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Abstract 
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The full set of equations'necessary for describing the growth of an 

oX:lde film is presented. The ~nalysis includes methods of combining 

equations' for systems with rapid kinetics and a derivation of the high-

field equation. The boundary conditions on the flux equations, 

Poisson's equation, and the velocity of the interface are also dis-

cussed. The methodology is then applied to the iron/iron oxide system, 

including reactions of electrons andiron interstitials at the 

metal/oxide and oxide/solution interfaces. Simulations, using the low-

field equation, are compared to experimental results. It is found, in 

agreement with experiments, that passivation does not occur until 200 mV 

above the potential where the formation of an oxide is thermodynamically 

possible. This results because the oxide formation reaction is 

overwhelmed by the fast kinetics of the iron dissolution to ferrous 

ions. 

Introduction 

Oxide films are present on nearly all metal surfaces subjected to 

oxidative environments. Those films that are compact and poor current 
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conductors are referred to as passivating films. Experimentally it has 

been shown that passive films on metals, subject to an anodic current or 

potential, grow with a thicknes s that is roughly proportional to the 

logarithm of ti~e. For over fifty years, many theories have been pro-

posed that predict such a growth rate; and still, the most prominent 

theories today are but subtle improvements of some of the earliest work. 

(Reviews of the experiments and theories 

3 4 
Vetter, and Choa et al. ) 

can be fOl!nd in 
I 2 

Young, ' 

5 In 1935 Verwey proposed that the anodic' growth of oxides is lim-

ited by the rate of transport of cationic interstitials. The driving 

force for migration is described by a high-field mechanism, which is 

exponentially dependent on the local electric field. Cabrera and Mott
6 

agreed that ionic transport is dominated by cation migration by a high-

field mechanism, but argued that the rate of film growth is iimited by 

the reaction rate at the metal/oxide interface. Fehlner 
7 

and Mott 

stated that ionic transport is dominated by the conduction of anions and. 

that the limitation to growth is the reaction rate at the oxide/solution 

interface. 
8 

Maurer suggested that the electric-field-dependent produc-

tion of Frenkel defects - interstitials formed within the oxide by a 

field assisted jump of anion from a lattice site - is the rate limit-

ing step to forming mobil'e cationic species. 

These theories have since been used as they stand, or combined to 

describe multiple phenomena, or slightly modified to fit particular sys-

tem data. Vermilyea
9 

modified the high-field theory to describe the 

transport in Ta
2

0
5 

films to' include two consecutive energy barriers to 

ionic transport. Burnstein and 10 
Davenport adjusted the high-field 
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model by developing an improved integration of the high-field equation. 

Cahan et al.
11 

argued that the passive film on iron consists of 

F 2+ F 3+ d F 4+ . e , e ,an e cat~ons, the concentrations of. which vary across 

the film due to the presence of a strong electric field. This descrip-

tion is then used to characterize properties of the film and its growth. 

Bean et al. 12 
relied on a combination of cation interstitia1s formed 

through Frenkel defects and a high-field mechanism to describe the 

growth kinetics of tantalum oxide whereas Odynets
13 

claimed that the 

creation of defects at the interface and subsequent transport across the 

film are equally responsible for the limited rate of film growth. Many 

researchers., such as D ld 14, 15 D· 16 ewa , ~gnam, and Greyling 
17 

et al. , 

ascribed the differences between experimental data and the high-field 

transport model to neglect of the space charge in the oxide, while oth-

18,19 
ers have suggested that the data can be explained by a p1ace-

exchange model. 

More recent work relies on the use of a defect model, originally 

20 
developed by Frenkel. This model emphasizes that current is conducted 

by mobile charged defects. 
. 4 21 22 

Macdonald' s po~nt-defect models" do 

not include a high- field mechanism of migration, and only the most 

recent paper attempts. to include interfacial kinetics. 

MacDougall's point-defect d 1 
23, 24 

mo e s are concerned mos tly wi th the 

structure of the oxide and suggest that transient changes of currents at 

a given potential are due to a reduction of the number of oxide imper-

fections. The models of Macdonald and MacDougall were recently compared 

by Dagan and Tomkiewicz
25 

for the growth of films on permalloy. They 

found that Macdonald's model did not fit the data as well as 
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MacDougall's (a'lthough, MacDougall's paper is based solely on qualita-

tive arguments).· 

In each of the above theories, only one mechanism at a time is con-

sidered such that an analytic expression for film growth is derived. 

These equations usually take one of the following forms: a logarithmic 

growth law, an inverse logarithmic growth law, or a modified inverse 

logarithmic growth law. 
26 

Lukac et a1. have gone on to show that these 

three laws can equally describe the growth kinetics and that none of the 

models is completely consistent with the experimentally observed tem-

perature and potential dependences. 

We believe that any or all of the above mentioned phenomena may 

playa significant role in oxide growth, where the predominant mechanism 

is a function of the system being examined and the stage to which growth 

has transp;i.red. Therefore, in order to follow the progress of the 

growth of any oxide film through all of its stages, a model is developed 

that contains all of the physics. The equations of this model are then 

solved simultaneously with a computer. Starting with the framework of 

Macdonald's point defect model,· we shall present a general model that 

includes any number of species that may react homogeneously and hetero-

geneously. The model will also include effects due to variations in the 

adjacent solution. phase and track film growth or dissolution. 

In the model development we shall consider only those species that 

are typically present. We shall then provide the equations necessary to 

describe the system and touch on thermodynamic consistency. Upon com-

pletion of the general model development, we present results specific to 

the iron/iron oxide system. The first thing to be considered, however, 
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is a description of the system. 

General System Description 

Figure 1 provides a schematic of the system. (This figure is simi-

lar to that introduced by 
3 

Vetter, figure 328.) 

interacts with a solution through an oxide. 

A metal substrate 

The interaction is 

described by reactions at both interfaces, the properties of the oxide, 

and the properties of the solution. A one-dimerisional model is 

developed. Furthermore, we assume that an oxide is present from the 

start, ignoring initial oxide formation (which, rigorously, occurs 

through nucleation sites and is inherently two-dimensional. A mathemat-

ically one-dimensional description of a film formed on a bare metal sur-

27 
face has been developed by Russell ~nd Newman. ) 

Transport in an oxide can be interpreted in terms of mobile vacan-

28 
cies and defects; see Wagner. A general, model of. an oxide must have 

the flexibility to accept various types of defects and associated reac-

tions. Moreover, oxides may also be semiconductors; thus, electrons and 

holes as well as· any dopant species must also be easily incorporated 

into the model. An account of the dominant modes of conduction in 

29 .,. 30 
oxides can be found in Shewmon and S¢rensen. 

To simplify the description while still providing a general frame
( 

work,we shall consider only the following charge carriers: anion and 

cation vacancies, anion and cation interstitials, and electrons and 

holes. Again, we assume that the lattice itself has no charge: only the 

defects possess charge. More specifically, the oxide shall be viewed as 

. an MO background (a schematic of which appears in figure 2), where 



6 

metal metal oxide...! solution 

+ 
m MO m (aq). \ 

e 
\ 2 OR 

Figure 1. System. 
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Metal oxide 

Figure 2. Schematic of an MO oxide. 
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cations and anions assume their respe,ctive lattice sites, are absent 

from their sites, or take up interstitial locations. Kroger-Vink nota-

tion is adopted for distinguishing the species. As 

explain, ~ denotes an X s,i te occupied by a Y species. 

Choa 
4 

et a1. 

Hence, 

describes a metal vacancy carrying X negative charges. Following this 

criterion, a cation of charge 2+ in a cat10n site, a cation vacancy, and 

a cation interstitial 
2- 2+ 

are denoted as ~, V
M 

' and 1M " respectively. 

~ 

Analogous notation is used for the anionic species. Electrons and holes 

- + . 
appear as e and h ,respectively. For our simplified description, this 

leads to the following types of species: 

e 

We shall now consider the equations necessary to describe a system con-

sistent with this 'construct. 

Equations 

Mole flux ba1ance.-A mole flux balance for each species above may 

be written as 

(1) 

The reaction rate can normally be written as the difference of forward 

and backward reaction terms which are a function of the activities of 

th . ( N' 31 h 8) e spec1es see ewman, c apter . 

For a dilute, species (which excludes ~,and °
0
), the flux can be 

written as the sum of fluxes created by separate driving forces, plus a 

convective term. 
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Nk = ckv
k 

= diffusion + migration + convection (2) 

The convective term is'defined as the concentration of the species times 

a reference velocity, chosen for convenience. 

The diffusion and migration terms can be interpreted as a reaction. 

For example, the mechanism of the transport of a cation interstitial may 

be depicted as an interstitial at position Q combining with open inter-

stitial site at position 5 to form an interstitial at position 5 and an 

interstitial site at position Q, 

Such a mechanism can be described by an Arrhenius type rate expression 

31 
(Newman, chapter 23). Assuming the activity of the interstitial sites 

is constant, the rate of transport appears as 

R 
trans c [ 1 [ 1 

Q 5 Q 5 
Q zkF(if; -if; ) 5 -zkF(if; -if; ) 

kc I2+ exp 2RT - kc I2+ exp 2RT . 

H . H 

(3) 

The difference in the electrochemical potential at Q and 5 is defined as 

(4) 

where VO is the potential difference when the net rate of transport 

equals zero. In this case, VO equals 

= ..BL ln [c !] .. 
zkF Q 
. c k 

(5) 

Substitution of these definitions into the rate express.ion gives the 

high-field r~te expression 



R 
trans 

ex 5 ~ 
2k(c 2 c 2 ) sinh 

I + I + 
M M 

10 

(6) 

The difference in the electrochemical potential can be approximated as 

(7) 
a 

where a is some short distance. Substitution of this equation into the 

rate expression and assuming a small gradient in the electrochemical 

potential simplifies the rate expression to the linear form used in 

solution electrochemistry 

(8) 

where ka is recognized as the diffusion coefficient, Dk , in dilute solu-

31 
tions (Newman ,chapter 11). Upon defining an electrochemical activity 

Ak according to 

(9) 

and substituting into the rate expression, we obtain the simplified 

expression 

R 
trans 

. [aV'lnAkj 
s1-nh - . 2 . 

(10) . 

Finally, combination of the flux terms provides the high-field flux 

expression 

. [aV'lnAkj 
s1-nh - 2' 

(11) 

\ . 
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The mole flux balance equation 1 for the dilute species can now be 

expressed in terms of the dependent variables: concentration, potential, 

'. and reference velocity. ,Before addressing the potential, we shall first 

describe the method of handling homogeneous reactions that occur at such 

rapidity as to be considered at equilibrium. 

Combining equations.--In many instances, homogeneous reactions 

oCGur at such a fast rate that it is a good approximation to ,assume that 

the reaction is at equilibrium. When this is the case" the mole flux 

equations are combined to eliminate the presumed equilibrium reaction 

from all but one of the mole balance equations. Then this one equation 

is replaced with the equilibrium expression, 

(12) 

where sk 2 are the stoichiometric coefficients of reaction 2. We have , 

designed a subroutine called "eqnprod" that sums the mole flux equations 

in such a way that each reaction"starting with the fastest reaction, is 

eliminated from every mole balance but one (if the specified reactions 

are not independent, multiple reactions may appear in the final form of 

the combined equations). This translates the set of i mole balance 

equations to i-j equations of the form 

(13) 

and j equilibrium equations. (v and ~ are combinations of the 

stoichiometric coefficients derived through the elimination of the 

equilibrium reactions.) For those mole balance equations containing 

reactions that are fast but not considered at equilibrium, the equation 

- can be divided through by the backward rate of the fast reaction. The 
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logarithm of this equation appears as 

kb 1! 
, max 

The departure from equilibrium now appears as the loga~ithm of 1 minus a 

sinall number. 

Poisson's equation .-Many oxide films, especially those that exist 

as compact crystal structures, possess a small number of defects, sug-

gesting a small number of charge carriers and a large space-charge 

region. For a thin film,· the space-charge layer may extend across a 

significant portion of the oxide. 
14 . 

As Dewald and others have . shown , 

space charge, in the oxide can have an appreciable effect on the growth 

rate of films. We shall therefore incorporate Poisson's equation into 

the model development 

(15) 

Because a double layer also exists in the solution phase near the 

oxide/solution interface, Poisson's equation is also invoked in this 

phase, replacing the e1ectroneutrality equation,· 

(16), 

(which is often substituted, as a first approximation, for Poisson's 

equation in an electrolytic solution). 

Velocity.-We have yet to develop an expression for the mole flux 

of ~ or 00 in terms of concentration and potential, nor have·we defined 
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the reference velocity. We shall show how these two subjects are inter-

related. 

The diffusion of anion and cation vacancies occurs through the 

mechanisms 

V2+ 0 
o + 0' 

and 

respectively. The mechanism for anion transport can be described 

mathematically as, 

(17) 

The 
2+ 

flux of Vo relative to the convective flux is equal and opposite to 

the flux of 00 relative to its convective flux. An analogous relation-

ship applies, to the transport of the cation. Rearrangement of these 

equations leads to the definition of the lattice velocity 

0 sites M sites all sites 

I Nk I Nk I Nk 
i i i (18) 

v
L 

= 
0 0 0 

Co c
M 

c
MO 

where 0 0 
and 

0 
the concentrations of 0, M, and MO sites, cO' eM' c

MO 
are 

respectively, and are constants. Summation of the mole flux balance 

equations over the species occupying 0, M, or both sites leads to the 

single equation 

(19) 

This is a continuity equation consistent with the notion that the site 

density is constant. 
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In the solution, the equations that describe the velocity are the 

momentum- balance equations. We 'would prefer not to solve these equa-

tions, and instead enter velocity profiles that have been determined 

analytically. We shall assume that the oxide is growing on a rotating 

disk electrode and use the high Sc number approximation to the normal 

component of the velocity relative to a disk with no lateral velocity 

31 
(Newman, chapter 15), 

v = - O. 5l023r
2 JOII, x 

where r equals XJO/II and x is the distance normal to the surface. 

(20) 

Summarizing, \we have a mole balance for each minor species, 

Poisson's equation, and a continuity, equation for the velocity. This 

completes the mathematical description of the transport in the bulk of 

the film. Completion of the problem, however, consists of a description 

of the boundary conditions. 

Boundary Conditions 

We shall now discuss the boundary conditions for a multi-phase, 

one-dimensional problem. One method for setting boundary conditions is 

to mimic the experimentalist. This procedure usually leads to the 

correct number of constraints. For example, when a metal surface is 

placed in a solution with intent to form an oxide, the composition of 

the solution and either the potential difference across the cell or the 

total cell current are at the experimentalist's control. The same con-

ditions are applied here .. 

The number of degrees of freedom suggests that the boundary condi-

tions for the oxide phase, the phase sandwiched between' the metal and 
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solution phases, are flux relationships that relate the concentration of 

the species in the oxide to the concentration of the species just out-

side the oxide as is done in the mole flux balance equation, 

(The plus sign applies to the right side of an interface.) ,For those 

species that do not react at either interface nor homogeneously, there 

exists an additional degree of free'dom. In this instance, only the ini-, 

tial condition is necessary for a transient problem, but for a steady-

state problem one should set either the concentration of that species at 

one of the interfaces or an average concentration of that species. 
" 

Poisson's equation is solved from one end of the systerri to the 

other. This second-order equation requires a specification of the 

potential at some position, the absolute value of which is arbitrary. 

For convenience, the potential at the end of the solution phase farthest 

from the oxide is set to zero. 

Gauss's law is required at the interfaces. On the 'solution side of 

the oxide/solution interface, Gauss's law takes, the form 

(22) 

Velocity is a relative quantity, which allows us to set its value 

arbitrarily at any position. In other words, we can set the velocity of 

anyone interface or set v
L 

(since V,v
L 

= 0) to a convenient constant. 

We set the velocity of the metal/oxide interface to zero. 

The equation for the velocity of the lattice was derived by summing 

the mole flux equations of the, species occupying lattice sites. The 
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boundary condition is analogously developed. Depending on whether the 

mole flux balance equations are on the right side or left side of the 

interface, summation gives 

all sites 

I I Sk i,Ri, 
k i, , 

±--..:..;;...--"-----
o 

cMO 

(23) 

(the plus sign applies to the right side of the interface). The right 

side of equation 23 can also be written as 

all sites 

I 
k (24) 

This indicates that film growth is realized only at interfaces where the 

sum of the stoichiometric coefficients of species occupying lattice 

sites is not equal to zero. 

At the metal/oxide interface, where the velocity of the interface 

is set to zero, equation 23 yields the lattice velocity, v
L

. At the 

oxide/solution interface, it yields the velocity of the interface, since 

V
L 

is known by' integrat,ion of equation 19 across the oxide. 

Initial Conditions 

In a transient case, an initial concentration of each species is 

required. One way to proceed is to set the potential of the metal to 

the value wher~ the filni, metal, and solution exist in mutual equi1i-

brium. (If no such potential exists, an alternative would be to solve 

for a quasi-steady state at a given potential.) The steady-state con-

centration and potential distributions are solved for at this potehtial. 

The potential is stepped to a' new value, and growth of the film is 

" 
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followed from this initial condition. To march through time, one can 

either use a Crank-Nicholson time stepping algorithm or assume quasi-

steady state. The first method is a better approximation, 'especially 

for ~apid film growth. 

This concludes the general formalism for describing oxide film 

growth. We shall now apply this methodology to the specific system of 

iron/iron oxide in a basic solution. 

The Iron/Iron Oxide System 

The iron/iron oxide system has received a considerable amount of 

attention, dating b,ack over 100 years. Vetter, Bonhoeffer; Weil, 

Franck, and Sato are just a few of the researchers who have performed 

numerous studies to try to elucidate the mechanism of its passivation. 

However, the system remains poorlY'understood. More recent research is 

centered on determining the structure of the oxide with spectroscopic 

h 
. 32,33,34,35 

tec nl.ques. 

3 
Vetter provides an excellent review of much of the early work. In 

this section we shall outline the information provided in his investiga-

tion and then provide a physical model that is ,consistent with those 

findings and with the defect model proposed by Wagner. 36 Finally, we 

shall compare results from our computer simulations with the experimen-

t 1 d t ·d d b J .. ' '1 37 d L k 1 26 , a a a provl. e y ovanCl.cevl.C et a. an u ac et a . 

Summary of earlier work as provided by Vetter.--The Flade potential 

(an experimentally measured, typically nonequilibrium, potential that 

marks the onset of passivation) of iron is approximate.!y 200 mV more 

'positive than the potential at ;Vhich the oxide Fe
3

0
4 

is stable in a 
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38 
basic solution at pH = 8.4. Vetter argues that the passive film is 

made up of a conductive layer of Fe
3

0
4 

that faces the metal and a non

conducting layer of Fe
2

6
3 

that faces the electrolyte. As the potential 

of the metal in contact with the solution (no oxide present) is 

increased, the metal pr~ferentially dissolves as a ferrous species. The 

electronically conducting Fe
3

0
4 

oxide, the first thermodynamically 

stable oxide (-600 mV versus the NHE), does not appear due to its rapid 

rate of dissolution. As the potential is further increased, the Fe
3

0
4 

is oxidized to Fe
2

0
3

. This oxide is a poor conductor and features slow 

dissolution kinetics. Its presence leads to passivation. The Flade 

potential thus falls between the potentials defined by the overall reac-

. 38 
t~ons 

3 Fe + 80H-

and 

The second reaction is approximately 200 mV more positive than the 

first~ 

Another thought provided on the 200 mV discrepancy is that Fe
3

0
4 

and Fe20 3 form mixed phases with each other. . ("-y-Fe
2

0
3 

lacks each ninth 

Fe ion compared to Fe
3

0
4

. The 02-. h 
~ons ave the same cryst.;ll lat'-

tice . .,3) If Fe
3

0
4 

is preferentially fqrmed near the metal and Fe
2

0
3 

near the electrolyte, a concentration gradient of iron ions and elec-

trons is implied. A concentration gradient of iron ions is attended by 

a potential gradient. It is this potential varia.tion that constitutes 

the difference between the predicted thermodynamic formation of oxide 
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and the experimentally measured onset of passivation. 

Vetter further notes that thin steady-state films « 100 nm) form 

on metals when dissolution occurs simultaneously with film formation. 

His investigation revealed that the films on iron are between 2 and 10 

3+ 
nm and that 100 ±2 % of the dissolution results as Fe (aq). 

Model ~-Starting with the assumption that the oxide is either 

Fe
3

0
4 

or Fe
2

0
3

, which maintain the same lattice structure but differ by 

the presence of cation interstitials and electrons, and that c.ations are 

the primary mode of ionic transfer in the oxide39 leads to the descrip-

tion of the oxide presented in figure 3. We are assuming that the oxide 

takes on the structural form of Fe
2
0

3 
and contains mobile Fe 3+ intersti

tials and electrons. 

The following reactions are used to describe the interactions of 

the oxide with the adjoining metal and electrolyte phases. This is in 

agreement with the above model description and the information provided 

by Vetter. 

At the metal/oxide interface: 

1.) Fe(m) ---+ 
+--

2. ) 

At the oxide/solution interface: 

4. ) 

e (ox) ---+ 
+--

---+ 
+--

+ Fe(OH)2(aq.); 



Fe 
e 

Fe 

e 
Fe 

Fe 0 
3 4 

Fe 

I 3+ 
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Fe 

Fe Fe 

e 

Fe Fe 

Fe Fe 

Figure 3. Schematic of iron oxide. 
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These reactions are considered elementary reactions, and the reaction 

rates take the Butler-Volmer form. Equilibrium requires: 

1.) 

2. ) 

3. ) 

4. ) 

and 

5. ) 

(
3F m 0 ) exp RT(~ - ~ ) 

-K
2
-!-_ = exp (.:r(~m - ~o») 

e 

1 

K c l / 3c 
3 13+ OR 

Fe 

c + 
Fe(OH)2 

2 
K c c 

4 13+ OR 
Fe 

(
F 0 S ) exp RT(~ - ~ ) 

(
3F 0 S ) exp RT(~ - ~ ) 

(
2F 0 S ) exp RT(~ - ~ ) 

Combinations of the elementary reactions lead to the overall reactions: 

3 "4 Fe(m), + 2 OR-

and 

-+~Fe +0 +J:.. 13++ 1 e (oX)+H.
2
0+2e(m)., 

3 FeO 12 Fe 4 

2+ -
Fe(m) -+ Fe (aq) + 2 e (m). 

It is these overall reactions for which thermodynamic constants can be 

found in the literature. 
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We shall now present the system parameters: how they were chosen or 

determined. 

System parameters.--Table 1 provides a list of the mobile species 

31 40 and properties of the phases.' The electronic conductivity of Fe304 

is high; therefore, an arbitrarily high diffusion coefficient for the 

. . 2 
electrons is chosen (100 cm Is, the same order of magnitude as found in 

some semiconductors). In the aqueous phase, we could not find the dif-

fusion coefficient for the two boric species or the ferric species; how

ever " since the current through passive films is low .(=:: 5 J.lA/cm
2

) and 

limited by transport of an ion in the film, an estimate in the solution 

Table 1 

Phase 1:'~-Fe203. ,. 

density 3 
(g/cm ) mol. wt. (g/mol) dielectric coeff. 

5.24 55.847 9. 

Mobile Species Conc. (M) Diff. coeff. 2 
(cm Is) 

I3+ 8.2 2.X10-16 
Fe -

24:6 2 
e l.xlO 

Phase 2: H2O 

density 3 
(g/cm ) mol. wt. (g/mol) dielectric coeff. 

l. 18.0 78. 

Mobile Species Conc .. (M) Diff. coeff. 2 
(cm Is) 

Na+ 0.20 1.334xlO -5 

Fe2+ 3.9xlO -6 O.72xlO -5 

+ 1. 3xlO-18 -5 
Fe(OH)2 1.xlO 

2-
0.0500039 -5 

B407 1.xlO 
-5 

HB407 0.1 l.xlO 
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phase should be sufficient. The diffusion coefficient of interstitials 

for an oxide is typically small and in this model is the mass~transfer 

limitation to oxide growth. The current density is limited by the rate 

of transport of interstitials and is directly related to the diffusion 

coefficient of the iron interstitials. As we shall demonstrate, this 

value is on the order of 10-16 cm2/s. 

The equilibrium constants of the elementary reactions must be con-

sistent with the equilibrium constants of the overall reactions which 

are found in the literature. The three overall reactions can be in 

equilibrium simultaneously if we set the Fe 2+ concentration at 

-6 + -18 
3.9xlO M, the Fe(OH)2 concentration at 1.3x10 M, the pH at 8.4, and 

the potential versus a hydrogen reference electrode in the same solution 

to -103 mV (-600 mV versus the NHE). This difference in potential is 

distributed across the interfaces of the system and the double layers at 

each interface. 

We shall now demonstrate how the potential varies from the metal to 

the reference electrode using our best judgement and the scant data 

available. We expect a potential drop between the reference electrode 

and the solution phase. Since we are not interested in the physics in 

this region, we simply require an estimate of its value to subtract from 

the total of -103 mV. From potential-of-zero-charge data of the 

hydrogen/mercury reference electrode, it is estimated that the potential 

difference between the electrode and the solution is -248.2 mV. Adding 

this potential to the potential difference from the metal to the refer-

ence electrode gives a potential difference from the metal to solution 

of -351. 2 mV. 
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The iron phase adjacent to the oxide can be thought to consist of 

iron ions and electrons. Since these two species are the only mobile 

species in both the oxide and metal phases, we shall assume that the 

1 b . 1 h·· f· 41 equi i rLum potentia drop across t LS Lnter ace LS zero. We are left 

with distributing the -351.2 mVbetween the oxide and the solution. We 

do not have information on the absorption equilibrium constants of the 

electrons, interstitials, sodium ions, ferrous ions, etc. at the 

oxide/solution interface; therefore, we shall assume that there is no 

specific absorption of any of the species on either side of this inter-

face. We shall also assume that the interfacial region has a finite 

thickness of 0.35 nm and a dielectric constant that is equal to the 

average of the dielectric constant of the two adj acent bulk phases. 

Although we do not account for specific adsorption, an equal and oppo-

site amount of diffuse charge accumulates on each side of the interface 

to account for the potential variation and satisfy Poisson's equation. 

The equilibrium constants of the five reactions must be consistent 

wi th the equilibrium constants of the· three overal~ reactions. This 

leaves us with two degrees of freedom. The assumption that the equili-

brium potential drop across the metal/oxide interface is zero eliminates 

one degree of freedom, and the assumption that the concentration· of iron 

interstitials is equal to the bulk concentration of iron interstitials 

required to make the Fe
2

0
3 

lattice structure into Fe
3

0
4 

(which is 8.2 M) 

eliminates the second degree of freedom. These values are substituted 

into the first equilibrium relation to obtain K
l

: The concentration of 

electrons is related to the concentration of interstitials through elec-

troneutrali ty, thus, K2 is determinable. Substituting into the last 
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thr,ee equilibrium relations the bulk concentrations and potentials pro-

vides the remaining three equilibrium constants. The equilibrium con-

stants of reactions 1, 2, 3, 4, and 5 are accordingly 

Kl 0.04065l/mol, K2 = 8.2 molll, K~ = 8.S7272 X10
S 

(l/mol)1/3, 

-1 
K4 = 4.07739xlO ,llmol, 

- 4 
and KS = 1.44466xlO - l/mol. 

We shall now present the results of our simulations and discuss the 

attributes and inadequacies of the model as compared to experimental 

r- findings. 

Results and Discussion 

The growth of an oxide on iron in a basic medium of boric acid and 

sodium borate, pH of 8.4 is predicted by computer simulation. Generated 

curves will be compared to experimental data. It is not our intention 

to present a parametric study of the diffusion coefficients and the 

rates of the interfacial reactions. - For this reason we shall present 

only our best fits to the experimental data and simply describe the 

results of varying certain parameters. For easy comparison to experi-

mental data, the simulations are corrected by 248.8 mV such that the 

potential of the metal is consistent with the potential one would read 

versus the NHE. 

Equilibrium.-The first result is the potential distribution for 

the equilibrium conditions. The system consists of a 0.1 nm thick oxide 

. sandwiched between an iron surface to the left and a borate buffer solu-

tion to the right. The metal phase is set to the equilibrium potential 

of -600 mV (with the correction as discussed above) versus the potential 
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of the solution of -248.8 mV at a point just outside the mass-transfer 

boundary layer, 12 . 6 p,m thick. The potential distribution across the_ 

oxide and solution phases is plotted against the position from the metal 

surface divided by the width of the particular phase, figure 4. The 

potential yaries by approximately 47 mV in the double layer of the oxide 

at the oxide solution/interface and varies. by approximately 104 mV 

through the double layer of the solution phase near this same interface. 

The rest of the 351 mV is across the oxide/solution interface. 

The potential distribution in the solution appears to drop straight 

down at the interface. This. is an illusion created by the thinness of 

the solution double layer (0.61 nm) compared to the width of the mass-

transfer layer (12.6 p,m). The potential distribution in the oxide also 

reveals the thinness of the oxide double layer: about 0.015 nm. This is 

considered small for most c:,xide semiconductors but agrees with the 

36 . 
notion of Wagner for this oxide. The corresponding concentration pro-

files of the electrons and intersti tials in the oxide are provided in 

figure 5. The concentration of the electrons increases by a factor of 

10 near the interface, and the concentration of the interstitia1s drops 

by nearly two orders of magnitude. This is.a function of the potential 

dependence of the concentrations as given above. Figure 6 provides the 

concentration and potential. profiles in the solution phase versus the 

dimensionless coordinate y. This blown up view shows the curvature of 

the potential through the double layer, near the interface and the 

corresponding concentration profiles. The concentrations in this region 

similarly obey the potential dependence given above. 

\ 
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Xhe next results describe the growth of the oxide during a positive 

sweep of the potential. 

Comparison with experimental data.--In this part of the investiga-

tion, we introduce curves of current and length versus potential. The 

curves presented are those that best fit the experimental data in the 

literature with emphasis on important aspects of the effects of varying , 
certain parameters. Also shown are results that include additional phy-

sics, performed to augme~t the comparison with the data. 

We were unable to implement the high-field rate equation. The 

severe nonlinearity of this equation, combined with the high degree of 

coupling of Poisson's equation and the flux equations provided too dif-

31 
ficult a challenge for Autoband (the numerical differentiation subrou-

tine we chose for solving the -equations). The following results were 

obtained using the small gradient approximation of the high-field equa-

tion. It is felt that many of the trends seen in the low-field regime 

should hold in the high-field regime. 

Figure 7 contains experimental data reproduced from Jovancicevic et 

The current versus potential is featured for a sweep rate of 0.3 

fT)V/s. Also shown in the figure is a computer generated simulation for 

the same sweep rate assuming a quasi-steady state. According to Jovan-

cicevic 37 
et al., .an oxide -of 0.03 nm is not seen until the potential 

equals -500 mV (this is 100 mV above the equilibrium potential). Since 

we have not included nucleation in the model, we cannot simulate the 

results of a zero thick oxide. The simulations therefore start at -500 

mV. The 0.03 nm measured at-this potential is thinner than an atom, and 

probably means that roughly 30% of the film is covered by a 1 nm thick 
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film. Our model does not include nucleation ora means of handling the 

kinetics of partial ·coverage. The simulation will therefore provide a 

poor,fit at the lower potentials. 

To fit a curve to the data, we have at our disposal five rate con-, 

stants and the diffusion coefficients of the species in: the oxide. The 

diffusion coefficient of the interstitials is much smaller than that of 

any other species, and the interstitials are involved in all of the pro-

posed reac·tions. It is therefore the only diffusion coefficient that we 

shall adjust. 

The electrons move relatively easily through the oxide .and, we 

assume, pass easily into the metal phase. Reaction 2 is' therefore 

assumed to progress at a high enough rate to be considered at equili-

-brium. A variation of the rate of inter~titials from the metal into the 

oxide should equally affect the flux of interstitials to the opposite 

interface. Thus, to avoid needless complications, we assume that the 

rate of reaction 1 progresses fast enough to be considered at equili-

brium. . Simulations show that the equilibrium constant for the ferric 

reaction, reaction 4, is too low to have an effect, ·independent of its· 

rate. For this reason the reaction is assumed to be. at equilibrium 

(hence, maximum rate). This reduces our flexibility to varying two rate 

constants, of reactions which occur at the oxide/solution interface, and 

the diffusion coefficient of the interstitials. 

Simulations showed that as the rate constant of the ferrous reac-

tion, reaction 5, is increased, the initial peak in the current in fig-

ure 7 moves up and to the right with respect to potential. An increase 

in the oxide-forming reaction, reaction 3, has the opposite effect. The 
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diffusion coefficient of the interstitials moves the entire curve verti

cally up or down in a manner that is proportional to the change in the 

diffusion coefficient. 

Initially, as the current increases with potential, the current is 

limited by the rate of the ferrous reaction. The oxide-forming reaction 

also increases with potential, although it is not the dominant reaction, 

and the oxide thickens. When the current r,eaches a peak, the system is 

switching from a reaction-limited regime to a diffusion-limited regime, 

which defines the onset of passivation. In this regime, the current 

dens i ty decreases as the oxide thickens. In the diffusion limited 

regime, the interstitials reach the surface at some finite rate. The 

interstitials are then consumed by one of the three reactions at the 

oxide/solution interface. As the potential is increased, the reaction 

that consumes the maj ority of interstitials shifts from a reaction of 

lower charge transfer to one of higher charge transfer. The charge 

transfer number of reaction 5 is equal to two, and the charge transfer 

number of reactions 3 and 4 is equal to three. Between reactions of the 

same order, the reaction with the combination of' equilibrium constant 

and rate of reaction that allows it to appear first as the dominant 

means of interstitial consumption, continues to prevail at higher poten

tials. For these reasons we see in figure 8 that the dominant rate of 

interstitial cO!lsumption switches from reaction 5 to reaction 3. The 

equilibrium constant of reaction 4 is too small to allow it to compete 

with reaction 3, although at the higher potentials reaction 4 carries 

more current than reaction 5. 
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rf the oxide were electrically neutral and the flux of electrons 

were equal to zero, the limiting current would obey the equation 

[

4D c I r 3+ r3+ 
. Fe Fe 
Llim = 3FN

r3
+ = 3F L ' 

Fe 

(25) 

where the concentration of interstitials is that at the metal/oxide 

interface. The diffusion-limited current of interstitials that are ini-

tially consumed primarily by the ferrous reaction is accompanied by a 

flux of electrons of the same direction and magnitude. The current car-

ried by the electrons, however, is of the opposite sign and one third of 

the interstitial current. Thus, the limiting current appears as two 

thirds of that expected from the diffusive flux of interstitials alone. 

Figure 9 presents the current from the simulation and the theoretical 

limiting current and two-thirds of the theoretical limiting current when 

electroneutrality holds. This transition from a limiting current of 

interstitials accompanied by electron trrnsport to the limiting current 

with no electron transport should follow the transition of the current 

from the ferrous reaction to the oxide-forming reaction. We therefore 

expect the two-thirds limiting current· to lie on top of the simulation 

current at the potential where the peak starts to turn down and the full 

limiting current line to coincide with the simulation current at higher 

potentials. The lack of agreement at the low-potential end occurs 

because the growth rate of the oxide causes the current to be smaller 

than that calculated solely from the diffusion coefficient and the 

instantaneous film thickness. 
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In the end, the values that provide the best fit to the data are 

-13 2 
lxlO mol/em -s, k_5 

-11 
lxlO cm/s, and D 3 

I + 
Fe 
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Further' inspection of the data provided by Jovancicevic et al. 

reveals a peak in the current at a potential of around 100 mV.· Our 

first inclination was that this is the result of another reaction, 

perhaps the ferric reaction, reaction 4, becoming the dominant means of 

interstitial utilization. The simulations above were obtained assuming 

that reaction 4 is at equilibrium. It is therefore imposs.ible to 

increase the rate of this reaction. But perhaps the equilibrium con-

stant reported for this reaction was incorrect, and maybe there is room 

for adjusting its value. However, this reaction has the same reaction 

order as that of the oxide-film reaction.· Therefore, the equilibrium 

constant must be increased to the point where the rate of reaction 4 

overcomes the rate of reaction 3, the oxide-forming reaction. If this 

is done,the oxide-film reaction is diminished, and the current contin-

ues to increase with potential, switching from the ferrous reaction to 

the ferric reaction. Eventually, enough oxide would be formed at the 

slow reaction rate to limit the rate of transport of interstitials, and 

the current would slowly decrease. The final result would still be one 
, 

large peak in the current. 

Underpotential deposition.-The thickness of the oxide measured 

versus the potential during a sweep' rate of 5 mV/s is provided in figure 

·7. A plateau in the oxide thickness at around 7.5 urn appears between 

-375 and -175 mV. This leads us to believe that there may be underpo-

tential deposition. Underpotential deposition (UPD) is the deposition 
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of any solid on a substrate made of a different material than the depo

sit where the substrate is thermodynamically more stable for deposition 

than the deposit. Deposition of this type is analogous to the BET 

isotherm where the surface coverage of gas molecules is a function of 

the pressure of the surrounding gas. We would like to take advantage of 

this similarity and use the equations previously derived in the litera-

ture for the BET isotherm. A driving force for deposition that is .a 

function of the thickness of the oxide is subsequently developed and 

included in the oxide-forming reaction; see the Appendix. 

The result of the adjustment to reaction rate 3 to include UPD on 

the current and the length of the oxide when the potential is swept at a 

rate of 0.3 mV/s is provided in figure 10. One sees a peak in the 

current at the same potential where the length of the film briefly lev

els off. The peak in the current appears because the oxide stops grow

ing, and thus, the diffusion-limited current stops decreasing. The 

current tends to level off. A few millivolts further to the right in 

figure 11 the oxide film reaction begins to increase again, while the 

current drops off again. 

The reason we included UPD in this analysis was not only to make 

the length versus potential curve agree with the experimental data but 

also to get the second peak in the current to agree as well.· The peak 

we get is nowhere near the potential of the second peak in the experi

mental data. In the simulations, the leveling off of the oxide is going 

to. appear at the same potential where the 'peak in the current appears. 

In the experiments, these two phenomena are separated by 200 mV. We 

conclude that the two events in the data are mutually exclusive. With 
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the present amount of physics included in this. analysis, it is impossi-

ble for us to match all of the data provided by Jovancicevic et al. 

A final comparison to experimental data is provided. Included in 

figure 12 are the d~ta from Jovancicevic et al., our original simulation 

(without UPD) , and the current .versus potential curve· reproduced from 

26 
Lukac et al. Our work appears to be in far better agreement with the 

work of Lukac et al. than that performed by Jovancicevic et al. After 

exhaust::ing all physically reasonable avenues for creating simulations 

that could duplicate the results of Jovancicevic et al., we come 'to the 

conclusion that perhaps the work done by Lukac et al. was done under 

better, controlled conditions. 

Summary 

We have presented the equations that describe the growth of a film. 

Methods of combining the equations to eliminate rapid reactions are pro-

vided, as well as the boundary conditions ahd a means for solving the 

equations. Equations that find specific application to oxide films were 

developed as were var1ables that make the computation simpler. A model 

was developed specifically for the iron/iron oxide system. Using the 

low-field mole-flux equation, a comparison of simulation results is made 

to existing experimental data. From this analysis we conclude that as 

the potential of iron in a borate buffer solution is swept in an 

increasing manner, iron initially reacts to form dissolved ferrous 

species. Eventually. at approximately 200 mV above equilibrium, an 

'oxide is formed, that is thick enough to cause a switch to the mass-

'transfer-limited regime' and the. onset of passivation. At higher poten-
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Figure 12. 
36 

Current versus potential from Jovancicevic et al. 

and. the simulation at 'a sweep rate of 0.3 mV/s and Lukac 

25 
et al. at a sweep rate of 1/3 mV /s. 



tials, the oxide-film-forming reaction becomes the dominant reaction. 

Roman 

a 

a
k 

c
k 

Dk 

e 

F 

h+ 

i 

k,e' k_,e 

K,e 

L 

m 

m 
0 

n 

Nk 

Pk 

qk 

R 

R,e 

RA 
1-

sk 

List pf Symbols 

jump distance, cm 

activity of species k 

3 
concentration of species k, mol/cm 

2 
diffusion coefficient of species k, cm /s 

symbol for the electron 

Faraday's constant, 96485 C/equiv 

symbol for the hole 

2 
current density, A/cm 

forward and backward rate constants of rxn. ,e 

equilibrium constant of reaction ,e 

length of phase,cm 

h th. f f h 1 f t e m 1nter ace rom tee t 

the chosen stationary interface 

number of charges transferred in a reaction 

2 
mole flux of k, mol/cm -s 

reaction order for forward reactants 

reaction order for backward reactants 

universal gas constant, 8.3143 J/mol-K 

reaction rate of 1-, mol/cm 
3 

-s 

reaction rate at surface of ,e, mol/cm 
2 

-s 

stoichiometric coefficient of species k 
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t 

v 

v 

x 

y 

Greek 

·8 

1/ 

time, s 

temperature, K 

standard electrode potential, V 

velocity, cm/s 

electrode potential, V 

coordinate, cm 

X site occupied by Y 

dimensionless coordinate 

charge number of species k 

symmetry factor 

distance between charges in different phases, cm 

surface concentration of species k, mol/cm2 

permeability, F/m 

dimensionless distance 

electrochemical potential of k, J/mol 

viscosity, g/cm-s 

electric potential, V 

angular velocity, -1-s . 

subscripts 

i,k species i and k 

I interface 

1 reaction 1 

L lattice 

migr migration. 

ref reference 
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superscripts 

m metal 

o oxide 

s solution 

position to the left of x 

, , position to the right of x 
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Appendix 

The BET isotherm
42 

is 

v cP 
v = ______ ~--~m~--------~ 

p+ + (C;~)t (A-I) 
(P -

o 

where v is the volume of the adsorbed layer, v is the volume of a mono
m 

layer of the absorbed layer, c is a constant related to the heat of 

adsorption, and P is the saturation pressure. 
o 

In relation to this 

analysis, the volume of the absorbed layer is analogous to the thickness 

of the oxide, L, and the pressure is analogous to the applied potential, 

U: 



.... 

v +-------+ L and lnL +----+ 
P 

o 

nFU 
RT . 
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We require an equation that gives the potential as a function of the 

length. Rearrangement of the above equation and substitution of Land U 

give 

nFU 
2P 

In 
0 

RT 

[H; 1J 1] 2f + c[; -1] +2 (A-2) 

+ + 4 (c -

c is related to the width of· the potential plateau, U , through the 
0 

equation 

c - exp [::] . (A-3) . 

37 
From the data of Jovancicevic et al., we estimate that U is approxi

o 

mately 200 mV. 

The BET isotherm relates the volume of coverage to the gas pres-

sure. The surface coverage is not strictly associated with either 

interface. In this analysis, a relationship between the potential of 

oxide deposition and the amount of coverage is also not strictly associ-

ated with either interface. However, we felt that the best way to 

incorporate the UPD was to attribute it to the oxide-forming reaction, 

reaction 3, at the oxide/solution interface. Thus, the U defined above 

was subtracted 'fr.om the potential difference of' the oxide/solutiqn 

interface in both the forward and reverse reaction rates of reaction 3, 

R= k 1/3 [(l-P>F(,,-O _ ,,-5 _ U)] k [ IE( 0 ,,-5 U)] 
3 3C 3+c _exp RT '1' '1' - _3exp - RT qi -:-'1' - ·(A-4) 

I
Fe 

OH 
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