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ARTICLE INFO ABSTRACT

Keywords: This paper presents a mathematical model of pitting corrosion formed by eight non-linear coupled differential
Pitting corrosion equations and their boundary equations. In this model we studied the effect of the variation of parameter values
Prediction

(temperature, crevice depth, oxygen and sodium chloride concentration outside the cavity, and pH) on all the
concentrations of the species, and on their differences with their concentrations outside the crevice and along the
cavity using the network method. Moreover, a sensitivity study of the system parameters has been carried out.
No simplifications have been considered, although the model is firmly coupled and susceptible to any variation
of the aforementioned parameters. The development of the model is clearly explained. The results are compared
with data published in the scientific literature for domains that establish the most complex and complete sce-
narios to verify the reliability of the model. One of the practical applications of this work, among others, is
focused on the possible effects of this type of corrosion on the reinforced concrete, in buried pipes and on ship
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hulls.

Introduction

Corrosion generates great economic losses because materials lose
their properties and maintenance costs increase [1-3]. Pitting corrosion
is one of the most common forms of localized corrosion. Its study is
interesting due to the fact that most of the material does not corrode,
but remains passive and stable. This type of corrosion occurs on metal
parts that are in contact with small volumes of electrolyte solution, such
as crevices, pits and surfaces under tension. When the solution enters
the crevice or pit, dissolved corrosion products accumulate in the cre-
vice, since the crevice impedes transport away from the metal surface.
The resulting change in solution composition somehow leads to the
acceleration of corrosion in the crevice or pit [4].

At present, several models are available to predict pitting corrosion,
although there is no complete understanding of the mechanisms asso-
ciated with this type of corrosion [5,6]. Several models have been de-
veloped for the study of pitting corrosion [5,6-14]. In literature these
models have been classified as empirical, semi-empirical and mechan-
ical. The last models are based on the fundamental processes of pitting
corrosion [5,6,10,11].

One of the pursued aims is the practical application of the variables

* Corresponding author.

studied. Pitting corrosion alters the properties of the material as it
produces small cavities in the iron structure with their consequent
tensions. One of the structures which suffers this type of localized
corrosion is reinforced concrete. This work focuses on the study of the
variables affecting this type of corrosion once it has been initiated by
the action of chlorides [15].

Another aim is to design a network model to simulate pitting cor-
rosion, using the rules given by Gonzélez-Fernadndez and Alhama [16]
to establish the equivalence between the model and the physical pro-
cesses [17,18]. To simulate the model a circuit analysis software can be
used, which uses Spice code, such as PSpice or NgSpice, Microsim
Corporation Fairbanks [19], NgSpice software [20] and Nagel [21].
Finally, the spatial discretization of the governing equations is neces-
sary [22-25].

The network method has been used efficiently in several en-
gineering and science problems, such as those related to inverse pro-
blems, chemistry, electrochemistry and heat transfer [26-30], as well as
in different oxidation problems (CO, corrosion -general corrosion-, lu-
bricants degradation, high temperature oxidation and so on) [22-25].
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Nomenclature

Abbreviations

a; parameters and constants

b; adjustment coefficients

c molar concentration of species (M)

C capacitor, capacitance (F)

CR corrosion rate (mm/year)

D" molecular diffusivity (cm?/s)

E,, E,, E3 controlled voltage-sources

Enmet potential at the metal away from the cavity opening (kJ/
mol)

F Faraday’s constant (96,487 C/mol)

G1, Go, G3, G4, Gs controlled current-sources

i electric current (A)

electric current in the network model (A)
electrical current density (A/m?)
reaction rate coefficient (M~ ! s~ !
equilibrium constant

permeability coefficient (cm/s)
Molecular mass (g/mol)

charge transfer number

electric charge (C)

universal gas constant (8.314 J/molK)
Resistor (©2)

time (s)

temperature (K)

Vo batteries (V)

ors™ 1)
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Subscripts

0 initial value

a anodic

b backward

C related to capacitor, critical value

c cathodic

f forward

hy related to hydrolysis of iron II ion

I generation for chemical reactions

I net flux term function of first derivate

in first term of net flux function of second derivate
j species index

out second term of net flux function of second derivate
pr related to precipitation of iron II hydroxide

Ref reference

w related to water dissociation

concentration net rate of the species j (M/s)

spatial coordinate (m)

pitting width (m)

stoichiometric coefficient

dynamic viscosity (kg/ms)

dielectric constant of water

density (kg/m®)

electrostatic potential at the deep of the crack (kJ/mol)
o™ flux associated with the molecular diffusion of each elec-
troactive species (mM/s)

ST R g K.

Governing equations

Only the latest models are based on the fundamental processes of
pitting corrosion [5,6,10,11]. This type of model broadly describes the
electrochemical processes that occur at the metal-liquid interface in the
absence of protective films. The effect of these layers would slow down
transport and chemical processes in the boundary layer. The chemical

Steel

Chemical reactions

ﬁ\ 37 Fe2+

environment within a cavity where localized corrosion has occurred is
often very different from that produced outside the cavity.

The common goal of mechanistic models is to express the species
concentrations in the solution trapped in the cavity as a function of
physical and chemical parameters of the system, such as crevice di-
mensions and composition outside it. Therefore, a complete description
of the system should include the complex distribution of the solution
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Fig. 1. Scheme of different processes in pitting corrosion.
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composition inside the crevice (Fig. 1), rates of electrochemical reac-
tions, ion migration and potential gradients, and the effect of shape and
size of the crevice. In turn, the electrochemical reaction rate depends on
parameters such as the electrostatic potential and pH solution. Fig. 1
illustrates the different processes that may occur in pitting corrosion.

Corrosion can be subdivided in five different processes: electro-
chemical reactions, chemical reactions, flux, diffusion and electro-
migration. Specifically, electrochemical reactions are

e Fe oxidation,

e H" reduction,

e Oxygen reduction,
e H,O reduction

Equations for the reactions above are:

Fe — Fe?t + 2e~ (@]
2Ht + e — H, 2
0, + 2H,0 + 4e~ — 40H" 3
2H,0 + 2e~ —» H, + OH~ @

The transfer process is of mixed type. For species where reduction
occurs, i. e. cathodic species, the current density, j, is given by Eq. (5).
For species where oxidation occurs, anodic species, the current density,

ja» is given by Eq. (6).

Lo [e—ﬂi(Emet—qﬂ)]

JC - JO RT (5)
Lo [eﬂ3(EM£[*¢):|

Ja =Jo kT (6)
Jo = Joref (C4)-(Copp )™ 7

where E, is the potential of the metal far from the cavity opening, R is
the universal gas constant, T is the temperature, j, and jorer are the
initial current density and reference current density, respectively, and
aj, ap and a3 are parameters and constants.

The corrosion potential is defined as the electrostatic potential at
the deepest point of the crevice, @. This can be determined from Eq. (8).

Dde =D ®

Sharland and Tasker [5] and Sharland [6] developed a transport
model coupled to an electrochemical model. In their model, electro-
chemical reactions were boundary conditions.

The resolution of the transport process determines the concentration
of these species within the crevice, allowing prediction of iron corro-
sion.

In the steady state, the flux associated with the molecular diffusion
of each electroactive species, ¢;™, runs counter to the concentration
gradient direction near the metal-liquid interface and, if it is weak, it
may be approximated by the first term of a Taylor series. This expres-
sion is Fick’s first law, assuming linear dependence [31,32],

sm = —pn[ %9
T e ), ©)

where D™ is the molecular diffusion coefficient and ¢; the concentration
of j species at the interface metal-water.

According to the boundary conditions at the deepest point of the
crevice (at the metal surface) Eq. (9) may be opportunely expressed as
the rates at which electrons are consumed or emitted in terms of current
density, j, i.e.,

o _ 13%

¢ Jox F 1

(10)

where @; is the semi-reaction stoichiometric coefficient, F is Faraday’s
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constant and n; the charge transfer number. Obviously, the flux of
species not involved in the electrochemical reaction and net rates of
change within the solution are zero, since they are in equilibrium.

The main chemical reactions that occur include the hydrolysis of
iron II ion, precipitation of iron II hydroxide and water dissociation.
Equations for these reactions are:

Fe?* + H, O« Fe(OH)* + H* amn
Fe(OH)" + H, O Fe(OH),) + HY (12)
H, O H' + OH~ (13)

Hydroxide precipitation limits the concentration of iron in the film
and in the cavity. The conductivity within the solution can be governed
by sodium and chloride ions. Moreover, the solution must include the
dissolved oxygen required for the electrochemical reactions.

Net rates of species concentrations’ change Fe?™ (species 1), Fe
(OH)™ (species 2), H* (species 5), and OH~ (species 6), can be de-
scribed in the form

deg1

i = —kfhy~C1 + kbhy'C2C5 (14)
dCR,Z

dt = kﬂjy'cl - kbhy'CZCS - kfpr'cz + kbpr'cS (15)
ch,S

T = KinyC1 — Kpny C2Cs + KgprCa — KppreCs +Kgw — KpwCsCs (16)
dcgg

— = +kpy — KpweCsC
dt fw bw"L5L6 (17)

where the subscripts mean: b associated to backward, f related to for-
ward, hy related to hydrolysis of iron II ion, pr associated to pre-
cipitation of iron II hydroxide and w related to the water dissociation.

In this corrosion process, chemical reactions inside the cavity occur
very quickly and the steady state is reached almost instantaneously,
which prevents from obtaining values for the rate constants of reactions
(k) 14 to 17. Because the steady state is reached quickly, Eqs. (14)-(17)
can be rewritten as a function of the equilibrium constants:

dCR,] K +
~ —KpyC + CoC
dt hy “1 2%5 (]8)
derz Kpreco +
~ Kpy€1 — €265 — KpreCa + €
dt hy “1 245 prot2 5 (19)
ders . g Kpr-Ca + G5 +K
~ Kpy'Cp — €265 — KppeCa + € — CsC
dt hy "1 205 pr-t2 5 W 5L6 (20)
dcgg
— ~ Ky — cs¢
dt v 1)
where net rates of change in species concentrations, v; or

der,j
dt

, are expressed in terms of the equilibrium constants, K.
Chemicalreaction . + . _ .
Species that do not chemically react, Na™ (species 3), Cl~ (species

4), and O, (species 7), only suffer processes of diffusion and electro-
migration. Initially, all species in contact with the metal surface are in
chemical equilibrium, that is, the net rate of concentration change is
zero. Within the solution, initial conditions and boundary conditions
are constant.

Concentration variations at the interface, which are governed by the
chemical reactions mentioned, must also meet the mass conservation
equation, which includes the transport of species. This process can be
considered one-dimensional. The equation describing the transport of
species j, including the contribution of chemical reactions and the
electrostatic potential is [5,6]:

(% D 5_¢)
ox

dCR J

Cj —
RT " ox

where x is the spatial coordinate representing the distance from the

dt

dc:
% _ wpm
ot I ox

(22)

Chemicalreaction
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edge of the crevice and w is the crevice width. In this equation, the first
term represents the accumulation, the second the net flux and the last
represents the variation of species j due to chemical reactions.

The molecular diffusion coefficient, D;™, can be obtained from Eq.
(23). This value approaches the reference value at 25 °C, Dj ref" -

T ”ref
D" =
29315 u

s ref (23)

where  is the dynamic viscosity.
The electric potential, ¢, inside the cavity can be calculated through
the following expression [33]:

F
EZJ l’lejZO

where ¢ is the dielectric constant of water, approximated by a tem-
perature function, T, [34], in the form.

(24)

g = bl'(bz + b3T + b4'T2) (25)

where bj represents each of the adjustment coefficients.

The value of the ratio of F/¢ from Eq. (25) is very large. According
to Eq. (24), any significant charge separation, Xnjcj, would lead to a
significant variation in the potential gradient, dg/dx, which is unlikely.
Therefore, it is common to apply the condition of electroneutrality.

Zj n;C; = 0

In the case of oxygen, it is assumed that the flux density at a point of
the crevice is proportional to the difference between the concentration
outside the cavity, C; sutside the cavity, and its concentration at that point,
C;. Thus, Eq. (22), is rewritten as follows:

(26)

&_ DI 6C7

=W + errm (C7 outsidethecavity — C7)

ot % 27)

where Ky, is the permeability coefficient.

Egs. (22), (24) and (27), together with the expressions of chemical
reactions, constitute eight nonlinear differential equations, one for each
species and the electric potential, Table 1.

In this work only the concentrations at steady state provided by the
network method are of interest. Therefore, the first term of Egs. (22)
and (27) is null. Once these equations are solved, the current density of
Fe?™ can be obtained. This is related to the corrosion rate, CR, ac-
cording to Eq. (28).

JaM

CR =

m Fp, (28)

where M; is the molecular mass of iron and p is the density.

Results in Physics 12 (2019) 1015-1025

The network model

The complete network model is formed by eight coupled networks,
one for each species and another for the electric potential, and their
boundary equations. Although the rules for designing the model are
explained in Gonzélez-Fernandez and Alhama [16], its process is briefly
described here for a better comprehension. First, we have to set the
equivalence between species concentration or electrostatic potential
and electric voltage, ¢; = Vjand @ = V.

Egs. (22), (24) and (27) are developed as follows

Electroneutrality conditions are:
%+§(201+c2+C3—C4+CS_06):O (31)
_ % + wD" 56C27 + Kperm (C7,0utsidethecavity — €7) = 0 (32)

Secondly, variable x, that is, the distance from the edge of the
crevice (metal surface) until the end of cavity, is discretized in a de-
termined number of volume elements. By means of the nomenclature of
Fig. 2, Eq. (30) provides the finite-difference differential equation in
steady state for species 1-6, whereas time remains as a continuous
variable in the equation:

WV, + A Cixe 4 = Cix- & [ Pixs &4 ~ P &
;J ! AX AX

1 -

I

1 | Gix+ 2 — Cix 1 | Gix = Cix-ax
+— > - 2 =0
j.2 ax° A [
2 2
Ljin Tj,out (33)
where A; and A; , are given:
nF
A; = wDl'—
! 7 RT (34)
Az = wDj' (35)

Eq. (31) provides the finite-difference differential equation in steady
state for electrostatic potential:

Table 1
Set of eight nonlinear differential governing equations.
Species Equation
Fe?* (species 1) o1 _ - md (d1 | nF
W_WD1§ + ¢ 16x)+w( Khy-c1 + c205)
Fe(OH)* (species 2) ac ac nF
P 5—3 =wD§' = 52 + RTCZax) + W(Knhy-c1 — c2¢5 — Kprica + Cs)
Na™* (species 3) 63 _ -md (d3 , nF
0 = Whs T ReC 3ax)
Cl™ (species 4) EN = wpp 2 deq , F )
at ax
" .
H™ (species 5) 65%5 = wDP % — —)+w(K}|y €1 — €265 — Kpr-ca + ¢5+Kyy — cs¢6
OH™ (species 6) a% = wDp 5075 " LFC@ Zv) + WKy — c5c)
O, (species 7) 3
P % = D;“ + Kperm (c7, outsidethecavity — c7)
@ (Electric potential) 0%

ax2

+§(2£1+C2+C3*C4+C5*C5)=0
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C;

Cj x—g " C] x+§
2l o 1 72
n——=p n—=p

lj,in lj,out
4
d
Fig. 2. Nomenclature of segments or volume elements.
1| Pixty ~ Pix
FQci+c;+c3—ca+cs—cC) + — | ——5——
Aj» Ax7
' 2
1 | %ix ~ Pt o
- A Ax? -
i Ea (36)
where A, is given:
Ap=§ (37)

Equation (32) provides the finite-difference differential equation in
steady state for species 7.

1 | Crxelx — Crx 1 | ©7x = Cox-4x
Kperm (€7,0utside — €7) + Al | T AL = =0
2 2
(38)
where A; is given:
A; = wDJ! 39

The addends of these equations are interpreted as electric currents
which are balanced in a common node according to the current’s
Kirchhoff’s law. The equivalence between the terms Ij ;, and Ij o, of Egs.
(33), (36) and (38) and their equivalent electrical items is done by
simple resistors, R; i, and R; o respectively. However, the terms, I ; and
I; i1, are considered as controlled current sources. Boundary conditions
are implemented by batteries and controlled voltage-sources.

Fig. 3 shows the network model of a volume element for each
species. Third subscript is added referring to the species, to each con-
trolled source so as to ease its understanding.

More detailed information about the model in Sdnchez-Pérez [23].

Simulation and results

Table 2 shows the values of the parameters used in the calculation
of the current density for species Fe*>* (species 1), H™ (species 2), OH ™~
(species 5) and O, (species 6), given by Engelhard et al. [10].

Table 3 contains the equilibrium constants of reactions (18)-(21).

The adjustment coefficients of the dielectric constant of water, Eq.
(25), are: by =10"°/36m, b, =249.21, bz= —0.79069 and
bs = 0.00072997. Molecular diffusion coefficients are defined in
Table 4.

In their model, Engelhard et al. [10] used the current density of
passivation, j,. Therefore, to validate our model, in Eq. (1), we sub-
stitute the current density produced by the iron oxidation by the pas-
sivation current density, which is assumed to be irrespective of the
electrostatic potential. The use of the passivation current density con-
verts the material into a passive metal that is corroded very slowly.

Fig. 4 shows the relationship between the behavior of the dissolved
species concentration and the distance from the edge of the crevice to a
given passivation current. The values obtained for the concentration of
H* and OH™ coincide with those obtained by Engelhard et al. [10],
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although small differences exist for other species. This is due to the
simplification associated with the electroneutrality condition that has
not been used, Eq. (26). This simplification assumes zero total charge in
the potential network.

Having demonstrated the validity of the model, we next proceed to
study the behavior of species concentrations in the spontaneous pro-
cess, that is, in the absence of passivation current densities and other
parameters. Thus, it is possible to apply the study of the different
parameters to practical cases such as pitting corrosion in reinforced
concrete.

To better compare the variations caused by changing parameters,
Fig. 5 shows the difference between species concentrations at a point
and their concentrations outside the crevice along the cavity, in the
same case as that studied by Engelhard et al. [10], but in the absence of
passivation current densities.

Fig. 6 shows the effect of increasing the pH, Fig. 7 the influence of
increasing the temperature and Fig. 8 the effect of increasing the so-
dium chloride concentration outside the cavity. Fig. 9 shows the in-
fluence of increasing the oxygen concentration outside the cavity and
Fig. 10 the effect of increasing the crevice depth. All these figures refer
to the parameters used by Engelhard et al. [10], in the absence of
passivation currents.

As may be observed, Figs. 5 and 6 show that the pH strongly affects
the difference between concentrations of iron II and iron II hydroxide
cations at a point, and their concentrations outside the crevice along the
cavity, hereafter concentration difference. This influence is due to the
effect of pH on the electrochemical reactions at the metal surface. In the
same way, the pH affects the concentration difference of sodium ca-
tions. This effect is explained by the strong influence of pH on the
balance of other species, through the potential network. Fig. 6 shows
that the pH hardly affects the chlorine anion concentration. This in-
fluence is particularly marked for concentration difference values of
this ion lower than 1077 M. This phenomenon arises because this
species does not react chemically, and is only influenced by the pro-
cesses of diffusion and electromigration. The relationship between pH
and the concentration difference of hydrogen cation is logical. At basic
pH values, the variation of the difference is low because the con-
centration of this species is very low. In the case of hydroxyl ion species,
the same effect is observed for hydrogen cations. As these ions react to
form iron II hydroxide cation, this effect is further accentuated. Finally,
and as expected, the pH had little influence on the variation of con-
centration difference of oxygen, since it only affects the processes of
diffusion and permeability.

A comparison of Figs. 5 and 7 shows that a small temperature
change slightly affects the concentration difference of iron II and iron II
hydroxide cations. Although temperature directly influences electro-
chemical reactions on the metal, this effect is minimal for basic pH, and
greater variation is needed to produce an appreciable effect. The same
figures show that temperature also affects the concentration difference
of sodium cations, an effect that is explained by the influence of tem-
perature on the diffusion coefficients. As in the case of the concentra-
tion difference of sodium cation, temperature also affects the results of
the concentration difference of chlorine anion. In this case, the varia-
tion occurs at concentration differences below 10 ~® M. The influence of
temperature on the concentration difference of hydrogen cation is low,
as this parameter acts only through diffusivity coefficients and elec-
trochemical reactions. For the latter, at basic pH the influence of tem-
perature is even lower. In the case of the concentration difference of
hydroxyl ions, temperature has the same effect as for hydrogen cations.
In the same way as for the pH, the reaction of these ions to form iron II
hydroxide cation is accentuated with the influence of temperature. Fi-
nally, the effect of temperature on the concentration difference of
oxygen is evident. In this case, the parameter acts through diffusion and
electrochemical reactions.

Moreover, a comparison of Figs. 5 and 8 shows that a large variation
occurs in the concentration difference of iron II and iron II hydroxide
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R‘I in R1 out R2,in R2,out

R5,in RS,out RG in RB out

e) f)
R7,in R7,out Rq),in Rq),out
Gri L Gy, L
g) h)

Fig. 3. Network model of a volume element: a) species 1, (b) species 2, (c) species 3, (d) species 4, (e) species 5, (f) species 6, (g) species 7 and (h) electrostatic
potential.

Table 2 Table 3
Electrochemical parameters for the current density of different species [5,6,10]. Equilibrium constants for chemical reactions [10].
Species a; ay as JoRef Reaction  Hydrolysis of iron I Precipitation of iron II Water dissociation
ion hydroxide
H*Y 1 0 0.5 2000 A-cm/mol
OH™ 0 0 0.5 8.0-107% A/cm? Units M M M2
0, 0 1 0.5 1620 A-cm/mol K 107°% 10742 1071398
Fe** 0 0 1 2.7-107 15 A/cm?
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Table 4

Molecular diffusion coefficients at 20 °C [10,35-37].

Species Molecular diffusion coefficients (cm?/s)
Fe2™* 7.2000-10°
Fe(OH)™* 1.0000-107°
Na* 1.3340-107°
cl- 2.0320-10°°
H* 9.3020-10°°
OH™ 5.3000-10"°
0, 2.2900-10°°

Y
(=)
©
——

&

Concentration, M
N
o
T
1

——Fe2+
& Fe(OH)+ ‘%
—S—Na+
Ck
—H+
107~ ok b
‘Aﬁoz L L L L
0 0.2 0.4 0.6 0.8 1

Distance from crevice tip, cm

Fig. 4. Species concentrations along the cavity: temperature = 25 °C, crevice
width = 0.001 m, crevice depth = 0.01 m, Oxygen concentration outside the
cavity = 0.229-10"® mol/l, sodium chloride concentration outside the
cavity = 0.1 mol/l, passivation current density: 0.1 A/m?, permeability coeffi-
cient = 1-107° cm/s and pH = 8.

5
= 10210 \ : : e
4 —&—Fe(OH)+
3 —Na
£ Cl
S ——H+
E 5L —+ OH-
IS —02
= saans,
.g Sooan,
) S,
° S,
S0
s M
€
[}
o
c
s}
o -5 L L L L

0 0.2 0.4 0.6 0.8 1

Distance from crevice tip, cm

Fig. 5. Difference between species concentrations at a point and their con-
centrations outside the crevice along the cavity: temperature = 25 °C, crevice
width = 0.001 m, crevice depth = 0.01 m, Oxygen concentration outside the
cavity = 0.229-10"% mol/l, sodium chloride concentration outside the
cavity = 0.1 mol/l, permeability coefficient = 1-10~° cm/s and pH = 8.

cations when the sodium chloride concentration is increased. Although
this parameter does not directly affect electrochemical reactions on the
metal, it does so indirectly through its effect on the potential. These
same figures show that the sodium chloride concentration affects, ob-
viously, the variation of the concentration difference of sodium cations.
If the sodium chloride concentration used by Engelhard et al. [10] is
increased tenfold, the concentration difference of this ion changes from
1078 to 107° M, and that is due to the influence of this parameter on
the potential and the concentration of this species itself. This con-
centration has the same effect on the concentration difference of
chlorine anion as on the concentration difference of sodium cation. The
concentration of sodium chloride affects the concentration difference of
hydrogen cations indirectly, because it influences the potential of the
electrochemical reaction of hydrogen cation. The concentration of so-
dium chloride in the case of concentration difference of hydroxyl ions
produces the same effect as the concentration difference of hydrogen
cations. As it is the case with the pH, the reaction of these ions to form
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5
;1GX10 T T T T e Fear
= —— Fe(OH)+
3 8 —a—Na+
€ Cl
g 61 ——H+
c & OH-
S 4L
E 4 —02
=
S 2 ,
c
il
® 0
<
52
c
8 _4 L L L I
0 0.2 0.4 0.6 0.8 1

Distance from crevice tip, cm

Fig. 6. Difference between species concentrations at a point and their con-
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Fig. 8. Difference between species concentrations at a point and their con-
centrations outside the crevice along the cavity: temperature = 25 °C, crevice
width = 0.001 m, crevice depth = 0.01 m, Oxygen concentration outside the
cavity = 0.229-10"% mol/l, sodium chloride concentration outside the
cavity = 1 mol/l, permeability coefficient = 1-10~° cm/s and pH = 8.

iron II hydroxide cation accentuates the effect of this parameter. Fi-
nally, the effect of sodium chloride concentration on the concentration
difference of oxygen occurs indirectly, because it affects the potential of
the electrochemical reaction of oxygen.

Furthermore, Figs. 5 and 9 show that a small increase in the oxygen
concentration causes a large variation in the concentration difference of
iron II and iron II hydroxide cations, an effect due to the direct influ-
ence of this concentration on the electrochemical reactions. Similarly,
the same figures illustrate the low influence of oxygen concentration on
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Fig. 10. Difference between species concentrations at a point and their con-
centrations outside the crevice along the cavity: temperature = 25 °C, crevice
width = 0.001 m, crevice depth = 0.03m, Oxygen concentration outside the
cavity = 0.229-10"® mol/l, sodium chloride concentration outside the
cavity = 0.1 mol/l, permeability coefficient = 1-10~° cm/s and pH = 8.

the concentration difference of species which do not participate in
electrochemical reactions: the sodium cations and chlorine anions. The
effect of oxygen concentration on the concentration difference of hy-
drogen cation is due to the effect this concentration has on electro-
chemical reactions. The effect of oxygen concentration on the con-
centration difference of hydroxyl ion is the same as the concentration
difference of hydrogen cation. Similarly to pH, the reaction of these ions
to form iron II hydroxide cation accentuates the effect of this con-
centration.

Finally, a comparison of Figs. 5 and 10 shows that the crevice depth
has a slight effect on all the species. This effect, coupled with diffusion
phenomena, reflects the higher concentration gradients near the edge of
the crevice, meaning that below a certain depth its influence is reduced.

Since the concentrations of iron II and iron II hydroxide cations are
closely related to the corrosion rate, we study only the distribution of
these variables in the crevice. Figs. 11-15 show the distribution of se-
lected species for two values of a given parameter.

Fig. 11 shows the effect of pH on concentrations of certain cations in
the cavity. The concentration of these cations decreases with increasing
pH due to the inverse relationship between pH and the rate of elec-
trochemical reactions. Throughout the cavity, this relation is main-
tained.

The effect of temperature on a selection of cations is studied in
Figs. 12a—12c. At the deepest point of the crevice, it can be observed
that the concentration of iron II hydroxide cation increases slightly with
increasing temperature, while in the case of the iron II cation the in-
fluence is hardly noticeable. These results can be explained by the
temperature effect on the current density at the deepest point of the
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crevice. In the cavity, the temperature’s influence on concentrations
tends to increase with depth. This effect is due to the boundary con-
ditions at the opposite point of the metal surface (outside the cavity),
which depend on equilibrium concentrations, which, in our model, are
not a function of the temperature, since the experimental data given by
Engelhard et al. [10] are irrespective of this parameter, Table 3.

Fig. 13 shows the effect of sodium chloride concentration of selected
cations. At the deepest point of the crevice, the concentration of iron II
cations decreases with increasing sodium chloride concentration. In the
cavity, the effect of this concentration increases with depth. This in-
fluence can be explained by the boundary conditions and the electro-
migration that occurs in the domain. Thus, the boundary condition at
the deepest point of the crevice depends on its equilibrium concentra-
tion, which is not influenced by the sodium chloride concentration. In
addition, the boundary condition at the deepest point of the crevice
depends on the gradient of the ion concentration studied, which, in
turn, depends on the current density of the electrochemical reaction
that is irrespective of the sodium chloride concentration. In the domain,
concentration gradients depend on electromigration, which is affected
by the sodium chloride concentration and chemical reactions between
both cations. At the deepest point of the crevice, the concentration of
iron II hydroxide cations increases with the sodium chloride con-
centration. In the cavity, the effect of this concentration increases with
depth. The explanation is the same as that given for another cation, iron
II. From Fig. 13 it can also be seen that the sum of both cations con-
centrations, which is related to the corrosion rate, increases with the
sodium chloride concentration. As stated in the bibliography, an in-
crease in the sodium chloride concentration produces an increase in
corrosion [38].

The effect of oxygen concentration on selected cations is shown in
Fig. 14. At the deepest point of the crevice, the concentration of iron II
cations decreases with increasing oxygen concentration. In the cavity,
the influence of this concentration increases with depth. This effect can
be explained taking into account the boundary conditions and the po-
tential at the deepest point of the crevice (metal surface). Thus, the
boundary condition at the opposite point of the metal surface (outside
the cavity) depends on its equilibrium concentration, which is not in-
fluenced by oxygen concentration. In addition, the boundary condition
at the deepest point of the crevice depends on the concentration ion
gradient, which, in turn, is influenced by the current density of the
electrochemical reaction that is dependent only on the oxygen con-
centration for the iron II cation. In the domain, concentration gradients
are dependent on the potential, which, in turn, depends on the oxygen
concentration. At the deepest point of the crevice, the concentration of
iron II hydroxide cations increases with oxygen concentration. In the
cavity, the effect of this concentration increases with depth. The ex-
planation is the same as for the iron II cation. As expected, in Fig. 14 the
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Fig. 11. Concentration of iron II and iron II hydroxide cations along the cavity:
temperature = 25°C, crevice width = 0.001m, crevice depth =0.01m,
Oxygen concentration outside the cavity = 0.229-10 > mol/l, sodium chloride
concentration outside the cavity =0.1mol/l and permeability coeffi-
cient = 1-107° cm/s.
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Fig. 12b. Concentration of iron II cation along the cavity: crevice
width = 0.001 m, crevice width = 0.01 m, Oxygen concentration outside the
cavity = 0.229-10"% mol/l, sodium chloride concentration outside the
cavity = 0.1 mol/l, permeability coefficient = 1-10~° cm/s and pH = 8.
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Fig. 12c. Concentration of iron II hydroxide cation along the cavity: crevice
width = 0.001 m, crevice depth = 0.01 m, Oxygen concentration outside the
cavity = 0.229-10"% mol/l, sodium chloride concentration outside the
cavity = 0.1 mol/l, permeability coefficient = 1-10~° cm/s and pH = 8.

sum of both cation concentrations, which is related to the corrosion
rate, increases with the oxygen concentration.

Figs. 15a-15c show the effect of the crevice depth on selected ca-
tions. A comparative study of this parameter’s influence does not make
sense, given the large change in the curve shape when it varies.

Finally, the corrosion rates as a function of several parameters are
depicted in Figs. 16 and 17. Fig. 16 shows corrosion rates as a function
of the pH and temperature. The graph has been rotated about the
vertical axis to better appreciate the slope of surfaces. As can be seen,
an increase in corrosion rate occurs as the pH decreases. As for the
temperature’s effect, a slight increase in corrosion is evident as tem-
perature increases.
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Fig. 13. Concentration of iron II and iron II hydroxide cations along the cavity:
temperature = 25°C, crevice width = 0.001 m, crevice depth = 0.01m,
Oxygen concentration outside the cavity = 0.229-10"% mol/l, permeability
coefficient = 1-10~° cm/s and pH = 8.
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Fig. 14. Concentration of iron II and iron II hydroxide cations along the cavity:
temperature = 25 °C, crevice width = 0.001 m, crevice depth = 0.01 m, so-
dium chloride concentration outside the cavity = 0.1 mol/l, permeability
coefficient = 1-10~° cm/s and pH = 8.
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Fig. 15a. Concentration of iron II and iron II hydroxide cations along the
cavity: temperature = 25 °C, crevice width = 0.001 m, Oxygen concentration
outside the cavity = 0.229- 10> mol/l, sodium chloride concentration outside
the cavity = 0.1 mol/l, permeability coefficient = 1-10~° cm/s and pH = 8.

Fig. 17 shows corrosion rates as a function of the pH and oxygen
concentration. This graph has been rotated about the vertical axis to
better appreciate the slope of surfaces. As can be seen an increase in
corrosion rate occurs with decreasing pH. As for the effect of oxygen
concentration, corrosion increases as the value of this parameter in-
creases.

If Figs. 16 and 17 are compared, the corrosion rate at basic pH
values can be seen to mainly depend on the oxygen concentration.

Applications in the engineering context

In this section we will demonstrate the different applications that
our study would have in the solution of problems arising in different
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Fig. 15b. Concentration of iron II cation along the cavity: temperature = 25 °C,
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cavity = 0.1 mol/l, permeability coefficient = 1-10~° cm/s and pH = 8.
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Fig. 15c. Concentration of iron II hydroxide cation along the -cavity:
temperature = 25 °C, crevice width = 0.001 m, Oxygen concentration outside
the cavity = 0.229-10"% mol/l, sodium chloride concentration outside the
cavity = 0.1 mol/l, permeability coefficient = 1-10~° cm/s and pH = 8.

Corrosion rate, mm/year

16. Predicted

Fig. corrosion rate: crevice width =0.001m, crevice
depth = 0.01 m, Oxygen concentration outside the cavity = 0.229-10 3 mol/I,
sodium chloride concentration outside the cavity = 0.1 mol/1 and permeability
coefficient = 1-107° cm/s.

Corrosion rate, mm/year

x10™
02 concentration, M

corrosion

Fig.  17. Predicted rate:  temperature = 25°C,  crevice
width = 0.001 m, crevice depth = 0.01 m, sodium chloride concentration out-
side the cavity = 0.1 mol/l and permeability coefficient = 1-10~° cm/s.
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fields of engineering:
Pitting corrosion in reinforced concrete

If we apply the study of the parameters above to pitting corrosion in
reinforced concrete, we can observe that the parameters to control are
pH and oxygen, and sodium chloride concentration, since there is a
direct relationship between oxygen and sodium chloride concentration,
and the increase in corrosion. However, this relationship is inversely
proportional to pH. If we look at Fig. 13, an increase of ten times the
concentration of chloride ions leads to an increase of approximately
nine times the total concentration of iron cations. This effect is con-
firmed in the bibliography, since with the presence of chlorides, pitting
corrosion occurs, because the passive layer on small areas of the surface
is lost. Chloride ions act as a catalyst within the cavity and accelerate
the corrosion [15,39]. In this way, it is necessary to control the con-
centration of chlorides in structures exposed to marine environments or
submerged in seawater, since otherwise these structures would con-
siderably reduce their useful life. If we take the relationship obtained
from Fig. 13, an increase of twice as much chloride concentration could
halve its useful life.

On the other hand, from Figs. 14 and 17, it can be deduced that an
increase of twice the oxygen concentration leads to an increase of ap-
proximately 1.5 times in the corrosion rate. In this way, both para-
meters, chloride and oxygen, must be controlled for this type of struc-
tures since they considerably shorten their useful life.

Pitting corrosion on buried pipes

As in the previous case, the important parameters are chlorine ions,
oxygen and pH. In this case, one of the most important parameters to
control is the oxygen concentration since the rest of them have legis-
lative limits, Council Directive 98/83/EC [40]. Chloride ions con-
centration and pH also have to be studied since in the values range
allowed by the legislation corrosion could be accelerated. Thus, in the
case of chloride ions, a maximum value of 250 mg/1 (0.0071 M) of
chloride concentration is established, which implies a fairly low con-
centration value. If we observe the values obtained from Fig. 13, we
find a concentration approximately ten times lower than the one stu-
died, which would be equivalent to a concentration of iron cations nine
times lower. Therefore, this maximum value, which was established for
the protection of the population’s health, has indirectly served to pro-
tect the metallic conduits of drinking water.

For the pH parameter, the legislation establishes a range between
6.5 and 9.5. If we study Figs. 11, 16 and 17, it can be seen that for the
ranges established in the legislation there is no substantial increase in
corrosion when the pH decreases.

Regarding the concentration of oxygen, since this legislation does
not establish a maximum value, it must be a parameter to be controlled,
as a double increase in concentration implies a 1.5 times increase in the
iron cations concentration.

Ship hull corrosion

In this case, the most important parameter is the chloride ion con-
centration since the most common range of sea salinity is between 30
and 40 psu (0.85 and 1.13M) [41]. In this case, in Fig. 13, it can be
observed that there would be a significant increase in the iron cations
concentration, and therefore corrosion. Moreover, if we compare these
values with those of the drinking water studied previously, it would
reveal an increase in the concentration of these cations of more than
ninety times.

Conclusions

The model designed successfully simulates the pitting corrosion that
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occurs in a medium with basic pH. The effect on the variation of
parameter values in all the concentrations of species and on their dif-
ferences with their concentrations outside the crevice and along the
cavity is studied for a wide range of them. Moreover, the issue of which
parameter has a greater influence on the system is argued. No simpli-
fications have been considered, although the model is firmly coupled
and is susceptible to any variation of the parameters above. A com-
parison of the results with data published in the scientific literature for
domains that establish the most complex and complete scenarios,
confirms the reliability of the model. In conclusion, it can be observed
that there is a direct relationship between the oxygen and sodium
chloride concentration and the increase in corrosion. However, this
relationship is inversely proportional to pH. These relationships have
practical applications for corrosion prevention in reinforced concrete,
in buried pipes and on ship hulls, among others.
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