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ABSTRACT

An extension of abrick wall model developed in a previous paper (Ruan et al.,
2002) was used to describe intergranular corrosion in AA 2024-T3 aluminum alloys. The
extended model simulates the behavior of corrosion paths at intersections of grain
boundaries within the metal sample. Situations considered include the cases where a
corrosion path might assume an upward turn, skip an intersection (not turn) or split into
branches. The splitting of a corrosion path results in a smaller median of the minimum
order statistic while the other factors increase the median of the minimum order statistic.
Moreover, alarger number of grain layers increases the minimum path length for a
sample with given thickness. With a proper combination of these factors, the extended
model is able to provide a good fit to the experimental data developed by foil penetration

technique.

KEY WORD: Intergranular Corrosion (IGC), extended brick wall model.



1. Introduction

High strength aluminum alloys such as AA2024-T3 are widely used in aerospace
applications. They are resistant to uniform corrosion but highly susceptible to localized
corrosion. Localized corrosion, usualy in the forms of intergranular corrosion (IGC),
pitting corrosion, crevice corrosion, exfoliation and stress corrosion cracking (Davis,
1999), is unpredictable in terms of the exact places of initiation and initiation time. With
traditional deterministic approaches, such as the electrochemical theory of corrosion,
localized corrosion cannot be well explained due to the scattering of the corrosion data.
On the other hand, considering localized corrosion as rare events, statistical approaches
could provide an appropriate way to describe the mechanism of corrosion (Shibata,
1996), potentially to evaluate quantitatively localized corrosion behavior.

Among all the forms of localized corrosion in high strength aluminum alloysin
agueous environment, |GC and pitting attack are two common forms that have received a
good deal of attention. IGC is a preferential attack of grain boundaries or nearby adjacent
regions without appreciable attack of the grain matrix, while pitting corrosion occurs at
the intermetallic particles or in the grain matrix. Both forms of attack are similar from an
electrochemical point of view (Galvele et al., 1970; Muller et al., 1977). However, IGC
might have very different growth kinetics from pitting. For predictive modeling of
corrosion propagation, it is important to understand these growth kinetics independently.
In this report we describe a model predicting the growth kinetics of IGC in auminum

aloy.



There are many factors that determine the resistance and susceptibility of an aloy
to IGC, such as aloy composition, microstructure, and the environment (Davis 1999;
Scully et al. 1992; Scully 1999). The exact role of each of these factorsis still unclear.
For example, even though there are afew reports on quantitative measurements of 1IGC in
auminum alloys, little is known about the relationship between alloy microstructure on
|GC growth kinetics. Zhang and Frankel (2000) made quantitative measurements of
localized corrosion kineticsin AA2024-T3 using the foil penetration technique. They
reported that the growth kinetics of localized corrosion in thistype of alloy exhibit a
strong anisotropy as aresult of anisotropy in the microstructure of the wrought aluminum
alloy. AA2024-T3 has atypical laminated structure with grains elongated in the
longitudinal (rolling) and long transverse directions relative to their dimension in the
short transverse (through-thickness) direction. The time for intergranular corrosion to
penetrate a given distance along the longitudinal or long transverse direction is much less
than the time to penetrate the same nominal distance in the short transverse direction
(Zhang, 2000). The ratio of nominal penetration rates for the longitudinal direction to that
for the short transverse direction was found by Zhang to be 4.29. The local intergranular
growth rate should not depend on the direction of growth, though it islikely a function of
total path length from the surface exposed to the bulk solution. The difference in nominal
growth rate with through-thickness direction relative to the rolling direction is a result of
the anisotropic grain dimensions and the resulting difference in path length. Any
intergranular path in the through thickness direction of a plate with an elongated

microstructure will be very convoluted, resulting in nominal rate of penetration that is



much less than the local rate of intergranular growth. It is of interest to be able to
determine the influence of agrain structure with a particular size and shape anisotropy on
the kinetics of intergranular growth in the through thickness direction.

Ruan et al. (2002) proposed a statistical model to describe the relationship
between the microstructure and the | GC growth rate based on foil penetration data and
guantification of microstructure of AA2024-T3. Inthe model, abrick wall represents the
laminated microstructure of AA2024-T3. The distributions of the grain size (both width
and length) are approximated by gamma distributions. Since the grain sizein the
longitudinal or rolling direction is much larger than that in the long transverse direction,
the problem can be simplified into two dimensions, the short and long transverse
dimensions. 1GC inthelongitudinal direction is assumed not to contribute to penetration
in the short transverse direction. Given the length and the width of the grain, the distance
that a corrosion path travels along a given grain is assumed to be uniformly distributed.
Then, a Matlab program was used to simulate the distribution of the minimum order
statistic of the corrosion path length. The simulation gives estimates with a small amount
of underestimation compared to the actual result from Zhang's experiments (2001).

The brick wall model relates the growth kinetics of AA2024-T3 aluminum alloy
to the microstructure of the aloy. It provides asimple way to quantitatively evaluate the
growth kinetics of 1GC for a given microstructure in AA2024-T3. However, the brick
wall model was based on a series of simplified assumptions, which do not provide a
totally accurate description of the corrosion propagation process. In particular, there are

two cases that were not accounted for in the moddl. First, corrosion was assumed to turn



toward the bottom surface (away from the environment) at every intersection with a
vertical grain boundary. However, a corrosion path might actually skip an intersection
and not turn. Moreover, when a corrosion path does make aturn, it might turn up toward
the top surface (toward the environment) or down toward the bottom surface of the metal
strip depending on the nature of the three-way intersection. When a corrosion path turns
upward and reaches the top surface, the propagation can be assumed to terminate.
Second, a corrosion path was assumed not to split at any intersection while it might
actually split into two corrosion paths at an intersection. Each of these two corrosion
paths might propagate independently in the metal. Accordingly, the number of corrosion
pathsincrease. Based on the above considerations of corrosion behavior, a more realistic

brick wall model is discussed in this paper.

2. Modeling corrosion growth at an intersection
2.1. Basic assumptions

Consider a strip of metal with thickness T and that atotal of k grain layers across
the thickness. The widths b; of the grains are taken to be common within a given layer

but they are permitted to vary across different layers. That is,
k
T=>Db,. (2.1)

L et a denote grain length and assume that it has a distribution with pdf f(a). Asstatedin
the previous paper (Ruan, 2002), both the grain length and width are reasonably modeled

by gamma distributions with appropriate parameter values « andf. Suppose there are m



corrosion initialization points on the surface of themetal. Fori=1, ..., m, let W p denote
the distance that theith initial corrosion path travelsto reach a fixed depth, say D, of the
metal. If the corrosion path reaches the bottom surface, W p corresponds to W . Assume
these m corrosion paths are independent. Figure 1 isagraphical representation of abrick
wall model that represents an aluminum sample with simplified layered microstructure.
The corrosion path initiated from the top surface travels along agrain boundary that is
perpendicular to the surface. It propagates along the grain boundary until it meets an
intersection. Then, it might turn to a horizontal direction (either left or right on the
figure), or it might split into two horizontal corrosion paths. Inthe former case, it
propagates along the length direction of the grains until it meets another intersection.
Depending on the nature of this new three-way intersection, it might turn upward, or
downward, or might skip the intersection and continue propagation along the horizontal
direction. Since the widths of the grains are small compared to the lengths of the grains,
it is reasonable to assume that a corrosion path will always make aturn toward a
horizontal direction at the end of avertical step. If acorrosion path turns upward and
reaches the top surface again, it is considered to be aterminated path since IGC corrosion
does not propagate on the surface of the alloy. Additionally, it is assumed that a
corrosion path cannot terminate anywhere except the top or bottom surface of the metal
strip. In the case where a corrosion path splits into two horizontal pieces at an
intersection, these pieces are viewed as two corrosion paths having initiated from the
same place on the top surface with acommon previous path length. These paths are then

assumed to propagate independently in the remainder of the metal sample under the



previously described assumptions. However, in the case of such a split, the total number
of corrosion paths increases.

Thefoil penetration technique measures the time taken by the fastest corrosion
growth path to reach the bottom surface. With the vital assumption that the local
corrosion growth rateisidentical in all directions, the fastest corrosion growth
corresponds to the shortest corrosion path length (Zhang 2001, 2003). Correspondingly,
any path that terminates before reaching the bottom surface should not be considered the

shortest corrosion growth path (minimum order statistic) for our purposes.
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Figure 1. A graphical representation of the growth behavior of a corrosion path at a

three-way intersection in astrip of metal with k =5 grain layers. The bold line represents

W p and a and b are random variables representing the length and width, respectively, of
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When a horizontal corrosion path meets an intersection, it can either continue to

propagate in the horizontal direction or turn toward avertical direction that is

perpendicular to the surface. There are two types of intersections, represented by “T” and

“1”. Forthe"“T” typeintersection, the horizontal corrosion path can turn downward

toward the bottom surface. For the® " type intersection, the horizontal corrosion path
can turn upward toward the top surface. Therefore, the probability that a horizontal
corrosion path turns upward depends on the proportion of the“ 1" type intersections

among all the intersections it meets. Similarly, the probability that a corrosion path turns

downward depends on the proportion of “T” type intersections among all the intersections

it meets. Let p, and p, denote these two proportions, respectively. Then,

p.+pr=1 (2.2)
Let p«ip represent the probability that a horizontal corrosion path skips an intersection and
let pup and paown e the probabilities that it turns upward and downward, respectively.
Then, according to our previous assumptions, we have

Pupt Pdown * Psip= 1. (2.9

If ahorizontal corrosion path is known to make aturn at an intersection, the two

pUP and pdown
(- Pyip) (- Pgip)

conditional probabilities describe the likelihood that a corrosion

path would turn upward and downward, respectively, corresponding to the proportions of

the” L” and “T” types of intersections, respectively. That is,
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Py X (1= Pyip) = Pup;

Pr X (1= Psip) = Paoun- (2.4)
Next, let psit denote the probability that a corrosion path splits into two branches at an
intersection at the end of avertical step. We assume all of these probabilities are
identical for every intersection.

We consider atotal of minitial corrosion sites on the top surface of ametal strip.
Propagation with possible splitting resultsin (m + u) path lengths, where u > 0 is the total
number of branches resulting from splitting of corrosion paths. Among these lengths, we
let v> 0 be the number of paths terminated on the top surface instead of the bottom
surface. Therefore, the (m + u- v) paths lead to a random number of corrosion path
lengths and the minimum of these lengthsis recorded as a random observation Wi, 1
from the distribution of the minimum path length for a metal strip of thickness T. The
minimum order statistic for the corrosion path lengths is thus given by

Whint = min Wiy, i=1 .., m+u-v, (2.5)

i=1,...mu-v
where W 1 is the length of the ith corrosion path.
Let Wi b horizontat @nd Wi b vertical Fepresent the total horizontal distance and the total
vertical distance, respectively, traveled by the ith corrosion path, so that
Wip =W p,vertical + Wi p horizontal, 1 =1, ..., M+ u. (2.6)
Let Ti(j) be the vertical distance that the ith corrosion path travels along the width of the

jth grain before it turns toward a horizontal direction . That is,

VVi,D,verticaI = Z-E (J)! I = 11 ery m+ u1 (27)
j
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where j € {1, 2, ..., k}, and kisthe total number of grain layers across the thickness.
Since corrosion paths might turn upward and travel on previous layers again, the total
vertical distance for a given corrosion path might not exactly equal the thickness T. Each
Ti(j) is, however, equal to the width of the jth layer. Since the width of the grainin each
layer ismodeled by a gamma distribution, all the T;(j)s have acommon gamma
distribution. Let Di(j) represent the horizontal distance that the ith corrosion path travels
on the bottom surface of the jth layer of the metal, forje{ 1, ..., k-1}, where k isthe total
number of grain layers across the thickness. Note that no corrosion paths propagate on
either the top surface of thefirst layer or on the bottom surface of the kth layer.

Then,
Wi b horizontal = Z D, (p,i=1,...,m+u. (2.8)
i

When a corrosion path skips an intersection and keeps propagating in the horizontal
direction, the associated D;(j) would include at least two horizontal pieces. In Figure 2,
we show such a situation where a corrosion path skips three successive intersections on
the bottom surface of thefirst layer leading to four horizontal pieces that add up to Di(1).
The corrosion path turns downward at the fourth intersection. (Note that a grain might be
intercepted by other grains randomly on either the top or bottom surface.) Given the
length of the grain, the first piece of Di(1) is modeled by auniform distribution and is
denoted by Hi(1). The unconditional distribution of this random variable was discussed in

detall in Ruan et al. (2001). Briefly, the pdf, h(d), of H;(1) is given by the following:
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h(d) = 11 et g

g a r(a)ﬁa
_ 1 “’I 1
(@ -DB {T(a -1

(2.9)

a“%e’da, 0<d < oo,

where o > 0 and S > O arethe parameters of the gamma distribution used to model the

distribution of grain lengths in the metal.

Once a corrosion path skips an intersection, however, remaining horizontal pieces
on the grain layer are modeled solely by the gamma distribution without use of a
conditional uniform distribution. We denote these pieces by [Gi(1)]s, S=1, ..., n, where
nisthe total number of such complete horizontal pieces. We note that thisis actually an
upper bound approximation since the last piece of the horizontal distance might not cover

an entire grain length before the path turns again. However, during propagation, we
believe that a horizontal corrosion path islikely to meet many more“T” type
intersectionsthan “ 1" type intersections. Therefore, the probability that a corrosion path
turns downward is likely to be greater than the probability that it turns upward. Asa
result, the upper bound approximation from using these complete horizontal gamma

distances when a corrosion path skips an intersection should not result in serious

overestimation. With this notation, we have

D(D)= H(D+ Y (6D, (2.10)
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Figure 2. The bold line represents a corrosion path Wi p. Di(1) is the horizontal distance

that the ith corrosion path travelsin the 2™ grain layer.

2.2. Computer simulation

Under the discussed assumptions, we used a Matlab algorithm to simulate the
distribution of the minimum path length. First, the thickness of each layer, b;,j = 1, ...,
k, isgenerated from agamma distribution. The parameters of the gamma distribution are

estimated via the method of moments (Ruan et al., 2001). The sum of this set of random

Kk
numbersis subject to the constraint T = z b, . We must adjust the width of the last grain
j=1

layer to accommodate.
For acorrosion path, the first step is always taken to be a vertical step Ti(1),

which isequal to b;. Next, thefirst H, (1) from the distribution with pdf (2.9) is
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generated. Then, probabilities pup, Pdown » Psip 8N Pspiit e assigned. As an example,
consider Poown = 0.8 and p«ip = 0.1 S0 that pyp = 1- Poown - Psip= 0.1 by (2.3). A random
number w is generated from the uniform (0, 1) distribution. If w < 0.1, the corrosion
assumes an upward turn. Accordingly, avertical step is generated with the distance by,
the thickness of thefirst grain layer. If w> 0.9, the corrosion skips the intersection and a
random number Gi(1) isgenerated. If wfallsbetween 0.1 and 0.9, the corrosion path
assumes a downward turn and the vertical step takes the value of by, the thickness of the
second grain layer. Anindicator variable, X, is used to record the layer number that the
corrosion path is currently on. Theinitial value of X is zero. When the corrosion path
makes a downward turn, X isincreased by 1. When the corrosion path makes an upward
turn, Xisreduced by 1. Otherwise, X retainsits current value. X = 0 (except initially)
corresponds to a corrosion path that is terminated at the top surface. Similarly, X =k if a
corrosion path reaches the bottom surface. The minimum path length is obtained from
those corrosion paths that reach the bottom surface.

Starting from the first vertical step, it is necessary to consider whether a corrosion
path might split into two branches. For example, assume pgiit = 0.2. A random number r
generated from the uniform (0, 1) distribution. If r < 0.2, the corrosion path is split into
two horizontal pieces. Each of the branchesis then simulated separately from this point
on. The total number of branches and the number of the current layer where the splitting
occurs are recorded. For branch 1, the horizontal and vertical distancesit travels are
simulated accordingly given the known probabilities pup, Pdown » Psip @nd piit. If thereis

another split somewhere along the path, the layer number and the number of total splits

15



are again recorded. After branch 1 reaches the bottom surface or terminates at the top
surface, the program starts to simulate branch 2. This branch has a portion overlapping
with the first one, so the new simulation starts from the layer where the split occurs until
the second branch is also terminated. This entire procedure is repeated until all of the
branches have been simulated.

The entire set of corrosion paths constitutes arandom sample from the
distribution of Wi p, i =1, ..., m+ u. Using the indicator variable X which records the
current layer of the corrosion path, arandom sample is generated from the distribution of
Wit,i=1,.., m+u-v, thatis, fromthedistribution of corrosion path lengths that reach
the bottom surface. The number of corrosion initialization sites, m, is estimated to bein
the order of 10°for this type of aluminum foil penetration samples (Ruan et al. 2002;
Zhang et al. 2003). However, misassumed to be 100 in this paper in order to reduce the
amount of computation and still illustrate the application of the simulation procedure.
The minimum of these lengths is recorded as a random observation Wyt from the
distribution of the minimum path length. A sufficient number (e.g., sample size =100) of
minimum path length values are generated by repeating the above procedure. The

algorithm of the computer program is summarized in Figure 3.
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Figure3. A flow chart representing the computer simulation algorithm.
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3. Simulation results and discussion
We use the method of moments to estimate the parameters of the gamma

distributions in order to simulate the grain sizes. From previous work (Ruan, et al.,
2002), the method of moments estimators for the parameters a and 3 for grain length of
the AA2024-T3 sample tested by Zhang et. al. (2001) are 4 and 0.075, respectively. In
addition, from Zhang (2002), the sample mean and standard deviation of the grain
thickness measurements are 0.05 mm and 0.032 mm, respectively. Assuming that the
thickness of the grainsis distributed as gamma (a’, ') distribution, it follows from the
method of moments that solving

a [F=0.05
and

aR?=0.0322 (3.1)
simultaneoudly yields "= 2.44 and ﬂA " =0.02. However, sincea must be an integer

for the gamma distribution in our model, we could use either gamma (2, 0.0255) or
gamma (3, 0.017) to simulate the distribution of grain thickness. In the case that a
corrosion path can only assume a downward turn, these two sets of parameters give close
resultsin terms of the median from the distribution of the minimum path length, as shown
in Table 1. In the case when py, = 0.05, p«ip = 0.01 and pgyit = 0.03, however, the
agreement between these two sets of parametersis not as good as the previous case, since
the median for gamma (2, 0.0255) is 1.325 while the median for gamma (3, 0.017) is

1.385. Thissmall difference is most likely due to the randomness of the simulation rather
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than the difference in the parameters, i.e., the number of times that a corrosion path skips
an intersection or splitsinto two pieces is different from path to path. Hence, either
gamma (2, 0.0255) or gamma (3, 0.017) can be used to model the distribution of the grain
width. For therest of our study, we use only gamma (2, 0.0255) to simulate the

distribution of the grain thickness.

Table 1. Comparison of the results for gamma (2, 0.0255) and gamma (3, 0.017). The
number of sumsism= 100 and the number of layersisk =12. A random sample of size

100 was taken from the distribution of the minimum path length for each model.

Median of minimum path | Median of minimum path length

|ength (pdown =1, Pup = 0, (pdown = 0.94, Pup = 0.05, Pskip =
Psip = 0, Pgpiit=0) (mm) | 0.01, pgyiit = 0.03) (mm)

gamma (2, 0.0255) 1.296 1.325
gamma (3, 0.017) 1.294 1.385

Using the algorithm described in section 2.2, the influences of turning upward,
skipping an intersection and splitting into two branches on the minimum corrosion path
lengths are investigated separately and the results are summarized in Tables 2, 3, and 4,
respectively. The thickness of the grain is simulated by a gamma (2, 0.0255) distribution.
The number of corrosion initialization sites is m = 100, the number of layersis k =12, and

the sample thickness T is assumed to be 0.4 mm. A random sample of size 100 istaken
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from the distribution of the minimum path length and the median of these observations M

is computed, along with the normalized ratio, given by the expression
. .M
Normalized ratio :? . (3.2

Thisratio is expected to be close to 4.29 for the sample of AA2024-T4 tested by Zhang
(2001).

Table 2 summarizes the simulation results for the setting where a corrosion path
can turn up or down but not skip or split at an intersection (Psip = O, psiit=0). The
probability of turning upward, py,, varies from 0 to 0.5 in steps of 0.05. As pyp increases,
the median of the minimum path length tends to increase. For py, between 0 and 0.5, the
median M increase is roughly linear in the range of 0.1-0.3 but the increase is more
dramatic for py, > 0.3 (Figure 4). When p,, = 0, some underestimation existsin the
estimated median minimum path length because the normalized ratio is smaller than the
target 4.29. When p,islarge, the model overestimates this nominal median minimum
path length as the normalized ratio increases dramatically. The increase in ssimulated
median minimum path length can be attributed to two factors. When a corrosion path
assumes an upward turn, it propagates along a more tortuous route than those paths that
do not turn upward. On the other hand, some corrosion paths that turn upward might
terminate at the top surface of the metal strip, thus decreasing the total number of paths
reaching the bottom surface. In this case, the minimum order statistic is likely increased.

However, the influence of m on minimum order statistic is small (Zhang et al., 2002).
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Table 2. Simulation results for minimum corrosion path length when a corrosion path

can turn upward or downward but not skip an intersection or split into branches ( psip =

0, Pyt = 0).
Sample Pdown Pup Median of minimum path Normalized

length (M) (mm) ratio
1 1.00 0.00 1.296 3.24
2 0.95 0.05 1.358 3.39
3 0.90 0.10 1.438 3.59
4 0.85 0.15 1.485 3.71
5 0.80 0.20 1.580 3.95
6 0.75 0.25 1.701 4.25
7 0.70 0.30 1.828 4.57
8 0.65 0.35 2.123 531
9 0.60 0.40 2.275 5.69
10 0.55 0.45 2.787 6.97
11 0.50 0.50 3.686 9.22

Table 3 summarizes the simulation results for the setting where a corrosion path
can assume a downward turn at an intersection or skip the intersection but it cannot turn
upward or split (pup = O, psiit= 0). The probability of skipping an intersection, Psip,
varies from 0.05 to 0.5 in steps of 0.05. As psip increases, the median of the minimum
path length tends to increase. We note that when the two probabilities p,, and psip are
small, they have similar influence on both the median of the minimum path length and
the normalized ratio. They demonstrate similar amounts of random variation with
dightly increasing trends. When both probabilities are large, py, is more influential than

Pip, as clearly shown in Figure 4. When a corrosion path skips an intersection and
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continues to propagate in the horizontal direction, the total horizontal distance it travels
will increase. However, when a corrosion path assumes an upward turn, both its
horizontal distance and vertical distance traveled will increase. Additionally, psipdoes
not have the potential to decrease the number of corrosion paths that reach the bottom

surface as does pyp.

Table 3. Simulation results for minimum corrosion path length when a corrosion path

can turn downward or skip an intersection but not turn upward or split into branches (pyp

= 0, pgiit=0).

Sample Pdown Pskip Median of minimum path Normalized

length (M) (mm) ratio
12 0.95 0.05 1.362 3.40
13 0.90 0.10 1.435 3.59
14 0.85 0.15 1.486 3.72
15 0.80 0.20 1.586 3.96
16 0.75 0.25 1.701 4.25
17 0.70 0.30 1.812 4.53
18 0.65 0.35 1.955 4.89
19 0.60 0.40 2.124 5.31
20 0.55 0.45 2.246 5.61
21 0.50 0.50 2.488 6.22

Table 4 summarizes the simulation results for the setting where a corrosion path
can split into two branches at an intersection at the end of any vertical step but it cannot

turn upward or skip an intersection (pyp = 0, psip = 0). Aswith other settings, the
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probability of splitting at an intersection, psyit, varies from 0.05 to 0.5 in steps of 0.05. As
Psiit INCreases, the median of the minimum path length tends to gradually decrease
linearly (Figure 4). Theinfluence of pgyitis relatively small compared to the influences of
Pup @nd psaip. The decrease in the median of the minimum path length is due to the fact
that the minimum order statistic is likely to decrease as the number of paths reaching the
bottom surface increases. In the case that p,, and ps.ip are both equal to zero, the total
number of paths that reach the bottom surface is the sum of the number of initial
corrosion sites m and the number of splits that occurred during corrosion propagation.
However, the effect of the total number of paths on the minimum order statistic is
relatively small compared to the effects of py, and psip. Figure 5 shows arepresentative
sample of the number of splits that occurred for each pgit. AS Pspiitincreases from 0.05 to
0.5, the observed number of splits changes from a magnitude of 10° to 10, but the
variation in the median of the minimum path length is less than 0.3 mm, as shown in

Table 4.

Table4. Simulation results for minimum corrosion path length when a corrosion path
can split into two branches at the end of avertical step, but not turn upward or skip an

intersection ( pup = 0, Psip = 0).

Median of
Sample Pdown Psplit minimum path Normalized ratio
length (M) (mm)
22 0.95 0.05 1.232 3.08
23 0.90 0.10 1.196 2.99
24 0.85 0.15 1.154 2.89
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25 0.80 0.20 1.142 2.86
26 0.75 0.25 1.092 2.73
27 0.70 0.30 1.054 2.63
28 0.65 0.35 1.042 2.60
29 0.60 0.40 1.016 2.54
30 0.55 0.45 0.991 2.48
31 0.50 0.50 0.960 2.40
4.000
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o N
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Figure 4. Effect of probabilities ( pup, Psip, Pspiit) ON the median of the minimum path

length.
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Figure 5. Effect of the total number of splits on the median minimum path length.

When the horizontal step is allowed to split into two pieces, one that keeps
propagating horizontally and the other that turns to avertical direction, the total number
of pathsincreases. However, compared to the case where only vertical steps are allowed
to split, the effect of the added number of splits by the splitting of the horizontal direction
on the minimum order statistic does not provide additional more interesting information.
There are two explanations. First, when pgiit is small, the total number of splitsis small
and the number of splits added by the splitting of horizontal piecesisaso very small.
Therefore, the decrease in the minimum order statistic due to a slightly larger number of
pathsis small. When pgit is larger, the number of splitsincreases substantially for both

vertical steps and horizontal steps, from the magnitude of 10%to the order of 10%-10°.
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With such larger number of paths, the decrease in the minimum order statistic levels off.
Therefore, the number of splits by adding the splitting of the horizontal paths also does
not significantly affect the minimum order statistic. These simulation results agree with
previous comments by Zhang (2001). In conclusion, our previous assumption that a
horizontal step is not allowed to split does provide sufficient information about the

influence of the splitting of corrosion paths on the minimum order statistic.

In addition to the behavior of acorrosion path at intersections, the number of
layersin ametal strip is another influential factor that affects the minimum path length.
The more layers there are in ametal strip, the smaller will be the thickness of the grains.
Clearly, the minimum path length is an increasing function of the number of grain layers
since that means more intersections within the metal strips. Thus, there are more
opportunities for corrosion paths to turn up or skip an intersection. Of course, this also
provides more opportunities to split into two branches, but, as noted, the effect of
splitting is much less than the effect of either turning up or skipping. For example,
suppose metal strips of the same thickness (e.g., T = 0.4 mm) are used for the simulated
experiment. All other parameters are the same as described previously except the strips
have different numbers of grain layers. The simulation results are summarized in Table
5. Itisinteresting to note that the median M isincreased by approximately 0.1 when the
number of layersincreasesby 1. In this model, the number of layersis variable because
the grain thickness exhibits adistribution. Inreality, the variability in the number of

layers for a sample of agivethicknessis small.
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Table 5. Effect of increasesin the number of layers on the median of the minimum order

statistic (Pgown = 0.94, pyp= 0.05, p«ip= 0.01, psiit = 0.05). Sample thickness T = 0.4 mm.

Number of layers Median |0f minimum path Normalized ratio
ength, M
8 0.932 2.33
9 1.004 2.51
10 1.130 2.83
11 1.251 3.13
12 1.325 3.31

For agiven metal strip, the number of layersisfixed. Therefore, we can adjust
the probabilities ( Pup, Psip, Pspiit) t0 provide combinations that yield good fits to the data
This can be useful in providing information about the possible corrosion behaviorsin the
metal. The following are simulation results for several combinations of probabilities.
Compared the normalized ratio to 4.29, it seems that the sample 36 and 37 in Table 6

provides agood fit to the data. Such a combination is not unique. As mentioned, the pyp

and pgown are related to the chances that a corrosion path meets“ 1 "and “T” types of

intersections and pypis much smaller than pgown. 1t sSeemsthat for given pyy and paown ,
Psip and pspiit Can be adjusted to get different normalized ratio. However, the estimations

of these probabilities are not yet available from experiment.
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Table 6. Simulation results for combinations of probabilities ( Pup, Pskip, Ppiit).  Sample

thickness T = 0.4 mm.

.M.edian of Normalized
Sample | Pdown Pup Pskip Psplit minimum path o
length (M) (mm)
32 0.85 0.05 0.1 0.1 1.348 3.37
33 0.8 0.1 0.1 0.1 1.395 3.49
34 0.75 0.15 0.1 0.1 1531 3.83
35 0.7 0.2 0.1 0.05 1.799 4.50
36 0.7 0.2 0.1 0.1 1.703 4.26
37 0.7 0.2 0.1 0.15 1.728 4.32

4. Conclusion

In this paper, we discuss an extension of the brick wall model proposed by Ruan
et al. (2002). The basic brick wall model underestimates the minimum path length that a
corrosion path travels along grain boundaries in an aluminum alloy sample. This
problem is addressed by modeling the behavior of corrosion paths at intersections of
grain boundaries. Situations considered include the cases where a corrosion path might
assume an upward turn, skip an intersection or split into branches. We found that small
percentage changes in the probabilities of any of these options can result in significant
changes in the median of the minimum order statistic and the normalized ratio. However,

with a proper combination of these probabilities, the extended model is able to obtain a
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good fit to the experimental data. This extension of the brick wall model represents a
more precise description of the growth kinetics for AA2024-T3.

Even though it is still unknown in practice what values are reasonable to assign to
these probabilities for this type of aloy, the simulation of such phenomena can provide
useful quantitative insights into the understanding of the corrosion kineticsin AA2024-
T3. If deemed necessary for a given metal alloy, further refinement of this model isalso
possible. For example, a corrosion path might have positive probabilities to turn to one
direction or split into two branches no matter whether it is at a horizontal or vertical step.
That is, even at the end of a horizontal step the corrosion path might split into two
branches, where one branch skips the intersection and the other turnsto a vertical
direction. Also, it isreasonable to allow acorrosion path to terminate within the metal

when it meets another corrosion path from an opposite direction.
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