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A Mechanistic Model for Oxide Growth and Dissolution during Corrosion of Cr-
Containing Alloys
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jewren@uwo.ca

Abstract

We have developed a corrosion model that can predict metal oxide growth and dissolution rates
as a function time for a range of solution conditions. Our model considers electrochemical
reactions at the metal/oxide and oxide/solution interfaces, and the metal cation flux from the
metal to the solution phase through a growing oxide layer, and formulates the key processes
using classical chemical reaction rate or flux equations. The model imposes mass and charge
balance and hence, is labeled as the Mass Charge Balance (MCB) model. Mass and charge
balance dictate that at any given time the oxidation (or metal cation) flux must be equal to the
sum of the oxide growth flux and the dissolution flux. For each redox reaction leading to the
formation of a specific oxide, the metal oxidation flux is formulated using a modified Butler-
Volmer equation with an oxide-thickness-dependent effective overpotential. The oxide growth
and dissolution fluxes have a first-order dependence on the metal cation flux. The rate constant
for oxide formation also follows an Arrhenius dependence on the potential drop across the oxide
layer and hence decreases exponentially with oxide thickness. This model is able to predict the
time-dependent potentiostatic corrosion behaviour of both pure iron, and Co-Cr and Fe-Ni-Cr

alloys.
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Evo# Specific potential gradient of oxide (V-cm™)
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1. INTRODUCTION
Several corrosion models have been developed for predicting the rate of metal dissolution

13 To obtain the rate of corrosion under a given driving force

in the presence of an oxide film
(V), many of these models focus on solving the transport rate equations for individual charge
carriers (interstitial cations and anions, cation and anion vacancies, and electrons and holes)
across the oxide film, in addition to the rates of their creation at respective interfaces (i.e.
electrochemical redox reaction rates). Since the rate of charge transport (charge flux) depends on
the electric field gradient (electric potential), the electrochemical potentials of the metal, the
oxide and the solution phases are important parameters in determining the corrosion rate. These
potentials may change with time as corrosion progresses. However, these models do not
specifically define the driving force for corrosion as a function of quantifiable potentials such as
the equilibrium potential of a redox pair involved in corrosion (Efgx), or the electrode potential
(corrosion potential (Ecorr) 0n open circuit, or the applied potential (E,pp) during polarization).

In these models, the distribution of the driving force for corrosion on a corroding surface
is often presented schematically as shown in Figure 1. The implicit assumptions in this schematic
are that the driving force for corrosion (V) is the potential difference between the Fermi levels in
the metal and the solution phases, that the driving force is distributed between the metal/oxide
(m|ox) and oxide/solution (ox|sol) interfaces and the oxide film present, and that the potential
may not be constant across the oxide film. The models differ in their assumptions on how the
driving force is distributed and on how the potential distribution changes as the oxide film grows.
For example, the potential drop across an oxide film is assumed to be independent of oxide

9-13

thickness in the Cabrera-Mott model4, while it increases with oxide thickness in other models™™ .

Alternatively the potential difference at the ox|sol interface may be assumed to be constant as the
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oxide grows (the Point Defect Model (PDM))’ while the potential difference at the m|ox

interface is assumed to be constant in the Generalized Model for Oxide Film Growth'? '?.
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Figure 1: Commonly accepted scheme for the distribution of the potential difference
between the metal and solution phases, V, in a metal/oxide/solution system.

In addition, these models do not explicitly express the potentials that control the charge
transport rates as a function of quantifiable potentials such as E,,,- or Efgx. The models assign
different rates for the transport of different charge carriers across the solid oxide phase (ions, ion
vacancies, electrons and holes). The individual transport rate parameters are difficult to verify,
and this limits the predictive capabilities and the application ranges of these models. Oddly, mass
and charge balance for the overall corrosion process, clear physical requirements, are not

generally invoked in these models.

We have developed a corrosion kinetic model that can simulate both oxide film growth
and metal dissolution as a function of time for a range of potentials, pHs and temperatures. Our

model considers many of the elementary processes that are included in other models:
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electrochemical redox reactions at the m|ox and ox|sol interfaces, the transport of charged species
across the oxide film, metal oxide formation and growth, and metal ion dissolution. The rates of
the individual elementary reactions/processes are formulated using classical chemical reaction
rate, and mass and charge flux equations. However, our model imposes mass and charge balance
requirements on these rates, and reaction thermodynamic and kinetic constraints on
electrochemical redox reactions. Hence we have labeled our model the Mass Charge Balance
(MCB) model.

In this paper, we describe the fundamental physical and chemical processes that underlie
the MCB model and show how it can predict both oxide growth and dissolution during corrosion
of an alloy. The rationales for the MCB model assumptions and the rate or charge flux equations
used in the model are presented. In particular, we establish the driving force for corrosion as a
function of equilibrium potential and how the driving force is distributed among the mjox and
ox|sol interfaces and across the oxide layer. The model includes relationships between the
potential drop across the oxide film and the film thickness, and between the potential drop and
the activation energy for oxide formation, and the rate of oxide growth as a function of the oxide
thickness. We present a few comparisons of model simulations of the time-dependent corrosion
current and oxide growth during potentiostatic polarization with data obtained for pure iron
(using data from Sato et al.') and for Cr-containing alloys: a Co-Cr alloy, Stellite 6'°, and an Fe-
Ni-Cr alloy, Alloy 800.

2 The MCB Model
2.1  Overview of the MCB Model
The MCB model considers corrosion to consist of four elements: electrochemical redox

reactions at the m|ox and ox|sol interfaces, the transport of charged species across the oxide film,
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metal oxide formation and growth, and metal ion dissolution. The rates of the individual
elementary reactions/processes in the model are formulated using classical chemical reaction
rate, and mass and charge flux equations. The MCB model imposes mass and charge balance
requirements on these rates, and reaction thermodynamic and kinetic constraints on
electrochemical redox reactions. The mass and charge balance requirements invoked in the MCB
model dictate that the rate of metal oxidation must equal the rate of its coupled solution species
reduction, and the rate of metal oxidation must equal the sum of the rates of oxide formation and
metal dissolution. This allows us to avoid the need for detailed modeling of charge transport
across the oxide film. Instead, the MCB model takes into account the dependence of the potential
drop across the oxide film on the type and thickness of the oxide(s) that grow with time.

Metal alloys may contain more than one active element that may form an oxide or
hydroxide. This oxide can contain only a single metal element, or it can be a mixed oxide/
hydroxide with more than one metal element. In addition, transition metals have many stable
oxidation states and this, combined with the possibility of forming several different stable oxides
and hydroxides, leads to the possible formation of many different layers of oxides/hydroxides on
a metal surface. The MCB model recognizes that different metal oxides can form and that the

1516 The result can be a

oxide composition and structure may change as corrosion progresses
complex and shifting set of oxides that form and grow as a function of time, even at a fixed
potential'’. The different types of metal oxides can have different oxide layer resistances and this
will affect the potential drop across the oxide, and evolution in the nature of the oxide layer with
time will change the potential drop as a function of time.

Irrespective of the type of oxide that forms and the rate of its formation, oxide formation

is an electrochemical reaction and constrained by reaction thermodynamics. The thermodynamic



Faraday Discussions

constraints invoked in the MCB model dictate that metal oxidation (coupled with solution
reduction) leads to formation of a certain type of oxide with a driving force given by the
difference in the equilibrium potentials of the two coupled redox half-reactions for that process.
Energy pathway minimization prevents an oxide that requires a higher free energy of reaction
from forming in competition. The MCB model assumes that the thermodynamic driving force is
distributed between the mjox and ox|sol interfaces and the oxide layer, in a manner somewhat
similar to that shown in Figure 1. Due to the potential distribution, the effective driving force for
metal oxidation decreases as the oxide grows. In the MCB model the distribution of the driving
force at the mjox and ox|sol interfaces and across the oxide layer is dictated by the mass and
charge balance requirements. That is, the potential is distributed such that the rate of metal
oxidation that produces metal cations must be the same as the rate of the metal cations moving
across the oxide film, and these rates must be the same as the sum of the rates of metal oxide
formation and metal ion dissolution.

The MCB model assumes that for a given type of oxide there is a charge distribution
across the oxide layer (there is a higher metal cation concentration near the m|ox interface and a
higher oxygen anion concentration near the ox|sol interface). In this case the oxide film on a
corroding surface resembles a p-n junction in a solid-state diode device and is not a uniform
semiconductor. Consequently, the potential drop across an oxide layer (AVixide = —AQoxide)
increases linearly with oxide thickness. An increase in AV decreases the effective
overpotentials for the redox half-reactions at the two interfaces. The result is that the metal
oxidation rate can be formulated using a modified Butler-Volmer equation with an effective

overpotential, provided that one can define the linear rate of oxide growth with time.
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The MCB model assumes that the rate of oxide growth has a first order dependence on
the flux of metal cations and that the oxide growth rate constant has an Arrhenius dependence on
the activation energy for the metal oxide formation. The activation energy increases with an
increase in AV, and hence, the rate constant for metal oxide formation decreases
exponentially with an increase in oxide thickness.

The last key component of the MCB model takes into account the competition between
oxide formation and dissolution for the metal cations produced by metal oxidation. Due to the
mass and charge balance requirements the rate of metal oxidation must be the same as the sum of
the rates of metal oxide formation and dissolution. In contrast to the changing oxide growth rate
with oxide thickness, the rate constant for metal dissolution at the ox|sol interface is generally
assumed to be independent of oxide thickness, but dependent on the type of dissolving oxide and
the metal cation dissolution properties of the contacting solution (pH, temperature, etc.).

The principles behind the MCB model assumptions and the formulation of the rate
equations are described next.

2.2 Elementary Electrochemical and Transport Processes

The elementary physical processes considered in the MCB model are schematically
presented in Figure 2'°. Metal oxidation occurs at the mjox interface (Process la) and the
reduction of aqueous species occurs on a counter electrode (Process 1b). On a naturally
corroding surface (an open circuit) both the metal oxidation and the aqueous species reduction
occur on the same (on a macroscopic scale) surface. When an alloy electrode is polarized in an
electrochemical cell the two redox reactions occur on separated surfaces. The redox half-
reactions are coupled via a flux of metal cations from the m|ox interface to the ox|sol interface

(Process 2). The metal cations at the ox|sol interface can be hydrated and dissolve into the
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solution (Process 3), or combine with oxygen anions in the solution (O*~ or OH") to form a solid
metal oxide that attaches to the ox|sol interface (Process 4). In this schematic, the metal cations
are depicted as moving from the m|ox interface to the ox|sol interface. This does not mean that
the individual metal cations physically move through the oxide layer, but rather that there is
relative movement of the interfaces with respect to each other. Oxygen anions moving from the
ox|sol to the m|ox interface results in the same transport rate equation. The net result is the
transfer of metal species from the metal phase to the solution phase.

The oxyhydroxides of transition metals typically exhibit semiconducting properties'’. For
a chemically inert semiconductor, charge transport through the semiconductor is normally
accomplished by movement of electrons (for an n-type) and holes (for a p-type). On a corroding
metal surface, transfer of more massive charged species (metal cations and/or oxygen anions)
also occurs. Movement of relatively massive ions through a solid oxide phase is not easy. To
account for the charge flux through a solid oxide lattice, many mechanisms, such as transport of
metal cations (or oxygen anions) via interstitials, or cation and anion vacancies, and electron
hopping (or ion exchanges), have been proposed® > * "3, Irrespective of the ion transport
mechanism, the charge flux through a corroding surface can be modeled as the net flux of metal

cations from the m|ox interface to the ox|sol interface.

10
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Figure 2: Schematic of the elementary processes considered in the MCB model.

For simplicity, only one active metal element, M, and its oxidation to one oxidation state
M?*" are shown in Figure 2. Similarly, only water is reduced. However, for an alloy the set of
elementary reactions will be much larger, taking into account all of the metal components of the
alloy and their possible stable oxidation states, and the solution redox conditions. For example,
in a highly oxidizing solution (e.g., containing H,O,) the oxide growth process (Process 4) on a
Ni-Fe-Cr alloy may consist of (1) oxidative conversion of an pre-existing layer of defective
Cr,05 to FeCr,0y4, followed by (2) formation and growth of Fe;O4 and NiFe,O4 and then (3)
formation and growth of NiO/Ni(OH),'®. On a Co-Cr alloy Process 4 may consist of (1)
conversion of pre-existing Cr,O; to CoCr,O4, followed by (2) formation and growth of

CoO/Co(OH), and then (3) formation and growth of CoOOH and Co304".

11
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2.3  Mass and Charge Balance

In the MCB model, the rates of individual reactions/processes are formulated using
classical chemical reaction rate and mass and charge flux equations. The rates of the individual
processes shown in Figure 2 cannot vary independently. The mass and charge balance
requirements dictate that at any given time, the rate of metal oxidation must satisfy

Oxidation rate = rate (1a) = rate (1b) = rate (2) = rate (3) + rate (4) (1)
The mass balance dictates that the rates of the reactions that occur in series must be the same.
Also the total rate of reactions in parallel is the sum of the individual reaction rates. Hence, the
slowest in a series of reactions dictates the oxidation rate while dissolution (3) and oxide
formation (4) in parallel compete for the metal cations.

For processes occurring at an interface the rates are better expressed in terms of fluxes
than in term of the change in concentration of a species (although the flux may depend on
concentration gradient of a species at the interface). Furthermore, in electrochemical studies of
corrosion, the current (charge flux) is the measured quantity. The mass and charge balance
requirements in terms of charge flux are:

(a) The flux of positive charges from the metal to the oxide phase at the m|ox interface (Process
la) must be equal to the flux of negative charges from the solution to oxide phase at the
ox|sol interface (Process 1b). Hereafter, these fluxes are referred to as the metal oxidation

flux, J g+ (t) | mjox and the solution reduction flux, —Jreqs (£)|ox|sot> respectively.

Jmsn+ (t)|m|0x = _]red#(t)lox|sol (2)

where the fluxes are in units of mol-s™-cm™.

12
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(b) The metal oxidation flux at the m|ox interface must be equal to the average flux of the metal

cations across the oxide phase, (J/yn+(Z,t))oxiqe, (Process 2) and hence the total flux of
metal cations arriving at the ox|sol interface:

Tuan+ (O Imjox = Umarn+ (2, ))oxiae = Imun+ ()| oxsor (3)
The flux of the metal cations may vary along the oxide layer but the MCB model does not
formulate this in detail. The average flux is assumed to be inversely proportional to the

thickness of the oxide layer, Loxide(t), that may be initially present or growing

Uman+ (2, ))oxide = . (fOLMO(t)]M#m (z,t) dz) 4)

Luo ()
Again it should be emphasized that a flux of the metal cations from the m|ox to ox|sol
interface does not mean the physical movement of individual cations through the solid oxide
phase but rather the relative movement of the interfaces with respect to each other. The flux
of the oxygen anions from the ox|sol to m|ox interface in the opposite direction yields the

same flux equation for positive charges.

(c) The charge flux must be equal to the sum of the fluxes of metal cations that dissolve into the

solution phase (Process 3) and those that are used for growing an oxide film (Process 4)

Jmun+ (t)|0x|sol = Jaiss# () lsor + Jmo# () loxide (%)

and these are referred to as the dissolution flux, J;;ss#(t) |01, and the oxide growth flux,

]MO# (t) | oxide» respectively.

The condition of equal fluxes for metal oxidation and solution reduction dictates the potential on
a naturally corroding surface (E..) with the net current at E,, being zero. Under polarization,
the rate of oxidation (or reduction) occurring on the working electrode must equal the rate of

reduction (or oxidation) occurring on the counter electrode, and this rate depends on the

polarization potential (E,,).

13
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In the MCB model we formulate the metal oxidation flux, Jpun+(£)|m|ox, and the oxide

growth flux, Jy04(t)|oxide, as functions of corrosion parameters (potentials, pH, T, etc.) and the
other fluxes are determined using the mass and charge balance equations (equations 1 to 5).

In formulating Jpyyn+ () | mjox and Jyo#(£)|oxide, the MCB model takes the free energy of
reaction for the redox reaction forming a specific oxide MO as the driving force (or reaction
potential) for the reaction. The driving force is then distributed between the m|ox and ox|sol
interfaces and the oxide film present on the surface. How the potential is distributed between the
three components is discussed in Section 2.5.

Equal rates for metal oxidation and the sum of the metal oxide formation and metal ion
dissolution rates then dictates the rate of oxide growth and its dependence on pH and
temperature. Since metal oxidation results in both metal cation dissolution and oxide formation,
the competing kinetics of these two pathways affects the rate of oxide growth'™ '°. These fluxes
are discussed in Section 2.6.

2.4  Formulation of the Metal Oxidation Flux, Jpyn+(t)|m|ox

The overall redox reaction of M during corrosion can be expressed as,

M+ 0x 5 M"™ +Red (6)
where Ox represents the solution oxidant and Red represents its reduced species. Knowing the
nature of the metal and the solution redox species we can calculate the Gibbs free energy of this
reaction. The driving force for the overall reaction (the free energy of reaction, —A,.G(t)) is the
difference in electrochemical potential of the reacting system at time ¢ (E,;,(t)) and at
equilibrium (E,4):

—A.G(t) =—n-F-AE(t) (7a)

—AG(t) =nF - (Epqy(t) — EZL

rdx

(7b)

14



Page 15 of 37 Faraday Discussions

By convention the electrochemical potential scale uses the reduction potential with respect to the
standard hydrogen electrode potential (SHE), but the scale zero point is not important. A
chemical reaction depends on the difference in potential and not the absolute values of the
potentials.

The overall redox reaction is often expressed using two half-reactions:

Ox: MSM +ne (8a)

Red: Ox+ne S Red (8b)
This division is used for convenience in evaluating reaction thermodynamics. The
electrochemical equilibrium potential for the overall redox reaction (6) can then be expressed
using the equilibrium potentials of the two half-reactions,

AE;q, = Ereq — Eqy (9a)

On the potential scale with respect to Vsyg this becomes
e e
AErgx = Erccilx (Vsug) (9b)
For an electrochemical reaction of a specific redox pair, rdx#, the net rate of the reaction

(or the net flux of charges) can be defined by the Butler-Volmer equation. In terms of current:

Lraxs () = Ly gy <exp (% rdxtt " Urdx#(t)) —exp (—2—:' (1 — araxs) - Tlrdx#(t)>>

(10a)

Mrau(®) = Eetec(t) = Exdoy (10b)
where 71 . is the exchange current, or the anodic or cathodic current at equilibrium, n is the
number of electrons involved in the reaction, a,4,4 1s the transfer coefficient (typically with a
value of 0.5), F is Faraday’s constant, R is universal gas constant (8.314 Jmol K™, T is

absolute temperature (K), 7, .., (t) is the overpotential at the reaction interface, and Eg ¢ (t) is

dx#

15
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the electrode potential or the potential at the reaction interface at time t. The electrode potential
is the potential that we measure as the corrosion potential, E., on an open circuit or the applied
potential, Eqpp, on polarization. When E,;,.(t) is sufficiently more positive or more negative

than the equilibrium potential Efgx#, the Butler-Volmer equation can be approximated to:

. . . 0.5-n'F
lrdx#(t) ~ lox#(t) = lsz# ’ (exp( R: ) ﬁox#(t))) for ﬂrdx#(t) >0 (11a)

0.5-n'F .

irdx#(t) = ired#(t) = ifgd# ' <_exp (_ RT Ured#(t))) for Urdx#(t) <0 (1 lb)

where {77y = oty = —ioqn (1lc)
Urdx#(t) = on#(t) = _Ured#(t) (lld)

The transfer coefficient is often empirically determined for a particular corrosion process'®. In
the MCB model the transfer coefficient for each elementary redox reaction, rdx#, is fixed at 0.5
and is not an adjustable parameter.

On a bare metal surface, there is only one reaction interface, the metal/solution interface,
and the overpotential at the interface is defined as in Eq. 10b. In the presence of an oxide film
the corrosion process involves reactions between three phases and at two different interfaces.
The metal oxidation half-reaction (8a) occurs at the m|ox interface and the aqueous reduction
half-reaction (8b) occurs at the ox|sol interface and/or on a counter electrode. The rate of each
redox half-reaction can still be expressed using the Butler-Volmer equation (Eq. 11). However,

not all of the free energy of reaction is available due to the potential barrier of the oxide film,
AVpxige (1)

Dot = 106 ®) = =110 (©) = (Eerec(®) = Efgyy) = AVoiae(t) (12)
Thus, the rate of metal oxidation depends strongly on how the thermodynamic driving force is

distributed between the two interfaces and across the oxide film.

16
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For each possible metal/metal cation oxidation reaction, rdx#, in a specific solution
environment the metal oxidation flux is formulated by a modified Butler-Volmer equation with

the overpotential for the metal oxidation as defined in equation (12):

T Olomjor = Jidun (€30 (S50 1,40 ©) (13)
2.5  Potential Distribution

The potential energy for an interfacial charge transfer process is often described using the
Fermi-levels (the total chemical potential of electrons (¢)) in the reacting phases. For a given
interfacial redox reaction, the change in the chemical potential of electrons and the change in the
chemical potential of the redox species must be the same. Although the electron potential energy
scale uses a different reference point and is opposite in sign to that of the hydrogen reduction
potential scale, the relative values are the same in both scales, Agp = —AE.

At phase equilibrium, the Fermi-levels of the two reacting phases at the interface must be
the same. On a bare metal surface the Fermi-levels of the metal and solution phases at the m|sol

interface must be the same, go]fq = ¢f% = ¢ Thus,

Mo () = @ (£) — P (14a)
_nred#(t) = gosegl — Ps01(t) (14b)
P () = 0, () = Epgy — Egy = AEZG, = Erg, (Vsug) (14c)

These relationships are schematically presented in Figure 3. The driving force for corrosion on a
bare metal surface is equivalent to the difference between the Fermi-levels of the metal and
solution phases at time t, and this is the same as the difference in the equilibrium potentials of the
two half-reactions. If there is no change in the electrochemical potential of the solution as

corrosion progresses, the corrosion rate on a bare metal surface does not change.

17
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Figure 3: Relative positions of the redox reaction potentials at time t during corrosion on a
bare metal surface. The potential drops across the double layer and diffusion layer are not
considered for simplicity.
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The Fermi level in the solution at equilibrium is the electron energy level where the

density of unoccupied electron energy states (@gox)) and the density of occupied electron

energy states (@gred)) are the same. In the presence of an oxide, the Fermi-levels of the solution

and the oxide at the ox|sol interface must be the same. The Fermi level in the metal phase at

equilibrium is the electron energy level where the density of unoccupied electron energy states

((pE(Mn+)) and the density of occupied electron energy states (¢gy)) are the same. In the

presence of an oxide film the Fermi-levels of the metal and the oxide at the m|ox interface must

be the same. The questions are then, “What is the Fermi gap across the oxide layer?” and “Is this

gap constant across the oxide layer during corrosion?”
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Most of the transition metal oxides present on corroding surfaces exhibit semiconducting
properties'’. The Fermi level of a pure n-type semiconductor lies closer to the lowest energy of
the conduction band, ¢, whereas the Fermi level of a pure p-type semiconductor lies closer to
the highest energy of the valence band, ¢y 5. In order for corrosion to progress at any appreciable
rate, the Fermi-level of the metal at the interface must lie above the @5 of the semiconducting
oxide while the Fermi-level of the solution phase must lie below the ¢ 5 of the oxide:

() > @cpand @ (t) < @yp (15)

These conditions reduce the overpotential that is available for metal oxidation or solution

reduction:
17,,(8) = @m (1) = @' —APoxige (t) for a p-type semiconductor (16a)
1M0q(®) = 0501 (t) = @ogy + A@oyige(t)  for an n-type semiconductor (16b)

The mass and charge balance conditions further dictate that the effective overpotentials for the
metal oxidation and its coupled solution reduction are related as given in Eq. (13). Thus, for both

n-type and p-type semiconductors,
Trax® = 7O+ (=77,040) = 0 () = Psor()~APosiae (t)

= Eydy ~Woxie () (17)
These relationships are schematically presented in Figure 4. (Here the potential drops across the
space charge layers such as Mott-Schottky and double layers are not considered for simplicity.
On a corroding surface these barriers should be negligible compared to the potential barrier of

the oxide film.)
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Figure 4: Relative positions of the reaction potentials at a time t during corrosion: (middle
panel) on the reduction potential scale (E(Vsug)), (left panel) for an n-type film on the
electron energy scale (¢°), and (right panel) for a p-type film on the electron energy scale

(9.

On a pure semiconductor, the potential drop, A@,yiqe(t), is the band gap (Vig). If the
oxide film is a pure phase the band gap does not change with an increase in oxide thickness and
the growth of that oxide should not affect the interfacial charge transfer rate. This can explain
some of the observations where the potential drop across an oxide film is independent of oxide
thickness and justifies this assumption in the Cabrera-Mott model®. However, typically the oxide
film composition on a corroding surface will not be uniform. Instead, there will be a charge
distribution within the oxide lattice; the M"" concentration will be higher nearer the m|ox
interface and the O concentration will be higher nearer the ox|sol interface. Therefore, the oxide
near the m|ox interface will behave more like a p-type semiconductor (due to doping of the

positive charges) while near the ox|sol interface the oxide will behave more like an n-type
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semiconductor (due to doping of the negative charges). The oxide film present on a corroding
surface will then behave like a p-n junction in a solid-state diode device.

In the absence of any external potential the Fermi levels of two reacting phases at the
reaction interface must be the same. At equilibrium (no external force) the @5 of the p-type
semiconductor is higher than the @5 of the n-type semiconductor. This results in a potential
barrier to the flow of electrons (the majority of charge carriers). Similarly, holes cannot flow
forward (from p-type to n-type regions) unless a positive external potential (V) is applied to
overcome the potential barrier across the junction, and this potential barrier (V;, the junction
potential) is not the band gap (Vig). Only when Ve is larger than V;and the Fermi-level in the n-
type semiconductor region is raised above the @cp of the p-type semiconductor region can
electrons flow from the n-type to p-type regions.

We can envision the potential distribution across an oxide film on a corroding surface as
being similar to that in a p-n junction. In the presence of an oxide layer, the corrosion redox
reaction can occur only when the potential is sufficient to overcome the oxide potential barrier,
A@oxide (equivalent to V;) so that electrons can migrate from the ox|sol interface to the m|ox
interface. If the potential at the m|ox interface is the same as the aqueous redox potential, there
will not be any current — i.e., no metal oxidation. The potential distribution on such a corroding

system is schematically shown in Figure 5.
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Figure 5: Relative positions of the reaction potentials at a time t during corrosion in the
presence of a n-p type oxide film: (left panel) on the electron energy scale (¢°) and (right
panel) on the reduction potential scale (E(Vgsug)).

Figure 5 presents the potential energy distribution on a corroding surface at a specific
time under a specific solution redox condition. If the oxide grows as corrosion progresses the
potential barrier across the oxide film increases. For a system where a specific metal oxidation
coupled with a specific aqueous reduction reaction that leads to growth of a specific oxide film,
MO, it is reasonable to assume that AV, ;40 (t) (= —A@oxige (t)) is proportional to the changing
oxide thickness:

AVoxige(t) = AVorige(0) + AVyou(£) (18a)

AVyos(t) = emos * Lo (6) (18b)
where AV,,;4.(0) is the potential drop over, if present, the pre-existing oxide layer, &y04 is the
proportionality constant or the specific potential gradient (potential drop per unit length) of oxide

MO# and Lyo4(t) is the thickness of oxide MO# grown over time t.
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Since the reaction potential energy is distributed such that it will satisfy the mass and
charge balance requirements, the effective overpotential for metal oxidation will change
according to Eq. (17). For a given solution redox condition where Efgx# is constant, the potential
gaps at the two interfaces and across the oxide film at two different times are schematically
shown in Figure 6. For simplicity AV,,;4.(0) is assumed to be zero. This schematic also
illustrates that even with a constant solution redox environment, as the oxide layer thickens the
corrosion potential, E.,, which is the Fermi-level at pseudo equilibrium (or steady state),
increases. This occurs even though the effective overpotential and, hence, the rate of the metal

oxidation decreases. If the electrode potential, E,pp, instead of E ®d  is maintained constant, as is

rdx>

the case for potentiostatic polarization, the effective overpotential for metal oxidation decreases

as the oxide grows, as schematically shown in Figure 7.

m oxide sol
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Figure 6: Effect of linear oxide growth on the potential distribution in a corroding system:
(left panel) on the electron energy scale (¢°) and (right panel) on the reduction potential
scale (E(Vsug)).
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Figure 7: Effect of linear oxide growth on the potential distribution during potentiostatic
polarization: (left panel) on the electron energy scale (¢°) and (right panel) on the reduction
potential scale (E(Vsgug)).

The potential energy diagrams presented in Figures 5 to 7 address a system where there is
only one redox reaction occurring. In a real system for an alloy with multiple elements, there
may be multiple redox reactions that occur in parallel or in series. Nevertheless, the same
principles apply to each individual redox reaction (rdx#) with its own electrochemical
equilibrium potential, E,q .. The existence of multiple redox reactions is also the reason that
E.orr depends on the aqueous redox environment and the type(s) of oxide that can be formed.

2.6  Formulation of the Oxide Growth and the Dissolution Fluxes

The electric potential barrier across the oxide film is an important rate controlling
parameter. As discussed above, for a specific redox reaction that leads to a specific oxide film, it
is reasonable to assume that AVy,o4(t) is proportional to the oxide thickness, Ly o4 (t) (Eq. 18).

The oxide growth flux and the time dependence of Ly 4(t) can be established as follows. Oxide

formation will compete with dissolution for the metal cations. Assuming that both processes
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have a first order dependence on [M#n+] with rate constants, kyos and kgissw, respectively, the

mass balance requirement results in:

]MO#(t)onide = fk—MO#(t) * I man+ (t)|m|0x (20)
]diss#(t)lsol = (1 - fk—MO#(t)) ']M#”+(t)|m|ox (21)
fie-mo#(t) = (#i(’?dim) (22)

The ratio of the rate constants, f_p04(t), depends strongly on pH and temperature. An increase
in temperature will increase both the oxide formation and the dissolution rates whereas a change
in pH will primarily affect the dissolution rate.

Oxide formation is a chemical reaction and its rate constant can be assumed to have a
normal Arrhenius dependence on the activation energy for the reaction. The electric potential
energy gap across the oxide layer (AVyox(t)) contributes to the activation energy for the
formation of an oxide (MO#) (AEay o4 (t)):

AEapo4(t) = AEayo4(0) + ¢’ AVyoy(t) = AEapo4(0) + cyos * Lyos(t) (23)
where ¢’ is the dependency of activation energy of oxide growth of the potential drop across a
layer of MO# and cmox is the specific activation energy gradient of oxide. The activation energy
for the oxide formation increases as the oxide grows and the rate constant for the oxide formation

decreases accordingly:

L
kumo#(t) = kyos(0) - exp (—CMO#R—ATM@) (24a)
AE
where kp0u(0) = ko_pou - €Xp (—%) (24b)

(Note that the other contributors to the reaction activation energy are included in AEa,;04(0) and
the value of kq_p 04 Which is the pre-exponential factor for the oxide formation, and they are

assumed to be constant with time.)
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The fluxes calculated in the model are related to physical parameters that can be
measured. For example, the metal oxidation flux, Jpyn+(t)|mjox, can be measured as anodic
current if metal oxidation current can be effectively separated from the water reduction current in
an electrochemical cell:

Lox#t(£) =1 F + Jygyn+ (8) |l mjox (25)
The dissolution flux, J;ss4(t)|s01, is related to the amount of dissolved metal:

Asor * Uaiss# (D) |sor) - dt = dmg;s(t) (26)
where dmg;sox(t) represents the amount of dissolved metal over time df (mol) and Ay, is the
surface area exposed to solution (cm?). The oxide growth flux, Jyou#(t)|oxide, is related to the
thickness of the oxide:

Omo# * Unmo#(t)loxide) - dt = dLpo4(¢) (27)
where vmo# is the molar volume of MO# (cm®-mol™).

Equation (24) shows that the rate constant for oxide formation decreases exponentially
with increase in oxide thickness. If the metal oxidation flux does not depend on oxide thickness,
the oxide grows at a progressively slower rate (exponentially slower with time). However, since
the metal oxidation flux also decreases exponentially with oxide thickness (Egs. (11c¢), (13a) and
(18)), the slower rate of oxide growth with time also slows down the rate of decrease in metal
oxidation flux with time (Eq. (23)). As derived in more detail in the Electronic supplementary
information (ESI), the net effect is that the oxide thickness can be approximated to increase
logarithmically with time under a constant electrode potential (Ecc(t)) condition (i.e., constant

Ecorr o1 Eqpp):

Lyox(t) = ﬁ (In(Ayo# * Jmos") +1nt) (28a)
0.51F
Amos = R;l T EMo# (28b)
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0.5-nF

Jmos" = Vmos * fre-mon(0) " Jraxs " <exp( " (Eelec(t) —E;L — AVoxide(O))>>

(28¢)

femmon(0) = (or@ ) (28d)

kmou(0)+ kgissy

where Ay o4 represents a constant related to the potential drop across a unit length of the layer of

oxide in inverse-length equivalent units, and Jyo4" represents the constant component of the
metal cation flux.

The approximated analytical solution of the flux equations in the MCB model (equation
28a) has the form that we recognize for logarithmic film growth as previously reported by

McDonald in his PDM model’. They expressed the rate law for film growth (for Lyu(t) > 5 4A)
as

Lyo(®) = i(ln(ZK A-(B—1)) +1Int) (29)
where K, A and B are constants. That their derivation for the oxide growth rate is based on very
different physical and chemical descriptions, but results in the same rate expression, suggests
that the simpler approach used in the MCB model is sound.
2.7.  Summary of the Mathematical Formulation of Model and Model Parameters

The MCB model is summarized in Table 1. It consists of three key flux equations: metal

oxidation flux, Jyyn+(t)|mjox, and metal oxide growth flux, Jyo#(t)|oxiqe and metal cation

dissolution flux, J;;ss#(t)|s0;. Due to mass and charge balance requirements the oxide growth
and dissolution fluxes cannot vary independently, and their sum must be the same as the metal
oxidation flux. Thus, the MCB model consists of really only two independent flux equations.
These flux equations are applied to each redox pair (designated with # in the flux equation) of

metal oxidation and solution reduction.
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Table 1: Mathematical Formulation of the Model.

Flux Equations used in the Model Model Output
eq 05-n-F Current (t
1| Tt O lmjox = Jraxn " | €XP (T' nox#(t))
loxp(t) =n-F - Tman+ (t)|m|ox

Oxide thickness (t)

kyou(t)
kyou(t) + kaisss

> .]M#n+(t)|m|ox LMO#(t)

2 ]MO#(t)onide = < t
= Umo# fUMo#(t)|oxide) -dt
t=0

Dissolved amount (t)

mdiss#(t) .

= Agor - .]-Udiss#(t)lsol) -dt
t=0

3 Jaiss# (O sor = Jman+ (t)|m|ox — Jmo# () loxide

Time Dependent Terms in the Flux Equations Model Parameters

— réq eq
1 nrdx#(t) - Ered# - on# - AVoxide(t) ]eg , Eeqd# Eeq#
rdx#> “red# > “ox
on#(t) = Eelec(t) - Egg# - AVoxide(t)

2 | AVoxige(t) = AVoriae(0) + émos - Lyos(t) AV xiae(0), Emoss Unmos

3 | AEayos(t) = AEapos(0) + cyow - Lyox(t) AEap04(0), cyos

Cmos " Luos( )> kmo#(0), kgissu

4 | kyou(t) = kpou(0) -exp (— RT

In the MCB model these flux equations are formulated based on well-established classical
rate equations. The metal oxidation flux is formulated using a modified Butler-Volmer equation
with an effective overpotential, where the effective overpotential takes into account the decrease
in the driving force due to the potential drop across the oxide layer that is present or growing

during corrosion. The oxide growth flux is formulated based on a first-order dependence of the
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oxide formation on the metal cation flux, and on an Arrhenius dependence of the rate constant on
activation energy, which increases with an increase in the potential drop across the oxide layer.
The metal ion dissolution flux is simply the difference between the metal oxidation flux and the
metal oxide growth flux. The ratio of the oxide growth flux to the dissolution flux is determined
by their rate constants. The rate constant of the oxide growth changes with time as the oxide
grows while the rate constant for dissolution from a given oxide surface is constant with time.

In the MCB model, the model parameters are: (1) the equilibrium potentials of the two

coupled half-redox reactions (E gy and E ay

), (2) the potential drop over the initially present
oxide layer (AV,;q¢(0)) and the specific potential drop over the MO# oxide that is growing
(emo#), and (3) the rate constant for MO# oxide formation without an oxide barrier (kpo4(0)).
The last term can be further divided into two more fundamental parameters, a pre-exponential
factor and an activation energy (ko_pos# and AEa4#(0)). These model parameters for a given
alloy depend on the corrosion environment (which includes the type and concentration of
aqueous redox species present, pH and temperature). The effects of the environmental
parameters on the overall corrosion kinetics are thus modeled through their effects on the model
parameters.

The flux equations can be numerically solved using any standard computer software

differential equation solver. The results presented below were obtained using MATLAB.

3. EXAMPLES OF MODEL SIMULATION RESULTS

The fluxes that the MCB model calculates correspond to measurable quantities, the
current, the oxide thickness and the amount of dissolved metal as a function of corrosion time.
These are all independently measurable quantities and the model’s capability for predicting

corrosion kinetics over a wide range of environmental conditions can be verified experimentally.
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We have applied the MCB model to simulate the potentiostatic polarization of a number of
alloys including carbon steel, stainless steel, Co-Cr alloy Stellite 6, and Fe-Ni-Cr alloys Inconel
600 and Alloy 800. The preliminary results are very promising in all cases modelled to date and
a few examples are presented here.
3.1  Oxide Thickness on Pure Iron

We have applied the MCB model to predict the thickness of iron oxide grown as a
function of E,,, and compared the results to experimental data obtained from potentiostatic
polarization of pure iron in mildly basic solutions by Sato ef al.'*. The model simulation results
and the experimental data are compared in Figure 8, showing an excellent agreement. For this

simulation, following parameters were used: ifdz, = 61078, fi_104(0) = 0.9, vppy = 30

and ESZ, was calculated based on the Eq. 5 of Sato’s work”.

5.0

Model
4.5 O Experimental data

4.0
3.5
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Figure 8: Measured average oxide thickness on pure iron after 1 h potentiostatic
polarization at 25 °C in a range of pHs from 7.45 to 10.45 in 0.15 N boric-borate solution
(symbols are data from Table 2 of Ref. [14]). The straight line is the prediction of the MCB
model at pH=10.45. (Note that Sato’s work showed no dependence of oxide thickness on pH
over the range studied.)
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3.2

Model simulations and the results of polarization tests (at —0.6 Vscg) of two alloys, Co-Cr
(Stellite 6) and Fe-Ni-Cr (Alloy 800), are shown in Figure 9. The tests were performed at two
different pHs, 10.6 and 8.4, in 0.01 M borate buffer solutions at 25 °C. The polarization
potentials modelled are near the corrosion potentials measured on these alloys in deaerated

solutions™. The model predictions of the current behaviour are in very good agreement with the

Faraday Discussions

Corrosion of Cr-containing Alloys
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Figure 9: Current observed during polarization at —0.6 Vgcg of (left panel) Co-Cr alloy
Stellite 6 and (right panel) Fe-Ni-Cr alloy 800 at (top row) pH 10.6 and (bottom row) pH

8.4. Experimental results are in black and modelling results are in red.
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In these simulations, the surface was assumed to be initially covered with a 2-nm thick
layer of chromium oxide (Cr,05)*°. With this Cr,05 layer present the only oxidation pathway
that is thermodynamically possible at —0.6 Vgscg is the conversion of the chromium oxide to
chromite (CoCr,O4 or FeCr204)15 . (When this conversion is complete Fe;O4 may grow over the
chromite layer for the Fe-Ni-Cr alloy. For simplicity this process is not considered in the
following discussion as it did not occur under the test conditions.) Since the solubility of
chromium is much lower than that of cobalt (for the Co-Cr alloy) and iron and nickel (for the Fe-
Ni-Cr alloy) under the test conditions®', we assumed that only cobalt dissolution occurred (from
the Co-Cr alloy), or that only iron dissolution occurred (from the Fe-Ni-Cr alloy). The solubility
of nickel is also lower than that of iron and hence nickel dissolution from the Fe-Ni-Cr alloy at
this low potential was not modeled. Nevertheless, the oxidative conversion of Cr,O3 to chromite

requires additional modeling considerations.

Alloys which contain more that about 10% Cr typically display corrosion resistance
because of the presence of a thin protective layer of air-formed Cr,Os on the surface. This is the
case for the Fe-Cr-Ni and Co-Cr alloys that we have studied. Mott® has shown that there can be a
5-nm maximum thickness of chromium oxide formed after long time of exposure to room
temperature air. Even in deaerated solutions (Ecor = —0.48 Vgcg and —0.59 Vgcg on Stellite 6 in
deacrated solutions at pH 10.6 and 8.4, respectively”'), this chromium oxide is converted to a
mixed element chromate layer (CoCr,O4 for cobalt alloys and FeCr,04 for Fe-Cr-Ni alloys):

M+ Cr,03+2 OH — MCr,O4 +H,O+2 e on WE (30a)

Ox+ne — Red on CE (30b)
While this occurs there are two types of oxide in the oxide film: a more chromite-like layer and a

more chromium oxide-like layer.
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During conversion of chromium oxide to chromite, the thickness of the chromium oxide
layer decreases while that of the chromite layer increases correspondinglyzoz

Lerz03(t) = Lo — fi* Lucrzo4(6) (1)
where Ley203(t) and Lycro04(t) are the thicknesses of the chromium oxide and chromite layers,
Ly is the initial air-formed chromium oxide thickness. The factor f; is used to adjust for
differences in the unit cell lengths of Cr,O; and chromite oxide. In actuality there may not be a
sharp division of the oxide into two distinct layers but a gradation between the two oxide types.
In the model the oxide thicknesses in equation (32) are for pure-oxide-phase equivalent

thicknesses. The potential drop across the film can then be expressed as:

AVoxiae(t) = €cr203 * Ler2o3(t) + €mcraoa * Lucrz04(t) (32)

AVoxiae(t) = €cra03 * Lo + (Emcraoa — fi * €cr203) * Lucraoa(t) (33)
where and &c,503 and €yc204 are the specific potential drops across the different oxide layers,
respectively. The specific potential drop, €y04, is characteristic of the oxide’ (with a value in the
range of 10° to 10’ V-cm™). The values for €¢,403 and €ycr004 are not known and the values
used in the simulations were those that yielded best fits of data on a given alloy. The values used
in the simulations shown in Figure 8§ are listed in Table 2. Ideally, at a given temperature these
values are fixed, independent of pH and E,,,. The best-fit values of these parameters in the MCB
model are indeed nearly the same at two different pHs. The values of the other model
parameters are also listed in Table 2 and discussed below.

Under potentiostatic polarization, the aqueous reduction reaction that is not coupled with
metal oxidation, but coupled with aqueous oxidation on the counter electrode, can also occur on
the working electrode. This aqueous reduction reaction on the working electrode is treated as a

separate independent redox reaction with its own equilibrium potential (or the difference of the
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equilibrium potentials of the two half-reactions of aqueous reduction and aqueous oxidation).
For example, reduction of H>O or dissolved O, (at an impurity level) can occur on the working

electrode coupled with oxidation of H, or H,O on the counter electrode:

2H,0 +2e¢ —» H, + 20H on WE (31a)
H, + 20H — 2H,0 + 2¢ on CE (31b)
andor O, + 4H + 4e¢ — 2H,0 + 2¢ on WE (32a)
2H,0 > O, + 4H + 4¢ on CE (32b)

The aqueous redox reactions do not contribute to the metal oxidation flux or oxide growth flux,
but only to the net current. Nevertheless, the aqueous reduction flux on the working electrode is
expressed in a manner similar to that used for the metal oxidation flux, using an effective

cathodic overpotential as a function of potential drop across the oxide layer.

Table 2: Fitting parameters for Cr-alloy potentiostatic simulations.

.eq .eq

Alloy tMcr204 Lag-rdx €cr203 EMCr204
system pH (mA-c m-z) (m A-cm'z) (V-cm'l) (V- cm'l) Cmcr204  frk—mcr204(0)
10.6 1.0x107  —35x10"°  1.7x10°  5.5x10°  1x10’ 0.91
Co-Cr 7 20 6 6 7
8.4 5.0x10 ~3.0x10 1.2x10 5.5x10 1x10 0.15
Fe-Ni-  10.6 1.0x107° —1.0x10"  1.9x10°  3.2x10°  1x10’ 0.88
Cr 8.4 1.0x10°  —1.0x10"  1.2x10°  3.2x10°  1x10’ 0.26

The values of the model parameters, the exchange current density (ifﬁ:rz 04) for the metal
oxidation (30) and the exchange current (isg_rdx#) for the solution redox reaction (31, 32) and

the initial rate constants ratio f_p04(0) are also listed in Table 2. Although these values were
obtained from best fits to the data, these values are nearly the same for a given alloy and all
within acceptable ranges. The exchange current densities depend on the solution conditions and

factors related to the surface characteristics. The larger variation in the exchange currents on
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Stellite 6 due to pH change can be attributed to the presence of two alloy phases, Cr-rich and Co-
rich phases, on Stellite 6.

The ratio f;_p0#(0) depends on the solution environment, the type of growing oxide, and
other factors, but this ratio is always less than one, and the ratio should be higher at a pH where
the oxide solubility is lower. The solubilities of Fe*" and Co*"species are lower at pH 10.6 than at
pH 8.4, and the best-fit values for the ratio fi_p04(0) do indeed reflect this pH dependence.

At a higher potential, more oxidation pathways are available. In the MCB model the
individual oxidation reactions are modelled separately and their contributions are added to obtain

the overall corrosion kinetics.

4. SUMMARY

In this study, a new classical model for oxide growth and metal dissolution is presented.
This Mass Charge Balance (MCB) model is based on mass and charge balance and consists of
three key flux equations: metal oxidation, oxide growth, and dissolution flux. The mass and
charge balance requirements dictate that the oxide growth and dissolution fluxes cannot vary
independently, but their sum must be the same as the metal oxidation flux. The metal oxidation
flux is formulated using a modified Butler-Volmer equation with an oxide-thickness-dependent
effective overpotential. The oxide growth and dissolution fluxes have a first-order dependence
on the metal oxidation flux. Mass balance dictates that the ratio of the oxide growth and the
dissolution fluxes is determined by their respective first-order rate constants. The rate constant
for oxide growth is assumed to have a normal Arrhenius dependence on the activation energy for
the reaction where the potential drop across the growing oxide layer contributes to the activation

energy. Thus, the rate constant for oxide growth decreases exponentially with oxide thickness
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while the rate constant for dissolution remains constant. The analytical solution of this model
results in a logarithmic dependence of the thickness of oxide on time.
The MCB model is able to predict the time dependent potentiostatic corrosion behaviour

of both pure iron, and Co-Cr and Fe-Ni-Cr alloys.
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