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Abstract

We present a stochastic three dimensional cellular automata model of aqueous corrosion. We
consider the cathodic reaction with dissolved oxygen and different concentrations of the oxidizer.
We study the role and the stability of the passive layer and its effect on the kinetics, surface mor-
phology and roughness of the metallic surface. The model considers balanced spatially separated
anodic and cathodic reactions and is capable of illustrating the cathodic control of the corrosion
rate. Besides the electrochemical reactions, we take into account ionic diffusion, acido/basic
neutralization. Results are compared to aqueous corrosion of Fe in near neutral solution.

Keywords: corrosion, cathodic control, dissolved oxygen, cellular automata, passivation

1. Introduction

The evaluation of the damage of a material, due to the action of corrosion, represents an
important challenge on both economic and scientific levels, [Il, [2]. Limiting the degradation of
metals will enhance their durability leading to financial gain and avoiding costs which can reach
4% of international GDP [Il [3]. Corrosion Engineering is mainly focused on practical advances
and relies on collecting existing data about corrosion in view of improving corrosion protection [4].
In contrast, experimental or theoretical scientific studies aim at modelling for understanding and
predicting corrosion rates in order to adjust and optimize materials composition and resistance.

In this article, we focus on aqueous corrosion. Aqueous corrosion occurs as a result of a
combination of chemical and electrochemical reactions on a metal surface including electronic
transfer between two regions associated to the anodic and cathodic reaction, plus an ionic diffu-

sion between the different species in the solution surrounding the metal.
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Anodic reactions are generally related to metal oxidation. Cathodic reactions depend on
the type of the oxidant present in the solution. For aqueous corrosion and anaerobic systems,
only a reduction of HT or the reduction of the water molecules takes place. In the case of
aerobic systems, called also aerated systems, the reduction reaction is set by the amount of
dissolved oxygen (DO) present in the electrolyte. As shown in many works, DO in solution has
an important effect on the corrosion rate. For an example, in the case of carbon steel, it has been
reported that the corrosion rates of the material are higher in solutions with the presence of DO
independently of the type of the solution like hydrolic acid, sulphyric acid or sodium chloride
(3.5% NaCl) [A] .

During corrosion, the metal can be covered by an oxide layer formed by the metal itself as
a consequence of the anodic reaction [6]. The formation of the passive layer or its dissolution
taking place at random locations over the surface leads to an heterogeneous morphology of the
surface and the appearance of surface roughness. This roughness is considered often to have
as a major influence on the kinetics of the deterioration of a metal. Many studies have been
completed to evaluate the relationship between the surface roughness and the kinetics of the
corrosion process using several methods. For magnesium alloy AZ91 [7], stainless steels [8] @],
copper [10], aluminum or titanium-based alloys [I1] an increase in the surface roughness, increases
the susceptibility to localized corrosion. Typically, the general and localized corrosion behaviour
of alloys would depend on their passivation properties. Hence, it is important to know the
passivation behaviour of alloys with different surface finish to correlate the surface roughness to
their general corrosion and pitting tendency [12}[7]. For metals with the ability to form a passive
layer, a decrease in surface roughness increases the corrosion resistance but for the ones with no
passive film, the opposite trend has been observed e.g. mild steel [I3] and AE44 magnesium alloy
[12]. In fact, the surface roughness increases the specific area of the metal surface in contact
with the electrolyte.

In this work, we have considered cellular automata modelling. The cellular automata mod-
elling is a powerful and successful method in modelling the evolution of a system modelled by a
discrete lattice decomposed into cells which evolve according to a set of rules and depending on
the cells’ neighborhood. This type of modelling is based on a discretization in both space, time
and consideration of physical states and chemical species as different states of the cell. Cellular
automata modelling of corrosion started with P. Meakin et al. in 1993, [14] and after that,
different algorithms have been developed using cellular automata in the framework of corrosion

processes studies. An overview of cellular automata modelling of the corrosion processes can be
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found in [I5] 16]. In the present work, we use a three dimensional corrosion model with spa-
tially separate anodic and cathodic reactions and accounting of acido-basic species in solution
[I7, 18, 19]. A new feature is introduced with accounting for cathodic reaction taking place with
dissolved oxygen DO.

The paper is organised as follows. We first present the model and its cellular automata im-
plementation, in particular concerning the representation of small oxygen concentrations. Then
we present the differents results concerning the corrosion rate and the roughness as a function of
different effects like passivation or oxygen concentration. Then a small section compares model

results to experimental values for the corrosion rate. Finally, summary and conclusions are given.

2. Model

2.1. Cellular automata model

Solution:

@ Neutral

77777777 BB Acid
fa ®o

5 g ox

Metal:
‘a Metallic
g Reactive
g Passive

Electronic
transfer

. Cathode:
Anode : Electronic reduction
transfer

oxidation

Figure 1: Cellular automata model (right) based on the corrosion scenario (left)

Cellular automata (CA) modelling is based on a simplified reality where the system is mod-
elled on a lattice by regular cells which can take a finite number of states representing in our
case chemical species in possibly different physical states, see figure [ll In the present model we
take for simplicity a cubic lattice. The states in this model are the following. For solid sites, we
have metal sites which are subdivided into reactive sites of the metallic surface R and bulk metal
M and also oxide or passive sites P. Metallic R sites can host anodic and cathodic reactions,
whereas oxide sites can only host cathodic reations. The solid material is immersed in an elec-
trolyte. For the solution states, we distinguish acid A (i.e. HT), basic B (i.e. OH ™), neutral N
solution sites and for this aerated system we also take into account dissolved oxygen sites DO.

In the CA, the evolution of the cells is given by rules in relation with the neighbourhood

of the evolving cell. In this work, Moore neighbourhood is taken with 26 neighbours in the
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three dimensional space. This extended neighbourhood allows for detailed accounting of a cell’s
neighbourhood. Here, the evolution rules for the cells account for two processes: diffusion and
chemical/electrochemical reactions. In particular, we will consider the possibility of having
anodic and cathodic electrochemical half-reactions in spatially separated sites. We make sure
when executing a pair of half-reactions, that they are paired i.e. the anodic and cathodic sites
are connected by metal to ensure the electronic connectivity between those sites. This is achieved
by using the burning algorithm detailed in [20].

For comparison with the literature, we will now consider experimental systems and results

taken from [21] 22)].

2.2. Diffusion

We first express diffusion in terms of the CA. The diffusion of species in solution follows a

random walk which verifies [23]:
<T2> =2 dDAtdiff (1)

(r?) is the average of the square of the distance traveled in a time Atgg, d = 3 is the space
dimension and D is the diffusion coefficient. In the CA, a site in solution site diffuses by swapping
content with an other solution type cell in it’s neighbourhood, this rules has an exception detailed
below in the case an acidic and basic cell are adjacent, in this case a reaction takes place. In
the Moore neighborhood, the average distance of an elementary displacement in all possible

directions gives [17]
(r?) = 2.0769 a® (2)

where a is the characteristic length of a cell, we will hereafter take a = 10 um.

For comparison with results in [22], we consider systems at 50° C. In these conditions, diffusion
coefficient for DO is 4.50 10 %cm?s~1 [24]. For H*, OH™ we have diffusion coefficients of the
order 7.3107%cm?s~! [17, 25]. To simplify the simulation and keep the same diffusion algorithm
for all the species in solution, we will take the identical value for corresponding to the diffusion
of DO. In this paper, we will focus on the effect of DO. With the above diffusion coefficient
and a characteristic size of a cell of 10 um, and according to equation 7 we have the value
of a single diffusion time step Atgqig = 1.541072s. Relation with the corrosion time step, is set
by the parameter Ngig as Atcorr = NaigAtaig. We considered simulations with typically 2.10°
corrosion time steps, and study the cases with Ngig = 100, 250, 500 and 1000. This corresponds,
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respectively to 85.3, 212, 427, 853 hours of a macroscopic real simulated time. In the following,
we choose to represent time in number of corrosion time steps units. From a computational point
of view, the size of the cellular automata being of the order ~ 102 sites, simulations can take
from several days to several weeks with parallel algorithms in CUDA environment on NVIDIA

TESLA K80 cards.

2.8. Chemical, electrochemical reactions

As mentionned above, a reaction occurs when diffusing acidic A (H") and basic B (OH ™)
sites meet in solution and react by annihilating and are replaced by a neutral sites. Note that
in the initial state, at time ¢t = 0, the metal is immersed into a neutral solution, when corrosion
takes, acidic and basic sites can be produced as detail in the following.

Besides diffusion, sites can react and change chemical or electrochemical state depending
on the neighbourhood. In table |1} we present the possible electrochemical reactions which we

consider to contribute to the corrosion process. They occur on the metallic surface. The elec-

Table 1: Electrochemical reactions

‘ Chemical reactions ‘ Cellular automata rules ‘ Environnement ‘ Probabilities ‘
Anodic
M+ H20 — MOH,q + HT +e~ Metal — Acid Acid, Neutral Pyse
M+ OH™ — MOHg1iq + €~ Metal + Basic — Passif + Neutral Basic Pise
Cathodic
+4H' 4+ 4e~ — 2H50 Surf + + Acid— Surf + Neutral Acid, Neutral Pise
+ 2H20 + 4e~ — 40H™ Surf + +Neutral — Surf + Basic Basic Pige
Spatially Joint (SJ) reactions
M + % H>0 + i — MOH.q Metal + — Neutral Acid ou Neutral P;Xi, Poxi
M+ $H20 + 3 — MOHgo1ia Metal + — Passive Basic 1
MOHso1:a — MOHaq Passif— Neutral Acid ou Neutral P(;xi, Poxi

Surf = Metal or Oxide (passive metal)

trochemical reactions for the metal involve a single electron, however the model can easily be
generalized to any number of electrons.

The program accounts for cathodic reaction with oxygen in different environments depending
on the presence and number of a HT sites in the neighbourhood.

e Anodic reactions:
For Acidic and neutral environment, we have metal oxidation and cation hydrolysis. In basic
environment, an insoluble hydroxide is formed and precipitates on the surface. In both environ-
ments, we have either a production of H' or a consumption of OH~ which corresponds to a

decrease of the value of the pH thus acidification of the solution.
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e Cathodic reactions:
We have reduction of DO presented differently according to the environment: acidic, neutral or
basic. We have respectively either a consumption of HT ions or a production of OH ™ ions. In

both cases there is an increase in pH i.e. basification of the solution locally.

2.4. Representing DO concentration in the CA

In oxygenated water, hematite (Fe;Og3) or ferric hydroxydes (Fe(OH),; or FeOOH) are the
main corrosion products. But in water without dissolved oxygen or low oxygen concentration,
magnetite (Fe3O4) or ferrous hydroxydes (Fe(OH),) are the corrosion products. To simplify
the modelling, we choose to form the same oxide, magnetite Fe3O, whatever is the oxygen
concentration and compare with experimental results in [22] and consider the following chemical

reaction:
2 1
Fe + g Oy — g Fe30y. (3)

In this article 50°C systems are considered. The observed oxygen concentrations are approxi-
mately from 1 to 8 ppm (ppm = mg/kg). In the following, we will take a typical value of 6 ppm
of DO in solution. We present hereafter how to represent this small concentration within the
cellular automata.

For quantitative evaluation in the CA, two steps have to be considered. First we need to
evaluate the quantity of DO in a site considering that in the CA there is stoechiometric reaction
of a single DO site with a single metal site according to the cellular automata rules in table [T}
Second given the quantity of DO in a single site, we have to estimate the number of DO sites to
represent on average the 6 ppm concentration of DO in solution.

Fe _

To evaluate the first step, we use the molar volume of iron at room temperature is v,, =
3

7.09107%m3mol~!. The numbers of moles of iron in a cell is then npe = aT which reacts with
Upy

2
no, = gnpc of DO according to equation . This gives us the DO content of a cell.

We now consider the second step, to estimate the concentration of DO sites to represent the

6 ppm = 6 mg/kg concentration. Considering the molar mass of dissolved oxygen is 32gmol 1,

1074 3
a site in these conditions will hold npo = 6 % ﬁ moles. The dilution rate of 6 ppm
corresponds to a dilution in number of sites of
DO _ 1987107 ~ 210~° (4)
’I”l,o2

In the simulation, the DO concentration is fixed by imposing a fixed concentration on the last top

plane of the simulation boxwitch is parallel to the metallic surface, figure |2} Systems simulated



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

have lattice size (1024, 1024, 128) sites along , y, z directions. The last top plane has dimensions
1024 x 1024 sites, therefore the dilution rate corresponds to approximately keeping two sites in
the last top plane as shown in figure [2] at each simulation step. This plane is furthest from the
reacting surface and allows to simulate the diffusive layer effect. By diffusion i.e. random walk,
the oxygen sites are then free to leave this plane and diffuse in the rest of the volume to reach the
reactive surface and a cathodic reaction can take place. Being consumed at the metallic surface
there concentration is not fixed in the volume, there is profile.

Note that the above representation of a low DO concentration from few highly concentrated
DO cells may appear unusual. We recall this is the consequence of the CA representation with
a one to one cell reaction between metal and DO. It must be emphasized that only the average
collective effect of the DO sites over a large number of time steps has a meaning. The small
number of events due to the low DO concentration is compensated by a large simulation time
for which the accumulation of corrosion events spread over the entire surface leads to an average

effect which is representative.

X
ST

Diffusion

n(Fe)

NS SEEA
““E\‘“V

A\ O\ A\ VAV VVAVAAS
A\ A\ A\ N\ VAVAAANS

i

y

A\ \\ N\ N\ N\ L VAAAAAN
AR NVAVAVAVAVAY

A\ A\ N\ N\ N\ VNVAAAAAN
A\ \ N\ N\ N\ N\ VVAAAAAN

V /[ /[ [/ [/ [/ [ /NN
V /[ /[ /7 7 INN'N/N/Y
A\ N\ N\ N\ VVAAAAAN
A\ \ N\ N\ N\ L VAAAAAN
A\ \ N\ N\ N\ N\ VL VAAAAAN

/[ (L L ININININIYY

<

Figure 2: Cellular automata with fixing a density of two sites of oxygen in the last plane n(O2) and n(Fe) refers

to, respectively, the number of moles of oxygen and iron in one site.

Finally, also note that due to the low ppm concentration of DO, anodic corrosion half-reactions
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occur very seldom, we are in a cathodic controlled corrosion. In this case, no accumulation of
acidic and basic sites is expected. Indeed, after having been produced by the anodic or cathodic
reactions, acidic and basic sites have sufficient time to diffuse away from the metallic surface
where they are produced. This is contrast with conditions investigated in previous papers,
where the absence of cathodic control allowed for much faster corrosion rates [I7, I8, [19]. Thus
with a small amount of DO the transition to the localized corrosion regime presented in these
papers is more difficult to occur. We therefore focus on studying the corrosion and passivation
phenomena only in neutral medium with a probability Py which controls the dissolution of

oxides in this environment.

2.5. Studied quantities

In what follows, we will calculate different quantities:

e The corrosion rate ve,-: equal to the derivative of the corrosion height loss Ahjyss in a
units divided by the corrosion elementary time At.q., quantity of interests for engineers. As for
each corrosion step, we execute a number Ng;g of diffusion steps, the corrosion rate is calculated
using :

v _ alAhyyss _ alAhyyss
o Atcorr NdiffAtdiff

()

where a is the lattice site characteristic size.

e The chemical roughness o¢pem: equal to the number of surface reactive R and P sites,
which represent also the number of cathodic sites N., divided by the surface sites in a plane
[17, 26 27]

Ne

N, x Ny ©)

Ochem —

For a rough surface, this quantity becomes larger than one and being related to the number of
reactive sites, as it is the interface between the metal and the solution, it is directly related to
the kinetics of corrosion.

For both quantities, we will study the effect of the parameter Ngig given in the equation .
We will also study the effect of the dissolution probability in neutral environment: P, on the

corrosion regime.
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3. Results

3.1. Ozide stability and corrosion rate

In this section we investigate the relationship between the oxide stability and the corrosion
kinetics by varying the dissolution probability: Piy;.

In figure|3] we present the evolution of the corrosion rate for different values of the dissolution
probability and for given values of diffusion step Ngig. We observe that the corrosion rate
increases at the beginning of the process, until it reaches a stable state (stationary regime) for all
given values of Ngig: 100, 250, 500 and 1000. This can be understood if account for the increase
of chemical roughness which is presented below and reflects the increase in the available number
of reacting sites. Also, the higher the value of P,; the more we dissolve oxide sites on the surface
limiting the passivation effect of the oxide leading to a faster corrosion rate. For P,y = 0.01 and
0.1, the difference is insignificant the dissolution of the oxide being for both values quantitative,
there is no passivation. The system reaches a limiting corrosion rate fixed only by the cathodic

reaction controled by the diffusion of DO.

3.2. Stationary corrosion rate and diffusion

In the previous paragraph, we have seen that the kinetic of the corrosion process varies with
the dissolution rate of the oxide P,y; in a similar way for all values of the diffusion rate Ng;g. In
the differents plots, it appears that the value of the corrosion rate decreases with increasing the
value of Ng;g as expected as the diffusion time is constant and Ng;g sets the corrosion time which
increases linearly with this parameter. In other words the corrosion rate is inversely proportional
to Ngigr. This is verified in figure [4 where we plot for different values of P,y;, the corrosion rate of

where we observe a linear behavior for all values of

the stationary regime as a function of ‘
P,,;. But we also note that the linear beh;ﬁour corresponds to different slopes, showing the effect
of P,y on the corrosion kinetics. This is also expected as low values of P,y; imply passivation
therefore lower corrosion kinetics. Again, the cases P,y = 0.01 and 0.1 corresponding to high

oxide dissolution exhibit no passivation and cathodic control from DO diffusion.

3.83. Chemical roughness

During the corrosion process, the reactive surface in contact with the solution evolves with
the surface roughness. This roughness is due to both: corroded sites and sites protected by
passivation preventing corrosion. Both type of sites being stochastically distributed on the

surface contribute to an inhomogeneous corrosion of the surface. In figure we note that
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Figure 3: Corrosion rate for Ngig = 100,250,500 and 1000 and different values of Poy;.
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13 this roughness ocperm follows the same evolution than the corrosion rate as a function of time
104 although the magnitude of the change is different. There is a transition to a steady state for

times comparable to those of the corrosion rate. Note that the stationary value of the roughness
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Figure 5: Chemical surface roughness o pem with Ngig = 100, 250, 500 and 1000 and different values de Poy;.

105

106 is weakly influenced by the diffusion time step Ngig, so it has a small dependence to the corrosion
17 rate. Whereas increasing the probability of dissolution of the oxide Py, the chemical roughness
s 1s slightly increased. Nonetheless, both effects remain relatively weak and in all cases there is an
199 increase in number of reacting sites which can be correlated to an increase in corrosion. In the

200 absence of passivation Poy; = 0.01 and 0.1, the roughness reaches a limit as shown before for the

2010 corrosion rate.

w2 3.4. Passivation

203 During the simulation, at each time step the number of anodic and cathodic sites are recorded.
20 From Table|l] we recall that anodic reactions can occur only on the metal sites whereas cathodic

205 reactions can take place on both the metal and the oxide sites. The difference between cathodic

11



206

207

208

209

210

211

212

213

214

215

216

217

218

219

and anodic sites is then equal to mox the number of oxide sites on the surface and provides
information on the passivation state of the surface.
The evolution of n.y is presented first in plots at fixed Ngig and different values of Py, then

at fixed P,y for different values of Nyig. Figure |§| shows the evolution of the number of oxide
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Figure 6: Evolution of oxide number for Ng;g = 100,250,500 and 1000 and different values of P,y; indicated at
each plot

sites for fixed values of Ng;g and different values P,; = 0.0001, 0.001, 0.01 and 0.1. As expected
the dissolution probability P,y of the oxide has a direct strong effect on n.c. The higher the
dissolution rate, the fewer the number of oxides on the surface. Figure [7] shows the evolution of
the number of oxide sites for fixed values of P,y; and different values of Ng;¢ = 100, 250, 500 and
1000. For instance for Pa = 0.0001 and Ngig = 100, there are ~ 2.2510° oxide sites formed on
the metal which represents a coverage ratio of about 22% with respect the planar surface. For
a variation of an order of magnitude of Ngig = 1000, the number of oxides in stationary regime
varies only of 25%, the effect is more limited. For all values of P,,; presented, the variation is
less than 50%. For Puy; = 0.01 and 0.1, when dissolution is quantitative, there are respectively

only a few thousand and a few hundred sites of oxides negligible compared to the 10 sites on the

12
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Figure 7: Number of oxide sites for P,x; = 0.0001,0.001,0.01 and 0.1 and different values of Ng;g indicated at
each plot

surface. Typically 500 sites correspond to a coverage rate of 0.05 %, so the surface can hardly be
considered passivated. The fluctuation of this number are in this case large.

Second, we present the stationary values of noy as a function of the parameters Ng;g and Piy;.
Figure 8] we plot the stationary value of ny as a function of Ng;g for different values Poy;. A low
dependence of the number of oxides with Ng;g is noted in contrast to the effect of P,y which is
clearly visible in figure @ We consider on the plots that a coverage of less than 1 % corresponds
to a no passivation regime. Figure [J]shows in a log — log scale, the Poy; dependence for different
Ngaig values. In this representation, we observe an almost a linear behavior with P,y;. The linear
fit of log(nex) with the function f(z) = a; x4 az is shown in Table[2] The standard error on the
coefficients is around 3 — 4% for a; and 5% for as. As a first approximation, we observe that
ay is close to —1, which corresponds to a behavior in inverse of the value of P,,;. This behavior
can be understood from a simple model. In the stationary state, we have a balance between

production of oxide sites that we note dnoy, and their dissolution with a kinetic proportional to
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Figure 8: Coverage of the surface with oxide sites in % in stationary regime as a function of Ng;g for different

values of Poy;. Orange dotted line separates passivated (above) and non passivated regimes (below).
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Figure 9: Coverage of the surface with oxide sites in % in stationary regime in a function of Pey; for different

values of Ng;g. Orange dotted line separates passivated (above) and non passivated regimes (below).

their number nyy and their probability of dissolution P.y;. We recall that we study the effect
of the dissolution parameter only in neutral medium due to slow corrosion. Always as a first
approximation, we can assume that P,y parameter does not directly affect the corrosion thus
dnex is independent of this parameter in this approximation. So, in the stationary state, we have
an equilibrium between production dn., and dissolution ngy Py of oxide sites which gives the
relation

OMox

Poxi

Nox ~

(7)

2 This justifies the inverse depence of nqy with P,y;. In reality, for the different values of Ngig, on
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Table 2: Fits for the function f(z) function corresponding to figure @

Naig ai error as error
1000 || -0.90575 | 3.4% | 1.6566 | 5.2%
500 || -0.89865 | 3.8% | 1.7377 | 5.4%
250 || -0.89260 | 4.1% | 1.8046 | 5.5%
100 || -0.88875 | 4.3% | 1.8584 | 5.6%

average coefficient a; is closer to —0.89. This is so because the amount of oxide sites produced
in the stationary state is not independent of P,y;. Oxide sites are produced at metal reactive
sites, the number of these sites depends on chemical roughness, on the dissolution rate of oxide
sites therefore depends partly on the parameters Py and Ngig. For small Py, the number of
oxide sites is larger on the surface, therefore the number of reactive sites is lower, which produce
a smaller number of oxide sites dnqx. In contrast, in the case of a fast dissolution, dn.y increases
as a function of P,y. Assuming that it can be written as a law of power, by putting such an

expression in equation [7} we would obtain a lower exponent in absolute value of — 1.

3.5. Ozygen concentration Effect

Previous studies on the corrosion of iron showed that corrosion is faster with increasing
DO concentration [28]. However, the iron release in solution decreases with increasing the DO
concentration [29]. The combined effects of corrosion, oxide production and dissolution and
roughness may lead to complicated effects. In this part, we study the effect of the oxygen
concentration on the kinetics of the corrosion process. An important point, in this paper, is to
show that the limited flux of DO reaching the metal surface induces a slow corrosion rate due
to a cathodic control of the corrosion. Corrosion rates for three oxygen concentrations will be
presented. They do not correspond precisely to real systems because in normal pressure and
temperature DO is already saturated for a few ppm. Such concentrations could be reached at
higher pressures and temperatures like supercritical systems. The solubility of oxygen changes by
4 orders of magnitude in supercritical water at 500°C' in [30} B1]. But we should also reconsider
the values of other parameters such as diffusion coefficients. In [32], Xiao Ji et al., using molecular
dynamic simulation, calculated the diffusion coefficient of oxygen, nitrogen and sodium chloride
in supercritical water. They demonstrated that the diffusion coefficient of oxygen increases
with the temperature. X. Zhao et al. used molecular dynamic simulation to calculate diffusion

coefficient of Oy [33] and water [34], at 300 K, 1 atm and in supercritical conditions. Respectively
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253
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255

256

257

258

their diffusion coefficients at normal conditions are equal to 2.0107°cm?/s and 2.110~5cm?/s.
Whereas in supercritical conditions, they predict 811.2107°c¢m?/s at 973 K and 250 atm for
oxygen and 741.910~5m? /s for water.

However a comparison with such systems is made difficult by the fact that besides DO con-
centration other parameters like diffusion coefficients also change. In the following, we consider
three different DO concentrations assuming to simplify that all other parameters, like diffusion
coefficients, remain identical. The aim is to focus on DO effects on corrosion only.

We present in figure snapshots of the surface for P,y; = 0.0001 and we choose the value

of Ngig = 250. Snaphots for other values of Ngig are qualitatively similar. We see that with

Figure 10: Corroded metallic surface, lines correspond to different DO concentration, from the top to the bottom:

co, = 2. 1076,2.1075,2.10~* number of sites of the last plan that remain constant (2. 106 sites corresponds to
6ppm of DO (OX on the figure)). The left column only shows the metallic surface with R and P sites, the right
column also DO, H* and OH™ sites.

the increase in the number of DO in solution, there is also an increase in the number of H*

and OH ™ sites and an increase in the surface roughness. This relates to the fact that when
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Figure 11: Corrosion rate for Ng;g = 250, Pox; = 0.0001 and different concentrations of oxygen.

we increase the oxygen concentration, we increase the number of electrochemical reactions with
production of H and OH~ ions. Also, with fixed P,,; parameter, the number of oxide sites
on the surface increases with DO in solution. Since the process is stochastic the formed oxide
number are randomly distributed on the metallic surface, corrosion can occur only between the
passivated sites contributing to an increase in surface roughness.

Figure @ shows the evolution of the corrosion rate for given values Ngjg = 250 and Pyy; =
0.0001 and different values of the oxygen concentration. We notice that the kinetic of the
stationary state varies significantly with the oxygen concentration. For instance for cp, from
6ppm to 60ppm the corrosion rate is multiplied by 5. The precise dependence will be detailed
below.

Figure [12|shows the corrosion rate of the stationary regime for Ng;¢ = 250 and for the values
P,y = 0.0001,0.001,0.01 and 0.1 as a function of the oxygen concentration in log — log scale. We
can see that we have approximately a scaling law with the concentration of oxygen, especially
for large values of P,y;. If we adjusts the log — log scale with the linear function f(z) = by x + by
we obtain results in table 3| for the coefficients b; and by for the different values of P,,;. We can
see that the regression is better for large values of P, when the dissolution of the oxide leads
to a few passivated regions of the metallic surface.

For small dissolution rate (small P;), the oxide remains stable on the surface and thus

protects the metal and slows its corrosion rate, which is visible of the corrosion rate figure As
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Table 3: Parameters by and by for f(z) to fit the corrosion rates of

Poxi by error by error
0.0001 || 0.71926 | 10% | 5.069 | 7%
0.001 || 0.66584 | 5.4% | 4,974 | 3.4%

0.01 0.71560 | 4.6% | 5,303 | 3.0%

0.1 0.74529 | 6.2% | 5.465 | 4.0%

mentionned earlier, the effect is negligible in the case of Pyy; = 0.01 and 0.1, for which there is a
strong dissolution, the behavior is almost identical for small concentrations ¢[Oz2] = 2.107% and
2.10~°. Since the amount of DO is low, few oxide sites are produced and for these two values of
Poxi, they are immediately dissolved. In the case of c[O3] = 2.107%, there is a slight difference
because the oxide production starts to be quantitative.

It can be seen that the corrosion rate depends on the concentration of oxygen. But the
behavior is not linear with the oxygen concentration, it increases more slowly with a weaker
exponent between 0.66 and 0.74. The corrosion rate with cathodic control from DO is modified
due to the formation of the oxide. The corrosion rate is slowed down due to passivation. This
effect increases with the concentration of DO. For a given Py, the dissolution rate is fixed, but

at the same time a larger DO concentration increases the production rate of oxides.
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4. Comparison with experimental kinetics

In this Section, we compare the results of the model to experimentally measured weight loss
of Fe3Oy4 in water in 50°C in experiences performed by D.C. Smith and B. McEnaney in [22].
For the weight loss and 4 ppm of DO at 50°C, they found a corrosion rate around 1.1mm/year.
In previous sections, we have shown how it is possible to model small oxygen concentrations like
6 ppm and at the same time account for stoichiometric reactions. Here we aim for approximate
comparison with experimental results. For computational reasons, to avoid fractional number of
lattice sites in the last plane, we have made the calculations with a DO concentration of 6 ppm.
In the future a fractional number of sites can be considered by introducing a probability of
having 1 or 2 DO sites on the last plane. However, this solution has been ruled out here because
of lengthy simulation times. With 6 ppm of DO, diffusion step Ngig = 1000 and a dissolution
probability in neutral solution P,; = 0.001 our simulations predicts a corrosion rate around
2.04 mm/year. For this value of Puy; = 0.001, the coverage corresponds approximately to 2.6%,
this value is consistent with the fact that iron does not strongly passivate. If we linearly rescale
the 6 ppm concentration results for 4 ppm concentration, we would obtain a 1.36 mm/year which
is comparable to the 1.1mm/year value measured experimentally although higher. A lower value
of current could mean a lower value of P.y. Another hypothesis is that we have neglected the
Pilling Bedworth factor [35, [36] accounting for the fact that the oxide has a larger molar volume
than the metal. The efficiency of the oxide to passivate the surface would then be greater. This
effect is similar to a smaller value of P,y which also leads to a smaller current. For simplicity,
this correction has not been accounted for in this work as simulation for one set of parameters are
already long but will be considered in the future. Finally, note that in the absence of roughness
the corrosion rate would be 0.75 mm/year for a flat surface. This is smaller than the experimental

value, which seems to confirm the role of roughness.
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5. Conclusion

In this paper, we investigate a cellular automata model for aqueous corrosion accounting for
spatially separate and balanced anodic and cathodic half reactions. In comparison to previous
similar models, we account here for a cathodic reaction with dissolved oxygen. Cathodic control
of corrosion is shown in relation with the flux of dissolved oxygen reaching the metallic surface.
To our knowledge this is the first model providing an explicit mechanism accounting for this
process. For low DO concentration, whether there is or not passivation, we remain in cathodic
control regime determined by DO diffusion. On the contrary, for higher DO concentration there
is a stronger effect of the passive layer on the kinetics.

To reach quantitative results, we have shown how to compel both stoechiometric corrosion
reactions and small dissolved oxygen concentrations as those found in aqueous solutions within
in the framework of a cellular automata approach. The scarcity of corrosion events requires long
simulation times and intensive use of computational resources which have been implemented
in parallel GPU simulations. Results of the model are comparable to experimental results and
can be improved in the future by avoiding some approximations introduced for computational
reasons.

The study shows the important role of the surface roughness, in relation to stochastic pas-
sivation on the metallic surface, on corrosion kinetics. This justifies the choice for stochastic
cellular automata modelling in contrast to continous deterministic models like finite element
approches [37, 38, [39] 40]. Different scaling laws have been obtained demonstrating the role of
passivation on corrosion kinetics, both from a direct passivation effect of the surface or through

a modification of the surface roughness.
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