
1.5 Passivity and Localised

Corrosion

Introduction

Passivity is a state of low corrosion rate brought about under a high anodic
driving force, or potential, by the presence of an interfacial solid film,
usually an oxide. The phenomenon has been defined in a number of
ways1'2, most of which are similar in meaning. Although from the more
literal sense of the word, passivity could include metals immune from corro-
sion (such as gold in water), in the parlance of corrosion science, this is
specifically excluded. Passive metals are thermodynamically unstable3: they
possess a kinetic stability, which is engendered by a solid interfacial film, and
without which corrosion would occur. The oxide film, itself formed anodic-
ally through a mechanism very similar to that of the corrosion process, stifles
the rate of further oxidation (corrosion and further passivation) by forming
a barrier between the metal surface and its environment. So many metallic
structures and components depend for their stability on the state of
passivity. From an engineering point of view the phenomenon of passivity
is a remarkable one, remarkable because of the extremely thin film required
to procure passivity. The typical passivating oxide film on many metals is
only some 1-10 nm in thickness, and is produced by oxidation of the surface
to a depth measured in monolayers of atoms. Without the passivating
oxide film many metallic structures would corrode at a very fast rate,
phenomenological evidence for this being provided by the very fast rates at
which localised corrosion (such as pitting corrosion or stress-corrosion
cracking) can propagate when passivity is disrupted and regeneration of the
passivating oxide film cannot take place. This thin oxide film is the stabilising
barrier which separates the potentially active metal from the environment for
structures smaller than a hypodermic needle and larger than an aircraft. Not
surprisingly, passivity and passivation have been examined extensively in the
past many decades using a large range of techniques; despite the great deal
of information and knowledge that has thereby been generated, there are
many questions that remain to be answered before a full understanding of
the subject is achieved. For example, ever since the advent of stainless
steel, it has been realised that this important class of materials owes its
stainlessness to the surface oxide film, and even now, despite the large
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Fig. 1.39 Schematic anodic polarisation curve for a metal. Region AB describes active dissolu-
tion of the metal. BC is the active/passive transition, with passivation commencing at B. Passi-
vation is complete only at potentials higher than C. The metal is passive over the range CD

(in the anodic or positive sense) above the equilibrium potential between the
metal and its dissolved ions, so the driving force towards oxidation increases
and the rate of dissolution increases, in the classical case representing an
exponential rise of current with potential according to the Tafel equation11.
When the potential is high enough, a dramatic reduction in the dissolution
rate occurs, and the rate of dissolution remains low with further increase in
potential. This latter state is the state of passivity, and the minimum poten-
tial at which the low oxidation rate exists is the passivation potential. It
is a feature of the passive state that the oxidation rate is independent of
potential, or nearly so12. This feature does not define the state of passivity
uniquely however, since diffusion-controlled dissolution reactions are also
independent of potential, and passivity is not due to dissolution under
diffusion-control. Some surface films too, while displaying all the qualitative
properties of passivity with respect to the polarisation curve, in fact allow
a high corrosion current to pass, and cannot be regarded as passivating. An
extreme example of this is the phenomenon of electropolishing, where the
rate of dissolution is controlled by migration of ions through a viscous salt
film layer and the rate is independent of potential, but the current density

amount of research, using a wide range of in situ and ex situ techniques, the
exact nature of this oxide film remains to be resolved. Passivity of iron has
been long recognised4"6; the modern theories concerning the passivating
oxide film are primarily due to Evans7"10.

Passivity of a metal lies in contrast to its activity, in which the metal
corrodes freely under an anodic driving force. The passive state is well
illustrated by reference to a classical polarisation curve prepared poten-
tiostatically or potentiodynamically (Figure 1.39). As the potential is raised
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is high12 15. It is a prime requirement of passivity that the oxidation rate is
small; how small depends entirely on the application. The state of passivity
is never perfect, and a passive metal always corrodes at a finite rate, albeit
that this rate may be very low. The surface film forms a barrier between the
metal and its environment, which retards further oxidation. Raising the
potential in the passive state, while increasing the driving force towards
oxidation, serves to thicken the surface oxide film, thereby increasing the
barrier towards further oxidation. It is this increase in the barrier film thick-
ness with increase in potential which generates the potential-independence
of the oxidation rate as long as the metal remains passive. The phenomenon
is used in high-voltage anodising of some metals, where highly resistive oxide
films can be grown to thicknesses of several hundred nanometres at high
voltages.

The above description of passivity refers to passivity stimulated by an
externally applied potential. Passivity of real structures is however, generally
achieved in the absence of externally applied power (although it can be
stimulated by application of an anodic voltage, the practice of anodic pro-
tection21). In the absence of an applied potential the sink for the electrons
generated by the anodic oxidation of the metal is a cathodic reaction which
occurs on the passive metal surface itself. The cathodic reaction thereby pro-
vides the driving force. In aqueous systems this is generally the reduction of
dissolved oxygen or the reduction of water to hydrogen (or both simulta-
neously, depending upon the potential involved) occurring on the passive
oxide surface, as:

O2 + 2H2O + 4e~ -> 4OH- .. .(1.102)

or

2H+ +2e- -+H 2 ...(1.103)

These same cathodic reactions also fuel the corrosion of metals if corrosion
(rather than passivity) is the dominant process. It is to be noted that both
cathodic reactions involve an increase in pH; the anodic site correspondingly
tends to develop a decreased pH. These changes in pH over the anodic and
cathodic sites can be important since they can lead to destabilisation of the
passive state. The state of passivity involving a cathodic reaction on the
passive surface is sometimes referred to as 'chemical passivity', as opposed
to 'anodic passivity' or 'electrochemical passivity' (stimulated by an applied
potential). The two phenomena are however very similar: both are electro-
chemical in nature. The only mechanistic difference lies in the fact that under
chemical passivity the transferred electrons must pass through the passi-
vating oxide film from the metal atoms to the cathodic reactant, since the
anodic reaction (metal oxidation) occurs at the metal/film interface, and the
cathodic reaction at the film/electrolyte interface. Under externally applied
anodic stimulation, this is not the case, the electrons being passed around an
external circuit to a separate cathode. Electrons pass fairly readily through
most passivating oxide films, even those of high resistivity, because they are
so thin. Other cathodic reactants may also behave as passivating agents.
Their role is variable depending on their nature. Thus for example, chro-
mates added to the aqueous environment raise the potential of the metal
by accelerating the cathodic reaction. If the potential is thereby raised into



the passive regime, the metal is passivated essentially by the added chromate,
which then functions as a corrosion inhibitor. The reduced chromate also
aids passivity by depositing Cr(III) into the passivating film. The earlier
concept that oxygen itself is required as an adsorbed layer for passivation
is of course, not tenable, since passivity can be achieved readily with alter-
native oxidizing agents, or with an applied potential in the absence of dis-
solved oxygen (or any other oxidizing agent): passivity is due to a surface
film, usually an oxide, as a distinct solid phase and usually of thickness
greater than one monolayer. The oxide ions required to form the film come
from water molecules, and the role of dissolved oxygen is merely that of an
oxidising agent.

Other corrosion inhibitors also enhance passivity without electrochemical
reduction, by depositing insoluble oxidation products into the passivating
film. For example benzoate ions cause deposition of ferric benzoate into the
oxide, but do not provide any cathodic reaction.

The phenomenon of chemical passivity can be considered by inspect-
ing the polarisation curves for the separate anodic and cathodic reactions,
shown in Figures 1.40 and 1.41. The two forms of passivating agent (that giv-
ing accelerated cathodic reaction and that providing insoluble reaction pro-
duct) are both illustrated. Using simply the fact that the anodic and cathodic
reactions must occur at an equal rate, the point of intersection of these two
kinetic lines in Figures 1.40 and 1.41 describes the condition of the metal.
To achieve chemical passivity, the potential must be sufficiently high to over-
come the active loop (otherwise the oxidising agent accelerates corrosion),
and it is easy to see that there must therefore be sufficient cathodic reactant
of sufficiently high driving force.

The process of formation of a passivating oxide film is an anodic one;
the driving force for its formation is raised by raising the potential anodically
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Fig. 1.40 Schematic anodic polarisation curve for a passivatable metal (solid line), shown
together with three alternative cathodic reactions (broken line). Open-circuit corrosion poten-
tials are determined by the intersection between the anodic and cathodic reaction rates. Cathode
a intersects the anodic curve in the active region and the metal corrodes. Cathode b intersects
at three possible points for which the metal may actively corrode or passivate, but passivity
could be unstable. Only cathode c provides stable passivity. The lines a, b and c respectively
could represent different cathodic reactions of increasing oxidizing power, or they could repre-

sent the same oxidizing agent at increasing concentration.
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Fig. 1.41 Schematic anodic polarisation curves for a passivatable metal showing the effect of
a passivating agent that has no specific cathodic action, but forms a sparingly soluble salt with
the metal cation, a: without the passivating agent, b: with the passivating agent. The passive
current density, the active/passive transition and the critical current density are all lowered in
b. The effect of the cathodic reaction c, is to render the metal active in case a, and passive

in case b

across the metal/environment interface. Thus for example, the driving force
for formation of a passivating oxide film on iron by the reaction.

2Fe + 3H2O -> Fe2O3 + 6H+ + 6e~ .. .(1.104)

is raised as the potential is raised above the equilibrium potential between
the metal and its oxide. Raising the potential however, also raises the driving
force towards oxidation of the metal quite generally and thus increases the
propensity towards accelerated corrosion. The two processes of accelerated
corrosion and passivation are therefore generally in competition, and the
balance between the two can be quite delicate. Examples abound, both in
the laboratory and in the field, of passivity failure, leading frequently to
rapid and sustained localised corrosion. Mechanisms describing the origins
of stress-corrosion cracking and corrosion-fatigue inherently involve rupture
of the passivating oxide film, and the consequently rapid reactions that may
ensue on the bared metal surface. The basis on which such forms of localised
corrosion occur are well understood. In its passive state the metal is thermo-
dynamically very unstable. The conditions of the metal, the solution and
the potential dictate its state of passivity. If passivity is lost by whatever
mechanism (for example by oxide film rupture or through reaction of local
heterogeneities), the metal reacts anodically at high potential, and there-
fore at high rate, with the cathodic area occurring chiefly on the surrounding
undamaged passive surface. One consequence of such anodic reaction is the
transport of ions to carry the current, and the generation of acidity through
hydrolysis of the reaction products26'30. (Note that the reaction above
describing ferric oxide formation on iron itself generates H+.) If these pro-
cesses generate a local solution of sufficient aggressiveness, then localized
corrosion will ensue: the rate will be fast because of the high potential. If the
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local solution developed is not sufficiently aggressive or the reaction rate not
high enough (because the potential is too low) the site repassivates (i.e.
regenerates the passivating oxide film). These phenomena are dealt with in
more detail below.

Passivity normally exists within a well defined potential range, below
which the metal may activate and corrode, and above which it may trans-
passivate and corrode. The potential range is characteristic of the metal/
environment system, and critically, of the available cathodic reaction.
Because all anodic processes occurring through the passivating film, includ-
ing film growth itself, are controlled by the ionic conductance of the
film12'31, a low ionic conductivity to metal cations as well as oxide ions is
beneficial to passivity. Oxides of high ionic conductivity would grow to be
thick, and thick oxide films are more likely to be mechanically unstable,
because they are more crystalline, and more defective. The passivating film
thickness is also controlled by the rate of dissolution of the oxide into the
electrolyte. The electron conductivity of the oxide is of less consequence.
Metals such as aluminium and tantalum, whose oxides are of low electronic
conductivity, can be as passive as iron and copper, whose oxides are highly
electronically conductive. Although passivity in open circuit requires elec-
tron passage through the oxide, this is rarely a limiting step. Consideration
of the variables associated with each system is thus critical in determining
the state of passivity.

Determination of the Passive Corrosion Rate

If a metal were perfectly passive and the solubility of its ions were zero,
the passive corrosion rate would be zero but it would take a long time to
reach that state. This is never the case, and passivity always implies an ulti-
mate steady state corrosion rate. It is generally important to know that
rate. This is determined as the passive current density, /pass, through
polarisation experiments. The rate of penetration in the passive state is
then dx/dt = M/pass/zFp where Mis the atomic weight of the metal, z is the
electron number, F the Faraday constant and p the density of the metal.
Polarization curves such as that shown in Figure 1.39 are commonly mea-
sured by potential sweep measurements (at constant sweep rate, d£"/d/);
such curves also yield the passive range of potential. The value achieved
however, depends on the imposed potential sweep rate because at any poten-
tial the steady state value of /pass takes some time to be reached. This time
to reach a steady state, often overlooked or ignored in laboratory studies
of passivity, can be measured in minutes, hours, or even days. Fast sweep
rates may therefore yield an erroneously high value. The passive current
density is thus more accurately obtained at constant potential. A further
feature, which can yield an erroneously low value of /pass, is the presence of
a cathodic reactant, such as oxygen. To overcome this, measurements in
the laboratory are made in deaerated solution; full deaeration is however,
not possible. The lower the true passive current density, the greater the
inaccuracy in the measured value. Measurement of /pass at constant poten-
tial does not resolve this inaccuracy. The error can be recognised by measure-
ment using a rotating disc or cylinder electrode. Variation in the rotation rate
then alters the rate of transport of oxygen, and is observed as an apparent



reduction in /pass as the rotation rate increases. What passive corrosion rate
constitutes a viably passive structure is very much open to question and
dependent on the application. One of the most demanding states of passivity
is that required by metallic surgical implant materials, where even small
passive corrosion rates of metals, (undamaging to the metal) which show
toxicity in ionic form and whose ions are not excreted at the appropriate rate,
may accumulate to significantly toxic levels. It is nevertheless quite common
experience for the passive corrosion rate to be so low, that a well engineered
structure corroding in its passive state, is visibly unchanged after very many
years service.

The Polarisation Curve

It is worthwhile to consider the general form of the anodic polarisation curve
obtained when the potential of a metal is scanned in deaerated solution.
Figure 1.42 shows a series of schematic curves which describe the onset of
passivity (as shown in Figure 1.39) as well as the behaviour of the passive
state itself. Such curves can only be determined potentiostatically or poten-
tiodynamically; galvanostatic measurement of potential cannot provide the
polarisation curve of a passivating metal because the potential is a three-
valued function of the current density. At low anodic potential (region AB)
in solutions where the metal ion has appreciable solubility, the metal dis-
solves actively with the current rising exponentially with increase in potential
(see Figure 1.39). Passivation commences at B and is complete at C; region
BC comprises the active/passive transition. The passive current than con-
tinues to flow with further increase in potential, approximately indepen-
dently of potential, until point D, F, H or J depending upon the properties
of the passivating film with respect to the electrolyte solution.

In solutions of a sufficient concentration of aggressive ions, such as
chloride, premature failure of passivity occurs with many metals (such as
aluminium, iron, nickel and their alloys) at point D by the nucleation of
pitting corrosion. Failure of passivity is localised, and the current rises with
further increase in potential (region DE) as the pits grow and more pits form.
Note that the current density is usually obtained by dividing the measured
current by the surface area of the specimen under test. When localised corro-
sion, such as pitting occurs, the actively dissolving area is very much smaller
than this (otherwise the corrosion could not be termed localised). The cur-
rent density measured as such does not thus represent the local corrosion
rate, or the penetration rate, which is in fact much faster. The rise in mean
current density in region DE of Figure 1.42 is not necessarily an exponential
function of the potential. The region carries an increasing number of pits
with increase in potential as well as their growing surface area with time. This
region also shows significant noise in the measured current.

In the absence of aggressive anions, the passivating oxide film may itself
begin to be oxidised at point F to produce a soluble anion, and passivity
again fails, this time by oxidative dissolution. The current rises with further
increase in potential (region FG) as the dissolution rate rises. This occurs
for example with chromium and manganese by oxidation to CrO4

2" and
MnO4~ or MnO4- respectively. If the oxide film is stable, and is also a
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Fig. 1.42 Schematic anodic polarisation curve of a metal showing possible behaviour of the
passive region. AB is the active region and BC the active/passive transition. The metal is passive
at potentials more positive than C. If the solution contains aggressive anions such as chloride,
passivity may break down at D (the pitting potential) and the current rises with further increase
in potential (DE) as corrosion pits propagate and more nucleate. The region DE is not neces-
sarily linear. If pitting agents are absent, but the passivating film can be transpassively dis-
solved, then transpassive corrosion commences at F, increasing in rate with increasing potential
(FG). If the passivating film is chemically and electrochemically stable, and is conductive to elec-
trons, oxygen evolution commences at H, and increases in rate to I. The metal remains passive.
If the film is stable and insulating to electrons, oxide film growth continues with further increase

in potential (HJ) and the metal remains passive

good electron conductor, such as occurs with iron and nickel in neutral or
moderately alkaline solutions, then point H marks the potential at which
the solution itself begins to be oxidised. In aqueous solution this is the
oxidation of water to oxygen, for which the standard electrode potential is
1.228 V(SHE) at 250C. The rise of current with increase in potential in region
HI then simply describes the increasing rate of oxygen evolution. Passivity
here is not disturbed (unless the oxide film is damaged mechanically by the
oxygen bubbles). This process can only occur if the oxide film is an electron
conductor, since the oxidation of water requires the withdrawal of electrons
from the water molecules through the oxide to the metal: oxidation of water
occurs at the film/electrolyte interface.

Finally, if the film is stable in solution, and is a poor electron conductor,
such as occurs on aluminium and tantalum in halide-free environments,
oxygen evolution is not possible. Raising the potential beyond point H in
Figure 1.42 causes the film to grow further, with the current continuing to
be approximately independent of potential (region HJ). It is under these
conditions that high-voltage anodising can be adopted to produce relatively
thick oxide films, as described briefly below.

logi



Anodising Under High Applied Voltage

For metal/environment couples where the passivating oxide film does not
break down, does not oxidatively dissolve, and does not conduct electrons
readily, the only mechanism for relaxing the increasing electric field as the
potential is increased is the thickening of the oxide film. The process occurs
by ion conduction through the film. In fact, if the potential of aluminium
immersed in a suitable anodising electrolyte is raised suddenly to a high
value, transient evolution of oxygen bubbles is observed. The oxide is of
course a dielectric, and the sudden potential jump imposes dielectric break-
down with conduction of electrons because of the increased electric field.
The effect is rapidly quenched as the barrier oxide film grows simultaneously,
relaxing the electric field.

In many cases passivating and highly electrically insulating oxide films can
be grown to thicknesses of several hundred nanometres, and even micro-
metres; such films can be observed readily in the scanning electron micro-
scope16"20'31. The applied anodic voltages can be in the region of several
tens, and even hundreds of volts, and can be applied as a d.c. current or
voltage, or as an a.c. voltage, depending on the required properties of the
oxide. The most widely anodised metal industrially is aluminium. Although
a.c. anodising of aluminium imposes a cathodic half-cycle for each anodic
half-cycle, oxide film reduction does not occur, contrary to what might be
expected. This is because the oxide film on aluminium is very irreducible. In
the appropriate electrolyte the passivating oxide film can be induced to be
overlaid with a much thicker microporous oxide layer. Electrolytes which
induce formation of a porous overlayer tend to be the more aggressive ones,
for example aluminium in sulphuric or phosphoric acid. Inevitably, the
porous layer is underlaid with a non-porous barrier layer (otherwise the high
applied voltage would induce vigorous oxygen evolution in those areas lack-
ing the electron-insulating oxide). The barrier layer is thus named because
it carries most of the electric field and controls the film growth current; the
barrier layer is the passivating component. Its thickness increases linearly
with the applied voltage, consistent with the behaviour of other passivating
oxide films. This duplex oxide film formed on aluminium finds wide techno-
logical application. Anodising of titanium to appropriate oxide film thick-
nesses produces vigorous interference colours, a phenomenon exploited in
the ingenious art of Pedeferri32.

Mechanism and Kinetics of Passivation

The basic mechanism of passivation is easy to understand. When the metal
atoms of a fresh metal surface are oxidised (under a suitable driving force)
two alternative processes occur. They may enter the solution phase as
solvated metal ions, passing across the electrical double layer, or they may
remain on the surface to form a new solid phase, the passivating film. The
former case is active corrosion, with metal ions passing freely into solution
via adsorbed intermediates. In many real corrosion cases, the metal ions,
despite dissolving, are in fact not very soluble, or are not transported away
from the vicinity of the surface very quickly, and may consequently still



deposit on the surface as an oxide or insoluble salt. Often these cases are
not passivating because the insoluble corrosion product is deposited from
the solution phase as a poorly adherent, loose, crystalline substance. For-
mation of rust on steel is one such example; blue and green deposits on cor-
roded copper plumbing are another. Oxide films which are passivating are
most commonly formed when they are generated directly on the metal sur-
face without the constituent metal ions passing first into solution (e.g.33).
While the precise structures of passivating films remain contentious34'35,
they are known to be coherent and continuous, necessarily so since any lack
of continuity would provide paths for active dissolution leading to localised
corrosion.

Formation of the first layer (a monolayer) of passivating oxide film on
a denuded metal surface occurs very simply by the loss of protons from
the adsorbed intermediate oxidation products, such intermediates being
common to both dissolution and passivation processes36'44. Thus for exam-
ple, the first oxidative step in the anodic oxidation of nickel is the formation
of the unstable adsorbed intermediate NiOH by

Ni + H2O -» NiOHads + H+ + e~ . . .(1.105)

Similar initial reactions occur on many metals such as iron and cobalt. This
intermediate can now react further in one of two ways. Oxidation andpro-
tonation of the intermediate to Ni(II) leads to dissolved nickel ions (active
corrosion) which are unable to passivate the metal:

NiOHads + H+ -> Ni2+ + H2O + e" .. .(1.106)

On the other hand, oxidation and deprotonation of the same intermediate
leads directly to passivation by:

NiOHads -> NiOf + H+ + e" .. .(1.107)

where the subscript ads represents the adsorbed intermediate, aq represents
the aquated metal ion in solution, and f represents the oxide film. These reac-
tions are able to proceed because the solvent, water, is effectively an infinite
source, and sink, for H+. The intermediate NiOHads is common to both the
dissolution and passivation reactions. It can be regarded as an hydroxide of
Ni(I) or an adsorbed OH radical; the distinction is probably not important
to the case of passivation. Because of subsequent further reaction, it is better
considered as the compound of univalent nickel. This intermediate does not
exist as a bulk species. Its existence as an intermediate is undoubtedly due
to the fact that it is adsorbed to the metal surface on one side, and carries
the aqueous double layer on the other. Which of reactions 1.106 and 1.107
occurs preferentially depends critically on the solution composition, its pH,
the potential, and of course, temperature. It is apparent that the nickel atoms
involved in going from Ni to NiO via steps (1.105) and (1.107) never leave
the metal surface. Formation of NiO (or the hydrated form, Ni(OH)2) by
precipitation from the dissolved nickel ions formed in reaction (1.106) does
not lead directly to passivity. For iron, formation of oxides from dissolved
Fe2+ via precipitation from solution leads to non-protective rust. (Brown
rusts involve further oxidation of Fe2+ by dissolved oxygen). Such pre-
cipitated oxides are not usually passivating. The passivating oxide formed by
reaction (1.107) can only occur when the equilibrium potential between the Ni



and NiO is reached or exceeded. Higher oxides of nickel may also impart
passivity once the appropriately higher equilibrium potential is exceeded33.
Clearly, such oxides form preferentially in solutions where the oxide is effec-
tively insoluble: for many metals these are solutions of neutral and mildly
alkaline pH. Nevertheless, in acidic solutions where the oxide is thermo-
dynamically unstable relative to the dissolved metal cation, passivation can
still occur (and does so on many metals, including nickel) as so well exhibited
by chromium. Cr(III) oxide is thermodynamically unstable in acidic sys-
tems3, but the metal is still very passive in sulphuric acid (at the appropriate
potentials); the implication is that the dissolution of the passivating oxide
into acidic solutions, which must inevitably occur, is very slow, and the rate
of corrosion of chromium in its passive state is undoubtedly controlled by
this dissolution rate. (It is chiefly chromium (III) which gives rise to passiva-
tion of alloys containing sufficient quantities of Cr, such as stainless steels
and nickel/chromium alloys.)

There are in fact many possible further steps that could be included in
the basic mechanisms described above, for example, involving adsorption
processes for H2O and OH", and interactions among the adsorbed species.
The most widely studied is the reaction of iron, but broadly similar steps are
encountered in the anodic oxidation of many metals. These several mech-
anisms still include the same basic steps as described above36"44.

The first monolayer is generally formed before any significant film thick-
ening occurs, because of the very strong dependence of the film growth rate
on the electric field across the reacting interface. A mechanism of the type
shown in equations 1.105 and 1.107 does not necessarily involve an oxide
nucleation step. Rather, it is a random oxidation of the exposed surface
metal atoms until the first monolayer of oxide is complete43"46. Such a
model could account for the suggestion that passive films may in fact be
amorphous, with no definable crystal structure. Alternatively for some
metals, an initial nucleation step may occur with two-dimensional spreading
of the oxide over the surface to produce expanding circular 'pancakes'
of oxide which link up when they impinge on one another. This mechanism,
which involves different kinetics, has not however, been found in repassiva-
tion experiments involving mechanically stripped transition metal
surfaces43"46. Growth of the first monolayer of the passivating oxide already
causes significant reduction in the rate of oxidation of the metal, but in
general, the process does not stop there.

Once the metal surface has become covered with its first monolayer of
the oxide film, the metal is then separated from its environment by that
oxide, and film thickening ensues: metal cations or oxide anions (or both)
are transported through the existing oxide film, thus relaxing the electric
field which drives the mobile ions, until a steady state is reached. Ion migra-
tion (or vacancy migration) under the electric field controls the film growth
ratei2,3i,47-50 ^8 ̂  £jm thickens at constant potential, the relaxing electric
field across it reduces the rate of field-assisted ion migration, and the rate
of film growth declines. The steady state is reached when the rate of film
thickening equals the rate of film dissolution into the environment, giving a
net constant-rate dissolution of metal. Different metals display different
passive corrosion rates and it is the numerical value of this rate which



dictates whether the metal can be regarded as sufficiently passive for specific
engineering purposes. Highly passive metals usually carry very thin oxides,
and the electric field sustained by the overall metal/oxide-film/electrolyte
interphase region is then very high. For example at an overpotential of 0.2 V
and an oxide film thickness of 2 nm the mean electric field is ca. 108 V m"1.
The precise distribution of this electric field, namely that fraction lying
across the film itself and that lying across the two phase interfaces is not
known, although several models exist49"53. Similarly, the identity of the
transporting ions is often not known. Although bulk oxides can often be
classified as to whether they are cation-vacant, anion-vacant or contain
excess ions interstitially, thus dictating the mode of ionic charge transport,
passive films are so thin, that properties of bulk oxides may not necessarily
be applicable. The effect is strikingly realised when it is considered that many
passivating oxide films are often no thicker than one or two unit cells of the
equivalent bulk oxide, and their transport properties may consequently differ
from those of the bulk material. Only in the model of Macdonald etal.52'53

is such distinction drawn for the corrosion and passivation characteristics,
where the model predicts that the transport of metal cations across the oxide
from the metal interface to the electrolyte interface causes dissolution, and
the transport of oxide ions in the reverse direction causes film growth.

Derivation of the rate of oxide film growth proceeds as follows. When the
metal carrying its oxide film is at its equilibrium potential, no overpotential
exists across the oxide, and the rate at which ions move through the oxide
from the metal to the electrolyte equals the rate at which they move back
again. Expressed as current densities, the forward rate is if and the back-
ward rate /b; these rates are equal at equilibrium. Ions moving through the
film do so via vacancies (anionic or cationic, leading to anionic or cationic
migration), or interstitially. They thereby encounter an energy barrier which
they must surmount in order to move at all: the width of this energy barrier
is the distance between anionic or cationic sites in the oxide lattice if the
mechanism is by vacancy migration, or the distance between interstitial sites
if the mobile ions move interstitially. This distance is 20. The height of the
energy barrier is the activation energy, AG*. Thus, at equilibrium

/f = ib = zFArexp \ - ̂ ] .. .(1.108)
L K1J

where k is the rate constant, z is the charge number, F is the Faraday con-
stant, R the gas constant and Tthe temperature. Equation 1.108 is an expres-
sion of the Arrhenius equation.

We now apply an anodic overpotential TJ, for film growth, and for sim-
plicity, we regard this overpotential as being distributed entirely across the
oxide film. If the oxide film has thickness X9 then the electric field across
the film is drj/dx, which equals t\/x if the overpotential lies linearly across
the oxide film. The potential drop across the distance 2a (a single energy
barrier) is then 2017/Jt. The activation energy in the forward direction (i.e.
with the electric field) is thereby reduced by an amount arjzF/x, and that
in the backward direction (i.e. against the electric field) increased by an
amount arjzF/x. Thus, under the applied overpotential TJ
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Similarly in the backward direction

t-.««P [-<*0< ;?«"«>]

—(-TfH-S^) • ••"•'">
The following parameters are constants (at constant temperature) and are
simplified to

A = zFkexp ^- ~J ...(1.111)

and

-^The net current density, /', in the forward direction (i.e. that producing film
growth) is

i = / f - / b ...(1.113)
and

. (BID A r 5^/ = A exp — - ,4 exp
L-JfJ L JfJ

= 2AsInIi — I ...(1.114)
V^ X J

This is the general expression for film growth under an electric field. The
same basic relationship can be derived if the forward and reverse rate con-
stants, k, are regarded as different, and the forward and reverse activation
energies, AG* are correspondingly different: these parameters are equi-
librium parameters, and are both incorporated into the constant A. The
parameters A and B are constants for a particular oxide: A has units of cur-
rent density (Am"2) and B has units of reciprocal electric field (mV"1).
Equation 1.114 has two limiting approximations.

(a) When the electric field, rj/x, is large (high 77 and/or small film thick-
ness, x), 2sinh y = expj>, and

CBn\
i =,4 exp — ...(1.115)

I^ x J

This is commonly known as the high field equation. It is of similar form to
the Tafel equation for activation controlled electrochemical reactions with



the additional feature that the potential driving the reaction lies across an
oxide film of variable thickness, X9 rather than across the double layer (of
constant thickness). The kinetics of oxide film growth according to this equa-
tion approximate to (but are not identical to) inverse logarithmic film
growth48'54'55. The passivity of most passive metals is associated with a high
electric field since most passivating films are very thin. A high electric field
implies either a thin passivating film (x is small) or a high overpotential (77
is large) or both.

(b) When the electric field is small (i.e. rj is small and/or x is large),
sinhy = y9 and

i = 2-^ ...(1.116)

Equation 1.116 is ohmic (/ a T/ for constant film thickness): the term X/2AB
can be regarded as the film resistance. The equation is identical to parabolic
film growth, for which the film thickens with the square root of time at con-
stant potential.

Because passivating films are generally very thin, passivation is normally
a high field process and equation 1.115 can replace equation 1.114. The
same relationships can be applied to high voltage anodising of metals such
as aluminium and titanium. However, under these conditions, the oxide
sometimes assumes a duplex structure, with an inner barrier layer and an
outer porous layer: for these, the film thickness X9 relates to that of the
barrier film only, since it is largely this part which carries the applied volt-
age. Notice that the relationships make no assumption about the identity of
the mobile ion, and are equally applicable whether the anion or the cation
is mobile within the film lattice causing film growth. Because the anodic cur-
rent in the passive state is approximately independent of potential in the
steady state, the above kinetic equations imply that the thickness of the
passivating oxide film increases linearly with increase in the overpotential,
and therefore with the applied potential. This has been confirmed by ellip-
sometric analysis of the oxide film.

Because the film growth rate depends so strongly on the electric field across
it (equation 1.115), separation of the anodic and cathodic sites for metals
in open circuit is of little consequence, provided film growth is the exclu-
sive reaction. Thus if one site is anodic, and an adjacent site cathodic, film
thickening on the anodic site itself causes the two sites to swap roles so that
the film on the former cathodic site also thickens correspondingly. Thus
the anodic and cathodic sites of the stably passive metal 'dance' over the sur-
face. If however, permanent separation of sites can occur, as for example,
where the anodic site has restricted access to the cathodic component in
the electrolyte (as in crevice), then breakdown of passivity and associated
corrosion can follow.

The kinetics outlined above, first observed empirically by Giintherschulze
and Betz56, were modelled by Verwey47 with the rate-controlling energy
barrier being that between to adjacent cation sites within the oxide film. The
same basic form can be derived if the rate-controlling energy barrier is that
between a metal atom on the metal surface and an adjacent cation site in the
film12'48. The rate is then limited by ion injection into the film rather than



ion migration through the film. It should also be noted that the above kinetic
relationships can be modified to take account of various other processes
occurring during anodic oxide film growth, such as space charges within the
film and charging of the phase interfaces49'50'57.

The point defect model of Macdonald etal.53 draws a distinction between
cation and anion mobility, with mobile cations leading to metal dissolu-
tion and mobile anions (oxide ions) leading to passivity: this model has the
inherent attraction of incorporating a mechanism for metal dissolution. The
procedure leads to direct logarithmic film growth (at constant potential), as
does the place exchange mechanism of Sato and Cohen58. Apart from the
work of Macdonald53, the passive state dissolution rate has been studied far
less than the oxide film growth rate, and it is not really known why the dis-
solution rate of the passivating oxide should be so slow. The process of oxide
dissolution has been reviewed59 and is complex. The complexity of the dis-
solution has been exemplified by Nii60, who showed that the rate of dissolu-
tion of nickel oxide particles (with no metal substrate) in aqueous solution
is very strongly dependent on trace quantities (for concentrations down to
ca. 10"6M) of ionic impurities in the solution. The rate of dissolution of
oxides is influenced by the polarisation of the oxides, a notion clearly very
important to the passivity of metals.

The kinetics outlined above refer strictly to single crystals, with no metal-
lurgical defects, such as grain boundaries. Polycrystalline metals and alloys
contain many such defects, and their passivation is expected to be different,
especially when the defects may contain high concentrations of impurity
atoms, such as sulphur segregated in the grain boundaries in steels. The
kinetics of passive oxide film growth, as measured electrochemically, may
well be dominated by the passivation of the grain faces because of their over-
whelmingly large surface area. However, the longer term stability of the
passive state may become dominated by the grain boundaries (as in the case
where intergranular corrosion occurs) or by inclusions, precipitates or other
microscopic defects. This feature is very important in consideration of
measured passive corrosion rates.

Determination of the kinetics of passivation can be carried out potentio-
statically provided any previously formed oxide film, such as that formed
by prior exposure to air is first removed. Such removal can be achieved
by reduction at low potential for fairly noble metals, but cannot be readily
achieved for the relatively base metals such as chromium, aluminium or
titanium. Some metals, such as iron, become charged with hydrogen during
cathodic reduction of their oxide films, a process predicted by the thermo-
dynamics of the two processes. Many alloys may undergo changes in surface
composition and structure during applied electrochemical reduction, and
subsequent reoxidation kinetics may not be representative of the true alloy
surface. Under these circumstances the electrochemical kinetics of oxide film
growth can only be determined if the preformed oxide film is stripped away
mechanically, by cutting with an inert scribe, such as diamond, sapphire or
boron nitride61"68. Such techniques then allow measurement of the kinetics
of passivation through potentiostatic current transients or through galvano-
static potential transients. Passivation in open circuit is also amenable to
such examination68.
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