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Abstract

A one-dimensional model for simulating localized corrosion is developed, incorporating a time-
dependent diffusion-migration transport and a moving interface. The model is applied to iron with
the Butler-Volmer formula as the dissolution law, and both crevice and pit configurations are sim-
ulated. The mathematical procedure for solving this strongly coupled differential equations system
and the numerical development for simulations are detailed. A finite-difference ALE scheme is used
for the numerical computation of the solutions of this free boundary problem. The results show that
the dissolution rate increases with chloride concentration and metal potential, and migration plays,
most of the time, a significant role in species transport for both crevice and pit configurations.
The evolution of the repassivation potential with pit depth is computed and is in good agreement
with experimental results. The time-dependent model under consideration provides more accurate
quantitative results for concentration profile and crevice depth than stationary models.

Keywords: Stefan problem, free boundary problem, localized corrosion, diffusion-migration
transport, finite-difference ALE scheme.

1. Introduction

One of the major causes of structural material failure in aggressive aqueous solutions containing
chlorides is localized corrosion, such as crevice or pitting corrosion. The crevice corrosion occurs
within narrow gaps or crevices of metallic components that already exist before the corrosion starts.
On the other hand, the pitting corrosion is initiated typically by an imperfection on an initially
flat metallic surface. Therefore, in this type of corrosion, the size of the pit is initially very small,
though it may eventually grow much larger under certain circumstances. In either case, such
corrosion processes can result in localized failure in a very short period of time. Many localized
corrosion models, mainly for crevice corrosion, have been proposed in literature to study and
predict the time evolution of localized corrosion propagation. In the literature, there are two typical
approaches for building mathematical models for corrosion: empirical modeling and mechanistic
based modeling, the latter being based on the fundamental laws of mass transport, chemistry
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and electrochemistry processes. Both approaches have their advantages and disadvantages, but the
mechanistic based models, which we discuss in the present article, are considered to be more flexible
[1]. Localized corrosion involves the dissolution of metal, mass transport by diffusion and migration,
and reactions in solution. From a mathematical point of view, this problem can be identified as
a Stefan problem involving a convection-reaction-diffusion system. The mechanistic based models
proposed in literature differ from each other in the considered mass transport equation (diffusion
with or without migration, with or without reactions between species), the coupling or not of the
mass transport equation with a moving boundary, and the equation used for the electric potential
field (Poisson equation or electroneutrality condition). These differences have a strong impact on
the mathematical expression of the resulting coupled differential equations. Moreover, different
boundary conditions and initial conditions have been used, mainly in 1 or 2 space dimensions.
Finally, several computational methodologies have been proposed to solve the coupled differential
equations and to follow the movement of the free boundary, when considered. The displacement
of the moving interface may be tackled by ALE methods with moving mesh techniques (see [2]
for a moving vertical crevice wall model and also [3] for a crevice geometry with axial symmetry).
A phase-field approach may also be considered as in [4], leading to a different Partial Differential
Equation System from sharp interface models. In some studies, the moving interface is maintained
fixed ([5],[6],[7]) or reduced models are considered [§]. We also mention [9] (see also [10]) where a
rigorous derivation of a simple model of pit propagation from the mass conservation and Fick’s law
is presented with a 2D finite volume method of resolution.

In many studies, finite element commercial softwares such as COMSOL are used. Even if all
the results obtained by these models are quite convincing, they are, for most of them, difficult to
reproduce, without using these softwares, since the mathematical solution for the coupled differen-
tial equations and the computational methodology with the numerical scheme are not completely
described. A detailed description of the mathematical equations used for simulating crevice cor-
rosion and of the assumptions often made in many papers to simplify their resolution have been
recently given by Moraes et al. [11]. Nevertheless, this paper gives few details on the mathematical
and numerical procedures used to solve the coupled differential equation system.

The main objective of this paper is to write and justify as clearly as possible the mathematical
description of a localized corrosion problem and to explain in detail, step-by-step, how the coupled
differential equation system is solved by a well suited numerical scheme. Our objective is to provide
corrosion specialists with a well-detailed and justified mathematical description, followed by a
robust computational methodology, so that corrosion specialists can develop their own numerical
model without using any commercial software.

The localized corrosion problem described in this paper is the dissolution of pure iron in aque-
ous solutions containing NaCl, which is the simplest physical system for this corrosion type. A
time-dependent localized corrosion model, taking into account mass transport by diffusion and
migration, and dissolution of iron according to the Butler-Volmer law, is proposed, and its mathe-
matical structure and the method for solving the problem numerically are described in detail (see
appendices). The consideration of the Butler-Volmer law allows to simulate dissolution at any
metal potentials and not only far from equilibrium as it is the case when Tafel’s law is used.

First, the physical model governing pit propagation is described in detail. Then, the coupled
differential equations derived from such a model are given, and a mathematical method for solving
the equations is proposed. Finally, a numerical scheme is described as accurately as possible to
help the understanding of non-specialists.

The numerical scheme has been implemented in an open-source software (Python). Several
numerical simulations are presented as a function of localized configuration, crevice, or pit. First,



the simulated results for crevice configuration are compared to results from the Sharland model
[6, [7], and the influence of physical parameters such as the applied electrical potential on iron and
the chloride concentration in the solution on the corrosion rate is analyzed. Then, the propor-
tion of diffusion and migration in the transport of the species in crevice and pit configurations is
calculated as a function of chloride concentration and metal potential. Finally, the evolution of
the repassivation potential with pit depth is calculated from the model. The results are in good
agreement with the experimental observations.

2. Diffusion-migration model with moving interface

As we mentioned earlier, there are typically two types of localized corrosions: crevice corrosion
and pitting corrosion. Crevice corrosion occurs in a narrow gap or crevice in a metallic body that
traps corrosive agents. Therefore, the initial size of the crevice is relatively large. In contrast,
pitting corrosion usually occurs on a flat surface of the metallic body when there is some sort of
imperfection on the surface. Therefore, the initial size of the pit for the pitting corrosion is tiny in
general. When pitting corrosion starts, there often appears a porous metallic cap, or a lacy cover,
that covers the mouth of the pit, and a salt film with high concentration of chloride ions at the
bottom of the pit. The presence of a metallic cover accelerates corrosion inside the pit. When the
metallic cover disappears, the speed of the corrosion slows down sharply, but by that time the pit
may have grown to a good size. In this paper, in addition to crevice corrosion, we deal with the
pitting corrosion after the metallic cover has disappeared. We are interested in investigating the
conditions that allow the pit to grow without the presence of the metallic cover. The effect of a
salt film at the bottom will be taken into account. These two types of localized corrosions can be
treated by the same mathematical model, though one has to choose different parameter values for
each type of the corrosion; see subsections and [£.4

2.1. Derivation of the equations

We consider a simple situation where corrosion only occurs at the bottom of the pit/crevice
and the pit/crevice has a thin cylindrical shape (see Figure . We assume that the pit/crevice
is so thin that the aqueous solution is well mixed by diffusion in the direction orthogonal to the
axis of the cylinder. Note that a one-dimensional pit should be represented as an interval with a
moving boundary [0, x4(t)] but in order to show the physical context, we represent it as a rectangle
in Figure In such a situation, it is reasonable to assume that the concentration of the ions and
the potential ¢ depend on a one space variable x, so that the system reduces to a one-dimensional
problem.



Chlorinated solution
Nacl

Bulk solution

Metal surface

+~ Pit solution

Solid metal x=x4(t) 4 -ug-. Moving boundary xgq
Pure iron Fe I

Figure 2.1: A one dimensional corrosion pit.

It is composed of the following domains :

1. Solid metal with temporally and spatially constant metal atom concentration.

2. Pit solution with temporally and spatially varying ion concentrations.

3. Bulk solution outside of the pit/crevice, characterized by the vanishing iron ion concentration
CF62+ — O

The depth of the pit/crevice is given by 24(¢) which indicates the position of the moving boundary
at time ¢ > 0 and the entrance of the pit/crevice corresponds to the position z = 0.

We suppose that the pit/crevice solution contains M species of ions, whose concentrations are
denoted by C; = Cj(z,t) (j =1,..., M) at the position z and time ¢. The concentrations C; and
the electrostatic potential ¢ = ¢(x,t) satisfy the following Poisson-Nernst-Planck system [1] :

9 _ 0 (1 (9, 5F o 0 _
6%‘%%<DJ<&:+}HJ%&))7 t>0,0<z<zqt), j=1,...,M, (21la)
0 [ 98\ <

T or <6&6>—;%ch7 t>0,0<z<x4(t), (2.1b)

where Dj, z; denote respectively, the diffusion coefficient and the valence of the ion species j, I
the Faraday constant, R the ideal gas constant, T' the temperature and e the dielectric constant
[12] p.96].

On one hand, the time dependent form of the Nernst—Planck equation (2.1a)) is a conservation of
mass equation used to describe the motion of charged chemical species in the aqueous pit/crevice
solution [O,a:d(t)). It extends the diffusion Fick’s law to the case where the diffusing particles
are also moved by electrostatic forces. These electrostatic forces are caused by the electric field

E = —%. On the other hand, the Poisson equation (2.1b)) describes the electrical potential field
FE which results from the charge distribution in the pit solution.

As the dielectric constant € is extremely small in general, the left-hand side of (2.1b]) is negligible
under the typical scaling of the phenomena that we discuss. Therefore the Poisson equation ([2.1h))
can be replaced by the local electroneutrality condition which is given by

M

D zCi=0. (2.2)

j=1



In what follows we shall always assume that the solution is completely electrically neutral in the
entire pit/crevice solution.

Next we multiply the equations in (2.1a) by z;F and sum them up for j = 1,..., M. With
equation (2.2), this leads to

aC; oC 0
leW]—l—---—f—ZMFWM:F&(zlcl—l—"-—f—ZMCM):O.

Consequently, we obtain from equation (2.1al),

M 22
O (5 [, 20C  HE 00\ _
j;&z: (DJ (ZJF Ox + RT Cj&c =0

This equation can be rewritten as

M M 2712
9(,9 9 (,pp. %\ _ N
% <Uam)+j; % (z]FD] o ) =0, t>0,0<z<ux4(t) where o:= Z =T D;Cj, (2.3)

7=1
and o is the electrical conductivity of the ionic solution.

Thus, in order to keep the electroneutrality of the solution, ¢ has to satisfy (2.3)). In the

90
special case where C are spatially uniform (i.e. a—] =0, j=1,...,M), equation (2.3) reduces
a7
to Laplace’s equation 8—? = 0, hence ¢ is harmonic. However, ¢ is not harmonic except in such
A

special cases, and thus in general, the Laplace equation cannot be used (see [I3] for a general
discussion on this topic).

2.2. Initial and boundary conditions

Henceforth, the equation system (2.1)—(2.2)) is considered. Needless to say, (2.1)—(2.2)) cannot

be solved without specifying the boundary conditions as well as the initial condition at t = 0. Since
the domain [0, z4(t)), which represents the pit/crevice, evolves along with {C;} and ¢, this is a
free boundary problem. In other words, the unknowns are not just {C;} and ¢, but also [O,ZL'd(t)).
Therefore, it is important to specify appropriate boundary conditions that govern the evolution of
the domain [0, z4(t)).

First, we specify the initial shape of the domain. The initial conditions are given in the form :

zq(0) = 29,

Cj(x,0) = Cj(z) in 0,29) (i=1,...,M),
where z is the initial shape of the pit/crevice as shown in Figure and Cjo(:c) j=1,....M)
are functions satisfying

V>0 (j=1,....M), 20+ - +2yCff = 0. (2.5)

We do not specify the initial value of ¢ since ¢ is obtained by solving a boundary value problem as
we shall see later. Finding appropriate boundary conditions is difficult, which reflects the complex
mechanism of corrosion. Later, we state precisely the boundary conditions we choose for the
concentrations and the potential at the pit/crevice bottom and the pit/crevice entrance.



Boundary conditions satisfied by {Cj};c(1,.. M) at the pit bottom x = x4(t).

During the development of corrosion pit/crevice, an electrochemical reaction occurs at the
pit/crevice bottom. There are two types of electrochemical reaction : oxidation reaction (anodic
reaction) which corresponds to the metal dissolution and reduction reaction (cathodic reaction)
mainly of the chemical species in the environment such as dissolved Oy or HT. For simplicity, in
the present model, we only consider a single electrochemical reaction. More precisely, we neglect
the cathodic reaction at the pit/crevice bottom and only consider the anodic reaction of metal
dissolution. In our case, the metal to be studied is pure iron. So, this anodic reaction is given by:

ka _
Fe k: Fe2+ + 2e .

c

To derive boundary conditions at the pit/crevice bottom, we need to distinguish Fe?t and other
ions such as Nat and Cl~. In what follows, we let j = 1 represent Fe?* that is,

C1 = Chea+, 21 1= Zpe2+ = +2.

Then the boundary conditions at = = x4(t) are given by

J1 = — fpe2+ + da::;t(t) Cy onx = x4(t), (2.6a)
t
Jj = d:l?:;f )Cj onx=uxq(t) (j=2,...,M), (2.6b)

where

= _D. -
Ji I\ ox RT 7 ox

daq(t)
dt

aC; F
(9 14 C-ad)) , j=1,..., M, are the ion fluxes,

denotes the velocity of the free boundary x4(t) at the pit bottom,

which we call the corrosion rate. It indicates how fast the pit/crevice grows.

The boundary condition is the no-flux boundary condition for the case of a moving
boundary. This condition implies that there is no inflow or outflow of ions through the boundary
except for iron ions Fe?T. On the other hand, the boundary condition implies that there is
an inflow of iron ions from the boundary. This inflow fp.2+ denotes the ferrous ion fluz, that is,
the amount of the ferrous ions dissolving from the surface of the iron in the pit/crevice caused by
the anodic reaction as mentioned above (per unit time and unit area) minus the amount of the iron
ions that is reduced in the pit/crevice solution. For fg2+, we adopt the following rate expression
giving the usual Butler- Volmer formula (see [I3, p.203-212]) for the oxidation of Fe into Fe?:

F Cre2+
et (& Cret) = kaexp (2 (0m — 6)) — ke -4 —(0n=9). @7

where k, and k. are positive constants that represent the speed of oxidation of iron and that
of reduction, respectively (mol/m?s). Cief is a reference concentration which is usually set at
Cret = 1 mol/L in ideal system, while ¢,, denotes the electric potential applied on the iron steel
surface (which is assumed to be constant) and ¢, the electric potential of the aqueous solution in
contact with the steel surface. In this case, this pit/crevice corrosion phenomenon is considered to
be under potentiostatic conditions.

exp(—



Boundary conditions satisfied by ¢ at the pit/crevice bottom x = x4(t).
We can derive the boundary condition for ¢ on x = z4(t) from those for {C;} and the local

electroneutrality condition (2.2)). Let us multiply (2.6a), (2.6b)) by z;F (j = 1,..., M) and sum
them up, and use (2.2)). Then we obtain

0 aC;
U—¢ + ZZjFDja—x] = 21 F fp2+(6,C1) on x = x4(t), (2.8)

J
— RT
j=1

nonlinear Robin boundary condition for ¢.

where 0 = D;C;. Here Cj, j = 1,...,M, are regarded as given functions. This is a

Boundary conditions satisfied by {Cj}jc(1,... m) at the entrance x = 0 of the pit/crevice.
For the boundary conditions on x = 0 (the entrance of the pit/crevice), we suppose that the

solution outside the pit/crevice is well stirred so that the concentration of each ion is always constant

on x = 0. This implies the Dirichlet boundary conditions on x = 0, which are given in the form

C;=p8; at x=0,t>0 (j=1,2,....,.M), (2.9)
M
where 5 (j = 1,..., M) are constants which satisfy the local electroneutrality condition Z ziB; = 0.
j=1

Boundary conditions satisfied by ¢ at the entrance x = 0 of the pit/crevice.

Unlike the pit/crevice bottom, where we do not specify the boundary condition for ¢, we need
to specify the boundary condition for ¢ at z = 0 in order to determine ¢ in [0, xd(t)). The value
of the potential at the pit entrance can be complex if there are porous precipitate caps or other
deposits, but in the absence of such caps, it gives a good approximation to set the value as follows
(see [1]):

=0 at =0, t>0. (2.10)

Boundary condition at the moving interface x = x4(t).

dzq(t)

direction, is proportional to the flux fp.2+ through the following relationship :

The corrosion rate

, namely the normal velocity of the boundary z4(¢) in the outward

d$d(t)
dt

= y(t) = Opo fra+ (m/s), (2.11)
where g, is the molar volume of the solid iron, Qg ~ 7.1 cm?/mol = 7.1-107% m?/mol.

2.8. The full one-dimensional model with Dirichlet boundary conditions at the entrance of the
pit/crevice.
In view of Subsections [2.T] and the dimensional systems satisfied by the potential ¢ and the
concentrations {Cj}je(l,-~~,M) are given by:



System satisfied by the potential ¢

B < gﬁ) +Z 6(1 (zJFD 680 > =0, t>0,0<z<xq(t), (2.12a)

J% + f: ZjFDj% = 21F fpe2+ (¢, C1)  at = x4(t), (2.12b)
ox £ or e

#(0,t) =0, t>0, (2.120)

where o is given in (2.3) and fg.2+ is given in (2.7)).
System satisfied by the concentrations {C;}j=1... m

(0C; 0 oC;  ziF _, 0 .
e 8x<D <8x+RT08>>’ t>0,0<z<uz4(t), j=1,...,M, (2.13a)
oC' 27 F _ 0p
Dy < a; + }%Tclax) = —2h(1)C1 + fra+(6,C1)  at x = aq(t), (2.13b)
(9% A 00N e _ .
D; ( 5w T RT C; 895) =—a4(t)C; at z=ux4(t) (1=2,...,M), (2.13¢)
Ci(0,t)=8;, t>0 (j=1,2,..., M), (2.13d)
Cj(x,0) = C’;-)(ac), z € [0,29) (2.13e)

along with the free boundary condition

T (t) = 2pe fro2+ (gf)(md( ),t), C1(za(t), t)) at © = z4(t), x4(0) = 29, (2.14)

To better understand the behavior of the above mathematical system (2.12)—(2.14]), it is convenient
to make these equations dimensionless. This latter non-dimensional system is expressed with
different symbols: the C;’s denote dimensionless concentrations, obtained by normalizing the molar

concentrations with a characteristic reference value Cy. The independent variables time and space
2

are also normalized by appropriate characteristic values 7 and L respectively, where 7 = — and
0
Dg denotes a characteristic diffusivity, L being a characteristic length. The dimensionless potential

RT
is normalized by the ratio T Let us introduce the following changes of variables

. L? RT ~
xr = LI’, t = Ht, C C()CJ, D = DODj7 gb = 7(}5 (215)
0

The system ([2.12 - ) then becomes:

System satisfied by the non-dimensional potential $

a( ) Za <zj aCA>=o, t>0,0<7<z4(t), (2.16a)

8 C ~ o A~
¢ + sz e Zlfpe2+ (¢,C1) at T =124(t), C1 = Cpe+, (2.16b)

$(0,1) =0, >0, (2.16¢)



S

where 7 := Z z?ﬁ] @ and the non-dimensional form of fr2+ denoted by J/c;‘e2+ is given by

Jj=1

-~

Frere (6,C1) = Raexp (6m — ) = e Crexp (= (b — 9),

where

~ F ~ L ~ L
= —=0m, ko= ke and k.=

= ke.
DyCy DoClet

System satisfied by the non-dimensional concentrations {CA'] Yimt M

oz oz

aC - S S A
<1—l—2101 )Z—xii(t)01+fFez+ ((;5,01) at T = z4(t),
( ):—ag(f)éj at T=24(t) (j=2,...,M),
~ . 5 _ B
O = B, t>0 (j=1,2,..., M) where ﬁj_?’
0

Cj(l‘,O) - C]0<37)7 T € [vag)

\

along with the non-dimensional free boundary condition

(2.17)

(2.18)

803=8<ﬁj<60 Ca¢>>, t>0,0<Z<z4(), j=1,....,M,  (2.19a)

(2.19D)

(2.19¢)

(2.19d)

(2.19e)

24(1) = Dpe frez+ (5(@(?)@,61 (:?ﬁ)@) at 7 = 74(1) where Qp. = Cy Qpe, 24(0) = 9.

(2.20)

Later, the analysis will be done for the non-dimensionalized system (2.16)—(2.19),(2.20), but for

notational simplicity we will drop the symbol ~ from variables C}, ¢, Z,t. Henceforth, the following

non-dimensional system is considered from now on:
M
0 0p 0 ~ 0C;
— (62 ) +>_ (D52 ) = t ¢
8x<aax>+j:18x<zj jam) 0, >0, 0 < <xy(t),

0 N a0, -
0'8—3j + jz;szja”L‘j = 21 fre2+ (¢, Cl) at x = z4(t),

L 6(0,t) =0, t>0,

¢ OC 6 ~ aCJ a¢ o
ot 6$ <D <6 +ZJC]8$>)7 t>0,0<zxz<z4(t), (=1, -
oc 5 N
Dlail + ZlDlCl 8¢ — —.ZUZl(t)Cl + fFeZ+ (¢, Cl) at © = wd(t),
D 8(‘30 + ng er gd) —2,(t)C;  at z=xz4(t) (j=2,---, M),

j(’):B]’ t>0 (]:177M)7
Cj(z,0) = C'Jo(x), z € [0,29),

(2.21a)

(2.21D)

(2.21¢)

(2.22a)

(2.22b)

(2.22¢)

(2.22d)
(2.22¢)



along with the free boundary condition

x(t) = @FeJ?Fe2+< (za(t),t),C1(za(?), t)) at x = x4(t), x4(0) =, (2.23)

where
};“62"' (¢a CI) = /];a €Xp (&Em - ¢) - 7</i\c Chexp ( - (é;m - ¢)) (2.24)

3. Numerical approximation of the one-dimensional model

3.1. Introduction

There is a large choice of methods for numerically solving one-dimensional problems which
involve a moving interface [14, [I5, [16l [I7]. One of the popular techniques used is the Arbitrary
Lagrangian Eulerian (ALE) method (see [I8,19]). To solve the non-dimensionalized system ([2.21))—
, a special choice of an ALE method is applied. In the literature, this method is usually
referred to as the Variable Space Grid (VSG) method [16, 20]. Considering the ALE formulation of
the diffusion-convection system (|2.21} - the used numerical method is based on a decoupling
of the displacement of the free boundary from the numerical solution of the diffusion-convection
equation. The motion of the free boundary is numerically solved by an explicit Euler scheme
whereas an implicit finite difference scheme is used for the discretization of the ALE formulation
of the diffusion-convection equation. Finally, a Newton method is employed to solve this full
discretized implicit system (see [12] for complete details). The ALE formulation of the diffusion-
convection system f and the numerical ALE scheme are detailed in and
respectively.

Recall that the system ) for the potential has been obtained by combining the electroneu-
trality condition with the use of the diffusion- Convectlon system ([2.22) - ) for concentra-
tions (see Section 2.). Thus, the potential system can be replaced by the electroneutrality
condition:

Zz] ) =0, t>0,0<z<z4(t), (3.1a)

¢(0,t) -0, t>0. (3.1b)

Hence solving the coupled system (2.21)),(2.22)),(2.23)) is mathematically equivalent to solving
the coupled system (3.1)),(2.22)),(2.23]), but from the numerical point of view, the latter is easier
to handle. Therefore, in what follows, we shall derive the numerical scheme to solve the coupled

system (3.1)),(2.22),(2.23)) instead of (2.21)),(2.22),(2.23). However, the system (2.21)) is used at

initial time (t=0) to determine the initial profile of potential. The next subsection explains this
computation.

3.2. Procedure to determine the initial profile of the potential in the pit/crevice

The procedure for solving the system to determine the initial profile of the potential ¢ is
described below. At ¢t = 0, the only unknown in is the potential ¢ since C1,Co,--- ,Chr, 24
are given functions at this stage. In fact, for all ¢t > 0, the potential ¢ can be determined as a
function of C1,Cy, - ,Cy and x4. Indeed, integrating (2.21a)) by x shows that

0
¢+Z 2D, ax (3.2)

10



is independent of x, hence, by (|2.21b|), the following equation is obtained

8 ~ 0C}
¢ _|_ Z 2;D; 5 = ZlfFe2+( (1), Cl(zd(t),t)) for 0 <x <wmy(t),t>0 (3.3)
where
P(t) i= 6 (walt), ). (3.4
Then (3.3) can be rewritten as
M ,
> z]D]% ~
8¢ j=1 Ox ZlfFe%L (P(t)7 Cl (xd(t)7 t))
% - — M N M N (35)
> ZJQ‘DJ Cj > ZJZDJ Cj
7j=1 7=1

Integrating this equality from x = 0 to x = z4(t) and using (2.21d), give the following equation
P(t) = —A(t) + 2fpea+ (P(1), Ci(zalt), 1)) B(t), (3.6)

where

zq(t) dr za(t)
M,B@:A A(:A aww) (3.7)

5 27 &
Z Z-DjCj Z ZijCj

Here A(t), B(t), Ci(zq4(t),t) are treated as given functions of the known concentrations and the
pit/crevice bottom position.

For fixed ¢ > 0, the potential at the pit/crevice bottom, P(t) = ¢(z4(t),t), is determined by
solving the nonlinear equation (3.6). Once the value of P(t) is obtained (from the given functions

{Cj}jeq,. iy and x4), the derivative — is determined on the entire interval 0 < z < z4(t) from

(3.5). Thus, the whole initial potential gf)o ¢(-,0) in [0,29] at t = 0 can be computed from the
initial data 2 and CO (j=1,---,M).

4. Numerical simulations of the unidimensional pit/crevice

4.1. Comparison of the numerical model with a steady-state model from the literature

To examine the validity of the above mathematical model, we compare the numerical simulations
of our model with those of a similar one-dimensional model discussed in the literature. Sharland and
Tasker |21}, (7, [6] have developed a predictive mathematical model incorporating the electrochemical,
chemical and ionic migration processes. Their model predicts the steady-state chemistry solution
and the electrode potential within a corroding crevice or pit.

In the case of propagation of a crevice-type corrosion with passive walls, Sharland et al. [7] solved
their model using a number of mathematical approximations based on physical observations. In
their model, they considered that the cavity propagation was slow compared to the ionic transport,
so that the moving boundary effects was ignored. In other words, the geometry of the crevice was
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kept constant, which was a very rough approximation since a real crevice never reaches a steady
state because of its shape evolution [0, [7, 22]. The same simulation was reproduced by Mousson et
al. [22] using a commercial code.

To be as close as possible to these studies, the following chemical reaction is also considered in the

equation system ([2.22]):

k
Fe2t + H,0 % Fe (OH)" + H*. (4.1)

b

The water autoionization reaction considered in Sharland’s model was neglected here to simplify
the chemical system. The water autoionization reaction produces H* and OH™ species. However,
we conjecture that the fact that it is not considered in our model has negligible effects on the
concentration of the species in the crevice solution. Indeed, the concentration of HT is mainly con-
trolled by the hydrolysis reaction of iron cations which has a higher thermodynamic constant
[6] Moreover, the concentration of OH™ species by the water autoionization reaction would mainly
affect the Cl~ concentration profile through the electroneutrality condition. However, the OH™
concentration would be extremely low because of the very acidic environment. In consequence, the
predicted C1~ concentration which reaches very high values (> 10M/L) in our model would only
be very slightly decreased by the consideration of the autoionization reaction. Thus, it appears
acceptable to compare the results of our simplified model with Sharland’s one.

Therefore, we consider a 1D model with five ions including diffusion, migration and reaction
terms. In this case M = 5 and the species taken into account are Fe?*t Nat, C1=,HT and Fe(OH)*.

A reaction term coming from the chemical reaction must be added in the PDE system ([2.21])—
. In Appendix C, we describe the reaction term and the resulting full diffusion-migration-
reaction system for 5 ions. We also provide the numerical values of the kinetic parameters which
are involved. We refer to [12] for a more detailed description of the model with reaction terms.

Computations are performed with the following choice of the reference parameters:
Dy=1-10"m2s"!, L=10"m, Cy=10"3mol/L.
The diffusion coefficients of concerned species are given by (see [23]):
Dpe+ =7.2:10719m2.s71 D= =2-1079 m2.s71,  Dy,+ =1.3-107 m?.s7 1,
Dy+ =9.3-107 m?.s7" and Dp o)+ = 0.8-107" m?.s71.
The initial data used in computation are given by:

29 =2mm, Cgeyr () =9.8-107" mol/L, Cp(x) = Cge(OH)+(a?) =2.2-10"% mol/L,

C§a+ (z) = 1073 mol/L and Cgr (z) ~ 1073 mol/L, for 0 <z < 29,

where $g is the initial depth of the crevice and C’gl, is given to satisfy the local electroneutrality
condition of the solution.

Figure shows the solution chemistry obtained by Sharland’s steady-state model where the
moving boundary is ignored and the pit/crevice bottom position is kept fixed and constant. Figure
[4:2] shows the concentration profiles of the ions and the crevice depth calculated by our model at
two different times of propagation for the same initial conditions as the ones used in Figure
from our model.
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Figure 4.1: Concentration profiles along the cavity length for a crevice with passive walls given by Sharland model

[6].

The concentration profiles of ions computed by our diffusion-migration-reaction model [12, p.158]
(Figure and those by the Sharland et al. steady-state model (Figure show a good qualitative

agreement.

On the other hand, they are not exactly the same quantitatively.

This quantitive

discrepancy is due to the fact that Sharland et al’s model is time-independent. In consequence,
it cannot simulate the exact quantitative profiles of the ions in the crevice at each time since the
crevice depth evolves with time. Crevice corrosion is always a non steady state process.
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Figure 4.2: Evolution of the solution chemistry in the crevice given by the developed model with moving interface
for the initial data : ¢y, = 0.04 Vixug, Cpe+ = 107° mol/L, CR.ci = 107% mol/L and z4(0) = 2 mm.
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4.2. Computation of the minimum value ¢, for propagation simulation

The electric potential ¢,, applied on the pure iron surface has to be chosen such that the metal
initially dissolves (fp.2+ > 0) and does not re-deposit (reduction phase corresponding to fr.2+ < 0).
The precipitation of salt films, often observed in the bottom of the pit or crevice is not considered
here. The minimum value of ¢,, to be imposed depends on the initial data. Let ¢/ be such a
value. Then, ¢Ii" satisfies the Nernst equation which is given in its dimensional form by:

) RT Chro2+
e (= gmin _ p*) = EY 1 Fe™ ) | Chef = 1mol/L 4.2
( m ¢ ) Fe?t /Fe + ZFe2+F Il< Crof ef m / ( )
where £°¢ is the electrode potential of iron in contact with the pit/crevice solution at equilibrium,
Ege2+ /Fe denotes the standard potential for Fe?T « Fe, which is known to be Ege2 e = —0.44V

relative to the standard hydrogen electrode at room temperature. The value ¢* is usually called
¢°? in the literature. It denotes the potential at equilibrium for which the Butler-Volmer flux (2.7))
vanishes. The curve of ™" — ¢* as a function of the initial concentration of the iron cations at the
bottom of the pit/crevice C’gGQ+ (z9) is plotted in Figure (using equation ([4.2])).

-0.38

— o4

dissolution

D] reduction

0 1000 2000 3000 4000 5000 6000 7000
0
Cro2+(x9) (mol/m?3)

Figure 4.3: ¢™® — ¢* as a function of the initial concentration of iron cations at the pit/crevice bottom, given by

E2).

The region above the red curve corresponds to the range of ¢, where dissolution occurs (¢, >
o — ¢* and fg2+ > 0) and the region below corresponds to the reduction field (¢, < ¢ — ¢*).
To be close to equilibrium, the ¢,, value needs to be close to the red curve (¢, ~ ¢/ — ¢* and

fFe2+ < 0)

4.3. Parametric study: crevice corrosion

We begin with studying crevice corrosion. The pitting corrosion will be discussed in subsection
44 The model set up makes it possible to describe the behavior of the system in presence of
different variations of the physico-chemical parameters such as:

o the influence of the initial chloride concentration C’gl_ in the pit/crevice solution.
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e the impact of the potential applied to the surface of pure iron ¢,,.

The objective of this subsection is to evaluate the influence of these different parameters on the
system without taking into account any passivation criteria. In other words, we do not consider any
phenomenon of repassivation if the criterion of crevice stability i.e. the propagation of the cervice
(corresponding to a positive velocity displacement of the moving boundary) is not respected. In this
context, independently of the value of the applied metal potential ¢,,, it is assumed that the crevice
will always propagate even for low metallic cation concentration at the bottom of the crevice.

In this subsection, numerical simulations of solutions of system ,, (see Section
and |[Appendix Al [Appendix BJ) for a one-dimensional crevice growth which initially contains 10~°
mol/L of Fe**, are presented. The computations are done for the following choice of reference
parameters

Dyp=1-10""m?/s, L=10° um=1mm, Cp=10">mol/L, (4.3)

and for the following physical and chemical parameters [23]:

Dpe2r =7.2:107% m?%s™ Do =2-107% m?%s™!, Dy, =1.3-107% m?.s7, (4.4)

ky = 89.1molm 257!, k. =1.2-1073 mol.m2.s™! (Appendix B of [I2, p.195]) (4.5)
with an initial crevice depth 27 := 24(0) = 1 mm.

4.83.1. Influence of the initial chloride concentration C’gl_.

In this paragraph, simulations are given for a fixed value of ¢, = —0.2 Vxpg. Figure shows
the crevice propagation kinetics for several initial chloride concentrations between 0.001 mol/L
and 1 mol/L. Tt shows that the speed of the crevice propagation increases with the initial chloride
concentration. After 500 hours of propagation, the corrosion speed for Cf\)}aCl = 1 mol/L is roughly
12 times faster than for CJ,~ = 0.001 mol/L.

x%=1 mm, ¢ = — 0.2 VINHE, C2:+ = 107® mol/L

> Cl%q =1 moallL

C9.c1=0.5 mol/L
Clacr=0.1 mol/L
Claci = 0.01 mol/L
€8, =0.001 mol/L

30 +

* * % * *

15 4

Crevice depth xg in mm

10 4

6 160 260 360 460 560
Time in hours

Figure 4.4: Influence of the initial concentration of chloride ions on the time evolution of the crevice depth.

Figure shows the value of the final crevice depth after 500 hours of propagation for several
initial chloride concentrations between 0.001 mol/L and 1 mol/L (given by the symbol ¢).
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x9=1 mm, ¢, = — 0.2 VINHE, CP2+ = 1076 mol/L, t = 500 hours
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Figure 4.5: Evolution of the crevice depth after 500 hours of the crevice propagation for different values of initial
chloride concentrations CR,¢; (with z§ = 1 mm, ¢, = —0.2 V(NHE), Cp 21+ = 107% mol/L, t = 500 hours).

Concentration of metallic cations at the bottom Cre2+(Xxg) in mol/L

Since the Butler-Volmer formula describes the dissolution rate at the crevice bottom, it
follows that this flux incorporates the main factors that influence the corrosion speed. This flux is
defined as a function of the iron ions concentration and the potential drop at the crevice bottom.
So, in order to physically interpret the results of Figure the evolution of the metallic cations
concentration Cp2+ at the crevice bottom after ~ 500 hours of crevice propagation, is plotted in
Figure for different values of initial chloride concentrations CI%&C] .

xy=1mm, ¢, =

— 0.2 VINHE, CP... =107% mol/L

*  CRaci=1mol/L

% Claci = 0.5 mol/L

*  Clac=0.1mol/L

% CQyc=0.01 mol/L
% Cfac) =0.001 mol/L

o326

0.74

0.18

Time in hours

(a)

2+ (xg) in mol/L

Concentration of metallic cations at the bottom Cre:

X3=1 mm, ¢ =

~ 0.2 VINHE, CZ:+ =107 mol/L

Clacr=1molL
Cfaci = 0.5 mol/L
CRaci = 0.1 mol/L
Claci =0.01 mol/L.
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(b) Zoom

Figure 4.6: Influence of the initial concentration of NaCl on the time evolution of the metallic cation concentration
Cre2+ at the crevice bottom.

crevice increases until reaching a quasi-stationary value

Figure shows that for ¢,, = —0.2 V|ngg, the concentration of Fe?t at the bottom of the
82.2 mol/L. This high concentration
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value was also reached for lower initial chloride concentrations CY, ( < 1 mol/L) but after much
longer times. The transient time required to reach this near-equilibrium state decreases when
C%aCl increases. It is obvious that the situation where very high Fe?" concentration are reached
does not reflect reality because these iron ions precipitate into chloride salt film if the metallic
cations concentration Cp2+ exceeds the saturation value of 5 mol/L at the crevice bottom.

Figure describes the evolution of the potential drop A¢p = ¢(x4(t),t) — ¢(0,t) = P(x4(t), 1),
which coincides, in this case, with the potential at the bottom of the crevice ¢(a;d(t), t). It shows
that the potential drop converges to a certain constant potential value that depends on C’gaCI.
Physically, this can be described as a convergence to a state of equilibrium after a large time of
crevice propagation : Cpg2+ (azd(t), t) ~ constant and gb(:cd(t), t) ~ constant as t — oo. Incidentally,
as we see in Figure the lower the NaCl concentration, the higher the potential drop. This is
quite natural since lower ionic concentrations imply higher electric resistance of the solution.

x3=1 mm, ¢, = — 0.2 VINHE, C2.. = 1076 mol/L

#  CRag=1mol/L
CRaci = 0.5 mol/L

¢ Qe =0.1mol/L

#  CQac=0.01 mol/L

+ €8¢ =0.001 mol/L

200 +

180 A

160 A

140 A

120 A

100 1

Potential drop in mV

80 A

60 1

W

100 200 300 400 500
Time in hours

o4

Figure 4.7: Influence of the initial concentration of NaCl on the time evolution of the potential drop in the crevice
solution with time.

Interestingly, the potential drop for the higher NaCl concentrations increases and then de-
creases. This behavior could be induced by the strong increase of the iron concentration observed
in Figure which increases the solution conductivity faster than the pit depth growth.

4.8.2. Influence of the iron potential ¢,

The simulations are given for a fixed value of the initial chloride concentration C’I%aCI =103
mol /L. Figure shows the graphs of the time evolution of crevice depths for different values of
ém and Figure [1.9] the final crevice depth after 500 hours of propagation for different values of the
metal potential between —0.35V|xggp and —0.2V|NyE.

Both graphs illustrate the very high sensitivity of the propagation speed to the metal potential
value ¢,,. Figure shows that the evolution of the corrosion speed is constant for the lower values
of ¢ Moreover, it is clear that for the higher values of ¢,, (for example, ¢,,,= -0.2 V), the crevice
cannot keep a constant speed of growth.
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Figure 4.8: Influence of the potential applied to the surface of the pure iron ¢, on the evolution of the crevice depth

in time.

Figure shows the value of the final crevice depth after 500 hours of propagation for different
values of the metal potential ¢,, between —0.35 V|nygg and —0.2 V|NuEg.

Final crevice depth x/ (mm)
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Figure 4.9: Estimation of the depth evolution law after 500 hours of the crevice propagation as a function of the

metal potential ¢,,.

Figure and Figure show the evolution of the iron concentration at the crevice bottom
and the evolution of the potential drop with time, respectively. It is observed that both parameters,
after an initial very fast transient stage, are quite constant with time for the lower potentials
but increases with time for the higher potentials. Since the corrosion rate driven by the Butler-
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Volmer formula is dependent on both parameters, their evolution explains the constant or increasing
corrosion rate observed in Figure

x3=1 mm, CQ,c = 1073 mol/L, CP.2+ = 107 mol/L
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Figure 4.10: Influence of the metal potential ¢, on the time evolution of the metallic cation concentration Cg.2+ at
the crevice bottom.
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Figure 4.11: Influence of the metal potential ¢,, on the time evolution of the potential drop in the crevice solution
with time.
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4.3.83. Proportion of diffusion and migration during crevice propagation

It is important to determine the proportion of transport by migration and by diffusion in order
to evaluate the validity of neglecting the migration term in the governing transport equation. In
the literature, some authors consider only transport by diffusion in their calculations to make
the equations more easily solvable, but this could lead to significant errors in longtime prediction
if the effect of transport by migration is not so small. Therefore, quantifying this error is of
vital importance. The mass-conservation equation (in its dimensionless form) that governs the
concentrations of aqueous species in the dilute solution filling the pit (or crevice) is given by:

% = 8% <Dj <(29%+ng§(£>>, t>0,0<z<uz4(t), j=1,....M (4.6)

The first term on the right hand side of describes the rate of transport of ions by diffusion
under concentration gradients. The second term represents the migration of charged species under
electrostatic potential gradients. Therefore, the ionic flux carried by the j-th ion species, is given
in its dimensionless form by:

. , 90! )
_ 90
where J ]{jzﬁ = —Dj—J is the diffusion flux which is associated with Fick’s law and
. o 0
J;mg = —Djz; Cja—¢ is the migration flux caused by the electric field £ = —a—¢. The propor-
Ay Iz

tion of transport by migration of the species j versus total transport is computed as follows :
|77
J

% migration_transport_j = 100 - W
J J

(4.8)

Two cases of localized corrosion were evaluated: crevice corrosion and pit corrosion. For crevice
corrosion, an initial crevice depth acg = 100pum and an initial iron concentration CIQQH =106
mol/L were assumed according to usual crevice configuration. The computations showed that
the transport of C1~ and Na™ ions is about 50% by diffusion and 50% by migration along the
pit solution, regardless of the metal potential value and the initial concentration of NaCl in the
solution. However, the results for the Fe?* transport were quite different. Figures and
show the profile of the Fe?T concentration and that of the potential at each point of the crevice
solution, for different values of NaCl concentration and the metal potential ¢,, when the crevice
depth reaches 200 pm. These figures show that the Fe? concentration and the potential drop both
increase as ¢,, increases. And, for a fixed value of ¢,,, lower NaCl concentration leads to lower
Fe?T concentration (Figure and higher potential drop (Figure . This higher potential
drop is no surprise, since lower NaCl and Fe?" concentrations imply higher electric resistance of
the crevice solution.

Figures and show the proportion of transport by migration for Fe?T species for the
same set of values of NaCl concentration and ¢,, as in Figures and when the crevice depth
reaches 200 ym (Figure and 1 mm (Figure . Regardless of the initial NaCl concentration
varying between 0.001 mol/L and 1 mol/L, the proportion of Fe?* transport by migration increases
with the metal potential value ¢,,. Moreover, for a fixed value of ¢,,, the proportion becomes more
significant for lower initial concentrations of NaCl. Figures and demonstrate that the
proportion of migration of Fe? cations in the crevice solution becomes substantially higher when
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the NaCl concentrations are smaller. As shown in Figures[£.12|and [£.13] a lower NaCl concentration
leads to a lower Fe?* concentration and a larger potential drop. Apparently, such an environment
promotes higher proportion of migration of Fe?T cations in the crevice solution.

Cre2+, X3=0.1mm, x4=0.2 mm
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Figure 4.12: Profile of Fe?>* concentration in crevice solu-
tion as function of metal potential and NaCl concentration.
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Figure 4.15: Proportion of migration in transport (%) in
crevice solution as function of metal potential and NaCl
concentration for a 1 mm deep crevice.

Transport by migration is considered to be negligible only in the case of a low metal potential,
-0.4 V/NHE with high initial concentration of NaCl, 1mol/L. Such cases could be encoutered in
pit configuration but needs to be checked. It is done below.

4.4. Parametric study for pit propagation
4.4.1. FEvaluation of the critical conditions for pit propagation

Pit configuration differs from crevice corrosion in that pit propagation often starts at a very
shallow depth, typically a few to hundreds of nanometers. Additionally, a salt film with a high
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concentration of chloride ions is present on the metallic surface in contact with the pit solution
[24]. It is commonly proposed in the literature that a critical concentration of metal cation at the
bottom of the pit, denoted by Cqit, is necessary to maintain pit propagation. The maintenance of
this critical condition at the pit bottom depends heavily on the metal potential and the geometry
of the pit, such as its depth. These dependencies have been computed using our model. In the
simulations that follow, the critical concentration of metal cation is assumed to be about 60%
of the saturation of the metallic cation, as proposed in [24]. Therefore, to ensure the stability
of the pit, the metallic cation concentration at the pit bottom Cp.2+(z4(t),t) should be greater
than Ceriy = 60% Csat at any time. Laycock et al. [24] assumed that for the 300 series alloy
model, the saturated concentration Cgy is equal to 5 mol/L. Srinivasan et al. [25] used a saturated
concentration of the 316L cation equal to 5.02 mol/L. Thus, in the case of pure iron, Cg,y is
assumed to be 5 mol/L, and Cq;; is equal to 3 mol/L. A classical pit propagation scenario begins
with a pit nuclei that is covered by a lacy cover, which helps to maintain a concentrated local
chemistry [24]. In fact, many pits are entirely dependent on the existence of these covers for their
continued propagation. However, a long-term propagating pit has the particularity of being able
to propagate without any lacy cover. Therefore, the objective of the following simulations is to
identify the required conditions on the metal potential ¢,,, to maintain the stability of the pit
without the protection of these lacy covers. The critical potential for maintaining pit propagation,
once the lacy covers have collapsed, strongly depends on the reached pit depth [24]. For these
simulations, the following system is considered: at the pit entrance (z = 0) and at time ¢t = 0, the
concentration of each aqueous species is equal to its value in the bulk solution. At this time ¢ = 0,
a salt film is considered to have formed on the bottom of the pit, implying that the concentration
of iron cations has reached its saturation value, Cp.2+(24(0),0) = 5 mol/L. The following choice of
initial data is used for simulations:

At the pit entrance (x = 0 and at time ¢ = 0):

Cre2+(0,0) = 107 %mol/L and Cy,+(0,0) = Cqy-(0,0) = 1 mol/L. (4.9)

At the pit bottom (x = z4(0)):
CFe2+ (a;d(O),O) = 5m01/L, CNa* (xd(O), 0) = 1H101/L7

Ca-(24(0),0) = 11mol/L (by imposed local electroneutrality of the solution). (4.10)

In the pit solution (0 < z < z4(0)):

Cre2+ (2,0) = linear profile from 10~%mol/L at = 0 to 5mol/L at z = 24(0),
Cqp- (2,0) = linear profile from 1mol/L at = 0 to 11mol/L at x = x4(0), (4.11)
Crat (2,0) = 1mol/L for all 0 < = < 24(0)

The repassivation potential ¢§,§able, is a crucial parameter that defines the potential at which
the concentration of iron at the pit bottom falls below 3 mol/L, the critical iron concentration
for pit stability. In Figure the repassivation potential ¢!*"1® is shown relative to the NHE
reference for several initial pit depths 932 := 4(0). As observed, the repassivation potential ¢stable
is a decreasing function of the initial pit depth. This finding is consistent with the experimental
repassivation potential shown in Figure (see [25 26]).
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Figure 4.16: Identification of the minimal applied potential
to ensure the stability of the pit as a function of its initial
depth.

Figure 4.17: Observed behavior of the repassivation po-
tential as a function of the pit depth from artificial pit
experiments on stainless steels in chloride media [25].

The results in Figure suggest that the metal potential needs to increase with pit depth to
maintain its propagation. For example, for a 10 nm deep pit, the metal potential must be lower
than 92 mV to repassivate, whereas for a 100 nm deep pit, it must be lower than 33 mV. This
dependence of the repassivation potential on pit depth could explain the wide range of experimental
repassivation potential measurements found in literature, as they are most likely carried out at
varying initial pit depths. Overall, understanding the relationship between repassivation potential
and pit depth is critical to preventing and mitigating pitting corrosion in metals.

4.4.2. Proportion of diffusion and migration during pit propagation

The proportion of transport by migration for Fe? cations was evaluated in the context of an
initial pit embryo depth of 24(0) = 10 nm. To define the pit configuration, concentration profiles
of Fe?T, C1~ and Na% in the pit embryo were used as previously proposed. Based on Figure
¢m is set at 0.1 V/NHE to be higher than the critical ¢,, for an initial pit depth of 10 nm.

The concentration profiles of Fe?T, potential profile and proportion of transport by migration in
the pit are depicted in Figure to[4.20] for a final pit depth of 100 nm. These figures indicate that
the proportion of migration for Fe?t transport is quite high, above 60%, at all positions within the
pit solution except at the pit mouth, where it decreases significantly. In a pit that has reached 10 pm,
the proportion was even higher, approximately 70% (not shown). These observations demonstrate
that in conditions allowing pit propagation, the transport of Fe?* by migration cannot be neglected
for stability prediction or propagation kinetics, even if the pit solution is highly concentrated and
conductive.
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To better confirm this conclusion, the kinetics of pit propagation was simulated with a pure
diffusion model and compared to the kinetics obtained with the diffusion-migration model presented
in this article (see Figure . The pure diffusion model is composed, on one hand, by the system
for the concentrations where the migration terms involving derivatives of the potential ¢ have
been removed (but where of course the potential is kept in the Butler-Volmer flux fgp2+(¢,C1)),
and on the other hand, by the Partial Differential Equation System for the potential in
place of the electroneutrality condition . As a consequence, it must be emphasized that the
pure diffusion model ignores the electroneutrality condition which makes this model physically

not relevant.

The pure diffusion system is numerically solved by decoupling the computation

of the potential in ([2.12)) with the computation of the concentrations in the pure diffusion Partial
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Differential Equation System. The concentrations are computed at a current time step t"*! by using
an semi-implicit scheme (in time) with an explicit term for the Buttler-Volmer flux fp2+ (¢, C1))
at the previous time step t”. Then, we compute at time ¢!, the profile of the potential ¢ at the
pit bottom z = z4(t"*1), from known values of concentrations at time ¢"*!. This is done with the
calculation explained in Section

The comparison between the two models is done for a pit configuration at high NaCl concentra-
tion (1 M) with an initial pit depth of 1 um at metal potential far from equilibrium (-0.2 V/NHE).

x%=-0.2 um, =1 V(NHE), C%- = 1 mol/L, CL,z+ = 1e-06 mol/L x9=-0.2 um, ¢p»=1 V(NHE), C- =1 mol/L, C}... = 1e-06 mol/L
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Figure 4.21: Evolution in time of the pit depth
for the pure diffusion model (in yellow) and the
diffusion-migration model (in black) for ¢ =

Figure 4.22: Potential profiles in the pit ob-
tained for the pure diffusion model (in yellow)
and the diffusion-migration model (in black)

—0.2 V/NHE. for ¢, = —0.2 V/NHE.

It is observed in Figure that the pure diffusion model overestimates the propagation rate
of the pit by a factor of 2 roughly. Thus, migration slows down the pit growth rate. The higher
growth rate of the pit when only diffusion is considered is explained by a much lower potential
drop in the pit (see Figure . This discrepancy between simulations from pure diffusion and
diffusion-migration models decreases when the overpotential decreases. At a metal potential close
to equilibrium, ¢, = —0.44 V/NHE, the pit growth kinetics is roughly equal (not shown). Indeed,
the pit reaches a depth of 100 pum after 1194 h for both models. Thus, the discrepancy of the
results obtained from the pure diffusion model and the more realistic diffusion-migration model is
strongly dependent on the metal potential. In conclusion, the diffusion-migration model must be
used for more reliable results at any metal potential.

5. Conclusion

A one-dimensional anodic dissolution model with time-dependent diffusion-migration transport
was developed for simulating localized corrosion. The mathematical formulation of this physical
phenomenon and its computational formulation using a numerical scheme were described in detail
to guide corrosion specialists. From a mathematical standpoint, the problem can be identified as
a Stefan problem involving a convection-diffusion system. The model was applied to iron with
the Butler-Volmer formula as the dissolution law, and both crevice and pit configurations were
simulated. The results for crevice corrosion are qualitatively in good agreement with the predictions
from the stationary crevice model made by Sharland, but our time-dependent model provides more
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realistic results for concentration profiles and crevice depth. It was found that the dissolution
rate increases with the chloride concentration and the metal potential, and that migration plays a
significant role in the transport of species both in the crevice or the pit configuration. The evolution
of the repassivation potential with respect to the pit depth was calculated and shown to decrease
drastically and then more slowly, in good agreement with experimental results.

Appendix A. ALE formulation

In this appendix, we present an Arbitrary Lagrangian Eulerian (ALE) formulation of the system
,, in order to handle the displacement of the free boundary . Let ¢’ > 0 be
fixed. The ALE formulation consists in transforming the current domain [0, z4(t)] for ¢ > 0, onto
the fixed interval [0, z4(t")] and to write down all the equations in this fixed interval. To do so, we
define the ALE mapping (see [12, Chapter 5]), for ¢ > 0:

P(-, 1) [0,z4(t)] — [0,24(t)]
oo ) = zq(t') (A.1)

za(t)

The function 1 is smooth with respect to ¢ and linear in x. This particular choice of 1 is usually
referred to as the Variable Space Grid (VSG) method [20, [16]. This mapping preserves the uniform
discretization of the moving space interval [0, z4(t)] during the time evolution.

In the system (3.1)),(2.22)),(2.23), we perform the change of unknowns

O(F,t) = ¢(z,t) and CI(F,t) = Cj(z,t) with = ¢(x,t) for t >0,z € [0,z4(2)]. (A.2)

The new functions ¢(%, ¢) and C¥ (%, t) together with the (unchanged) function x4 satisfy the system :

System satisfied by the concentrations {CN'j}j:L...,M and ;Z;

ot 7 oF 07’

¢4

~ 9C! ~ -0 Py
Vi ( Di—=—+2 D1 c! aqf ) = (1 - 2pc OY) fpot(0,CY), at z=x4(t") (j=1), (A.3b

~ 9C — ~. 00 ~ o~ -~
V ]:1 . (Djaacj +ZijC]g(§> = —Qpe C] fFe2+(¢’ Cl), at = Scd(t/), ] S [[2,M]], (A.3C

o N o .00 o
o :fla% (Dj (aq +sz?6¢>> B2 o 150, 0< @ <ag(t), j €1, M], (A.3a)

)

)

Ci(0,t) = Bj, t>0, je[1,M], (A.3d)

Ci(,0) = C7%z), 7€ (0,zqt')), j € [1,M], (A.3e)
M ~

> 2CH(E,t) =0, t>0,0< i< zg(t), (A.4a)
j=1

$(0,t) =0, t>0, (A.4b)

along with the free boundary condition

24(t) = Qpe froz+ (6, C) at & = aq(t'), (A.5)
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where

_ _ (ma))? o Zalt)
F1=F (t) = <$d(t) ) , JFo= .7'—2(%, t) = xd(t) (A.ﬁ)
and ]?1:e2+(q~5, C') is given in (2-17), namely
-]/L;‘e2+ (& 61) = 75\(1 €xp ((Zm - g) - 745\0 C Of 61 e€xp ( - (Q/b\m - 5))7 (A7)

where the constants ggm, ko and ke in (A.7)) are given in (2.18)). The initial concentrations CI0 (z) =
C9(z) in (A.3¢]) are given functions. A numerical scheme for solving the ALE formulation (A.3])—

(A.5)) is described in the next [Appendix B

Appendix B. Semi-implicit scheme for the ALE formulation

In this appendix, we describe the time and space approximations for the ALE formulation ({A.3)—
, leading to a time semi-implicit finite differences scheme. Let At > 0 be the discretization
time step such that t" = n At be the discrete times for n € N*. The time increment At = ¢" —¢?~1
varies with n. We start with an initial pit bottom position

29 = 24(0) given, (B.1)

and we introduce (N + 1) equidistant grid points for discretizing the initial interval [0, 29] with :

1) =i Az for i =0,1,...,N, Az = =% and 2%, = 9. (B.2)

The initial data are also given for the concentrations and the potential:

Cij’o = 5j(x?,0) given, fori=20,...,N; j=1,...,.M (B.3)
# =0 and ¢% = %@:3,0) given. '

Let ({éj}jzl,__’M, &, xd) be the solution of (A.3)—(A.5)) at time ¢t = ¢" and suppose we know
an approximation xj; of the pit bottom position at time ¢" together with a discretization of the

interval [0, 2}] with (/N 4 1) grid points z; (i =0,...,N):
xy ~ xq(t"),

In the ALE scheme, the number (N + 1) of grid points remains constant at each time step ¢ = ¢",
n > 0, but the grid points z} (i = 0,...,N) of the interval [0,2]] are moving with the time
iteration n. The SVG method we use (see [20], [16]) preserves the equidistance between grid points

(sec (B3).(5)).

We also consider the approximations for the concentrations and the potential:
CI™ ~ O (5, 87), CP" T~ CF (T, 7H1) and ¢ ~ (T, 7). (B.4)

foryj=1,....M;+=0,...,N.

Starting with the initial data (B.I)-(B.3), we compute ({Cg’"ﬂ}j:lw’M, o, 2 from
({Cg’n}jzl’m,M, O, CL’Z) forn > 0and i =0,..., N, according to the decoupling scheme presented
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below for the ALE system (A.3)—(A.5)). The procedure to determine the initial potential ¢{ for all
i=1,...,N —1 from the initial data (B.1)—(B.3)), is described in subsection
We define the forward and backward differencing operators by:

(Ph), = =5 (Panm), =% (B.5)

e Step 1 : Interface displacement (A.5). We start by computing the new position x"+1 of

the interface using the Butler-Volmer formula

et =2l + v" At with 0" = Qp. fFe2+(¢N7 O V') at =g =z}, (B.6)

i.e. with v" ~ /,(t") (forward Euler), where !)‘/’\Fez+(¢7v, C’}Vn) is given by (see (A.7))

C n "
azfc}v €xXp ( (¢m - ¢N))- (B-7)

We choose At small enough so that v At does not exceed Azx.

Feea+ (8%, ON") = Fuexp (B — 6}) — Fe

e Step 2 : Computation of the new mesh of [0,2"!]. Taking ¢t = t" and ¢ = t"*! in
(A.1]) leads to introduce
P[00y — (0,257
n+1
B.8
T — T= —dn T (B-8)
L
which maps [0, 2] onto [0,27"]. The (N + 1) grid points of the interval [0, 2”"1] are given
by:
et =3, =y (2?), fori=0,...,N. (B.9)

e Step 3 : Full implicit in time and space discretizations of system - -
computation of C] "1 and it for j=1,...,M;i=0,...,N.

We take t' = t"*1 in at time ¢t = t"*t1. We solve the following problem for Cl-j nHand
¢"+1 for i =0,. N :

— The electrodiffusion equations (A.3al) are discretized as :

jsnt1 z 1 +1
Cg nt — Cg " _ D_ J-j7n+1 QFe fFe2+ (¢ 7 " ) n—|—1 D_ Cj,n-i—l
At - Az i 2 L Ja 0
Zq
(B.10)
with
] R ' C] n+1 + C_j n+1
i+l , +1
3t = D, ((Dgx(ﬂ "+ z]( S ) (DR "), (B.11)
forj=1,.... M andi=1,..., N -1
— Boundary condition at = = :UR,H 27! for the metallic cation (see (A-3H)):
IV = —(1 = Qpe O fpae (o7 O ). (B.12)

28



— Boundary conditions at z = x5 = 27! for the other ions (see (A-3)):

o = Qpe O3 foa (@0 CMMTY, for j =2, M (B.13)
where
J] el _ ﬁ 3 C]j\,[n+1 _4 Cg\}ri#il + C]]Vngl . C] et 3¢n+1 4¢n+1 + ¢n+1
2Ax 2Ax ’
(B.14)
forj=1,..., M.
— Boundary conditions at x = :U"+1 =0 (see m m
' R M
C’(J]’"+1 =p; for j=1,---,M such that sz C’J’nJrl =0, gb”“ =0. (B.15)
7j=1
— Electroneutrality condition (see (A.4al)):
M .
> 7¢I =0 for i=1,...,N. (B.16)
j=1

Remark 1. The convective term in (B.10)) is treated with an upwind scheme involving the discrete
operator DZJE since the velocity flur fr.2+ is expected to be positive.

Remark 2. Due to (B.8), we have that

CI™ 22 GO (i, t7) = O (g1 (a7, £7) = Cyalh, %),

- o (B.17)
OF = ¢(T3,1") = (" (2]), 1) = p(a], 1),

Hence we see that C’ij’n and ¢} are also approzimations of Cj(z},t") and ¢(z],t") respectively,
where Cj and ¢ are the solutions of the original system ,,.

With m = (M + 1) x (N + 1), the nonlinear problem (B.10)—(B.16) forms a nonlinear system
of m equations with m unknowns S = ({Cg’n+l}j:17._.7M, qb?“ for ¢=0,...,N). This problem
can be written as F(S) = 0 and we use a Newton method to numerically solve it, with SO =
({C’ij’"}j:l,m,M, ¢p; for 1 =0,..., N) as the initial guess. We refer to [12] for more details.

Appendix C. The diffusion-migration-reaction model for five ions

We present an extended model with additional reaction terms by considering the hydrolysis
reactions of iron cations. This reaction induces the formation of H cations which changes the
acidity of the solution, a criterium often proposed in literature (see e.g. [27]) for the pit stability.
The dimensional Nernst-Planck equation introduced in becomes:

C(%

ac; o 9C;  =F
(D(a TRT Y or
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where R;(C1,...,Cyr) stands for the reaction terms for the concentrations involved in the chem-
ical reaction under consideration. In this appendix, we describe a model with five ions including
diffusion, migration and reaction terms by considering the following chemical reaction:

k
Fe>t + H,0 % Fe (OH)t + H'. (C.2)

b

where ky and k;, are the forward and backward reaction rate constants. For simplicity, we set
Cl = CF62+, CQ = CNa+7 03 = Cle, C4 = CH+7 C5 = CFe(OH)+- (03)

When equilibrium is reached, the forward and backward rates in (C.2) become equal, and the
amount of reactants and products obeys the fundamental law of mass action [28]:

1 Cy  Cs
Cres C
Ky — o _ Cref Crer - 1—9:316 C.4
1 k?b ¢, Chyo ( )
Cref C’ref

where Cr,0 = Cref = 1mol/L and K is called the equilibrium constant of the chemical reaction
C.2). In order to take in account this chemical reaction, we have to modify the system (2.12))—

2.14),(2.7) by replacing the equations ([2.13al) for the concentrations (without reaction terms) by
the following set of equations including reaction terms:

oC, 0 oC, = F _, 0¢ ks 1 C4Cs
ot Ox ( 1 ( o T RT Cl%)) Cre; (C1 Ky Cro ), (C.5a)
oy _ 9 () (9 uHF 0 -
ot Ox (D] ( o0 TRrCiag)) fri=23 (C.5b)
S oc; | zF 09 ky 1 C4Cs .

( Ot Oz < J < o + T Cj ar + Crot (C1 e Cref) or j=4,5 (C.5c)

The equilibrium state of the reaction ((C.2) is achieved when k; — +o00, leading to the equilibrium
relation

~0. (C.6)

From the numerical view point, we choose a very large value for the reaction rate constant ks to
ensure that the equilibrium relation is approximatively satisfies everywhere and at any time
and also to ensure that the Newton method converges. For a value of ky >> 10° mol.m—3.s71, we
need to choose a very small time step, and as a result computation times are then very large. In
the numerical simulations, we choose ky = 10° mol.m~3.s~! which seems to be a good compromise
between satisfying the equilibrium relation and the computational time cost. For more details

and further numerical investigations we refer to [12), §6.6].
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