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Introduction

ORROSION is one of the degradation mechanisms in

aerospace structures [1]. Among various types of corrosion,
pitting corrosion associated with the dissolution of metal is caused by
the breakdown of the passive film on the metal surface and is known
to be one of the major damage mechanisms affecting the integrity of
many aerospace structures. Pitting corrosion is a complex process,
and a fundamental aspect of pitting corrosion failure mechanisms is
that they tend to initiate at the micro/nanostructure level [2]. The
details of the mechanisms vary with material composition,
electrolyte, and other environmental conditions [3]. It is well known
that pitting corrosion has a strong effect on the fatigue life of
aluminum alloys used in aircraft structures [4—6]. Prediction of
pitting corrosion damage is therefore very important for the structural
integrity of aerospace materials and structures.

Although pitting corrosion has been studied extensively over the
past two decades, computational modeling of pit initiation and
growth is still open to investigation. Several pitting corrosion models
exist in the literature [7—13] and are mostly empirical, mechanistic,
deterministic, or phenomenological in nature. Pitting corrosion
involves repassivation, mass transport, electrochemistry, and other
mechanisms that operate at different length scales, thus making
modeling a difficult problem. Recently, Burstein et al. [14]
demonstrated that pit nucleation occurs at the microscopic level and
is random in nature and that some metals show preferential sites of pit
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nucleation. Even though there are experimental studies aimed at
understanding the basic mechanisms, the observed complexity is
very difficult to interpret, with many controlled variables affecting
the pitting process. In general, the corrosion damage modeling
should involve not only physicochemical and environmental factors,
but also various parameters, random in nature. Therefore, a more
realistic computational corrosion damage model should integrate
various parameters that are random in nature from electrochemistry,
materials science, and probability and statistics. In contrast to
mechanistic approaches, computational modeling of pitting
corrosion based on local rules with evolving patterns may open up
the possibility of getting insight into pitting corrosion from a
different point of view. Recently, Pidaparti et al. [15] developed a
two-dimensional model for studying pitting corrosion growth based
on the cellular automata (CA) approach. However, they did not
consider the initiation phase of pitting corrosion in their model.
The main objective of this work is to develop an approach to
modeling three-dimensional surface-corrosion-damage initiation
and growth using specific rules governing the electrochemical
reactions in a cellular automata environment. The results of corrosion
damage growth obtained from the three-dimensional model are
compared with the experimental data obtained from the Center for
Materials Diagnostics at the University of Dayton Research Institute.

Corrosion-Pit Initiation-and-Growth Model

Pitting, in general, comprises three stages: pit initiation,
metastable pit, and stable pit. Pit initiation is the first step of pitting,
in which the passive film on the metal surface breaks down and the
initiation of pitting takes place at random points on the metal surface.
These initial pits require a suitable environment to grow into stable
pits. The stage at which the pits may repassivate in case of an
unsuitable environment is known as the metastable stage. If the
proper conditions are satisfied, these initial pits grow into stable pits.
These stable pits then grow and lead to the deterioration of the whole
metal. Stable pit growth, in which the pit propagates effectively and
indefinitely, is preceded by a metastable state. The metastable state of
growth occurs when the pit is still very small, and its continued
propagation to reach the stable state is not guaranteed. Many
metastable pits die through repassivation while still in the metastable
growth state. Metastable pits that do not achieve stability are not in
themselves necessarily structurally damaging, although they affect
surface finish on a microscopic scale. The proposed model takes into
account both pit initiation and growth phases.

Governing Electrochemical Relations

It is important to consider the electrochemical reactions taking
place during corrosion, along with the cellular automata rules
described in the next section. This section describes the governing
equations (1-5) used for the initiation and the growth of the corrosion
model.

The first step in the pit initiation process is the formation of
embryos. The nucleus of the pit is referred to as an embryo. Once the
pit has nucleated, the embryo requires certain factors, both physical
and environmental, to build up into a pit. The concept of embryos
was introduced by Farmer et al. [16], among others, who used the
term embryo to describe the first stage of pit initiation. Embryos
denote the stage before the initiation step, in which they may survive
or not, depending on several conditions. The birth of the embryos
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depends on A, which is given by
Ol)LF
= 1 ——(E — E; 1
)‘1 )‘O[C ]exp< RT ( cnt)> ( )

where A, is the birth probability, A is the intrinsic rate constant for
birth of embryos, Cl is the chloride concentration of solution, ¢ is
constant, F is Faraday’s constant, R is the universal gas constant, T is
the absolute temperature, E is the electrochemical potential applied
to the surface, and E;, is the critical potential over which pitting
takes place.

Because the embryos have a tendency to repassivate if they are not
provided with the right environmental conditions, a death probability
occurs. In case the embryo satisfies the death probability, it
repassivates. The death probability is given by

F
M = :u'O[OH_] CXp<—% (E - Epass)> (2)

where 1, is the death probability of the embryo, p, is the intrinsic
constant for the death of the embryo, OH™ is the concentration of
hydroxyl anion, &, is constant, and E,, is the potential over/under
which the embryo repassivates.

An assumption is made that if the probability exceeds one,
depending on the environmental and chemical parameters, it is
adjusted to one, which means that in the case of birth probability,
each cell will corrode, whereas in the case of death probability, each
cell will repassivate. Once the embryo is formed, the next stage is the
transition from embryo to pit. This transition rate A, is given by

Y1 = Yoexp (— —V) A3)

where y; is the transition rate from embryo to stable pit, y, is the
intrinsic rate constant, and A,, is the apparent activation energy.

The transition stage is actually the metastable stage, in which the
pits are still in the initiation stage. They are still susceptible to
repassivity and have not entered the growth stage. In a review of the
temperature dependence of pit initiation, Szklarska-Smialowska [17]
found considerable variability. Arrhenius behavior was not always
observed, and the tendency for pitting was found both to increase and
decrease with increasing temperature. Another variable that was
considered in the present model is the induction time t;, which is the
age that an embryo must reach before it becomes a stable pit:

A
T = TpCXp (— ﬁ) )

where 7, is the induction time, 7, is the intrinsic induction time, A, is
the apparent activation energy, and 7 is the absolute temperature.

In the present model, the transition stage continues from 1 till 32.
This pixel range of 1-32 is based on the fact that pit initiation life is
about 10-25% of the pit growth life [1,2,6,12]. So in the simulation,
we have taken 32 out of 255 pixels as the values for pit initiation,
giving approximately 12.5% life. After the pit reaches a pixel value
of 32, the pit enters the growth stage. At this stage, the pit cannot
repassivate. The pit will continue to grow until the whole area of the
metal gets completely corroded. The rate at which the growth will
take place depends upon the local rules of the cellular automata, as
described in the next section, along with the growth rate formula,
given by

Ar 5558.7
(. =13409 — (——==) —0. H .
A (Az) 3.409 (T n 273) 0.087(pH) + 0.56965(conc)
)

where Ar/At is the growth rate of the pit, 7 is the absolute
temperature, pH is the pH of the solution, and conc is the
concentration of the solution.

The electrochemical parameters such as potential, concentration,
temperature, and pH differ for every cell in the cellular automata
environment, which in turn changes the rates of transition and growth
for each cell individually.

Cellular Automata Rules and Simulation Algorithm

The corrosion pitinitiation and growth behaviors were modeled as
a discrete dynamic system using the cellular automata rules and the
governing electrochemical equations. CA-based modeling techni-
ques are powerful methods to describe, simulate, and understand the
behavior of complex physical systems [18]. The original CA model
[18]is a two-dimensional square lattice in which each square is called
a cell. Each of these cells can be in a different state at any given time.
The evolution of each cell and the updating of the internal states of
each cell occur synchronously and are governed by a set of rules. The
cellular space thus created is a complete discrete dynamic system.
Earlier work by Wolfram [19,20] showed that the CA as a discrete
dynamic system exhibits many of the properties of a continuous
dynamic system, yet CA provide a simpler framework. The approach
taken in this study is to slice the metal into layers at various depths,
starting from the top surface of the metal, as shown in Fig. 1. The
depth of the layers is chosen by the user through the simulation
interface. The corrosion starts at the top surface and, with time, it
spreads down into the metal. In the present simulation, a Moore
neighborhood is considered for each surface layer in the metal. The

Top Layer (i)

Zit1

Intermediate Layer (i+1)

Bottom Layer (k) 2y

Fig. 1 Computational approach to model three-dimensional surface corrosion in metals.
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Moore neighborhood is a square-shaped neighborhood that limits
interactions of an individual to its eight neighbors that share a vertex
or edge with the center cell. Figure 2 shows the flowchart of the
corrosion damage algorithm and its implementation using the CA
environment. The governing CA rules for pit initiation and growth
are briefly described next.

CA Rules for Pit Initiation

The cellular automata rules governing pit initiation are as follows:

1) The corrosion damage growth starts from the top surface of the
material. The material is represented as layers of 2-D surfaces (a 2-D
surface being a grid of rectangular cells). In general, each cell is
affected by its adjoining 26 neighboring cells in three dimensions.

2) S(u,t) and E(u, t) are the initial states of an uncorroded and
corroded cell u at time ¢, respectively. The corroded cell S(u, ) takes
values between 1 and 32 based on the pixel values in the simulation.
The state of S(u, ) = 1 means that the pit started to initiate, will
continue until it reaches 32, and after that, the pit will follow the
growth rules.

3) The birth-probability and death-probability rates [see Egs. (1)
and (2)] are set or varied according to the simulation.

4) For each simulated cycle, each uncorroded cell gets corroded
according to the birth probability. In case the cells do not satisfy the
birth-probability condition, for each uncorroded cell S(u,t), the
Moore neighborhood is considered. If more than four neighbors are
embryos [E(u, t) state], a corrosion pit is initiated at cell u and its
corrosion state S(u, t) is set to one, which corresponds to the pit
initiation stage.

5) For each corroded cell E(u, t), the death probability is checked
to see if a cell satisfies the death-probability condition. If yes, then the
cell repassivates. A corroded cell needs at least one of its neighbors to
be in the corroded state E(u, ). If none of the neighbors is corroded,
the cell repassivates and its state is set to S(u, f).

6) For each corroded cell E(u, t), if there is more than one neighbor
with a corroded state, the transition rate is applied:
E(u,t+ 1) = E(u,t) 4+ r, where r is the transition rate according
to the transition rate formula, as shown in Fig. 2. The transition rate
takes place on cells with states between 4 and 32 for pit initiation.
This threshold is based on the pixel values (1-255) and the time for
pit initiation and growth processes [1-3].

7) For the next step, repeat step 2 on the uncorroded cells and
repeat steps 3 and 4 on the corroded cells. According to the
simulation, the pits may continue to die until they reach state 4. After
E(u, t) becomes more than four, the pits cannot die, but they enter the
metastable state. If the pits reach state 32, they finally initiate. At this
stage, the pit growth algorithm of Fig. 2 and Eq. () is applied on the
corresponding cells.

In the initiation stage, the pits are in a metastable state; that is, in
cases in which they are not provided with the ideal conditions
necessary for corrosion, they may die or repassivate. The metastable
pits do not grow according to the formulas governing the growth rate,
but are dependent on the transition rate. Once a pit reaches E(u, 1) of
32, it reaches the stable pit criterion and is then governed by the
growth model equations. In general, the propagation stage of pitting
is characterized by several important aspects: current distribution in
and around pits, potential distribution in and around pits, electrolyte
composition within pits, the morphology of pitting (size, shape, and
distribution of pits), and the kinetics of pit propagation. In this study,
the growth rate formula, which relates the pit growth to pH,
electrolyte concentration, and the absolute temperature, along with
the following rules, are implemented in the simulation.

CA Rules for Pit Growth

1) The cell in which a pit has initiated acquires state C(u, r), which
extends from 32 to 255. At the stage when C(u, t) reaches 255, then
the cell corrodes completely.

2) At each time step, a partial corroded cell becomes further
corroded to a degree given by the pitting effects of the corroded cell
on itself and of the corroded neighbors in the Moore neighborhood.

Pit initiation takes place on the topmost
surface (2-D). Each uncorroded cell <
becomes corroded, according to the

probability equation (2).

NO
YES NO NO

A 4

Check death probability. :

Also check if more than If more than four neighbors of the cell

™ one neighbor is an « are embryos, then the corrosion
embryo. YES pit is initiated.

For each corroded cell, if there is more than one neighbor|
with a corroded state, apply the transition rate
[see Eq. (3)], E(u, t+1)=E(u, t)+r.

NO

l YES

Growth stage: At each time step, a partially corroded
cell becomes further corroded to a degree given
by the pitting effects of the corroded cell on itself and
of the corroded neighbors in the 2-D Moore
neighborhood.

YES Pit corrodes
completely. Does not
affect neighboring
cells.

Fig. 2 Flowchart of the CA implementation of the corrosion initiation
and growth model.

3) During the corrosion growth process, a fully corroded cell
becomes an empty cell; that is, all the material is gone and it has a
minimum effect on the corrosion of the neighboring cell.

Results and Discussion

The cellular automata rules and electrochemical governing
equations described in the previous sections were implemented by
developing a computer program in an object-oriented programming
with a JAVA environment. The developed computer program asks
the user to enter the number of layers and the layer numbers through a
user interface. The user can input the layer numbers they want to
view, to check the extent of penetration of corrosion inside the metal.
At present, the program is capable of displaying the four layers
simultaneously, along with producing the numbers of births, deaths,
and growths taking place in every single simulation cycle, as well as
cumulatively. The variation in the sensitive parameters is also
recorded, but the values at only the center of the pit are displayed.

To illustrate the corrosion pit initiation and growth processes, a
simulation was run for 150 cycles with initial environmental
parameters (pH =3.5, E=0.6 V, conc =290 mol/dm—, and
T =290°F). A cross-boxed approach for displaying images was
chosen to give a more realistic representation. Figure 3 shows the
results of simulation at four intervals (cycles, n = 70, 85, 100, and
115). It can be seen from Fig. 3 that at the simulation cycle of 70, the
pits are initiated and there are three and two distinct areas in which
pits are initiated on the top two layers, respectively. With increasing
time (cycles), the initiated pits are growing in size and new pits are
also being initiated. As the cycles are increased, more pits initiate and
grow, and finally at cycle 115, about 60-75% of the area is corroded.
If we let the simulation continue for more cycles, the whole area will
be corroded. It was observed that the distribution of potential over the
surface is not uniform and nonhomogeneous. It is useful to know that
corrosion initiation and growth is different over the surface and that
many parameters affect corrosion differently. Usually, corrosion
experiments are done in a cell, and not all the electrochemical
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ayn=70

b)n =85

c)n =100

d)n =115

Fig. 3 Computational simulation of the corrosion process at different
cycles.

parameters are monitored during the experiments. In such
experimental cases, our simulation results should be helpful to
further understand the spatial distribution of various parameters
involved in the corrosion process.

A feature analysis was performed to quantitatively compare the
results between the present simulation images and experimentally
corroded images. This type of comparison is similar to image
processing techniques [21] for comparing two images. The
experimental data (2-D corroded images) available for model
validation were obtained from white-light interferometer micro-
scopy at the Center for Materials Diagnostics at the University of
Dayton Research Institute. Both histogram and wavelet feature

analyses were carried out on simulated corrosion pit damage images
and with the experimental data to validate the three-dimensional
corrosion pit initiation and growth simulation model. The histogram
features that we extracted from the corroded images are statistically
based, for which the histogram of the image is considered to be the
probability distribution of the pixel values. These features provide us
the characteristic information of the pixel value distribution for the
corrosion damage process. In addition to the histogram features
(mean, standard deviation, skew, energy, and entropy), wavelet
features are also extracted through a discrete wavelet transform
applied on the simulated images. The singular value decomposition
(SVD) features of the wavelet coefficient matrix A are extracted and
used for comparison between experimental data and simulations.
To validate our model quantitatively, we simulated corrosion
corresponding to the 2-D experimental data obtained by the Center
for Material Diagnostics. Of the various features considered, we
found that energy and entropy showed significance with various
parameters in the corrosion damage process. Features were
compared at several layers through the depth of the metal to check the
consistency of corrosion growth intensity. The results of the features
(energy Vs entropy) comparison at the topmost layer for the
simulated image at 100 cycles is shown in Fig. 4. It can be seen from
Fig. 4 that the entropy and energy features are in good comparison
with the experimental data (specimen TS 16). Similar results are
obtained for other layers through the material thickness. It was
observed that the scatter in the experimental data is very large. This is
likely due to various parameters affecting the corrosion damage
process and not knowing all the values of parameters in experiments.
In Fig. 5, the SVDs are compared at different layers for selected
experimental data (specimen LS 08) with the simulated data from the
model. It can be seen from Fig. 5 that the SVDs compare well to the
experimental data for most of the layers throughout the metal. Also,
the values of SVD decrease as the metal layers increase. Similarly,
results of the entropy feature between the simulation and experiment
are shown in Fig. 6. It can be seen from Fig. 6 that a good comparison
between the simulation and experimental data is again found. Also,
the entropy values decrease with increasing layers through the
thickness of the metal. This observation is reasonable, because the
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Fig. 4 Comparison of extracted features between experimental data
and the present simulation.
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Fig. 5 Comparison of extracted feature SVD from simulation with
experimental data.
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Fig. 6 Comparison of extracted feature entropy from simulation with
experimental data.

randomness in corrosion is less in lower layers when compared with
the top layer of the metal. Overall, the simulation results presented in
Figs. 4-6 validate the corrosion damage process, giving the right
trends from the simulation. More results of validation and effects of
various electrochemical parameters and their sensitivity for 2-D
corrosion initiation and growth can be found in Pidaparti et al. [22].

Conclusions

A three-dimensional corrosion initiation and growth model for
aircraft aluminum materials is developed. The model takes into
account the electrochemical parameters and specific rules governing
the corrosion mechanisms. The simulation program is implemented
in a cellular automata framework and JAV A environment for ease of
portability and usability. The corrosion initiation and growth patterns
obtained from simulations are compared quantitatively with the
experimental data, with reasonable agreement. However, many
parameters affect the corrosion damage process, and more work is
needed to validate computational models by conducting additional
experiments. Currently, work is in progress to seek a more
fundamental understanding of the macro- and microlevel corrosion
growth and to model this based on local rules that can provide
valuable information and tools for designing corrosion-resistant
materials for a variety of applications.
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