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The interactions between corrosion pits on stainless steel under loading conditions are studied by using
a cellular automata model coupled with finite element method at a mesoscopic scale. The cellular automata
model focuses on a metal/film/electrolyte system, including anodic dissolution, passivation, diffusion of hydrogen
ions and salt film hydrolysis. The Chopard block algorithm is used to improve the diffusion simulation
efficiency. The finite element method is used to calculate the stress concentration on the pit surface during
pit growth, and the effect of local stress and strain on anodic current is obtained by using the Gutman
model, which is used as the boundary conditions of the cellular automata model. The transient current
characteristics of the interactions between corrosion pits under different simulation factors including the
breakdown of the passive film at the pit mouth and the diffusion of hydrogen ions are analyzed. The analysis
of the pit stability product shows that the simulation results are close to the experimental conclusions.
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1. Introduction

Pitting corrosion is one of the most destructive and in-
sidious forms of corrosion. It can lead to accelerated fail-
ure of structural components by perforation. Especially
under stress, pitting corrosion is also an initiation site for
crack of stress corrosion cracking or corrosion fatigue,
and has great effects on the life of load carrying structure.
Pitting corrosion can be considered to consist of three
stages: nucleation, metastable growth and stable growth
[1]. The pit nucleation is a rare occurrence that happens
extremely rapidly on a tiny scale. This is succeeded by
a metastable stage in which the pit propagation is not yet
fully stabilised but the growth is sustained by the sur-
rounding and covering geometry of the passive surface
from which the pit began [2]. The metastable stage may
be succeeded by the stable stage, or the growth may termi-
nate at the metastable stage.

Cellular automata are dynamic systems with local inter-
actions in which space, time and other dynamic variables
are discrete [3]. This property makes them a powerful tool
for modeling physical, chemical systems. The cellular au-
tomata are a kind of model based on mechanism [4].
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Although the pitting corrosion is very complicated, the
elementary electrochemical reactions that occur during the
pitting corrosion processes are very clear [5]. This means
that the cellular automata approach can be applied to mod-
el the pitting corrosion processes. Many researchers have
successfully used the cellular automata model to study
the pitting corrosion [6-8].

The stress can lead to the increase of corrosion rate
of metals [9]. First of all, the stress can increase the anodic
dissolution current because it can increase lattice defects
and the atomic activation energy. Furthermore, the anodic
dissolution accelerates the degree of the local deformation
of metals. Second, the breakdown of the passive film can
occur in certain regions of the stress concentration, which
leads to the preferential dissolution in the breakdown sites.
We have investigated the growth of metastable single pit
under mechanical stress at a mesoscopic scale [10]. In
this work, we study the interactions between corrosion
pits for stainless steel under loading conditions by a cel-
lular automata model coupled with finite element method.

2. Cellular Automata Model

A cellular automata model with Neumann neighborhood
is performed in a two-dimensional space of 1024x1024.
There are five different kinds of sites involved in the proc-
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esses, which are the neural solution site W, the acidic
solution site H, the metal site M, the passive site P , the
salt film site S.

A layer of surface passive film is horizontally located
at the middle position of cellular space. The upper part
on the film is completely occupied by the W sites, and
the lower part is occupied by the M sites. Two breakdowns
at x=352 and 672 are produced on the film in order to
simulate the initiation of double pits.

If an M site is in the acidic media, in which there is
at least one H site in the neighborhood of current site,
corrosion will happen at this site according to corrosion
probability P.=0.1. This M site is replaced by an H site,
and an S site is placed on this H site. When an M site
is in the neutral media, in which there are only the H
sites in the neighborhood, passivation will happen at this
site according to passivation probability P,=0.1. This M
site is replaced by a P site. When a P site in the acidic
media, it will be dissolved according to dissolution proba-
bility Ps=0.1. This P site is replaced by a W site.

The hydrolysis of the S sites can provide the hydrogen
ions. If there are the W sites in the neighbours of one
S site, these W sites are replaced by the H sites. When
one S site reaches the number of H sites that it can provide
S,=4, it will be removed. The S sites will continually de-
posit downwards by gravity until the downward sites are
not the W or H sites.

In order to accelerate the diffusion simulation more effi-
ciently, Chopard block algorithm [11] is adopted. The re-
lation between simulation time interval and diffusion time
interval can be given by the formula (1).

2
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where dt is the simulation time interval, dtp is the dif-
fusion time interval, n is the number of block iteration, 1
is the block length, a is the lattice constant, Dy is the dif-
fusion coefficient of hydrogen ions. dt, a and Dy is set as
2.5x10%, 25nm and 5.0x10° cni’/s, so n and 1 can be calcu-
lated to 64 and 20 respectively. So the cell space is divided
into equal square blocks of 64x64. The W and H sites in
each block are randomly distributed. Subsequently, each
block is shifted half a block down and half a block left,
and the W and H sites in each block are randomly
redistributed.

The elastic and plastic deformation can both increase
the anodic activity of metals. Gutman built a model that
describes the mechano-electrochemical effect of metals
[10]. Far from equilibrium, the kinetic equations of the
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anodic dissolution caused by the elastic and plastic de-
formation during the strain hardening can be determined

by:

m
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where 1 is the anodic current of deformation, I, is the
anodic current of no deformation, AP is the hydrostatic
pressure, Vy, is the molar volume, Ag is the plastic strain, €
ois the onset of strain hardening, ., is the spherical part
of macroscopic stress tensor depending on the applied
load, R is the gas constant, T is the temperature.

The constant tensile stress of 200MPa is uniformly ap-
plied on the right edge of the simulation cell. The stress
on the pit surface is different because of the stress
concentration. According to Gutman model, the mecha-
no-electrochemical influence factor I/I, of each point on
the pit surface is determined by its hydrostatic pressure
and equivalent plastic strain. The ABAQUS finite element
software is used to obtain these values in real time by
built-in python scripting language. In the finite element
method, the Young modulus, the Poisson ratio and the
yield strength for stainless steel are set as 210GPa, 0.28
and 290Mpa respectively. Based on the magnitude of the
influence factor calculated, the corresponding number of
M sites continuously connected with current M site cor-
roded is removed to account for the mechanoelec-
trochemical effect.

3. Resutls and Discussion

The current transients and current density transients of
metastable double pits of stainless steel under no loading
and loading are shown in Fig. 1. The derivation of the
current can be found elsewhere [8]. Under no loading,
the current increases approximately with £ during the ear-
ly growth of pit, and the current density is approximately
constant with time. It is close to the experimental data
by Pistorius, Burstein [12] and Frankel [13]. Subsequently,
the double pits coalescence about t=2s, and the current
has a step increase. The current density gradually de-
creases after coalescence. However, the current under
loading is far higher than that under no loading. The cur-
rent under loading increases approximately with t*° during
the early growth of pit. Subsequently, the current also has
a step increase about t=2s because of coalescence. The cur-
rent density under loading at t<1.25 remains constant, which
is consistent with that under no loading. Subsequently, the
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Fig. 1 Current transients (a) and current density transients (b) of
metastable double pits of stainless steel under loading and no
loading.

current density increases with time, and begins to decrease
after coalescence.

Fig. 2 shows the current transients and pit stability prod-
ucts ia of metastable double pits under loading and no
loading at R=1.25s and D=5.0x10" c¢m?/s. The break-
down time of pit cover R; denotes the time that the rem-
nant passive film and the corrosion products in the pit
mouth are broken completely. Dy denotes the diffusion
coefficient of hydrogen ions. After the breakdown of pit
cover, both current under loading and no loading decrease
sharply followed by reaching a plateau in Fig. 2a. This
suggests that the metastable corrosion pits repassivate. The
current under loading is a little higher than that under
no loading. Because of the repassivation of corrosion pits,
the pits do not coalescence. Fig. 2b shows the pit stability
products ia in the same conditions. The pit stability prod-
uct ia denotes the product of the current density i and
the pit depth a. Pistorius and Burstein indicate that the
requirement for stable pit growth of an open pit must be
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Fig. 2 Current transients (a) and pit stability products (b) of
metastable double pits of stainless steel under loading and no
loading at R=1.25s and Dy=5.0x10° cm’/s.

above 0.3A/m [12]. The ia values under loading and no
loading are below the critical value of 0.3A/m when the
breakdown of pit cover occurs, so the metastable corrosion
pits repassivate.

The current transients and pit stability products for
metastable double pits at R=1.75s and Dy=5.0x10" cm’/s
are shown in Fig. 3. When the breakdown of pit cover
occurs, the current under no loading drops slowly fol-
lowed by a steady state, and the metastable corrosion pits
repassivate. But there exists higher maintaining passivity
current, so the corrosion pits still coalescence about 2.4s.
The current under loading decreases slowly followed by
a rapid increase after the breakdown of pit cover. This
indicates that the metastable pitting corrosion steps into
the stable growth. The coalescence time becomes shorter
under loading conditions, which is about 2.25s. Fig. 3b
shows that the pit stability product under no loading is
lower than the critical value of 0.3A/m, so the corrosion
pits repassivate. However, that under loading reaches the
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Fig. 3 Current transients (a) and pit stability products (b) for meta-
stable double pits at R=1.75s and D=5.0x10"° cm’/s.

critical value of 0.3A/m, so the pits come into the stable
stage. This shows that the simulation results are in close
agreement with the experimental conclusions.

Fig. 4 shows the current transients and pit stability prod-
ucts for metastable double pits at R=1.25s and
D=8.0x107 cm?/s. After the breakdown of pit cover, both
current under loading and no loading do not decrease and
continue to increase. The corrosion pits coalescence about
t=2s. Subsequently, the current has a much faster increase.
The corrosion pits comes to stable growth. It can be seen
in Fig. 4b that both pit stability products under loading
and no loading are above the critical value of 0.3A/m.

According to Gutman model, both elastic deformation
and plastic deformation can increase the anodic current,
especially the plastic deformation. With the increase of
the pit depth, the plastic strain on the pit bottom becomes
much higher because of the stress concentration. It strong-
ly increases the local anodic dissolution rate on the pit
bottom. As a result, the current under loading is far higher
than that under no loading, as shown in Fig. 1. With the
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Fig. 4 Cumrent transients (a) and pit stability products (b) for meta-
stable double pits at R=1.25s and Dy=8.0x10" cm?/s.

increase of the breakdown time of pit cover in Fig. 2 and
Fig. 3, the anodic current peak becomes much larger when
the breakdown of pit cover occurs. So the concentration
of Fe cations in the solution is higher, and the salt film
becomes richer. When the pit cover is broken, the salt
film can release enough hydrogen ions to compensate the
hydrogen ions that diffuse from the pit electrolyte to the
bulk solution more easily. The corrosion pit can continue
to grow because of autocatalytic nature, and do not
repassivate. The decrease of the diffusion coefficient of
hydrogen ions in Fig. 2 and Fig. 4 makes the diffusion
rate more slowly, so the hydrogen ions stay in the pit
more easily. This can provide the driving force for the
growth of corrosion pits.

4. Conclusions

A cellular automata model coupled with finite element
method is used to study the interactions between corrosion
pits for stainless steel under loading conditions. The meta-
stable double pits coalescence about t=2s, and the current
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has a step increase. Under loading conditions, the meta-
stable double pits at R=1.25s and D=5.0x10"° cm?/s
repassivate. However, the metastable double pits at
R=1.75s and D¢=5.0x10" cm?s, and at R=1.25s and
Dy=8.0x107 cm’/s steps into the stable growth. When the
pit stability products are lower than the critical value of
0.3A/m in the simulation, the corrosion pits repassivate.
When the pit stability products are above 0.3A/m, the pits
come into the stable growth. This suggests that the simu-
lation results accord with the experimental conclusions.
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