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a b s t r a c t

The Diffusion Poisson Coupled Model (DPCM) is presented to modelling the oxidation of a metal covered
by an oxide layer. This model is similar to the Point Defect Model and the Mixed Conduction Model
except for the potential profile which is not assumed but calculated in solving the Poisson equation. This
modelling considers the motions of two moving interfaces linked through the ratio of Pilling–Bedworth.
Their locations are unknowns of the model. Application to the case of iron in neutral or slightly basic
eywords:
DM
oisson
xide layer

ron
ott–Schottky

solution is discussed. Then, DPCM has been first tested in a simplified situation where the locations
of interfaces were fixed. In such a situation, DPCM is in agreement with Mott–Schottky model when
iron concentration profile is homogeneous. When it is not homogeneous, deviation from Mott–Schottky
model has been observed and is discussed. The influence of the outer and inner interfacial structures on
the kinetics of electrochemical reactions is illustrated and discussed. Finally, simulations for the oxide
layer growth are presented. The expected trends have been obtained. The steady-state thickness is a

lied p
linear function of the app

. Introduction

The long-term behaviour of nuclear waste canisters in geolog-
cal repository depends on (i) Thermo-Hydro-Mechanical (THM)
ehaviour of ground soils, (ii) metallic materials used to manufac-
ure canisters and (iii) geochemical features of the ground in contact
ith the canisters. The disposal of nuclear waste canisters must be

onsidered as a disturbance of the state of the clay fossil soil because
i) the canister is a source of heat but also because (ii) metallic can-
ster corrodes. In clay soil, corrosion products like hydrogen and/or

etallic cations induce geochemical transformations of the clay
hich induce changes in pH and redox potential of the surround-

ng clay of canisters which induce changes in corrosion conditions.
n other words, the corrosion process and the geochemical transfor-

ations are linked. The 1000-years behaviour of metallic nuclear
aste canisters could be predicted in linking corrosion, geochem-
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of i
doi:10.1016/j.electacta.2010.02.087

cal and THM models. The purpose of this paper is to propose an
lectrochemical model for this target.

This task seemed quite easy since at least two models have
een proposed in the literature, i.e. the Point Defect Model

∗ Corresponding author. Tel.: +33 01 69 08 15 91; fax: +33 01 69 08 15 86.
E-mail address: christian.bataillon@cea.fr (C. Bataillon).

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2010.02.087
otential and the steady-state current density is potential independent.
© 2010 Elsevier Ltd. All rights reserved.

[1–11] and the Mixed Conduction Model [12–16]. Both models
assume that the metal is covered by a dense oxide layer. Mass
and charges transports through the oxide layer are described as
a field assisted diffusion of ionic defects or species. The PDM
uses the Nernst–Planck equation whereas the MCM uses the
Fromhold–Cook equation. Both models assume that the field
strength in the layer is homogeneous and independent of the poten-
tial (V = E − ESHE). The whole voltage drop V is distributed as two
interfacial drops (��m/f , ��f /s) and a bulk voltage εL:

V = ��m/f + εL + ��f/s (1)

where ε is the homogeneous field and L the layer thickness. To be
consistent, both models introduce a parameter ˛f/s called the outer
interface polarizability which is defined as:

��f/s = ˛f/sV + ��0
f/s (2)

where ˛f/s is constant and ��0
f/s

is a function of the external oxi-

dizing conditions. For instance, ��0
f/s

is a linear function of pH [1].
In the case of the PDM, ε and ˛f/s for iron have been estimated
ron based alloy in nuclear waste repository, Electrochim. Acta (2010),

from the variation of the thickness L vs. potential E in borate buffer
[1,17,18]. In the case of the MCM, ε and ˛f/s have been estimated
from Contact Electrical Impedance spectra [13].

Unfortunately, the fact that ε and ˛f/s are free adjustable con-
stant parameters implies that the application of the model could be

dx.doi.org/10.1016/j.electacta.2010.02.087
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:christian.bataillon@cea.fr
dx.doi.org/10.1016/j.electacta.2010.02.087
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Fig. 1. Potential profile in the solution/oxide layer/metal system.

estricted to some bounded range of oxidizing conditions expressed
n terms of potential range and chemical composition of the oxi-
izing solution. This is a paramount problem to link the corrosion
odel with other models which will describe the evolution of the

xidizing conditions. From a scientific point of view, ε and ˛f/s have
een introduced to describe the potential profile in the solution-
xide layer–metal system. This profile is basically the solution of the
oisson equation. The aim of this paper is to propose a model which
akes explicitly into account the Poisson equation. This task is not so
imple because the numerical resolution of the coupled Poisson and
ick equations is not trivial. Recently, Vankerberghen [19] has pro-
osed a numerical resolution based on a finite-elements method.
his resolution has been carried out with very special parameter
alues which lead to symmetric concentration profiles. Moreover,
he net electroneutrality was restricted to the oxide layer which till
ead to a symmetric field profile.

. The basic equations of the modelling

Solid state transport of charge carriers in compact oxide layer
s considered. These charge carriers could be point defects [20] or
ons, electrons or holes. The whole system consists in a solution in
ontact with an oxide layer which covers a metal. Two interfaces
ound the oxide layer. One is the inner interface which corresponds
o the metal/oxide one. The other is the outer interface which cor-
esponds to the oxide/solution interface. The metal is an electronic
onductor. It could be charged either by accumulation or depletion
f electrons. The solution is an ionic conductor. It could be charged
ither by accumulation of cations or anions. The oxide layer is a
ixed electronic and ionic conductor (see Fig. 1).
Neither combination nor creation of charge carriers is consid-

red inside the oxide layer. The charge carriers are created at one
nterface (inner or outer) and are consumed at the other (outer or
nner). Inside the oxide layer, each charge carrier flux is assumed
ndependent of the others because the physical mechanism for
ransport is generally typical of the kind of charge carrier (elec-
ronic transport in a conduction band, transport of ions by a vacancy

echanism, etc.).

.1. The potential profile equations
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of
doi:10.1016/j.electacta.2010.02.087

The potential profile � is given by the Poisson equation:

2� = − F

��0

∑
i

zici − �hl

��0
(3)
 PRESS
a Acta xxx (2010) xxx–xxx

where �2 is the Laplacian. � is the dielectric constant of the oxide,
�0 the vacuum dielectric constant and F the Faraday constant. ci is
the concentration profile of the charge carrier i inside the layer, zi
its charge. The first term in the right hand side of (3) corresponds
to the charge carriers. The second term �hl corresponds to the net
charge density of the host lattice (see Section 3.1.2). It has been
assumed homogeneous.

As mentioned above, the solution and the metal could be
charged. The charge of the solution �0 generates a field in the oxide
layer. The same argument stands for the charge �1 carried by the
metal. As a consequence, the interfacial charges generate a local
field in the oxide layer in the vicinity of the corresponding interface
(outer and inner). Theses local fields are given by Gauss laws:⎧⎨
⎩

grad �[X0(t)] = −�0[��0]
��0

grad �[X1(t)] = +�1[��1]
��0

(4)

where ��0 and ��1 are respectively the voltage drop at the outer
and the inner interfaces (see Fig. 1). Taking the potential of the
solution �s as reference, the two boundary conditions are given by:{

�(X0(t)) = ��0
�(X1(t)) = V − ��1

(5)

where V is the applied potential between the metal and the solution
(see Fig. 1).

It has been assumed that the interfacial charges of the solution
�0 and of the metal �1 are described by:⎧⎪⎪⎨
⎪⎪⎩

�0[��0] = −
∫ ��0

��pzc
0

�0[	] d	

�1[��1] =
∫ ��1

��pzc
1

�1[	] d	
(6)

The interfacial structure (outer and inner) has been described by
a differential capacitance (� 0 and � 1) and a corresponding voltage
of zero charge (��pzc

0 and ��pzc
1 ).

In the Diffusion Poisson Coupled Model (DPCM), the first inte-
gration of the Poisson equation (3) over the whole layer (from X0(t)
to X1(t), see Fig. 1) gives:

grad �[X1(t)] − grad �[X0(t)]

= − F

��0

∑
i

zi

∫ X1(t)

X0(t)

ci[x] dx − �hl

��0
(X1(t) − X0(t)) (7)

Introducing the Gauss laws (4), the net electroneutrality equa-
tion is obtained:

�0[��0] + F
∑

i

zi

∫ X1(t)

X0(t)

ci[x] dx + �hl(X1(t) − X0(t)) + �1[��1] = 0

(8)

In the simplest case where the oxide layer does not contain any
charge carrier (ci ≡ 0) and is stoichiometric (�hl = 0), the net elec-
troneutrality of the whole system implies that �0 = −�1. So, the two
local fields defined by (4) are equal. This limiting case corresponds
to those of a pure capacitance.

2.2. The moving boundaries equations
iron based alloy in nuclear waste repository, Electrochim. Acta (2010),

It has been assumed that the outer and the inner interfaces could
move with time. The origin of the space axis is the location of the
outer interface X0(0) at the initial time (t = 0). The initial thickness
L0 of the oxide layer defines the initial location of the inner interface
X1(0) = L0 (see Fig. 1).

dx.doi.org/10.1016/j.electacta.2010.02.087
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ig. 2. Evolution of the oxide thickness due to the oxidation of the metal by the
xide growth step.

Let us consider a step which consumes the metal to produce the
xide host lattice (OHL). Then, the inner interface moves toward
he positive direction as depicted in Fig. 2. Let us call this shift

X1. It corresponds to the oxidation of �X1S/˝M mole of metal;
here ˝M is the molar volume of the metal and S the sample sur-

ace. Assuming that the oxide contains m metal cations per mole of
xide (m = 3 for magnetite), �X1S/m˝M mole of OHL are built. It
orresponds to an increase of the layer thickness �L = �X1 − �X0
s depicted in Fig. 2. The number of mole of OHL is also equal to
L S/˝ox. Then, from the mass balance:

X0 = �X1

(
1 − ˝ox

m˝M

)
(9)

This relation shows that the shift of the inner interface is
inked to a shift of the outer interface through the ratio of
illing–Bedworth ˝ox/m˝M . When this ratio is greater than one
nd assuming that the outer interface can move freely, the shift of
he inner interface toward the positive direction is linked to a shift
f the outer interface toward the negative direction as depicted in
ig. 2. If the outer interface cannot move freely then compressive
tresses will be induced in the oxide layer.

At the outer interface, the OHL is in close contact with the solu-
ion. It could be dissolved in the solution at a net rate called vd(t).
he mathematical expression of vd(t) will depend on the mecha-
ism to describe this step. The net shift of the outer interface will
e the sum of two contributions; one coming from the dissolution
tep and the other coming from the inner OHL growth step:

dX0

dt
= vd(t) + dX1

dt

(
1 − ˝ox

m˝M

)
(10)

he second term has been obtained in deriving (9) vs. time. Once
ore, the mathematical expression for dX1/dt will depend on the
echanism considered for the OHL growth step.

.3. The transport equations

It has been assumed for now that the flux is given by the
ernst–Planck equation:

i = −Di grad ci − zi
Dici grad � (11)

here Di is the diffusion coefficient of the charge carrier i and 
 =
/RT . This implies that the field inside the oxide layer is not too
igh. Otherwise, The Fromhold–Cook equation must be considered
12]. The second generalized Fick equation gives the time variation
f the concentration profile:
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of i
doi:10.1016/j.electacta.2010.02.087

∂ci

∂t
= −div Ji (12)

o integrate this partial differential equation, two concentrations
alled c0

i
and c1

i
are needed. c0

i
and c1

i
are respectively the outer and
 PRESS
Acta xxx (2010) xxx–xxx 3

the inner interfacial charge carrier concentrations. These concen-
trations are the solutions of the flux balance equations which state
that the net outer and inner interfacial reaction rates are equal to
the corresponding flux Ji. The mathematical expressions of these
interfacial reactions rates depend on the mechanism considered to
describe the mass and electron exchanges at the outer and the inner
interfaces. There are specific of the case under consideration. This
point is treated below for the case of iron is neutral solution.

3. Oxidation of iron in neutral or slightly basic solution

It has been shown [21,22] that in anaerobic saturated clay, the
solution inside the porosity of the clay is nearly neutral or slightly
alkaline (7 < pH < 8). Then, iron would be covered with a spinel iron
oxide layer (Fe3−ıO4) intermediate between magnetite (ı = 0) and
maghemite (ı = 1/3).

3.1. Identification of charge carriers

3.1.1. The electronic charge carrier
Electronic conduction of magnetite has been extensively studied

since 90 years [23]. Nowadays, the most advanced modelling has
been proposed by Ihle and Lorenz [24]. This model seems to drop
the usual description of magnetite which invokes both ferrous and
ferric cations [Fe+III

T Fe+II
O Fe+III

O O4]. This view is confirmed by elec-
tronic conductivity measurements [25], showing that the electronic
conductivity over a large range of temperatures for NiFe2O4 is 10
orders of magnitude lower than to the one obtained for magnetite.
This difference shows that the high electronic conductivity of mag-
netite is inconsistent with the existence of divalent cations as in
NiFe2O4. This view is also supported by Mossbauer spectroscopy.
For the low temperature phase (T = 78 K below Verwey transition),
Iida et al. [26] could observed lines associated with Fe+III and Fe+II

in octahedral position. On the contrary, Coey et al. [27] claim that
separate lines for Fe+III and Fe+II are not observed for magnetite
at room temperature because the characteristic time for electron
interchange is so high thus the nucleus experiences an average elec-
tronic configuration between Fe+II and Fe+III. In this paper, electron
in band conduction has been assumed because room temperature
is concerned.

3.1.2. The cationic charge carrier
An extensive study of cations diffusion in magnetite has

been published by Dieckmann et al. [28–34]. Radiotracer tech-
nique has been used on synthetic non-stoichiometric magnetite
(−0.005 < ı < 0.09) in temperature ranging from 900 to 1400 ◦C. It
has been shown that for the lowest temperatures, cationic dif-
fusion is completely due to octahedral iron cations. Tetrahedral
iron cations are static. The cations diffusion proceeds by a vacancy
mechanism [28,29] for ı > 0 and by interstitial mechanism for ı < 0.
On the other hand, Davenport et al. [35] have studied by X-ray
diffraction, with a synchrotron, the structure of the passive layer
formed electrochemically on iron in borate buffer. They claimed
that the major feature of the oxide layer stands in the different
occupancies of tetrahedral and octahedral sites compared to those
of the magnetite. Only 80% of octahedral sites and 66% of tetra-
hedral sites were occupied. There were about 12% of the so-called
octahedral interstitial cations.

The well ordered magnetite studied by Dieckmann would
be depicted by [2Fe+III

O Fe+III
T O4]•(ıV3′

FeO
, ne) for sub-stoichiometric

domain (ı > 0) and by [2Fe+III
O Fe+III

T O4]•(|ı|Fe•••
O , ne) for the over sto-
ron based alloy in nuclear waste repository, Electrochim. Acta (2010),

ichiometric domain (ı < 0). The aim of this notation is to outline
which moves in what. The static host lattice is depicted inside
the brackets, whereas the moving charge carriers are listed inside
parenthesis. On the contrary, the oxide film analyzed by Davenport

could be depicted by [Fe+III
T O4]

5′
((2 − ı)Fe•••

O , ne). One can con-

dx.doi.org/10.1016/j.electacta.2010.02.087
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ig. 3. Flow chart for electrons, octahedral cations and oxygen vacancies.
röger–Vink notation is used. [ ]O corresponds to a free octahedral site.

ider in first approximation that moving cations could occupy any
ctahedral site. It must be noticed that this description could be
xtended over the whole stoichiometric domain (−0.005 < ı < 1/3).
n this case, the cations diffusion proceeds neither by vacancy nor
nterstitial mechanism but rather by a hopping mechanism because
he numbers of empty or occupied octahedral sites are of the same
rder of magnitude.

.2. The interfacial reactions

The interfacial reaction path depends on the kind of charge car-
iers involved in the transport through the OHL. In the framework of
his paper, octahedral iron cations, electrons and oxygen vacancies
re considered. The flow chart depicted in Fig. 3 is proposed.

.2.1. Iron oxidation
Octahedral iron cations are created at the inner interface by the

k1
Fe) direction of the iron oxidation step. The net flux of octahedral

ations is:

Fe+III
O

(X1) = m1
Fec1

Fe exp(−3b1
Fe
(V − �(X1))) − k1

Fe(cm
Fe − c1

Fe)

exp(3a1
Fe
(V − �(X1))) (13)

here cm
Fe is the maximum occupancy for octahedral iron cations in

he OHL. It corresponds to the phase transformation of magnetite
n sub-stoichiometric wustite. From the Thermo-Calc database, this

aximum occupancy is independent of the temperature around
oom temperature and is equal to cm

Fe = 2.005/˝ox.
The transfer of an iron atom from the steel to the OHL lets a

acancy in the steel. In the opposite direction, the transfer of a ferric
ation from the OHL to the steel needs to consume a vacancy in the
teel. It has been assumed that the concentration of metal vacancies
s constant and monitored by the micro-structure of the steel. So,
he concentration of metal vacancies does not appear in (13). It
s integrated in the kinetic constants which depend on the micro-
tructure of the steel.

.2.2. Ferric release
Octahedral iron cations are consumed at the outer interface by

he (k0
Fe) direction of the ferric release step. The net flux of octahe-

ral cations is:
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of
doi:10.1016/j.electacta.2010.02.087

Fe+III
O

(X0) = m0
FeaFe3+ (cm

Fe − c0
Fe)exp(−3b0

Fe
�(X0))

− k0
Fec0

Fe exp(3a0
Fe
�(X0)) (14)

here aFe3+ is activity of Fe3+ in solution.
Fig. 4. Band diagram for the contact between the solution-oxide layer–metal at
thermal equilibrium. nM(E) is the concentration of electrons in the metal.

3.2.3. Electronic exchange
Electrons are exchanged at the inner interface between the con-

duction bands of the iron and the OHL. It has been assumed that this
exchange is described by the thermo-electronic emission rule [36].
No tunnelling is considered here. It implies that the thickness of
the oxide layer is greater than 1 or 2 nm. The net flux of electrons
at the inner interface is given by:

Je(X1) = m1
e c1

e − k1
e cmetal

e (15)

where cmetal
e depends on the band diagram for the metal-oxide con-

tact. Such a band diagram is depicted in Fig. 4. cmetal
e corresponds

to the gray part at the left of the density of electrons in the metal
nM(E):

cmetal
e =

∫ +∞

−e�(X1)

g(E)
1 + exp((E − EF )/kT)

dE (16)

where EF is the Fermi level of the metal, g(E) the density of state
(DOS) expressed in mol m−3 J−1. The kinetics constants m1

e and
k1

e are given by the Richardson average thermal velocity [36], i.e.
respectively

√
kT/2�m∗ and

√
kT/2�m∗∗ where m* and m** are

the effective mass of electron in the oxide and in the metal.
The DOS of iron and some others metals have been calculated in

[37]. The variation of the DOS with energy is not regular but the inte-
grated DOS variation with energy is roughly linear. So, it has been
assumed that the DOS could be approximated as a constant called
nDOS. Similar situations occur for others metals like nickel, copper,
etc. This corresponds to the Friedel model [38] generally accepted
for transition metals. Using U = (E − EF )/kT for integration cmetal

e is
given by:

cmetal
e = kTnDOS

∫ +∞

−(e�(X1)+EF )/kT

dU

1 + eU
(17)

Noticing that EF = −eVfree at thermal equilibrium (Je = 0):

cmetal
e = kTnDOS ln[1 + Exp[−
(Vfree − �(X1))]] (18)

It has been assumed that (18) still stands when the metal is polar-
ized, i.e. V /= Vfree. Introducing ��1 = V − �(X1), it must be noticed
that when ��1 is sufficiently negative, cmetal

e ≈ −
kTnDOS��1, i.e.
the rate for injection of electrons from the metal to the oxide fol-
lows an Ohmic law. On the contrary for high positive values of
��1, cmetal

e ≈ kTnDOS Exp[−
 ��1] which corresponds to a rectify-
ing contact.
iron based alloy in nuclear waste repository, Electrochim. Acta (2010),

3.2.4. Proton reduction
The net rate for this step is given by:

Jr = m0
e

√
aH2 exp(b0

e 
�(X0)) − k0
e 10−pHc0

e exp(−a0
e 
�(X0)) (19)

dx.doi.org/10.1016/j.electacta.2010.02.087
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From a practical point of view, it’s more convenient to intro-
uce the redox potential of the solution rather the activity of
ydrogen aH2 . From the Nernst definition of the redox potential,

aH2 = 10−pH exp(−
Eredox). So:

r = m0
e 10−pH exp(−
Eredox) exp(b0

e 
�(X0))

− k0
e 10−pHc0

e exp(−a0
e 
�(X0)) (20)

.2.5. Ferrous release
As a consequence of the ferric release step, water is not the

nly oxidant in this scheme. Ferric cations in solution could be also
educed. The net rate is:

3 = m0
r aFe+2 exp(a0

r 
�(X0)) − k0
r aFe+3 c0

e exp(−b0
r 
�(X0)) (21)

Both water reduction and ferrous release steps involve electrons
n the oxide at the outer interface. So, the net flux Je(X0) is:

e(X0) = J3 + Jr (22)

.2.6. Oxide host lattice growth
The PDM [1] and the MCM [12] assume that the oxide growth

tep runs at the inner interface and produce oxygen vacancies that
ill be consumed at the outer interface. In MCM [12], the growth

tep is:

e → FeX
Fe + 3

2
V ••

O + 3e (23)

This equation describes the motion of the inner interface of
he oxide layer, i.e. the motion of oxide anions. In this case, the
röger–Vink notation is ambiguous. From (23), the oxide film is
uilt in without oxide anions but only with iron cations (FeX

Fe). Let
s consider a case where there is an accumulation of oxygen vacan-
ies in the vicinity of the inner interface. In such a case, it is clear
hat the oxide film growth would be difficult if not impossible. The
rowth rate would decline or even vanish. Eq. (23) cannot describe
uch a situation because the growth rate is independent on the
oncentration of oxygen vacancies. Oxide anions have been intro-
uced in the oxide host lattice growth step (see Fig. 3). Then, the
orresponding interface motion equation is:

1
˝Fe

dX1

dt
= k1

ox

(
1 − c1

V••
O

˝ox

4

)ra

exp[3a1
ox
(V − �(X1))] − m1

red

×
(

c1
V••

O

˝ox

4

)rc

exp[−3b1
red
(V − �(X1))] (24)

here c1
V••

O
is the concentration of oxygen vacancies in the anionic

ub-lattice of the OHL at the inner interface and 4/˝ox is the stan-
ard concentration of oxide anions in pure magnetite. If there is an
ccumulation of oxygen vacancies at the inner interface, the activ-
ty of oxide anions would decrease. This is depicted by the term
1 − c1

V••
O

(˝ox/4)). If the concentration of oxygen vacancies is very

ow, the activity of oxide anions will be equal to 1. Then, the first
erm of the right hand of (24) will be similar to those corresponding
o the reaction (23). The second term corresponds to the backward
eaction, i.e. redissolution of oxide in metal. The OHL growth step
oes not involve a single charge carrier but 4V ••

O and 4OX
O. It is there-

ore not an elementary step and two orders of reaction ra and rc

ave been introduced. In the k1
ox direction, four oxygen vacancies
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of i
doi:10.1016/j.electacta.2010.02.087

re injected into the oxide layer whereas the inner interface drifts
oward positive direction:

1
˝Fe

dX1

dt
= −4JV••

O
(X1) (25)
 PRESS
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3.2.7. Oxygen exchange
The oxygen vacancies are exchanged at the outer interface. Their

net flux is:

JV••
O

(X0) = m0
ox10−2pH

(
1 − c0

V••
O

˝ox

4

)
exp[−2b0

ox
�0] − k0
ox

×
(

c0
V••

O

˝ox

4

)
exp[2a0

ox
�0] (26)

There is no order of reaction because this step involves a single
oxygen vacancy and a single anion oxide.

3.2.8. Oxide host lattice dissolution
Following the same way that in PDM and MCM, it has been

assumed that the OHL could be dissolved by the proton in the
solution. The net rate of the OHL dissolution step is given by:

vd(t) = −˝ox[m0
daFe3+ exp(5b0

d
�(X0)) − k0
d(pH) exp(−5a0

d
�(X0))]

(27)

It must be remembered that the OHL [FeT O4]5′
depicts a mesh of

spinel iron oxide in which all octahedral sites are free. They would
be filled by the iron oxidation step (cf. Fig. 3). The net charge of the
OHL is −5.

vd is written as the difference between two Butler–Volmer laws.
The first term in (27) corresponds to the precipitation of the OHL.
Such a step is unlikely. This assumption is supported by the fact
that it’s well known that precipitation of corrosion products from
cations and anions in solution leads to the growth of another over
layer generally porous. This over layer could be made of ferrous
hydroxide, well ordered magnetite, siderite in carbonated media,
etc. [39]. Then, a more realistic expression would be:

vd(t) = ˝oxk0
d(pH) exp(−5a0

d
�(X0)) (28)

It must be noticed that this step is the only irreversible step con-
sidered in the reaction path depicted in Fig. 3.

4. Link to the Mott–Schottky model

The reaction path presented above involves 13 kinetics con-
stants and Butler–Volmer coefficients. To solve the Poisson and
the Fick equations 11 parameters are involved. To test the possible
numerical schemes to solve both together all equations, it is neces-
sary to get sane values for the kinetics constants and parameters.
Some could be taken from literature data (diffusion coefficients,
dielectric constant, density of states, etc.). But the others must be
evaluated. This evaluation is easier to perform in simplified sit-
uations. For this purpose, the system considered below has been
restricted to the reaction path for electrons (cf. Fig. 3). Iron cations
have been considered as static and their concentration as homo-
geneous except in Section 4.4. The oxide layer thickness has been
taken as time independent. The numerical scheme to solve DPCM
in steady-state conditions with fixed boundaries has been detailed
elsewhere [40].

The input data for this modelling are the temperature T, the pH
and the redox potential of the solution, the concentrations of fer-
rous aFe2+

sol
and ferric aFe3+

sol
cations in the solution, the thickness of

the oxide layer L and the applied potential V. In most computations,
T = 25 ◦C and pH = 7. The parameters used to solve the Poisson equa-
ron based alloy in nuclear waste repository, Electrochim. Acta (2010),

tion are listed in Table 1. The parameters used to solve the Fick
equations are listed in Table 2. References are noted in brackets
when the parameters have been found in literature.

Next section shows that in the simplest case, the concentration
of electrons profiles exhibit an accumulation and a depletion layer

dx.doi.org/10.1016/j.electacta.2010.02.087
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Table 1
Parameters used to solve the Poisson equation.

� �hl/C m−3 � 0/F m−2 ��pzc
0 vs. SHE/V ��pzc

1 /V � 1/F m−2 ˝ox/m3 mol−1 a

10 [46,47,49] −(5F/˝ox) 1.4 [60] −0.4 0 1.0 4.474 × 10−5

a Calculated from the molecular weight and the density of magnetite.

Table 2
Parameters used to solve the Fick equations.

De/m2 s−1 a m* k0
r /m4 mol−1 s−1 k0

e /m s−1 m0
e /mol m−2 s−1 a0

e b0
e

10−6 [25] 1 5.6–3.5 × 10−5 10−9 4.364 × 1010 0.5 0.5

DFe+III
O

/m2 s−1 m** nDOS/mol m−3 J−1 k0
Fe/m s−1 m0

Fe/m s−1 a0
Fe b0

Fe

10−20 [34] 1 [61] 1.35 × 10−24 [37] 1.0 n.d. 0.5 0.5

m0
r /m s−1 a0

r b0
r k1

Fe/m s−1 m1
Fe/m s−1 a1

Fe b1
Fe

1.1–1.8 × 10−14 0.5 0.5 1.0 10−3 0.5 0.5

DV••
O

/m2 s−1 b ra m1
red

/mol m−2 s−1 m0
ox/mol m−2 s−1 k0

ox/mol m−2 s−1 a1
ox a0

ox

10−20 1 10−6 10−24 1014 0.5 0.5

k0
d
/mol m−2 s−1 rc k1

ox/mol m−2 s−1 a0
d

b1
red

b0
ox

10−24 1 10−7 0.5 0.5 0.5

tronic

a
t
t
a
a
m
t
a
t

4

n
a
T
I
s
b
(
t
f

p
t
t
c
T
M
i
h
a
F
l
h
c

Fe2+ Fe3+
(21) vanishes. From Eq. (20), it was possible to determine the value
for m0

e which vanished the net current density at Vrest = ��pzc
0 . The

corresponding current density–potential (CDP) curve is drawn in
Fig. 8 (dashed line) in Tafel representation. The corresponding value
a De has been calculated with the Nernst–Einstein relation from value of the elec
b DV••

O
has been taken equal to DFe+III

O
. The same way has been taken up in [19].

s predicted by the Mott–Schottky model. Section 4.2 is devoted to
he influence of ��pzc

0 and � 0 on the kinetics of the outer elec-
ron exchange steps. The way to chose the values of k0

e , m0
e , k0

r
nd m0

r is also detailed. Section 4.3 details the link between DPCM
nd the Mott–Schottky model. It is shown that the Mott–Schottky
odel could be extended to cases where electronic current flew

hrough the oxide layer. Section 4.4 illustrates an example of devi-
tion from the Mott–Schottky model and Section 4.5 is devoted to
he influence of ��pzc

1 .

.1. Irreversible proton reduction on magnetite

In this section, it has been assumed that the solution contains
either ferrous nor ferric cation (aFe2+ = aFe3+ = 0). It has also been
ssumed that the proton reduction step was irreversible (m0

e = 0).
hen, the cathodic current density only depends on the value of k0

e .
ts value has been chosen in order to obtain a cathodic current den-
ity around −0.1 mA cm−2 at V = −0.8 V/SHE. Computations have
een performed for several oxide layer thicknesses of magnetite
ı = 0). The number of points in the mesh used for the computa-
ions has been taken equal to 300 for L = 20 and 200 nm and 3000
or L = 2 and 20 �m. The results are thickness independent.

An example of the potential and the electrons concentration
rofiles are presented respectively in Figs. 5 and 6. It can be seen
hat a space charge layer arises at the outer interface. The elec-
rons concentration profile exhibited an accumulation layer in the
athodic range and a depletion layer in the anodic range (cf. Fig. 6).
he growth of such a space charge layer is the main result of the
ott–Schottky model. The thickness of this space charge layer is

ndependent of the layer thickness. The band bending diagram
as been built in drawing −e(�(x) − V) vs. the deepness x for each
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of
doi:10.1016/j.electacta.2010.02.087

pplied potential V. This band bending diagram is presented in
ig. 7. Negative band bending is observed for applied potentials
ower than V = ��pzc

0 and positive band bending is observed for
igher potentials. For this simplest situation, at V = ��pzc

0 the
harge carried by the solution is null as well as the field at the
mobility.

outer interface (Gauss law). So, there would be no band bending
at the outer interface at this potential. Then, it is also the flat band
potential. As it can be seen below, it is not always the case.

4.2. Evaluation of the rest potential

Let us consider the case where iron is covered with magnetite
(ı = 0) and is immersed in a solution with a redox potential Eredox
equal to the potential of zero charge ��pzc

0 . In such a situation,
the rest potential of the electrode would be equal to Eredox. At the
rest potential, the net current density is null. So, the anodic current
density would be the opposite of the cathodic current density. In
a first step, it has been assumed that a = a = 0. Then, Eq.
iron based alloy in nuclear waste repository, Electrochim. Acta (2010),

Fig. 5. Potential profile for magnetite.

dx.doi.org/10.1016/j.electacta.2010.02.087
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Fig. 6. Electrons concentration profile for magnetite. N(x) = ce(x)˝ox is the dimen-
sionless concentration of electrons.

Fig. 7. Band bending at the outer interface around V = ��pzc
0 = −0.4 VSHE.

Fig. 8. Current density–potential curve for magnetite (ı = 0) immersed in solution
with: Eredox = −0.4 V/SHE (dashed line), −0.3 V/SHE (dashed-dotted line), −0.2 V/SHE
(solid line) and −0.1 V/SHE (dotted line).
Fig. 9. Current density–potential curves in Tafel representation for a passive iron
electrode immersed at 40 ◦C in a solution containing 0.3 mol L−1 of ferric cations and
0.03 mol L−1 of ferrous cations in H2SO4 0.05 mol L−1 and Na2SO4 0.1 mol L−1.

for m0
e is listed in Table 2. Then, the CDP curves for others values of

the redox potential could be calculated. These curves are depicted
in Fig. 8. The rest potential of the magnetite/iron electrode is always
equal to the redox potential of the solution.

The same way could be followed for the ferrous release step (cf.
Fig. 3 and Eq. (21)). Makrides has published results concerning the
kinetics of this step on a passive iron electrode in acid solution1

[41]. From the experimental current density at V = +0.7 V/SHE
(j ≈ −700 �A cm−2), the value for k0

r was determined. The value of
m0

r was adjusted so that the rest potential was equal to the redox
potential (Eredox = +0.855 V/SHE at 40 ◦C [42]). The resulting CDP
curve is drawn in Fig. 9 (dashed line). The overall order of magnitude
is acceptable (see Fig. 3 in [41])), but discrepancies have arisen for
the Tafel slopes. The cathodic and the anodic Tafel slopes estimated
graphically from the dashed CDP in Fig. 9 were respectively −68 and
+492 mV instead of −90 mV (˛c = 0.69) and +270 mV (˛a = 0.23)
from [41]. The usual correction would be to change the values of
the Butler–Volmer coefficients a0

r and b0
r in Eq. (21). But before to

do that, another way could be tested.
Searson and coworkers [43] have shown that the seeming

cathodic Tafel slope could be modified by the structure of the
interface. These authors have used an equivalent electrical cir-
cuit to describe the sharing of voltage drops between the space
charge layer and the Helmholtz layer. They have calculated that at
25 ◦C the seeming cathodic Tafel slope increases from −118 mV for
the electron accumulation situation to −59 mV for the deep elec-
tron depletion situation. Similar results have been obtained with
DPCM and are presented in Fig. 10.2 These curves could be nor-
malized if they are plotted vs. 
 = V − ��pzc

0 . The resulting curve
depends only on the differential capacitance � 0. This dependence
is depicted in Fig. 11. Equivalent results for the seeming anodic Tafel
ron based alloy in nuclear waste repository, Electrochim. Acta (2010),

slope are presented respectively in Figs. 12 and 13.
The target of this section is to show how ��pzc

0 and
� 0 may change the kinetic features of a simple redox reac-
tion (Fe(H2O)2+/3+). This is qualitatively shown in Fig. 9. Using

1 Iron immersed at 40 ◦C in a solution containing 0.3 mol L−1 of ferric cations and
0.03 mol L−1 of ferrous cations in H2SO4 0.05 mol L−1 and Na2SO4 0.1 mol L−1.

2 These computations have been performed for a solution with the same pH and
redox potential than those used in [41] but with a concentration in ferric cations low-
ered down to 10−13 mol L−1. The ferric concentration used by Makrides (0.3 mol L−1)
led to “very high” cathodic current densities (≈108 A cm−2) for V ranging from −0.6
to −0.8 V/SHE. This “very high” cathodic current density has no reality because
limitation by diffusion would occur.

dx.doi.org/10.1016/j.electacta.2010.02.087
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Fig. 10. Variations of the cathodic Tafel slope defined as dV /d log jc vs. V for several
��pzc

0 .

F
V

F
v
T
a

F
�

ig. 11. Variations of the cathodic Tafel slope with the over voltage defined as 
 =
− ��pzc

0 for different values of � 0.
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of
doi:10.1016/j.electacta.2010.02.087

igs. 10–13 as guidelines, it was possible to estimate a couple of
alues for ��pzc

0 and � 0 which gave the good seeming cathodic
afel slope, i.e. −90 mV/decade. But the corresponding seeming
nodic Tafel slope was only +210 mV instead of +270 mV. The two

ig. 12. Variations of the anodic Tafel slope defined as dV /d log ja vs. V for several
�pzc

0 .
Fig. 13. Variations of the anodic Tafel slope with the over voltage defined as 
 =
V − ��pzc

0 for different values of � 0.

CDP curves have the same current density at V = +0.7 V/SHE and
the same rest potential. k0

r and m0
r were modified for this purpose.

The Butler–Volmer theory for a one electron exchange reaction
between two species in solution without adsorbed state ensures
that a0

r + b0
r = 1. The above computations have been performed

with a0
r = b0

r = 0.5. A computation has been performed with a0
r =

0.4 and b0
r = 0.6. It is depicted in Fig. 9 (dot dashed curve). Compar-

ison of the three curves in Fig. 9 illustrates that ��pzc
0 and � 0 could

change the shape of the CDP in the same way than a0
r and b0

r . This
shows that such kinetic experiment must be coupled with another
experiment which characterizes the structure of the interface. One
possible experiment could be the Mott–Schottky experiment which
allows evaluating the flat band potential which is linked to ��pzc

0 .

4.3. Influence of the stoichiometry of the oxide

In this section, the stoichiometry ı of the oxide has been changed
in the range 0 ≤ ı ≤ (1/3). The lower and the upper limits corre-
spond respectively to the magnetite and to the maghemite. The
redox potential of the solution has been fixed to −0.2 V/SHE3 [44].
It has been assumed that aFe2+ = aFe3+ = 0. The layer thickness was
L = 20 nm. The value of m0

e was determined in previous section.
The CDP curves are depicted in Fig. 14 in Tafel representation. The
rest potential increased slightly with ı (≈20 mV). The shape of the
CDP curve changed slightly with ı in the cathodic range. The most
noticeable change concerned the anodic range. The slope and the
level of the CDP curve decreased as ı increased. For maghemite
(ı = 1/3), the anodic part of the curve was flat. This shape corre-
sponds to a n-type Schottky diode.

The variations of ��0 vs. V are presented in Fig. 15. From (6) and
for � 0 constant, the charge carried by the solution �0 is given by:

�0 = −�0(��0 − ��pzc
0 ) (29)

The differential capacitance C of the electrode is defined as the
derivative of the charge carried by the solid phase vs. the applied
iron based alloy in nuclear waste repository, Electrochim. Acta (2010),

potential V. This net charge is the sum of charges contained in the
oxide layer and the charge carried by the metal (�1). It has been
shown that DPCM always ensures the net electroneutrality of the
whole solution-oxide layer–metal system (see Eq. (8)). The charge

3 This value corresponds roughly to the redox potential calculated by Gaucher et
al. [44] for the geological clay layer in which nuclear waste would be disposed (the
callovian-Oxfordian formation under Bure in France).

dx.doi.org/10.1016/j.electacta.2010.02.087


ARTICLE IN PRESSG Model

EA-15570; No. of Pages 17

C. Bataillon et al. / Electrochimica Acta xxx (2010) xxx–xxx 9

F
E

c
c
d
f

C

˛
F
s
(
t
t
v
t
t

t
fl
i
w
V

c

F
d

Fig. 16. Evolution of the derivative ˛ = ∂��0/∂V with the applied potential V.

ig. 14. Current density–potential curves obtained in a solution with
redox = −0.2 V/SHE for different values of the stoichiometry ı (Fe3−ıO4).

arried by the solid phase is thus equal to the opposite of the charge
arried by the solution (−�0). The simplest way to calculate the
ifferential capacitance C of the solid phase is therefore to use the
ollowing relation:

(V) = −∂�0

∂V
= �0

∂��0

∂V
= ˛(V)�O (30)

(V) is the derivative of curves drawn in Fig. 15 and are plotted in
ig. 16. From (30), the Mott–Schottky plots were calculated and are
hown in Fig. 17. A straight line was observed for V > −0.4 V/SHE
��pzc

0 ). The slope of the straight line increased with ı. This means
hat the donor density Nd decreased as ı increased. For ı = 1/3,
he slope ˛(V) decreased to zero for V > −0.2 V/SHE (cf. Fig. 16). The
ariation of C(V) is shown in Fig. 18. In the anodic potential range,
he differential capacitance C was potential independent and equal
o the geometrical capacitance C = ��0/L.

The Mott–Schottky model assumes that the electrons inside
he semiconductor are in thermal equilibrium, i.e. no current
ows through it. It must be outlined that DPCM allows extend-
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of iron based alloy in nuclear waste repository, Electrochim. Acta (2010),
doi:10.1016/j.electacta.2010.02.087

ng Mott–Schottky in cases where anodic current pass through the
hole system (cf. Fig. 14). Similar straight lines were obtained for
> ��pzc

0 in the calculations of Section 4.2 (cf. Fig. 9).
The slope of the straight line on the Mott–Schottky plot allows

alculating the donor density Nd. The results are plotted in the

ig. 15. Evolution of the outer voltage drop ��0 with the applied potential E for
ifferent value of the stoichiometry ı of the oxide Fe3−ıO4.

Fig. 17. Mott–Schottky plots obtained for different values of the stoichiometry ı
in Fe3−ıO4. In the inset: variations of the donor density Nd calculated from the
Mott–Schottky plot with the stoichiometry ı (Fe3−ıO4).

Fig. 18. Variations of the differential capacitance for the maghemite (ı = 1/3). The
dashed line corresponds to the geometrical capacitance C = ��0/L.

dx.doi.org/10.1016/j.electacta.2010.02.087
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ig. 19. Calculated Mott–Schottky plots obtained for different values of the dimen-
ionless host lattice charge �̄hl .

nset of Fig. 17. As expected, the donor density Nd decreased
hen ı increased. The relationship was linear and Nd vanished for
aghemite (ı = 1/3). As pointed out by Schmuki et al. [45], mag-

etite could be considered as maghemite �-Fe2O3 doped with Fe+II

ompletely ionized (Fe+III).
For magnetite (ı = 0), Nd = 1.345 × 1028 m−3. This value falls

etween those obtained by Buchler et al. [46] and Castro et al.
47]. Buchler et al. have studied magnetite layer (500 nm thick)
eposited by RF-magnetron sputtering on gold/copper substrate.4

hese authors have obtained Nd = 4.2 × 1027 m−3. This value was
bout three times lower than those calculated here. It must be
utlined that the magnetite layer was deposited in using Fe2O3
arget under conditions where hematite would be reduced to mag-
etite. From the results gathered in Fig. 18, a possible explanation
ould be that the reduction in magnetite would not be complete

ı ≈ 0.22). These computations have been performed for L = 20 nm
nd L = 500 nm to check that the value of Nd was well independent
f the thickness.

On the other side, Castro et al. [47] have studied a geological
agnetite (from the Argentine collection) mounted on disc elec-

rode. For pH = 8.4, Castro et al. have measured Nd = 3.7 × 1028 m−3.
his value was about three times higher than those calculated
ere. A possible explanation could come from the geological origin
f this magnetite. An EDAX analysis has revealed that this mag-
etite was not pure. It contained 20% of Al and 15% of Si [48].
nfortunately, these authors have omitted to precise if the per-
ents were expressed in atom or in mass. Let us consider a doped

agnetite [Al+III
0.2 Si+IV

0.15Fe+III
2.65O4]

1.15•
(nē); the dimensionless charge

f the host lattice is 1.15. If a percentage in mass was consid-

red, the formula would become [Al+III
1.26Si+IV

0.91Fe+III
0.82O4]

1.91•
(nē). The

imensionless charge of the host lattice would then be 1.91. Com-
utations with these host lattice charges �̄hl = �hl(˝ox/F) have
een performed. The results are presented in Fig. 19. The case
f pure magnetite �̄hl = 1 is also presented for comparison. The
lope decreased when �̄hl increased. But even for the highest value
�̄hl = 1.91), Nd = 2.572 × 1028 m−3. This value was tilled lower than
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of
doi:10.1016/j.electacta.2010.02.087

hose measured by Castro et al. Another possible explanation would
e that the dielectric constant � of the oxide used to calculate Nd
ould be inaccurate. In fact, the value is generally chosen from the

iterature (� = 10). To test this way, some computations have been

4 The Mott–Schottky measurements have been performed at room temperature
n borate buffer solution (pH = 8.4).
Fig. 20. Calculated Mott–Schottky plots obtained for different values of the dielec-
tric constant � for the oxide.

performed in changing � in Eqs. (3) and (4) and keeping �̄hl = 1. The
results are plotted in Fig. 20. The slope of the straight line of the
Mott–Schottky plot decreased when � increases. From the slope
of the straight line, the value of Nd has been calculated taking a
value for the dielectric constant always equal to 10. For the high-
est value (� = 18), Nd = 2.423 × 1028 m−3. It is likely that the high
value measured by Castro et al. would result from both effects. The
substitution of Fe+III by Si+IV leads to an increase of the host lattice
charge �̄hl and the dielectric constant � would be higher than 10
because this magnetite was not pure (Al = 20% and Si = 15%).

4.4. Influence of non-homogeneous cations profiles

The aim of this section was to simulate a standard
Mott–Schottky experiment. In such experiment, the passive film
grows under potentiostatic condition (V = Vform) until a quasi-
stationary state is reached. Then, the applied potential V is scanned
to get the capacitance C vs. V curve. The scan rate is chosen suf-
ficiently high to avoid changes in film features (thickness, etc.)
but not too high to allow the electrons profile to reach the corre-
sponding V steady-state. In practice, such simulations were similar
to those presented in the previous section except for the cations
concentration profiles which were not homogeneous. These pro-
files have been built in with DPCM. The formula of the oxide was
[FeT O4]5′

(ne, (2 − ı)Fe+III
O ). From [34], DFe+III

O
= 10−20 m s−2 at room

temperature. This value is in agreement with those used by Bojinov
et al. [12]. This diffusion coefficient is 10 orders of magnitude lower
than those of electrons. This difference justifies the way to perform
the calculations, i.e. to compute for each V the steady-state poten-
tial and the concentration of electrons profiles keeping the cations
concentration profile fixed to the one obtained previously for the
steady-state at Vform.

In this section, aFe3+ has been assumed null for simplicity. In
a first step, computations have been performed with several val-
ues for k0

Fe in changing the ratio m1
Fe/k1

Fe. The results appeared to be
insensitive to the value of this ratio as far as it was lower than 10−2.
For simplicity, k1

Fe = 1 m s−1 and m1
Fe = 10−3 m s−1 have been cho-

sen to continue the computations. In this condition, the level of the
anodic part of the CDP curve was monitored only by the value of k0

Fe.
iron based alloy in nuclear waste repository, Electrochim. Acta (2010),

Its value has been chosen in order to obtain a free corrosion poten-
tial around −0.5 V/SHE (Vcorr. = −0.511 V/SHE for k0

Fe = 1 m s−1).
In a second step, the computations have been performed for

3 layer thicknesses (L = 2.5, 5 and 10 nm). The corresponding CDP
curves are depicted in Fig. 21. Only the anodic part of the CDP

dx.doi.org/10.1016/j.electacta.2010.02.087
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Fig. 23. Evolution of ı in Fe3−ıO4 with the applied potential Vform (L = 5 nm).
ig. 21. Current density–potential curves for several thicknesses in Tafel represen-
ation.

as changed. Its intensity decreased as the thickness increased. An
xample of steady-state non-homogeneous iron cations concen-
ration profiles are presented in Fig. 22 for L = 5 nm. These profiles
ere homogeneous except in the vicinity of the inner and the outer

nterfaces. For each applied Vform, integration along the x-axis gave
he mean stoichiometry of the oxide layer:

P〉 = 1
L

∫ L

0

P(x) dx = 2 − ı (31)

here P is the dimensionless iron cations concentration P = cFe˝ox.
he variations of ı with Vform are shown in Fig. 23. It was observed
hat ı decreased with Vform from maghemite (ı = 1/3) for anodic
pplied potential to oxidized magnetite in the cathodic range
ı ≈ 0.25).

Six values of Vform have been chosen. They are listed in the inset
f Figs. 24 and 25. The Mott–Schottky plots have been built in as in
ection 4.3 (Eq. (30)). The results are presented in Figs. 24 and 25.
or the three thicknesses, the shapes of the Mott–Schottky plots
ere quite similar. The plot for L = 10 nm is not shown here. For
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of iron based alloy in nuclear waste repository, Electrochim. Acta (2010),
doi:10.1016/j.electacta.2010.02.087

form = −0.4 V/SHE, the expected shape of the Mott–Schottky plot
as been obtained. For higher values of Vform, a steep increase is
bserved for V > −0.3 V/SHE followed by a flattening variation. Such
deviation has been already observed in literature [49–53].

ig. 22. Dimensionless iron cations concentration profiles for several applied Vform.
= cFe˝ox.

Fig. 24. Mott–Schottky plot obtained for L = 2.5 nm and for several applied potential
Vform.

Fig. 25. Mott–Schottky plot obtained for L = 5 nm and for several applied potential
Vform.

dx.doi.org/10.1016/j.electacta.2010.02.087
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magnetite bur not for the slightly reduced maghemite for which
the value of the space charge layer capacitance was about 30 times
lower than the one for magnetite (cf. Figs. 29 and 30).
ig. 26. Evaluation of the donor density Nd for different Vform and different thick-
esses.

Stimming and Schultze [50] have performed capacity measure-
ents on passivated iron by the potentiostatic pulse method in

ependence on the oxide layer thickness and on the potential
orate buffer. He has found that C−2 was roughly proportional to the
quare oxide layer thickness in the range 1.7–2.7 nm. Similar trend
as been obtained with DPCM. Comparing Figs. 24 and 25, it must
e noticed that the scale of the ordinate increases as L increases.

Even if there was a considerable deviation from linearity, it is
lways possible to evaluate the seeming donor density Nd from
he slope of the linear part at the bottom of the steep increase.
hese evaluations are plotted in Fig. 26. The estimated values of Nd
ncreased as the thickness of the oxide layer decreased and as the
otential Vform decreased. At high Vform, the value of Nd was less
otential dependent. It tended toward a plateau. The latter trend
as in qualitative agreement with the experimental results pub-

ished by Sikora and MacDonald [49] concerning the passive film
ormed on iron in borate buffer.

.5. Influence of the inner potential of zero charge

The potential ��pzc
1 corresponds to a voltage drop at the inner

nterface when the charge carried by the metal is null. The border
eld given by the Gauss law is also null, i.e. there is no band bend-

ng at this interface. This voltage drop is linked to the difference
etween the Fermi levels of the metal and the oxide. The Fermi

evel in a semiconductor is defined as [54]:

oxide
F = Ebc + kT ln

ce

Nd
(32)

here Ebc is the energy level of the conduction band. When there is
o band bending at the inner interface, the local electroneutrality
tands near this interface. The concentration of electrons is equal to
he concentration of donors Nd. Then, the Fermi level in the oxide
oxide
F at the inner interface is equal to the energy level of the con-
uction band Ebc. In other words, −e��pzc

1 corresponds to the work
unction introduced by Fromhold and Cook [55] in their modelling
FCM) of gaseous oxidation of metal covered by a thin oxide layer
–5 nm thick. The aim of this section was to study the influence
f ��pzc

1 on the kinetics and the electrostatic features of the sim-
le system under consideration here. The parameters and kinetics
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of
doi:10.1016/j.electacta.2010.02.087

onstants used in this section were the same than those used in
ection 4.3. The stoichiometry of the oxide has been fixed homo-
eneous to those of the magnetite (ı = 0) and to those of a slightly
educed maghemite Fe2.667O4. The influence of ��pzc

1 on the CDP
urves in Tafel representation is depicted in Figs. 27 and 28. A pos-
Fig. 27. Variation of the current density–potential curves with ��pzc
1 in Tafel rep-

resentation for magnetite.

itive increase of ��pzc
1 did not change much a lot the CDP curve.

On the contrary, a negative change led to a decrease of the cathodic
part of the CDP curve and to a slight increase of the anodic part for
magnetite. It must be outlined that the level of the cathodic branch
in the Tafel representation depends on one side of the value for k0

e
and on the other side on the value of ��pzc

1 . It would be always pos-
sible to find a couple of values which will give the same cathodic
branch.

The Mott–Schottky plots are represented in Figs. 29 and 30. It
can be seen that the slope of the straight line was not affected by
��pzc

1 . On the contrary, the flat band potential Vfb is shifted. This
shift is plotted in Fig. 31 for magnetite. For comparison, the poten-
tial Vpzc

0 for which ��0 = ��pzc
0 is also plotted. This latter potential

is the true flat band potential because the field at the outer inter-
face is null; therefore no band binding occurs. For slightly reduced
maghemite, a similar shift was observed (cf. Fig. 32), but Vpzc

0 were
equal to Vfb. The shift between Vfb and Vpzc

0 has been emphasized
[43,56] to occur when the space charge layer capacitance is too
high and not negligible in front of � 0. This was actually the case for
iron based alloy in nuclear waste repository, Electrochim. Acta (2010),

Fig. 28. Variation of the current density–potential curves with ��pzc
1 in Tafel rep-

resentation for slightly reduced maghemite Fe2.667O4.

dx.doi.org/10.1016/j.electacta.2010.02.087
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Fig. 29. Variations of the Mott–Schottky plots with ��pzc
1 for magnetite.

Fig. 30. Variations of the Mott–Schottky plots with ��pzc
1 for slightly reduced

maghemite Fe2.667O4.

Fig. 31. Variations of the flat band potential Vfb deduced from the Mott–Schottky
plots of Fig. 29 for magnetite and of the potential of zero charge Vpzc

0 (see text for
definition).
Fig. 32. Variations of the flat band potential Vfb deduced from the Mott–Schottky
plots of Fig. 30 for slightly reduced maghemite.

The shift of Vpzc
0 could be due to the charge carried by the iron.

This charge depends on the difference between ��1 and ��pzc
1 . The

value of ��1 was monitored by the kinetics at the inner interface.
As a consequence, Vpzc

0 would be also monitored by the kinetics. As
the CDP curve did not change much a lot for positive value of ��pzc

1 ,
the value of Vpzc

0 did not change much as well. On the contrary, as
the CDP curve changed with negative values of ��pzc

1 , the change
of Vpzc

0 was more significant. Unfortunately, there was no analyt-
ical expression able to depict this change. This result shows that
the interpretation of values measured for Vfb could be complicated
because it could be dependent on a large number of parameters
which are not necessarily known.

5. Oxide layer growth

The purpose of this section is to simulate the growth of the oxide
layer. The paper of Szklarska-Smialowska and Kazlowski [57] was
used as a guideline (especially Fig. 5 herein). These authors have
studied by ellipsometry, the growth of the passive layer on iron in
borate buffer at room temperature as a function of applied potential
during 1 h.

In a first step, the value of the kinetic constant k0
d

for the oxide
host lattice dissolution reaction was set to zero. The initial thickness
of the film has been always fixed to 1 nm. Calculations were made
in order to obtain growth curves of the same order of magnitude in
thickness and time than those presented in Fig. 5 in [57]. This helped
to choose some values of kinetic constants for the oxide host lattice
growth and the oxygen exchange reactions. These values are given in
Table 2. In a second step, calculations were made by increasing the
value of k0

d
. An example result is shown in Fig. 33. For low values

of k0
d
, the growth of the oxide layer is monotonous over the dura-

tion of the simulation (1 h). For higher values of k0
d
, a steady-state

thickness was reached. The higher the value of k0
d

was, the lower
the steady-state thickness was and the quicker it was reached.
Measures performed by Szklarska-Smialowska and Kazlowski [57]
showed that steady-state thickness was never reached after 1 h of
polarization. To be in agreement with this statement, the value of k0

d

was set to 10−24 mol m2 s−1. Then, the duration of calculations has
been increased to 10 h. The evolution of the oxide layer thickness
ron based alloy in nuclear waste repository, Electrochim. Acta (2010),

with time for different values of the applied potential V is shown
in Fig. 34. For all applied potentials used for these calculations, a
steady-state thickness was reached between 1 and 10 h. This thick-
ness was potential dependent. The variation of this steady-state

dx.doi.org/10.1016/j.electacta.2010.02.087
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Fig. 35. Evolution of the current density j with time for different values of the applied
potential V.
ig. 33. Evolution of the oxide layer thickness L with time for V = 0.0 V/SHE and for
ifferent values of k0

d
.

hickness in shown in the inset of Fig. 34. Linear variation was
btained (7.45 nm/V). Such a variation is in qualitative agreement
ith those found in the literature. For instance, a similar variation
as been obtained by Liu and Macdonald [58], even if the slope was
nm/V. An additional result concerning the evolution of the current
ensity is presented in Fig. 35. In the investigated potential range,
he current density decreased to the same value, i.e. 1.7 �A cm−2.
his shows that for the parameter values listed in Table 2, the
teady-state current density is potential independent. A specific
esult of DPCM is depicted in Fig. 36 which shows the variation of
ocations of the inner and the outer interfaces with time. At initial
ime, the location of the outer interface defines the origin of space.
he initial location of the inner interface is defined by the initial
hickness (1 nm). At short times, the outer interface moves toward
he negative direction (in solution) and the inner interface moves
oward the positive direction (in the metal). This is due to the effect
f the Pilling–Bedworth ratio which is equal to 2.1. For longer times,
oth interfaces move toward the positive direction. The motion
irection change of the outer interface results from the competi-
ion between the expansion due to the Pilling–Bedworth ratio and
he rate of the host lattice dissolution reaction. It can also be seen on
his figure that the dimensionless oxygen vacancies concentration
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of
doi:10.1016/j.electacta.2010.02.087

s always low (<0.01).
Unfortunately, the comparison between the predicted layer

hickness given by DPCM and those available in the literature is
t the moment only qualitative. Concerning the steady-state thick-

ig. 34. Evolution of the oxide layer thickness L with time for different values of the
pplied potential V.
Fig. 36. Evolution of the location of the outer and inner interfaces with time for
V = 0.05 V/SHE. The concentration of oxygen vacancies is indicated by the color on
the right band. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

nesses, the values obtained thanks to DPCM are higher than those
obtained in [58]. However, it must be outlined that the steady-state
thicknesses evaluated by Liu and Macdonald [58] are lower than
the instantaneous thicknesses measured by Szklarska-Smialowska
and Kazlowski [57] after 1 h of polarization in the same experimen-
tal conditions (T = 22 ◦C, pH = 8.4). Moreover as mentioned above,
no steady-state has been observed after 1 h of polarization. One
could thus assume that if steady-state thickness was reached for
longer times, it would be higher than those measured after 1 h.
Concerning the current density, the decreases of current densities
are narrower than those measured by Szklarska-Smialowska and
Kazlowski [57], which extended over more than three decades for
over 1 h of polarization.
iron based alloy in nuclear waste repository, Electrochim. Acta (2010),

6. Discussion

DPCM could be considered as an expansion of PDM or MCM.
The solving of the Poisson equation takes the place of the homo-

dx.doi.org/10.1016/j.electacta.2010.02.087
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ig. 37. Evolution of the electrons concentration profiles with the applied potential
ott–Schottky plot.

eneous mean field assumption. The linear relation (2) between
he outer voltage and the applied potential V has been replaced
y a description of the outer and inner interfaces based on the
elmholtz capacitance and the corresponding pzc voltage. Such a
escription allows calculating the charge carried by either the solu-
ion or the metal. The counterpart of this expansion is that DPCM
as no analytical solution.

Another difference concerns the moving interfaces. The moving
f the outer and the inner interfaces are considered in a fixed land-
ark whereas PDM and MCM consider only the variation of the

ayer thickness, i.e. the location of one interface (inner or outer) is
alculated in a landmark linked to the other (outer or inner). The
se of a fixed landmark in DPCM allows taking into account the
illing–Bedworth ratio in a simple way.

The results presented in Section 4 have been obtained for a
implified system consisting mainly in a solution in contact with
ron covered by a homogeneous iron spinel like oxide layer of
xed thickness. In this simplified situation, DPCM led to electrons
oncentration profiles consistent with the Mott–Schottky model.
n accumulation layer was formed for applied potentials lower

han the flat band potential and a depletion layer was formed for
igher potentials. It has been shown that the flat band potential
as linked to the potential of zero charge of interfaces. It has

een shown in Section 4.2 that the Mott–Schottky model stood
ven if thermal equilibrium for electrons was not fulfilled. It has
een also shown that the seeming donor density Nd was depen-
ent on the octahedral iron concentration profile. When this profile
as homogeneous, Mott–Schottky plots have been obtained. When

his profile was not homogeneous, deviations from linearity on
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of i
doi:10.1016/j.electacta.2010.02.087

he Mott–Schottky plots have been observed (cf. Section 4.4). To
xplain these deviations, it is needed to have a global overview of
hanges for the electrons concentration profiles. This overview is
resented in Fig. 37. For all oxide layers formed at different poten-
ials Vform, each concentration profile exhibited an accumulation
xide layer formed at several Vform potentials for L = 5 nm. Insets: the corresponding

layer in the cathodic range (outlined by the dashed circle) and
a depletion layer in the anodic range. For each Vform, the corre-
sponding shape of the Mott–Schottky plot is recalled in the inset.
At Vform = −0.4 V/SHE, the Mott–Schottky plot exhibited a large lin-
ear range for V > −0.4 V/SHE (cf. Fig. 25). In this potential range, the
electrons concentration profile showed depletion over a restricted
thickness increasing up to 1 nm. Beyond, the concentration profile
was homogeneous.

From Vform ≥ −0.2 V/SHE, deviation from linearity was observed
on the Mott–Schottky plots (see the insets). This corresponded
to a growth of the depletion layer which reached the size of the
oxide layer. Beyond Vform ≥ 0 V/SHE, there was no more homo-
geneous range on the surface profile. Stimming has emphasized
that there were two main reasons for deviation from linearity in
Mott–Schottky plot [59]. One was the existence of multiple donor
levels. The other was a varying concentration of donors. Fig. 37
illustrates the latter reason.

The growth of an accumulation or a depletion layer is of pri-
mary importance on the kind of iron cations released in the solution
(ferrous or ferric). The oxidation of iron takes place at the inner
interface (cf. Fig. 3). Octahedral ferric cations are injected into the
oxide layer. At the outer interface, these octahedral ferric cations
are released. In a potential range where depletion layer has grown,
the electrons concentration at the outer interface c0

e is low. From
(21), the rate of reduction per ferric cation in solution would be
low (k0

r c0
e ). So, the iron cations would be released mainly as ferric

cations. In a potential range where accumulation layer stands, c0
e is

high. The rate of reduction per ferric cations in solution would be
high. Each ferric cation released by the ferric release step would be
ron based alloy in nuclear waste repository, Electrochim. Acta (2010),

captured by the ferrous release step and reduced to ferrous cation.
So, the iron cations would be released mainly as ferrous cations.
The actual ratio between ferrous and ferric release would depend
on the potential but also on the hydrodynamic features of the
solution in the vicinity of the outer interface. If the flow rate is

dx.doi.org/10.1016/j.electacta.2010.02.087
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igh as in the case of a rotating disc electrode, some ferric cations
ould be drained off and not reduced. For stagnant solution, the

atio between ferrous and ferric release would depend only on the
otential.

For all the calculations presented in this paper, the
ott–Schottky plots have been built in from the relation (30).

his relation involves a term ˛(V) which is the derivative of
�0 vs. the applied potential V. This term ˛(V) is equivalent

o the outer interface polarizability ˛f/s introduced in the Point
efect Model and in the Mixed Conduction Model. Both models
ssume that ˛f/s is constant. The results obtained with DPCM are
ontradictory. For all the computations presented here, ˛(V) was
otential dependent (see Fig. 16). Moreover, a constant value for
(V) could not give Mott–Schottky plots consistent with those
ublished in the literature because C−2 would be also potential

ndependent.
The main result of DPCM was that space charge layers could

row at the outer and the inner interfaces. This results from the
harges carried by the solution and/or the iron. In our knowledge,
PCM is the only model to take into consideration these charges.
he net electroneutrality is considered over the solution-oxide
ayer–metal system. The numerical model recently published by
ankerberghen [19] is quite similar to DPCM but does not take into
ccount the charges carried either by the solution or by the metal.
n the Vankerberghen’s model, the electroneutrality is restricted
o the oxide layer. The potential and the concentration profiles
btained with this model do not exhibit well pronounced space
harge layers.

. Conclusions

The Diffusion Poisson Coupled Model (DPCM) is proposed to
escribe the oxidation of iron in anaerobic neutral or slightly
lkaline solution. These chemical conditions correspond to those
xpected for the geological repository of nuclear wastes in France.
his model assumes that the solution is in contact with a dense dis-
rdered spinel like oxide layer which covers the iron. No analytical
olution exists for this model. Its resolution must be numerical. This
odel consists in three modules: the electrostatic, the kinetics and

he moving boundaries modules.
The electrostatic module gives the potential profile in the

olution-oxide layer–metal system. It involves the Poisson equation
nd two boundary equations which are a combination of the Gauss
aw and the Helmholtz capacitance relation. The kinetics module
ives the concentration profiles; one per each charge carrier. It
nvolves the two Fick laws. The Nernst–Plank version of the first
ne is used. The two boundary equations needed to solve the sec-
nd Fick law are obtained from the reaction path which is specific of
he system under consideration. That for the case of iron covered by
disordered spinel iron oxide has been detailed here. The moving
oundaries module gives the locations of the two interfaces which
ound the oxide layer. It involves a solid state reaction which con-
erts the metal into its oxide and a dissolution step. These three
odules are coupled because each module involves the solution of

he others.
Firstly, DPCM has been tested in a simplified situation where the

ocations of the outer (solution-oxide) and the inner (oxide-iron)
nterfaces are fixed. It has been shown that in this simplified sit-
ation, DPCM was in agreement with the Mott–Schottky model
hen the iron concentration profile was homogeneous. When

he iron concentration profile was not homogeneous, deviation
Please cite this article in press as: C. Bataillon, et al., Corrosion modelling of
doi:10.1016/j.electacta.2010.02.087

rom Mott–Schottky model has been observed. Nevertheless in all
ases considered in this paper, the electrons concentration pro-
le exhibited an accumulation layer for applied potentials lower
han the potential of zero charge of the outer interface and a
epletion layer for higher potentials. It has been also shown that

[
[

[

 PRESS
a Acta xxx (2010) xxx–xxx

deviation from the Mott–Schottky model came from the growth
of the space charge layer to size higher than the oxide layer
thickness.

The features of the outer interface have been described by a
potential of zero charge and a constant Helmholtz capacitance.
These features played a major role on the kinetics results. The reac-
tion path proposed in this paper assumes that the oxidation of iron
at the inner interface leads always to ferric cations injected in the
oxide layer. Nevertheless, it has been shown that the ratio of the
ferrous to ferric releases in solution was monitored by the electrons
concentration profile. For applied potentials lower than the pzc of
the outer interface, the iron cations were mainly released in solu-
tion as ferrous cations. For higher potentials, the iron cations were
mainly released as ferric cations.

Finally, DPCM with moving boundaries has been tested. The
expected results of the literature have been obtained, i.e. linear
variation of the steady-state thickness with applied potential and
a steady-state current density–potential independent.
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