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Glossary
Symbol Explanation (units)

a PDM film growth constant (nm s~ 1)
A CM film growth constant (nm~1)
A GGM film growth constant (m?3)
b PDM film growth constant (nm™1)
B CM film growth constant (nm~1)
c PDM film growth constant (A cm™?)
C FM film growth constant (nm)
c FM film growth constant (C cm™2)
(o FM film growth constant (s~2)
cM concentration of element M in the alloy, m (m™2)

D FM film growth constant (nm™1)
E electric field strength (V m™1)
F Faraday’s constant (96,487 C mol™1)
k parabolic oxidation rate constant for Wagner thick films (nm? s™1)
K PDM film growth constant (nm™1)
Moy Oxide molar mass (g mol™1)
N, Avogadro’s number (6.02 x 1023 atom mol™1)
P GGM film growth constant (m? s™1)
Q GGM film growth constant (m? s™1)

Qox oxide charge density (C cm™?)
t time (s)
Vv film growth overpotential (V)
Vapp applied anodic potential (V)
X oxide film thickness (nm)
Xd Debye length (m)

initial oxide film thickness att=0s (nm)
z cation valency (eq mol™1)




Q oxide molar volume (mol cm™3)
d)nms/f nonsteady-state metal/film interfacial potential drop (V)
d)f,f/f steady-state metal/film interfacial potential drop (V)
£ nonsteady-state passive film potential drop (V)
£ steady-state passive film potential drop (V)
d)?/ss nonsteady-state film/solution interfacial potential drop (V)
bt steady-state film/solution interfacial potential drop (V)
Pox oxide density (g cm™3)
Abstract

The objective of this chapter is to summarize the oxide growth mechanisms and rate controlling
processes for typical transition metals such as Fe, Cr, and Ni in aqueous solutions. Kinetic
expressions and mechanisms for oxide growth at potentials in the passive range as defined in section
3.1 are described based on the Mott-Cabrera, Fehlner-Mott, Point Defect, and the Generalized
Growth models. It is shown that oxide growth can be controlled by either the metal cation ejection
rate at the metal/film interface, the transport kinetics of defects as charge carriers across the
passive film, or the metal cation dissolution rate at the oxide/solution interface. Thin passive films (x
< 10-20 nm) may exhibit direct logarithmic, inverse logarithmic, parabolic, or linear growth with
respect to time depending on which model is applied while thick films grow by parabolic kinetics.

Keywords: passive films, oxide growth, Cabrera-Mott model, Fehlner-Mott model, Point

Defect model, Generalized Growth model, oxide film, ionic defects, electronic defects,
logarithmic growth law, parabolic growth rate law

1. Introduction

Oxides provide kinetic protection to a number of metals and alloys in harsh environments, serve as
functional materials in electronic applications, provide color stability in optical and architectural
applications, and produce bio-compatible surfaces to promote biological interface stability. Oxide films
serve to reduce the corrosion rate of otherwise active metals in harsh environments. These functions
are dependent on the identity, thickness, defect type, concentration, and mobility of charge carriers,
their subsequent transport, electronic properties, and the relevant driving force for oxide formation.
These factors collectively determine the ‘corrosion rate’ of a passive metal, often defined as the quasi-
steady state passive current density assuming the oxide does not rupture, spall, or delaminate nor
breakdown chemically. Hence film thickness, identity, composition, crystalline defects, and electronic
properties, amongst other parameters, are crucial. Establishment of the kinetics of oxide growth,
steady-state oxide thickness, or a limiting oxide thickness are topics of high interest. In many cases the
oxide grows either by an inverse logarithmic or logarithmic law (thin films, x < 10-20 nm) or parabolic
growth laws (x > 1 um) with respect to time. However, the details of these growth rate laws depend



critically on the assumed mechanisms and conditions. The rates and controlling factors depend on the
crystal structure of the underlying metal, epitaxy and misfit of the oxide on the metal, predominant ionic
and electronic defects responsible for field-assisted charge transport, transport processes across the
oxide film, and the controlling processes at the metal/film and the film/solution interfaces.

In all of the models presented, the driving force consisting of the applied voltage is divided into the
electric field gradient across the oxide, the potential at the oxide/metal, and film/solution interfaces [1—
3] as shown schematically in Figure 1. The oxide growth behavior is a complex process of the rate
controlling processes at each interface and across the film subjected to the driving forces applied at
these positions. In some models, the potentials shown in Figure 1 do not change with oxide thickness
while in others they are modified as detailed below. The objective of this section is to highlight some of
these controlling factors and convey how they affect growth rate behavior.

<Figure 1 near here>

2. Factors Controlling Film Growth in the Passive region

Growth as a Function of Time

The development of oxide growth models originates from Wagner’s original assumption that metal
oxidation proceeds by diffusion of charged particles and has been well-validated for thick film growth (x
> 1 um) typical for passive metals exposed to high temperatures [4]. By invoking a linear diffusion
equation which incorporated the electric field across semiconducting passive oxides, Wagner found that
film growth is parabolic:

x = (kt)1/? (1)

where x is the film thickness, k is the parabolic rate constant, and t is time. From this solution, Cabrera
and Mott developed the high field approach to solve for thin film growth where a high electric field is
maintained and assists the diffusion of ionic point defects necessary for oxidation reactions. Cabrera and
Mott hypothesized in 1949 that thin film growth was directly dependent on the migration of interstitial
cations where the rate limiting step is cation injection at the metal/film interface [5]. The assumed
uniform electric field triggers a shift in the Fermi level across the film, also called the Mott potential,
which drives ionic transport and electron tunnelling. Cabrera and Mott’s solution for thin film growth at
low temperatures yields an inverse logarithmic growth law [5]:

l:A—Blnt (2)

X

where A and B are high field growth constants. The C-M model can be extended to films thicker than
several nanometers by assuming electron transport occurs via thermionic emission or by typical
semiconductor processes across an oxide, yielding parabolic growth kinetics seen by Wagner [4].

Following the C-M model, Mott and Fehlner published an evolution on the previous model which
was developed using similar assumptions [6]. Their solution invoked the assumption that transport of



interstitial anions, rather than cations, across the film is assisted by the electric field and acted as the
rate limiting step. Their derivation yields direct logarithmic growth [6]:

x = CIn(1 + Dt) (3)

where C and D are growth constants dependent on the oxide structure. Unlike C-M, the F-M model
assumes the electric field is constant with film thickness growth. As the field is approximated as:

14

E = (4)

where Vg is the applied potential for anodic film growth, Eq. 4 cannot be constant with film growth as
Vapp is typically constant while x is changing. The proposed mechanism for growth, migration of anions
via interstitial sites, is also unrealistic of physical processes due to steric hindrance in a typical crystalline
oxide with a close-packed structure. These limitations vyield an inappropriate description of
electrochemical film growth; hence F-M is not commonly applied for analysis of film growth kinetics.
Additionally, both the C-M and F-M models were developed for dry oxidation as the impact of aqueous
solutions and the possibility of dissolution reactions were not considered [2].

The broad assumptions inherent in the C-M and F-M models were addressed in 1981 by
MacDonald’s Point Defect Model (PDM). There, both cation and anion point defect transport control the
growth and dissolution of anodic passive films [7]. Macdonald’s solution applies to thin films where
growth is limited by either interfacial anion injection or oxygen vacancy transport [7,8]. The model
applies very well to electrochemical film growth as it takes into account interfacial potential drops,
which are functions of the solution pH and applied anodic potential, and film dissolution by a chemical
process. The PDM yields direct logarithmic growth laws for both interfacial-controlled [8] and transport-
controlled processes [7] as indicated in Figure 2. The PDM solution for interface-controlled film growth
is given as:

X = Xp—o + %ln[l + abt exp(—bxs—o)] (5)
whereas film growth controlled by defect transport is given as:
x = % [In2Ka(b — 1) + Int] (6)

where a, b, and K are constants and x;_ is the initial film thickness. A major limitation of the PDM is
that it does not account for unsteady film growth before a limiting thickness is reached. This is due to
the time-dependence of the electric field strength and potential drops at film interfaces during transient
film growth and their influence on reaction kinetics. Additionally, the model inappropriately includes
dependence of the metal/film interfacial potential drop on the solution pH while instead it should be
dictated by the epitaxy of the metal substrate with the oxide film.

<Figure 2 near here>



The Generalized Growth Model (GGM) was published in order to analyze the kinetics of non-
stationary electrochemical film growth where typical quasi-steady-state approximations present in the
C-M, F-M, and PDM are not applicable [2]. Their mathematical solution included the metal/film
interfacial epitaxy and its relevant potential drop, along with time and solution-dependence of the
film/solution interfacial potential drop for accurate analysis of film growth controlled by either charged
species transport or cation ejection at the metal/film interface. Film chemical dissolution reactions in
aqueous environments are included as they lead to the occurrence of steady-state thicknesses balanced
by the oxidation current density. The time-dependence of film growth by the GGM vyields a linear
relationship for interface-controlled film growth reactions given as:

x=ACNt (7)

whereas transport-controlled film growth yields a parabolic relationship:

x=+(P+0Q)t (8)

where A’, P, and Q are constants derived in the model solution and C is the concentration of element
M in the metal alloy, m. The model additionally notes that growth controlled by cation injection at the
metal/oxide interface will only occur when given strong electric fields present for ultrathin films (x < 2
nm), thus it is relevant for early stages of passivation. The crucial information invoked in the GGM, along
with the C-M, F-M and PDM are summarized in Table 1.

<Table 1 near here>

Further analysis of growth kinetics can be found using current transients. The expression for the
current density contribution to film growth is given by Faraday’s law:

ZF poy dx
My, dt

lox (t) = (9)

where z is the cation valency, F is Faraday’s constant, p,y is the oxide density, and M, is the molar mass
of the oxide. The expression can be applied to the film growth relationships proposed by the
aforementioned models. This yields the following expressions for the oxidation current density, iox, and
their transients shown in Table 2:

<Table 2 near here>

There exists another new model in literature, the Mass Charge Balance model, which demonstrates
accurately simulates of transient potentiostatic passivation on pure Fe, Co-Cr, and Fe-Ni-Cr alloys [17].
The MCB provides a solution for alloy oxidation and dissolution rates as a function of electrode
potential, pH, and temperature by considering elementary electrochemical redox reactions and
unsteady potential drops at the interfaces shown in Figure 1 along with charged defect transport across
the film. The model is not included in Tables 1 and 2 because it yields approximately the same growth
law as the PDM (Eq. 6). Additionally, the model provides for numerical predictions of passivation data,
rather than an exact solution of x and ix.



A final and commonly used metric for film growth kinetics involves application of the following
equation for high field anodic film growth [9]:

, BV
iox () = Aexp (-205) (10)

or by rearranging,

BV

logi,,(t) =logA + 2.303 = (12)
These expressions are valid when:

Qox(8) = Jy iox(D)dt (12)
and the overpotential for film growth is given as:

V = Vopp — Epp (13)

where q,, is the oxide charge density and Ep, is the critical potential for passive film growth.
Construction of a plot for g;,} versus logi,, enables graphical analysis of the high field growth
constants, A and B, from the linear region. As film thickening, rather than nucleation or coalescence of
oxide particles, occurs at higher time and, thus, charge, the relevant region for model application will be
at low g} and i,,. The high field constants directly control film growth according to Eq. 10 as increasing

A and B causes an increase in i,, and thus q,, and film thickness, x, as they are derived from its integral.

Analysis of both the high field parameters and current transients can yield crucial information on the
validity of the various oxidation models presented in literature. Depending on the given metal or alloy
and the aqueous environment, analysis of film growth data will indicate which model is applicable and
provide insight into what the controlling reactions may be.

Growth as a Function of Applied Potential

A common feature observed in many metals is that the quasi—stationary passive current density at a
given applied potential reaches an approximate steady state value which is approximately potential
independent (Section 3.1). In original formulations, this was because cation dissolution at the
film/solution interface depended on the oxide structure, cation concentration, activation energy for
metal cation dissolution, and pH whereas the potential drop at the oxide/solution interface depended
only on pH [7,18]. Thus, these conditions did not change with potential. Later models argued that this
interfacial potential varies slightly with applied voltage [2]. In stationary conditions the dissolution rate
is balanced by the oxide film growth rate. Moreover, the stationary limiting film thickness increases
linearly with applied potential. These two observations make sense in the context of the growth models
discussed in Section 2.1 in that the field across the oxide might remain constant if an increase in applied
voltage yielded a commensurate increase in stationary film thickness (Eq. 4). These are taken to imply
that an oxide formation rate equivalent to the oxide dissolution rate at each applied potential where a
linearly increasing steady state oxide thickness with linearly increasing potential yields the same field
strength at each potential, provided the potential is distributed across the oxide. In any case, many



transition metals possess such a linear relationship between oxide thickness and applied potential in the
. - . . ) . . . .
passive range. This is often observed, albeit the relationship ﬁ varies with material, solution, and

electrochemical conditions.

There exists another recent solution for film growth in literature, the Mixed Conduction Model, but
unlike the previous models it does not consider transient film growth [19-21]. Rather, the model
addresses steady-state passive films and the potential-dependence of layer thickness which results from
coupling ionic defect structures with electronic conduction [19]. As such, the Mixed Conduction Model is
not included in Tables 1 and 2.

3. Summary

Kinetic expressions and mechanisms for the kinetics of oxide growth at potentials in the passive
range as defined in Section 3.1 are described by the Mott-Cabrera, Fehlner-Mott, Point Defect and the
Generalized Oxide Growth Models. It is shown that oxide growth can be controlled by either metal
cation ejection rate at the metal/film interface, transport kinetics of defects across the passive film, or
metal cation dissolution at the oxide/solution interface. A major factor which remains unclear is how the
applied potential is distributed across the oxide and its interfaces and a challenge remains to accurately
define the rate controlling process which accounts for all material, electrochemical and environmental
variables. Nevertheless, the thickness of thin passive films (x < 10-20 nm) under transport-controlled
conditions was historically found to follow inverse logarithmic or logarithmic growth laws, although the
Generalized Growth model yielded parabolic oxide growth kinetics. Under thick film conditions, the
Wagner law is usually observed.



4. Embedded Tables, Figures, and Captions

Table 1. Summary of the Cabrera-Mott, Fehlner-Mott, Point Defect, and Generalized Growth
Models. Adapted from [2].

Cabrera-Mott model
(gas phase formation)
[5,9-11]

Fehlner-Mott model
(gas phase formation)
[6,12]

Point Defect Model
(electrochemical formation) [7,13-15]

Generalized Growth
Model
(electrochemical
formation) [2,16]

Oxide Growth
Mechanism

Migration of interstitial
cations

Migration of
interstitial anions

Migration of anion vacancies

Migration of charged
species

Growth Law

Weak Electric Field:

x? =Et
Strong Electric Field:
1
—=A—-BInt
X

Activation energy
function of thickness
x = CIn(1 + Dt)

Transport Controlled:
1
x= ﬁ[ln 2Ka(b — 1)+ Int]
Interface Controlled:

1
X = Xe—o + Eln[l + abt exp(—bx;—g)]

Transport Controlled:

x=+(P+Q)t
Interface Controlled:
x=ACMt

Limiting
Growth Step

Weak Electric Field:
Transport of cations
through the film

Strong Electric Field:
Cation injection at m/f
interface

Anion transport
through the film

Transport Controlled:
Oxygen vacancies through film

Interface Controlled:
Anion vacancy injection at m/f interface

Transport Controlled:
Cation and anion
transport through film
via interstitials and
vacancies

Interface Controlled:
Cation injection at m/f

interface
N 4 Constant
Electric Field E = o Independent of x Independent of x (linear potential gradient)
- : Unsteady dissolution of
. . Dissolution of metal . .
Dissolution n/a n/a . . - oxide dependent of film
Dissolution of oxide
structure
Crystalline A
Defects in Oxide Modification of the Structure contribution
- No growth law No . -
Layer (Grain ; . included in model
- (grain boundaries)
Boundaries)
Yes, constant at m/f
Interfacial No No Yes, function of pH and Vea |nt§rface and ur)stt_eao!y_ at
f/s interface until limiting

potential drop

X reached




Table 2. Oxidation current densities and corresponding logarithmic transient solutions according to

the Cabrera-Mott, Fehlner-Mott, Point Defect, and Generalized Growth models.
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Figure 1. Potential drops across the metal/film/solution interfaces for non-steady and steady-state
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Figure 2. Kroger-Vink point defects relevant for Point Defect Model analysis of transport and growth
mechanisms where the solid lines indicate defect transport and dashed ones indicate chemical reactions
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