
FIGURE 17. Schematic view of concentration versus distance from grain boundaries for circumstances where
atomic species are adsorbed to the grain boundaries or where precipitates are formed, (a) Four options for
concentration versus distance where atoms are adsorbed or rejected at grain boundaries, (b) Principal features of
composition versus distance for the case where precipitates are formed at grain boundaries. (After Staehle [U].)

low chromium concentration adjacent to the grain boundaries sustains rapid corrosion in acidic
environments).

Degradation reactions are also affected by the presence and distribution of second phases whether
at grain boundaries or distributed through the grains. Such second phases are often loci of pitting or,
when lined up, may provide preferential paths for chemical degradation. Second phases also produce
certain embrittlements such as the formation of sigma phase in Fe-Cr base alloys.

Surface Alterations, [7] in Figure 16, affect corrosion behavior through altered compositions or
changed mechanical properties due to surface finishing.

Figure 16 shows that [4] "(Processing)" affects [5] (Structure), [6] (Embrittlement), [7] (Surface)
properties, and [8] (Mechanical) properties. "Processing" generally includes cycles of temperature,
time, and extent of deformation. The fact that unexpected and undesirable behaviors occur involving
[5]-[8] usually results mostly from processing, the important details of which are often obscure.
Therefore, it is necessary to determine the aspects of [5]-[8] by direct measurements (e.g., of grain
boundary composition or cold work) as appropriate to their relevance to degradation.

Processing and alloy chemistry also affect the fracture toughness as shown in Figure 18. Here,
while increasing the strength generally lowers the fracture toughness, improving the purity and the
methods of processing can increase the fracture toughness significantly. Other embrittling processes
(e.g., temper embrittlement) are similarly affected by alloy composition and processing.

During the design and prototyping processes it is not uncommon for materials to be changed for
reasons of performance, compatibility, or cost. When such changes occur, the materials need to be
reevaluated according to the steps defined in this section.

E. CBDA STEP [3]: DEFCVING MODES (MD7) AND SUBMODES (SD7)

Figure 3 identifies five modes by which corrosion-related degradation proceeds through solids. These
modes occur in every type of engineering solid with some, usually minor, differences that account
for the structure and composition of the solid. Similarly, the various submodes of these principal
modes also follow the same morphologies except that their dependencies upon principal variables
are different.

"Defining modes and submodes" means to define (a) the morphologies as shown in Figure 3 and
(b) the dependencies of the modes and submodes upon principal variables. These modes and
submodes are inserted into the chart of Figure 5(b).
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FIGURE 18. Effects of strength of iron base alloys on their toughness (a) and SCC velocity (b). (Adapted from
Speidel and Atrens [25].)

Not extensively discussed here are the totally mechanical modes of fast fracture, wear, and wear
related processes (e.g., fretting) [26] and dry fatigue. Fast fracture is not discussed as a mode since its
morphology, while possibly important to analyzing failure, is of little importance to prediction. The
dependence of Kic on relevant principal variables and the theory of KIC are not discussed here since
this chapter is concerned primarily with environmental effects. Much of wear produces morpho-
logies similar to general corrosion and pitting as depicted in Figure 3; however, wear either in its dry
or environmental conditions is not considered here although such a topic in the context of
environmental effects as discussed in Section C, would be appropriate.

Defining possible modes of degradation is important because they vary so much in their
penetration velocity and their extent. At a single LA/ it is possible that all modes could occur or only
a single one. Such possibilities are illustrated in Figure 2.

Defining modes means specifically to define their dependencies upon the "primary variables" as
illustrated in Figure 19. The primary variables, as defined for metals in aqueous solutions, are:
potential, pH, species (e.g., chloride as opposed to species that affect potential or pH), temperature,
stress, alloy composition, and alloy structure. The dependent variable here would be either
penetration or penetration rate depending on which is useful. When a given mode (e.g., SCC)
exhibits several submodes (as for alkaline and acidic SCC), they are distinguished by their different
dependencies on these principal variables.

The various modes of corrosion (Fig. 3) differ greatly in their response to these principal variables
depending on whether the initiation or propagation stages are important.

The array of possible modes and submodes can be understood more readily using a diagram such
as that in Figure 20, which shows submodes of SCC for Alloy 600 in aqueous solutions in the range
of 300-35O0C. These submodes are shown with reference to a potential-pH diagram containing
pertinent lines for both iron and nickel (two alloy constituents) in water. The development of this
diagram and similar ones is discussed in separate publications [27].

In Figure 20, four submodes of SCC are shown for Alloy 600. One occurs in the alkaline region,
AkSCC, and is bounded at higher and lower potentials to occur in a range of potential of about
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6. 7. 4.
Alloy Alloy Stress

Composition Structure

FIGURE 19. Schematic view of principal variables that control corrosion of metals in aqueous solutions
illustrated here for SCC. [As in Eq. (1)].

30OmV with the onset being about 1OO mV above the standard hydrogen equilibrium. This submode
is common to many alloys in the Fe-Cr-Ni system including low alloy steel. A second submode,
AcSCC, occurs in the acidic region and seems to include about the same extent of potential and pH as
the alkaline submode; however, the data describing this submode are not so extensive, and the
boundaries are not so well defined although they are better defined for low alloy steels in the same
submode. A third submode occurs generally below a line corresponding to 0.1 atm of hydrogen
pressure. This is called "low potential SCC" LPSCC; historically this submode was called "primary
water SCC" since it was often observed in the primary side of steam generators in PWR-type nuclear
plants [28]. This latter nomenclature is not useful since it would compel this process to occur only in
one location and to lack generality. Finally, a fourth submode, "high potential SCC" 'HPSCC',
occurs at higher potentials and generally in a range of about 50 to 300 mV above the standard
hydrogen line. The pH dependence of this submode is not well defined.

Figure 20 is called a "mode digagram." A similar mode diagram for various modes of
mechanical deformation has been developed by Ashby and Tomkins [29].

Additional modes and submodes of SCC occur for Alloy 600 and could also be shown on the
same coordinates in Figure 20; however, the information becomes less clear, and using separate
mode diagrams is more convenient. A separate mode diagram for minor environmental species (e.g.,
Cu, Pb, S, Si, Al) is not shown here.

The mode diagram of Figure 20 is useful for identifying the general conditions for the occurrence
of modes and submodes of corrosion. This presentation is useful also for comparing with prevailing
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FIGURE 20. Occurrence of modes, MD1, and submodes, SD1, of SCC and IGC for mill annealed Alloy 600 in
the range of 300 to 35O0C in the framework of the electrochemical potential and pH. Selected lines, taken at
30O0C, from the Fe-H2O and Ni-H2O equilibria shown for reference; also domains of selected species and
compounds shown.

environmental chemistries as discussed in Section F on the subject of superposition. Figure 20 does
not give the detailed dependencies of penetration or rate of corrosion as a function of principal
variables; rather, this figure provides perspectives for the occurrence of the modes and submodes.

It appears that diagrams such as Figure 20 relate primarily to conditions of surface chemistry that
relate to the initiation of SCC. As SCC progresses, it is progressively more controlled by conditions
at the tip of the advancing SCC and less controlled by conditions at the surface. It is likely that the
propagation phase of each of the submodes in Figure 20 is controlled by the same crack tip chemistry
[3O]; whereas, the initiation phase is controlled by the electrochemistry defined in Figure 20.
Evidence for the pH independence of crack propagation in the same chemical system is shown in
Figure 21. Thus, while the AkSCC and AcSCC submodes are well defined and are limited,
respectively, by a lower and higher pH, the propagation of SCC as shown in Figure 21 shows no such
dependence. Whether the propagation of SCC can be properly considered as a single chemical
process independent of the surface environment is not clear.

In developing the dependencies of SCC in the initiation and propagation stages it is useful to
understand the depth of the transition between initiation and propagation. Figure 22 provides such
bases. Figure 22(a) shows a schematic plot of log stress, "a," on the ordinate and log defect depth,
"a." The horizontal line, "ath," corresponds to a threshold stress for SCC based on testing smooth
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FIGURE 21. Effect of pH on the velocity of SCC for Alloy 600. The CERT results obtained at 35O0C and
constant load test results obtained at 33O0C. (After Szklarska-Smialowska et al. [31].)

specimens; a line with a slope of —1/2 [cf. with Eq. (4a)] is shown in Figure 22(a) corresponding to
#!scc (see Fig. 15) obtained from SCC testing with precracked specimens. The intersection between
the horizontal and sloping lines defines the transition between initiation and propagation.

A parametric plot is shown in Figure 22(b) where specific values of horizontal and (—1/2) sloping
lines are plotted. Suppose, for example, using the plot in Figure 22(b), that the threshold stress for
SCC is 100 MPa and the KIscc is 5 MPam172; these lines intersect at a defect depth, "a," of 800 um or
32 mils, which is most of the wall thickness of the tubes shown in Figures 2 and 5(a). This depth is
the nominal transition between initiation and propagation for a specific material in a specific
environment; the numbers of this example are typical for AkSCC of Alloy 600 at 30O0C.

In addition to there being multiple submodes of SCC as shown in Figure 20, multiple submodes
often occur for general corrosion, pitting, and intergranular corrosion as these submodes depend
differently on principal variables. Other submodes than for SCC are noted in the chart of Figure 5(b).

These different modes of corrosion and degradation, in the past, have been described as "forms"
of corrosion. However, in the formulation of the historic so-called "forms" of corrosion, differences
between the intrinsic response of materials and the prevailing geometric conditions were never
distinguished. For example, in addition to the forms of corrosion being identified as general
corrosion, pitting, intergranular corrosion, stress corrosion cracking, and corrosion fatigue (as in
Fig. 3) such geometry-dependent forms of corrosion were identified as "crevice corrosion" and
"galvanic corrosion." The latter are not intrinsic to the materials but are rather consequences of how
local geometries affect chemical environments on local surfaces. For example, intergranular cor-
rosion can initiate from a free surface or within a crevice or in a galvanic cell. Similarly, all modes of
corrosion can initiate within a microbiological enclave.
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Defect Depth (a), Microns (1<r6m)

FIGURE 22. Procedure for distinguishing between initiation and propagation, (a) Schematic view of log stress
versus log of defect depth for the cases of initiation stress as determined from smooth surface and SCC growth
as determined from a precracked specimen. (After Staehle [I].) (b) Log-log plot of parametric values of
threshold stress (horizontal lines) and KIXC (—1/2 slope).

This chapter defines modes of corrosion in Figure 3 as the intrinsic response of materials
regardless of the geometry and environment. Geometric effects as they affect local chemistries are
discussed in Section C.2-C8.

F. CBDA STEP [4] SUPERPOSITION

At the CBDA step of "superposition" the domains of modes and submodes are compared with the
domains of the environments as they are known at this point in the analysis. These domains can be
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FIGURE 23. Schematic views of a corrosion mode diagram (a) (see Fig. 20), an environmental definition
diagram (b), and their superposition (c). Shaded regions define boundaries of existence of a specific mode and a
relevant environment. (After Staehle [27].)

compared as shown in the simple schematic illustration of Figure 23. Figure 23 compares a
schematic view of an environment in potential-pH space with a mode of corrosion plotted in the
same coordinates. Where the shaded regions overlap is where significant degradation can be
expected. In this region of overlap, it is desirable to determine how rapidly degradation can advance
within whatever design life is expected. This depends on evaluating the principal variables that
describe both the mode and the environmental conditions that apply to a specific LA/.

If the overlap determined at this step of superposition involves significant corrosion, then changes
may be required. Such changes might involve changing alloys, revising the environment, changing
the temperature, lowering stresses, or changing the design. Inhibitive environmental species can be
identified at this point.

The step of superposition is, generally, the first where the need for changes is identified. The need
for changes also becomes apparent during accelerated testing (Section I), prediction (Section J), and
operation (Section K). There is, naturally, an obvious incentive to make necessary changes early.

G. CBDA STEP [5]: DEFINE FAILURE AND ACTION LEVELS

"Failure" needs to be defined because it provides the objective for analyses and ultimately for
prediction. For example, in the food or architecture industries, a barely visible rusting may be a
failure since it is unsightly. In much industrial equipment, a corrosion rate of 0.001 in./year for steel
is quite acceptable; whereas, such amounts of rust from the point of view of the food industry would
be unacceptable. Each of these applications would be analyzed differently.

It is not uncommon for growing cracks to be considered acceptable (see Fig. 15) so long as they
are substantially less than a critical crack size [Eq. (4b) and Fig. 15(a)] and can be repaired at the next
outage or shutdown. Until an inspection identifies a rate of crack growth or general corrosion that
would produce penetration before the next outage (with some safety factor), remedial actions are
usually not taken.

In the development of sites for storing radioactive waste, "failure" is taken as a minimum amount
of radioactivity appearing in the ground water after some time in the range of 10,000 to 106 years.
Thus, the overall concept of failure here may have nothing to do with the integrity of the storage
container but everything to do with the transport of radioactive species in the surroundings. This
particular problem is challenging since it is not so easy to monitor the performance of containers of
the radioactive waste owing to the long times and their relative inaccessibility associated with
radioactivity.
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Defining failure also involves statistical implications. Failure may not relate to failure at the mean
lifetime (i.e., 50% failure) but to the occurrence of failure of 1%, 0.01%, or 0.001% of the tubes,
welds, area, or units. Thus, "failure" might be defined for an entire heat exchanger, for example, as
perforation of the first 10% of tubes; failure might be defined for other applications as failure of 0.1
or 0.01% loss of the elements. If the analysis and testing has not considered such a statistical
objective, which occurs at times substantially less than the mean time-to-failure, the analysis is
deficient. The application of statistical methods is discussed in Section H.

In designing components, it is common to define a "design life" ["design life objective" (DLO)]
within which a component is expected to perform reliably. Sometimes a conservative additional life
["design life conservative objective" (DLCO)] is required so that there is no question about reliable
performance within the desired design life. This design life or the conservative version becomes the
target for prediction, and failure is defined when perforation occurs earlier than either DLO or the
DLCO.

In addition to the initial DLO and DLCO concepts, certain equipment is built initially or modified
later for life extension. Such an objective carries with it the need for even longer life. Thus, a "life
extension objective," (LEO), and a "life extension conservative objective" (LECO), can be defined.
At each increment in these objectives longer life is needed from the components.

In addition to defining "failure," it is necessary to define the extent of response in the event that
failures occur. Such responses take the form of "action levels." Presumably, following the steps in
the CBDA would minimize or even prevent the occurrence of failures. However, when failures occur
and, almost by definition, are unexpected despite the attention given during a responsible CBDA, a
clear idea of response is necessary. Such responses can be calibrated in terms of the DLO, DLCO,
LEO, and LECO objectives. Thus, when failure occurs at a time less than that DLO, a substantial
response is required. Such a response would be defined as "action level number one" or "AL-I."
Action levels are discussed in connection with Figure 36. Thus, five action levels can be defined in
terms of life objectives (where ff is time-to-failure).

Action Level

AL-I
AL-2
AL-3
AL-4
AL-5

Corresponding Time to Failure

t{ < DLO
tf < DLCO
tf < LEO

tf < LECO
tf > LECO

The implementation of these "action levels" is discussed in Section J on Prediction. Such targets
as DLO, DLCO, LEO, and LECO provide objectives for the durations over which no failures should
occur. Choosing which of these is a reasonable objective for design is a management problem.

In defining failure there are certain implications that need to be considered as follows:

[1] Small cumulative fractions—Most experimental work and resulting correlation equations
are based on obtaining mean values although such a condition is rarely stated (i.e., failure of
50% of the population). Often, the time required to fail 50% of anything is significantly
beyond a practically acceptable fraction failed. More likely, failure occurs when a small
fraction of elements, welds, or areas fail; and such small fractions failed may be taken as
0.001,0.01 or 0.1%. Such smaller fractions of failure often occur several orders of
magnitude earlier in time than the mean failure time depending greatly on the slope of the
statistical dispersion curve. This situation is discussed in connection with Figures 27 and 33
in Section J.

Thus, if a small fraction failed is, in fact, an operating definition of "failure," then serious
considerations need to be given to how such a failure is actually predicted since there is no
prevailing theory for the physical bases of dispersion, and there are few data available that



describe dispersion ("dispersion" relates to the distribution of data and is discussed in
Section J) as applied to corrosion data. This subject is considered in Section J, where Step
[6] of the CBDA "Establish Statistical Framework" is discussed.

[2] Location of initial perforation relative to a catastrophic path—If perforation were to occur
in the middle of a relatively tough material, its significance might be relatively minor except
for the leak that might ensue. On the other hand, if the same perforation occurs in the path
of a low toughness element (e.g., a weld), the perforation is more important especially since
one perforation rarely occurs by itself. Owing to a possibly much lower KI or lower KI in
the weld region compared with the surroundings, an initially minor penetration could
become critical at a relatively small size. Such possibilities are illustrated in Figure 24.
Figure 24(a) shows a circumferential weld, Figure 24(b) shows a longitudinal weld, and in
Figure 24(c) a multiple welded vessel is shown. In Figure 24, a relatively small defect is
magnified in its influence by the extensive low toughness paths available for propagation.

(a) (b)

Circumferential
weld Longitudinal

weld

Longitudinal welds
in plates

FIGURE 24. Schematic illustrations of continuous weld paths in piping and fabricated vessels, (a)
Circumferential weld in pipe, (b) Longitudinal weld in pipe, (c) Longitudinal and peripheral welds in a
weld-fabricated vessel.



[3] Simultaneous penetration due to multiple similar conditions—In the case of a cylindrically
welded pipe, there are three factors that act to promote simultaneous penetration around the
periphery: (a) similar weld heating conditions that might, for example, produce a corrosion
prone microstructure such as sensitization; (b) similar stresses owing especially to
automatic welding; and (c) a uniform crevice, for example, from a peripheral thermal shield
(similarly uniform crevices are often produced in heat transfer crevices and in sludge piles).
These are illustrated in Figure 25. Figure 25 shows three cases of uniform conditions around
a circular geometry where combinations of uniform environment, uniform metallurgy, and/
or uniform stresses can be simultaneously present ("congruent" condition). Figure 25(a)
shows the case of a tube in a tube sheet [similar to Figs. 2 and 5(a)]; Figure 25(b) shows the
case for a circumferential weld of a pipe; Figure 25(c) shows the case for a thermal sleeve in
a nozzle attached to a pressure vessel. The occurrence of a failure related to the uniform
conditions illustrated in Figure 25(c) is shown in Figure 26, where the SCC penetration
extended 270° of the periphery; and the penetration was approximately uniform. All of the
penetration noted in this figure occurred before leaking was detected.

While Figure 25 suggests that all three factors of metallurgical structure, stress, and
crevice chemistry can produce extensive penetration before leaking is observed, such
relatively uniform penetration can occur when only one of these factors exists. Such a
circumstance is favored in some cases where the velocity of cracks is independent of stress

Peripheral Cold Work
Alloy Structure

Peripheral Heat
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(e.g., sensitization
in stainless steels)
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FIGURE 25. Schematic views of circumstances where relatively uniform conditions occur around periphery of
components with circular cross sections. The major uniform peripheral conditions, when they occur, are usually,
metallurgy, stress, and aggressive environments, (a) Sludge pile adjacent to cold expanded tube in tubesheet at
the bottom of a heat exchangers, (b) Weld around pipe with process fluid inside; uniform metallurgy, and
uniform stresses, (c) Thermal sleeve in nozzle of pressure vessel with uniform crevice, uniform weld metallurgy,
and uniform weld stresses, (d) Summary of uniform conditions leading to uniform SCC or other corrosion.



FIGURE 26. Cross-section of a recirculation inlet nozzle safe end from the Duane Arnold boiling water
nuclear reactor, (a) Cross-section of safe end. (Pressure vessel to the left.) (b) Plan view of crack depth and
peripheral distribution looking in the direction of the axis of the pipe. (After [32] modified by Staehle [I].)

intensity in the "plateau region" in the plot of crack velocity versus stress intensity shown
in Figure 15(c). The main factor that affects uniform penetration is uniformity in any or
several of the three main influences.

[4] Direction of defect relative to "double-ended rupture"—When a corrosion defect occurs
and is parallel to the axis of a tube or pipe (an axial defect), its perforation produces a leak.
However, when a similar defect occurs and is circumferential, then the leak may lead to the
rupture of the total cross section of the pipe. Thus, the direction of perforation relative to the
axis of a tube determines whether the tube will sustain only leaks or a rupture of the total
cross section. The latter is called a "double-ended rupture."

[5] Redundant and nonredundant elements—An example of redundant and nonredundant
elements is found in bridge suspensions. The failure of the Silver Bridge in Ohio involved
the complete collapse of a suspension bridge [33]. The suspension was provided by a series
of bars connected by dowel joints. Failure occurred when a SCC defect propagated,
eventually exceeded K^, and catastrophic fracture occurred.

The type of nonredundant suspension used in the Silver Bridge is no longer used. Instead
multiple cables are used which, in turn, have multiple wires; such cables are also substan-
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tially over designed. If a wire breaks, it is a minor problem, and its failure can be usually
detected.

The cable type suspension is a redundant structure whereas the Silver Bridge was a
nonredundant structure. In a nonredundant structure, more attention has to be given to
corrosion protection and to fracture toughness (a high KI) as well as to more frequent and
more careful inspections.

[6] Sequential failures—Figure 15 identifies the sequence of events that lead to exceeding #Ic.
The earliest step may involve simply a penetration due to localized corrosion. When this
defect exceeds either a SCC or CF threshold (e.g., ^Iscc) slow growth is initiated. After an
SCC crack grows to a critical depth for an existing mean stress, KIC is exceeded, and fast
fracture occurs.

Figure 15 suggests that when localized corrosion is observed, the eventual occurrence of
catastrophic failure can be foreseen. This predictable sequence of events suggests that the
occurrence of the initial defects should be prevented and that, should they occur, they or
their cause should be removed.

[7] LBB and BBL—It is common to assume that corrosion-related failures will produce
detectable leaks before any serious failure occurs. Such a condition is called "leak before
break" (LBB). Such an assumption is supported by the fact that many industrial alloys have
relatively high-fracture toughnesses so that any penetration by corrosion would be less
extensive than could be reasonably expected before KIC would be exceeded. Thus, a leak due
to corrosion would occur before K^ is exceeded. However, the considerations associated
with the discussion of Figures 25 and 26 indicate that the LBB criterion for design may not
be justified in some cases and especially where the simultaneous conditions described in
Figure 25d obtain.

Had a serious mechanical transient occurred before the leak associated with Figure 26, a
break before leak (BBL) would have occurred. Assuming that the BBL will not occur is not
justified, in general, although such an occurrence is much less frequent than LBB.

[8] Fraction penetrated as determined by NDE—A common means of defining failure or of
defining when an element should be removed or repaired is related to a fraction of the cross-
section penetrated by corrosion. These penetrations are usually determined by some NDE
method. However, these NDE methods are often quite inaccurate unless they have been
carefully calibrated and are applied by experienced personnel. Even under the best of
circumstances, results from NDE measurements are inaccurate. Thus, if 50% penetration
(relative to an NDE method) is defined as the criterion for removal or for some kind of
repair action, it needs to be recognized that the NDE measurement can be substantially
inaccurate; thus, a measured penetration (by NDE) of less than some target extent could
exceed the criterion for failure.

H. CBDA STEP [6]: ESTABLISH A STATISTICAL FRAMEWORK

Statistical methods are widely used for characterizing properties of environments, materials, and
modes of failure. Generally, statistical methods are used to characterize both central tendencies and
the dispersions about these central tendencies. There are numerous statistical methods used for such
applications, and these are described in numerous textbooks [34,35]. Distributions such as the
normal, log normal, Weibull, and extreme value are often used in characterizing failure phenomena.
In this discussion only the Weibull distribution is discussed since it usually provides the best and
most flexible characterization for corrosion and failure data.

Corrosion phenomena are particularly suited to statistical characterization owing to the inher-
ently variable behavior of environments, materials, and modes even under the best of circumstances.
While statistical methods have potentially great utility for characterizing and interpreting corrosion
phenomena, such methods have not been used extensively. A useful overview of applying statistical



methods specifically to corrosion has been prepared by Shibata [36]. Also, statistical methods have
been applied to characterizing SCC by Akashi and Nakayama [37], where they have characterized
several sequential steps with different statistical expressions and then combined the results in a
single mathematical expression.

In addition to using statistical methods for characterizing the central tendencies and the dis-
persions of data, these methods can be used for predicting and analyzing the very early stages of
failure where relatively small fractions of a system have failed (e.g., failure of a few tubes from
thousands in a heat exchanger). The application of statistical methods is essential for predicting both
central tendencies and the very early stages of failure; some of the important approaches are dis-
cussed here.

In many applications, it is necessary to predict when a small fraction or a single element of a
system (e.g., one of many welds) would fail, i.e., when does the first tube in a heat exchanger or the
first weld of many in a long pipe fail? When does the first canister of radioactive waste fail?
Unfortunately, achieving such predictions is not often an objective of experimental work. Most
experimental work is organized to determine when the mean failure occurs, and no methods nor data
are produced to predict the first failure or even to predict the functionality of the dispersion of data
which would be required to predict trends relevant to the occurrence of the first failure.

This section concerning Step [6] of the CBDA considers the statistical framework for predicting
failure in the context of the mode-location chart of Figure 5(b). Thus, each of the mode-location
cases, or a given j-i combination, if it is relevant and needs to be evaluated, should be characterized
by some kind of statistical construction. Such constructions can be estimated, can be based upon
prior engineering performance, or can be based upon laboratory data.

For the purpose of this discussion, we are not concerned with the more gross cases of the failure
of automobiles, jet engines, or other complex machinery where failures can occur and can be
modeled by statistical procedures but where the details of failure may be related to multiple
mechanical and human, but not necessarily degradation, factors.

There are numerous texts that describe the application of statistical methods to problems such as
the mode-locations of concern here. Such texts from Abernethy [38] and Nelson [39,40] should be
reviewed.

There are three main sources of variability in considering the statistical predictions necessary for
evaluating they-/ cells of the mode-location matrix in Figure 5(b). The first source is the mode or
submode itself. While sentiment has been expressed for the "deterministic" prediction of modes and
submodes of corrosion (or any degradation), the occurrence of these modes, under the best of
circumstances is inherently variable. For example, the location of initiation sites is inherently
variable. Local stresses vary by a factor of about 3, and propagation of stress-related modes depends
generally on a power law function. Any intergranular path contains variable chemistries. As the
mode propagates, the region in which propagation has occurred is filled with reaction products of
nondefined porosity and chemistry. Thus, the initiation and propagation of any mode is inherently
and intrinsically variable.

The second source of variability arises from the heat-to-heat, weld-to-weld or fabrication and
processing variability. These sources are extrinsic to the inherent variability. The third source of
variability arises from the environments (Section C.2)] which are both variable and often difficult to
specify.

The most widely used statistical correlation for characterizing failures is the Weibull distribution.
Its probability density function is given by Eq. (5) and its cumulative distribution (probability of
failure) is given by Eq. (6).

(̂a)1H-(̂ )1}
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where

t = time
/(r) = probability density function
F(O = cumulative distribution [integral of/(O]
9 = Weibull characteristic value
J0 = initiation time (a statistical constant)
b = Weibull slope (higher values indicate less dispersion)

Figure 27 shows examples of the probability density function and cumulative distribution for a
constant value of the Weibull characteristic, 0 = 10, and the t0 = O. Of particular interest in prediction
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vertical dashed line is 0.632
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Weibull Plot
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FIGURE 27. Weibull plots for constant characteristic, 0 = 10, and various slopes, b = 0.5, 0.8, 1.0, 2, 5, and
10. The parameter J0 is taken as zero. Time in arbitrary units, (a) Probability density function,/(O, versus time,
(b) Cumulative fraction failed, F(O, versus time. (After Staehle et al. [42].)
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is Figure 27(b), which shows F(t) versus time; typical slopes for materials-related failures vary from
b = 0.5 to b = 10 although some failure processes occur outside this range. Taking, for example, the
lower slopes of b = 1 or 2, the time of occurrence of failure at 0.01 or 0.001 (1 or 0.1%) in Figure
27(b) is seen to be substantially less than the Weibull characteristic, 6, (close to the mean), which is
taken as 10 in this schematic plot. Thus, having determined the mean behavior is useless for
predicting early failures without a knowledge of the dispersion or slope of the probability plot of
Figure 27(b).

Some clear quantification of the Weibull slope, b, (dispersion) is desirable for predicting
performance although, in practice, such information is not often available. In fact, the slope of the
dispersion, the Weibull Z?, is often developed initially by plotting the fractions failed versus time for
early field failures; such fractions would be in the range of 0.001 to 0.1% for large numbers of
elements (e.g., tubes in a heat exchanger). Such fractions are shown on the ordinate of Figure 27(b).
The procedure for developing cumulative distributions from early failure data is particularly well
described by Abernethy [38].

An example of data from the SCC failure of welds in stainless steel piping plotted in Weibull
coordinates is shown in Figure 28 from the work of Eason and Shusto [41]. The data here are taken
over a large population of welds in stainless steel pipes in numerous BWR-type nuclear plants. In the
case of leaking at a weld, as noted in Figure 24, even a single leak in a pipe requires that the plant be
shut down for repairs. Furthermore, if leaking of radioactive water is involved, such a failure is even
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FIGURE 28. Cumulative fraction of welds failed in terms of repair rates in stainless steel pipes designated as
"large diameter, > 4 in." or "small pipe diameter, <4 in." from BWR-type nuclear plants. The larger diameter
pipes include only IGSCC, and the smaller pipes include all failure modes. The Weibull characteristic 0, and the
Weibull slope b, for the larger diameter data are approximately 144 years and 1.2 and for the smaller diameter
are approximately 1675 years and 1.4, respectively. (After Eason and Shusto [41].)



more serious. The data in Figure 28 emphasize that important failures can occur at times much
shorter than the mean value, that is, 0.50 of cumulative fraction. From Figure 28, it is evident that
predicting the mean value of failure is not adequate; a method for predicting the dispersion, the
Weibull slope, is required for predicting the very earliest failures. While the failures noted in Figure
28 have occurred over times as long as ~ 20 years, the Weibull characteristic time 9, (0.632 fraction
failed) occurs at 144 and 1675 years for the large and small pipes, respectively. This large difference
between the Weibull characteristic and the times observed in Figure 28 results from the large
dispersions of data that are characterized by low values of the Weibull slope, b, which are 1.2 and 1.4
[for comparison, the effects of slopes are shown in Figure 27(b)] for the large and small pipes,
respectively.

From the discussions concerning the mode-location cases in Figure 5(b), it is clear that whatever
statistical formulation is developed needs to incorporate dependencies on the principal variables as
shown in Figure 19 and Eqs. 1-3. Furthermore, these dependencies need to be developed in such a
framework that predictions from accelerated tests can be integrated into the statistical expressions. If
a general correlation of data, starting with Eqs. 1-3, has the form of Eq. (7), for example, for SCC,
involving simple dependencies on hydrogen ion concentration, stress, and temperature, then the
Weibull parameters of Eqs. (5) and (6) would be expected to have the forms as shown in Eqs. (8-10)
[42].

x = D[H+]Ve-^V (7)

6 = e0[H
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D DQ
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where the equations have their same meanings as for Eqs. 1, 2, 3, 5 and 6. The constants would be
particularized to the Weibull parameters. Note that Eq. (8) is given as \lb\ in this sense an increasing
value corresponds with increasing dispersion. In Eqs. (7-10), some terms have been omitted for
simplicity; more extensive expressions are given in Eqs. (1-3).

An example of relating Weibull parameters to a physical variable has been investigated by
Shimada and Nagai [43] where they determined the effect of stress as shown in Figure 29; here, they
determined the cumulative distributions for the SCC failure of Zircaloy 2 in iodine gas and from
these data obtained correlations for the Weibull parameters. The correlation equations for the
Weibull parameters were calculated by Fang and Staehle [44].

If data for use in Figure 5(b) are obtained from statistical methods, it is likely that the information
to be entered into the i-j cells would be failure times for some cumulative failure fraction. For
example, time-to-failure of 0.1% might be taken as the appropriate data. For comparison, it might
also be useful to enter the mean time to failure (i.e., time for 50% failure). The relationship between
statistically defined data and they-/ cells of Figure 5(b) is shown schematically in Figure 30.

As a final note, despite the great importance of the dispersion as well as the initiation time to
predicting early failures, there is no theory or physical foundation for their character. Most physical
theory in corrosion is relevant only to the mean value or the Weibull characteristic; and even such
theories require adjustable parameters.

L CBDA STEP [7]: ACCELERATED TESTING

The purpose of accelerated testing is to confirm or improve the credibility of predictions that support
achieving an objective such as design life (DLO). Accelerated testing is usually carried out by con-
ducting experiments at more intense conditions using specifically intensified variables, "stressors,"
and, then, extrapolating the results to the conditions of interest. Such stressors might include



Hoop Stress, ksi

FIGURE 29. Effect of stress on the cumulative failure rate of Zircaloy-2 (1.5 Sn-0.15 Fe-0.10 Cr-0.05 Ni) in
iodine gas. (a) Cumulative distributions for three stresses, (b) Effect of stress on Weibull characteristic 0,
Weibull slope b, and Weibull initiation time t$. (Adapted from Shimada and Nagai [43].) Correlation equations
in (b) calculated by Fang and Staehle [44]. The coefficient of correlation for these curves with the data are given
as R.
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FIGURE 30. Including statistically calculated results inj-i cells of the mode-location matrix of Figure 5(b).
From the mode-location chart of (a), sample cells are shown in (b), where values from two schematic data plots
are shown in (c) and (d). Included in the cells are the times-to-failure for cumulative fractions failed of 0.001 and
0.50 (mean) together with the expressions for F(f) from (c) and (d).

temperature, stress, pH, increased concentrations of species, number of fatigue cycles per unit time,
and similarly more intense conditions. For example, the "salt spray test" is often used to qualify
materials and components for use on salted highways or for ocean and sea-side use. In this case, the
stressor involves more salt and more frequent applications together with continued high humidity
relative to conditions expected for automobiles on winter highways. Incidentally, this test does not
always provide reliable results.

The most important consideration in accelerated testing is that the mode of failure in the
accelerated test must be the same as the mode of failure expected in the operating equipment. A well-
known problem of erroneous accelerated testing involves corrosion fatigue. In much of the fatigue
testing over the years, it has been found that the effects of stress cycling expected of a component
over time can be assessed by conducting experiments where the number of expected stress cycles is
accelerated by using higher cyclic frequencies in order to obtain data in a relatively short time.
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FIGURE 31. Stressors of temperature, stress and pH relative to target performance conditions. Possible test
conditions shown along each stressor with the magnitude of acceleration shown for selected values of stressor
constants. (After Staehle [I].)

However, when fatigue is affected by environments, the incremental propagation of fatigue cracks
has been shown to depend on cyclic frequency with increasing propagation per fatigue cycle
occurring at lower cyclic frequencies in the range of 1 Hz and lower with little effect of environments
observed above 10 Hz. Thus, to have conducted experiments in excess of 1 Hz, when assessing the
effects of environments on fatigue, would give a nonconservative result [45]. Premature failures,
especially of ship propellers, have occurred because of such errors.

Figure 31 illustrates three stressors (temperature, stress, and pH) that could be used relative to an
application involving relatively less intense conditions (i.e. Target Performance Conditions). Along
the coordinates for each stressor is noted the amount of acceleration based on a key parameter such
as the activation energy (temperature), the stress exponent (stress), and the hydrogen ion exponent
(concentration of hydrogen ions). In practice, these accelerations have to be determined.

Following the suggestion from Figure 29 Shimada and Nagai [43], Figure 32 suggests that the
effect of temperature could be studied at more intense conditions within a statistical framework and
then extrapolated to lower temperatures. This plot suggests that both the mean value and the
distributions can be extrapolated.

Statistical interpretations of data provide insights into apparent inconsistencies that result from
accelerated testing. Figure 33 shows two hypothetical lines on a cumulative distribution plot similar
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FIGURE 32. (a) Schematic cumulative failure plots showing curves for high temperatures associated with
acceleration tests and for a reference temperature associated with the expected application. Confidence limits are
also noted, (b) Plot of UT versus time showing probability density functions corresponding to cumulative
probability plots. (After Staehle et al. [42].)

to Figure 27(b). Line 'N-I' corresponds, schematically, to a typical result for the mean and
dispersion for the nominal condition. It is similar to the low Weibull slopes of Figure 28. The
schematic line A-I corresponds to a cumulative distribution for an hypothetical accelerated test, and
b is taken as 5.0, which is typical of such accelerated tests. Line N-I represents a real result from field
performance after the equipment was designed, built, and operated. For the accelerated test, which
might have been conducted ahead of time—the mean value of line A-I is determined to be 0.4 years.
Thus, for the accelerated test the mean value occurs at 0.4 years, which is 100-fold less than the
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FIGURE 33. Schematic comparison of hypothetical actual field results with hypothetical accelerated testing
using cumulative distributions versus time. The line, N-I, corresponds to the nominal field failure rate with
b = 1. The line A-I with b = 5.0 corresponds to an accelerated test. The line N-2 is the desired field failure rate
that does not exceed 0.001 cumulative failures in 40 years. The line A-2 has the same slope as A-I for a mean
life of 40 years; The line A-3 has the same slope but with 0.001 failures in 40 years.
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expected mean based on extrapolating early failure points on line A-I. A 100-fold acceleration is a
common objective for accelerated tests, although such a factor of acceleration is often considered to
be at the edge of credibility.

Comparing the hypothetical field result, N-I, with the hypothetical accelerated tests, A-I, shows
that the ratio of the mean of the field results to the mean of the accelerated test is 100; however,
comparing these results at a cumulative fraction failed of 0.01 gives a ratio of 3.4 rather than 100
between the two. At a cumulative fraction failed of 0.001, the ratio is < 1 and is ~ 0.7. This ratio
means that the failure of the field elements would occur earlier than the failure of the accelerated test
at a cumulative fraction failed of 0.001. The ratio would be even less at 0.0001, which is in the early
range of the field data of Figure 28.

The implication of the comparison in Figure 33 is that the mean values from accelerated tests are
not generally good predictors for failure. Thus, a mean value from an accelerated test, following the
pattern of stressors in Figure 31, would be both inadequate and misleading. This dilemma can be
rationalized by referring to Eqs. (7-10). The comparison of mean values essentially follows Eq. (8).
However, the dispersion follows Eq. (9); it the dispersions that provide the primary differences in
lines N-I and A-I at the lower cumulative fractions.

Equation (9) suggests that increased values of the stressors decrease the dispersion. While this is
assumed in the formulation of Eq. (9), the pattern is well-known. Thus, the steeper slope of A-I in
Figure 33 compared with N-I results from the more narrow dispersion (greater slope of the Weibull
b) produced by the accelerating stressors.

Line A-2 in Figure 33 shows how a predicted failure rate would appear if the Weibull slope did
not change from the accelerated test in A-I for a 40-year life. However, even with such a prediction
the cumulative failure would be ~ 10 years for the 0.001 fraction. This does not provide the 40-year
life if the 0.001 cumulative fraction is taken as the 40-year objective. In fact, if the Weibull slope
remains 5.0, then a cumulative rate of the type in A-3 would be required with a mean time of ~ 170
years. Line N-2 shows the characteristic failure rate that would be required if the criterion for failure
is a cumulative failure fraction of 0.001 and the Weibull slope is 1.0.

Comparing Figure 33 with Figure 32 suggests an inconsistency. However, had several cumulative
distributions been determined as suggested in Figure 32, the result of Figure 33 could have been
predicted by extrapolation.

Validating accelerated tests is a continuing concern. On the other hand, were it not for accelerated
tests, performance of equipment would have to be guessed, or substantial delays would be required
until credible data could be accumulated. To develop useful accelerated tests, it is necessary to
quantify and predict both the mean and the dispersion.

J. CBDA STEP [8]: PREDICTION

Predicting failure (as defined in Step 5 of the CBDA, Section G) and assuring performance is the goal
of Steps 1-7. Step [8], Prediction, then, involves synthesizing the results of Steps [l]-[7] of the
CBDA. The format for organizing the necessary data to support predictions is that in Figure 5(b), and
the steps are identified in Section B.3. Possible approaches for responding to each of they-/ cells are
shown in Figure 6(a), and the application of statistical analyses to answering the questions of each
cell is illustrated in Figure 30.

At this point, it is necessary to decide what specific information should be placed in each of they-
/ cells and how the information in all the cells for a given subcomponent should be aggregated.
[Actually, such a step would have been resolved in connection with CBDA Steps [5] and [6]—
Define Failure and Action Levels and Establish a Statistical Framework (Sections G and H)]. A
simple approach could involve determining the time for (e.g., 0.1%) failure in each of the cells
assuming that something is known about the relationship between accelerated testing and field
performance as described in Section I. Such an approach is illustrated in Figure 30. If the necessary
statistical distributions are available, then, this or any percent failure as a criterion can be calculated



Service Time (EFPY)

FIGURE 34. Cumulative fraction of tubes failed versus service time in equivalent full power years (EFPY) for
seven mode-location cases from the set of steam generators in the Ringhals 4 pressurized water nuclear plant.
The TTS refers to "top of tube sheet." "TS" refers to "Tubesheet." "Circ. SCC" refers to "Circumferential
SCC." The P* refers to a special location where SCC may not be serious. The "RT" refers to SCC at the "roll
transition" location. The AVB refers to "antivibration bars" (at top of steam generator to stabilize the tops of the
U-bends). (Unpublished data provided by L. Bjornkvist of Vattenfall and J. Gorman of Dominion Engineering.)

and used in the j—i cells. Other approaches can be developed especially when the statistical
distributions can be developed either from laboratory data or field experience.

A specific approach to evaluating the contribution of multiple mode-location cases is illustrated
in Figure 34 for the case of a steam generator considered in Figures 2 and 5 [46]. The mode-location
cases of Figure 34 include many of those that are illustrated in Figure 2. The data for cumulative
failures (dots) shown in Figure 34 are based on information taken by NDE methods when examining
tubes during outages.

At each outage, the total probability of failure is calculated by the relationship in Eq. (11).
Equation (11) is based on the relationship that the total probability of success is [1 — Fj(t)] i.e., 1
minus the total probability of failure, FT(t). The total probability of success is then the product of the
individual probabilities of success, that is, [1 — F7-_,-(f)], where the /*}_,- (t) is the cumulative
probability of failure of each mode-location case. For simplicity, the F7-/ (mode-location cases) are
given as FI, F2 , . . . , Fn.

FT(t) = l - [l -F1(O][I -F2W] - - - [ I -Fn(O] (11)
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After the last measurements shown in Figure 34, given by the last dot on the respective plots OfF7-/,
the curves are extrapolated using expected functionalities. The individual cumulative probabilities
can then be summed as in Eq. (11) to give the overall aggregate all mechanisms. In the case of steam
generators "failure" occurs at some point where the number of tubes that have been "plugged" (i.e.,
taken out of service by plugging to prevent access of the primary to secondary side because
perforation failures were identified by NDE) exceeds a designated fraction of the total number of
tubes that corresponds to excessive loss of power. This point of overall failure might be, for example,
10% of all tubes or a 0.10 cumulative fraction failed of "the aggregate all mechanism." A predic-
tion such as that in Figure 34 results from an orderly aggregation of all failures as identified in
Figure 5(b).

Once specific versions of Figure 5(b) are organized for various subcomponents, then, it is
possible to predict overall performance. Another layer of analysis may be required to deal with the
collected functionalities of the data in Figure 5(b). Such an approach is followed in applying Eq. (11)
for the separate mode-location cases in Figure 34. However, the most appropriate approaches for
aggregating data from the set of mode-location cases depend both on the forms of the results in the
cells of Figure 5(b) for the various components and on the criteria for failure of the engineering
project.

The process of engaging in the CBDA and developing predictions is dynamic. As they- i cells are
evaluated, the design is changed to minimize the intensity of degradation in any cell. The overall
performance will then be based upon a set of modified and rejected j-i cells. Once the conditions of
individual cells are stabilized and agreed upon, it is possible to predict the overall performance
recognizing, of course, that certain cells have been assumed to be irrelevant or that certain
approximations to their functional character can be developed. However, even such decisions would
be (could be) a matter of record for later review and possible modification.

Once the j-i matrices are completed for various subcomponents, they can be aggregated as
shown in the first step of Figure 35 for components. The results from the various components can
then be aggregated as shown in the successive steps of Figure 35.

The predicted times-to-failure or similar results, as summarized in the appropriate versions of
Figure 5(b), need to be compared with objectives for DLO, DLCO, LEO, and LECO as described in
Section G, where Step 5 of the CBDA is described. Providing that the predicted times to
failure exceed the goals for DLO, DLCO, LEO, or LECO as required by the application, no further
work of prediction is required. Such conclusions assume that the j-i cells, which have been
judged irrelevant or where correlations have been assumed based on marginal data, do not pose
excessive risks.

One of the major benefits of the CBDA approach implicit in Figure 5(b) is the necessity for
explicit action on every cell. Presumably, the design group would require that every cell be accoun-
ted for by some formal procedure. Whether the cell is evaluated (as in Figs. 6 and 30) by laboratory
data, prior history, engineering judgment, assumption of irrelevance, or assumption of no problem,
these actions would become part of the written record of the design.

The times specified for DLO, DLCO, LEO, and LECO then become action levels for operators; if
failures occur in times less than these objectives, then, certain actions are required. Figure 36
indicates hypothetically possible responses if failures in the field occur earlier than predicted. For
example, if action level 1 (AL 1) is taken as failures occurring at times less than DLO, then numerous
and serious actions might be required. These are illustrated by the black dots in Figure 35. If failures
occur at longer times, the action levels require less extensive responses; progressively lower priority
actions are noted by shaded and then nonshaded dots.

Figure 35 becomes the agenda for a major design review with respect to the CBDA. By the time it
is possible to prepare a complete version of Figure 35, sufficient information should be available for a
comprehensive assessment of the design. Often, owing to the necessities of schedules and costs, it is
sometimes thought necessary to move ahead on construction before all the detailed designs are
completed. The CBDA, through the chart of Figure 5(b), provides a continuing framework for
assessing what decisions are necessary as detailed designs are completed.



FIGURE 35. Mode-location, Mp7VSD7-LA,, charts aggregated for successively higher levels of system
hierarchy.

In some designs, there are circumstances where inspection and design are not possible, although
such circumstances should be avoided. For example, in the storage of radioactive waste where times
of possibly 1 million years of nonfailure (i.e., nonrelease of more than a minimum amount of
radioactivity) may be desired, a greater emphasis needs to be placed upon reliability than cases
where much shorter design lives are specified. Other cases where explosions, release of radioactivity,
or failure of implantable medical devices could occur, higher levels of assurance are required and
need to be acknowledged in preparing Figure 5(b). Finally, in some relatively ordinary lifetimes

System (e.g., nuclear steam supply system)
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FIGURE 36. Schematic view of relationships among hypothetical times-to-failure, targets for design life
(DLO, DLCO, LEO, and LECO), action levels (AL 1, AL 2, AL 3, AL 4, and AL 5), and responses appropriate
for each action level. Black dots indicate high priority actions; shaded dots indicate lower priority actions; open
circles indicate no action.

certain subcomponents are not inspectable or cannot be monitored. Here, again, higher priorities
need to be given to assuring performance in preparing Figure 5(b).

K. CBDA STEP [9]: MONITOR, INSPECTION, AND FEEDBACK

Monitoring and inspection provide feedback to designers and operators for comparing with predic-
tions and for defining action levels. These responses vary greatly with applications and industries.

A discussion of monitoring, inspection, and feedback is a large subject and is not elaborated upon
here. However, the choice of methods for monitoring and inspection should be based upon cues
provided by the CBDA Steps [I]-[S] (Sections C to G). Furthermore, the frequency of monitoring
and inspection should consider the statistical character, Step [6] (Section H), of the mode-location
combinations.

Certain components and subcomponents are not readily inspectable, which implies that certain
features of failure must be assumed; and higher levels of certainty of reliable performance should be
required for such applications.

L. CBDA STEP [1O]: MODIFICATION

As failures occur, certain inadequacies in the assumptions of high priority mode-location cases and
in what i-j cells can be neglected become apparent. The occurrence of premature failures guides

Action Levels

Critical tf

Modifications

T

1. Change
Design
Materials
Environment
- Chemistry
- Thermal
- Stress
- Mechanical motion
- Fields
Operations

2. Monitoring

3. Inspection

4. Maintenance

5. Replacement

AL1 AL 2 AL 3 AL 4 AL 5

<DLO <DLCO <LEO <LECO >LECO



appropriate modifications and reconsideration of these assumptions. Once indications of perform-
ance and failures are available, then designers and operators can act to modify the design and/or
operation.

As modifications are implemented, steps in the CBDA need to be repeated since modifications
change the system and its response to various stressors.
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