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A. INTRODUCTION

Corrosion engineers and scientists are often asked to estimate the corrosion rate of a specific material
in a specific environment, in order to predict the engineering lifetime. To obtain information to
answer such a question, corrosion specialists review all available data in databases accessible to
them, in books and in journal literature. Data on general corrosion under commonly encountered
conditions, such as steel exposed to the atmosphere, to marine environments, and to soils are readily
available and can be used for lifetime prediction. These data can also be utilized for design purposes,
so that the material is made of the thickness required to achieve the desired lifetime, assuming
general corrosion is the predominant mode by which degradation will occur during service.

Data on localized corrosion, however, are limited and can be used only for making go/no go
decisions on usage of the material in a given environment. For systems that undergo localized
corrosion, the corrosion rate cannot be used to predict lifetime. For these systems, the concept of
corrosion probability has been introduced for lifetime prediction [I]. The probabilistic concept is
essential for quality control, to ensure high-quality products, and in reliability engineering [2], which
is a basis for highly efficient production systems in advanced industries.

Corrosion engineering could gain a greater level of confidence if the corrosion probability
concept were widely used for estimating lifetime. Probability concepts and statistical procedures,
however, can be somewhat difficult for corrosion scientists and engineers to learn although many
textbooks on statistics are available. Although the ASTM standard Gl6 [3] is quite helpful in
understanding statistical practices for analyzing corrosion data, further insights into corrosion
probability, including recent progress, would be very useful. In this chapter, the basic concept of
corrosion probability is discussed, along with statistical procedures, based on probability plots, and
related topics that have been successfully applied to analysis of corrosion data.

B. CORROSION PROBABILITY

Mears and Evans [4] designed an interesting experiment for demonstrating the concept of corrosion
probability. As illustrated in Figure 1, wax lines were drawn on the surface of an iron plate, dividing
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FIGURE 1. Demonstration of the concept of corrosion probability by Mears and Evans [4].

the surface area into Af sections, which were then covered with a thin film of water. This procedure
was equivalent to preparing N separated specimens exposed to an identical corrosion condition. After
exposure for a fixed time under a mixed gas atmosphere consisting of oxygen and nitrogen, n squares
were corroded. The corrosion probability, P, was calculated as

P = n/N (1)

The mean weight loss, Q, for a corroded square could be calculated from the total weight loss, W,
divided by n. Then the total weight loss of the specimen, W, is given by

W = NPQ (2)

Mears and Evans [4] demonstrated that both the probability and corrosion rate, equivalent to Q, are
functions of the gas composition.

For iron, the corrosion rate increases with increase in the oxygen content in the gas, whereas the
corrosion probability changes in the opposite direction, from P=I to P = O, with increase in the
oxygen content, as shown in Figure 2. The total weight loss, W, given by Eq. (2), shows a maximum
at 8% oxygen, because of the changes, in opposite directions, of corrosion probability and corrosion
rate with gas composition.

For iron immersed in an aqueous solution of potassium chloride, however, both the corrosion
probability and the corrosion rate increase with increase in KCl concentration, resulting in a
continuous increase in W, with no maximum. Thus, Mears and Evans [4] succeeded in demonstrating
that corrosion probability, rather than the corrosion rate, control the overall weight loss.

1. CORROSION PROBABILITYAND RATING NUMBER

For coated steel, galvanized steel, and stainless steel, the surface appearance rather than weight loss
is important in many engineering applications. Stain, rust spots, and various types of defects, such as
debris and scratches, can degrade the surface appearance. Degradation of surface appearance cannot
be judged by weight loss, because there is usually no significant loss in weight.

A measure called the rating number (RN) is often used for evaluating the degree of surface
degradation. A numerical value of RN is estimated by comparing the surface appearance of the
specimen with that of a standard figure, which is provided in various industrial standards. Examples

Specimen

P = n/N

Water drop

Paraffin line
02 + Na



Composition in gas phase

FIGURE 2. Corrosion probability, total corrosion loss, and corrosion loss per unit area as a function of the
atmospheric gas composition.

of standard figures for assessing RN are shown in Figure 3 [5]. As shown in Figure 3, an increase in
the number of rust spots and/or in the area of spots causes an increase in the total corroded area, the
numerical value of which is shown below each figure. Corresponding to the increase in the total
corroded area, the RN, indicated above each figure, decreases. The RN is related to the corroded
area, /?, of the specimen as follows;

RN = a-b\og(R) (3)

where a and b are constants. The correlation is illustrated in Figure 4. The total corroded area, or the
percentage of the total area that is corroded, can be assessed by adding all the areas, a/, covered by
rust spots on the surface.

R = Zaj/A 7 = 0,1,2,3, . . . ,» (4)

where A is the surface area of the specimen, and R is the normalized corroded area. The parameter R
is the probability of corrosion occurrence on a two-dimensional (2D) scale and is equivalent to the
corrosion probability given by Eq. (1).

It is interesting to note that the linear response of RN to log(/?) shows an inflection at RN = 4,
suggesting a different mechanism on the severely corroded surface (RN < 4) compared with that on
the slightly stained surface (RN > 4). In the case of corrosion of stainless steel near the seashore,
clustering of the rust spots may be responsible for the change in slope above RN = 4, which will be
discussed later in this chapter, in the section on spatial distribution affecting surface appearance.

C. TYPES OF PROBABILITY DISTRIBUTION OBSERVED IN CORROSION

The distribution of corrosion data can be reduced to several basic probability distributions, which are
listed, along with examples, in Table 1 [6-14]. Characteristic features of each type of distribution are
discussed in the following paragraphs.
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FIGURE 3. Examples of the model patterns of rust spot distribution with the rating number and total corroded
area.

1. Normal Distribution

The normal (or Gaussian) distribution is frequently used. The normal distribution is a bell-shaped
curve which fits the histogram of most corrosion data. The curve is described by the probability
density function,/(jc):

/(*) = (l/crV5it) exp[-(* - n)2/2a2] (5)

where Jj, and a are the mean and standard deviation, respectively, which determine the shape of the
curve. The area under the curve gives the probability of occurrence, calculated by the cumulative
probability function, F(x}\

F(X) = ff(x)dx = (l/aV27t) / exp[-(;t - \i)2/2o2]dx (6)



RN

FIGURE 4. Total corroded area as a function of the RN.

If reduced variate, s, is given by

j = (*-li)/a (7)

then F(JC) can be reduced to a standardized cumulative function, F(S-);

F(s) = (\/V2n) j exp(-*2/2)<fc (8)

Numerical values of F(S) can be found in tables of the cumulative normal distribution.

TABLE 1. Various Probability Distributions Observed in Corrosion

Probability Distribution

Normal distribution
Log-normal distribution
Poisson distribution
Exponential distribution

Extreme value distribution
Gumbel distribution
Weibull distribution

Generalized extreme value distribution

Examples in Corrosion

Pitting potential
SCC* failure time
Two-dimensional distribution of pits
Induction time for pit generation
SCC and HE* failure time

Maximum pit depth
SCC failure time
Maximum pit depth
Fatique crack depth

Reference

6
7
8
9

10

11
12
13
14

a Stress corrosion cracking (SCC)
* Hydrogen embrittlement (HE)

C
or

ro
de

d 
ar

ea
 (

%
)

ASTM D610

JIS H8681



Graphical analysis using normal probability paper to estimate the distribution parameters of |i
and a is simple and useful for engineering applications. Normal probability paper is constructed with
values of s on one axis and the cumulative probability, F(s), given by Eq. (8) on the same axis. On the
other axis, x is plotted on an arithmetic scale. Then the cumulative probability, F(JC), obeying the
normal distribution can be plotted as a straight line using normal probability paper. To plot the line,
the data are arranged in ascending order of value, and the plotting position[3] for cumulative
probability is calculated by Eq. (9)

F(JC) = (i-3/8)(tf+1/4) (9)

where i is the position of the data point in the rank and W is the total number of data points. Instead of
Eq. (9), another simple equation of i/(I+N) can be used for calculating the plotting position, but
Eq. (9) is recommended for use with normal probability plots because it gives almost unbiased
estimates of the standard deviation from the slope of the linear plot.

Table 2 is a working table for plotting measured values of pitting potential of Type 304 stainless
steel on normal probability paper. The first column is the position of the data point. The measured
values are arranged in ascending order and are tabulated in the second column. In the third column,
the cumulative probabilities given by Eq. (9) are listed. Each set of [*, F(X)], for the pitting potential
and the corresponding cumulative probability can be plotted on normal probability paper. The
straight line fitting the points, shown in Figure 5, indicates that the measured data obey the normal
probability distribution. The mean value of \i can be obtained at the 50% point. The standard
deviation is the difference between the values at the 50% point and at the 84.13% point, or the slope
of line because the slope is proportional to I/a. In this case, the values shown in Figure 5, |i = 0.277
and a = 0.015 are the same values as those obtained by numerical calculation and shown in Table 2.

2. Log-Normal Distribution

The probability density function and the cumulative function of the log-normal distribution are given
by

/(*) = (1/&0/2*) exp[-(lnjc - In6)2/2C2] (10)

F(S) = (l/v/271) |exp(-*2/2)<fc (U)

TABLE 2. Data Set of Pitting Potential of Type 304 Stainless
Steel Measured by the Potential Sweep Method in 3.5% NaCl
Solution0

i

1
2
3
4
5
6
1
8
9

10
11
12

Jf1- (V vs. SCE)

0.199
0.261
0.263
0.264
0.274
0.275
0.281
0.285
0.286
0.293
0.294
0.295

F(*,)(i-3/8)/(AH-l/4)

0.051
0.133
0.214
0.296
0.378
0.459
0.540
0.622
0.704
0.786
0.867
0.949

"Sum: 3.321, mean: 3.321/12 = 0.277, standard deviation: 0.015.



Pitting potential / volt vs.SCE

FIGURE 5. Probability plot for the distribution of pitting potential on normal probability paper, from which the
mean, \i, and standard deviation, a, can be determined.

where

5 = (ln;c-ln5)/C (12)

By introducing the reduced variate s, the cumulative probability function of the log-normal
distribution can be converted to the same form as the normal distribution expressed by Eq. (8). Then,
normal probability paper can be used for plotting the data set obeying the log normal distribution by
changing the x axis from an arithmetic scale to a logarithmic scale.

Data for failure times by SCC of stainless steel in boiling MgCl2 solution at 1540C are listed in
Table 3. Plotting the data set of [log ;c/, F(JC/)] on normal probability paper results in a straight line, as
shown in Figure 6. Again, mean and standard deviation can be determined from data at the 50% point
and at the 84.13% point, respectively.

3. Poisson Distribution

The Poisson distribution is used to describe random phenomena observed in rare events. Pit
generation is a good example of a random process that can be described using a Poisson distribution.
An example of random occurrence of pitting is shown in Figure 7 [15], in which pits in the passive
film on Type 304 stainless steel were identified by platinum decoration using a displacement
reaction in boiling MgCl2 solution. The spatial distribution of pits on the surface was evaluated by
counting the number of pits per unit area of 0.5um x 0.5 um = 0.25 um2. The results are summarized
in Table 4, and the distribution curve is shown in Figure 8 [24]. The open circles are observed values,
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Log (Failure time/min)

FIGURE 6. Probability plot for the distribution of SCC failure time on the log-normal probability paper, from
which the mean, ji, and standard deviation, a, can be determined.
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TABLE 3. Data Set of SCC Failure Times of Stainless Steel in
Boiling MgCl2 Solution at 1540C

i

1
2
3
4
5
6
7
8
9

10
11
12
13
14

XI (min)

78
80
96
97

100
101
103
118
123
128
130
141
146
160

Ffo)(i-3/8)/(AH-l/4)

0.0439
0.114
0.184
0.254
0.325
0.395
0.469
0.535
0.605
0.675
0.746
0.716
0.886
0.956

"Sum: 1601, mean: 1601/14= 114.4, standard deviation: 24.8.



FIGURE 7. The transmission electron microscopy (TEM) photograph showing random distribution of pits on
the surface of Type 304 stainless steel.

and the closed circles are theoretical values calculated by assuming the Poisson distribution,
expressed as,

P(*) = [(m)>!]exp(-m) (13)

where P(x) is the probability of occurrence of x pits in unit area and m is the mean. Good agreement
between the data points and the curve suggests that pit generation in the passive film occurs
according to a Poisson process with mutual independent events. Deviation of the observed points
from the theoretical curve was found in an Al alloy and was attributed to a mutual interaction of the
pit generation process, as pointed out by Mears and Evans [8].

TABLE 4. Frequency Distribution and Theoretical Probability
of Pit Distribution"

JC

O
1
2
3
4
5
6
7
Sum

/

21
28
39
32
17
15
4
7

163

*/

O
28
78
96
68
75
24
49

418

//163

0.129
0.172
0.239
0.196
0.104
0.092
0.025
0.043
1.000

P(X)

0.077
0.198
0.253
0.216
0.138
0.071
0.030
0.011
0.994

aMean = 418/163 = 2.56.



Number of pit/2.5x10"9cm2

FIGURE 8. Distribution curves of pits obeying the Poisson distribution.

4. Spatial Distribution Affecting Surface Appearance

Spatial distribution of rust spots affects the surface appearance, which is sometimes more important
than weight loss. Degradation in the surface appearance is usually evaluated by visual inspection.
Quantitative evaluation can be achieved by rating the surface appearance as RN, which is simply
related to the total corroded area. It should be noticed, however, that a simple RN may not satisfy the
observer's intuition, because the surface appearance could be affected not only by the total corroded
surface area, but also by the distribution pattern of the corroded areas over the total surface.

Figure 9 shows patterns of the distribution prepared by Masuko [16, 17], in which nine different
patterns with the same RN are demonstrated. Figure 9(a), which looks like a lattice of crystal, is
called a regular pattern, and Figure 9(i) is called a singular or clustered pattern because spots
aggregate or localize at separate local sites. Patterns in Figure 9(c) and (d), however, show a random
appearance. It has to be emphasized, again, that all nine figures have the same RN, but provide quite
a different visual impression. Another index is required for quantitatively characterizing the patterns.
For corroded surfaces, the mode of localization is important for characterizing the distribution
pattern. The mode of localization is an important topic in ecology [18] and is analyzed based on
spatial analysis theory. In order to describe the mode of localization in corrosion, Masuko [16, 17]
introduced a homogeneity function expressed as

H = X(qj/qT)ln(qj/qT) (14)

where qj(j = 1,2,3,. . . , Af) is the number of pits in they'th divided area and qr is the total number of
pit observed on the entire surface, which is divided into N equal areas. The proposed function, H, of
Eq. (14) has a maximum value when qj is the same in every area, corresponding to a uniform
distribution, and H = O when all pits concentrate in one area, that is, qj = qr for one area whereas qj
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FIGURE 9. Model patterns of pit distribution (regular, random, and clustered), which have the same rating
number.

is zero for all the other areas. A quantitative expression for deviation from a completely random
distribution can be calculated using the following function of D.

D = H-H0 (15)

where H0 is calculated from the distribution of qj for the Poisson distribution, because a completely
random distribution can be produced by the Poisson distribution.

It should be noted that the Poisson distribution has the same value of mean, m, and variance, V.
The ratio, V/m, equals unity if the observed distribution obeys the Poisson, or random distribution. If
there is deviation from a random distribution, the ratio V/m < 1 or V/m > 1. The ratio of the variance

H= 5.6258
D = -0.1909

H= 4.4547
D = -1.3620

H= 4.7327
D = -1.0840

H= 5.6006
D = -0.2161

H= 5.8087
D = -0.0080

H= 5.8087
D = -0.0080

H = 6.6438
D = 0.8271

H = 6.1212
D = 0.3045

H= 5.8087
D = -0.0080



to mean, Ww, for an observed distribution is a simple measure for evaluating the deviation from
complete randomness. The same argument could be made for H and D functions of Eqs. (14) and
(15). Thus D and V/m can be used to differentiate three basic patterns of localization of pits; the
regular, random and clustered patterns by using the rule shown in Table 5. Martin and Mcknight [19]
used the variance to mean ratio, V/m, for evaluating clustering of rust spots for painted steel. By
using computer-aided image analysis and a program with the V/m ratio [20], it was found that the
distribution of rust spots on stainless steel exposed at the seacoast was completely random in the
initial stage of the exposure because V/m= 1, changing to the regular (V/m<l) and clustered
pattern(V/m>l) after corrosion progressed. The change of the distribution pattern occurred at
around RN = 4.

D. EXTREME VALUE STATISTICS

1. Size and Time Effect in the Corrosion Test

When the required corrosion data are not available, corrosion engineers design a laboratory test that
simulates field operating conditions. In some cases, corrosion engineers may be asked to provide
reliable data for scaling up the system from the laboratory to the field. They may also be asked to
predict the remaining life of apparatus in operation. The size of the test coupon and the duration of
testing may change over a wide range depending on the purpose of the test and the requirements of
the client. As shown in Table 6 [21], tests can be divided into three categories: The first test is carried
out in the laboratory by those concerned with materials production; the second is a pilot plant test
carried out by those concerned with design and fabrication of the apparatus; and the last is inspection
and in-plant examination by those concerned with plant maintenance.

In the laboratory test, coupons of relatively small area (e.g., 1 cm2) are used and tested in a
relatively short time within ~ 2 weeks under accelerated conditions, whereas larger coupons, several
times 10 cm2, are required in pilot plant tests that typically last for at least a few months. During plant
operation, much larger surface of the plant is exposed to the corrosive environment during longer
operation times. For instance, the surface area of heat exchangers installed in a plant is in the range of
105 to 106 cm2 depending on the type and design. For such a huge surface area, regular inspection is
needed to assess operational reliability and to estimate residual life.

TABLE 6. Relative Ratio in Surface Area and Failure Time Expected in Laboratory Tests, Pilot Plant
Tests, and During Plant Operation

Steel maker
Plant fabricator
Plant user
Surface area ratio
Failure time ratio

Laboratory
Test

a

b

1

1

Pilot Plant
Test

b

b

10- 102

10- 103

Inspection
at Plant

b

a

104-106

104-106

Failure Life
Estimation

a

a Mainly concerned.
b Secondary concerned.

TABLE 5. Indexes for Identifying the Distribution Pattern

D
VIm

Regular

£»0
Wm<l

Random

D = O
DIm=I

Cluster

D<0
Dlm>\



When the coupon size and testing duration in the laboratory test are each equated to unity, the
relative size of the coupon and the relative duration of the pilot plant test might be in the range of 10
to 102 and 10 to 103, respectively, as indicated in Table 6. Differences in size as well as in duration
between the laboratory test and the field examination are extremely large and in the range of 104 to
106 and 104 to 105, respectively, because plant operation is normally expected to last for > 20 years.
For this reason, one should be cautious in extrapolating laboratory data directly to design or to
prediction of life or residual life of plants [22].

2 Three Types of Extreme Value Distribution

Fortunately, a method for bridging the large difference in space and time mentioned in Section D. 1 is
provided by the statistical theory of extreme values, the theoretical basis of which was well
established in 1950s. A comprehensive treatment of the statistical theory of extreme values has been
given by Gumbel [23, 24], who showed examples of applications of extreme value statistics to
various fields, including the analysis of the maximum pit depth of a corroded steel pipe. According to
Gumbel [23, 24], the extreme value distribution can be reduced to three types of asymptotic
distributions for an infinite number of samples, and which of the three types applies in a given
situation depends on the initial distribution:

Type I F(X) ~ exp [-exp (-*)] Gumbel distribution (16)

Type II F(X) ~ exp (-*"*) Caucy distribution (17)

Type III F(X) ~ exp [- (CD - x)k] Weibull distribution (18)

Each type has two distributions, one for the largest and one for the smallest, so that six asymptotic
extreme value distributions exist. Of these six distributions, however, Type I for the largest value and
Type III for the smallest value are most often observed in corrosion and are called the Gumbel and
Weibull distributions, respectively.

3. Generalized Extreme Value Distribution

When corrosion data for the maximum or minimum value are collected, one must decide which type
of extreme value distribution should be fitted to the observed data. For this purpose, several methods
for testing the closeness of fit are proposed, including the chi-square test, the Komologorov-Simirnov
test, the correlation coefficient test, and others.

Recently, a generalized extreme value (GEV) distribution was introduced for the closeness-of-fit
test. The GEV distribution was introduced first [25] in meteorology for analyzing rainfall and other
data. The probability function of GEV is given by

F(X) = exp {-[1 - k(x - w)/a]1A}, kx < a + uk (19)

where u and a are the location and scale parameters, respectively, and k is the shape parameter, which
has a unique property to indicate the type of distribution by the sign and the absolute value as
follows:

k -O Type I £ < 0 Type II k > O Type IH (20)

In most cases, k is in the range — 1/2<k< 1/2, and x has an upper or lower bound of u + a/'k for
k > O or k < O. Lay cock et al. [ 13] found that the distribution of pit depth on Type 316L stainless steel
obeys Type III for the largest value, because k = 0.401 > O. The presence of the upper bound in the
Type III distribution for the area dependence is useful in rationalizing the physical model of pit
initiation and growth because the existence of a limiting depth with increase of surface area is more
realistic.



4. Extreme Value Statistics for Estimating Maximum Pit Depth

Extreme value statistics using the Gumbel distribution is quite useful for estimating the maximum pit
depth and its dependence on surface area [26-3O]. A standardized procedure [30] has been proposed
for analyzing the maximum pit depth distribution using the Gumbel distribution and the concept of
the return period, in order to estimate the maximum depth of pits over the larger surface area from
which specimens of small area are extracted.
The Gumbel distribution is expressed as

F(*)=exp{-exp[-(*-X)/a]} (21)

where F(JC) is the cumulative probability of pit depth, x, and X and a are the location and scale
parameters, respectively. The probability density function, /(*), is given by

/(JT) = (l/«)*p{-(* - X)/o - exp [-(jc - A)/«]} (22)

The reduced variate, y,

y = (*-X)/ct (23)

is introduced, and then

y =-In {-In [FGO]) (24)

is used for constructing Gumbel probability paper. The Gumbel probability paper shown in Figure 10
is constructed with values of v scaled on the vertical axis and the associated cumulative probabilities,

Pit depth/mm

FIGURE 10. Probability plot of the distribution of pit depth in samples of small area on Gumbel probability
paper, from which the maximum pit depth for the larger surface area can be estimated.



F(y), calculated from Eq. (24) on the same axis. Values of the extreme variate, *, are plotted on the
horizontal axis using an arithmetic scale. Then the cumulative probability, F(JC), of variate, Jt,
obeying the extreme value distribution can be plotted as a straight line on Gumbel probability paper.
Plotting position for the cumulative probability can be calculated simply by

F(y) = 1-//(1 +N) (25)

where / is the ith position of the ordered values of Jt, in descending order, and Af is the total number of
samples. Plotting y as a function of Jt yields a straight line, and its slope is I/a, and the intercept at
y = O gives X.

For the pit depth distribution, the return period, T, is defined as

T = S/ s (26)

where S is the surface area of the object, such as the tank plate to be examined, and s is the area of the
small specimens that are sampled randomly from this object. Then the return period, T, is a size
factor. The return period is defined as

7 =!/[!- F(y)] (27)

and y can be correlated with T as follows,

y = -hi {-In [F(y)}} = -In [-In (1 - 1 /T)]

= In(T) when T> 18 (28)

Then the opposite side to the y axis can be scaled as the Taxis, as shown in Figure 10. The value of x
at a given T is the maximum pit depth, Jtmax, for the T times larger surface area, 5, compared with the
small sample area, s.

An example of plotting the pit depth data is shown in Figure 10. In an atmospheric exposure test,
10 sheets of painted steel having 50 x 50-mm2 area were exposed for 13 years. After the test, pits
with various sizes and depths were found on the sheets. The maximum pit depth was obtained from
each sheet and was tabulated in the second column of Table 7 in descending order. The third column
lists the plotting position calculated by Eq. (25). Plotting the data points, (*,-, F(JC/)), results in the line
shown in Figure 10. The parameters of the distribution can be assessed from the slope and intercept,
a = 0.1 39 and X = 0.1 33, respectively. The maximum depth on the surface area that is 100 times

TABLE 7. Work Sheet for Plotting PIT Depth Data on Gumbel Probability Paper0'*

i

1
2
3
4
5
6
7
8
9
10

Xi

(mm)

0.6
0.4
0.3
0.2
0.2
0.2
0.1
0.1
O
O

FM
= 1-/ /(1+AO

0.9091
0.8182
0.7273
0.6364
0.5455
0.4546
0.3636
0.2727
0.1818
0.0909

At(N, /i)

0.00063
0.01432
0.03046
0.04926
0.07137
0.09790
0.13065
0.60542

bt(N,ri)

0.115279
0.11979
0.11420
0.10060
0.07852
0.0046027

-0.000884
-0.573523

OiX1

0.000378
0.005728
0.009137
0.009851
0.014274
0.019579
0.013065
0.060542

biXi

0.069161
0.047915
0.034261
0.020120
0.015705
0.009205

-0.00009
- 0.05735

aPit depth data were obtained from the painted steel sheet after a 13-year exposure test.
b Location parameter: X = Sa/ */ = 0. 1326. Scale parameter: a = E b( X1 = 0. 1390.



larger than the area of the sheet specimens is estimated to be jcmax = 0.773 mm, which is obtained
from the intersection of the linear plot of the distribution and the T= 100 line.

Instead of this graphical estimation of the parameters, more reliable estimates of a and A, can be
obtained by using the MVLUE (minimum variance linear unbiased estimator) method, the maximum
likelihood, and the method of moments. Of these three methods, the MVLUE method, discussed by
Lieblein [31], is found to be more efficient and unbiased for small size samples. The MVLUE
estimator can be calculated by

X = "La1 (N, n)Xi, a = ^b1 (N, n)xt (29)

where a/(Af,n) and &/(Af,n) are weights for each sample depending on the sample size, Af, and
truncated number, «, which are tabulated in the table up to W= 23 [29] or the table given by Tsuge
[32] up to N = 45. Again the example for estimation of the parameters using the MVLUE method is
shown in Table 7. The fourth and fifth columns list the values of the weight, ai(N,n) and £/(Af,n),
respectively. The sixth and seventh columns list the calculated values of ai(N,ri)x. and b^N.n)xit

respectively, summation of which gives the parameters estimated by the MVLUE method, shown
below Table 7. There is good agreement between the values obtained by graphical estimation and by
the MVLUE estimation.

The mode, X, of the pit depth distribution for the small specimen is obtained by the MVLUE
estimation mentioned above, and then the mode, *max, for the T times larger surface, 5, is estimated
by

xmax = A + a In (T) if T > 18 (30)

The perforation probability, Pp, of the maximum pit through the wall thickness, d, is given by

Pp = l-exp(-exp(-{d-[X + aln(T)/a]})) (31)

The above procedure does not include assessing the closeness of fit of the distribution obtained to
the Gumbel distribution, but the closeness of fit can be assessed using the Kolmogorov-Smirnov or
chi-square test if needed. Another convenient method [35], using the GEVof Eq. (19), can be utilized
for comparing the fit of the distribution to the Gumbel distribution, because the shape parameter, k
[33], defines the type of distribution, as indicated in Eq. (20).

The maximum pit depth, ;tmax, and the perforation probability, Pp, can be estimated using the
procedure in the manual method or the MVLUE program of EVAN [34], which operates with MS-
DOS, and EVAN-II [35], which operates with Microsoft Excel. If further applications are intended
under a variety of conditions, some problems and questions will arise (e.g., how to collect sample
data for the object, how to decide on the small sample area, s, for the large area, 5, of the object, and
how many samples to use). A procedure to determine the suitable number of samples was developed
[30] using the T versus N curve derived from a concept of variance control.

The weights, A, B, C, of variance, K

V = a2 [A(AT, n)y2 + B(N, n)y + C(N, n)} (32)

are also found in the table [29,31,32], so that variance can be calculated as a function of N and y or T.
At a constant variance, a relation between AT and T can be determined. On this basis and with
accumulated experience, a recommended procedure for the analysis has been proposed [30,36]. The
first requirement is that the values either should be measured under the same corrosion conditions, or
should be separated into groups based on knowledge of corrosion if data are collected under different
conditions. Second, the area of the small sample, s, should be chosen so as to include multiple pits.
Then Tis calculated by T= S/s from 5, which is given, and N is decided from the T versus N curves at



the given ratio of X/a. The ratio of X/oc must be known before the analysis, but fortunately can be
estimated from previously accumulated data.

5. Weibull Distribution for Analyzing SCC Failure Time

The third type of extreme value distribution for the smallest value, the Weibull distribution,

F(0 = l-exp{-[(r-Y)/n]m} (33)

can be fitted to the failure life distribution by SCC, where y,rj and m are the location, scale, and shape
parameters, respectively. This third type of asymptotic distribution for the smallest value can be
transformed to the first type for the largest value; that is, Eq. (21), by changing 1 — F(f) to F(z) and by
introducing the following reduced variate

X = ln( / -y) z= (X-K)/QL (34)

The same MVLUE method used for Eq. (21) can be utilized to estimate the parameters of Eq. (33)
because the following relations exist between the parameters of both distributions.

X = In(-n), a = 1/m (35)

The above unified procedure for estimating parameters of the Gumbel and Weibull distribution was
coded as a computer program, EVAN [34].

The lifetime during which SCC is the failure mode varies a great deal and, in the past, was
analyzed using a log normal distribution [7,21] in case of aluminum alloys, stainless steels, and steel
wire. More recent analysis, however, has been based on the Weibull distribution [37, 38], including
the exponential distribution, because the Weibull distribution can be fitted to various types of
distribution by adjusting the shape parameter. The shape parameter, m, is an important parameter
because it controls the shape of the probability density function,/(0, and also the failure rate, X(O, as
shown below.

/« =dF«M = m(r-Yf-1 (T1)-" exp{-[(r-Y)M"} (36)

X(J) =/(»)/[! - F(t)} = m(i\rm(t - Y)"-' (37)

In reliability engineering [2], a bath tub-shaped mortality curve for describing failure time is widely
used to illustrate the failure mode, which is controlled by the shape parameter, as shown in Figure 11.
The first period, or mode, shows a decreasing failure rate with time and is called an early failure

Operation time

FIGURE 11. Bathtub curve for the change of failure rate with time, showing early failure, chance failure and
wear-out failure mode.
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FIGURE 12. Probability plots of the SCC failure time of stainless steel on Weibull probability paper.

mode. The middle part, with a constant and lower failure rate, is a chance failure mode. The final
stage, in which the failure rate increases with time, indicates a wear-out mode.

For austenitic stainless steel [39] in boiling MgCl2 solution, applied stress causes transgranular
stress corrosion cracking and changes the distribution of failure time, as shown in Figure 12. The
effects of applied stress on the parameters of the distribution are summarized in Figure 13(a) and (b)
[39]. With decrease in applied stress, the single distribution changes to a complex one consisting of
two distributions, the first distribution of which changes its slope, approaching unity, whereas the
second has a constant slope of unity. Both distributions have a trend to approach the chance failure
mode with decrease in applied stress.

Applied stress/kg/mm2 Applied stress/kg/mm2

FIGURE 13. Median failure time and shape parameter of the Weibull distribution as a function of applied
stress.

M
ed

ia
n 

fa
ilu

re
 ti

m
e/

m
in

S
ha

pe
 p

ar
am

et
er

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
/%

45% MgCI2
1540C

45%MgCI2, 154 C



Failure time/h

FIGURE 14. Probability plots of the IGSCC failure time on Weibull probability paper, showing a different
dependence of the shape parameter on applied stress compared with data in Figure 13.

An opposite shift of the slope with applied stress, however, was reported by Clarke and Gordon
[12], who measured the failure time distribution of intergranular stress corrosion cracking (IGSCC)
of sensitized Type 304 stainless steel in high-temperature, high-pressure water simulating the boiling
water reactor (BWR) environment, as shown in Figure 14 [12]. The Weibull plot shifts to longer time
with decreasing applied stress, but the steeper slope occurs at the lower stress. This change in the
shape parameter suggests a change in the mechanism of SCC. It is interesting to note that the actual
field data of SCC of steam generator tubes in nuclear power plants [40] obeys the Weibull
distribution, and the shape parameter was found to be 4.2, as shown in Figure 15. This analysis
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FIGURE 15. Weibull probability plot of service life of steam generator tubes operated in the French nuclear
power plant.
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FIGURE 16. Distribution curves of failure time observed in various environments, at which stress level
increases with severity of the environment. Three different modes in the change of the distribution are shown in
the insert.

indicates that the SCC failure of the plant was in the final stage, in wear-out mode, so that a remedy
such as plugging or replacement was required for safe operation.

E. RELIABILITY ASSESSMENT AND PROBABILITY DISTRIBUTION

As discussed in Section D.5, the distribution of failure life of SCC is expressed as a function of
experimental conditions, such as applied stress, chloride concentration, oxygen concentration, and
so on. If factors that affect failure time are expressed simply as stress, then the shift of the
distributions with stress can be illustrated schematically, as shown in Figure 16. The laboratory test at
the higher stress level produces a series of short failure time data, the distribution of which is located
in the left and shorter time region. The distribution of field failure time is located in the extended time
region shown on the right side. Usually, the distribution of the field failure life cannot be established
because failure time data are very limited. For quantitative estimation of failure life or for assessing
reliability in the field, the distribution at each level of stress is estimated. Alternatively, if the
distribution is known as a function of stress, extrapolation to lower stress levels can provide the
estimated distribution of the field failure time.

Three postulated changes of the distribution plotted on Weibull probability paper are illustrated in
the small insert figures in Figure 16. Stress corrosion cracking of stainless steels in MgCl2 solution,
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FIGURE 17. Weibull probability plots of the SCC failure time of high strength steel bolts exposed under
various environmental conditions.

shown in Figure 12, is an example of case (b), and the slope of the distribution likely approaches
unity with decrease in stress.

Murata [41] reported the distributions of delayed fracture of high-tension bolts tested in the
laboratory as well as in atmospheric exposure over a period of 9 years. The results obtained for
SNCM 23A (AISI-SAE4320) steel bolts in the exposure test were plotted in Figure 17 [41].
Distributions shifted to longer failure times in sea, coastal, industrial and rural exposure, in that
order. The small shape parameter was a specific feature of the sea exposure. In order to compare
these atmospheric exposure test results, the laboratory accelerated tests were carried out using high-
temperature and high-humidity environments. The mean failure time of the accelerated test was
found to be ten times shorter than the field exposure test, and the shape parameter was almost the
same as in the field exposure test [41].

Atmospheric exposure can be simulated by the high-temperature and high-humidity accelerated
test because of the similar shape parameter, but failure in sea immersion cannot be simulated,
because of the large difference in the shape parameter.

Stress corrosion cracking of stainless steel heat exchanger tubes using industrial water as coolant
is a problem in the chemical industry. Failure causes and failure life data have been analyzed [42]. It
has been established that both the chloride concentration and the wall temperature are controlling
factors causing SCC failures. Conditions to avoid SCC have been recommended based on the data
collected. In addition, the distribution of failure life of 442 cases reported from 19 plants has been
analyzed. The failure life data that were grouped based on wall temperature obey an exponential
distribution, as illustrated in Figure 18 [42]. The vertical axis is the hazard function, H(f), which is
defined as

^W=In[I-FW] (38)

or

F« = l-expbff«] (39)
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FIGURE 18. Hazard plots of SCC failure time of stainless steel tubes for heat exchangers using industrial water
in the chemical industry.

The hazard function was calculated by summation of the failure rate, h(t\ at each time

H(t) = Zfc(f) (40)

The exponential distribution has the form of

F(f) = l-exp[-(f-X)/a] (41)
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FIGURE 19. Comparison of the cumulative probability distributions of the SCC failure time of Type 304
stainless steel obtained under various conditions.



which is reduced from the Weibull distribution at m = I . The slope of the line provides the failure
rate, which is constant during the lifetime, but depends on the wall temperature, as shown in
Figure 18.

The field data for the SCC failure time distribution are valuable because they provide a basis for
comparison with the laboratory distribution. An example for estimating the accelerating factor of the
laboratory test is shown in Figure 19 [43], in which the failure time distributions of Type 304
stainless steel under various conditions, including the field failure time distribution [42], are plotted
on Weibull probability paper. Every distribution obeys the Weibull distribution, and the slope
decreases from m = 3.41 to m = 1.0 while the mean failure time increases, indicating the change of
failure mode from the wear-out to the chance failure mode. By comparing the medians of the
distributions, it can be concluded that the most severe testing condition, using a boiling concentrated
MgCl2 solution, accelerates the SCC of stainless steel by a factor of 104 compared to the field
failure life [42].

1. Quantitative Assessment of SCC Failure by Reliability Test

In Section E, a value of the acceleration factor was estimated by comparing the medians of the
distributions. It may be required, however, to estimate more reliably quantitative values for the
failure life of systems or materials that need a high level of reliability. For this purpose, Post et al.
[44] developed a statistical procedure by assuming that the failure life of sensitized Type 304
stainless steel due to IGSCC in the BWR-simulated environment obeys a log normal distribution.

Figure 20 [38] illustrates schematically a procedure using the accelerated test to verify the
reliability of a newly developed alloy or an alternative welding method, by comparing with the
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FIGURE 20. Schematic illustration of the reliability test for assessing the acceleration factor based on
statistical procedures.



current materials that are susceptible to SCC. When both distributions for a reference alloy and an
alternative alloy obey the log normal distribution with the same variance (a^ = CTA), as shown in
Figure 20(a), the improvement factor, F, is defined as

In(F) = |iA - Jix (42)

where UA and UX are the log-mean failure time of the alternative alloy A and the reference alloy X,
respectively. The factor, F, depends on testing time, t, the number, n, of specimens tested, and the
level of reliability, p, being expressed as

In (F) = In (t) - Ux - ax[*lnA + P(l/nx + *fnA)1/2] (43)

where KinA and ^2nA are the coefficients for the mean and standard deviation of the smallest value
distribution of sample size n, and their numerical value can be found in the Rankit table [29].

As shown in Figure 20(b), the same equation could be applicable to determine the accelerating
factor, L, of the laboratory test over the field failure:

In(L) = nx - nx (44)

where Ux and u^ are the log-mean failure times of alloy X in the laboratory test and in the actual
field, respectively.

For Weibull distributions, a similar procedure could be used for comparing two distributions with
the same shape parameter (mA = mx = m).

In (F) - In (O - Ux + (1/m) In [nA - Mn (1 - P)] (45)

Akashi [10] found that the distribution of SCC failure times in the laboratory obeys the exponential
distribution expressed by Eq. (41) and the oc/X ratio is almost constant. In this case, the condition of
(OCAAA = BxAx = a A) *s fulfilled and

In (F) = In (r) - In (Xx) - In [1 - (aAK)In(I - P)] (46)

can be used for evaluating the improvement factor, F.

E CONCLUDING REMARKS

The corrosion probability concept is important and useful for analyzing the highly variable data that
are often observed in laboratory corrosion tests and in field failures. Statistical procedures are not
very familiar to many corrosion engineers and scientists who have been educated in electrochemical
disciplines. Use of statistics is essential when data on localized corrosion must be evaluated. The
easiest and fastest way to learn statistical procedures is to plot, on probability paper, your own data
that are already stored in your filing cabinet or in your computer.
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