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STUDY OF A PSEUDO-STATIONARY STATE FOR A
CORROSION MODEL: EXISTENCE AND NUMERICAL
APPROXIMATION

CLAIRE CHAINAIS-HILLAIRET AND THOMAS O. GALLOUET

ABSTRACT. In this paper, we consider a system of partial differential equations
describing the pseudo-stationary state of a dense oxide layer. We investigate
the question of existence of a solution to the system and we design a numerical
scheme for its approximation. Numerical experiments with real-life data shows the
efficiency of the method. Then, the analysis is fulfilled on some simplified models.

1. INTRODUCTION

1.1. General framework of the study. The concept for long term storage of high-
level radioactive waste in France under study is based on an underground repository.
The waste shall be confined in a glass matrix and then placed into cylindrical steel
canisters. These containers shall be placed into micro-tunnels in the highly imper-
meable Callovo-Oxfordian claystone layer at a depth of several hundred meters.

The long-term safety assessment of the geological repository has to take into account
the degradation of the carbon steel used for the waste overpacks and the cell dis-
posal liners, which are in contact with the claystone formation. This degradation is
mainly caused by generalized corrosion processes which take place under anaerobic
conditions. As a tool to investigate the corrosion processes at the surface of the
carbon steel canisters, the Diffusion Poisson Coupled Model (DPCM) for corrosion
has been developed by Bataillon et al. [4].

The DPCM model describes the evolution of a dense oxide layer in the region of
contact between the claystones and the metal. This is based on a coupled system
of electromigration — diffusion equations for the transport of the charge carriers in
the oxide layer, and a Poisson equation for the electric potential. The interactions
between the oxide layer and the clay soil or the metal are described in terms of
Robin boundary conditions. The system includes moving boundary equations based
on the Pilling-Bedworth ratio. As the oxide layer is very thin compared to the waste
overpack size, it is sufficient to consider the model in one space dimension.

In [5], Bataillon et al proposed a numerical method for the approximation of the
DPCM model. This numerical scheme has been implemented in the simulation code
CALIPSO, developed at ANDRA (the french nuclear waste management agency).
The long time simulations highlighted the existence of a pseudo stationary state:

The authors acknowledge support from ANDRA, from Inria-Mephysto team, from ERC QUAN-
THOM and from Labex CEMPI (ANR-11-LABX-0007-01).
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2 C. CHAINAIS-HILLAIRET AND T.0. GALLOUET

a state where all the density profiles, as the profile of the electric potential and
the size of the oxide layer, are constant, while both interfaces are moving at the
same velocity. Moreover, it appears that the pseudo stationary state can be reached
more or less quickly regarding the value of the pH. In many cases of application,
the significant solution to the DPCM model may be the pseudo stationary one and
in order to reduce the numerical costs, it is interesting to propose a scheme for its
direct computation.

In this paper, we propose an efficient numerical method for the approximation of
the pseudo stationary state of the DPCM model. However, we also investigate
the question of existence of a pseudo steady state on some simplified models. The
existence of a pseudo steady state is not so obvious and seems strongly related to
the boundary conditions. Indeed, in [1, 2, 3], Aiki and Muntean consider a diffusion
equation on a moving domain, where only one boundary is free. In this case, they
prove that the thickness of the domain increases following a v/t-law; there is no
steady-state.

1.2. Presentation of the DPCM model. The DPCM model was introduced in
[4]. It consists of three drift-diffusion equations for the densities of charge carriers
— ferric cations (P), electrons (N) and oxygen vacancies (C)—, coupled with one
elliptic equation for the electric potentiel (V) and two evolutive equations for the
interfaces of the domain (X, X;).

We consider here the dimensionless DPCM model. We will first present the equations
and then give a sense to all the parameters involved in the equations. Let us already
mention that the scaling in time is performed with respect to the characteristic time
of the cations. The equations for the carrier densities P, N, C, as the boundary
conditions, have the same form. For U = P, N or C, they are written:

(1&) eUﬁtU + GxJU = 0, JU = —8xU — ZUUax\If in (Xo(t),Xl(t)), Vit Z 0,
(1b) —Ju = UX;(t) = rp(U(Xo(t)), W(Xo(t)) on a = Xo(t), ¥t > 0,

(1) Ju+UXL(E) = r5(UX, (1), U(X,1 (1), V) onz = X,(t), ¥t > 0,

where zy is the charge number of the carrier and ¢y is the ratio of the mobility
coefficient with respect to the mobility coefficient of the cations (due to the choice

of the time scaling). For U = P, N,C, we have respectively zy = 3,—1,2, and
Dy Dy

"Dy’ D3’

We also note that both functions 7{; and r{; are linear and monotonically increasing

with respect to their first argument. More precisely, the functions rY; and r{; have

the following form:

(2a) ry (s, x) = B(x)s — vy (@),
(2b> TlU(S,SC,V) :ﬁb(v_'r)s_fyll](v_x)vl

8[]:1
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where 8%, B5,7%, 7% are smooth positive functions defined as:

e = e Thlo) = P
?;(x) _ m%e bpa .0 p3ape 113@) _ m}je—?,b}jy + k,]l__)e?)a};.y
Y (x) = miye's" v () = kyNoeta log(1 + e7)
By (x) = kye ™" B (y) = my
1) = me e 1) = Kt
Bg@) — m0,e2be® + kgeza%x };(y) — mLe3bcy + kéeiﬁaéy
The equation on the electric potential ¥ is a Poisson equation, written as:
(3a) —N02, U =3P — N +2C+ p, =z € (Xo(t), Xa(t)),
(3b) U — 0,V = AV, = = Xo(t),
(3c) U+ 0,9 =V — AU 2= X (t).
The moving boundary equations are written as:
(40) g+ S - o,

dX, Dy Qg

dt - _4D1 Qox (JC(X1> + CXl(t)) )

(4b)

where v)(t) is the dissolution speed of the layer, given by v9(t) = k9e=5%¥(Xo®),

The system is supplemented with initial conditions:
(5a) N(z,0) = N°(z), P(z,0) = P°(z), C(z,0) = C%x),z € (0,1),

(5b) Xo(0) =0, X,(0) =1.

Let us now shortly explain the parameters of the model. We first introduce the
physical parameters:

e D, Dy and D3 are respectively the mobility or diffusion coefficients of
cations, electrons and oxygen vacancies. D; and Ds3 have the same order
of magnitude, but D; < Dy due to the difference of size between cations
and electrons and the resulting difference of mobilities.

o (al,,bY,) for U = P,N,C,r, (a;,b;) for U = P,C and aj are positive transfer
coefficients. They satisfy:

(6) aly + b =1=aj + b for U= P,N,C.

e (), is the molar volume of the oxide, Q. is the molar volume of the metal
and m is the number of moles of iron per mole of oxide (m = 3 for magnetite).

The following parameters come from physical parameters but are concerned by the
scaling. There are scaled parameters:
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o (mh, kb)ico1, (M, ki )izo1, (Me, k&)izo1, (0%, pY), kY are interface kinetic
functions. We assume that these functions are constant and strictly positive.

e P is related to the maximum occupancy for octahedral cations in the host
lattice.

® Nyerar is related to the electron density of state in the metal (Friedel model).

e py; is the related to net charge density of the ionic species in the host lattice.
We assume that pp; is homogeneous.

o AUE™ AW are related respectively to the outer and the inner voltages of
zero charge.

e )2 oy, ayq are positive dimensionless parameters coming from the scaling.

In the system (1)-(5), V is an applied potential and the system corresponds to a
“potentiostatic case”. However, the system (1)—(5) can be supplemented with an
additional equation ensuring the electron charge balance at the inner interface :

D D

(7) =3 (Jp + PX(t) + ﬁ(JC + C’X{(t))) + FZ(JN + NX{(t)=J, 2 = Xy(t)
1 1

This corresponds to a “galvanostatic case”. If J = 0, we speak of free corrosion and

the resulting V is called “free corrosion potential”.

1.3. Main results. A numerical scheme was proposed in [5] in order to compute
an approximate solution to the system (1)—(5) (or (1)—(7)). This scheme is a fully
implicit Euler scheme in time and a finite volume scheme in space with a Scharfetter-
Gummel approximation of the convection-diffusion fluxes. The numerical experi-
ments, see for instance Figure 6.2 in [5] or Figure 36 in [4], show the apparition in
large time of a pseudo steady state. The paper is devoted to the theoretical and
numerical analysis of this steady state. It is structured as follows.

In Section 2, we define the steady state and we propose a finite volume scheme,
closely related to the scheme from [5], in order to compute an approximate solution.
We discuss the numerical implementation (as the scheme leads to a nonlinear system
of equations). We also present and analyse some numerical results obtained with
real-life data.

In Section 3, we investigate the question of existence of a steady state. We perform
a complete analysis of two simplified models. The existence results are stated in
Theorem 3.1 and Theorem 3.2. Then, Section 4 is devoted to the numerical analysis
of the simplified models.

2. STUDY OF THE PSEUDO STATIONARY STATE

2.1. Definition. The numerical experiments presented in [5, 4] show the apparition,
in large time, of a pseudo stationary state. Indeed, it appears that the thickness of
the oxide layer become constant, as well as the profiles of the densities and of the
electric potential, while both interfaces are moving at the same velocity. In order to
describe this steady state, we will use the following set of unknowns: the densities
P, N, C, the electric potential ¥, the thickness of the layer ¢ and the velocity of
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the interfaces . The set of equations will be deduced from the reformulation of the
DPCM model on a fixed domain.

2.1.1. Reformulation of DPCM on fixed domain. In order to define the pseudo
steady state, we reformulate the system (1)—(4) on a fixed domain, as in [5]. There-
fore, we use the following change of variables:

U o), Xa(0)] x {t} = [0,1] x [0, 7]

0<t<T

B x — Xo(t)

We set

(8) L(t) = Xy (t) = Xo(t).
The equations (1) on U= P, N, C rewrite as:

eu L()O((L(t)U) + e Jy = 0,

A

(9a) Ju = —0:U — [200:V + ey L(t) (X)(t) + L (1)) U, € € (0,1),
(9b) —Jy = Lty (U, ¥), € =0,
(9¢) Ju = L{t)yri(U, 0, V), € =1.
The equations (3) on ¥ rewrite as:
)\2
(10a) —Waggxp =3P — N +2C + pw, £ €(0,1),
Qo
10b U — ——0:U = AUL* ¢ =
a1
1 U+ —0.U=V—-AU £=1.
(10c¢) +L(t)6§ %4 15, €
QOIE 'D Q e . .
Let us denote II = and K = —> ¢, Then, the moving boundary equations
mQFe 4l)l Qox
rewrite as:
dXo dX,
dX
(11c) with v9(t) = k9e 20O,

Moreover, in the galvanostatic case, the additional equation becomes

(12) —3<jp+%jc>+€]vjjv:j, E=1.
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2.1.2. The steady state model. We are now able to write the set of equations which
will define the steady state model for DPCM. As it has already been written, the
unknowns of this model are the densities of charge carriers P, N, C, the electric
potential W, the velocity of the interfaces ¢ and the thickness of the oxide layer ¢.
The set of equations is obtained from (9)—(11) by letting down the dependency with
respect to time and by setting L(t) = ¢ and X((t) = X|(t) = 0. It writes as:

e Equations and boundary conditions for U= P, N, C' :

(13a) Ocdy =0, Jy=—0:U — (2p0:V + ) U, € € (0,1),
(13b) —Jy = (U, D), € =0,
(13c) Ju = lri(U, 0, V), € =1.

e Equation and boundary condition for ¥ :
(14a) —2—226525\11 =3P — N +2C + pw, £ €(0,1),
(14D) v %a@p = ATP*, € =0,
(14c) U+ %a@p VAU, £ =1,

e Equation for the velocity 0 and the thickness ¢:

0

(15a) 0= 11 A
(15h) (= —KJC;U
(15¢) with v = kS5 ©)

The set of equations (13)—(15) describing the steady state will be denoted (M) in
the sequel. It describes the potentiostatic case. In the galvanostatic case, V is
defined by an additional equation:

o E o~ A
(16) -3 (Jp+ ZCJC> tendy =0,
The system (13)—(16) will be denoted (Mg).

2.2. Numerical scheme. In order to compute an approximate solution to (M) or
(Mg), we propose a finite volume scheme close to the one introduced in [5]. There-
fore, we consider a mesh for the domain [0, 1], which is not necessarily uniform, i.e
a family of given points (x;)o<i<s41 satisfying

l’0:0<$1<l’2<...<l‘]<l’]+1:1.

xX; + Tit+1

Then, for 1 < ¢ < I — 1, we define Tirp = 5 and we set T =Ty = 0,

Trp1 =741 = 1. The cells of the mesh are the intervals (xi_%, :UZ-_,’_%) for 1 <i< 1.
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Let us set

hi =, — T 1, for 1 <i<1,

1
3 7

hi-i—% = Tj+1 — Ty, for 0 S 1 S I
and h = max{h;, 1 <i < I} is the size of the mesh.

The unknowns of the scheme for (M) are the densities (N;, P;, Ci)o<i<r+1 and the
electric potential (U;)o<i<s+1, the velocity of the interfaces 0" and the thickness of
the domain ¢".

The scheme writes as:

e Scheme for U:

/\2
(17&) —W(d\I/H% —d‘IfF%):hi(?)Pi—Ni—FQCZ'-i-,Ohl), 1<i<1,
Vi — :

(17h) with d0,, 1 = —+ ' 0<i<I,

: hiv1

Qp zc
(17¢) Uy — E—hd\ll% = AUP,
(17d) T+ %dqm% =V — AT
e Scheme for U = P, N, C"
(18a) Gvirt —9vi1 =0, 0<i<1,
! h aw st
(18b) gU,i+§ = hi1 B( i+l (Z’U i+1 teu ))Ui_
2
18¢ B(=h 1 (20d¥, 1 +egl"6™M) U1 |, 1<i <,
i+3 i+3

18d —Gy1 = (Uy, ),

Ul U
(18e) G4t = Crg(Uria, Wiga),

where B is given by the Bernoulli function

(19) B(z) = Ll Yz #0, B(0) = 1.

er —

e Scheme for ¢ and ¢:
kO
(20a) §h = ﬁde’mg%,
Gor+

(20b) "=-K S 2

The scheme (17)-(20) will be denoted by (S). In the galvanostatic case, we have to
discretized the additional equation (16). We write:

€c
(21) _3 (gP7[+é + ch}1+é) + gNgNJ+% — 0
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It adds one unknown and one nonlinear equation to the previous system of nonlinear
equations (S). In the sequel, we will denote this scheme (Sg).

Let us remark that the choice of the Bernoulli function for B corresponds to a
Scharfetter-Gummel approximation of the convection-diffusion fluxes. These nu-
merical fluxes have been introduced by I'in in [12] and Scharfetter and Gummel in
[15] for the numerical approximation of the drift-diffusion system arising in semi-
conductor modelling. It has been established by Lazarov, Mishev and Vassilevsky in
[13] that they are second-order accurate in space. Dissipativity of the Scharfetter-
Gummel scheme with a backward Euler time discretization for the classical drift-
diffusion system was proved in [11] and Chatard in [10]. One crucial property of the
Scharfetter-Gummal fluxes is that they generally preserve steady-states. We will see
in Section 4 that this remains true in our case.

2.3. Implementation and numerical results.

2.3.1. Implementation. The scheme (S) can be seen as the limit At — +o0o of the
scheme proposed in [5] (in this paper, the system is the evolutive DPCM model
and At is the time step of the scheme). Therefore, the implementation is similar to
the one proposed in [5]. The main difference is that the equations for the moving
boundary interfaces, written on Xy and X; in the evolutive case, become equations
on the velocity 6" and the thickness ¢".

The scheme (S) leads to a nonlinear system of equations F'(Z) = 0, whose unknown
1s

Z - ((\Ijlv -F)’Z7 Ni, Ci)0§i§1+17 5}17 Kh) c R4([+2)+2

in the potentiostatic case or Z = ((U;, P, N;, C;)o<i<ri1, 0", €7, V) € RAUFDHS ip
the galvanostatic case. A Newton’s method is used to solve the nonlinear system
of equations, with a Schur complement technique for the solution of linear systems.
We refer to [5] for more details. The implementation of the scheme (S) has been
done in the code CALIPSO and we will denote from now on CALIPSO-(S) this part
of the code.

One difficult task is the choice of the initialization of the Newton’s method. We can
start with a set of values for ((F;), (N;), (C;))o<i<s given in the input data file and
compute (V;)o<i<r41 as a solution to (17). In this case, we choose some constant
values for the densities and the convergence of the Newton’s method is not always
ensured. In practice, it works only for very few values of the pH. With the set of
parameters given in Appendix A, it works for instance for pH=9.3.

Then, an other strategy is to apply a continuation process : we start with a pH value
that is supporting the first method and we use the computed solution as initial data
for a new value of pH, close to the preceding one. Thus, using small increments
for the value of the pH, we are able to compute the pseudo stationary state for any
value of the pH, in the potentiostatic as in the galvanostatic case.

2.3.2. Numerical experiments.
Profiles.
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We first want to compare the different profiles computed with the code CALIPSO for
the evolutive system at a large time and the pseudo steady state directly computed
with the code CALIPSO-(S). In practice, we consider that the steady state is reached
by the evolutive scheme when the relative variation of the thickness of the oxide
layer is small with respect to a given parameter named ¢,,;. This parameter must
be sufficiently small in order to obtain accurate results. In practice, we choose
€tol — 1076.

The set of parameters defining the test case is given in Appendix A. We choose a
Tchebychev mesh (so that the mesh is refined at the boundaries, see [5]) with 2000
cells. In the evolutive case, the time step is At = 1000s (before scaling).

Figures 2.1 and 2.3 show the profiles of the densities and of the electric potential
in the potentiostatic case with V' = 0.5 and pH=9.3. We observe that the profiles
computed with the evolutive scheme and with (S) are similar. The conclusion is the
same in the galvanostatic case with pH=9.3, see Figures 2.3 and 2.4.

== P CALIPSO - = P CALIPSO-(S)
— N CALIPSO — N CALIPSO-(S)
+=  CCALIPSO == C CALIPSO-(S)

FI1cURE 2.1. Potentiostatic case with V' = 0.5, at pH=9.3. Density
profiles at the steady-state, (a) reached by the code CALIPSO for the
evolutive system, (b) directly computed by CALIPSO-(S).
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0.6 0.6

— vorso

0.4

0.2

0.0

-0.2

FIGURE 2.2. Potentiostatic case with V' = 0.5, at pH=9.3. Pro-
file of the electric potential at the steady-state, (a) reached by the
code CALIPSO for the evolutive system, (b) directly computed by
CALIPSO-(S).

25 25

== P CALIPSO - = P CALIPSO-(S)
— N CALIPSO — N CALIPSO-(S)
20l| -0 ccaupso 20|| =0 € CALIPSO-(S)
el T il L T 1
sy Tl s T T
T ' e T ’
! - --
|
10ff 10}
1
o.SL ~ 05 L\ — ~
00k 0.0 -
0.0 02 0.4 06 08 10 0.0 0.2 0.4 0.6 0.8 10

FI1GURE 2.3. Galvanostatic case at pH=9.3. Density profiles at the
steady-state, (a) reached by the code CALIPSO for the evolutive sys-
tem, (b) directly computed by CALIPSO-(S).
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~0.415 -0.415 — I CALIPSO-(S)

-0.420 -0.420

-0.425 -0.425

o4z \/\ » L/\

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

FI1GURE 2.4. Galvanostatic case at pH=9.3. Profile of the electric
potential at the steady-state, (a) reached by the code CALIPSO for
the evolutive system, (b) directly computed by CALIPSO-(S).

Efficiency of the direct computation with (S) or (Sg)

We now compare the codes CALIPSO and CALIPSO-(S) in term of the number of
iterations of the Newton’s method. Indeed, as the scheme for the evolutive DPCM
model implemented in the code CALIPSO is a fully implicit scheme, the discrete
solution at each time step is computed with a Newton’s method. In this case, the
values for the initialization of the method are given by the solution at the preceding
time step.

In Table 2.1, we present the number of iterations of the Newton’s method necessary
for the computation of the steady state with CALIPSO and CALIPSO-(S) for two
values of pH. At pH=9.3, we can initialize the Newton’s method in CALIPSO-(S)
with a constant set of discrete densities. But, the solution at pH=10.2 is obtained
thanks to the continuation process described above: starting from pH=9.3 and
increasing the value of pH up to 10.2 by increments of pH equal to 1072, The
stopping criterion in both codes are the same and equal to €yeu: = 1078, Table 2.1
shows the efficiency of the direct computation of the steady state with (S) or (Sg).

Figure 2.5 shows the dependency of the thickness of the oxide layer with respect to
the pH value. We remark that the pseudo steady state is reached earlier for low
values of the pH (close to 9) than for high values. Therefore, the computation of
the steady state with CALIPSO-(S) is the more useful than the pH is high.

Potentiostatic case Galvanostatic case
pH=93 | pH=102 | pH=93 | pH =10.2
CALIPSO-(S) 12 o7 23 68
CALIPSO 2359 12037 97 3654

TABLE 2.1. Number of Newton iterations
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— = CALIPSO-(S) - CALIPSO-(S)
107 H %x—= 1 hour . S[|*— 1 hour
o—o 1day L o o 1 day
10°H4 4 10 days e 4—0 10 days
{|¥7 100days -7 10°H v—5 100 days e -
10°H a8 10 years o—a 10 years ’

Thickness(nm)
= -
o S

% S

3

< B

| .
N
T \
.
\

1 .
<«
<

ki

- -
°N 2
\
:\
|
<«

FIGURE 2.5. Dependency of the thickness of the oxide layer with
respect to the pH value. Reached by CALIPSO-(S) and CALIPSO
for increasing final time, (a) potentiostatic case, (b) galvanostatic case.

Sensitivity of the models (M) and (Mg) to the parameters.

The thickness of the oxide layer at the steady state strongly depends on the pH
and, in the potentiostatic case, on the applied potential V. We can already see on
Figure 2.5 that the steady state thickness follows a logarithmic law with respect to
pH with a slope equal to 1. It is related to the fact that k9 is proportional to 1077H.
The depassivation pH is defined as the supremum of the pH values for which the
thickness of the corrosion layer is smaller the 1nm.

Figure 2.6 shows that the depassivation pH highly depends on the value of kY and
therefore the importance of giving a very good approximation of this data. The
slope of the logarithmic law does not change. The value of kg’ref is given in the
appendix A

3. MATHEMATICAL STUDY OF SIMPLIFIED MODELS

The existence of a solution to the evolutive DPCM model (1)-(5) is an open question.
The main difficulties are of three types: the system is strongly coupled (the coupling
arises in the equations and in the boundary conditions), the boundary conditions
are Robin boundary conditions and the interfaces are moving. In [9], Chainais-
Hillairet and Lacroix-Violet proves the existence of a solution in a simplified case
where only electrons and cations are taken into account and therefore the domain is
fixed. Convergence of backward Euler scheme in time and finite volume scheme in
space for the same simplified system has been established in [7]. Chainais-Hillairet
and Lacroix-Violet have also proved in [8] the existence of a steady state for the two
species system on a fixed domain, while the convergence of a finite volume scheme
is studied in [6].
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o kD /10 , o kD10

0 ~ " H 0
.- kL - K

107 | 0 B 0
k2, #10 ycad 108l —  Kep#10

Thickness(nm)

FIGURE 2.6. Dependency of the thickness of the oxide layer with
respect to the pH value. Reached by CALISPO-(S) for multiple values
of k9. (a) potentiostatic case, (b) galvanostatic case.

pH=10 — -
-- pH=95
— pH=9

Thickness(nm)

~0.6 —0.4 —0.2 0.0 0.2 0.4 0.6 0.8
Potential Va (V/NHE)

FI1GURE 2.7. Dependency of the thickness of the oxide layer with re-
spect to the applied potential V. Reached by CALISPO-(S) for mul-
tiple values of the pH in the potentiostatic case.

In this paper, we have introduced the system defining the steady state of the full
DPCM model: (M) in the potentiostatic case and (Mg) in the galvanostatic case.
From now on, we will focus on the potentiostatic case. The coupling is still strong.
However, the numerical experiments done for (M) show, for different values of the
pH, that the electric potential ¥ has a linear profile, see Figure 3.1. This observation
has led us to some simplifications in (M), in order to get first theoretical results.

We will consider two simplified models: (TM1) and (TM2). The model (TM1) is
obtained by setting W = 0 in (M). This assumption on ¥ has no physical sense
(see Figure 3.1). However, the study of (TM1) will permit us to highlight some
hypotheses on the data needed for the existence of a solution.

The simplified model (TMZ2) is defined by cancelling the right hand side of the
equation on ¥ (14). Therefore ¥ is effectively an affine function on [0, 1] which is
explicitely determined, but the densities and the electric potential are still coupled
via the boundary conditions in the equations for the densities.



14 C. CHAINAIS-HILLAIRET AND T.0. GALLOUET

: |

o

— pH=8.6
—04 — pH=10.1
— pH=116
— pH=13.1

0.0 0.2 0.4 0.6 0.8 1.0
xin (0,1)

F1GURE 3.1. Profiles of the electric potential for different values of
pH in the potentiostatic case.

In this Section, we first introduce the simplified models (TM1) and (TM2). Then,
we prove the existence and uniqueness of a solution for both models. The question
of the positivity of the densities and of the thickness of the oxide layer is also
investigated. The numerical analysis of the schemes deduced from (S) for both
simplified models is proposed in Section 4.

3.1. Presentation of the simplified models.

First simplified model: (TM1). We first focus on the boundary issue, by fixing
U = 0. The model (TM1) is given by the following set of equations:

e Equation and boundary conditions for C"

(22a) deJo =10, Jo=—0:.C—ecldC, € € (0,1),
(22b) —Jo = rd(C,0), £ =0,
(22¢) Jo = r&(C,0,V), € =1.

e Equation for the velocity ¢ and the thickness ¢:

kO

(23a) 0=11 A
(23b) (=— JCT(I)

e Equation and boundary conditions for U= P, N.
(24a) deJuy =0, Jy=—0U —eyldU, € € (0,1),
(24D) —Jy = (U, 0), € =0,
(24c) Ju = tri(U,0,V), € = 1.

Let us just remark that (24) is in practice independent from (22)-(23). Indeed, if we
prove existence and uniqueness of a solution to (22)-(23), we will directly get exis-
tence and uniqueness of a solution to (22)—(24). Therefore, the model (TM1) cor-
responds to (22)-(23).
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Second simplified model: (TM2). The simplified model (TM2) is obtained by can-
celling the right hand side of the equation on ¥ (14). It is given by the following
set of equations:

e Equation and boundary conditions for W:

)\2

(25&) —6—28356\1' = O, S (Xo(t),Xl(t)),
(25b) v %azqf = AU 1= Xo(b),
(25c¢) U+ %ax\l/ — V- AU, o= X (1),

e Equation and boundary conditions for C
(26a) Oedo =0, Jo=—0:C — (200:0 + ec50), € € (0,1),
(26b) _jC = ET%(O, \D(O))7 §=0,
(26¢) Jo = r&(C,(1),V), € = 1.

e Equation for the velocity 0 and the thickness ¢:

k26_5“3‘1’(0)

(27a) d= i ,
(27h) (= —KJC(S(D.
e Equation and boundary conditions for U= P, N.
(28a) deJu =0, Jy=—0U — (2p0:V + epldU), € € (0,1),
(28b) —Juy = trj (U, 9(0)), £ =0,
(28¢) Ju = i (U,T(1),V), € =1.

As for the model (TM1), the computation of N and P, solutions to (28), is decou-
pled from (25)—(27). Therefore, the model (TM2) corresponds to (25)—(27).

3.2. Existence and uniqueness of a solution for (TM1). Let us first remark
that (22a) implies that Jo is constant. Therefore, (22) can be rewritten as the
following boundary value problem in (0, 1):

(29a) 9:C +ecldC = —Je, €€ (0,1)
R O
(29b) C(0) = 3.0) (%(0) / )
1 Jo

(29¢) C(l) = (Vé(v) + 7) -
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By standard arguments for linear differential equations, we find C' solution to (29a)-
(29b) and then deduce Jo from (29¢). It yields:

_ Jo \ cowe  Je
(30a)  C(§) = <0(0)+€C€5> e —

—J = 1e(V) _ 7¢(0) _5055) { 1 e~ects ] _ pmects ™!
(300) Je= (ﬁé(w 3%,(0)° L) T T el

The velocity of the boundary interfaces § is explicitly given by (23a). The difficulty
is to find the value of ¢ satisfying (23a). Let us remark that (23) implies:

Jo 1 ok}
6w K™ T Tux

Plugging the first equality into the boundary conditions (29b) and (29¢), we get:

(31) Vo
Cl) = —— V) - =%
W=7 (B0 -1%).
Then, writing (30a) at £ = 1 and using the second equality yields:
I ecKC(0) — 1
32 (= | .
(32) eckd <50KC(1) 1

We have now to verify if ¢, given by (32), is well defined and to check if ¢ > 0.
Thanks to (32), the existence of ¢ > 0 is ensured if and only if one of these two cases
appears :

(i) either [ KC(0) — 1 > ecKC(1) — 1 > 0]
(ii) or [ec KC(0) — 1 < ecKC(1) —1 < 0].

Condition (i) reduces to
(33) ecKC(1) > 1 and C(0) > C(1).
It leads to

CoRAB(V) —BE(V) > 252 and 5(V) (7?;(0) " rf—;() > 62,(0) (ygw) - ﬁ) ,

or equivalently

CBV) K BRONE(V) = BEV)R(0)

ec IT Be(0) + Be(V)
Similarly, condition (ii) reduces to

Koty - BEV) B V)i

ec 11 Ba(

K~v4(V)
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Setting
(342) Ky =TI (K%g(v) . /W))
e}
(34b) Ky =11 156 06(V) = Be(V)re(0)

Be(0) + Be(V) ’

we find that the existence of ¢ > 0 is ensured if and only if

(35) min (K, Ks) < kY < max (K1, K>) .

Theorem 3.1. Let assume [min (K, K3) < k) < max (K1, K3)], where K; and Ko

are defined by (34). Then, the problem (TM1) has a unique solution (Cs, ls,ds,) €
C*> (10,1],R) x (R*)? defined by:

/{:0
5, =t

(36&) I )

11 EcKCO -1
36b E,g = ]- Y
(36b) eck? n(scKCl—l)

1 1

— _ —ecls0sE

(360) Cue) = (Co- oot

0

: 1 k 1 k9

Moreover

€CK

37 0 < min | C
(37) _mln( 0, oK

)scs@)s]max (co, ) Ve € (0,1).

Proof. We have already proved the existence and uniqueness of the solution, with
ls > 0. It remains to prove the bounds for Cs. We note that C(0) = Cy is positive
and that Cs defined by (36¢) is monotone. More precisely, in the case (i) described
above, Cj is decreasing and 1/(ecK) < Cy < C4(€) < € for all € € [0, 1], while
in the case (ii), C is increasing and Cy < C5(§) < C) < 1/(ecK) for all £ € [0, 1].
Finally, (37) holds in both cases, which concludes the proof.

O

Remark 3.1. When the solution to (TM1) is known, it is clear that the system
(24) has a unique solution Uy for U = P or N. This solution is given by
(38)

_j = 7[1](‘/) - 7[0](0) e_EUgs(;s 1 + eisUES(;S + 1 - eeUes(;S -1
U ésﬂtlj(‘/) 6558(0) fsﬁllj(‘/) 6868(0) 5U€s(55 )
0 7 - ~
Y0 (0) Ju Ju vt Ju
S = - sUs _ ’ 1 )
U:(€) (68(0) ,69%(0) R S v¢ € [0,1]

It 1s possible to impose new conditions on the data in order to ensure that Ju are
nonpositive or that P, and Ny are non negative.
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Remark 3.2. The parameter kY is necessarily positive. Therefore, Theorem 3.1 is
worthy of interest only if max (K, Ks) > 0. This condition is satisfied either if
BLOVE(V) = BE(V)IV2(0) or if Kecyt (V) > BL(V). Using the definition of the
functions 8%, B&, v, v& given in Section 1.2 and the hypothesis (6) , we can see
that the condition is satisfied if

0,,1 1
3V . memea Mg 1
e’ > min —

= ( KOkL kL eoK — 1

3.3. Existence of a solution for (TM2). In order to prove the existence of a
solution for (TM2),we start with a given ¢ > 0 and study the system (25), (26),
(27a), see Lemma 3.1. Afterwards, we will prove the existence of ¢ satisfying (27b)
thanks to an intermediate value theorem.

Lemma 3.1. Let £ > 0. There exists a unique solution (¥,C, ) € (C*[0,1])* x R*,
to the system (25)-(26)-(27a).

Proof. In the model (TMZ2), the electric potential is no more equal to 0. However,
for a given ¢ > 0, we can still compute ¥ solution to (25). We have:

(€)= (V(1) —¥(0)) £+ ¥(0),
(0 + 1) AUH* 4+ (V — AUT)

39 W(0) = ,
( ) <) {+ g+ oy
\IJ<1) _ &1A\I/8ZC+ (€+Oé(]) (V—A\Iﬂfzc)
€+Oéo+051

As max(AUE* V — AUP*) and min(AWH* V' — AUY*) are sur- and sub-solutions
of (25), ¥ is bounded independently of ¢:

(40)  min(AUEV — AUT) < U(€) < max(AUFV — AU VE € (0,1).
According to formula (39), we remark that the solution to (25) tends to a constant
function when ¢ tends to 0, where the constant is

Ef _ OélA\Ijgzc + Oéo(v — A\D?ZC) .
Qg + o1
When V¥ is defined, we can deduce 0:

kS o
(41) 6= ﬁde—f’%‘“m > 0.

Then, knowing ¢, ¥ and 4, it is now possible to compute C' solution to (26) (and
similarly P and N solutions to (28)). Therefore, we use the Slotboom’s change
of variables, which is classical for drift-diffusion equations, see for instance [14].
Defining u(¢) = U(€)evV©+eué for 7 = C or U = P, N we can rewrite (26) and
(28) as:

(42a) OcJy =0, Jy = —e VO UG, ¢ € (0,1),
(42b) Oeu — €85 (W(0))u = —y5(T(0))e O, ¢ =0,
(42¢) Ocu + ALV — U (1))u = by} (V — (1)) ¥ Dtevto e — 1
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Let us set By = 55(¥(0)), By = fp(V — ¥(1)), Ity = 15(¥(0)) and Ty = 25(V -
U(1)). Following the lines of the proof of Proposition 1 in [8], we obtain:

R 3
(43&) u(ﬁ) _ u(()) . JU/ er\II(C)+au&5Cd<
0
. It 2y ¥ (1)+eptd BL 10 2y ¥ (0) BO
(43D) _J, = U /By U 1/ U 7
ev¥(0) / ((BY) 4 exv¥(W)+euts / (gBllj)Jr/ eV (Qteutoly e
0
(43¢)  u(0) = T @ /BY — J,e O /(¢BY)

Then, U is uniquely defined by U(€) = u(§)e ¥ O-=vl for 7 = C,P,N. It
concludes the proof of Lemma 3.1. O

20V = AP — AU

Let us introduce d(¢) = 5 T ont
Qp (0%}

, such that

20 (U(1) — W(0)) = d(£)€6 and e*e¥(©) = =¥ O)dOBC v ¢ [0 1].
It permits to rewrite (43a) and (43b) as

Jo eldOrecyse
44 =c(0) — = zc¥(0)
() (e = el0) — g,

jc Flce(d(Z)J”EC)“/Bé _ F%/Bg
06 6/BY + 6eld®+ec)s | BL 4 [eldOFe0)is 1] [ [d(¢) + ec]

(44b)

We are now able to give the existence theorem for (TMZ2).

Theorem 3.2. Let
~ L(ADP* i
K =1I (Kvé(A\If’fzc) _ BelalT) >> ¥,
€c
(D)7 (V = B) = BV = T12(F) s
Be(¥) + Be(V —¥)
N 1 k/,gefsag min(AWH*C,V —AWL*)

C=1+

~ 0
K,y :HKBC

Y

HK moce_Qb% maX(A\IngC,V_A\ijl)ZC) _'_ k%eQa% min(A\IIgzc,V_A\pgl)zg) .
We assume
(45) min (Kl,K2> < Kk < max <K1,K2> .

Then, the problem (TM2) has a solution (¥, Cs, s, d5) € (C* ([0,1],R))* x (R*)?
which satisfies 0 < Cy(€) < C for all € € [0,1].
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Proof. For a given ¢, we will now denote by (U, Cy, &) the solution to (25)-(26)-(27a)
given by Lemma 3.1. We introduce the function:

F: R. >R

Jo
(s _K2C
=R,

The function F' is well defined and continuous. In order to prove the existence of
¢s > 0 such that F'({s) = 1, we will apply the intermediate value theorem. Therefore,
we have to study the limits of F' when /¢ tends to 0 and when ¢ tends to +oo.

When ¢ — +o00, we have the following limits :
U,(0) = AUE™,  Wy(l) — (V — AU,
d(0)l6y — zo(V — AW — AWE),
by — kﬁge—f’aWﬁ“, d(0) — 0.
Then, using (44b), we deduce:

1 pzc

. o ecrc(AVT™)
él}mooF(é) = K1l 0,—5a5 AW 1 pzcy
+ eckge %Yo 4 TIGL(AWT™)

When ¢ — 0, the limits are:
Ue(0) = U, Uy(1) = T,
0

k 0F
d(g)gég — O, 5g — ﬁd€_5adqj.

Therefore,
tim £(0) = rer2e V) 5E(W) = 1R(W)BE(V — W)
€50 kOe—5a¥ (BL(V — T) + B%(\T'))

Then we can see that, if min <_f(1, f(g) < kY < max (.f(l, f(g),

{—+00 {—+00

min (lim F(¢), lim F(E)) <1 < max (lim F(¢), lim F(€)> .
£—0 £=0

It ensures the existence of /4 satisfying F'({;) = 1. Denoting by (¥, Cy,ds) the
corresponding solution to (25)-(26)-(27a), we obtain that (¢, ¥, C, d5) is a solution
to (TM2).

Let us now prove that C; is a positive, bounded function. Writing (43c) for u = ¢
while replacing Jo by —£s0, /K, we obtain that ¢,4(0) is a sum of positive terms, so
that it is positive. Then, writing (44a) for ¢ = ¢, and £ = 1, we also get that ¢4(1) is
positive. Therefore, as ¢, is a monotone function thanks to (44a), we conclude that
¢s and Cy are positive in [0, 1].



STUDY OF A PSEUDO-STATIONARY STATE FOR A CORROSION MODEL 21

From (42) written for U = C, and using the known values of § and J¢/(£8) at the
steady state, we can deduce simple expressions for the boundary values of C:

) . Ie —5a%W,(0)
Cs(0) = som@sop Ye(¥s(0)) + T ,
k0675a2\113(0)
_ 1 1 _ _
Ci(1) = Be(V—u,(1)) 1oV = ¥.(1)) K ‘

It leads, using (40) and the definition of the functions 8%, 84, 72, 7,

0 0 —5a% ¥4 (0) 0,—5a00(0) 5
O (O) S fYC<‘IJS( )) d S 1 _I_ 1 Okde d y S O

F0.(0) T B(GONIR = ' R e 0 ¢ o

1 1 3a1 (V—=U4(1)) B
C(l)é”?(v ())g _kgere <1<C.

50( ( )) mce —3bL(V—T,( —|—k:1 3al,(V—,(1))

Thanks to the monotonicity of C, it concludes the proof.
O

Remark 3.3. We first remark that the hypothesis (45) reduces to (35) in the case
where ¥ = 0 (which needs AVE* =V — AU = 0 and therefore ¥ = 0). The
hypotheses of Theorem 3.1 and Theorem 3.2 are therefore consistent.

Moreover, Theorem 3.2 is worthy of interest if max (f(l,f(2> > 0. This can be

true if either BC( e (V — \Il) > BL(V — \IJ)VC(\T/) or ec KAH(AUY) > BLIATY™),
which is satisfied if

0,1
T meamm pzc k
3V€ v > c''c or e 3AVY < (601( — 1) C

e
keke mc

Remark 3.4. We do not have any uniqueness result with our method. We can set
partial results of uniqueness in the spirit of lemma 3.1. To guarantee the uniqueness
of (W, ls,d5,Cs) one can impose for instance that F is strictly monotone, which
adds new conditions on the parameters.

Remark 3.5. For U = P, N, there exists a unique solution to (28), given by
formula (44a) and (44b). Once again, it is possible to impose conditions such that
Jp and Jy are nonpositive or to ensure that Py and Ny are non negative.

4. NUMERICAL ANALYSIS OF THE SIMPLIFIED MODELS

4.1. Presentation of the numerical schemes. The numerical schemes defined
for (TM1) and (TM2)are the adaptation of the scheme (S) introduced in Section
2.2 to these simplified models. They will be respectively denoted (S-TM1)et (S-
TM2).
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Numerical scheme (S-TM1). The unknowns of the scheme are the discrete densities
of oxygen vacancies (C;)o<i<ri1, the velocity of the interfaces " and the thickness
of the domain ¢*. It writes as follows.

e Scheme for C:

(46a) Goirt —Y9ci1 =0, 0<i<1,
(46b)
Gosrr = h; (B <hi+% (gceh(sh))ci - B(—hH% (eofhéh)>0i+1), 1<i<I,
(46¢) ~Ge1 = "'12(Co,0)
(46d) Gorrt = 'r6(Cria, 0,V),

where B is given by the Bernoulli function (19).
e Scheme for § and ¢:

/{30
4 gh = 2d
( 7&) I )

(47b) "=-K

Numerical scheme (S-TM2). The unknowns of the scheme are the discrete densi-
ties (C;)o<i<r+1 and the discrete electric potential (U;)o<;<s41, the velocity of the
interfaces 6" and the thickness of the domain ¢".

e Scheme for U:

)\2
(48a) —gh—z(d\y% —d¥, 1) =0, 1<i<I,
U — 0, .

(48D) with d0,, 1 = — ' 0<i<I,

2 h, 1

i+35

(48¢) Wy — %d\l/% = AU

(e
(48(1) \I’[+1 + g—;d\lfl_i_% =V - A\I{ZI&C.
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e Scheme for C:

(49&) gC’Z’_A,_% - gC’,i—% = 07 0 S ) S _[7
1 h sh
(49b) Gorr1 = .B(hﬂg(zcdwﬂgp+€c€<5))C&—
TR hH_% 2 2
(49(3) B <_hz+% (ch\I/H_% + Ecﬁh(sh))CH_l) s 1 S 1 S [,
(49d) —Go1 = "rg(Co, Vo),
(496) gC,IJr% = ghré’(CI+l7 \I]IJrlJ V)?

where B is the Bernoulli function (19).
e Scheme for 0 and ¢:

(50a) ot = Kd sty
H )

Gorvl

(50b) " =—-K M?

In the two next sections, we will show that the schemes (S-TM1) and (S-TMZ2)
are exact. It means that the exact solution to (S-TM1) (respectively (S-TMZ2))
is a solution to the scheme. It is a well-known property of the Scharfetter-Gummel
scheme for a stationary drift-diffusion equation when the drift velocity is the gradient
of a potential. The novelty here is that the drift-diffusion equation is coupled with
equations on the interface velocity d and the size of the layer . However, we will

prove that the preservation of the steady-state by the Scharfetter-Gummel scheme
still holds.

4.2. Existence and uniqueness of a solution for (S-TM1).

Theorem 4.1. Let assume [min (K7, Ky) < kY < max (K1, K5)|, where K| and K,
are defined by (34). Then, the scheme (S-TM1) has a unique solution (C", 5" (") €

RIH2 % (R*Jr)2 . Moreover, with (Cs, s, L) solution of (TM1), we have (C", 6", (") =
((08<xi))ie[0,l+1} , O, 68)'
Proof. We denote by (Cs, ds, £5) the solution to (TM1) and consider

(Ch 5" 1) = ((Cs(g;i))ie[om] ,55,€5> .

The formula (30) implies that (C”,d", ¢") fulfills (46) where, for all i € [0,1],
QC}%H% = Jo,. Then (47) is exactly (23).
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In order to prove the uniqueness, let us consider (C", 6" (") solution of (S-TM1).
Equations (47) imply

kq Gen K e,

h
5:ﬁ:(55, ﬁ_h__ﬁzés’
o (,Yo(o)Jrk_S):c(o)
82.(0) \ "¢ K S\
o (1<v>—k—3)=0<1>
1 ﬁé(v) 70 HK s .

Moreover by definition of C" and the Bernoulli function we have for any i € [0, I]

Gen e S (it s Gon
51 ch,=(cor cobda(@ir1—mi) _ :
(51 i+ < ’+sczh53)e =clhs,

Starting at ¢ = I and going down to ¢ = 0 leads to

h
Chm S (S ) At

Ceclhdy T \eclhd,
B Gen Gen h — s (h1+1/2+h171/2)
= =075, + <50£h65 +C) e P
Gon Gon R\ e
= — C :
olhs, (wms TCoje ”
S h h Gen  Ja,
ince Cy = C5(0), CF, = C4(1) and s 15 Ve deduce, thanks to (32), that
II h—1/K
M= —n (800% / ) — ¢,
ecky ecCpr —1/K

Therefore, Gen = Je, and, using (51), for any i € [0, I+1] C! = Cy(z;). It concludes
the proof. O

4.3. Existence of a solution for (S-TM2).
Theorem 4.2. We assume
min (f(l,f(Q) < kg < max <K1,I~(2> ,

where K1, Ky are defined in Theorem 3.2. Then the scheme (S-TM2) has a solution
(\I/h,C'h,éh,ﬁh) € (RI+2)2 X (Rj)2. Moreover there exists (U, Cy, ds, {s) solution to
(TM2) such that:

(52) Vie[0,I+1], (W Ch s et = (\Ifs(ih),C’s(ih),és,ES).
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Proof. Existence. Let (U, Cy, ds, £s) be a solution of (TM2). Since (48) is exact on
the linear solutions of (25), we define U = W(ih), i € [0, + 1] solution of (48) with
" = ¢,. We then fix

II
We observe that (zcd\lli 11 + 5C€h5h> is constant, therefore the Scharfetter-Gummel

scheme (49) is exact on (26). Define (CI") = (C(ih)), i € [0, + 1], it is solution
of (49). Finally(27b) implies (50b). It concludes the proof of the existence of a
solution.

Any solution is exact. Let (V" C" 6" (") be a solution of (S-TM2). We apply
lemma 3.1 with ¢ = (" it gives (U, Cpn, dpn) € (C[0,1])* x R%, solution of (25)-
(26)-(27a). Since Wy is linear and the scheme given by (48) is exact on linear
function we have for all i € [0,1 + 1] ¥* = W, (ih). Therefore (50a) implies " =
dpn. The exactness of the Scharfetter-Gummel scheme gives C' = Cyu(ih), for all

i € (0,1 + 1]. Then equations (49¢) and (26¢) implies Geniyy = Je,,- Combined to
(50b) we deduce that

h kg —5a0Wh
0" =0, = Se %0,

gh — gChJ""% — _cheh
oh dpn
It shows that (U, Cpn, dpn, ") is a solution to (TM2) and concludes the proof.

O

APPENDIX A. PARAMETER

All the numerical simulations have been done with the following set of parameters.
The scaling process and the physical values used to obtain the scaled values in A.2
are detailed in section 5 of [6].

Dy (m?-s71) Dy (m?-s71) D3 (m?-s71)
10720 107° 10720
m Qe (M -mol) | Qpe (M3 - mol)
3 4.474-107° 7.105 - 1076
(a2, 8%) (w=P,N,C,r) | (al,by) (u=P,C) al
(0.5,0.5) (0.5,0.5) 0

TABLE A.1. Physical parameters of the test case
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AUP AN kS et
—8.22136 - 10712 0 64.267 - 107PH
P™ Nietal Phi

2 2.48502 - 107! -5
A2 Qg Qq
1.05432 - 1073 0.177083 8.854 - 1072

md K, mb, kL
0 108 108 10
miy Ky my ki
0 2.10740 - 10719 | 2.68111 - 10* | 2.68111 - 10"
me; ke me e
1.78113 - 10713 4.474 - 10% 0 7.85325

TABLE A.2. Scaled parameters of the test case
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