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The formation mechanism of corrosion films on a metal surface with the line defects is studied using a
cellular automata approach. To represent the line defects in the model, the regularly spaced columns of
metal sites are introduced. These columns are characterized by a corrosion probability higher than that
of bulk metal sites. The results show that the influence of defect density on corrosion and film growth
can be divided into two stages, and the transition value for the defect density is given. The structural
evolution of the film is also investigated by the diffusing species distribution.
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1. INTRODUCTION

Corrosion is the deterioration a metal undergoes as a result of its interaction with its
surroundings. Corrosion not only influences the chemical properties of the metal but also generates
changes in its physical properties and its mechanical behavior. The corrosion process is usually
electrochemical in nature. A lot of chemical and physical processes take place at the interface between
the metal substrate and the ionic solution containing species that can oxidize the metal [1-3]. The
corrosion of the metal substrate may give rise to the formation of corrosion films that is insoluble [4,5].
Such films can determine the properties of the metal.

During the last two decades, a large number of literatures concerning the simulations of the
formation of films using different simulation methods have been reported [6-8]. Among these
simulation methods, the cellular automata model showed the superiority of the recurrence of the real
physical systems [9,10]. Taleb and Saunier et al [11-13] used a cellular automata model to describe the
role of diffusion and reaction processes in the formation of films on a perfect metal surface. The results
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showed that the corrosion front becomes flat and loses the fractal character in the model without the
feedback effect. The apparent corrosion rate is greatly reduced compared to the initial corrosion rate by
the diffusion. The diffusing species distribution presents particular features as the existence of a fixed
concentration at the initial metal/solution plane position. We have studied the diffusion characteristics
in the corrosion film on a perfect metal surface by a cellular automata model. The results showed that
the diffusing species distribution is the time dependence over the corrosion film. But there exists a
diffusing plane in the corrosion film, where the diffusing species concentration does not depend on
time. The diffusion steps are found to have great influence on the position and species concentration of
the diffusing plane [14].

However, most metals are not perfect. The regular pattern of atomic arrangement is interrupted
by the crystal defects, such as point defects, line defects, planar defects [15]. The surface atoms
adjacent to the crystal defects have a higher probability of reaction than others because the bonding
energy is reduced [16]. So the crystal defects serve as preferential surface sites for corrosion nucleation
and propagation [17]. In this work, we use a cellular automata model to study the formation of
corrosion films on a metal surface with the line defects.

2. CELLULAR AUTOMATA APPROACH

We want to simulate the following mechanisms. A piece of metal is corroded in contact with
the aggressive environment. A part of the corroded species is involved in the formation of the
corrosion product that precipitates at the place where the corrosion takes place while the remaining
part of the corroded species starts to diffuse across the film. It diffuses until it reaches the growth front
where it precipitates as a corrosion product. The transport of the solution species across the film is fast
enough not to be explicitly taken into account.

The cellular automata approach is performed on a two-dimensional lattice using four
neighbors’ rule proposed by Neumann. These four neighbors adjacent to one site refer to upper, down,
left and right sites. A rectangular box is used in the simulations. The coordinates of a site (X,y) consist
of two integers, x refers to the column and y to the line. The total number of columns and lines is,
respectively, Ny and Ny. To represent the line defects in the metal, we introduce regularly spaced
columns of metal sites. These columns are characterized by a corrosion probability higher than that of
bulk metal sites because the metal atoms located on a defect are in higher energy states. The number of
columns introduced divided by the total number of columns is the defect density L.

The state of each lattice is determined by the dominating species located at this site. There are
five different kinds of species involved in the processes: S, M, My, F, D. S denotes the solution
species, M denotes the bulk metal species, My denotes the metal species located on a line defect, F
denotes the corrosion product species, D is the diffusing species. An M or My site in contact with at
least one F site is called a reactive site for the corrosion. Only this kind of M or My site can be
transformed. Similarly, an S site in contact with at least one F site is defined as a growth site. The
formation of corrosion product involves a volume excess that is due to its stoichiometry, so the
corrosion product occupying in a metal site needs not be formed from the equivalent metal species. It
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Is supposed that the volume excess can be redistributed by the diffusing species D. @ denotes the
number of diffusing species formed when an M or My is corroded during each time interval, which
represents a steric factor related to Pilling-Bedworth ratio [11].

In what follows, two cases are considered: =1 and ®=2. When ®=1 the corroded site is
replaced by an F site and a new D species is placed in it. When ©=2 one of the two new D species is
located on the F site just created and the other is put on one of its nearest neighbor F sites free of D
species. If such a site is not found, the corrosion can not occur. In this way, we take into account a
feedback effect of the film in formation onto the reaction rate. The effective corrosion probability
depends thus on the neighbor of the site. A random walk is used to describe the diffusion process [9].
During each time interval, all the D species try to execute Np steps. One of four nearest neighbors of a
D species is randomly selected. If the selected neighbor is an F site free of D species, the D species
moves to it, otherwise the D species stays at its initial position and randomly changes its direction. If
the nearest neighbor is an S site, the D species moves to it and it is immediately transformed into an F
site.

In the simulations, the periodic boundary conditions are applied in the x direction. The total
number of columns Ny and lines Ny is, respectively, 1000 and 1000. At the initial time, the lines up to
y=499 are filled with the solution sites. The line y=500 is formed of the film. The lattices are filled up
with the bulk metal sites or the metal sites located on the line defects starting from the line y=501. The
lattice spacing a is considered as the unit of length and the interval of simulation time 7 is taken as 1.

3. RESULTS AND DISCUSSION

3.1 The corrosion current

Figure 1 shows the corrosion current I as a function of the simulation time N; at different defect
density Lg. Here, the results correspond to the corrosion probability for the bulk metal P=0. 05, the

corrosion probability for the metal located on the line defect P4=0.1, the diffusion steps Np=100. The
corrosion current I is given by 1 =N__ /7, in which N is the number of corroded metal. As shown

in Figure la, for =1, a strong increase of corrosion current at the beginning of the process is
observed, then the corrosion current reaches a plateau value after N=200. The corrosion current
increases as the defect density increases. The corrosion current is determined by the corrosion
probability and the number of active corrosion sites. It can be seen in Figure 2a that the active
corrosion sites ratio r, (the number of active corrosion sites N, divided by the number of initial active
corrosion sites N,) for different defect density doesn’t have great changes. The value of r, is about 2
for Lg=0 and L4=1, and ry=2.3 for others Lq. So for given corrosion probability P and Py, the larger is
the defect density, the larger is the corrosion current in the case of w=1. Figure 1b shows that for ©=2,
the corrosion current increases quickly with the increasing of the simulation time, then decreases very
slowly for longer times. The active corrosion sites have the similar behavior in Figure 2b. The
corrosion current fluctuates in the wide range for all defect density, which is expected since the
feedback effect occurs.
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Figure 1. The corrosion current as a function of the simulation time for (a) ®=1 and (b) ®=2 when
P=0. 05, P4=0.1, Np=100
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Figure 2. The active corrosion sites ratio as a function of the simulation time for (a) ®=1 and (b) ®=2
when P=0. 05, P4=0.1, Np=100

3.2 The evolution of the corrosion and the film growth

The corrosion depth ratio and the film thickness ratio as a function of the defect density are
shown in Figure 3. The corrosion depth ratio r. and the film thickness ratio r; are defined as:

P 1
L h.=— ) h(x)-h
e PN, 20N (1)
h,
=t :ho—Ni Sh () )
m x X=LN

Where h_cand h, are, respectively, the corrosion depth and the film thickness. hc(x)and h¢(x)

are, respectively, for the column x the highest value of the line y for which there is a metal site and a
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corrosion product site. hg is the initial position of the metal/solution plane interface, hy, is the initial
metal thickness.

Figure 3a shows that whatever the value of steric factor o, the influence of defect density on
corrosion depth ratio can be divided into two stages. The curve obeys a power law at the initial time,
however, with the increasing of the defect density the linear relation is observed. The transition value
for the defect density is about 0.1. The corrosion depth for w=1 is much larger than that at ®=2, and the
value of r¢ is 0.49 when Lg=0.1 for =1, whereas r.=0.24 for ®=2. The increasing rate of the corrosion
depth for =1 is much quicker than that at ®=2. For w=1, when the metal is perfect (L4=0), the
corrosion depth ratio is given by r, =PN_N, /N h_. The corrosion depth ratio corresponding to the
limit Lg=1 is given by r, =P,N_N,/N,h_. Therefore, the defect density can significantly promote the

corrosion depth. For =2, the corrosion rate depends on not only the corrosion probability but also the
diffusion rate. The diffusion must bring on at least an F site free of D species for the corrosion site,
which reduces the corrosion rate, so the corrosion depth for ®=2 is much lower than that at o=1.

Figure 3b shows that the film thickness increases with the increasing of the defect density. The
influence of defect density on film thickness follows the same law as that of corrosion depth. The
transition value for the defect density is also about 0.1. The film thickness is much larger in the case of
®=2 than in the case of w=1, and the increasing rate of the film thickness has the same value for m=1
and ®=2. The film growth is caused by the diffusion and the deposition of D species across the film.
For =2, the diffusion process is more efficiency, which promotes the film growth. We will give more
consideration to this reason in next section.
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Figure 3. The corrosion depth ratio (a) and the film thickness ratio (b) as a function of the defect
density for P=0. 05, P4=0.1, Np=100, N=2000

3.3 The diffusing species distribution

Figure 4 shows the diffusing species concentration as a function of the line y position at given
values of N:. It can be seen that the diffusing species distribution has a form of a triangular peak for
o=1 and w=2. The diffusing species concentration begins at the growth front, and increases by a linear
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dependence. Near the corrosion front, it reaches a highest concentration and decreases rapidly to
vanish at the corrosion front. The thickness of this narrow region corresponds to the roughness of the
corrosion front. It is clearly visible that for w=1, the advancement of the growth front is slower than
that at ®=2 and the advancement of the corrosion front is faster than that at ®=2, which agrees with the
results in Figure 3a and Figure 3b. The maximum concentration near the corrosion front for m=1 is
larger than that in the case of =2 at the same simulation time because of the feedback effect. It can be
found from the area under the distributions that for ®=2, the total number of D species is reduced by
the feedback effect although the number of D species inserted is two times more than in the case of
=1 during each time interval, and the gradient of the D species concentration is higher in the case of
®=2. These phenomena suggest that the diffusion process is more efficiency in the case of ®=2.
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Figure 4. The diffusing species concentration as a function of the line y position for (a) ®=1 and (b)
=2 when P=0. 05, P4=0.1, L4=0.1, Np=100
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Figure 5. (a) The plane position J, and (b) the plane concentration C, as a function of the defect
density for P=0. 05, P4=0.1, Np=100
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It can be observed in Figure 4 that all the profiles have only one common intersection point. It
suggests that there exists a plane in the film where the diffusing species concentration remains
constant. The plane position Jp is about 560, and the plane concentration Cp is about 0.33 for ®=1. The
plane position Jp is about 559, and the plane concentration Cp is about 0.47 for ®=2. The plane position
Jp and the plane concentration C; as a function of the defect density is shown in Figure 5. The plane
position Jp decreases as the defect density increases. The plane position Jp follows the power law
J, =617.89-89.10L%"° for =1, while the plane position Jp follows the linear law
Jp =563.63—-30.30L, for ®=2. The plane concentration Cp, has the same form as the plane position

Jp, Cp =O.72—0.42L?,’03 when o=1, and C, =0.47 when o=2.

3.4 Mapping between cellular automata model and experiment data

A mapping between cellular automata simulation and experimental data is performed in order
to understand more clearly the mesoscopic modeling of the corrosion of the metal with the line defects.
When the corrosion happens, the time interval t represents the time needed to destroy a piece of metal
and to form a cluster of F species at a distance 8. Therefore the corrosion rate is given by:

v=Pdlr (3)

To the corrosion of carbon steels and low alloy steels in the seawater as an example, the
average corrosion rate is usually 0.1mm/a. In order to simplify the computation process, only the pure
defect with Lg=1 is considered in this mapping. Supposed that the corrosion probability P4 is 0.1, and
the lattice constant & is 10nm, so the time interval t can be calculated to be 5.3min. Based on the
simulation data at w=1 in Figure 3, the corrosion depth and the film thickness are approximately 3.9um
and 1.4um respectively after 177h.

4. CONCLUSIONS

The cellular automata model is used to simulate the film formation on a metal surface with the
line defects. In the simulation, the corrosion current for =1 increases when the defect density
increases. The corrosion current for ®=2 fluctuates in the wide range for all defect density because the
feedback effect happens. Whatever the value of o, the effect of defect density on corrosion depth and
film thickness can be divided into two stages. The curve follows a power law at the initial time,
however, with the increasing of the defect density the linear relation is obtained. The transition value
for the defect density is about 0.1. It is observed from the diffusing species distribution that the total
number of D species for ®=2 is less than that at ®=1, and the gradient of the D species concentration is
higher in the case of ®=2. The plane position J, and the plane concentration C, have a power function
of the defect density for =1, while follow a linear law in the case of ®w=2.
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