B. 19 ‘“Variability in the Corrosion of Materials in LWR Environments,”
by Roger W. Staehle

Introduction

Regardless of the mode or intensity of corrosion, failures in identical components exposed to
identical conditions in the same or different plants do not occur simultaneously. There is always
a “first failure” in a set of identical components; and, when failures can occur, the first failure is
followed by others. This first failure is frequently, and erroneously, attributed to a “bad heat” or
to some carelessness in manufacturing or operation. As failures of the same mode accumulate,
it is common to accept the inevitable trend, rather than having accepted the inevitability of '
subsequent failure at the earliest failure. Sometimes, the first failure may occur several orders
of magnitude in time earlier than the mean value as determined by later testing or much later
failures in the field. As used in this paper, the term failure means the initiation of degradation,
its progression to detectable size, eventual propagation through the component wall, or any
combination of these.

The objective of this discussion is to describe the reality of the nature and scope of variability in
the occurrence of corrosion damage in operating LWR plants as well as in the laboratory testing
that is intended to elucidate the nature of such failures in applications. A further objective here
is to alert regulators, designers, and operators to the inevitability of the statistical nature of
corrosion failures.

Statistical Distributions

Variability in the corrosion of materials has been described by Staehle and co-workers in
several references [1-6]. In order to discuss the variability in corrosion of materials, a brief
review of the statistical methodology and terminology is useful. For the purposes of this
discussion, the statistical methodology is described in terms of the Weibull distribution [7-9]. Of
the several distributions, which are available for correlating failure data, the Weibull distribution
usually fits failure phenomena the best. However, there are several useful distributions that are
widely used as described in texts by Nelson and others [10-13]. The background of applying
statistical distributions to corrosion is described by Staehle [1] and by Shibata [14].

The principal relationships used to describe the distribution of data in the Weibull framework are
shown in Equations 1-8

where:
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t = Time :

t, = Location parameter, sometimes called, erroneously, the “initiation time.”

8 = Scale parameter or the Weibull characteristic which is evaluated at t = 6

' where the probability is 0.632.
B = Shape parameter or often called the “Weibull slope” as is evident from the
linearized version in Eqn. (4). Bis also called the “dispersion.”

f(t) = Probability density function, pdf.

F(t) = Cumulative distribution function, cdf, also the probability of failure in time.

Ft) = Total probability including the i element.

F(t) = Probability for the i" element.

R(t) = Reliability

Rr(t) = Total reliability

R(t) = Reliability of i" element

h(t) = Hazard function

Until about ten years ago, it was common to evaluate only the scale parameter, 8 and the shape
factor, B8, owing to the difficulty of evaluating the three parameters including the location
parameter, {,; further, it was mistakenly thought that a phenomenon that started at the beginning
of component life would have a {,=0. Now, with a number of good computer programs [15], all
three parameters are customarily evaluated giving a “three parameter fit” of the data rather than
a “two parameter fit.”

Eqgn. (1) and Figure B.19.1a show the “probability density function (pdf),” which gives the
probability of occurrence, f(t), (of corrosion failure in this discussion) in the interval dt. This is a
familiar form, and in normal statistics the pdf gives the widely recognized “bell shaped curve.”

Of more use is the “cumulative distribution function (cdf),” which gives the cumulative failures or
probability of failure, F(t) vs. time. F(t) vs. time is obtained by integrating the pdf from zero to “t”
as shown in Egn. (2) and Figure B.19.1b. The result of this integration is Eqn. (3); and Eqgn. (3)
is usually linearized for the Weibull distribution as Eqn. (4) by taking the natural log of both sides
twice. The result is a relationship of the form, y=mx+b, where the shape parameter, 8, isthe
slope. This shape parameter is often called the “dispersion” since it describes how broadly the
data are distributed. The probability of failure, F(t), which is the probability of failure at time, ¢, is
1-R(t), where R(1) is the “reliability” or the probability that the components will not fail by time, ¢.
R(t) is given in Eqn. (5).
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Figure B.19.1 (a) f(t) vs. time for constant 8. (b) F(t) vs. time for constant 6.
(c) h(t) vs. time for constant 8. From Staehle [3]. © NACE International 2003.

Finally, another useful relationship is the “hazard function (hf),” h(t), which is the probability of
failure of components that have not yet failed. The hazard function is given in Eqn. (6) and
Figure B.19.1c. The hazard function has the interesting property that, when $=1 the probability
of failure is independent of time as is evident in Eqn. (7) and is shown in Figure B.19.1c. A :
shape factor of =1 is commonly observed in field failures, thereby indicating that the probability
of failure for components, which have not yet failed, is independent of time.

Often, failures of components result from multiple modes of failure as has been common in the
tubes of steam generators, which are described by Staehle and Gorman.' Thus, the total
probability of failure can be evaluated using Eqn. (8). Here, the separate F(t) are evaluated for
multiple modes of failure and then inserted into Eqn. (8) where the total probability of failure,
Fr(t), is evaluated. Eqn. (8) assumes that the multiple failure modes do not interact.
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Interpretation of Distributions

Figure B.19.2 shows the commonly used cumulative distribution from the Weibull distribution
shown in Figure B.19.1b. Figure B.19.2a shows the probability of failure vs. time for two values
of the shape parameter, 3, where § =1.0 and 8 =4.0; these values, as well as the range
between them, are commonly observed in failures that occur in nuclear applications.
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Figure B.19.2 (a) Cumulative distribution function with two values of b shown together with
relationship between the failure time at F(t)=0.0001 and the mean failure time.. (b) Schematic
view of probability vs. time for a calculated 8 and three options for slopes within the range of
engineering experience. Locations of the earliest failures noted for various populations
according to three values of 8. From Staehle [3]. © NACE International 2003.

Figure B.19.2a shows how the cumulative distribution is commonly used and interpreted:

* The ordinate is the probability, F(t), of failure and the abscissa is time-to-failure, usually
in seconds, hours, or years. Sometimes, in nuclear applications, the time is given as
EFPH (equivalent full power hours).

-+ The ordinate is shown for the range of 0.00001 (1/100,000) to 0.90. This range applies
to the failure or plugging of tubes in steam generators. Commonly, there are about
4000 tubes in a single steam generator, and, with up to four steam generators, there
may be 12,000 to 16,000 tubes total. The failure or plugging of one tube in 10,000 is a
failure probability of 0.0001.

* A horizontal dotted line is shown at F()=0.632 which is the value of F(f)when 6 =t. This
“‘Weibull” characteristic is nearly the same as the mean value where F(t)=0.5. The
location of F(1)=0.5 is also shown.

* Two straight lines are shown for slopes of 8=1.0 and B=4.0 with both lines having the
same time for F(1)=0.632.
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« Also shown are dotted horizontal lines for F()=0.1, 0.01, 0.001, and 0.0001 or,
respectively 10%, 1%, 0.1% and 0.01% failures as these horizontal lines intersect the
lines for §=1.0 and B8=4.0. Black dots are shown at 0.01% failures indicating a point for
the first failure of one tube in a population of 10,000 tubes.

» Also, at F(1)=0.0001 (0.01%) probability there are notes that the first failure or tube
plugging in 10,000 is some fraction of the mean. Thus, for §=1.0 the first failure in
10,000 tubes occurs at about 10 of the mean time-to-failure; whereas, at 8=4.0 the
first failure at F(t) =0.0001 occurs at about 10™ of the mean time-to-failure.

* Note also that Figure B.19.2, as well as Figure B.19.1b, emphasizes early failures or
tube plugging as the scale is expanded at low probabilities. Other types of
distributions emphasize failures in the high range.

+ Data points are placed on the plot in terms of the fraction of the total failed or plugged
at a given time; i.e. the first tube failed in 10,000 would be plotted as 0.0001 at the time
of failure. After 100 tubes fail, this would be plotted as 0.01 after failures of the first
100 are observed.

Figure B.19.2b shows the same information as in Figure B.19.2a in more detail for three values
. of B and shows the times-to-failure of the first failure for various populations from 10 to 10,000.

With respect to the performance of steam generators, it is common that an SG is considered
failed when about 10% of the tubes have been plugged. On Figure B.19.2, this is a probability
of 10% or 0.1.

Plotting the occurrence of failures on such plots is described in detail by Abernethy [13]. There
are several computer programs for preparing such plots [15].

Applications of Distributions

The application of a cumulative distribution of the type shown in Figures B.19.1b and 2 by
incorporating actual data is described stepwise in Figure B.19.3 with plots of Figures B.19.3a, b,
¢. Figure B.19.3 also shows how the accumulating data are used to reach conclusions of future
performance in terms of progressively more refined projections based on progressively
improved values of the shape factor, 8. As data are successively accumulated, it becomes
possible to predict when some critical fraction of failures can occur, e.g. 10% of tubes in an SG.

Figure B.19.3a shows a black dot where the first failure of 10,000 tubes is plotted. This first
failure is shown to occur at about 5 time units (hours, years) and is plotted at a probability of
0.0001 or one tube of 10,000. At this point, straight lines are drawn through this point using
values of = 1.0 and 10.0 which include a reasonable range of expected shape factors or
dispersions of data.
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Figure B.19.3 (a), (b), (c) Schematic Weibull plots for cdfs and the evolution of failure
points together with expected slopes for prediction. From Staehle.>* © NACE
International 2003.

With only one point, more precision is not.possible. With these values of ﬁ$ 1.0 and 10.0,
failure of the SG (e.g. 10% of tubes failed) might occur as early as 10 units or as late as about
10,000 units of time. Further precision is not possible with a single first point.

After more failures occur, the range of slopes can be estimated more precisely as suggested in

Figure B.19.3b. Here, a range of $=3.0 to 8=5.0 is suggested showing that the SG failure point

for 10% or 0.1 of the tubes failed might occur between 20 to 70 time units.

As more early failures occur, as shown in Figure B.19.3c, an even more precise value of 8 can
be estimated, which is shown as a 8=3.2. Now the time for 10% failure of tubes can be
" estimated to be about 50 time units. This is a basis for a nuclear utility to take action to .

purchase a new steam generator at some time (e.g. 3-4 years) before SG failure is predicted to

~occur. Inthe meantime more data points would be accumulated at successive inspections.

Note that each point plotted gives the total number of failures to time, ¢, divided by the
population, giving the fraction failed in a given time. As shown in Abernethy [13], there are
some adjustments to the data used in plotting to take account of sample size, but these are not
useful to discuss here.

Weibull Distributions for Corrosion Failures in LWRs.

Cumulative corrosion failures of various components in LWRs have been dealt with using
cumulative distributions and procedures as described for Figures B.19.1b, 2, and 3 [16-19].
This section describes some typical examples from operating systems and laboratory
experiments. .

Corrosion failures in welds from BWR pipes are plotted in Figure B.19.4 based on data from
Eason and Shusto [18]. Figure B.19.4 shows the probability of failure of welds in 2” and 4”
pipes in BWR applications vs. time.. In both cases the 8 is about unity or a little less. It is
interesting that about 100,000 welds are included in the 2” group and 10,000 welds in the 4”
group.. The fact that so many welds from different plants follow consistent Weibull behavior
indicates the usefulness of the Weibull correlation and the coherence of the data.

Figure B.19.5 from Bjornqvist and Gorman [20] show data from the failures of SG tubes in
Ringhals-4 PWR. Such data are taken at successive shutdowns using various NDE methods
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including eddy current. These data show seven different modes of failure; and the failure data
from the seven modes are combined using Egn. (8) to produce an “aggregate all mechanisms.”
This aggregate probability can then be extrapolated to 10% failure in order to define when new
SGs should be purchased. This method and such plots have been widely used for estimating
the time when steam generators should be replaced and thereby defining when such SGs

- should be purchased.

Weibull Plot
0.90 ~
0.50 ----- Large Pipe :
I 0 = 5.53x10°
. 0101
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Figure B.19.4 Probability vs. time since startup for SCC failure of welded stainless steel
pipes from piping used in boiling water nuclear reactors (BWR).

“Large pipe” refers to 4-inch diameter. “Small pipe” refers to 2-inch diameter.

Adapted from Eason and Shusto.® '

In addition to pipes and SG tubes, the failures of bolts, as affected by nuclear radiation, have
been analyzed by Scott as shown in Figure B.19.6 [19]. Again, this correlation shows good
agreement with the Weibull distribution, noting the values of r?, and shows clearly the
.dependence on neutron dose. The displacements of the Weibull correlations for different
locations of formers seems related to the differential thermal expansion effects on bolt loads at
these locations.

The SCC of Zircaloy-2 exposed to iodine gas as a function of stress was investigated by
Shimada and Nagai, as shown in Figure B.19.7, [17] where the data are summarized in a
Weibull format. Here the value of the space parameter 8 decreases with stress as does the
location parameter, {,. The shape parameter, 8, is unusually high and increases, as expected,
with increasing stress. These experiments are relevant to the effect of iodine, which is released
during fission, on the integrity of fuel cladding.

Figures B.19.4 through B.19.7 show four different applications of Weibull cdfs to LWR
applications, e.g. piping, SG tubes, bolts and fuel cladding. Clearly, the Weibull correlation is
useful and permits carrying forward trends as shown in Figure B.19.3. There are many more
examples, especially in Staehle,” as well as in private and non-published sources.
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Figure B.19.5 Probability vs. equivalent full power years (EFPY) for failures of tubing
from a set of SGs in the Ringhals 4 PWR. Designations: TTS = “top of tube sheet.” TS
= “tubesheet.” Circ. SCC = “circumferential SCC.” P* = special location where SCC is
not serious. ‘RT = “roll transition.” AVB = “antivibration bars.”%

Background for Random Occurrences of Corrosion Failures

it would seem that experiments could be carried out with such care that there would be no
variability in the results. This is a frequent aspiration of both design and materials engineers.
However such an aspiration cannot be achieved even from the most careful work. Corrosion,
and particularly SCC, involve multiple events in their evolution as illustrated in Figure B.19.8.
Here, the sequence of events from the earliest stage of initiation to final fast fracture is shown to
include nine segments. Within each of these are micro-options that affect the courses of
initiation and propagation. With such an array of macro and micro options, single deterministic .
times-to-failure for a corrosion process, e.g. SCC, are not possible even under the best of

circumstances. ‘
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Figure B.19.6 (a) Probability of defective bolts at the joints between the formers and
baffles vs. neutron dose based on data for all inspections for Bugey-2 plant. (b)
Arrangement of formers and baffles. (c) View of bolts and location of neutron dose used
for (a). Adapted from Scott et al." ©ASTM International.
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Figure B.19.7 (é) Probability vs. time-to-failure for Zircaloy 2 fuel cladding materi’al
exposed at 350°C to iodine gas. (b) Weibull parameters vs. hoop stress. Adapted from
Shimada and Nagai."” Reprinted with permission from Elsevier. Calculated dependencies

by Fang and Staehle. ’

The discussion of Figure B.19.8 concentrates generally on the metallurgical aspects of the
variability. In addition, another kind of variability is related to environments as illustrated by
Figure B.19.9a," which shows schematically aspects of environments in heated crevices at tube
supports on the secondary side of SGs. Here, dilute chemicals are concentrated by the local
heat transfer conditions, and the resulting environments are variable as implied by the ‘
distribution of chemicals inside the heat transfer crevice, which is shown in Figure B.19.9b."

Figures B.19.8 and 9 show some of the reasons for the variability of the time-to-failure shown in |
Figure B.19.5.

The large variability of corrosion data in general and in SCC in particular is not so widely
appreciated; but such variability exists and is sometimes extensive. Scott, in his Speller Lecture
[19] reported results from his study of failure indications of SG tubes. Figure B.19.10 shows
results from his study of tubes with NDE indications (not necessarily plugged) from both primary
and secondary sides of two different SGs after relatively long times; 40,000 hours for the
primary side and 75,000 hours for the secondary side. Figure B.19.10a for the primary side
shows 41 vertical bars that correspond to 41 separate heats that were used to produce tubes for
the same SG. These heats all manufactured by the same company, are arranged in order of
the dates of melting. At the top of each bar is the number of tubes that were used in the
respective SG from the respective heat. The height of each bar indicates the percentage of
tubes in that heat with NDE indications. All the tubes were exposed to the same secondary or
same primary environments in the applicable steam generator.
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Figure B.19.8 Nine sequential segments of SCC. Practical transition from initiation to
propagation shown. Protective film adjusts to the environment. From Staehle.> ©@NACE
Iinternational 2003. -

Despite all the factors that were constant for the heats in Figure B.19.10a, the fraction of the
tubes, which failed on the primary side, varied from zero to 41%. A similar pattern occurs on the
secondary side after 75,000 hours. Note that these data for the primary and secondary sides
were taken from different SGs.

Supposing that one of the heats with a high failure rate, as identified in Figure B.19.10, was
chosen for an experimental program; then, it would be concluded that a high failure rate is
characteristic—and vice versa. In fact, nearly all the experimental programs have used heats
that were known to be very susceptible. One can only conclude that there is large variability in
the failure rate of SG tubes despite the best efforts to assure similar conditions—such a pattern
can be expected for all materials. The patterns of Figure B.19.10 indicate that attention that
should be given to selecting a suitable array of materials with which to conduct tests.

Similar implications, to those in Figure B.19.10 from Scott, have been shown by Jiang and
Staehle [24] from evaluating the SCC of stainless steels in boiling MgCly; and the results are
shown in Figure B.19.11. Data are shown for the time-to-failure for specimens exposed over a
ranges of temperatures, Figure B.19.11a, and ranges of stresses, Figure B.19.11b. The data
for effects of temperatures in Figure B.19.11a includes experiments by 23 different
investigations and for stress in Figure B.19.11b from 40 different investigations. Figures
B.19.11¢ and 11d show the range activation energies from the data of Figure B.19.11a; Figures
B.19.11e and 11f show the ranges of stress exponents from the data in Figure B.19.11b.
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Figure B.19.9 (a) Schematic view of chemical conditions inside a heat transfer crevice
on the secondary side of PWR SGs. From Staehle [22]. Reprinted with permission of
John Wiley & Sons, Inc.

(b) Schematic view of an OD tube surface inside the tube support and outside on the
free surface. The condenser was titanium and the water conditioning was NH3. The tube
was examined after 81,900 hours. From Cattant et al. [23]. © SFEN 1994.
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Figure B.19.10 (a) Percent of tubes affected by LPSCC (i.e. with NDE indications) from
the primary side of a PWR steam generator vs. heat number determined at roll
transitions after approximately 40,000 hours of service. Primary surface temperature at
this location is about 310°C. Environment is primary water as identified in Figure 4. (b)
Percent of tubes affected by IGA and IGSCC (i.e. with NDE indications ) vs. heat
number from the secondary side of a PWR steam generator in heat transfer crevices
after approximately 75,000 hours of service. From Scott.” © NACE International 2000.
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Figure B.19.11 Time-to-failure vs. temperature (a) vs. stress (b) for stainless steel in
boiling MgCl,. The units of time-to-failure have been normalized by a cross-sectional
area of specimens used by different investigators. (c), (d), (e), and (f) show the array of
activation energies and stress exgonents from the various studies which were analyzed.
Adapted from Jiang and Staehle.
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The data of Figure B.19.11 are equivalent to using different manufacturers where the materials
are exposed, as components, to essentially the same environments. These data are prototypic
of corrosion in crevices, such as in Figure B.19.9, where the solutions are concentrated by heat
transfer. Itis likely that the boiling MgCl, environments, even those used in multiple
laboratories, are more uniform than the environments that occur in heat transfer crevices. The
data in Figure B.19.11 exhibit ranges of failure times of about 10*. The implications here are
similar to those of Scott in Figure B.19.10.

Implications of the variability in SCC of SGs are shown in Figure B.19.12, from Staehle and
Gorman [16] where they plot the replacements of SGs vs. time. These did not all fail at the
same time despite their general similarity of design--again, an indication of the variability of the
corrosion phenomena that produce failures.
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Figure B.19.12 Fraction of replaced or shutdown steam generators vs. calendar years
for Alloy 600MA plants in the world. From Staehle and Gorman.'® © NACE International
2003/2004. -

Finally, a further contributor to the variability of corrosion that produced the results shown in
Figure B.19.12 was the variety of modes of failures and the multiple locations where corrosion
_ failures occurred as shown in Figure B.19.13 [16]. Thus, in addition to the variability in a single
SCC, which is implied in Figure B.19.8, there is further variability in corrosion failures owing to
multiple modes of failure and multiple locations of failures. . Multiple failures are dealt with as
shown in Figure 5 and through the use of Egn. (8). '
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Figure B.19.13 Array of modes of failure at various locations (mode-location cases) that
have occurred in recirculating steam generators. From Staehle and Gorman.'® © NACE
International 2003/2004.

The Physical Meaning of Statistical Parameters

The statistical correlations as illustrated in Eqn. (1) through (8) and in Figures B.19.1, 2, 3, 4, 5,
6, and 7 are nominally pure correlations without having been derived from physical experience;
although Weibull developed his distribution based on his interest in modeling the failures of ball
bearings [7]. Nonetheless, in the paper by Staehle [25] it was shown that statistical parameters
could be extrapolated and interpolated using activation energies and stress exponents.

In a detailed analysis by Staehle [1], it was shown that the statistical parameters could be
correlated according to generally regular dependencies on temperatures, stresses, and
concentrations. For example, Figure B.19.14 shows two separate cumulative distributions in




Figures B.19.14a and 14b for SCC of Type 304 stainless steel tested at 288°C in high purity
oxygenated water. One study was conducted by Clark and Gordon [26] in the United States
and the other was conducted by Akashi and Ohtomo?” in Japan. The dependence of statistical
parameters on stress is compared in Figure 14c. The results are quite similar for the
dependencies of 6, 8, and t,. Such regular dependencies were found by Staehle' for other
alloys in various environments and for the variables of temperature, stress, and concentration of
solutions. Such regular dependencies suggest that statistical distributions could be extrapolated
over ranges of temperature, stress, and concentration as well as over other variables that
control corrosion such as pH, potential, alloy composition, and alloy structure as has been

described by Staehle.®
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Figure B.19.14 a) Probability vs. time for sensitized Type 304 stainless steel tested at
288°C in high purity oxygenated water.  Adapted from Clarke and Gordon.”® © NACE
International 1973. (b) Probability vs. time for sensitized Type 304 stainless steel tested
at 288°C in high purity oxygenated water. Adapted from Akashi and Ohtomo.?’ (c)
Weibull parameters vs. stress from both the Clarke and Gordon (CG) (dotted lines) and
Akashi (A) (solid lines) distributions.
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From the analyseé by Staehle,"®

it appears that the values of 8 in many cases are directly

related to physical conditions. Figure B.19.15 shows a cdf and hf for the cases where 8=1.0
and 4.0, together with schematic illustrations of their physical significance. As shown in Figures
B.19.1b and 2, the slope of the F(t) vs. time for §=1.0 is lower than that for 3=4.0 which means
that the first failure occurs at a much shorter time relative to the mean for 8=4.0 than for 8=1.0.
In Figure B.19.15b the hf is independent of time for 8=1.0 whereas, the hf increases sharply

around the value of 8 for =4.0.
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Figure B.19.15 a) cdf for =1 and =4 vs. time. (b) hf vs. time for /=1 and =4 cases at
=10 and t,=0. (c) Possible contributions in the metal substrate, for a growing SCC, to
the accumulation case for f/~=4. (d) Possible contributions to the accumulation case =4
from a superheated tube support geometry. (e) Possible contributions to the p=1 case
from surface processes. From Staehle.> © NACE International 2003.
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A reasonable interpretation of the tendencies in Figure B.19.15b is suggested in the schematic
illustrations of Figures B.19.15¢, 15d, and 15e. It has been well known that lower values of 8
e.g. a $=1.0 are related to surface processes and the initiation stages of pitting and SCC. Such
morphologies for surface reactions are illustrated in Figure 15e. On the other hand, the
relatively rapid rise in the hf for §=4.0 after an initial quiescence suggests that some time or pre-
condition is required before SCC can occur; but, when the necessary conditions are present,
SCC can proceed relatively rapidly. Such pre-conditions may be associated with critical early
diffusive or migration processes as illustrated in Figure 15¢ or geometrical conditions, which
present an impeded diffusion path, as illustrated in Figure 15d.

The validity of the implication in Figure 15b, as related to the comparison between the initiation
stage of Figure 15e and the propagation of Figure 15c, is shown in Figure B.19.16 from work by
Shibata and Takeyama.?® Here, the S for initiation is consistently unity; whereas, that for
propagation increases with applied stress following the trend with stress in Figure B.19.7.
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Figure B.19.16 -(a) Probability vs. time for Type 304 stainless steel exposed to boiling
MgCl; at 154°C at various stresses. (b) Values of 8 for upper and lower segments vs.

stress from (a). From Shibata and Takeyama [28].2 Reprinted with permission from The
Iron & Steel Institute of Japan.

Accelerated Testing and Pitfalls

Testing is often accelerated in order to predict the occurrence of performance in the future.
Thus, one could hope that successful performance after some length of time could be predicted
by short term testing that is accelerated along vectors of temperature, stress, solution
concentration, or some other variable.

~ It is common to conduct accelerated testing to determine some mean time-to-failure that can

- predict the mean time-to-failure at longer operating times at conditions that are less severe. An
acceleration of about 100 may be about the best to expect. However, such testing is usually
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conducted to predict mean times-to-failure notwithstanding the implications of Figures 1, 2, and
3 as well as Figures 4, 5,6,and 7.

In general, the real problem of prediction is not predicting the mean time-to-failure since, by the
time 50% have failed, the application has long since failed. What needs to be predicted is the
first failure or the first 0.1% of failures. While it would be convenient to assume that the
acceleration for the mean time is the same as that for 0.1%, such an assumption cannot be
justified a priori. For the data from an accelerated test to apply at the 0.1% or 0.001 probability

would require that the expected values of 8 for failures in the field would be the same as the 8
for failures in tests. ‘

Figure B.19.17 shows schematically a typical plot of field failures with 8=1.0 and a schematic
‘plot of hypothetical (but typical as in Figure B.19.4) data from an accelerated test with §=5.0.
Here, while the mean value of the accelerated test is about 100 times less than that of the field
failures (and thereby being a good acceleration), there is no acceleration at a 0.001 probability.
The value of B=5.0 is chosen for this schematic since 8 is generally increased as the stressors
are increased and as the material chemistries are more homogeneous.
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Figure B.19.17 Schematic plot of probability of failure vs. time for field data and
accelerated tests based on Weibull coordinates. N-1 corresponds to assumed field

results; A-1 corresponds to assumed accelerated testing. From Staehle.®> © NACE
International 2003.

Figure B.19.17 shows that “accelerated testing” may not provide acceleration for the early
failures, and such a result cannot be assumed without directly measuring the statistical
parameters in the accelerated testing. '
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Conclusions

1.

Corrosion data in the field and in laboratory testing are statistically distributed under the
most well-controlled circumstances. There are no bases for assuming that even well
conducted testing or well-controlled field performance will produce failures at identical
times.

In choosing materials for laboratory testing, it is necessary to choose multiple sources of
testing materials that are typical of applications since a choice of a single heat could
misrepresent either the mean, the most rapid, or the least rapid rates of relevant modes
of corrosion.

The occurrence of early failures are not likely to result from “bad heats” or carelessness
but are more likely to be the early failures in a regular distribution of failures.

Knowing the shape parameter for various mode-location cases is important. For
example, for a set of 10,000 elements, e.g. steam generator tubes, it is possible for the
ratio of the times-to-failure for the Weibull characteristic, 60 (close to the mean) and the
first failure to be 10* for 10,000 tubes if the Weibull shape parameter, 8, is unity;
whereas, this ratio would be about 10 if the shape factor were 4. Thus, knowing the
shape parameter early is important to anticipating the occurrence of failures. Note that
Weibull shape parameters of 1 through 4 and somewhat greater are common in nuclear
components, depending on the component and the mode of corrosion.

There is clear evidence that the shape parameter depends on the physical conditions of
SCC. For example, where the critical conditions for SCC are associated with surface
processes, such as. pitting or surface corrosion, the shape factor tends to be in the range
of unity. One the other hand, when the critical conditions relate to diffusion processes,
the shape parameter tends to be in the range of 2-10.

A clear question was identified for conducting and applying the results of accelerated
testing. Whereas the mean value of test results may provide the necessary acceleration
as a result of using accelerating variables as stress, temperature, and pH, these '
accelerations may not relate to the early failures, which are the most important. Results
of accelerated testing must be evaluated for the early failures such as at 0.001 or 0.0001
probabilities. It can be shown from practical data that a useful acceleration may apply to
comparing mean values of field and laboratory tests, but there may be no acceleration
for the low probabilities owing mainly to the usually higher values of the shape
parameter for accelerated testing that result from using single heats and more intense
testing conditions.
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