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Abstract Passivity of metals and alloys is a phenome-
non of utmost technical importance as it prevents many
construction materials from rapid deterioration. For the
majority of metals, passivity is based on the spontaneous
formation of a thin oxide layer (the passive film), in a
specific environment. This film can slow corrosion (dis-
solution) reactions by many orders of magnitude. The
present review tries to give an overview of several im-
portant aspects and factors that influence film forma-
tion, stability and breakdown. Emphasis is on chemical
stability and its connection to thermodynamic, kinetic
and electronic aspects of the metal/oxide/environment
system. Although some metals (e.g. Fe) and alloys (e.g.
Fe/Cr) are treated with greater depth, the focal point is
the description of general mechanistic approaches — for
specific systems the reader is referred to secondary
literature.

Keywords Passivity - Passive film - Film growth -
Corrosion - Pitting

Introduction

Over the centuries many philosophers have spent con-
siderable thought on the decay and “gnawing away’ of
matter and the prevention of this seemingly natural
process. A key figure in this respect was Francis Bacon
(1561-1626), one of the philosophers of the “New Sci-
ence”” and opponent of Aristotle. Whereas Aristotle
considered rust to be simply a normal part of earthly
decay — all things on earth are slated to pass away — in
opposition to the perfection of the heavens, Bacon dis-
cussed rust under the more general topic of ““The History
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of Dense and the Rare”, the latter being the study of the
rather general property of dilation or rarefaction[1, 2]. In
this context, Bacon tells us that just as frogs swell when
they are angry, so too, “In all decay and putrefaction the
native spirits of the body begin to swell; and when they
hasten to come forth, they loosen and alter the frame-
work of the body. In like manner rust is formed on
metals, glass and the like, from a dilation of the native
spirit, which swells, and presses on the grosser parts,
driving and propelling them before it that it may get out.”
In other words, the cause of rust is internal; what we see
on the surface is the expression of a process that begins
much deeper. Moreover, the difference between organic
and inorganic processes is, in this case, negligible.

Fortunately, we know meanwhile that although
“Things must go” there are mechanisms that slow down
this process dramatically. In the case of metal corrosion
such an effect, the phenomenon of passivity, was dis-
covered in the eighteenth century in iron dissolution
experiments by Lomonossow [3], Wenzel [4], and Keir
[5] and was named “passivity”” in 1836 by Schénbein [6].
It described the experimental finding that a thermody-
namically expected metal dissolution reaction under
certain conditions is kinetically hindered by orders of
magnitude. As in many other instances of scientific in-
novation, technical understanding — the know-how —
preceded scientific understanding — the know-why — of
the phenomenon. In the case of passivity, for example, it
was already known by 1911 that alloying chromium to
iron leads to a radically improved corrosion resistance of
the alloy [7]. This was immediately applied in the man-
ufacturing of cutlery; however, it took another 50 years
for researchers to understand that passivity is based on
the spontaneous formation of a highly protective oxide
film, the passive film, on the metal surface, as it reacts
with the environment. These films, which in many cases
are no thicker than only a few nanometers, act as a
reactivity barrier between the metal surface and the ag-
gressive environment.

It has been established that the quality of the film in
terms of the ion- and electron-transport properties, or
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in terms of its structure and chemistry, determines the
dissolution rate of passive metals in a specific environ-
ment. This is, of course, of enormous technological
significance, since the dissolution rate often determines
the lifetime of structural materials. In industrialized
countries, the cost of corrosion is estimated to be about
3.5% of the gross national product. Areas such as con-
struction materials, electronics, and transportation are
affected and thus any measure that enhances the passive
state may also have a considerable economic impact.

Since the discovery of passivity, the nature of the
passive film and the factors influencing its properties and
behavior have been discussed in a large number of ar-
ticles (for fundamentals of corrosion and passivity see
Ref. [8]). Interest in the phenomenon is further reflected
in the continuous series of “Passivity” meetings [9, 10,
11, 12, 13, 14, 15, 16], numerous Passivity symposia of
the Electrochemical Society and the International
Society of Electrochemistry, etc.

Not only the passivation of metals but also the
passivation of semiconductors (particularly on Si, GaAs,
InP) is a subject of intense investigation. Often, the goal
is not the suppression of corrosion but either the for-
mation of a dielectric layer that can be exploited for
devices (metal/insulator/semiconductor structures) or to
minimize interface states (dangling bonds) on the semi-
conductor surface [17, 18] and thus to improve the
performance of a microelectronic device. Thin oxide
films are also of great significance in batteries, electro-
catalysis or for surface patterning. This review, however,
will focus on the passivity of metals and its role in cor-
rosion protection, first addressing some general funda-
mentals, and then giving a brief overview of specific
examples of technically important materials.

Fundamentals of passivity
Passive film formation

For a metal exposed to a solution or air, thermodynamic
stability is generally only provided for noble metals as
their oxidation potential is more anodic than the re-
duction potential of species commonly occurring in the
surrounding phase. For nonnoble metals the situation is
reversed; the difference in red/ox potentials of the two
phases in contact leads to a driving force for metal ox-
idation. The environmental conditions then can either
favor dissolution (solvation) of the oxidized metal cation
(active corrosion) according to Eq. (1) or the formation
of a second phase film — usually an insoluble 3D surface
oxide film (passivation) — according to Eq. (2):

M < M(OH) < MOH*

HzO Hzo
I_<I—>OM(H20)§+ (active dissolution) —e | H,O (1)
(OH), <> MO (passivation) (2)

In this sense, active dissolution and passivation are
competing reactions.

Since passivation reactions involve electrochemical
steps, it is often convenient to study active/passive
transitions by electrochemical methods such as poten-
tiodynamic polarization curves (Fig. 1). In terms of an
electrochemical treatment, passivation of a surface rep-
resents a significant deviation from ideal electrode be-
havior. Passivation is manifested in a polarization curve
(Fig. 1, solid line) by a dramatic decrease in current at a
particular onset potential (the passivation potential, Up).
The corrosion reaction rate, i.e., the anodic current
density is lowered by several orders of magnitude. A
measure for the “‘easiness” of passivation, frequently
used in the literature, is the critical current density (i.,),
i.e., the maximum current density reached in the active/
passive transition.

Generally, the reaction scheme for passivation can be
divided into active range, transition range, prepassive
range, and passive layer formation [19, 21]. In the
transition and prepassive range the metal becomes
increasingly covered by M(OH), adsorbates. These
adsorbates increasingly block the active dissolution
(apparent in polarization curves as a deviation from the
active dissolution behavior). The passivation potential is
reached when the surface is completely covered with
adsorbates and deprotonization leads to the formation
of a primary passivating film that mainly consists of
MO, (the valency of the metal cations depends on the
metal and the passivation conditions).

Passivation of many metals and alloys typically takes
place through the formation of such oxide films, whose
composition and thickness vary with potential, time,
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Fig. 1 The solid line shows a typical anodic polarization curve for a
metal electrode exhibiting passivation at a distinct anodic potential,
Up. The different regions correspond to active dissolution (AD), the
prepassive and transition range (PPT), and stable passivation (P).
The current flow in the passive range (ipassive) 1S @ measure for the
protectiveness or the quality of the oxide film. For comparison, the
dashed line represents the polarization behavior of a nonpassive
metal showing AD over the entire anodic potential range. At high
potentials, where the current becomes independent of the potential,
dissolution of the metal occurs through a salt layer



extensive analysis of the active/passive transition of the
iron group metals can be found in Ref. [22].

Thermodynamics

The value and existence of a passivation potential is
based on the thermodynamics of oxide formation. The
results of calculations for the thermodynamic stability of
different species considered in electrochemical reactions
are frequently represented as pH-potential diagrams
(so-called Pourbaix diagrams [23]). The Pourbaix dia-
gram for iron in an aqueous environment is shown in
Fig. 2. The diagram gives regions of existence, i.e., for a
particular combination of pH and red/ox potential it can
be predicted whether it is thermodynamically favorable
for, for example, iron to be inert (stable) (region A), to
actively dissolve (region B), or to form an oxide layer
(region C). Accordingly, passivation potentials and
conditions for oxide formation can be predicted. A po-
larization curve as in Fig. 1 can be perceived as reflecting
a cross section through the Pourbaix diagram at a fixed
pH. For example, at pH 7 one crosses, moving from
cathodic to anodic potentials, first the active metal dis-
solution line (I), then the passivation line (II) at U,,.

It should, however, be pointed out that these equi-
librium potential-pH diagrams do not provide any di-
rect kinetic information; the real rate of corrosion and
extent of passivation is not evident from a simple ex-
amination of the diagrams. Some oxides dissolve only
very slowly in certain solutions for kinetic as opposed to
thermodynamic reasons. It should also be pointed out
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Fig. 2 Simplified E/pH diagram (Pourbaix diagram) for the iron—
water system at 25 °C. The diagram is drawn for a concentration of
dissolved Fe species of 10°° mol/l. The potentials are given versus
the normal hydrogen electrode (NHE)
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that the oxide stoichiometries and the thermodynamic
information given in the Pourbaix diagrams are for
thick, bulk oxides, which may be quite different from the
very thin (nanometer-range) surface oxide films found
on passivated metal surfaces. For this reason, it is
not surprising that the actual values for U, and the
composition of passive oxide films are sometimes not
identical to those found in the Pourbaix diagrams.

Kinetics

To understand the kinetics of the reactions involved in
passivation, both the anodic metal oxidation and ca-
thodic reactions taking place must be considered. The
situation of oxide growth for a metal electrode in an
electrolyte is shown schematically in Fig. 3. Although in
essence very similar, two slightly different situations are
distinguished: Fig. 3a represents the growth of an oxide
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Fig. 3a, b Growth of an oxide film on a metal surface. a In the
absence of an externally applied potential. Metal oxidation
(M—M?") occurring at the inner interface is coupled with oxygen
reduction (0,—0?) at the outer interface. For film growth one of
the ionic species migrates predominantly — mass transfer is coupled
with electron transfer through the layer. (This situation also
corresponds to high-temperature oxidation). b In the presence of an
externally applied anodic potential (potentiostat). In addition to
the mechanism in a film growth can also take place without
electron transfer through the film as oxygen reduction happens at
the counterelectrode
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under open-circuit conditions, i.e., a piece of iron im-
mersed in a passivating solution or exposed to an oxy-
gen-containing environment; Fig. 3b shows the situation
under an externally applied voltage in an electrolyte.

In both cases the anodic reaction occurs by oxidation
at the metal/oxide interface:

M — M* 4 2e". (3)

The cathodic reaction is — in this example — the re-
duction of O, at the oxide/gas or oxide/electrolyte in-
terface:

1/20, +2¢~ — O™, (4)

At least one of the ionic species has to diffuse or
migrate through the oxide and accordingly the layer
grows usually either at the inner or at the outer interface
(alternatively the transport of ions through the film can
be formulated as cation and anion vacancies moving
through the lattice of the oxide film) [24, 25, 26]. As the
cathodic and anodic reactions are spatially separated by
the oxide, electrons also have to be transferred through
the layer and, thus, the conductance of the layer is es-
sential to the process. Most oxides are semiconductors
owing to a nonequilibrated stoichiometry and, thus, ei-
ther a negatively or a positively charged species has
freedom to migrate through the lattice. The driving force
for migration is established by the different electro-
chemical potentials (AU) that exist at the two interfaces
of the oxide. In other words, the electrochemical po-
tential at the outer interface is controlled by the domi-
nant red/ox species present in the electrolyte (e.g., O,).

The situation in Fig. 3b is different in that in addition
to the mechanism in Fig. 3a, reduction of the red/ox
species can occur at the counterelectrode. Thus, electron
transfer through the layer may not be needed, as film
growth can occur with OH™ species present in the elec-
trolyte involving a (field-aided) deprotonation of the
film. The driving force is provided by the externally
applied voltage, AU,ppl-

Quantitative descriptions of the kinetics of film for-
mation, i.e., the mechanistic extraction of growth laws
for film formation dates back to the work of Cabrera
and Mott [27] and Vetter [28]. Essential to their concepts
is that at low-to-moderate temperatures and high field
strength, F (F>10° V/cm), pure diffusion of ionic spe-
cies is very small compared with field-aided transport.

The distribution of the potential drops across a
metal/oxide/electrolyte system is shown schematically in
Fig. 4. Models for the oxide growth consider different
processes to be rate-determining. The most basic ap-
proach assumes that ion transport through the film is
controlled by the electric field across the layer. The ac-
tivation energy for ion or vacancy hopping is lower, the
higher the field (so-called high-field mechanism).
Cabrera and Mott [27] allocate the rate-determining
reaction to the metal/oxide interface, whereas Fehlner

AD 1y
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Fig. 4 Schematic representation of the potential drop across a
metal/passive film/environment system. A¢y;; and Ay yp represent
the interface potential drops and A¢yy corresponds to the dielectric
drop over the oxide layer

and Mott [29] assign the key step to the oxide/environ-
ment interface. Refined theories incorporate the buildup
of space charges within a nonstoichiometric oxide [30,
31, 32] (nonstoichiometry can be caused by the ions
moving through the oxide). However, all these ap-
proaches are either represented, or can be approximated,
by

i =Aexp(fFox), (5)

where i represents the current density, 4 and f are
constants, and F,, is the field strength over the oxide.

The growth according to this equation is self-limiting
as F'is lowered (at constant voltage) with increasing film
thickness, x.

F(t) = AU /x(¢) (6)

This results in the so-called inverse logarithmic
growth law for all these models.

1/x =A —B-log(t) (7)

where x is the film thickness, ¢ is the time, and 4 and B
are constants.

A fundamentally different approach postulates that
the transport of ions is not rate-determining but that
generally the formation of oxide can be described by a
process with an activation energy, W, that is raised by an
amount px during film growth. The approach for the
rate law is hence

dx/dt = exp|— (o + ) /T). (8)

Integration leads to the so-called direct logarithmic
(activation-energy-controlled) growth law

x =K+ Llog(1 + M), 9)

where K, L, and M are constants.

Several mechanisms have been proposed that could
account for the direct logarithmic approach, such as rate
limitation by direct electron tunneling from the metal
through the oxide [33], by lattice reorganization [29], or
by a place exchange mechanism [34, 35, 36, 37, 38].



It should be noted that a variety of other mechanisms
of growth have been proposed [39] but they have in
common that they result in either the inverse logarithmic
or the direct logarithmic growth law. The experimental
data obtained up to now for many systems fit both
growth laws equally well, and hence it is difficult to
distinguish between them.

In practice, the rate laws have been observed for
many metals and alloys either oxidized anodically or
exposed to oxidizing atmospheres at low to moderate
temperatures [40]. Examples are W, Bi, Fe, Ti, Ge, Si,
Zr, Sb, InSb, V, Mo, Pt, and Ni [41, 42, 43, 44]; alloys of
Al with Mg, Zn, Cu, Si, and Fe [45]; alloys of Nb with
Zr, W, Ti, V, and Mo [46]; alloys of V with Nb, Ti, Ta,
and Al [47]; and alloys of Ta with Nb, Ti, and Zr [47].

Highly protective layers that are formed by moderate
polarization in an electrolyte or in a gaseous environ-
ment at ambient temperatures have a thickness typically
in the range 1-3 nm. Substantially thicker films can be
formed on so-called valve metals (Ti, Ta, Zr,...), which
allow the application of comparably high anodizing
potentials (high electric fields) before dielectric break-
down occurs.

In most practical cases (and moderate voltages), a
high-field growth law can control film growth, say up to
only a maximum of 10 nm as at this thickness the field
strength effects become even less important than film
growth due to diffusion of vacancies or ions. At elevated
temperatures, scales can grow much thicker in, for ex-
ample, water, air, oxygen, or other more aggressive gases
containing sulfur or chlorine. Mechanistically, elevated
temperatures promote ionic diffusion and thus oxide
formation can proceed to a much greater extent than at
low temperatures. In accordance with diffusion being the
dominant process, the most common growth law ob-
served at higher temperatures is the so-called parabolic
rate law [48]:
x* = kpt + C, (10)
where k,, is the parabolic rate constant.

As mentioned, whether a high field or a thermal dif-
fusion process is rate-controlling, either oxygen (anions)
or cations or both can be the dominant mobile species to
move through the layer (Fig. 5a). Investigations using
markers often show mixed control, i.e., both cations and
anions move, such as for oxides on Al, Be, Nb, Ta, Ti,
V, and W with cation-transfer numbers ranging from 0.3
to 0.7. Important exceptions in this respect are Si, Hf,
and Zr, which show oxide growth almost exclusively by
anion transport (with anion-transfer numbers above 0.9)
[49, 50, 51].

Another kinetic phenomenon that is frequently en-
countered with passive films is so-called “‘aging”. It ad-
dresses the experimental finding that passive film
properties, such as composition, structure, degree of
hydration, and ionic or electronic conductivity, can
considerably alter with time. Although these changes are
sometimes of great practical significance, as they usually
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Fig. 5 Energetic situation at an n-type semiconductor passive film/
electrolyte interface with the formation of a Schottky barrier
(height, U,, width, W) and the energetic distribution of oxidized
(Dox) and reduced (D..q) species in the electrolyte. The photocur-
rent generation (gray), i.e., electron-hole pair formation by the
interaction with light (hv> E,) is also indicated

improve the corrosion resistance of materials, they have
been much less investigated — mostly because of the
complexity of the mechanisms and the extended time
scales involved.

Passive film characteristics
Chemical composition

The nature of passive oxide films on many technologi-
cally important metals and alloys has been the subject of
investigation for many years. Ex situ surface analytical
techniques such as X-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy, and secondary ion
mass spectrometry (SIMS) provide useful information
on the chemical composition and thickness of the films.
Good agreement exists regarding a qualitative descrip-
tion of the chemistry of passive films on many metals;
however, owing to either different experimental ap-
proaches or to data analysis, slightly different views can
be found on the more detailed nature of the different
films. Generally, it is important to note that, once
formed, the passive film should not be considered as a
rigid layer, but instead as a system in dynamic equilib-
rium between film dissolution and growth. In other
words, the passive film can adjust its composition and
thickness to changing environmental factors. Principal-
ly, the chemical composition and the thickness of elec-
trochemically formed passive films depend (apart from
the base metal) on the passivation potential, time, elec-
trolyte composition, and temperature, i.e., on all passi-
vation parameters, and hence a detailed treatment is
beyond the scope of this work. For further relevant lit-
erature the reader is referred to Refs. [52, 53, 54, 55, 56,
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57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67] and references
therein.

Structure

Several research groups have tackled the question of the
structure of passive films. Methods used to investigate
the structure include X-ray scattering, diffraction, and
Méssbauer spectroscopy. For thick anodic oxide films
or thick oxide films grown at elevated temperatures, the
structure can be accessed by X-ray diffraction tech-
niques; however, for thin passive films formed at low-
to-moderate temperatures, the thickness of the films is
usually less than 10 nm, and hence it is experimentally
difficult to investigate the structure by traditional X-ray
diffraction. Another question often asked is whether the
structure of a thin, mostly hydrated passive film formed
under electrochemical conditions may change as it is
removed from the condition under which it was formed.
Therefore, new in situ techniques (scanning tunneling
microscopy, STM, X-ray scattering using synchrotron
radiation, and extended X-ray absorption fine structure,
EXAFS) have lately been used to study the structure of
thin oxide films. In the case of the passive film on Fe, for
instance, it was shown with in situ STM [68] as well as
with in situ X-ray scattering [69] that the passive film has
a crystalline structure. Up to now, however, these in-
vestigations have been extended to only a few metals,
and hence the question of the structure of passive films
remains to be investigated further.

Electronic properties
As already outlined, electron transfer through the pas-

sive film can also be crucial for passivation and thus for
the corrosion behavior of a metal. Electronically, oxide

films can show metallic behavior, such as IrO,, RuO,,
PbO,, semiconductor behavior, such as oxides on Ti, Fe,
Sn, Sb, Nb, Bi, W, Cu, Ni, and Cr, or can be insulators,
such as the oxides on Ta, Zr, Hf, and Al (see also Ta-
ble 1). As many anodically formed passive films are of a
semiconductive nature [81, 85, 88, 89, 90, 91, 92, 93, 94,
95, 96, 97, 98, 99], the electronic properties principally
can be investigated with techniques borrowed from ideal
semiconductor electrochemistry (most typically photo-
electrochemistry and capacitance measurements of the
Mott-Schottky type) [100].

The energetic situation in terms of a band model for a
metal/semiconductor/electrolyte interface is illustrated
in Fig. 5. If the passive film behaves like an ideal semi-
conductor, a Schottky barrier is present at the semi-
conductor electrolyte interface. The barrier can be
described, as indicated in Fig. 5, in terms of a height, U,
and a width, W

Des kT
(o)
gN q

where ¢ is the charge of an electron, ¢, the permittivity of
a vacuum, k the Boltzmann constant, 7 the temperature,
e the dielectric constant, and N the doping concentration
of the semiconductor.

The barrier height is either Us= U,pp—Upy, in the case
of anodic polarization or Us= E.q/oxUp, if the semi-
conductor is immersed in an electrolyte without external
polarization (E\.q/0x represents the red/ox potential of
the electrolyte); Up, the flat-band potential is the po-
tential at which U;=0, i.c., the bands in the semicon-
ductor are “flat”. W corresponds to the depth of the
space charge layer generated by ionized doping species.

As a consequence, the space charge capacitance, Cs,
measured using, for example, alternating current
impedance or pulse techniques, can be obtained. By
employing a parallel plate condensor model, Cy. is

0.5

W= (11)

Table 1 Electronic properties

of oxide films on some metals Metal/alloy Oxide Ref.

and alloys. Band-gap energy, 3 .

E,, doping concentration, N, Eg (V) N (em™) €ox ?orelductlon

dielectric constant, €y, n-type ypP

conductor, n, p-type conductor, 5, 459 B 7-20 i [70]

p, insulator, i Al/Cr B B B (71]
Cr 2.5-3.5 10% 30+20 p(n)? [72, 73, 74, 75,

76, 77
Cu 0.6-1.8 ? 7-18 p [70, 78]
Fe 1.8-2.2 20 10-35 n [79, 80, 81]
Fe/Cr 1.9-2.1 10%°-10*1  10-30 n [82]
Fe/Cr/Ni (AISI304) 1.9-2.3 10*°-10"  10-30 n [83, 84, 85, 86]
Fe/Cr/Ni/Mo (SMO254, 2.3-2.8 107! 10-30 n [85, 86, 87]
DIN1.4529)

Fe/Ni (xn; <40%) 1.9 10% 10-35 n [82]
Ni 2.2-3.7 10% 30 p(n) [72, 81, 88]
Sn 3.5-3.7 10°-10% 2 n [78]
Ti 3.2-3.8 10%° 7-114 n [70]
W 2.7-3.1 1017-10"8  23-57 n [78]
Zn 3.2 10'8 8.5 n [78]
Zr 4.6-8 - 12-31 i,n [70, 78]




interlinked with W by Cy. = e€o/ W and thus from the so-
called Mott-Schottky plots (C 2 versus Uapp1), Up and
the doping concentration, N, can be obtained (assuming
€ox 18 known) [100].

Another type of experiment to characterize the elec-
tronic properties is photocurrent measurement: If light of
sufficient energy (hv > E,) hits a semiconductor, electrons
from the valence band can be excited to the conduction
band. The resulting electron—hole pair is separated in the
field of the Schottky barrier and, therefore, a photocur-
rent is generated. For thin semiconductive layers the
photocurrent, I, can be approximated by [101, 102]:

Iph = q@aWv, (12)
where @ is the incident light intensity and « is the optical
absorption coefficient of the film, given by [103]

(hv—Eg)n

=4
x hv ’

(13)
where A4 is a constant depending on the electronic
structure of the material, n is a constant depending on the
nature of the electron transition (n=0.5 for direct and
n=2 for indirect, or amorphous, transitions), and /v is
the energy of the light.

Thus, from (Iph—hv)l/" versus hy plots (measured at a
constant potential) the band-gap energy can be deter-
mined. By using Egs. (11) and (12) one can obtain the
flat-band potential from /I, versus U,y plots. Addi-
tionally, from the sign of the photocurrent, the con-
duction type of the semiconductor can be determined.

Another consequence of the presence of a semicon-
ductor-type Schottky barrier is that electron-transfer
reactions with defined red/ox couples in the electrolyte
(e.g. Fe(CN )2 /Fe(CN)g ) show asymmetrical behavior
regarding anodic and cathodic reactions — apparent, for
example, in /-U curves. In accord with the Gerischer
model [104] this asymmetry stems from the fact that, for
example, for an n-type semiconductor, electron transfer
from the conduction band to the D,, states in the elec-
trolyte depends on the barrier height U, that can be re-
duced by a cathodic U,pp;, while for the reverse reaction
(electron transfer from D,.q to the conduction band) the
barrier is potential-independent (cf. Fig. 5).

It should be pointed out that passive films often show
considerable deviations from ideal semiconductor be-
havior. Passive films, compared with bulk semiconduc-
tors, frequently possess a small thickness (only a few
nanometers for nonvalve metals), have a nonideal crys-
talline structure (amorphous or highly defective), show
mobile doping species, and often exhibit doping levels
close to degeneracy [100].

The small thickness limits the extension of the space
charge layer. Usually, a high field strength is obtained in
the passive film already at potentials relatively near the
flat-band potential. Further, for nanometer-range
thicknesses it is questionable whether the presence of a
long-range order and, hence, an ideal band structure can
be established.
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Additionally, the highly defective nature of many
passive films contributes to a nonideal band structure.
The differences in the distribution of the density of
states, N(E), in an ideal and in a defective semiconductor
are illustrated in Fig. 6. For a nonideal semiconductor
the concept of a band gap (E,) is replaced by a mobility
gap (Emg) accompanied with a tail of localized states
into the gap [105, 106].

Furthermore, deep donor bands or a high number of
surface states (dangling bonds), can be present within
the energy range of the band gap. All these additional
states can influence the ion and charge transfer within
the film and, thus, affect photoelectrochemical, capaci-
tance, and charge-transfer measurements. This leads to
significant deviations in Mott-Schottky plots (nonlin-
earity, frequency dispersion); photoelectrochemical ex-
periments exhibit sub-band-gap responses (Urbach tail
[88]) and frequently a potential dependence of the
photocurrent may be obtained that instead of fitting
In ox Uapplo‘S rather fits I, ocexp(Uapp1) [86].

In spite of these complications, valuable information
on the electronic properties of many oxide films has been
obtained. A brief overview and reference to further in-
formation is provided in Table 1.

Passive film protectiveness

The protective quality of a passive film is determined by
the ion transfer through the film as well as by the sta-
bility of the film against dissolution. Using polarization
curves, the “protectiveness” of a passive film in a certain
environment can be estimated from the passive current
density, i, (Fig. 1). It is clear that a variety of factors
can influence ion transport through the film, such as the
film’s chemical composition, structure, number of grain
boundaries, and the extent of flaws and pores. The dis-
solution of passive oxide films can occur either chemi-
cally or electrochemically. The latter case takes place if
an oxidized or reduced component of the passive film is
more soluble in the electrolyte than the original com-
ponent.

A variety of approaches have been taken to establish
a framework that fundamentally explains the
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Fig. 6 Density-of-states distribution in a an ideal and b an
amorphous or defective semiconductor after Ref. [105]
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protectiveness and stability of passive films. While for
passive films formed on pure metals mainly structural
and chemical information can lead to a straightforward
explanation, the situation is more complex for alloys. In
this case, approaches have, for instance, been based on
percolation arguments [107, 108], structural arguments
[109], ion/defect mobility [25, 26], and charge distribu-
tion [110, 111].

To illustrate some of the different views let us consider
passive films grown on Fe-Cr alloys. The percolation
argument is based on the idea that with increasing Cr
content in the alloy an insoluble, interlinked chromium
oxide network can form within the passive film (the iron
compounds are considered as soluble and nonprotective).
A continuous (protective) Cr network, however, is only
possible once a critical Cr content in the alloy (corre-
sponding to the percolation threshold) is present. The
model seems to hold for specific environmental condi-
tions. However, as the threshold composition for the high
stability of the oxide film is strongly influenced by solu-
tion chemistry and is different for different dissolution
reactions [112], it must be argued that a model cannot be
based on purely geometrical considerations but has, in
addition, to consider the dissolution chemistry.

Other authors have correlated the improved corro-
sion resistance with increasing Cr content in the alloy
with the increasing tendency of the oxide to become
more disordered with higher Cr content [109]. This
would then suggest that an amorphous oxide film is
more protective than a crystalline one, owing to bond
and structural flexibility in amorphous films.

Another approach to explain the stability of oxide
films is mainly based on the work of Sakashita and Sato
[110], who assign a key role to the ion selectivity within
films. According to these authors, a bipolar passive film
consists of an anion-selective layer on the metal side of
the passive film and a cation-selective layer on the solu-
tion side. As a result the ionic current in the anodic di-
rection is retarded. An anodic voltage imposed will cause
dehydration of the deposit layer with hydrogen ions
moving through the cation-selective layer toward the
solution and with the movement of metal ions retarded in
the anion-selective inner layer. Eventually a dehydrated
protective oxide film is formed on the metal surface. In a
similar manner, Clayton and coworkers [111, 113] ex-
plain the passivity of stainless steel to be due to the for-
mation of a bipolar passive film through incorporation of
CrO,4’ anions in the outer layer of the passive film. They
based their modeling on a XPS investigation of the
passive films, where they found CrO,> anions in the
outer layer of the film and, as the bipolar passivity model
predicts, in the inner part of the film a layer of Cr,05.

All the previous mechanisms seem to be able to ex-
plain the passivity of some alloy/electrolyte systems. Still
no comprehensive and conclusive model exists. This may
be ascribed to the fact that the composition and struc-
ture of the passive films strongly depend on the passi-
vation parameters, and thus a comparison of different
results is often difficult. Therefore, more information on

the chemistry, structure, and protectiveness of passive
films is still needed to create a conclusive and ““univer-
sal”” approach to the stability of passive films.

Breakdown of passivity
Localized corrosion

The passive state of a metal can, under certain circum-
stances, be prone to localized instabilities. The most
extensively investigated is that of localized dissolution
events on oxide passivated surfaces [114, 115, 116, 117,
118, 119, 120, 121, 122, 123, 124, 125, 126, 127]. The
essence of localized corrosion is that distinct anodic sites
on the surface can be identified where the active metal
dissolution reaction (e.g., Fe—Fe®>" +2¢") dominates,
surrounded by a passivated cathodic zone where the
reduction reaction takes place (e.g., 2H" +2e —H>).
The result is the formation of an active pit in the metal,
as illustrated schematically in Fig. 7.

Pitting occurs with many metals in halide-containing
solutions. Typical examples of metallic materials prone
to pitting corrosion are Fe, stainless steels, and Al. The
process is autocatalytic, i.e., by initial dissolution con-
ditions are established which further stimulate dissolu-
tion: inside the pit the metal dissolves. The M*" species
form an aquo complex:

M** + 6H,0 — M(H,0);", (14)

To maintain charge neutrality additional halide ions

(CI' in our example) have to migrate inside the pit, thus
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Fig. 7 Schematic cross section through an actively growing pit.
Metal oxidation occurs at the pit base and the corresponding
reduction reaction (e.g., H, evolution in acidic solutions or O,
reduction in aerated neutral solutions) on the passive film
surrounding the pit. Acidification and an increase in the halogen
ion concentration (owing to migration) within the pit additionally
accelerate dissolution



increasing the local chloride concentration and a chloro
complex is formed.

M(H,0);" + CI~ — M(H,0),Cl" + H,

~ M(H,0),(OH)Cl + H* (15)

For many metals the equilibrium lies strongly to the
right-hand side. Thus, within the pit the chloride con-
centration and the H™ concentration both increase,
further accelerating metal dissolution.

Generally speaking, one can distinguish the following
two stages of pitting: pit initiation and pit growth. The
reasons for the initiation of pits at distinct surface lo-
cations are manifold and can either be deterministic or
stochastic in nature. They can be ascribed to bulk metal
inhomogeneities (inclusions, precipitates, grain bound-
aries, dislocations, etc.) or to properties of the passive
film (thermally induced stochastic film rupture, electro-
striction, local composition, or structure variations).
Initiation mechanisms assigning the key role to the
passive film involve CI” penetration, local film thinning,
and vacancy condensation; mechanisms focusing on the
bulk metal ascribe the key role to preferential dissolu-
tion at inhomogeneities.

In an electrochemical polarization experiment of a
passive system the onset of localized dissolution can be
detected by a steep current increase at a very distinct
anodic potential (the pitting potential, Uy;,) — see Fig. 8.
This increase occurs far below either transpassive dis-
solution or the occurrence of oxygen evolution
(OH —0,).

In the potential range anodic to U, stable pit growth
occurs. In general, Uy is shifted to lower anodic
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Fig. 8 Polarization curve of a passive metal showing schematically
typical passivity breakdown possibilities: / localized corrosion in
the presence of an ‘“‘aggressive’” anion, /a current transients owing
to metastable pitting, /b stable pit growth at U,; 2 passivity
breakdown owing to oxidative film dissolution, 2« if secondary
passivation occurs (e.g., in mixed oxides with one stable com-
pound), 2b in the absence of secondary passivation; 3 current
increase owing to oxygen evolution; 4 dielectric breakdown
(typically at comparably high applied voltages)
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CI” concentration, and decreasing pH and is dependent
on the presence of other anions in the electrolyte.

From an electrochemical viewpoint stable pit growth
is maintained as long as the local environment within the
pit keeps the pit under active conditions. Thus, the ef-
fective potential at the pit base must be less anodic than
the passivation potential (U,) of the metal in the pit
electrolyte. This may require the presence of voltage
drop (IR drop) elements. In this respect the most im-
portant factor appears to be the formation of a salt film
at the pit base. (The salt film forms because the solubility
limit of, for example, FeCl, is exceeded in the vicinity of
the dissolving surface in the highly CI” concentrated
electrolyte).

In the potential range cathodic to Uy, one frequently
observes so-called metastable pitting. A number of pit
growth events are initiated, but the pits immediately
repassivate (an oxide film is formed in the pit) because
the conditions within the pit are such that no stable pit
growth can be maintained. This results in a polarization
curve with strong current oscillations at U < Upg.

In all cases of localized corrosion, the ratio of the
cathodic to the anodic area plays a major role in the
localized dissolution rate. A large cathodic area provides
high cathodic currents and, owing to electroneutrality
requirements, the small anodic area must provide a high
anodic current; hence, the local current density, i.c.,
local corrosion rate, becomes higher with a larger
cathode/anode ratio.

Recently, the phenomenon of localized dissolution
has also attracted a great deal of interest in the field of
semiconductor technology. This is due to the discovery
of visible light emission from porous Si [128] which is
formed by an electrochemical treatment of a Si surface
in a HF-containing electrolyte [129]. It is interesting to
note that the formation process is in many respects
similar to pitting of metals [127] and that preferential
triggering of the formation process at defects can be
exploited to form highly defined localized dissolution
[130].

Electric, dielectric breakdown

Electric breakdown of an insulating region, such as an
insulating oxide layer or the depletion region in a
semiconductive layer, occurs if extra charge carriers are
generated either by tunneling (Zener breakdown) or by
collision (avalanche breakdown). In other words, if a
sufficient electric field is applied to an oxide film, di-
electric breakdown will take place. This is apparent in
I-U curves by a current increase, at a distinct voltage
Upq [78, 131, 132, 133, 134], or by current or potential
fluctuations (Fig. 8). Such breakdown events can also
become apparent by sparking or acoustically (crackling
noise). For example, Wood and Pearson [135] discuss
anodic breakdown of oxide films on the valve metals Nb,
Ta, Zr, Hf, Al, Ti, W, Mo, and V. It is of interest to note
that according to these authors Ti and W, whose oxide
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films are semiconductors, did not break down, but
turned into conductors, leading to oxygen evolution.
Generally, breakdown on valve metals results in thick-
ening of films at locations where the breakdown oc-
curred, and thus pinches itself off. Therefore, the
breakdown spot may meander over the surface. Wood
and Pearson concluded that avalanche breakdown was
observed at sites where the electrons initiating the ava-
lanche are supplied by the electrolyte.

Particularly breakdown in electrolytes under cathodic
polarization may be strongly influenced by cation in-
diffusion and accompanying alterations in the electronic
structure of the oxide (e.g., incorporation of additional
states within the band gap). The most likely mobile
species are protons. For example, Dyer and Leach [136]
examined oxidized titanium and niobium and found that
hydrogen enters the film under cathodic bias in non-
negligible amounts. TiO,, for example, can to a large
extent (up to 85%) be converted to TiIOOH, as con-
cluded from observations of the change in the index of
refraction. Thus cation in-diffusion into passivating
films can be substantial under cathodic bias. Hydrogen
ingress into Ti oxide layers by cathodic polarization has
recently also been studied by in situ neutron reflecto-
metry [137].

In general, current passage through oxide layers when
the metals are biased cathodically is common on valve
metals, for example, zirconium, tantalum, and alumini-
um, but also oxides on silicon can show significant ca-
thodic currents. Schmidt [138, 139] suggests that these
cathodic currents are related to the in-diffusion of pro-
tons, since with tantalum and silicon it was found that if
an anhydrous electrolyte is used, there is no cathodic
current. Vermilyea [140] and others [141] showed that
the cathodic currents are laterally inhomogeneous and
correspond to flaws in the oxide.

The effect of mobile ions on the current passage has
been studied particularly well in the case of silicon,
where also the band model and the defect structure are
well known. Specifically, the effect of mobile Na™ in
SiO, on electron flow into and through the oxide has
been investigated in depth, as the presence of Na™ in
SiO, can have a drastic detrimental effect on the per-
formance of metal oxide semiconductor devices [142,
143, 144, 145].

Anodic, cathodic, and chemical film dissolution

The stability of passive films can be limited by anodic
or cathodic red/ox processes. In essence, whenever the
thermodynamic situation is such that under the given
environmental conditions (U, pH) a reductive or oxi-
dative reaction of the oxide is favored (see Pourbaix
diagrams) and the reduced or oxidized species is
soluble in the electrolyte, depassivation may occur.
Additionally, also plain chemical dissolution by com-
plexing agents may take place [146]. Examples are the
action of fluorides, for example, on dissolution of TiO,

or SiO, by the formation of fluoro complexes. There-
fore, for a complete thermodynamic description of the
stability of oxide films in a given solution the effect of
complexing species present in the solution has to be
considered and corresponding Pourbaix diagrams have
to be used.

In general, electrochemical or chemical film dissolu-
tion can be favored at inhomogeneities of the film, such
as dislocations or edges of oxide islands, and thus show
a high degree of nonuniformity.

The most prominent examples of red/ox reactions of
oxide films (in the context of passivity of construction
metals and alloys) are the oxidative dissolution of Cr,O;
to CrO,”, the reduction of Fe,O5 to soluble Fe** or to
Fe®, the reduction of NiOOH to NiO, and the reduction
of CuO into Cu,O.

In the following, we briefly discuss the red/ox mech-
anisms of the first two examples.

Cr,0;3 and the passive film on Cr

Sufficient anodic polarization of Cr,O5 or passive films
on Cr leads to an oxidation of the Cr’ " to the soluble
Cr®™" species (CrO4>, Cr,0,>) [76, 147, 148, 149, 150,
151, 152]. In accordance with the thermodynamical
prediction, the reactions sets in at potentials below ox-
ygen evolution from the aqueous electrolyte and in po-
larization curves the oxidation reaction manifests itself
through a current increase at the corresponding poten-
tials (Fig. 8). For pure Cr a steep current increase is
observed which is accompanied by “transpassive’ dis-
solution of the sample. In mixed oxide films where the
second oxide is stable under these electrochemical con-
ditions, the Cr,O; part may selectively be oxidized,
leading only to a peak in the polarization curve. This
situation is typically encountered with Fe—Cr alloys,
where passivation can be maintained by the presence of
the Fe oxides. Some of the hexavalent Cr may remain
trapped in the film.

Fe;0;3 and the passive film on Fe

Under reductive conditions, the Fe®" species in the
passive film on iron or Fe,Oj5 layers can be reduced to
Fe?" (or Fe% [153, 154, 155, 156]. The consequences of
the reduction depend strongly on the electrolyte com-
position. In borate buffer (pH 8.4), reduction leads to
the complete dissolution of the Fe oxide films, with a
current efficiency of 100%. In acidic solution, dissolu-
tion efficiencies much greater than 100% are observed,
owing to chemical dissolution of the iron oxides ac-
companying reductive dissolution. In alkaline solution,
no dissolution takes place, but, instead, the Fe oxide
films are converted into a lower-valent oxide/hydroxide
film during the reduction. For phosphate buffer solu-
tions in the neutral and alkaline range reduction can lead
to metallic iron, Fe(0).



Aspects of passivity of some important metals
and alloys

Iron
Active/passive transition

Most investigations on the passivity of pure Fe have
been carried out in alkaline (e.g., 0.1 M NaOH) or in
near-neutral borate buffer (pH 8.4) solutions. Fe can
also be passivated in 1 M H,SOy, but in this acidic so-
lution passivation is accompanied with strong dissolu-
tion. Passivation in 1 M H,;SO, proceeds through the
formation of a thick, porous Fe sulfate layer on the
metal surface [157]. In the polarization curves, a region
of high limiting current density follows the active region,
the current being limited by the solubility of the Fe
sulfate layer (hence, this current density depends on the
hydrodynamic conditions). At sufficiently high anodic
potentials (stability region of Fe®" oxides), the true
current density in the pores of the salt layer exceeds the
critical current density for passivation, and hence the
formation of a stable Fe oxide film in the pores and
below the salt layer can take place. After oxide passi-
vation is complete, the remaining Fe sulfate layer dis-
solves.

The critical current density for passivation is strongly
pH-dependent, as shown in Fig. 9. With increasing pH,
the values of the passivation potential are shifted in the
negative direction. The passivation mechanism in all
solutions is considered to involve a precipitation of
Fe(Il) salts [e.g., Fe(OH),] in the region of the active/
passive transition, followed by the formation of a Fe
oxide layer in the passive range. In alkaline solutions
(pH>11.5) iron will be spontaneously passive under
most conditions.
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Fig. 9 Anodic potentiostatic polarization curves for iron in
0.15 M NasPO, solutions of different pH (after N. Sato in
Ref. [12], p. 29)
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Chemistry and structure of the film

Even though it is generally agreed that passivation of
iron is caused by the formation of a 3D oxide phase on
the metal surface, controversy exists on the details of this
phase. One classical disagreement concerning the nature
of the passive film on Fe is the question of a single-layer
or a multiple-layer structure. Earlier studies of the pas-
sive film on Fe often describe the film to be a double-
layer structure consisting of an outer maghemite
(y-Fe,03) and an inner magnetite (Fe;Oy4) layer [158,
159, 160, 161, 162, 163]. This interpretation has often
been based on the finding of two reduction waves in
galvanostatic reduction experiments. Other investigators
using similar approaches, however, concluded that the
passive film consists of a single-layer Fe,O3 similar
structure [91, 164, 165, 166]. In these studies a different
reduction mechanism for the passive film was assumed,
and hence similar results led to a fundamentally different
interpretation. As has been discussed in Ref. [153], the
finding of two reduction steps during galvanostatic re-
duction experiments of passive iron (e.g., using ellipso-
metry or SIMS to study the passive film thickness as a
function of the charge) does not necessarily mean that a
two-layer structure was initially present on the surface.
The results nevertheless do not exclude the possibility
that native passive films may be more complex than
single-layer Fe,Oj5 films. In this context, recent surface-
enhanced Raman investigations indicate a more com-
plex reduction behavior of the passive film than expected
for a homogeneous single-layer film [167].

Another approach for a two-layered structure of the
passive film on iron describes the film to consist of an
inner oxide film and an outer hydrated film [168, 169].
Generally, the degree of hydration in the passive film has
been discussed to vary between a strongly hydrated and
an anhydrous film (see Refs. [170, 171] and references
therein). Today there seems to be rather wide agreement
that in most cases the incorporation of hydrogen in the
oxide layer is limited to the surface of the passive film,
and hence is present as a deposit hydroxide layer above
the passivating anhydrous barrier layer [170, 171]. It has
recently been shown that the presence or absence of a
FeOOH-type deposit strongly depends on the experi-
mental conditions during passivation, i.e., on the
amount of dissolved Fe?" in the electrolyte in the vi-
cinity of the electrode surface [170].

Apart from the question of the homogeneous/layered
construct of the passive film on Fe, a lot of effort has
been devoted to the elucidation of the crystal structure
of the film. The earliest studies used a stripping method
to isolate the passive film from its substrate and then
applied diffraction methods to determine the crystal
structure, which was concluded to resemble y-Fe,O3 or
Fe;04 [172, 173, 174]. Later other authors concluded
from in situ Mdssbauer spectroscopy [175] or surface-
enhanced Raman data [176] that the passive film was
amorphous in nature. In situ X-ray absorption near-
edge spectroscopy and EXAFS studies, however, suggest
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that the film has a spinel structure [177, 178]. Confir-
mation for the crystalline structure of the passive film
has recently been given by in situ STM and in situ sur-
face X-ray diffraction techniques [68, 69, 171]. The in
situ surface X-ray diffraction studies show the passive
film to consist of a new spinel phase [69, 171], with a
decreasing amount of Fe>" in the film with increasing
passivation potential [179, 180].

Electronic properties of the passive film

The electronic properties of the passive film on iron were
studied over the past decades in numerous investigations
using capacitance and photocurrent techniques as well
as measurements of electron-transfer reactions with de-
fined red/ox couples added to the electrolyte.

From capacitance measurements [79, 89, 91, 92, 181,
182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 193,
194, 195, 196, 197, 198, 199] it is clear that the oxide film
behaves as a highly doped n-type semiconductor. Gen-
erally, the capacitive behavior shows three different re-
gions:

e At low potentials, (U-Uy,) a Mott—Schottky-type of
behavior is observed.

o At higher potentials, a deviation or a plateau is found,
which has been interpreted as dielectric behavior or
the presence of a deep donor species.

e At even higher potentials, the capacitance increases
with potential; this has been attributed, for example,
to the contribution of the valence band.

Typically the capacitance behavior shows a signifi-
cant frequency dispersion. This finding has been as-
cribed to the contribution of deep donor levels [200] that
are located 0.9 eV below the conduction band, as a
frequency-dependent dielectricity constant [201], as
concentration gradients in the passive film, or as a ca-
pacitance contribution of surface states [92].

Studies on electron-transfer reactions [79, 89, 181,
193] show a valence band conduction mechanism at
low potentials. At higher potentials, charge transfer
takes place by a donor term 0.6 eV above the valence
band [89] or, alternatively, by resonance tunneling
[202].

The presence of two donor levels in the passive film
has been attributed by Stimming [203] to the octahedral
or tetrahedral sites in the spinel structure. The donors
are Fe? " ions which occupy part of the octahedral and
tetrahedral sites. This implies that the stoichiometry of
the film differs slightly from y-Fe,Os (all Fe®* sites are
occupied). Gerischer [95], on the other hand, attributes
the deep donor level to a Fe3d/O2p hybrid orbital, which
is situated below the conduction band. (The conduction
band is assumed to consist of a Fe3d/O2p hybrid orbital
with lesser participation of O2p [203] than the deep
donor state.)

Different authors have investigated the passive film
on Fe with photocurrent spectroscopy [80, 81, 182, 193,

205]. In general, the photocurrent spectra can be in-
terpreted using an ideal crystalline semiconductor
approach, which yields an indirect band gap of 1.9 eV.
In an extensive investigation of iron in pH 8.4 borate
buffer it was found that the band-gap energy is
potential-dependent in the potential region 0-300 mV
versus the saturated calomel electrode (SCE), followed
by a nearly constant value of 1.9 eV at higher poten-
tials. It was further observed by Gértner that the
photocurrent at a constant wavelength shows an ex-
ponential potential dependence that cannot be de-
scribed using the classical model and the behavior
iph X Uapplo.s was predicted. Therefore, the potential
dependence of the photocurrent was interpreted in
terms of a field-aided escape from deep states according
to a Poole—Frenkel approach [88]. Above a potential of
700 mV, the photocurrent started to decrease with
potential, which may be ascribed to the contribution of
surface or localized states in the electron-hole recom-
bination kinetics.

The evaluation of the photoresponse is additionally
complicated by the fact that the photocurrent transients
show nonideal behavior. An explanation was given by
Abrantes et al. [199], who describe the transient kinetics
by OH radicals, generated at adsorbed OH™ reacting
with h™ at Fe’ " sites of the passive film.

In summary, some controversy exists on the detailed
nature of the passive film on Fe, even though it repre-
sents by far the most extensively studied passive metal
system. Since the characteristics of the film depend on
many passivation parameters, at least some of the con-
troversy can be due to different experimental conditions.
Nevertheless, emerging new techniques to study the
chemistry and structure of passive films in situ have
certainly elucidated the matter in great detail. An
excellent review on the historical development of the
understanding of the nature of the passive film on Fe
has been given recently in Ref. [171].

Fe—Cr alloys and stainless steels
Active/passive transition

The pH region of stable passivity is strongly enlarged
by alloying Cr into Fe. The remarkable changes in the
corrosion behavior of Fe-Cr alloys at a critical Cr
concentration were systematically studied by Monnartz
in 1911 [7]. Since these early studies, the existence and
origin of critical threshold values for the Cr concen-
tration in Fe—Cr alloys has often been discussed. In a
study of the corrosion behavior of Fe—Cr alloys in 1 N
H,SO4 (pH 0) it was found that alloys containing more
than 15 at% Cr show Cr-like behavior and alloys with
a Cr concentration of below 10% behave similarly to
Fe regarding their activation behavior [206]. Measure-
ments of the critical current density of Fe-Cr (Cr:
0-16%) alloys in neutral sulfate solutions, on the other
hand, show a linear dependence on the Cr concentration



[207]. Similar to this, no evidence for the existence of
a critical Cr content was found in an investigation on
the effect of the Cr content on the passivation behavior
of Fe-xCr-9%Ni alloys (Cr: 3.54-19.2%) [208]
(Fig. 10). Later, other experimental evidence for the
existence of a critical Cr concentration was provided and
the findings were explained on the basis of the percola-
tion model of passivation mentioned earlier [107, 108,
209].

Stability of the oxide film

The important influence of Cr addition into Fe is not
only reflected by an enhanced passivation ability (i.e.,
decrease in the critical current density for passivation),
but Cr also increases the protectiveness and stability of
the passive film. This is reflected by the decrease in the
passive current density in the polarization curves with
increasing Cr content (Fig. 10). A surface analytical
study of a series of Fe—Cr alloys indicates that the Cr
content in the passive film formed in 1 N H,SO,4
abruptly increases when the Cr content in the alloy is
above 13% [210] (Fig. 11). The findings led to the
conclusion that a Cr oxide concentration of more than
50% in the passive oxide film is required for stable
passivity.

The investigation of anodic and cathodic dissolution
of mixed Fe,O3/Cr,O; films shows that a critical amount
of Cr,03 may prevent cathodic dissolution of the mixed
oxide, and a sufficient amount of Fe,O; can prevent
anodic dissolution of the oxide layer [112] (Fig. 12).
These critical concentrations strongly depend on the so-
lution. Furthermore, an increase in the Cr content in
binary Fe-Cr and ternary Fe-Cr—Ni additionally
strongly increases the resistance against pitting corrosion
as shown in Ref. [211] and by many others (Fig. 13).
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Fig. 10 Anodic polarization curves for Fe-Cr—Ni alloys in 1 M
H,SO, (25 °C) (after Ref. [208])
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Chemical composition

The chemical composition of the passive films on Fe—Cr
alloys and stainless steels have been studied in great
detail using surface analytical techniques. A widely ac-
cepted view on the composition of the films on Fe-Cr
alloys is that the passive film of the Fe—Cr alloys is en-
riched with oxidized chromium species. Olefjord and
Brox [212] found an average Cr content of 70% (the film
consisting of Cr*", Fe> ", and Fe?") in the passive film
of a Fe—19Cr alloy formed in 0.5 M H,SO,. According
to Hashimoto et al. [213] the passivity of ferritic stainless
steels in 1 N HCl is due to the formation of a Cr-rich
layer, which consists of a hydrated form of CrOOH and
a minor amount of oxidized iron species.

The composition of the passive film on Fe—Cr alloys
changes with the electrode potential. Okamoto [214]
found that the passive film on AISI 304 steel formed in
1 N H,SO, consisted mainly of chromium species at
potentials  lower than a  critical  potential
U=400 mV SCE; at higher potentials all Cr, Ni, and Fe
were incorporated in the film. A similar result was re-
ported by Olefjord and Brox [212], who found the
amount of oxidized iron species in the film formed on
the Fe—19Cr alloy in 1 N H,SO4 increased with in-
creasing potential.

The oxidation state of iron is also affected by the
potential. According to Clayton et al. [215], the passive
film on the AISI 304 steel in 1 N H,SO,4 consists of
Fe’", Fe’ ", and Cr’" species at potentials lower than
0.4 V SCE; at higher potentials mainly Fe*" and Cr®™*
species were found in the film. Haupt and Strehblow [57]
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accordingly found that the amount of Fe*" in the film
increases with increasing potentials, but the oxidation of
the ferrous species to ferric species does not occur
completely in the passive film formed on Fe—Cr alloys in
contrast to the behavior of pure iron. This could result
from the formation of a highly resistive film on the Fe—
Cr alloys, which inhibits the oxidation of iron, as Ha-
shimoto et al. [213] postulate. On the other hand, later in
situ studies on the passive film on pure iron in borate
buffer indicate that even for films formed at high anodic
potentials a small amount of Fe?" is present [179, 180].
The absence of Fe?" in the film found by ex situ tech-
niques could therefore be an artefact induced by
oxidation of the film in air after its removal from the
electrolyte.

The composition of the passive film can vary in
depth. Cr*" accumulation has often been found to take
place in the inner part of the film [55, 57, 113, 212, 216,
217). According to Olefjord and Brox [212] the inner
part of the passive film contains 100% Cr’". In the
outer part additionally Fe>" and Fe®' species were
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Fig. 13 Pitting potentials for Fe-Cr—Ni alloys in 0.1 M NaCl at
25 °C (after Ref. [211])

found. At depth the oxygen was incorporated as O,
suggesting the inner Cr-rich layer consist of Cr,Os. In
the outer layer the oxygen is present as OH ™ suggesting
the layer to consisted of hydroxides and oxyhydroxides
of iron and chromium.

Oxygen has been identified to be present in the pas-
sive film in three different metal-oxygen bonds: as an
oxide M—0O, a hydroxide M—OH, and an oxyhydroxide
M-OOH. Nevertheless, no agreement exists on the de-
tails of the presence of hydrogen in the passive film.
According to Okamoto [214] the passive film on Fe—Cr
alloys is initially enriched with water as H,O-M-H,0O
networks. With time, the film changes to a less hydrated
structure, containing HO-M-OH and O-M-O bridges.
According to Okamoto the bound water is exclusively
associated with chromium compounds in the film.
Clayton et al. [215] agree with Okamoto about the
presence of bound water in the passive film but claim
that it should be associated with the iron compounds in
the film. In accordance with Okamoto, Clayton et al.
found the amount of bound water in the film to decrease
with ageing time.

For stainless steels, further investigations have been
carried out to study the role of different alloying ele-
ments (mainly Ni and Mo) on the passivity and its
breakdown. More information on the passive films
on stainless steels can be found in recent reviews
[66, 218].

Electronic properties

The electronic properties of passive films on Fe base
alloys and stainless steels have been, compared with the
oxide films on Fe, much less investigated. Photoelec-
trochemical studies were carried out on binary Fe—Ni
[82, 219] and Fe—Cr alloys [219, 220, 221], commercial
ferritic Fe—Cr steels [90, 222, 223], and AISI 304 steel



(DIN 1.4301) [83, 99, 224, 225] and there is also work
addressing the capacitance behavior of stainless steels
[87, 214, 226, 227, 228, 229, 230].

In general, this work shows that with a low alloying
element concentration the photocurrent and capacitance
behavior of the passive films is similar to that of Fe.
With increasing alloying element content, typically shifts
in Up, an increase in E, as well as in Nd are observed,
and the deviations from ideal semiconductor behavior
become more pronounced.

Angelini et al. [82] observed by photopotential
measurements on Fe—Ni alloys, for Ni contents below
40%, a behavior very similar to pure Fe. Kloppers
et al. [220] investigated a series of Fe-Cr alloys and
found the photocurrent to decrease with increasing Cr
content between 5 and 30% Cr. All alloys showed
n-type behavior with a negative shift of the optical
flat-band potential with increasing Cr content. For all
alloys, an indirect band-gap energy of 1.9 eV was
found — identical to that of pure Fe — independent of
the passivation potential, pH, and alloy composition.
According to these authors the photocurrents decrease
continuously with increasing Cr content — a fact that
was taken as an indication that a distinct critical Cr
content for high corrosion resistance [3, 107, 108, 231]
does not exist.

Sunseri and coworkers [90, 222] investigated a se-
ries of ferritic Fe—Cr steels of the type 25Cr—4Ni—
4Mo in a neutral 3.5% NaCl solution. For all the
steels n-type behavior with optical flat-band potentials
of 0 to —100 mV SCE was observed. Even though the
composition of all the steels studied was very similar
(Cr: 24.5-26%, Ni: 2.5-2.9%, Mo: 3.25-3.9% [222]), a
different potential dependence of the band-gap energy
was found for the different alloys. It was reported that
generally E, decreases from 2.8 eV at —200 mV SCE to
2.0...2.5 eV (depending on the steel) at potential of
400 mV SCE followed by an increase in E, at higher
potentials. The occurrence of this increase in the band-
gap energy at 400 mV SCE, as well as the change in
the phototransient behavior at this potential, was at-
tributed by the authors to the contribution of nickel
oxide surface states. In later investigations by others,
however, this maximum in the band-gap energy was
ascribed to the oxidation of the Cr’" in the passive
film into Cr®" species [86].

Simoes and coworkers [83, 225] found for passive
films on AISI 304 steel (DIN 1.4301) formed in pH 9.2
borate buffer at 800 mV SCE and subsequently polar-
ized to lower potentials, a maximum photocurrent at
550 mV SCE. The indirect band-gap energy was found
to be only slightly dependent on the potential (2.85 eV at
200 mV SCE; 2.7 eV at 800 mV SCE). The photocur-
rent spectra in the energy region below 3.1 eV was
qualitatively discussed in terms of localized states.

DiPaola et al. [224] investigated AISI 304 steel
(DIN 1.4301) in a neutral 1 M NaClO, solution. An
evaluation of the photocurrent spectra revealed a
strong potential dependence of the band-gap energy of

159

2.8 eV at 0 mV SCE down to 2.0 eV at 760 mV SCE
and a significant change in the potential dependence
was observed at 360 mV SCE. Other authors [85]
attribute the nonideal behavior of the passive film on
different steels to a defective (partially amorphous)
structure of the film.

Gorse et al. [99] investigated passive films on AISI
304 steel (DIN 1.4301) in pH 9.2 borate buffer at
575 mV SCE, after exposure to « radiation for differ-
ent times. The irradiation strongly increased the
photocurrent response. The polarization curves of the
irradiated samples in borate buffer and NaCl solution
showed a pitting potential approximately 250 mV
lower than samples that had not been irradiated. This
led to the conclusion that irradiation strongly changes
the defect structure of the passive film, and these
defects increase the susceptibility of the material to
pitting corrosion.

Aluminium

The native oxide film formed on aluminium in water and
in air at ambient temperatures is typically a few
nanometers thick, consisting of Al,O5; [232, 233]. The
film is generally described as amorphous. At higher
temperatures, thicker films are formed, often consisting
of a thin amorphous barrier layer and an outer crystal-
line layer. In boiling water the oxide film consists of
AIOOH. Owing to the solubility of Al oxides in acidic
and in alkaline solution, Al shows stable passivity only
in the pH region of 4-9 (however, localized breakdown
of passivity can take place in the presence of chloride
ions). The Al,O3 layer formed on pure Al in air or in
aqueous solutions acts as a dielectric. This makes it
possible (as for other valve metals) to form thick anodic
layers by anodic polarization to higher voltages.

Depending on the anodizing conditions, different
type of oxide films can grow on Al. Dense, barrier-type
oxide films up to the thickness of 0.1-1 um are formed in
solutions which hardly or only to a very minor extent
dissolve Al oxides (e.g., borate, phosphate buffers). In
solutions which chemically dissolve Al oxides (e.g.,
H,S0,) films up to 10-20-um thick can grow. These
thick films consist of an inner, pore-free barrier layer
and an outer porous layer. The inner barrier layer is
generally considered to consist of pure alumina, whereas
the outer porous layer can contain species incorporated
from the electrolyte solution [234, 235].

Formation of porous anodic films on Al has been
review by Wood [236]. The pore size and the distribution
obtained depend on the anodization conditions; the pore
diameters typically vary between some and several
100 nm. Such porous alumina has recently found great
interest as templates for the electrodeposition of nano-
structures of different materials for the production of,
for example, nanowires [237, 238]. Materials deposited
in the pores include several metals and semiconductors;
the principle is shown schematically in Fig. 14.
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for microfabrication. The sequence: a thick, porous oxide is grown
by anodization; metal (or other material) is electrodeposited into
the pores; the aluminium template is dissolved leaving nanowires of
the deposited material behind

Oxide films on Al (native and anodic films) are often
assumed to contain flaws which can play a crucial role in
the corrosion behavior of passive Al acting as paths for
cathodic and anodic current flow [233, 239, 240].

Many recent investigations on the nature of the oxide
films formed on Al can be found in Ref. [241].

Titanium

For titanium active uniform corrosion very seldom takes
place owing to the excellent protection provided by the
native film of TiO,. Thermodynamically TiO, is very
stable in the pH range between 2 and 12, and only
complexing species such as HF or H,0, lead to sub-
stantial dissolution [23]. Further, localized breakdown
of passivity — mainly crevice corrosion of Ti — can take
place at elevated temperatures (above 70 °C in seawater
and above 315 °C in pure H,O [242, 243]).

The active/passive transition of Ti in H,SOy4 of dif-
ferent concentrations has been discussed in Ref. [244]. It
is interesting to note that even though the passivation
potential of Ti is more negative than the equilibrium
potential of hydrogen evolution and the critical current
density is relatively low, Ti is not spontaneously passi-
vated in deaerated strong acidic solutions. This is due to
the relatively slow kinetics of the cathodic hydrogen
evolution reaction on the Ti surface [245, 246]. This also
explains the observation of depassivation leading to
uniform corrosion of Ti in deoxygenated acidic media
[244]. In oxidizing acids, however, Ti is spontaneously
passive.

The majority of the investigations carried out on
titanium are concerned with anodic oxide films formed
under high anodic polarization. In these studies the
growth kinetics and the properties of the anodic oxide
films have been described. Anodization at high voltages
thickens the native oxide films to several thousand
angstroms, depending on the applied potential. Passive
films on titanium formed at relatively low potentials
(close to the open-circuit potential) are generally found
to be amorphous in nature [247]. At higher potentials, a
more crystalline film is formed [248, 249, 250]. Recrys-
tallization is accompanied with the uptake of water and
a rapider thickening of the oxide film with potential [247,
250]. For more details on the growth mechanism see
Ref. [251].

The electronic properties of anodic films on titanium
have extensively been studied, on one hand, because
these films show a behavior perhaps most similar to an
ideal semiconductor of all anodically formed films on
metals and, on the other hand, TiO, is still being con-
sidered as one of the most promising materials in solar
energy conversion. In fact, anodic TiO, films on Ti were
found to behave very similarly to bulk TiO,, i.e., an n-
type semiconductor [252, 253, 254]. However, for anodic
films properties such as the quantum yield or doping
concentration can depend strongly on the formation
conditions [255]. For a more detailed discussion on the
electronic properties and the photoinduced growth on
TiO, layers see Ref. [256] and references therein.

Concluding remarks

Within the past 50 years the understanding of the
mechanism of passivity and its breakdown has increased
tremendously. This has been due mainly to extensive
studies of a variety of relevant systems by numerous
researchers tackling the field from different angles
(materials science/technology, physics, chemistry, engi-
neering). Almost any passive metal/environment combi-
nation expresses particular characteristics, making it
difficult to reach a conclusive and ‘“‘universal” under-
standing of the stability and protectiveness of passive
films. New experimental approaches (e.g., using scanning
techniques with a very high lateral resolution or



synchrotron radiation) led and lead to new insights, with
regard to the optimization of the passivity of a material
in a specific environment or to the fostering of the design
of tailored materials for a novel application. Even
though many questions remain open, and although past
and present reflective thinkers are no doubt right when
they state “Rust never sleeps” [257] recent science and
technology has, we believe, at least in many technologi-
cally relevant areas, managed to force rust to take a nap.
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