covered by a layer with a considerable thickness of metal that is detached from the
rest of the metal sample.®® These covers make optical detection extremely difficult since they
remain reflective. A short exposure to ultrasonic agitation, however, removes the cover and
reveals the whole pit diameter.

Temperature.—Temperature is also a critical factor in pitting corrosion since many
materials will not pit at a temperature below a certain value, which may be extremely sharp and
reproducible.*" This effect can be seen either by varying the temperature at a range of fixed
applied potentials, or varying the potential for a range of constant temperature experiments. At
low temperatures, extremely high breakdown potentials are observed, corresponding to
transpassive dissolution, not localized corrosion. Just above the critical pitting temperature
(CPT), pitting corrosion occurs at a potential that is far below the transpassive breakdown
potential. This value of CPT is independent of environmental parameters and applied potential
over a wide range and is a measure of the resistance to stable pit propagation.®* At higher
temperatures, the pitting potential decreases with increasing temperature and chloride
concentration. Pit initiation considerations play a role in this region.®* It has been suggested by
Laycock and Newman that the CPT is associated with the dual role of a salt film in either
stabilizing pit growth by providing a buffer of solute (at high temperatures) or facilitating



repassivation (at low temperatures) as has been discussed in detail by Beck.?’ Critical pitting
temperatures for many stainless steels are in the range of 10-100°C.%* The CPT can be used, like
pitting potential, as a means for ranking susceptibility to pitting corrosion; the higher the CPT,
the more resistant the alloy to pitting.®* On the other hand, Al alloys do not exhibit a CPT in
aqueous chloride solutions at temperatures down to 0°C."

Stochastics.—Since pitting events are relatively rare and unpredictable, pit initiation may
be considered to be random in nature. Stochastic approaches have been developed to handle this
randomness and the large scatter typically observed in measurements of pitting potential and
induction time (which is the time for a stable pit to form following a sudden increase in potential
into the pitting range, or following the injection of chloride into a nonaggressive solution).
Stochastic approaches used to address metastable pits are discussed later in this paper. Shibata
showed that a large ensemble of pitting potential values follows a normal distribution, suggesting
random variation, Fig. 3.”> The probability for pitting was determined by

P(E) = n/(1 + N) (2]

where N is the total number of samples studied, and n is the number of samples that had pitted at
a potential of E or lower. The potential at P = 0.5 is a representative value for a given material
and surface preparation. Induction times at a given potential were also measured, and the
survival probability, P(t), was determined using Eq. 2, except that n was the number of samples
that had pitted by time t after application of the potential. The pit generation rate, A was shown to
be given by

A(t) = —d{ln P(t)}/dt [3]

Three pit generation rates were found at successive time periods, with the second period
exhibiting the highest rate.”

Inhibition of pitting.—Pitting can be inhibited by the same approaches that are commonly
used to reduce corrosion in general. All of the factors described above can be used to mitigate
pitting corrosion: environment, alloy composition and structure, potential, and temperature.
Various chemicals, when added to corrosive solutions, will inhibit pitting." Common inorganic
inhibitors include sulfates, nitrates, chromates, and molybdates. Some, such as sulfate, may act
simply by providing supporting electrolyte that reduces the migration of CI into the pit. It was
suggested that nitrate may reduce inside pits in Al, consuming protons and thereby increasing
pH."® Others may adsorb at active sites, or reduce pit growth kinetics.

High strength Al alloys, which are susceptible to pitting owing to the influence of Cu-
containing intermetallic particles, are often protected using a system of coatings. The standard
coating system uses a chromate conversion layer covered by organic paint coats. The primer coat
might contain chromate pigments for further corrosion protection. The chromate conversion
layer is a mixed Al-Cr oxide film formed by immersion into a chromate-containing bath in which
the following reaction occurs’"

Cr,0i” + 8H" + 2Al - 2AI*" + 2Cr(OH), + H,O0 [4]



Chromate conversion layers also contain some amount of unreduced chromate ions. It is
considered that the chromate retained in the coating is critical for providing a self-healing
capability”” Chromate-coated samples scratched to the substrate and exposed to a corrosive
environment such as a salt spray will usually not exhibit severe corrosion at the scratch. This
protection is thought to result from chromate in the conversion coating dissolving into the local
environment and blocking the dissolution reaction by reducing according to the same reaction
that occurs when the coating forms, Eq. 4. Chromate pigment in primer should act the same way
to protect a scratched area. Owing to the carcinogenic nature of chromate, considerable effort has
been put into developing an equally effective and environmentally friendly replacement system.
However, nothing developed to date is as effective as chromate for reducing the corrosion of
high strength Al alloys.”
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Fig. 3. Normal probability plot of the pitting potential of 304 stainless steel tested at different potential scan rates.
From Ref. 72, T. Shibata and T. Takeyama, Corrosion, 33, 243 (1977).

Stages of Pitting

In this section, the various stages of pitting are discussed in order, from passive film
breakdown, to metastable pitting, to pit growth. Any of these stages may be considered to be the
most critical. For instance, once the passive film breaks down and a pit initiates, there is a
possibility that a stable pit will grow. The full range of available spectroscopic and analytical
techniques has been applied to the study of the structure and composition of passive films in a
hope to predict and understand pit initiation. To those who prefer the surface science approach,
for example, it is often assumed that alloying affects localized corrosion via changes in the



composition and structure of the passive film. According to this view, pit growth is considered to
be well understood and to offer little in the way of fundamental understanding of the
phenomenon of pitting. On the other hand, others feel that pit growth is pivotal and often
controls the pitting process, since pits will not initiate if they cannot grow at least for a short
while. It is considered that the passive state is required for pitting to occur, but details of the
passive film composition and structure play a minor role in the pitting process. This view is
supported by the fact that many observations of pitting tendency can be fully accounted for by
growth considerations. Furthermore, pit growth is critical in practical applications of failure
prediction. Finally, the metastable pitting stage may be thought to be the most important since
only pits that survive this stage become stable growing pits. Metastable pits exist on the edge of
stability. Studies of metastable pits can therefore provide insight into fundamental aspects of
pitting since both initiation and stability are key factors in metastable pitting.

Passive film breakdown.—The breakdown of the passive film and very initiation of the
pitting process is probably the least understood aspect of the pitting phenomenon. Breakdown is
a rare occurrence that happens extremely rapidly on a very small scale, making direct
observation extraordinarily difficult. The passive film is often drawn schematically as a simple
inert layer covering the underlying metal and blocking access of the environment to the metal.
The reality is, of course, much more complicated. Depending on alloy composition,
environment, potential, and exposure history, this film can have a range of thickness, structure,
composition, and protectiveness. Typical passive films are quite thin, and support an extremely
high electric field (on the order of 10° to 10" V/cm). The passage of a finite passive current
density is evidence of continual reaction of the metal to result in film thickening, dissolution into
the environment, or some combination of the two. The view of the passive film as being a
dynamic, rather than static, structure is critical to the proposed mechanisms of passive film
breakdown and pit initiation.

Theories for passive film breakdown and pit initiation have been categorized in three
main mechanisms that focus on passive film penetration, film breaking, or adsorption, Fig. 4.”""
As with most such situations, different mechanisms or combinations of these mechanisms may
be valid for different metal/environmental systems. These mechanisms are described below in
terms of pure metal systems. As mentioned above, however, pits in real alloys are most often
associated with inclusions or second-phase particles.

Penetration mechanisms for pit initiation, Fig. 4a, involve the transport of the aggressive
anions through the passive film to the metal/oxide interface where aggressive dissolution is
promoted.”® Anion migration would be assisted by the high electric field in the film. The
penetration mechanism is supported by the existence of an induction time for pitting following
the introduction of chloride into an electrolyte. On the other hand, estimated induction times
based on expected values of anion transport rates exceeded measured values by many orders of
magnitude.”® Marcus and Herbelin found chloride present in passive films on Ni using careful
XPS and radiotracer measurements.?’ A critical concentration of chloride in the inner oxide
portion of the passive film was associated with film breakdown and pit initiation. Others,
however, have found no evidence of chloride in passive films.’®%!

A related model for passive film breakdown is an outgrowth of the point-defect model
developed by Macdonald and coworkers to describe passive film growth by the movement of
point defects under the influence of an electrostatic field.* The major point defects in an oxide
film are assumed to be electrons, holes, and metal and oxide vacancies. Transport of vacancies



across the film controls the film growth according to this view. The point-defect model has been
used to explain pit initiation by assuming that aggressive ion (chloride) adsorption and
incorporation at the outer surface of the barrier oxide layer results in the formation of cationic
vacancies.® These vacancies diffuse to the metal/oxide surface where they are annihilated by the
oxidative injection of cations from the metal. However, if the flux of vacancies is larger than can
be accommodated by oxidation, the vacancies will condense at the metal/film interface to form a
void that is the first step in the pitting process according to this model. The point-defect model
has been fitted to experimental data describing the statistical distribution of pitting potentials, the
induction time for pitting, and the influence of alloying on the pitting potential.** Interestingly,
the pitting potential and induction time relate to pit stability and growth rather than pit initiation,
since it is well known that metastable pits initiate at potentials far below the pitting potential and
during the induction time prior to stable pit growth. Predictions from the point-defect model have
yet to be compared to experimental measurements of the earliest stages of pit formation despite
the fact that the model is based on phenomena occurring at the nanometer level. Other criticisms
of the point-defect model have focused on the handling of the electrode potential and its role in
influencing vacancy concentration and migration.”®

Adsorption theories of initiation, Fig. 4b, were first based on the notion of competitive
adsorption of chloride ions and oxygen.®* It is now known that the passive film is at least several
monolayers thick rather than just an adsorbed oxygen layer. However, aspects of the adsorption
model are still relevant. For instance, exposure of Fe to chloride and other halides caused
thinning of the passive film based on XPS measurements, even under conditions where a pit had
not formed, as a result of what was described as catalytically enhanced transfer of cations from
the oxide to the electrolyte.”® On the other hand, another study using SIMS found that there was
no difference in oxide thickness on Fe samples prepassivated in borate solution and then
galvanostatically anodized at 5pA/cm? in solutions with or without CI™.# Interestingly, no CI”
was found to be incorporated into the oxide during this treatment either. When thinning occurs
locally because of some local adsorbed species, the local electric field strength will increase,
which may eventually lead to complete breakdown and the formation of a pit.”

Pit initiation by a film-breaking mechanism, Fig. 4c, considers that the thin passive film
is in a continual state of breakdown and repair.2% Mechanical stresses at weak sites or flaws
resulting from electrostriction and surface tension effects may cause the local breakdown events,
which rapidly heal in nonaggressive environments. In fact, the background passive current
density may come from a summation of many such breakdown and repair events. In chloride-
containing solutions, however, there would be a lower likelihood for such a breakdown to heal
because of the inhibition of repassivation by chloride. The film-breaking model really involves
initiation based on pit growth stability. It assumes that breakdown will always occur, albeit at a
rate that depends on many factors related to the passive film properties. However, according to
this model, breakdown will only lead to pitting under conditions where pit growth is possible.
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If, as stated by the film-breaking theory, passive film breakdown is frequent and rapid,
and pit initiation depends on the generation of conditions needed for a pit to be able to grow, the
question then arises as to how those conditions can exist at the instant of film breakdown. As
described above, Galvele suggested that a critical factor, x-i is required for pit stability'®*’ From
Galvele's model, a critical x-i value of 10* A/m was determined for the case of Fe. Others have
also developed models with a similar factor or made experimental observations that critical
values of x-i exist for pit stability, and values of 0.3-0.6 A/m for stainless steel®®®"#8 and 0.2 A/m
for AI¥ have been suggested. If a freshly initiated pit at the instant of film breakdown has a
depth on the order of the passive film thickness of 2-5 nm, then extraordinarily high current
densities, of about 10° A/m?, are required for the breakdown to stabilize. (Note that stabilization
of dissolution of such an incipient pit is no guarantee that the pit would grow past the metastable



stage to become a stable growing pit.) Such arguments have led some to conclude that salt films
form on the pit surface at very early stages of pit growth.*® Current densities as high as 10° A/m?
have, in fact, been measured on Al even in a neutral chloride-free solution immediately (a few
microseconds) after exposure of a small area by the thin-film breaking technique.” It is possible
that the particular sites that are susceptible to pit generation have some occluded aspect, such as
being at the bottom of a scratch, so that the effective pit depth is greater than the passive film
thickness. The current density required for pit growth stability would be correspondingly lower.
Furthermore, as the pit develops, the occlusion associated with the pit itself and its cover, which
may be the undermined passive film, will reduce the current density requirement. Regardless,
very large current densities are necessary at the instant of film breakdown, and, at least for the
case of stainless steel, a high local chloride concentration would be needed to achieve such a
high current density. This problem was addressed in one theory of initiation that combines film-
breaking with film penetration.'® It is proposed in this theory that chloride migrates to the
metal/oxide interface and forms a metal chloride phase that cracks the overlying oxide as a result
of its larger specific volume. The chloride phase would then provide a ready source of chloride
ions to stabilize pit growth from the very outset of pit development.

Strong evidence for the importance of passive film properties in determining localized
corrosion susceptibility was provided by Schmuki and Boéhni who studied the effect of
monochromatic (325 nm) illumination on the pitting of Fe in chloride solution.®* Samples tested
under illumination, or passivated under illumination and then tested in the dark were found to
exhibit greatly increased pitting potentials and incubation times. It was suggested that
illumination during passivation permanently altered the semiconducting properties of the passive
oxide film. In particular, the bulk doping and surface-state density increased, which may have
promoted OH adsorption and inhibited CI™ adsorption.

Metastable pitting.—Metastable pits are pits that initiate and grow for a limited period
before repassivating. Large pits can stop growing for a variety of reasons, but metastable pits are
typically considered to be those of micron size at most with a lifetime on the order of seconds or
less. Metastable pits can form at potentials far below the pitting potential (which is associated
with the initiation of stable pits), and during the induction time before the onset of stable pitting
at potentials above the pitting potential. These events are characterized by potential transients in
the active direction at open circuit or under an applied anodic current, or anodic current
transients under an applied anodic potential. Such transients have been reported in stainless
steels”* and AI** for many years. However, in the last 10-15 years, considerable effort has gone
into systematic studies of metastable pits. Individual metastable pit current transients can be
analyzed for pit current density, and stochastic approaches can be applied to groups of
metastable pits. It has been shown that when stable pits are small, they behave identically to
metastable pits, and in fact are metastable. Stable pits survive the metastable stage and continue
to grow, whereas metastable pits repassivate and stop growing for some reason.

An example of metastable pit current transients is given in Fig. 5. Making the assumption
that the pits associated with these transients are hemispherical in shape, and that the dissolution
process is 100% current efficient (a poor assumption for the case of Al, in which copious
hydrogen evolution locally within pits consumes some of the anodic current), it is possible to
determine the pit current density as a function of time. Different shapes of metastable pit current
transients may be observed, but initial reports suggested that the current tended to increase with
t?, so that the current density was approximately constant with time during most of the



metastable pit growth.” The current density jumped to a higher value just before repassivation.
The average metastable pit current density was found to increase with increasing applied
potential, suggesting that metastable pit growth is under ohmic control as a result of the
resistance associated with the porous pit cover.® Using Sand's equation to predict the time
required for salt film precipitation, it was found that the metastable pits repassivated before a salt
film precipitated, whereas the current associated with stable pits fluctuated after the time
required for salt film precipitation, but then continued to increase.? (It is interesting to note that
the i-t*2 criterion that comes from Sand's equation is equivalent to an i-r or i-x criterion for these
metastable pits.) These observations suggest that metastable pits grow without a salt film and
repassivate because of a violent rupture of their passive film covers, which dilutes the local pit
environment. If the conditions are such that a salt film can form, the pit has a greater chance of
surviving the rupture of the cover and becoming a stable pit because of the buffering action of
the salt, which can replenish the pit environment by dissolving.

Other studies looked at metastable current transients in more detail, and found that a
distribution of current densities exists for each Eotential, and that the current may vary with time
according to various relationships: t“2, t, or t2.°8% The distribution was found to shift to higher
current densities as the applied potential increased, supporting the view that metastable pits are
under ohmic control.*

Pistorius and Burstein examined metastable pit growth in a slightly different fashion, and
arrived at the conclusion that metastable pit growth is always under mass-transport control,
which is only possible because of the barrier to transport created by the pit cover.®” %" As
evidence, they rapidly scanned the potential during metastable pit growth (at 1 V/s in the active
direction starting after about 1 s of metastable pit growth) and found that the pit current density
did not change with potential (i.e., the current continued to increase with t* despite a large
decrease in applied potential). However, these experiments were initiated at extremely high
potentials and initial current densities, so it is possible that these pits became salt covered prior to
the start of the rapid potential scan. In that case a dependence of pit current density on potential
would not be expected. The fact that ensembles of pits measured over a range of applied
potentials do exhibit a dependence on potential of pit current densities was explained by
suggesting that more open (less occluded) pit sites are activated at higher potentials.®”* In this
fashion the average pit current density will increase with potential in spite of mass-transport-
controlled growth if the severity of the transport barrier decreases with potential. In the view of
Pistorius and Burstein, stability is associated with sufficient growth such that the pit depth acts as
a diffusion barrier, and they developed a critical i-r condition very similar to that determined by
Galvele.
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Fig. 5. Typical metastable pit transients observed on stainless steel in chloride solution. From Ref. 25, G. S. Frankel,
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Williams and coworkers realized that the stochastic approach set out by Shibata could be
extended to describe metastable pits, since large ensembles of metastable pits can be generated
easily.28%%° Metastable pits are assumed to nucleate randomly in time and space at a frequency A
(cm™ s™). Each pit has a probability p(cm? s™) of dying, unless it survives beyond a critical age
1 (S) at which point it becomes stable. The nucleation frequency of stable pits A (s?) is then
given by

A = ak exp(—pr.) (51

where a is the sample area. Note the difference in notation from that of Shibata, who used A to
indicate the rate of stable pit nucleation, which is A in Williams' notation. Underlying this
approach is the notion that there is a nonzero chance of stable pit formation if metastable pits
form. Pitting potential was determined potentiodynamically, and, in a fashion similar to
Shibata,”* Williams determines A from the survival probability at a given potential, Ps(E)

A = —v d(In[P(E)))/dE (6]

where v is the potential ramp rate, and Ps is given by Eq. 2. Equation 5 simply states that the
probability of forming a stable pit is equal to the probability of forming a metastable pit times the
probability that the metastable pit will survive to become a stable pit. Figure 6 shows that A and
A have the same dependence on potential (although the rates are orders of magnitude different),
indicating that Eq. 5 is indeed valid.®® This is an important notion, as it suggests that the
stochastically defined susceptibility of a material to the formation of stable pits can be
determined by studying the frequency of metastable pits, which are more abundant, and thus
easier to observe in large numbers. Such an approach should be used with caution to compare the
susceptibility of different materials, however, since, as mentioned above, different sites might be
activated at different potentials and the behavior at a given potential might not be indicative of



the material properties.

Williams goes on to point out that a relationship exists between metastable pit nucleation
rate and passive current density for a wide range of surface treatments and experimental
parameters.® This suggests that pitting may initiate via a nonlinear feedback mechanism wherein
variations in the passive current passing at local surface defects result in local fluctuations in
species concentration, which can, under certain conditions, feed back into the local current
density to destabilize the system. This is a variation of the film-breaking theory of pit initiation
in which the film
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Fig. 6. Variation of (a) metastable pit nucleation frequency A. and (b) stable pit nucleation frequency A with
potential for different stainless steel alloys.®® Reprinted from Corros. Sci., Vol. 36, D. E. Williams, J. Stewart, and P.
H. Balkwell, "Nucleation, Growth, and Stability of Micropits in Stainless Steel," Corros. Sci., p. 1213 (1994) with
permission from Elsevier Science.

need not necessarily break. Okada has developed similar concepts regarding local fluctuations
and pit initiation.'®

Metastable pitting events at open circuit result in potential transients with a typical shape
consisting of a rapid decrease followed by a slow increase.'® It was explained by Isaacs that
such pitting events draw cathodic current from the interfacial capacitance of the surrounding
passive film.'% Upon repassivation, the capacitance is slowly recharged.

A recent investigation has studied the possibility that metastable pitting events are
correlated, i.e., that one metastable pitting event will enhance the likelihood of subsequent
events.'®1% A stochastic model was developed with a memory variable that increased the rate of
metastable pitting. This memory effect was assumed to decay exponentially with time after each
event. Analysis of real current time series by comparison to a Poisson distribution indicated that
this correlation can exist to varying extents. It was suggested that the correlation may result from
the relaxing conditions inside a recently repassivated pit, changes in the oxide film near the pit or
on the pit surface, or the association of pits with discrete microstructural features.

Careful experimentation (using small electrode areas and very quiet electronics) allows
the observation of current transients on the nanoampere or even picoampere scale. Whether or



not the phenomenon associated with the generation of these transients is metastable pitting or
should be given a different name is perhaps a matter of semantics. Burstein and Mattin studied
the cross section of a 50 pum diam stainless steel wire in a low noise system, and observed
transients on the order of several hundred pA in height.® The shape of these transients was
different than typical metastable pits in that the current increased sharply and then decayed to the
background. These peaks were attributed to nucleation and subsequent repassivation events only
(no propagation). Suter and Bohni used a microcapillary of diameter as small as 2 um to isolate
selected areas on a stainless steel surface.’® Transients on the order of 1 nA in height were
observed in Cl -free sulfate solution owing to the dissolution of sulfide inclusions. In chloride
solutions the pitting potential was found to increase by almost 700 mV as the area of study was
decreased from a diameter of 1000 to 50 um, apparently as a result of a lower probability for the
existence of a critical flaw. Zhu and Williams have recently made extremely sensitive current
mapping measurements of stainless steel in chloride solution with a modified atomic force
microscope.’® At low potentials they found rare locations where the passive current density was
slightly higher (~1 pA) than the rest of the sample. Upon subsequent stepping to a higher
potential, exactly these areas developed into pits. This is compelling evidence for the feedback
mechanism of Williams described above relating passive current density to pit nucleation. On the
other hand, such spots may simply have been the locations of sulfide inclusions; no analysis of
local composition was performed.

Pit growth.—Pits grow at a rate that depends on material composition, pit electrolyte
concentration, and pit bottom potential. The mass-transport characteristics of the pit influence pit
growth kinetics through the pit electrolyte concentration, as described above. Pit stability
depends upon the maintenance of pit electrolyte composition and pit bottom potential that are at
least severe enough to prevent repassivation of the dissolving metal surface at the pit bottom.

In order to understand pit growth and stability, it is essential to ascertain the rate-
determining factors. Pit growth can be controlled by the same factors that can limit any
electrochemical reaction: charge-transfer processes (activation), ohmic effects, mass-transport, or
some combination of these factors. Using a simple analysis for pit growth under ohmic control, it
is possible to determine a series of relationships between current I, current density i, pit radius r
(which is equal to pit depth for a hemispherical pit), time t, and potential E. If the ohmic
potential drop in the pit is controlling, I o< r. Since i can be determined from | and the pit area, i
o¢ 1/r? o 1/r. From Faraday's law, i o< dr/dt, leading to r &< t¥2, and thus | o< t¥? and i o t*2 For
the case when diffusion of species in the pit controls pit growth, the exact same relationships
would be expected since i o 1/r from Fick's law. This can make identification of the rate-
determining step in pitting difficult. For a pit under diffusion control, potential should have no
effect on the pit growth rate, while Ohm's law predicts that i o E, and Tafel's law describing
activation control predicts i o exp E. However, the nonsteady state nature of deepening pits
complicates the clear identification of the i-E relationship.

Determination of the i-E relationship is further complicated by problems associated with
accurate measurement of the pit current density. The current measured from a sample held at a
fixed potential may come from several pits with unknown active pit surface area. For this
situation, one can assume that the current is evenly divided between the pits.’” The study of
single pits, which have been formed using various experimental approaches, alleviates some of
the ambiguity. One of the reasons that metastable pits are so interesting is that metastable pit
current transients represent individual pitting events. Other techniques for forming a single pit



include the exposure of a small area, laser irradiation of a small spot, implantation of an
activating species at a small spot, or the use of artificial or single pit electrodes.* # 108-110

As described above, artificial pit electrodes, formed by imbedding a wire in an insulator
such as epoxy, allow the study of pit dissolution Kinetics in naturally formulated pit
environments. Multiple pits are avoided, and only the behavior of the active pit surface is
monitored. Artificial pit electrodes have been used extensively to study Fe and stainless steel
behavior. An example of the utility of artificial electrodes for understanding pitting corrosion is
given in Fig. 7 where the polarization curves for FeCrNi alloys with and without 2.7% Mo ina 1
M CI™ bulk solution are shown.* As described above, one effect of Mo in stainless steel is to
ennoble the anodic dissolution reaction in the pit environment. The change in the corrosion
potential was approximately equal to the change in pitting potential.®® The precipitation of a salt
film on an artificial pit electrode surface results in a sudden drop in current, followed by
recovery to the diffusion-limited value."™* The current response of artificial pit electrodes has
been modeled,*****® and their behavior during repassivation used to determine the critical
conditions for repassivation.****'* Figure 8 shows the current density of 304 stainless steel (SS)
artificial pit electrodes as a function of the surface ion concentration, which was calculated from
a model and was decreasing with time, following a step from a high potential where the pit was
under transport control and the surface had a salt film to different lower potentials where the pit
eventually repassivated."**** The critical concentration at which the pits repassivated is seen to
be about 50-60% of saturation.

Single pits were generated by Newman and Franz on a standard 304 SS electrode surface
masked off to expose a small area.!®® Under potentiostatic conditions, the current increased
approximately with t“2 while exhibiting random, sudden increases associated with secondary
nucleation events at the edge of the main pit. Downward scanning of the potential from the
growth potential (in a fashion similar to, but at a slower rate than that done subsequently by
Pistorius and Burstein with metastable pits®’) resulted in a current that decreased almost linearly
with potential. This observation is in contrast to the observations of Pistorius and Burstein with
metastable pits and is consistent with ochmic-controlled pit growth.

Alkire and Wong created single pits by masking off a small area in the case of stainless
steel,! and implanting a small spot of Fe in the case of Al samples.** Current was measured
during pit growth, and the final pit area was carefully determined after each experiment
assuming that the pit was a spherical segment and not necessarily a hemisphere. The current
density decreased parabolically, and the values matched closely with a prediction based on mass-
transport controlled pit growth. As in the Pistorius and Burstein experiments, however, the
applied potential was quite high.

Nonelectrochemical techniques are useful for the study of pit growth because they
eliminate several problems: the need to determine the current from a single pit, assumptions
regarding active pit surface area, and complications associated with hydrogen evolution within
the pits that can consume a reasonable fraction of the anodic pit current density for pits in AL
Hunkeler and Bohni used the time for pits to perforate Al foils of varying thickness as a means to
determine pit growth rate of the fastest growing pits.**® For pits in Al foils of thickness 0.05-0.2
mm at a fixed applied potential, they found the time dependence of pit depth, d, and current
density, i, described above for ohmic control, i.e., d o t* and i o t*, and expressed the
relationship as

|'21

B, =1p 7" [7]



where i} is the pit current density for t = 1 min, if t is in min. The i-E relationship can thus be
expressed by the dependence of i on potential. It was found that i increased with increasing
potential and chloride concentration. Pit growth rate was found to be under ohmic control as the
electrolyte resistance had a direct effect on perforation time. The effect of various anions on pit
growth was determined by exchanging the electrolyte shortly after pit initiation.*® Nitrate and
chromate ions were found to be inhibiting (they increased perforation time), while other anions
reduced the perforation time because of a decrease in electrolyte resistance. The same technique
was used under slightly different conditions in another study and the pit growth rate was found to
be independent of applied potential.**" It was suggested that the difference was partly a result of
eliminating crevices. The foil penetration technique has not been widely used, but it appears to
be a powerful tool for studying pit growth Kinetics.
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Another nonelectrochemical approach to pitting involves the study of 2D pits in thin film
samples. 015118119 pits in thin metallic films with thickness on the order of 10-1000 nm rapidly
penetrate the metal, reach the inert substrate, and proceed to grow outward in a 2D fashion with
perpendicular sidewalls. The measurement of pit wall velocity from the analysis of magnified
images of the growing 2D pits provides a simple and direct means for determination of pit
current density via Faraday's law, with no need for assumptions. Since the pit depth is limited by
the metal film thickness, pits in thin films grow at steady state with no increase in ohmic path or
diffusion length with time as is the case described above for pits in bulk samples. As a result, 2D
pits in thin films exhibit a pit current density that is constant with time at a given applied
potential. This steady-state aspect of pitting in thin-film samples allows unambiguous
determination of the current-density/potential relationship. An example is given in Fig. 9 for



Permalloy (Ni-20Fe) films in 0.1 M NaCl.*® These curves are essentially polarization curves of
the active pit surface in the pit environment. The typical form for the polarization curve of a thin
film pit includes a region at low potentials where the current density is almost linearly dependent
on applied potential followed by a region at high potential where the pit current density reaches a
limiting value, and pitting is mass-transport limited. Another consequence of the constant pit
depth is the finding that the repassivation potential and the lowest pit current density at which a
pit can grow are extremely reproducible. It is therefore possible with pits in thin films to
accurately assess the critical conditions for pit stability.
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Such an approach was used to study the effect of alloying additions in sputter-deposited
Al binary alloys,*® which, as described above, exhibit remarkably high values of pitting potential.
Figure 10 shows the pit polarization curves for 2D pits in thin film AI-Nb of varying
composition. It is clear that the pit dissolution Kinetics are considerably ennobled relative to the
pure Al sample. This type of analysis for several different Al binary alloy systems indicated that
the improvement in pitting potential associated with alloying of Al can be largely accounted for
by effects on the pit dissolution kinetics. Essentially, higher potentials are required to achieve the
high current densities necessary to prevent repassivation and thus to stabilize pit growth. The
influence of alloying on the composition of the passive film is small in comparison to the effect
on pit growth Kinetics.

For any growing pit or crevice, the pit bottom potential is lower than the outside potential
as a result of the ohmic potential drop associated with current flowing through the pit solution of
finite resistance. For systems in which the metal exhibits active/passive behavior in the bulk
environment, such as iron in sulfuric acid, the ohmic potential drop can stabilize localized
corrosion in a sample held at a potential nominally in the passive region by depressing the local
pit potential far enough that it resides in the active region.*®® Under those conditions, the pit
current density is large and stabilizes the attack by creating the requisite potential drop to keep



the potential of the occluded area in the active region. However, in most systems of major
practical importance, such as Al and stainless steel in neutral chloride environments, the ohmic
potential drop decreases the potential available at the pit surface to drive electrochemical
reactions and thus destabilizes the pitting reaction. In these systems, the changes in local pit
environment (pH and chloride concentration) are key to pit stability. Pit growth at low potentials
below the range of limiting pit current densities is controlled by a combination of ohmic, charge-
transfer, and concentration overpotential factors. At high potentials, mass transport may be rate-
controlling. Ultimately, however, mass transport determines the stability of pits even at lower
potentials because the local environment controls passivation.

Q
~ T
QF
~~
o~
E
S
<
Nt
-
P al
o [-o+H A
p— b L 1 1 1 1 1 ] L
0.3 0.4 0.5 0.6 0.7 0.8

Potential (V SCE)

Fig. 9. Anodic pit current density as a function of growth potential and film thickness for Ni-20Fe thin films in 0.1
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Summary



Pitting corrosion is a complex but important problem that is at the root of many corrosion
failures. It has been studied in detail for many years, yet crucial phenomena remain unclear. A
balanced view of the critical factors was attempted in this review. Pit growth may be controlled
by the same factors that control any electrochemical reaction: charge-transfer processes, ohmic
effects, and mass-transport considerations. Pit stability is determined by the maintenance of
conditions at the pit surface severe enough to prevent repassivation. The role of many of the
environmental and material parameters that are critical to the pitting process, such as potential,
alloy composition, electrolyte concentration, and temperature, can be explained by their effects
on pit growth stability for passive metals of technological importance, such as stainless steel and
aluminum alloys. The influences of the passive film characteristics on the pitting process seem to
be secondary in nature. The mechanism of the very initiation of pitting, or breakdown of the
otherwise protective passive film, is not clearly understood, but may not be of ultimate
importance to pitting corrosion. The study of metastable pitting has provided unique
opportunities for understanding pitting corrosion since metastable pits involve initiation, growth,
and repassivation in short, discrete, and plentiful events. It is easier to address the stochastics of
pitting using large numbers of metastable pits than by generating many stable pits. The signal
associated with each metastable pitting event can be analyzed to determine pit current density,
which allows determination of the electrochemical kinetics of dissolution in pits and assessment
of the rate-controlling steps. Finally, repassivation of metastable pits provides information on the
stability criteria for pit growth. In summary, the large majority of experimental evidence
suggests that pitting corrosion is controlled by factors relating to pit growth stability.
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