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Growth and Stability of Passive Films

Barry MacDougall and Michael J. Graham
National Research Council of Canada, Ottawa, Ontario, Canada

INTRODUCTION

Interest in passivity started with the studies of Faraday [1] and Schénbein [2] over
150 years ago. The lack of metallic corrosion in the case of iron immersed in certain
solutions was attributed to either the presence of an oxide film or an electronjc
change in the metal. This basic argument has persisted in various forms to this day,
although the majority of scientific evidence suggests protection by a three-dimen-
sional oxide film. Much has been published on passivity and its breakdown over the
last 50 years. This chapter does not attempt to cover all the literature but con-
centrates on work over the past 10-15 years, emphasizing the passivity of iron,
nickel, iron-cliromium, and iron-nickel alloys in aqueous environments, Examples
are given from the authors’ and other selected laboratories,

Iron becomes passive in the absence of an applied current in a variety of so-
lutions ranging ail the way from concentrated nitric or sulfuric acids to basic solu-
tions containing oxygen. In more recent years iron has been protected from
corrosion in acid solutions by the addition of inhibitors usually containing nitrogen,
sulfur, or hydroxy! groups. This complex subject is deait with in Chapter 14, Here we
concentrate on anodic passivity, dealing with the nature of passive films—their
composition, thickness, growth, and stability—and their role and influence on pit
initiation. Much of the information is obtained from surface analytical techniques
like Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS),
and secondary jon mass spectrometry (SIMS).

ANODIC PASSIVITY

Although there is general agreement today that anodic passivity of metals such as
iron and nickel is associated with the formation of a three-dimensional oxide film on
the surface and that breakdown of passivity is due to the disappearance of this
protective film either locally or generally, there is still considerable controversy
concerning the nature, composition, and structure of the passive film. Here the most
prominent models for passivity will be presented and the nature of the passive oxide
film on common metals such as iron and nickel will be discussed.
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190 MacDougall and Graham

The use of Pourbaix diagrams in predicting the stability of metals in various
environments will not be detailed in this chapter. The subject has been discussed on
many occasions over the past 40 years (see, e.g., Refs. 3-5). It should, however, be
pointed out that these equilibrium potential-pH diagrams can be extremely useful in
establishing the regions of metal immunity as well as (possible) corrosion and pas-
sivation. Since the diagrams do not provide any direct kinetic information, the real
rate of corrosion and extent of passivation are not evident from a simple examina-
tion of the diagrams. Some oxides {e.g., NiQ) dissolve only very, very slowly in
certain solutions (e.g., neutral borate buffer) for kinetic as opposed to thermo-
dynamic reasons. It should also be pointed out that the oxide stoichiometries and
thermodynamic information given in the Pourbaix diagrams are for thick, bulk
oxides, which may be quite different from the very thin {often < 1 nm) surface oxide
films found on passivated metal surfaces. For this reason, it should not be surprising
that the actual composition of passive oxide films is sometimes not identical to that
found in the Pourbaix diagrams [e.g., the diagram for nickel does not show the
presence of NiO but rather Ni(OH),; see below].

NATURE OF THE PASSIVE FILM ON iRON

Iron and nickel are examples of metals that display an active-passive transition when
anodically polarized in many aqueous solutions. Passivity is generally ascribed to the
presence of a thin oxide film 14 nm thick that isolates the metal surface from the
corrosive aqueous environment. The resistance of this anodic oxide film to dis-
solution is related to its physical and chemical nature, which determines the corro-
sion resistance of the metal, The other major factor influencing the rate of metallic
corrosion is the aggressiveness of the agqueous environment, ie., the pH, tempera-
ture, and anion content of the solution.

Iron can be passivated in aqueous solutions by the application of either a
constant potential or a constant current. In both cases a certain minimum potential
or current is required before passivation occurs and a finite time is required to attain
the passive (i.e., very slow dissolution) state. Early work dealing with the electro-
chemistry of iron was done in acid solution, but over.the last 30 years studies have
been carried out mainly in neutral buffered solution, The major impetus for work on
neutral solutions came from the research of Nagayama and Cohen [6] using a pH 8.4
sodium borate-boric acid buffer solution. In Figure 1, a schematic of the passivation
curve for iron in this solufion is shown. Starting with an oxide-free surface, the
current first increases as the potential is increased, reaches a maximum, and then
decreases again. There is a region (of over a volt) in which iron does not dissolve, or
is passive, and then the current rises again due to oxygen evolution and/or trans-
passive metal dissolution. In the passive region iron is covered by a thin film of cubic
oxide of the y-Fe,0s/Fe;0, type, which is probably formed by reactions such as

3Fe + 4H;0 — Fes04 4 SH™ + 8¢
2Fe + 3H,0 — Fe, 01 - 6H' + 6e
The film thickness increases with anodic potential to a limiting value approaching

5 nm. This is the same type of film that is formed by the reaction of clean iron with
oxygen or dry air. The dissolution of iron by corrosion processes usually takes place
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Figure 1 Ancdic polarization curve (determine potentiostatically) for iron exhibiting pas-
sivity.

because of film breakdown and the rate of corrosion depends on the factors leading
to film breakdown and repair.

The y-Fe,03/Fe;04 structure for the passive film presupposes that the film is
formed by a heterogeneous reaction between iron and the solution, probably, as in
the case of inhibitors, involving adsorption (of H,O or OH™ ions), reaction, and
thickening steps. Other compositions and structures have been proposed for the
passive film, some involving the inclusion of hydrogen [7,8] or the presence of water
[9]. In fact, the composition of the passive film on iron depends on the type of
electrochemical treatment for forming the film and the nature of the solution in
which it is formed. If iron is anodized in either a neutral solution without good buffer
capacity or an acid solution, e.g., Na,SO, or H,SOQy, respectively, the passivation
process is very inefficient and most probably occurs with the participation of an
FeSO,-type salt film, which eventually precipitaies on the iron surface. This surface
oxide film cannot be described as a “good” passive film and may contain in-
corporated species from the passivating solution. Indeed, there are suggestions that
true passivity (i.e., anodic currents in the range of 1 uA cm?) cannot be achieved in
solutions such as sulfate unless a prior oxide film exists on the surface and is not
removed before anodic polarization is applied [10,11]. There may even be problems
with passivation of iron in pH 8.4 borate buffer if the anodic treatment allows the
dissolution of substantial amounts of Fe* ™. In such a situation, the ferrous ion in
solution may anodically deposit on the surface to give an outer y-FeQOH layer. Sato
and co-workers [12] suggest that such a film tends to arise in neutral solutions, and
Seo et al. [13], using Auger spectroscopy, found incorporated boron in the oxide
films formed in borate buffer solutions containing Fe* ", If the passivation of iron is
carried out in pH 8.4 borate buffer using a potential step to anodic values well into
the passive region, the surface oxide film forms with a current efficiency of essentially
100% [14] and can be described as a “true” passive film.

One of the most important developments over the past 20 vears in the study
of passivity has been the use and application of surface analytical techniques.



192 MacPougall and Graham

Techniques such as AES, XPS, and SIMS have been used with great advantage to
obtain detailed information regarding the composition of thin passive oxide films on
metals and alloys. However, these are ex situ techniques which involve removal of
the sample from solution and installation into an ultrahigh-vacuum system. It has
been suggested that the vacuum environment may cause dehydration of the passive
film and remove bound water, which could play a vital role in conferring passivity.
Because of this concern, many studies have been carried out using devices for
transfer from solution to the vacuum system or have involved in situ measutements.
Using a transfer device for Auger analysis, Bockris and co-workers [15] concluded
that the passive film on iron is Fe(OH); in a polymeric layered structure. In one of
the earliest in situ structural investigations, O’Grady {16] used Maosshauer spectro-
scopy to examine both in situ and “dried” passive films at room and liquid helium
temperatures. The in situ film was described as amorphous and polymeric, consisting
of chains of iron atoms bended together by dioxy and dihydroxy briding bonds
further linked by water to form a continuous film. However, the film was reported to
change character on removal from the passivating medium and long-term drying to
more closely resemble y-Fe, 05, Eldridge and co-workers [17] performed experiments
similar to those of O'Grady but were unable to reproduce his parameters. They
confirmed that the film was primarily Fe® * but could not rule out the possibility that
it was microcrystalline. Eldridge and Hoffman [18] alsc reperted that with the ex-
ception of those formed at very low passivating potentials, passive films do not seem
to undergo significant local structural changes upon drying in the air, Graham and
co-workers [19] used the more surface-sensitive electron back-scattering Mdssbauer
spectroscopy to examine ex situ passive films. They found Mdssbauver parameters
somewhat different from those of O’Grady’s in situ film but close to those of his
dried film and within the error limits of data obtained by Eldridge et al. for in situ
films. Although low-temperature Méssbauer data resembled those for amorphous
iton oxides or hydroxides, interpretation in terms of a small particle size crystalline
oxide, probably similar o y-Fe,Qs, appears more plausible. Complementary XPS
data for films formed in Fe* *-free solutions supported the model obtained from the
Maéssbayer measurements that the films resemble y-Fe,Oa. The lack of hydroxyl ions
within passive films has been confirmed by Mitchell and Graham [20] using SIMS,
Figure 2 shows experimental SIMS data for a passive film together with “dry” Ie,O3
and “wet” FeOOH siandards. As seen in the figure, the profile for the passive film is
very similar to that for the Fe;O; standard until the oxide-metal interface is reached
after ~7 min of spuitering (i.e., removal of the fiim by ion bombardment). The
hydroxyl content within the film, calculated from the SIMS data, is zero (£0.1%); a
fraction of a monolayver of OH i3 adsorbed on the oxide surface. From these
Maéassbaver, XPS, and SIMS data, and also from reflection high-energy electron
diffraction (RHEED) measurements, it can be concluded that the passive film on
iron is a small particle size ¥-Fe,O3/Fe;0y-type film without any incorporated O™,
These data from modern surface-analytical techniques therefore confirm the struc-
ture proposed by earlier workers. Hydrogen may be incorporated in the outer layer
of the cation-deficient oxide. In films as thin as these there is probably no phase
boundary between Fe;04 and y-Fe,O; but a constant oxygen lattice with a varying
ion concentration from the metal-oxide interface to the solution-oxide interface.
Although there may indeed be no sharp boundary between Fe,O4 and v-Fe, 03,
the sandwich model does underscore the fact that there are significant differences
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Figure 2 Passivity of iron. SIMS profiles from (a) a passive oxide film formed in pH 8.4
borate buffer solution at (.14 V (vs. Hg/Hg,80,) for 1 h; (b) a “dry” sputter-deposited Fe,0;
film; {c) a “wet” PeQOH film. Sputtering was by 1-keV xenon ions. {(From Ref. 20.)

between the inner and outer layers. One of the imporiant experimental results
supporting the bilayer view is the two-stage cathodic reduction of the passive oxide
film [6]. It has also been suggested [21] that the oxide film is a single-phase oxide and
that the two cathodic reduction arrests discussed in the following are simply due to a
two-stage reduction process, much like that seen with AgO or CuO. However, the
experimental evidence in favor of the two-layer model is considerable, and the
prevalent view at the present time favors the y-Fe,03/FeaOy4 structure.

SIMS can be used to study in detail the cathodic reduction (i.e., removal) of
passive films formed on iron in borate solutions enriched with 80 [14]. Figure 3a
shows the typical cathodic reduction profile with two arrests, the first likely due to
the reduction of v-Fe;O; and the second representing reduction of Fe;O, [6].
Figure 3b shows the oxide thickness as determined by SIMS as a function of
cathodic reduction. Experimentafly, samples were anodized in 10% '®O-enriched
solution and, after rinsing, were reduced to various extents in nonenriched solution.
The break point in Figure 3b corresponds to the sharp drop in potential in the re-
duction curve and provides direct evidence for two different reduction mechanisms
corresponding to the two arrests in the cathodic reduction profile. Comparison of the
slopes in Figure 3b with calculated charge efficiencies for various reactions indicates
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Figure 3 Passivity of iron. (a) Cathodic reduction profile (10 pA cm2) of a passive film
formed in pH 8.4 borate bufler solution of 0.4 V (vs. Hg/Hg,50,) for 1 h. (b) Oxide thickness
as determined from '*0/SIMS as a function of cathodic reduction; the slopes of the two lines
are indicated. (From Ref. 14.)

that the first reduction represents y-Fe,O3—Fe’™ in solution (conversion rate,
1.56 nm/mC/cm?). The observed efficiency is not in agreement with reductions of
v-FeOOH, supporting the SIMS data discussed earlier indicating that the film
contains no bound OH™. The second reduction is most probably associated with
Fe;0s—Fe (metal), with a current efficiency ~ 60%.

Additional support for the bilayer model comes from ring-disk experlments
which indicate that reduction of the outer y-Fe,O layer penerates Fe* ™ in solution
[22] and the in situ ellipsometric work of Ord and DeSmet [23], which identifies an
outer, electrically limiting layer of v-Fe,0 and an inner conducting layer of Fe Oy,
An alternative model for the passive filim is the chemiconductor model of Cahan and
Chen [24], which suggests that the oxide is not a classical semiconductor but a highly
doped film with Fe? ™ and Fe** as defects; the stoichiometry of this film can vary
over 4 wide, continuous range in response to changes in the electrode potential. It is
evident thal even with this model, the oxide film near the iron electrode contains
Fe? ™ and is therefore akin to FesQ,. It is also interesting to note that the Fe'*
species discussed by Cahan and Chen is essentially equivalent to the Fe®™ defect
species suggested by Nagayama and Cohen 6], each being a surface species which
could influence film behavior such as breakdown. Schultze and co-workers [25,26]
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Figure 4 Passivity of iron. Magnitude of the Fourier transforms of EXAFS spectra for (a)
ex situ and (b} in situ films. Nitrite-formed film results are given by the dashed lines and
chromate formed film results by the solid lines. (From Ref, 30.)

have shown that the semiconductor mode! of the passive film can be used as a good
approximation for the passive film in the steady state.

In a series of experiments designed to investigate directly the structure of
oxide films on iron, Kruger et al. [27-31] employed the sophisticated technique
known as EXAFS (extended X-ray absorption fine structure). The technique per-
mitted specira to be obtained for films in in situ conditions and for comparisons to
be made with ex situ measurements (i.e., out of the electrolyte solution in the “dry”
condition). It should be mentioned here that the majority of the films examined
were not anodically formed but rather chemically prepared by exposure of iron to
such passivating solutions as nitrite or chromate. Nevertheless, the results indicated
very significant differences between the in situ and ex situ films, suggesting that
“drying” of the films for ex situ examination does lead to major structural changes.
Comparisons of ex situ and in situ films formed in nitrite and chromate are shown
in Figure 4. The implication is that great care has to be taken when employing ex
situ techniques, such as the ultrahigh-vacuum (UHYV) spectroscopies or RHEED,
because some films being studied may be structurally different from those present
when the electrode is immersed in the electrolyte. In more recent research em-
ploying the spin-polarized neutron reflectivity technique, Krebs, Kruger, and co-
workers [32,33] have studied in situ the passive film formed anodically on iron in
the pH 8.4 borate buffer. The passive film was observed to be different from the
air-formed film. If the passive film proves to be ferromagnetic, it would support an
Fe;0y4 or Fe;04/v-Fe,05 bilayer model. However, as mentioned previously [19],
there is some concern that what may appear as ferromagnetism in a bulk oxide
would instead become superparamagnetism in a thin film. As pointed to by Krebs
et al. [33], if this is the case for the passive film on iron, then it will be extremely
difficult to apply a polarizing magnetic field strong enough to observe any changes
in magnetic scattering density.
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Figure 5 Atomically resolved §TM image recorded in air of the passive film on iron in pH
8.4 borate buffer at 1040 mV (NHE) for 15 min. (From Ref. 119)

More recent studies have used in situ and ex situ scanning tunneling microscopy
(STM) [119] X-ray scattering [120,121] to study the passive film formed on iron in
borate buffer solution. Ex situ STM examination in air (Fig, 5) showed long-range
crystalline order on the film surface with the same triangular lattice of spacing
0.30£0.01 nm appearing on all the crystallites studied. In situ STM at intermediate
potentials after passivation at high potentials showed the same lattice on a large
number of areas. The structure is consistent with a v-Fe,03/Fe;04 structure of the
passive film and the results refute the suggestion of a highly disordered or amorphous
passive film. X-ray scattering data [120,121] of the passive film are consistent with a
spinel oxide (y-Fey0s, FesQy, or related structure) and inconsistent with other crys-
talline bulk oxides, hydroxides, or oxyhydroxides. However, the data demonstrate
that neither Fe;Oy, v-FeyOs, nor any combination of these phases can adequately
describe the experimental data. The model proposed [120,121] assumes a uniform
distribution of vacancies and interstitials and the best-fit structure has a stoichiometry
of Feq 949203, which indicates that most of the Fe cations are in the Fe’* state. In the
proposed structure, the octahedral vacancies are randomly distributed but occupy
specific sites in v-Fe,O3 and are absent in Fe;Oy; in y-Fe;O4 and FeqQy the tetrahedral
sites are fully occupied and there are no octahedral interstitials.

NATURE OF THE PASSIVE FILM ON NICKEL

The situation with nickel is quite different from that for iron, passivity being readily
achieved in a wide variety of sclutions over a large range of pIT [34]. In the case of
nickel, there is not the necessity to have a highly buffered neutral solution in order to
achieve good passivity, and this may be due to the fact that the potential for anodic
deposition of an NiQOH film is fairly high [35]. For example, nickel passivates much
more readily than iron in unbuffered pH 3.0 Na, S0, [34]. Iron is much more sen-
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sitive to the conditions of passivation than nickel, and good passivity can be
achieved with iron only under rather specific conditions. The fundamental reason for
this difference is most probably associated with differences in the nature of the
passive oxide film present on each metal.

As with iron, a considerable amount of works has been performed on nickel to
investigate the nature of the passive oxide film. The exact composition of this film is
still under discussion, but there is general agreement that its thickness is between 0.9
and 1.2 nm [35,36] and that anodic potential does not have a strong influence on
thickness. In contrast, with iron and oxide film thickness varies from 1.5 to 4.5 nm
depending on the electrode potential. The two most prevalent views of the passive film
on nickel are that it is either entirely NiO with a small amount of nonstoichiometry
giving rise to Ni** and cation vacancies [37] or that it consists of an inner layer of
NiO and an outer hydrous layer of Ni(OH), [38]. In the latter view, the film structure
is similar to that observed when value metals (e.g., aluminum and tantalum) are
anodized in acid solution. (A review of the subject is given in Ref. 39.) Evidence in
support of the two-layer model comes mainly from XPS investigations [38,40,41].
Figure 6 shows XPS data of Marcus et al. [38]. The O ls region for the passive film
shows two fairly well-resolved peaks at 529.8 eV and 531.6 eV with a shoulder at
higher binding energy. These two peaks correspond to the positions of oxygen in NiO
and Ni(OH),. (The shoulder is assigned to sulfate.) There may, however, be other
interpretations of these XPS data as suggested by Roberts and co-workers [42], who
point out that Ni* defects can give rise to spectral features very similar to those of
Ni(OH),. Another view is that the NiO film has some adsorbed hydroxyl ions on the
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Figure 6 Passivity of nickel. XPS spectra of a nickel(100) electrode after passivation in
0.1 N H,80. at 0.54 V (vs. SHE) for 30 min. (row 1); row 2 shows spectra obtained after ion
etching (0.5 keV, 1 min, Py, =4 x 1077 torr). (From Ref. 38.)
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surface and this gives rise to the observed spectral features [43]. Even the proponents
of Ni{OH), suggest that it is present not as the bulk hydroxide with a hexagonal
lattice but rather as some modification to the NiO structure. The highly crystalline
structure of the passive film formed on nickel in 0.05. M H,SO, solution has been
characterized by ex situ and in situ STM studies of Maurice, Talah and Marcus
[44,122-124]. The crystalline lattice observed on an atomic scale is shown in Figure 7.
The surface structure is characterized by the presence of steps and kinks (Fig. 7a) and
point defects possibly related to vacancies (a divacancy is imaged in Fig. 7b).
The lattice parameter is consistent with that of {111)NiO as the inner component
of the passive film and the (0001) orientation of B-Ni(OH), as the outer component of
the passive film, which is ~ one monolayer thick. The formation of a stepped crys-
talline structure consistent with (111)NiQ and (0001) B-Ni(OH); has been confirmed
in situ for Ni(111) passivated in pH 3 acid solutions [125,126]. It is clear that the
passive film is composed almost entirely of Ni** cations, in contrast to the situation
with iron, where one finds Fe?*, Fe T, and possibly even Fe** and/or Feb T, The

Figure 7 Ex situ STM topographic images of the passive fiim formed on Ni(111) in 0.05 M
H>80y at 750 mV/SHE. The left image (a} above shows the stepped crystalline structure
(Vy = +0.135V, I, = 0.8nA, AZ = 0.6nm). The right image (b) shows the lattice recorded on
the terraces (F; = +0.111V, I; =0.5nA, AZ = 0.6nm). The hexagonal cell and two point
defects are marked. (From Ref, 124.)
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Figure 7b

passive oxide film on nickel, once formed, cannot easily be removed by either cathodic
treatment or chemical dissolution; indeed, one usually has to revert to electro-
polishing to get back again to the bare nickel surface [45). This is in sharp contrast to
the situation with iron, where the passive film is readily removed, and again points to
differences in oxide stoichiometry (and possibly structure} playing a major role.

KINETiICS OF OXIDE FILM GROWTH

The growth of passive oxide films has been extensively studied on metals such as iron
and nickel. Ideally, an electrolyte giving 100% current efficiency for oxide growth is
used and the decay of current with time is monitored after the potential has been
adjusted to a constant value (i.e., the electrode is under potentiostatic control). After
some initia] few milliseconds, the anodic current is usually observed to decrease in a
manner which gives tise to a linear log i-log ¢ plot (see, ¢.g., Fig. 11). The results can
be understood in terms of a logarithmic growth of the oxide with time and a cor-
responding exponential decrease of the cutrent with film thickness (dox), 1.€.,

dox oc log !

ioc exXp — dox
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or
dox o logi

This means that each 10-fold increase in time results in the same increase in film
thickness, say by an amount Ax, and that each increase by this amount Ax is capable
of decreasing the rate of further growth by a factor of 10. As seen above, when oxide
growth is governed by the direct logarithmic law, the slope of the log i-lot ¢ plot will
be —1. Another commonly observed growth law, the inverse logarithmic law, is based
on the early work of Cabrera and Mott [46], which is considered in more detail in the
chapter on thin oxide film formation. Cabrera and Mott suggested that growth occurs
by a high-field conduction of metal ions through the oxide film and that the activation
barrier is at the metal-oxide interface. This should be especially true when the film is
very thin (nm thickness range) so that ion movement through the film is not the rate-
determining step. Both the direct and inverse logarithmic laws give very similar ki-
netic results and it is extremely difficult to distinguish between them. Although the
situation with oxide film growth in the early stages is a very complex topic, there
seems to be more or less general agreement that the first-formed phase is a chemi-
sorbed oxygen layer. At certain sites on the electrode surface this two-
dimensional phase begins to convert to a three-dimensional phase oxide, which
spreads across the entire surface. This is the so-called nucleation-lateral growth
mechanism for oxide formation. The oxide continues to grow (i.e., thicken) as long as
its rate of formation exceeds its rate of dissolution. It should be noted that not only
the nature of the metal and the applied electrode potential but also the nature of the
surrounding electrolyte are important in determining the kinetics of oxide growth.

PASSIVE FILM STABILITY

In the case of iron, as mentioned earlier, only films formed at very low passivating
potentials thicken to ~ 1.7 nm upon air exposure, Oxide films on nickel are stable
over the entire passive potential range and are not affected by air exposure, at least in
terms of the amount of oxygen in the oxide film and its origin. This resistance to air
exposure of passive films formed on iron and nickel makes their examination by ex
situ techniques much more valid and the subsequent results more meaningful.
Detailed worl in the case of nickel, using the open-circuit potential decay technique,
shows that the passive oxide film is most likely resistant to any transformation upon
both air exposure and ultrahigh-vacuum pumping [47]. It needs to be emphasized,
however, that the pH of the formation electrolyte can have a strong influence on
ex situ analysis. This arises because upon breaking the electrical circuit prior to ex-
posing the electrode to air, the oxide film i$ in contact with the electrolyte, which, if it
is too aggressive, can dissolve at least some of the film. For this reason, it is not a
simple matter to obtain reliable ex situ results when acid solutions (i.e., pH < 2.0)
are used. In this context, the safest solution when working with both iron and nickel is
pH 8.4 borate buffer, in which the rate of oxide chemical dissolution is extremely low.

SIMS has also been used to study the air stability of oxide films formed on Fe-
Cr alloys in H2O-enriched solutions [48,49]. At first glance, the results are somewhat
surprising and suggest that the oxides are less stable to air exposure than those
formed on nickel and iron. Indeed, the exient of this air instability increases
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significantly in going from Fe-6Cr to Fe-26Cr; i.e., more chromium in the alloy
translates to more change upon ait exposure. These results are discussed further in
the sections on passive films on alloys.

BREAKDOWN OF PASSIVE FILMS ON IRON AND NICKEL

For iron, the consensus view is that the v-Fe,05 layer is responsible for passivity
[14,23,50] while the FesO, provides the basis for formation of the higher oxidation
state but does not directly contribute toward the lowering of the anodic dissolution
currents. The most probable reason that iron is more difficult to passivate (and is
more sensitive to the passivating conditions) than nickel is that with iron it is not
possible to go directly to the passivating species y-Fes0s. Tnstead, a lower oxidation
state film of FesOy is required, and this film is highly susceptible to chemical dis-
solution. Until the conditions are established whereby the FesO4 phase can exist on
the sutface for a reasonable period of time, the y-Fe,0 layer will not form and
active-type iron dissolution will continue. Indeed, it is generally accepted that the
active dissolution of iron occurs via an oxide intermediate [51], possibly Fe(OH)ads
or Fe(OH), as reviewed by Brusic [52], which is not a three-dimensional oxide phase.
At a sufficiently high anodic potential (which depends on solution composition and
pH), the conversion of this oxide intermediate into a true three-dimensional passive
oxide is favored over its dissolution. A similar model for active dissolution applies to
nickel, the oxide intermediate being Ni(OH)ags or Ni(OH)s. Nickel, however, is
different from iron in that the passivating species—an Ni2* oxide considered to be
NiQ with possibly some Ni(OH), at the outer surface—does not require any m-
tervening oxidation state in order to exist. This means that passivity can be estab-
lished, in a wide variety of solutions, without the need for large amounts of metal
dissolution and subsequent salt film formation.

Although the passive oxide film on nickel is very thin { ~ 1 nm), it can be highly
resistant to breakdown by either chemical dissolution or cathedic reduction and can
suppress the anodic dissolution current to very low values. In spite of the fact that
there is little variation in the thickness of the oxide with film formation conditions,
the resistance of the film to breakdown can vary over many orders of magnitude [53].
This can be explained in terms of the “defect’” character of the film and the influence
of conditions of film formation on the density of film defects. Indeed, the highly
defective nature of the thin (< 1nm) air-formed NiO film makes it possible to
remove this particular film easily [54]. The nature of the defects is not really known
but may well be related to Ni** and corresponding cation vacancies. The thickness of
anodic oxides on nickel can be increased above 1.2 nm by galvanostatic polarization
in borate buffer [53), with the thickness increasing with time and eventually reaching
values in excess of 200 nm. The oxide film in this case consists of an inner compact
layer of ~ 1nm NiO with the thick outer porous part being B-NiQOH. The
considerable increase in oxide film thickness does little or nothing to increase re-
sisiance to breakdown, as evidenced by the much faster film growth with increasing
thickness [35]. Although there may be some exceptions, it is frequently found that the
thicker the oxide, the less protective it is. In fact, it has been suggested that increasing
the oxide film thickness beyond the normal passive film value is detrimental to its
resistance to breakdown [56].
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The origin of passive currents has been the subject of considerable discussion,
the obvious question being whether low passive currents always indicate a high
degree of resistance to oxide film breakdown. Research on the passivation of nickel
has resulted in considerable advances in our understanding of this area, especially
with the use of 18O/SIMS to identify changes which occur in the oxide film [(57].
Figure 8 shows the results obtained when nickel previcusly passivated in a borate
solution containing 23% '%0 is exposed to a pH 1.0 Na,SO, solution containing no
added '*0. The percentage of "0 decreases with time, suggesting that there are
breakdown and repair events occurring within the oxide which lead to its eventual
complete re-formation in the non-'20 electrolyte . In Figure 8, the rate of the current
increase in the Na,SO, electrolyte is a direct function of the conditions of prior
anodization in the borate solution; the rate of current increase is lower at longer
times and higher anodic potentials. The reorganization of the film to a new steady
state in the more acid solution is therefore dependent on the defect character of the
oxide. One important observation in this work {57] was the almost total absence of
the influence of chloride ion (C17) in the acid solution on the kinetics of film re-
organization, suggesting that Cl~ in solution was not, at least in this particular case,
facilitating chemical dissolution of the oxide film. The conclusion was that the defect
character of the NiO film, in conjunction with the aggressiveness of the solution,
established the current which flows in the passive region. Consequently, for constant
solution aggressiveness, the passive current is a monitor of the defect character of the
film. The situation with iron is somewhat different in that the current efficiency for
passive film formation in pH 8.4 borate buffer is essentialty 100%, meaning that all
of the anodic charge is used to thicken the film [6]. In this case, the passive current is
a measure of the rate of film formation, not iron dissolution. For nickel, even in pH
8.4 borate buffer, the current efficiency for film formation is < 20%,indicating that a
great deal of the anodic charge is associated with dissolution, Therefore, for nickel,
the anodic current is a good measure of the resistance of the system to corrosion,
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Figure 8 Passivity of nickel. Increase of anodic current with time for nickel prepassivated in
pH 7.65 borate buffer solution (23% '0) at 0.4 V (vs. Hg/Hg80,) for 5 min and then
transferred to a pH 1.0 Na,SO, (100% °0) solution for continued polarization at 0.4 V. Also
shown is the percentage of '*O detected in the oxide film by SIMS at various times of exposure
to the pH 1.0 Na,SOy solution, (From Ref. 57)
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In discussions of passivity and its breakdown, the influence of solution anions
is usually considered only with reference to aggressive species like chloride (CI7),
bromide {Br7), and fluoride (F7). Some important papers, however, have con-
centrated on the influence of nonaggressive anions on metal passivity [1 1,58,59] and
the importance of these species in the passivation process. For iron, while it is clear
that solution pH plays a critical role in passivation, it is also apparent that the nature
of the anion can determine the growth and development of the surface oxide film.
For example, the anodic activity of iron is found to be much lower in borate than
acetate solution at the same pH of 7.4. This suggests that the solution anion species
in borate are highly beneficial for iron passivation, in agreement with a number of
papers which have proposed the direct (inhibitive) participation of borate buffer
anion species in iron oxidation [60,61]. The choice of borate as the “ideal” solution
for passivating iron is therefore no mere accident but the selection of a solution with
good inhibitive ability. The participation of solution anion species in the dissolution
and passivation is clearly illustrated in experiments at constant pH (7.4) but with a
widely varying acctate concentration [58,62]. The fact that the anodic activity de-
pends on acetate concentration suggests the direct participation of acetate anions in
the anodic processes. In this research area, a series of papers by Kolotyrkin and co-
workers [63-65] has given considerable insight into the formation of charge transfer
complexes at the iron surface and the involvement of these complexes in the passi-
vation process. It is evident from the foregoing that solution anions can influence the
current efficiency for passive oxide film formation on iron and can therefore dictate
whether or not localized pitting corrosion will oceur in halide-containing solutions
(see, e.g., Refs. 66 and 67). These effects are much more subtle than the frequently
encountered salt film development in nonbuffered solutions of sulfate or perchlorate
but are certainly no less important, A major problem in this area of research is the
inability to have a solution anion species with simultaneously good buffer capacity
and absence of interaction with the iron anode surface; indeed, by their very defi-
nition, good buffers consist of anions with strong complexing ability. Because of this,
the role of buffer capacity (through solution pH) and inhibiting absorption ability
are next to impossible to separate. Such a separation becomes important in the area
of pitting corrosion, since both large changes in local solution pH and competitive
adsorption of aggressive anions such as C1~ are occurring.

A great many papers have been written about the important role that solution
anions play in corrosion and passivation, especially of iron. An excellent chapter was
published some years ago by Hensler in Encyclopedia of Electrochemistry of the
Elements [68]. Examples of other, more recent publications are articles by Sato [69]
and Kuznetsov and Valuev [70]. The concept of solution anions interacting with ihe
electrode sutface and forming surface-ligand complexes, as well as influencing the
potential distribution at the surface, is being developed. It is becoming apparent that
‘1 order to understand the mechanism of passivation and its breakdown, it is ne-
cessary to understand both the electrode and the electrolyte solution and the inter-
action between these two components of the corrosion process.

The strong influence of nonhalide anions on the passivation of iron is illu-
strated by experiments in which borate was added to sulfate solution. In pure sullate,
passivation occurs only after formation of a salt film, which requires the passage of
considerable anodic charge. In borate solution, as mentioned earlier, the passive film
forms with essentially 100% current efficiency. the addition of borate to sulfate
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results in a gradual decrease in the anodic passivation charge, and with a 20% borate
addition the charge decreases to its minimum. The beneficial influence of borate is
believed to be due to its ability to facilitate the nucleation of surface oxide [71] as well
as controlling the surface pH during the potential step anodization. The fact that one
does not require 100% borate in order to have a falrly efficient passive film growth
has important implications for its use as a corrosion inhibitor.

In the case of nickel, the nature of the electrolyte does not play as major a
role as it does with iron -and slat films do not appear to play any role in the
passivation process. Nevertheless, solution anions still exert some influence on nickel
passivation [72]. Any discussion of the involvement of halide ions, such as CI~, in the
passivation process must take into account the rather distinct differences in the
passivation behavior of iron and nickel. It has been observed that Ci™ in solution has
little or no influence on the anodic passivation of iron in pH 8.4 borate buffer [73],
but the same is also true for nickel in borate solution. On the other hand, the pas-
sivation of nickel in pH 8.4 Na,SOy, is definitely influenced by the presence of C1™ in
solution [74], the anodic charge increasing with increasing [C17]. The gradual addi-
tion of borate to a Cl™-containing sulfate solution is found to decrease the anodic
passivation charge such that when ~ 10% borate is present, CI™ no longer has much
influence on passivation.

ROLE CF CHLORIDE IDN IN PASSIVE FILM BREAKDOWN

Although it has been well known for many decades that CI™ gives rise to local pitting
corrosion of metals and alloys, the precise role of C1” in achieving pitting is not well
understood. For example, it is still not clear whether Cl™ causes the initial local
breakdown of the passive oxide film or simply interferes with the repassivation
process after the film has broken down locally because of chemical dissolution 75—
77]. In analyzing data on Cl™-induced pitting, it is important to determine whether
the passive oxide film was formed in a Cl™ -containing solution or the C1~ was added
only after passivity was established in the absence of Cl™. The first type of experi-
ment is much easier than the second in terms of reproducibility of results and the
time needed for pitting to occur (usually called the induction time). One of the fa-
vored models to explain the initiation of pitting corrosion involves the incorporation
of CI™ into the oxide lattice and its possible diffusion to the metal-oxide interface to
initiate local breakdown events [78-80]. To check this possibility, a considerable
amount of research has been performed in an attempt to detect the presence of C1™ in
passive oxide films on iron and nickel. The best chance of getting C1~ into the oxide
lattice should be to form the film potentiostatically in a reasonably concentrated Cl~
solution (e.g., 0.25 M) under conditions where significant pitting has not begun so as
not to simply detect a chloride-containing corrosion salt film which exists in well-
developed pits [81], In CI™~containing borate solution, there is no indication of any
Cl™ in the anodic film on iron [82], perhaps in agreement with the fact that Cl~ has
no influence on the passivation charge [73]. On the other hand, nickel passivated in a
CI” -containing sulfate solution is found to contain a considerable amount of in-
corporated Cl, the actual amount depending on the [Cl7 ] in solution and the anodic
potential [83]. This incorporated Cl~ makes the passive oxide film on nickel more
defective, decreasing its resistance to open-circuit chemical dissolution [84]. It might
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Figure 9 Passivity of nickel. Induction time for pitting vs. poteniial of anodization for nickel
samples pretreated at 0.3 V in pH 4.0 Na,SO, either with (o} or without (o) ] M Cl™ in so-
Jution, and pitted in a 0.08 M CI” solution. (From Ref. 84.)

be expecied that this incorporated C1™ would also increase the susceptibility of nickel
fo pitting, but this is not the case. In a series of carefully performed experiments, the
resistance to pitting (based on the pitting potential) was actually much higher in the
case in which the passive film on nickel contained CI™ [84]. This is shown in Figure 9,
which illustrates the results obtained when nickel prepassivated in either a CI™-free
or a Cl™-containing solution is exposed to a different Cl -containing solution to
measure the induction time to pitting. The sample prepassivated in the €l -con-
taining solution (and with > 5 at % CI” incorporated in the oxide lattice [83]) re-
quires much higher anodic potentials for pitting to occur. Whatever the reason for
this result, it certainly suggests that the Cl° incorporation into the passive oxide film
on nickel is not the reason for pit initiation.

Research by Heusler and Fischer on Cl™-induced pitting of prepassivated iron
[85] and Fe-6Cr {86] in borate buffer solution suggested an interesting model for pit
initiation. A rotating ring-disk electrode system was used to monitor the production
of Fe?+ and Fe'  after the addition of CI™ to the borate solution. During the in-
duction time before pitting began, the current associated with Fe’ " appeared to
increase while that for Fe?t production (as well as the total current) remained
constant (the result is illustrated in Fig. 10). This was taken to indicate that CI™ ions
caused “local” currentless dissolution of the oxide, i.c., local film thinning, by ad-
sorbing on the surface and interfering with film repair. When this had proceeded
sufficiently, bare metal was locally exposed and pitting began, with a corresponding
large increase in the current associated with Fe?* production. It should be noted
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Figure 10 Passivity of iron. Charges in total anodic current j, iron(IIT) ion dissolution
current jryy (passive film dissolution current), and iron II Jreqny (pitting dissolution current)
for passive iron in borate solution as function of time after introduction of chloride ions.
(From Ref. 85.)

from Figure 10 that the induction time is very short (<10 s) and the current asso-
ciated with Fe?* production (measured by applying a cathodic potential to the ring)
is very noisy. These ideas have been further expanded by Heusler and colleagues (see,
e.2., Refs. 87-89) by using electrochemical noise analysis to study the random pitting
process. Although the ideas developed are intriguing, it should be noted that these
important ring-disk experiments have not, to the best of our knowledge, been re-
peated by other researchers. Strehblow et al. [90] attempted to repeat the experiments
but could not detect any Fe® . Independent confirmation of the result would be
helpful in resolving important aspects of passivity.

There are strong suggestions from other experiments that Cl~ does not alter
the passive film on iron during the induction time prior to pitting [91]. Indeed, it has
been observed that once a “good” passive film on iron has been formed (c.g., In the
pH 8.4 borate buffer solution), ClI~ will not cause pit initiation even at high po-
tentials in the passive region [73,92]. In this situation pitting would have to await
disruption of the film by mechanical, chemical (e.g., due to a change in solution pH),
or electrochemical (e.g., due to transpassive dissolution at very high anodic poten-
tials) means. In this latter work [73,92,93], an interesting model for pit initiation on
iron was proposed. Pit initiation was found to be associated with a particular stage in
the development of the passive film, corresponding to a specific film thickness, which
was dependent on the halide concentration (C1™ or Br™) but not on the anodic
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Figure 11 Breakdown of passive films on iron. (a) Current transients for various potentiais
in the passive region. The solid curves are for iron in solution containing 9.45 x 1073 M NaCl
in borate buffer and the dashed curves are for iron in pure borate buffer. The current density
scale refers to the top curve, at 0.1 V. For clarity, at lower potentials the curves have been
displaced by factors of 10. The arrows show the points at which the curves can be seen to
diverge, with the number referring to the integrated anodic charge, in mC ¢m™?, which has
passed to this point. (b) This anodic charge passed [Q@a{pit)] before pitting occurred in
9.45 % 10~ M NaCl as a function of anodizing potential. (c} SIMS [C1™ J(CI” + Fe'®0y)]
signal depih profiles for films on iron in Cl--free and Ci~-containing borate buffer solutjons.
The dta have been truncated at the oxide-metal interface. (d) Average values of Qa(pit) as a
function of halide concentration in various buffer solutions. {From Ref. 93.)

potential. This critical stage of development was characterized by the amount of
anodic charge which had passed prior to pitting.

Figure 11a shows some potentiostatic current transients for iron in solutions with
and without C1~. Below the pitting potential, the two curves are coincident. Above the
pitting potential, after a certain anodization time, the two curves are seen to deviate.
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The charge passed to this point of deviation is defined as 0, (pit). As seen Figure 11b,
Qa (pit) remains relatively constant with potential even though the induction time for
pitting decreases as the potential increases. SIMS has been used to monitor the
thickness and halide content of the film during growth [91]. During the induction time
to pitting, the film was found to grow at the same rate in halide-containing and halide-
free solutions. Figure 11c illustrates the C1~ concentration in passive films formed in
CI” -containing and C1™-free borate buffer under various conditions as determined by
SIMS. CI” was present only on the surface of the samples, and its concentration did not
depend on the presence of Cl™ in the solution and whether pitting had or had not
occurred. These results suggest that pitting is associated with a particular combination
of film thickness and halide concentration. This is illustrated in Figure 11d, which
shows average values of Qa (pit), obtained for a variety of buffer solutions and halide
ion concentrations, Clearly, Qs (pit) depends on the halide concentration, is in-
dependent of solution pH (between 7.4 and 8.4), and is strongly dependent on the
identity of the solution species, both the nature of the halide ion (C1™ or Br~) and that of
the supporting buffer (borate or acetate). A larger value of Q4 (pit) is associated with
less aggressive solution, so C1™ is seen to be more aggressive than Br~, and 1 M acetate
inhibits pitting compared with 0.4 M borate. While these experiments suggest that pit
injtiation is associated with the development of a particular thickness of oxide film, the
exact reason for pitting susceptibility at a specific oxide film thickness is not clear but
appears to berelated to the formation of some sort of surface complex between the still
developing oxide film and the halide ions in solution,

There are many different explanations for pit initiation, but there seerns at least
to be general agreement that locally high CI™ concentrations and low solution pH
values strongly favor the process [81,94,95]. One of the major problems over the
years has been to distinguish between pit initiation and propagation, ie., to de-
termine if there is a difference between the factors which keep the pitting process
going and those which started pitting in the first place. The electrolyte conditions
inside well-developed pits have been investigated by a number of workers (see, e.g.,
Ref. 96), all of whom found a high [CI7] and low pH. On the other hand, the in-
itiation process is much more difficult to study because the pits are extremely small
[97] and the state is transitory. A technique known as noise analysis has been used by
several groups to study pit initiation [98], but the results are still open to different
interpretations. There are also suggestions that the pitting process is not determi-
ninstic (i.e., with a constant induction time for constant electrochemical conditions)
but rather random and amenable to stochastic (statistical) theory [99]. The ideas
elaborated in Chapter 10 would explain the scatter of results and difficulty in
achieving reproducibility when doing pitting experiments. The other point of view is
that pitting is deterministic but at the same time very sensitive to many experimental
parameters such that reproducibility is not easy to achieve. Although considerable
effort and advances have been made in the stochastic approach to pitting, it has so
far not made the mechanism of the pit initiation process much clearer.

PASSIVE FILMS ON [RON AND NICKEL ALLOYS

As indicated earlier, a clear understanding of the nature, role, and stability of the
passive oxide film on pure iron and nickel is not easy to achieve. The difficultics are
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even more pronounced in the case of alloys, in which more than one metallic
component is involved. The most important simple alloy is probably Fe-Cr, and this
systemn has been investigated extensively for more than 50 years. The reason for the
interest is straightforward: the addition of chromium to iron improves the corrosion
resistance of the latter, This improvement is most probably due to changes in the
nature of the passive oxide film because of the presence of chromium in the film. The
resistance to corrosion tends to increase with chromium content in the alloy, with
abrupt improvement occuring at ~12% chromium [100]. This result has been cor-
related with the increasing tendency of the oxide film to become more disordered
(i.e., Iess crystalline) as the chromium content of the alloy increases [101], the sug-
gestion being that an amorphous (or vitreous) oxide [102] is more resistant to
breakdown than a crystalline one [103]. Besides these important changes in the oxide
film structure, there are also changes in the composition and thickness of the film
when clhiromium is present [104]. The oxide tends to be thinner and more chromium
vich as the chromium content of the alloy increases [105}; the thickness of the passive
oxide films is ~ 1.7 nm, in contrast to values of up to 5 nm for pure iron. With
chromium in the alloy (especially > 12%), the nature of the passivation solution is
not nearly as important as it is in the case of iron. Indeed, it is more appropriate to
work in aggressive (acid) solutions if one wants to remove the prior air-formed oxide
filim on, e.g., the electropolished alloy [106]. The explanation given above for the lack
of corrosion resistance of iron was the nature of the passive oxide film and the ne-
cessity to form a prior Fe;Og-type oxide which is very susceptible to dissolution.
With the addition of more than 12% chromjum to the alloy, the mechanism and/or
stages of passive oxide film formation change and ihe initially formed is stable even
in very strong acid solution; i.e., there is no requirement for the formation of a salt
layer to assist passivation.

Chromium is known to have a strong tendency to form oxyhydroxide com-
pounds, and the presence of chromium in the passive film on Fe-Cr alloys is thought
to ensure a somewhat hydrated structure for the oxide [107]. In fact, there have been
suggestions that “‘bound water” is present in the film, and this helps to facilitate film
repair after film breakdown [108] and thus helps Fe-Cr alloys to resist pitting cor-
rosion. The bound water model is still, however, not generally accepted and remains
the subject of some speculation.

The '%0/SIMS work mentioned earlier on various Fe-Cr alloys [48,49] in-
dicated that the more chromium in the alloy, the more likely it is that changes will
oceut on air exposure, with Fe-26Cr alloys being less resistant to change than Fe-6Cr
alloys. This instability of the passive film on alloys with a high chromium content
was taken to be an inherent property of the film, possibly associated with the pre-
sence of exchangeable hydroxyl species. This instability, however, gives the films
the flexibility to respond to changing environmental conditions and may explain
the increased resistance of the alloys to pitting Kruger [102], who suggested that the
bond and structural fexibility of the oxide films on high chromium content alloys
makes them more resistant to breakdown and therefore the system more resistant to
corrosion. Fe-26Cr alloys tend to be very resistant to pitting corrosion, in fact so
much so that special conditions are required to initiate pits {109]. Also, the oxide
films are very resistant to removal and even the air-formed film on Fe-26Cr requires
a strong ctching treatment in an acid solution for its complete removal, as observed
by Frankenthal {106] and others [49]. The oxide film on Fe-Cr alloys in the passive
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potential region consists mainly of Fe**, Cr**, and some Fe?™ [110], but at higher
anodic potentials in the transpassive region some of the Cr** is convered to Cr®*,
which is highly soluble [111]. For this reason, transpassive dissolution can lead to
significant amounts of dissolution of the oxide film on Fe-Cr alloys and hence
corrosion.

More recently, in situ XANES (X-ray absorption near edge spectroscopy) [127]
and STM [128,129] have been used to study the composition and structure of oxides
on Fe-Cr alloys. The XANES work [127] on a range of Fe-Cr alloys in pH 4.5
acetate buffer showed that at —1.2 V, the nonreducible oxide/hydroxide (remnants
of the air-formed film) consists entirely of Cr** and resembles Cr(OH); more than
Cr;0;. Upon stepping the potential to —0.3 V, additional alloy is oxidized but sig-
nificant amounts of the oxidized iron dissolve as Fe’*. Upon stepping the potential
from —1.2 to +0.2V, a significant amount of alloy oxidizes, in an Fe:Cr ratio
identical to that of the alloy, accompanied by little dissolution of iron. This results in
a passive film + 0.2 V with a composition less rich in chromium than at —0.3 V. The
transpassive film formed at +0.8 V is also enriched in chromium, primarily as Cr**
but with a small amount of Cr®. Ex situ STM [128] of passive films formed on Fe-
Cr alloys (15-25 at % Cr) in sulfuric acid solution shows more crystallinity in the
oxide at lower chromium contents, but alloys with 18 and 21 at % Cr show time-
dependent recrystallization. The films formed on 25 at % Cr alloys are normally
disordered. The results are interpreted in terms of the structural stability of a Cr,0,
or CrOOH gel formed by oxygen bridging of chromium atoms as they are exposed
by rapid selective dissolution of iron. When the gel is sufficiently mobile, it can
crystallize on a low-index plane of the metal surface. The STM images of the
crystalline surfaces are interpreted as [111] projections of the chromium oxide or
hydroxide structure. Ex situ STM of passive films formed on Fe-22Cr(110) single-
crystal surfaces [129] shows a coalescence of the oxide nuclei and a crystallization of
the inner Cr,0; layer in epitaxy with the substrate. The epitaxial relationship is o-
Cry03 (0001)//Fe-22 Cr(110). Aging under polarization is beneficial to the stability
of the passive film in air and prevents the dehydration reaction of the hydroxide
coupled to an oxidation reaction of iron observed on freshly passivated surfaces.
Comparison with a similar study of passivated Cr(110) surfaces [130] indicates that
the presence of iron plays a role in the coalescence and crystallization process oc-
curring during aging of the passivated alloy. surface under polarization. The crys-
tallization of oxide on (100)Fe-18Cr-13Ni single-crystal surfaces [131] proceeds
faster than on Fe-22Cr(110) because the rate is modified by the presence of nickel in
the alloy. Nickel is enriched in the metallic phase underneath the film and slows
down the formation of Cr;0; in the inner part of the film. This favors a more
complete process of crystallization. Aging under polarization is again beneficial to
the further stabilization of the passive film in air.

The electrochemical behavior of two Cr-containing alloys is compared with
that of pure iron in Figure 12, In each case, the electropolished sample was cath-
odically reduced at —2.4 V prior to initiation of the anodic sweep. Tn the case of iron,
the usual prepeak is observed at —1.2 V followed by an active dissolution peak at
—1.06 V. The subsequent passive region extends up to the point at which oxygen
evolution commences. The cathodic sweep displays two reduction waves, which, as
described earlier, correspond to the two stages normally observed during galvano-
static reduction of the passive film. For the Fe-6Cr alloy, the active dissolution pealk
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Figure 12 Cyclic voltammograms for iron, Fe-6Cr and Fe-26Cr at 0.5 mV s~ in pH 8.4
borate buffer. (—) Fe; (- - -) Fe-6Cr; () Fe-26Cr. (From Ref, 49))

is much smaller and there is some indication of transpassivity at 0.12 V. In the case
of Fe-26Cr, there is no active dissolution peak, only the prepeak which is observed
with pure iron. Also, a strong transpassive dissolution peak is present at 0.17 V, on
the cathodic sweep, a corresponding reduction wave is observed at —0.31 V. Al-
though this latter peak doubtless corresponds to the reduction of Cr®* in the oxide
film, the reaction is not quantitative because the anodic peak charge is substantially
larger than the cathodic one. The most probable explanation for this is that during
the scan of the anodic tramspassive region, a significant amount of the generated
(vt dissolves into the electrolyte and is therefore not available in the oxide film for
reduction during the next cathodic scan. The use of single anodic and cathodic scans,
such as those shown in Figure 12, provides a great deal of information about the
dissolution and passivation processes of metals and alloys. Considerable care,
however, has to be taken in order to avoid artifacts and, even when these are
avoided, interpretation of the results is not always simple. In comparison, current-
time transients resulting from potential-step experiments do not reveal the same
major differences between Fe, Fe-6Cr, and Fe-26Cr [49], except perhaps at longer
times of passivation and then only in a rather subtle manner. Indeed, in those ex-
periments in borate buffer the anodic currents at longer anodization times are ac-
tually higher with more chromium in the alloy. This initially unexpected result shows
just how difficult it is to understand Fe-Cr passivation comprehensively. It also in-
dicates that more than one electrochemical approach should be employed when
studying these systems if one wishes to avoid the mistake of making sweeping general
statements which are not necessarily correct. The subject of austenitic stainless steel
passivation will be discussed in detail in a following chapter.

Although less work has been done on the passivation of other binary alloys,
many interesting observations have been made and a few selected examples will be
considered. In the case of Ni-Fe alloys of varying composition, alloy dissolution re-
sults in surface enrichment with nickel (as a consequence of the preferential dis-
solution of iron) and the formation of a passive film composed of an inner layer of
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NiO and an outer layer of nickel and iron hydroxides [112,113], Because sulfur is
frequently found in steel, Marcus and Olefjord [112] also investigated the role of
suifur in the passivation of Ni-Fe alloys. They found that sulfur is enriched on the
surface during alloy dissolution and may concentrate to sufficiently high coverage to
block passivation completely. An alloy addition which increases the pitting resistance
of steels is molybdenum [114-116]; however, the role of molybdenum is still under
discussion. Research has been carried out on the binary Ni-Mo system [117] in an
attempt to beiter understand the role of molybdenum is suppressing corrosion. XPS
work on Ni-6 at % molybdenum showed surface enrichment of molybdenum during
alloy dissolution and enrichment of molybdenum in the passive film from 6% up to
10%. While nickel is still present as Ni*", molybdenum is present in the MoS" oxi-
dation state [118]. It is interesting to note that the presence of molybdenum in the
passive oxide film on the Ni-6% MO alloy was found to make the film more defective
in comparison with NiO, with higher anodic currents in the passive potential region
[118]. This might initially seem surprising considering that the presence of mo-
lybdenum in an alloy tends to increase the resistance to pitting corrosion. It should be
remembered, however, that a similar trend was observed when Cl™ was incorporated
in the passive film on nickel; i.e., the film is more defective so far as general dissolution
is concerned but more resistant to localized pitting corrosion. The results again point
to the observation that what is an oxide defect toward general chemical dissolution
may not be a defect for Cl™-induced pitting. Indeed, as far as pitting is concerned, it
may be better to have many oxide defects of a certain type rather than just a few of the
ones which give rise to pitting corrosion. The surface enrichment of molybdenum is
believed to facilitate the passivation process, e.g., by decreasing the active dissolution
current; however, the passive oxide film thus formed is not as perfect as it would
ordinarily be. Since there will be less active-type dissolution when the film breaks
down, the current efficiency for repair will be higher. This will mean that less CI™
migrates into the local breakdown arca, and there is therefore a smaller probability of
sustained breakdown, i.e., pitting corresion. This research on alloys illustrates how
important it is to distinguish between different types of defects in oxide films and their
different susceptibilities to breakdown leading to pitting corrosion.

CONCLUSIONS

Very thin oxide films (1-4 nm) have been shown to have a profound influence on the
corrosion rates of metals and alloys. Differences in the composition and stoichiometry
of these films from metal to metal can lead to very large differences in their stability
and efficiency of growth, as has been demonstrated for iron and nickel. Solution
anions, even the nonhalide types, can play a major role in passive film growth and
breakdown. The anions usually encountered in buffer solutions (e.g., borate) appear
to have a beneficial (inhibitive) influence on oxide film growth over and above their
ability to stabilize the solution pH. Consequently, when discussing oxide films on
metals and alloys, it is necessary to consider the nature of both the oxide film and the
solution in which the film is formed, as well as the electrochemical conditions of film
formation. The precise role of halide ions such as CI™ is still unclear, aside from the
fact that they give rise to severe localized (i.e., pitting) corrosion. Their influence on
oxide film growth, development, and breakdown is not a simple matter.
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The role of alloying elements in the passivation process has been briefly dis-
cussed. Alloying additions such as chromium and molybdenum can substantially
influence the structure and composition of the passive oxide film and thereby the
process of passivation. The alloys discussed have been of the fairly simple binary
type, where it is easier to analyze the surface oxide films by surface analytical
techniques and to understand the results. This treatise provides a basis for the fol-
iowing discussion of stainless steels, where the mumber of alloy additions is increased
as is the complexity of the passivation process.

REFERENCES

—_

M. Faraday, Philos. Mag. 9:57 (1836).

2. C.T. Schonbein, Philos. Mag. 9:53 (1836).

3. B. Gileadi, in Electrode Kinetics for Chemists, Chemical Engineers and Material Scien-
tists, VCH Publishers, New York, 1993, p. 502.

4. M. Pourbaix, Atlas of Electrochemical Equilibrium in Aqueous Solutions, Pergamon
Press, Oxford, 1966.

5. M. G. Fontana, in Corrosion Engineering, McGraw-Hill, New York, 1986, p. 452,

6. M. Nagayama and M. Cohen, J. Electrochem. Soc. 109:781 (1962); 110:670 (1963).

7. M. C. Bloom and M. Goldenberg, Corros. Sci. 5:623 (1965).

8. C.L.Foley, J. Kruger, and C. J. Bechtold, J. Electrochem. Soc. 14:994 (1967).

9. (. Okamotio, Proceedings, 5th International Congress of Metal Corrosion, 1972, Na-

tional Association of Corrosion Engineers, Houston, 1974, p. 8.

10. D. Barry Gibbs and M. Cohen, J. Electrochem. Soc. 119:416 (1972).

11, S. Szklarska-Smialowska, Passivity of Metals (R. P. Frankenthal and I. Kruger, eds.)
Electrochemical Society Corrosion Monograph Series, Princeton, NI, 1978, p. 443.

12. N. Sato, K. Kudo, and T. Noda, Electochim. Acta 16:1909 (1971); T. Noda, K. Kudo,
and N. Sato, J. Jpn. Inst. Met. 37:951, 1088 (1973).

13. M. Seo, J. B. Lumsden, and R. W. Staehle, Surf. Sci. 42:337 (1974).

14, T. A. Bardwell, B. MacDougall, and M, J. Graham, J. Elecirochem. Soc. 135:413 (1988).

15. R.W. Revie, B. G. Baker, and J. O'M. Bockris, J. Electrochem. Soc, 122:1460 (1975),

16. W. E. O’Grady, J. Electrochem. Soc. 127:555 (1980).

17. 1. Eldridge, M. E. Kordesch, and R. W. Hoffman, J. Vac. Sci. Technol, 20:934 (1982).

18, J. Eldridge and R. W. Hoffman, J. Electrochem. Soc. 136:955 (1589).

19. M. E. Brett, K. M. Parkin, and M. J. Graham, J. Electrochem. Soc. 133:2031 (1986).

20, D.E. Mitchell and M. J. Graham, J. Electrochem. Soc. [33:936 (1586).

21, C.-T. Chen and B. D. Cahan, J. Electrochem. Soc. 129:17 (1982).

22. A, Tsuru, E. Fujii, and 8, Haruyama, Corros. Sei. 31:655 (1950).

93 I. L. Ord and D. J. DeSmet, J. Electrochem. Soc. 113:1258 (1966).

24. B.D. Cahan and C-T. Chen, J. Electrochem. Soc. 129:927 (1982).

25. U, Stimming and J. W. Schultze, Ber. Bungenses. Phys. Chem, 80:1297 (1976).

26. U. Kénig, M. M. Lohrengel, and J. W. Schultze, Ber. Bungenses. Phys. Chem. 91:426

{1987). _

27. G. G. Long, J. Kruger, D. R. Black, and M. Kutiyama, J. Electroanal. Chem. 150:603
{1983).

28. G. G. Loug, J. Kruger, D. R. Black, and M. Kuriyama, J. Electrochem. Soc. 130:240
(1983).

29. T Kruger, G. G. Long, M. Kuriyama, and A. 1. Goldman, Proceedings, ik
International Symposium on Passivity, Bombannes, France (M. Froment, ed.), Elseviet,
Amsterdam, 1983, p. 163



214

30.
31.
32.

33.

34,

35,
36.
37.
38,
39.
40,
41.
42.

43.

4.

45,
46.
47.

48.
49.

50.
51.
52,
53.
54,
55

36.
57,

38.

59.

MacDougall and Graham

G. G. Long, J. Kruger, and M. Kuriyama, bid,, p. 139.

I. Kruger, Inz. Mater. Rev. 33:113 (1988).

L. A.Krebs, J. Kruger, G. G. Long, J. F. Ankner, C. F. Majkrzak, S. K. Satija and D. G.
Weisler, Oxide Films on Metals and Alloys (B. MacDougall, R. S. Alwitt, and J. A. Ra-
manrayanan, eds.), The Electrochemical Society, Princeton, NJ, Vol, 92-22, 1992, p. 580,
L. A. Krebs, J. Kruger, G. C. Long, D. G. Wiesler, J. F. Ankner, C. F. Majkrazak, and
S. K. Batija, Proceedings 12th International Congress on Metal Corrosion, Houston,
Sept. 1993, National Association of Corrosion Engineers, 1993; Vol. 5B, p. 3863.

B. MacDougall, I. A. Bardwell, and M. I. Graham, Surfaces, inhibition and Passivation
(E. McCafferty and R. J. Brodd, eds.}, The Electrochemical Society Inc., Princeton, NJ,
1986, p. 254,

B. MacDougall and M. J. Graham, J. Elecirochem. Sec. 128:2321 (1981).

B. MacDougall, D. F. Mitchell, and M, J. Graham, Corrosion 38:85 (1982).

B. MacDougall, Corros. Sci. 28:211 (1988).

P. Marcus, I. Qudar, and I. Olefjord, J. Microsc. Spectrosc. Electron. 4:63 (1979).

T. Dickinson, A. F. Povey, and P. M. A. Sherwood, J. Chem. Soc. Faraday Trans, I
73:327 (1977).

J. W. Diggle, T. C. Downie, and G. W. Goulding, Chem. Rev. 69:365 (1969).

P. Marcus, J. Oudar, and L. Olefjord, Mater. Sci. Eng. 42:191 (1980).

A, F. Carley, R. P. Chalker, and M. W. Roberts, Proc. R. Soc, Lond. Ser. 4 399:167
(1983).

P. B. Sewel, B. MacDougall, ID. Mitchell, and M. Cohen, Proceedings 6th International
Congress on Metal Corrosion, Syndey, Australia, Australian Corrosion Association,
1975, p. 706,

V. Maurice and P. Marcus, Proceedings, 2nd International Conference on Microscopy of
Oxidation, (S. B, Newcomb and M. J. Bennett, eds.), Cambridge, London, UK, March
1993, The Institute of Materials, p. 99,

B. MacDougall and M. Cohen, J. Electrochem. Soc. 121:1152 (1974),

N. Cabrera and N. F. Mott, Rep. Prog. Phys. 12:163 (1948-49),

B. MacDougall, J. A, Bardwell, D. F. Mitchell, G. L. Sproule, and M. J. Graham,
Proceedings, International Symposivm on Application of Surface Science Methods to
Environmental/ Materials Interactions, The Electrochemical Society, Princeton, NI,
1991, Vol. 91-7, p. 454,

J. A, Bardwell, Corros. Sci. 30:1009 (1990).

J. A. Bardwell, G. L. Sproule, D. F. Miichell, B. MacDougall, and M. J. Graham, J,
Chem. Soc. Faraday Trans. 87:1011 (1991),

K. Takahashi, B. MacDougall, I, A. Bardwell, and M. J. Graham, Proceedings, In-
ternational Symposium on Materials Performance, Ottawa, Ontario, 1991, p, 223.

J. O’'M. Bockris, D. Drazic, and A. R. Despic, Elecirochin. Actg 4325 (1961%; 1. O'M,
Bockris, M. A. Genshaw, V. Brusic, and H. Wroblowa, Electrochim. Acta 16:1859 (1971).
V. Brusic, Oxides and Oxide Films, Vol. 1 (J. W, Diggie, ed.), Marcel Dekket, New
York, 1972, p. 1.

B. MacDougall and M. Cohen, J. Electrochem. Soc. 124:1185 (1977).

B. MacDougall, D. F. Mitchell, and M. J. Graham, fsr. J. Chem. 18:125 (1979).

B. MacDougall, D. F. Mitchell, and M. J. Graham, J. Electrochem. Sec. 127:1248
{1580).

5. Szklarska-Smialowska and G. Mrowczynski, Br. Corros. J. 10:187 (1975).

B. MacDougall, D. F. Mitchell, and M. I. Graham, J. Flectrochem. Soe. 132:7895
{(1985).

K. Takahashi, B. MacDougall, and M. I, Graham, J. Flectrochem. Soc. 137:3023
(1990),

B. MacDougall and J. A, Bardwell, J. Elecirochem. Soc. 135:2437 (1988).



Growth and Stability of Passive Films 215

60.

61,
62.
63.

64.
65.

66.
67.
68.

69.
70,
7L

72.
73.
74.
75.
76.
7.
78.

79.
80.

81,
82.
83.

84.
85.
6.
g7.
88.
39,
0.
o1.
92.
93.

94.
95.
96.

S. P. Tyfield, Proceedings, 5th International Symposium on Passivity, Bombannes,
France (M, Froment, ed.), Elsevier, Amsterdam, 1983, p. 67.

vu. [ Kuzentsov and M. E. Garmanov, Elektrokhimiya 23:381 (1987).

G. Bech-Niclsen, Electrochim. Acta 19:821 (1974); 20:619 (1975).

Ya. M. Kolotyrkin, R. M. Lazorenko-Manevich, and L. A. Sokolova, J. Electroanal,
Chem. 228:301 (1987).

Ya. M. Kolotyrkin, R. M. Lazorenko-Manevich, and L. A, Sokolva, Dokl Akad. Nauk.
SSSR 295:610 (1987).

Ya. M. Kolotyrkis, R. M. Lazorenko-Manevich, L. A. Sokolova, and V. G. Plotnidov,
Elektrokhimiya 14:344 (1978).

A. D. Keitelman and J. R. Galvele, Corros. Sei. 22:739 (1982).

M. Janik-Czachor, Werkstafiz Korros. 30:225 (1979).

K. E. Hensler, Encylopedia of Electrochemisiry of the Elements (A. J. Bard, ed.), Vol
IXA, Marcel Dekker, New York, 1982, p. 229.

N. Sato, Corros. Sci. 272421 (1987).

Ju. 1. Kuznetsov and 1, A. Valuev, Bull. Electrochem. 3:393 (1987).

K. Ogura and K. Sato, Passivity of Metals (R. P. Frankenthal and J. Kruger, eds.), The
Electrochemical Society Corrosion Monograph Series, Princeton, NY 1978, p. 463; K.
Ogura, J. Electroanal. Chem. 79:149 (1977).

B. MacDougall, J. A, Bardwell, and M. J. Graham, J. Electrochem. Soc. 135:340 (1988),
1. A. Bardwell and B. MacDougall, J. Electrochem. Sec. 1352157 {1988).

B. MacDougall, J. Electrochem. Soc. 126:919 (1979).

T. P. Hoar, Trans. Faraday Scc. 45:683 (1949).

1. €. Scully, Corros. Sci. 8:513 (1968).

B. Kabanov, R. Burstein and A. Frumkin, Discuss Faraday Soc. 1,259 (1947).

C. L. McBee and J. Kruger, Proceedings, U.R. Evans International Conference on Lo-
calized Corrosion, 1971, National Association of Corrossion Engineers, Houston, 1974,
p. 252

J. R. Ambrose and J. Kruger, Proceedings 4th International Congress on Metal Corrosion,
Amsterdam 1969, National Association of Cotrosion Engineers, Houston, 1972, p. 698,
T. P. Hoar, D. C. Mears, and G. P. Rothwell, Corros, Setl. 5:279 (1965); L. F. Lin, C. Y.
Chao, and D. D. MacDonald, J. Electrochem. Soc. 128:1194 (1981).

J. Mankowski and S. Szklarska-Smialowska, Corros. Sci. 15:493 (1975); 172725 (1977).
R. Goetz, B. MacDougall and M. J. Graham, Electrochim. Acta 31:1299 {1986).

B. MacDougall, 3. F. Mitchell, G. L. Sproule, and M. I, Graham, J. Electrochem. Soc.
130:543 (1983).

B. MacDougall, and M. J. Graham, J. Elecirochem. Soc. 131727 (1984).

K. E. Heusler and L. Fischer, Werkst, Korros. 27:551 (1976).

K. E. Heusler and L. Fischer, Werkst, Korras. 27:788 (1976).

K. Nachstedt and K. E. Heusler, Electrochin. Acta 33:311 (1988).

R. Doelling and K. E. Heusler, Z. Phys. Chem. 139:39 (1984).

K. Nachstedt and K. E. Heusler, Z. Phys. Chem. 160:131 (1988).

W. Khalii, S. Haupt, and H.-H. Strehblow, Werkst. Korros. 36:16 (1985).

J. A. Bardwell, B. MacDougall, and G. L. Sproule, J. Electrochem. Soc. 136:1331 (1985%).
J. A. Bardwell and B. MacDougall, Elecirochim. Acta 34:229 (1989).

M. J. Graham, J. A. Bardwell, G, L. Sproule, D. F. Mitchell, and B. R, MacDougall,
Corros. Sei. 35:13 (1993).

£1.-H. Strehblow and B. Titze, Corros. Sci. 17:461 (1977).

H.-H. Strehblow and M. B. Ives, Corros. Sci. 16:317 (1976).

. R. Wallwork and B, Harris, Proceedings, U. R. Evans International Conference on
Localized Corrosion, 1971, National Association of Corrosion Engineers, Houston,
1974, p. 292,



216

97.

98.

99.
100,
101.
102,

103,
104.
105.

106.
107.
108.

109.
110.
111.

112,
113.
114.
115,

116,
117.
118.

11%.

120.

121.

122.
123.
124,

125.
126.

127.
128,
129.
130.
131,

MacDougall and Graham

J. A, Bardwell, I. W. Fraser, B. MacDougall, and M. J. Graham, J. Electrochem. Soc.
139:366 (1992).

K. Nachstedt and K. E. Hensler, Z. Phys. Chem. 160:131 (1988); U. Bertocci and
1. Kruger, Surf. Sci. 101:608 (1980).

M. Reuter and K. E. Heusler, Eleetrochim. Acta 35:1809 (1990).

G. Aronowitz and N. Hackerman, J. Electrochem. Soc. 110:633 (1963).

C. L. McBee and J. Kruger, Flectrochim. Acta 17:1337 (1972).

A. G. Revesz and J. Kruger, Passivity of Metals (R, P. Frankenthal and J. Kruger,
eds.), The Electrochemical Society Corrosion Monograph Series, Princeton, NJ 1978,
p. 137. :

T. P. Hoar, Palladium Medai Address, J. Electrochem, Soe, 117:17c (1970).

V. Mitrovie-Scepanovic, B. MacDougall, and M. J. Graham. Corros. Sci. 24:479 (1984),
I. E. Holliday and R. P. Frankenthal, J. Electrochem. Soc. 119:1190 (1972); K. Sugi-
moto and 8. Matsuda, Mater. Sei. Eng. 42:181 (1980).

R. P. Frankenthal, J. Electrochem. Soc. 114:542 (1967).

G. Okamoto, Corros. Sei. 13:471 (1973).

B. Baroux, Proceedings, 3th International Symposiwm on Passivity, Bombannes, France
(M. Froment, ed.), Elsevier, Amsterdam, 1983, p. 531.

V. Mitrovic-Scepanovic, B. MacDougall, and M. J. Graham, Corros. Sei. 27:239 (1987).
C. Calinski and H.-H. Strehblow, J. Electrochem. Soc. 136:1328 (1989).

J. A, Bardwell, A. J. Davenport, H. I. Isaacs, G. L. Sproule, B. MacDougall, and M. J.
Graham, J. Electrochem. Soc. 139:371 (1992). '

P. Marcus and L. Olefjord, Corrosion 4291 (1986).

P. Marcus and 1. Olefjord, Surf. Interface Anal. 4:29 (1982).

N. D. Tomashov, G. P. Chernova, and N. Markova, Corrosion 20:166t (1964).

Ya. M. Kolotyrkin and W. M. Khyazheva, Passivity of Metals (R. P. Frankenthal and
J. Kruger, eds.), The Electrochemical Society Corrosion Monograph Series, Princston,
NI, 1978, p. 678,

E. A. Lizlovs and A. P. Bond, J. Electrochem. Soc. 116:574 (1969),

V. Mitrovic-Scepanovic and M. B. Ives, Corrosion 401655 (1984).

L Olefjord and P. Marcus, Proceedings, Eurocorr ‘87, European Corrosion Meeting,
Karlsruhe, Germany, 1987, p. 361.

M, P. Ryan, R. C. Newman, and G. BE. Thompson, J. Electrochem, Soc. 142:L177
(1995),

M. F. Toney, A, J. Davenport, L. J. Oblonsky, M. P. Ryan, and C. M. Vitus, Phys. Rev,
Lett, 79:4282 (1997).

M. F. Toney, M. P. Ryan, L. J. Oblonsky, and A. J. Davenport, Synchrotron Radiat.
News 11:3 (1998),

V. Maurice, H. Talah, and P. Marcus, Surf, Sci. 284:1.431 (1993).

V. Maurice, H. Talah, and P. Marcus, Surf. Sci. 304:98 (1994).

P. Marcus and V. Maurice, Proceedings 8th Iniernational Symposium on Passivity of
Metals and Semiconductors, Jasper, Alberta, Canada, May 9-14, 1999 (p. 30).

T. Suzuki, T. Yamada, and K. Itaya, J. Phys. Chem. 100:8954 (1996).

D. Zuili, V. Maurice, and P. Marcus, Passivity and its Breakdown (P. M. Natishan, H.
S. Isaacs, M. Janik-Czachor, V. A. Macagno, P, Marcus, and M, Seo, eds.), Proc,
Electrochem. Soc. PV97-26, Pennington, NJ, 1998, p. 1013,

L. J. Oblonsky, M. P. Ryan, and H. S. Isaacs, J. Electrochem, Soc, 145:1922 (1998),
M. P. Ryan, R. C. Newman, and G. E. Thompson, Philos. Mag. B. 70:241 (1994).

V. Maurice, W. P. Yang, and P. Marcus, J. Electrochem. Soc. 143:1182 (1996).

V. Maurice, W. P, Yang, and P. Marcus, J. Flectrochem, Soc. 141:3016 (1994},

V. Maurice, W. P. Yang, and P. Marcus, J. Elecirochem. Soc. 145909 (1998).



