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ABSTRACT 

An extension of a brick 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, a larger 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. 
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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, usually 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 alloys in 

aqueous environment, IGC 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 aluminum 

alloy.  
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There are many factors that determine the resistance and susceptibility of an alloy 

to IGC, such as alloy composition, microstructure, and the environment (Davis 1999; 

Scully et al. 1992; Scully 1999). The exact role of each of these factors is still unclear.  

For example, even though there are a few reports on quantitative measurements of IGC in 

aluminum alloys, little is known about the relationship between alloy microstructure on 

IGC growth kinetics.  Zhang and Frankel (2000) made quantitative measurements of 

localized corrosion kinetics in AA2024-T3 using the foil penetration technique.  They 

reported that the growth kinetics of localized corrosion in this type of alloy exhibit a 

strong anisotropy as a result of anisotropy in the microstructure of the wrought aluminum 

alloy.  AA2024-T3 has a typical 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 is likely 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 
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much less than the local rate of intergranular growth.  It is of interest to be able to 

determine the influence of a grain 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 IGC growth rate based on foil penetration data and 

quantification of microstructure of AA2024-T3.  In the model, a brick 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 size in 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.  IGC in the longitudinal 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 alloy. It provides a simple way to quantitatively evaluate the 

growth kinetics of IGC 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 model.  First, corrosion was assumed to turn 
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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 a turn, 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 

paths increase.  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 a total of k grain layers across 

the thickness.  The widths bj of the grains are taken to be common within a given layer 

but they are permitted to vary across different layers.  That is,  

k

j
jbT

1

.         (2.1) 

Let a denote grain length and assume that it has a distribution with pdf f(a).  As stated in 

the previous paper (Ruan, 2002), both the grain length and width are reasonably modeled 

by gamma distributions with appropriate parameter values  and .  Suppose there are m 
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corrosion initialization points on the surface of the metal.  For i = 1, …, m, let Wi,D denote 

the distance that the ith initial corrosion path travels to reach a fixed depth, say D, of the 

metal. If the corrosion path reaches the bottom surface, Wi,D  corresponds to Wi,T. Assume 

these m corrosion paths are independent.  Figure 1 is a graphical representation of a brick 

wall model that represents an aluminum sample with simplified layered microstructure. 

The corrosion path initiated from the top surface travels along a grain 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.  In the 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 a turn toward a 

horizontal direction at the end of a vertical step.  If a corrosion path turns upward and 

reaches the top surface again, it is considered to be a terminated 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 a common previous path length. These paths are then 

assumed to propagate independently in the remainder of the metal sample under the 
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previously described assumptions.  However, in the case of such a split, the total number 

of corrosion paths increases.  

The foil 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 rate is identical 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 a strip of metal with k = 5 grain layers. The bold line represents 

Wi,D and a and b are random variables representing the length and width, respectively, of 

a grain model. (Note: ST- short-transverse direction; LT- long-transverse direction; L-

longitudinal direction.) 
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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 a vertical direction that is 

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

“ ”.   For the “T” type intersection, 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 “ ” 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 Tp denote these two proportions, respectively.  Then,  

p + Tp = 1.         (2.2) 

Let pskip represent the probability that a horizontal corrosion path skips an intersection and 

let pup and pdown be the probabilities that it turns upward and downward, respectively. 

Then, according to our previous assumptions, we have   

pup+ pdown + pskip = 1.       (2.3) 

If a horizontal corrosion path is known to make a turn at an intersection, the two 

conditional probabilities
)1( skip

up

p

p
 and

)1( skip

down

p

p
 describe the likelihood that a corrosion 

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

the “ ” and “T” types of intersections, respectively.  That is,  
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p ,)1( upskip pp

       
Tp .)1( downskip pp

      
(2.4) 

 Next, let psplit denote the probability that a corrosion path splits into two branches at an 

intersection at the end of a vertical step.  We assume all of these probabilities are 

identical for every intersection.  

We consider a total of m initial corrosion sites on the top surface of a metal strip.  

Propagation with possible splitting results in (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 lengths is recorded as a random observation Wmin,T 

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    

Wmin,T  = 
vum,...,1i

min Wi,T,,   i = 1, ..., m + u- v,    (2.5) 

where Wi,T is the length of the ith corrosion path. 

Let Wi,D,horizontal and Wi,D,vertical represent the total horizontal distance and the total 

vertical distance, respectively, traveled by the ith corrosion path, so that 

Wi,D = Wi,D,vertical + Wi,D,horizontal,  i = 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,  

Wi,D,vertical  = 
j

i jT )( ,  i = 1, ..., m + u,    (2.7) 
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where  j 

 
{1, 2, …, k }, and k is the 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 grain in each 

layer is modeled by a gamma distribution, all the Ti(j)s have a common 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, for j { 1, …, k-1}, where k is the total 

number of grain layers across the thickness.  Note that no corrosion paths propagate on 

either the top surface of the first layer or on the bottom surface of the kth layer.  

Then,    

Wi,D,horizontal  = 
j

i jD )( , i = 1, ..., m + u.    (2.8) 

When a corrosion path skips an intersection and keeps propagating in the horizontal 

direction, the associated Di(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 the first 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 a uniform distribution and is 

denoted by Hi(1). The unconditional distribution of this random variable was discussed in 

detail in Ruan et al. (2001). Briefly, the pdf, h(d), of Hi(1) is given by the following: 
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(2.9) 

where 0  and 0  are the 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 

n is the total number of such complete horizontal pieces.  We note that this is 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 is likely to meet many more “T” type 

intersections than “ ” type intersections.  Therefore, the probability that a corrosion path 

turns downward is likely to be greater than the probability that it turns upward. As a 

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        

Di(1)= Hi(1)+ 
n

1s
si (1)][G .      (2.10) 
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Figure 2. The bold line represents a corrosion path Wi,D.  Di(1) is the horizontal distance 

that the  ith corrosion path travels in the 2nd 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, bj, j = 1, …, 

k,  is generated from a gamma 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 

numbers is subject to the constraint 
k

j
jbT

1

.  We must adjust the width of the last grain 

layer to accommodate.  

For a corrosion path, the first step is always taken to be a vertical step Ti(1), 

which is equal to b1.  Next, the first (1)H i from the distribution with pdf (2.9) is 

1 2 3 4 

Di(1) 

LT 

ST 

L 
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generated. Then, probabilities pup, pdown , pskip and psplit are assigned.  As an example, 

consider pdown = 0.8 and pskip = 0.1 so that pup = 1- pdown - pskip = 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, a vertical step is generated with the distance b1, 

the thickness of the first grain layer.  If w > 0.9, the corrosion skips the intersection and a 

random number Gi(1)  is generated.  If w falls between 0.1 and 0.9, the corrosion path 

assumes a downward turn and the vertical step takes the value of b2, the thickness of the 

second grain layer.  An indicator variable, X, is used to record the layer number that the 

corrosion path is currently on.  The initial value of X is zero.  When the corrosion path 

makes a downward turn, X is increased by 1. When the corrosion path makes an upward 

turn, X is reduced by 1.  Otherwise, X retains its 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 psplit = 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 branches is 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 distances it travels are 

simulated accordingly given the known probabilities pup, pdown , pskip and psplit.  If there is 

another split somewhere along the path, the layer number and the number of total splits 
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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 a random sample from the 

distribution of Wi,D, i = 1, ..., m + u. Using the indicator variable X which records the 

current layer of the corrosion path, a random sample  is generated from the distribution of 

Wi,T, i = 1, ..., m + u- v;  that is, from the distribution of corrosion path lengths that reach 

the bottom surface.  The number of corrosion initialization sites, m, is estimated to be in 

the order of 103 for this type of aluminum foil penetration samples (Ruan et al. 2002; 

Zhang et al. 2003).  However, m is assumed 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 Wmin,T  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. 

Consider each branch 
separately, m = m+1. 

X = x+1,  
Ti(j+1 ) = bj+1. 

 

Hi(j) ~ h(d) 

 

No

 

Yes

 

Gi(1) ~ Gamma 

 

Yes

 

No

 
End of a vertical step, 
Ti(j) = bj, X = x. 

 

Path is terminated.

 

X = k or 0 ? 

 

No

Yes

i+1 

Turn up? 

 

X = x-1, 
Ti(j-1) = bj-1. 

 

Yes

No

Path i, i = 1,…,m. 

 

Splitting?

   

Skipping?

   



 

18

  
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 ß 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 grains is distributed as gamma (a`, ß`) distribution, it follows from the 

method of moments that solving  

a` ß`= 0.05 

and    

a`ß`2 = 0.032 2       (3.1)  

simultaneously yields ˆ `= 2.44 and ˆ ` = 0.02.  However, since a` 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 

results in terms of the median from the distribution of the minimum path length, as shown 

in Table 1.  In the case when pup = 0.05, pskip = 0.01 and psplit = 0.03, however, the 

agreement between these two sets of parameters is 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. This small 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 splits into 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 the rest 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 sums is m = 100 and the number of layers is k =12. A random sample of size 

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

Median of minimum path 
length (pdown = 1, pup = 0, 
pskip = 0, psplit = 0) (mm) 

Median of minimum path length  
(pdown = 0.94, pup = 0.05, pskip = 
0.01, psplit = 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 layers is k =12, and 

the sample thickness T is assumed to be 0.4 mm.  A random sample of size 100 is taken 



 

20

 
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   

Normalized ratio =
T

M
.      (3.2) 

This ratio 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 (pskip = 0, psplit = 0).  The 

probability of turning upward, pup, varies from 0 to 0.5 in steps of 0.05.  As pup increases, 

the median of the minimum path length tends to increase. For pup 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 pup > 0.3 (Figure 4).  When pup = 0, some underestimation exists in the 

estimated median minimum path length because the normalized ratio is smaller than the 

target 4.29.  When pup is large, the model overestimates this nominal median minimum 

path length as the normalized ratio increases dramatically.  The increase in simulated 

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 ( pskip = 

0, psplit = 0).    

Sample pdown pup Median of minimum path 
length (M) (mm) 

Normalized 
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 5.31 

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 = 0, psplit = 0).  The probability of skipping an intersection, pskip, 

varies from 0.05 to 0.5 in steps of 0.05.  As pskip increases, the median of the minimum 

path length tends to increase. We note that when the two probabilities pup and pskip 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 

slightly increasing trends.  When both probabilities are large, pup is more influential than 

pskip, 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, pskip does 

not have the potential to decrease the number of corrosion paths that reach the bottom 

surface as does pup.      

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 (pup 

= 0, psplit = 0).    

Sample pdown pskip Median of minimum path 
length (M) (mm) 

Normalized 
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 (pup = 0, pskip = 0).  As with other settings, the 
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probability of splitting at an intersection, psplit, varies from 0.05 to 0.5 in steps of 0.05.  As 

psplit increases, the median of the minimum path length tends to gradually decrease 

linearly (Figure 4).  The influence of psplit is relatively small compared to the influences of 

pup and pskip.  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 pup and pskip 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 pup and pskip.  Figure 5 shows a representative 

sample of the number of splits that occurred for each psplit.   As psplit increases from 0.05 to 

0.5, the observed number of splits changes from a magnitude of 102 to 104, but the 

variation in the median of the minimum path length is less than 0.3 mm, as shown in 

Table 4.   

Table 4.  Simulation results for minimum corrosion path length when a corrosion path 

can split into two branches at the end of a vertical step, but not turn upward or skip an 

intersection ( pup = 0, pskip = 0). 

Sample pdown psplit 

Median of 
minimum path 

length (M) (mm) 
Normalized ratio 

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 
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Figure 4.  Effect of probabilities ( pup, pskip, psplit) 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 a vertical direction, the total number 

of paths increases.  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 psplit is small, the total number of splits is small 

and the number of splits added by the splitting of horizontal pieces is also very small.  

Therefore, the decrease in the minimum order statistic due to a slightly larger number of 

paths is small.  When psplit is larger, the number of splits increases substantially for both 

vertical steps and horizontal steps, from the magnitude of 102 to the order of 104-105.  
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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 a corrosion path at intersections, the number of 

layers in a metal strip is another influential factor that affects the minimum path length. 

The more layers there are in a metal 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.  It is interesting to note that the median M is increased by approximately 0.1 when the 

number of layers increases by 1.  In this model, the number of layers is variable because 

the grain thickness exhibits a distribution.  In reality, the variability in the number of 

layers for a sample of a give thickness is small. 
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Table 5.   Effect of increases in the number of layers on the median of the minimum order 

statistic (pdown = 0.94, pup= 0.05, pskip= 0.01, psplit = 0.05).  Sample thickness T = 0.4 mm.  

Number of layers 
Median of minimum path 

length, M 
Normalized ratio 

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 a given metal strip, the number of layers is fixed.  Therefore, we can adjust 

the probabilities ( pup, pskip, psplit ) to provide combinations that yield good fits to the data.  

This can be useful in providing information about the possible corrosion behaviors in 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 a good fit to the data.  Such a combination is not unique.  As mentioned, the pup 

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

intersections and pup is much smaller than pdown.  It seems that for given pup and pdown ,  

pskip and psplit 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, psplit ).   Sample 

thickness T = 0.4 mm.   

Sample pdown pup pskip psplit 

Median of 
minimum path 

length (M) (mm) 

Normalized 
ratio 

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 1.531 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 alloy, the simulation of such phenomena can provide 

useful quantitative insights into the understanding of the corrosion kinetics in AA2024-

T3. If deemed necessary for a given metal alloy, further refinement of this model is also 

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 turns to a vertical 

direction.  Also, it is reasonable to allow a corrosion path to terminate within the metal 

when it meets another corrosion path from an opposite direction.  
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