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UNIT CONVERSION
TEMPERATURE DISTANCE
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EXECUTIVE SUMMARY

The objective of this report is to give to engineers and scientists an introduction to the
topic of environmentally-assisted degradation of structural materials in water-cooled
nuclear reactors. This information acts as a basis for more detailed discussions that will be
given in future reports, which will cover advances in knowledge in specific areas.

The phrase “environmentally-assisted degradation of structural materials” covers a wide
range of phenomena spanning general corrosion, localized corrosion, embrittlement (due
to, for instance, irradiation), fatigue, etc. The scope of this report is confined to those
phenomena that are affected by the water or steam environment. Thus, discussions center
on:

e  General Corrosion.

e Boric Acid Corrosion.

e  Flow-Accelerated Corrosion and Erosion-Corrosion.
e  Crevice Corrosion.

e Pitting Corrosion.

e  Galvanic Corrosion.

e  Microbiologically-Influenced Corrosion.

e  Environmentally-Assisted Cracking (including Stress Corrosion Cracking and
Corrosion Fatigue.

There is no question that environmentally-assisted degradation has had a significant effect
on the economics, the capacity factors and, in some cases, the safety of water—cooled
nuclear reactors. This can be attributed in part to the fact that, for the degradation modes
cited above, only general corrosion was considered in the original design basis. As a
consequence the management approach has been largely reactive; with mitigation actions
being developed and deployed affer the problem was observed.

A more efficient management approach is to predict the degradation before it has an
impact on reactor operations. Such an approach requires a life prediction capability that is
qualified against data both from operating experience (in nuclear plant and other
industries) and from laboratory observations. Consequently, the discussions of each of the
degradation modes in this report are organized in terms of the past operating experience,
the known role of the various material, environmental and mechanical system parameters
that control the extent of degradation at a given time and, finally, a discussion of the
capability for predicting the future behavior, (regardless of whether this is based on
empiricism or on a quantitative understanding of the mechanism of degradation).
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In some cases such as, for instance, general corrosion, the understanding of a degradation
mode is fairly complete and is supported by experience in the nuclear and other
industries. In other cases, however, there can be a wide range in the ability to predict
future behavior. Consequently, there is a degree of uncertainty in making overall
assessments of future risk. The final section addresses this aspect via a cataloguing of
various material/degradation mode combinations in terms of the likelihood of degradation
and the current knowledge required to manage these problems.
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1 OBJECTIVE AND BACKGROUND

1.1 OBJECTIVE

The objective of this report is to give engineers and scientists an introduction to the
corrosion of structural materials in water-cooled nuclear reactors. This information acts as
a basis for the more detailed discussions in future reports that will cover advances in
knowledge in specific areas. This report focuses on:

e The interactions between the material and the environment that govern the extent of
degradation at any given time, and,

e The likely mechanisms of the various modes of corrosion that explain these
interactions.

The focus on understanding the mechanisms of degradation’ gives a basis for both, (a)
interpreting the changes in degradation that can occur between different materials, reactor
systems and their operating modes and, (b) the development of sound mitigation actions.

The degradation modes that are addressed are those controlled by the aqueous
environment; that is, general and localized corrosion phenomena. Degradation modes
associated with thermal or irradiation embrittlement are not addressed in detail apart from
where they impact the kinetics of the environmentally-assisted degradation; an example
of this would be the discussion of irradiation assisted stress corrosion cracking where
irradiation damage has an impact on the kinetics of subcritical crack propagation. The
degradation of fuel and fuel cladding is covered in separate reports produced by the
ZIRAT group.

Corrosion in nuclear power reactors has been a problem for many decades and has
required substantial investments by the industry in research, mitigation, repair,
replacement, and inspection activities. These industry actions have been accompanied by
correspondingly strong regulatory involvement and actions. One of the reasons for these
degradation problems is that, apart from general corrosion, fatigue in a “dry”
environment, and irradiation embrittlement of the pressure vessel®, most degradation
phenomena were not considered beyond “good engineering practice” in the design-basis
for the current light water reactor (LWR) fleet, at least in the United States.

! “No sooner knew the reason, but they sought the remedy”, from “As you like it” Shakespeare (1564-1616).

2 It could be argued that (corrosion) fatigue should be included in this list, since there is an “environmental component™
in the current ASME 111 design curves. However this environmental component was meant to account for the difference
in fatigue behavior in a laboratory air atmosphere and an “industrial” atmosphere. The current ASV/E 111 fatigue design
curves do not take into account the marked effects of a LWR environment.
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Examples of corrosion phenomena that have been a cause of major concern include:

e Intergranular stress corrosion cracking of pressurized water reactor (PWR) nickel-
base alloy steam generator tubing.

e Intergranular stress corrosion cracking of boiling water reactor (BWR) stainless steel
piping.

e Irradiation-assisted stress corrosion cracking of stainless steel core components in
BWRs.

e Intergranular stress corrosion cracking of nickel-base alloy primary piping in PWKs.

e Intergranular stress corrosion cracking of nickel-base alloy vessel penetrations in
PWRs.

e Flow accelerated corrosion of carbon-steel piping in both PWRs and BWKs.

e Boric acid wastage of low-alloy PIWR pressure vessel steel.

It should be noted that the majority of these incidents are associated with corrosion events
that are localized because of metallurgical, stress, environmental, or geometrical
conditions.

A critical factor in managing these issues is that the degradation should be detectable via
periodic inspection before the structural integrity of the component is severely
compromised. The degree, to which this requirement is applied, however, depends on the
safety significance of the component. Frequent inspections are not mandated for non-
safety significant components, and the first indication of degradation may be water
leakage. Such is the case, for instance, for piping in some sections of the closed coolant
water systems in both BWR’s and PWR’s where intergranular stress corrosion cracking of
the carbon steel may occur in water that contains inhibitors (1) at temperatures <100°C.

Periodic inspections are mandated for safety-significant systems and, in these cases, the
resolution of the detection technique and the periodicity of inspection become critical. For
instance, in the case of stress corrosion cracking, Figure 1-1, the fine nature of the cracks
puts severe limitations on the detection resolution. This is especially the case when the
cracking initiates on the inner surface of complicated structural geometries at localities
that are not easily accessible to inspection sensors on the outside surface. Consequently,
although the probability of detection increases with the depth of cracking, significant
crack depths may go undetected. This factor impacts on integrity analyses that focus on
the crack propagation rate, and whether the presence of the crack can lead to a leak or
rupture of the component before the next scheduled inspection.
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Figure 1-1:  Intergranular stress corrosion cracking adjacentto a weld in 28” BWR
recirculation pipe as observed in many BWR reactor coolant systems.

Figure 1-2:  Failure by flow accelerated corrosion in the condensate line at Surry-2
typical of degradation observed in PIWR feedwater systems.

Detection of general corrosion, which can lead to thinning of the pipe or component over
a relatively large area, is also of significance due to the possibility of component failure
and a relatively high rate of loss of coolant. Such would be the case, for instance, for
flow-accelerated corrosion of carbon steel piping in LWRs, and for boric acid corrosion of
the low alloy steel pressure vessel and bolting in PWRs. The inspection procedures for
such issues are well defined but, when these are violated or ignored because of human
error, the consequences can be significant, Figure 1-2 and Figure 1-3.
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(a) (b)

Figure 1-3:  Corrosion of the low alloy steel vessel head at Davis-Besse PIWR due to
boric acid accumulation in the annulus between the CRDM tube and the
vessel. (a) damage cavity viewed from outside of the head, indicating the
machined of f end of the CRDM tube and the nickel base J-weld metal, (b)
cross section of the damaged area, indicating corrosion of the entire
thickness of the head down to the stainless steel cladding.

1.3 ASSESSMENT OF RISK

The appropriate investment that is needed to mitigate materials degradation depends on
the risk, which is defined by the product of the frequency of occurrence of a particular
degradation mode and its consequence. This risk assessment is not a precise exercise
since, although the consequences of degradation in terms of the economic and regulatory
impact can be reasonably defined, there are considerable uncertainties associated with the
evaluation of the frequency of occurrence of a given amount of damage in a specific
component. These two aspects are now addressed since they are a necessary background
to the subsequent sections that discuss the mechanisms, the laboratory and service
observations, and the development of mitigation actions.
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1.2.1 Consequence of Degradation

There are two main categories of “consequence of degradation”; regulatory and
economic. The regulatory consequences relate to changes in reactor safety and these will
vary from country to country depending on the specific laws and regulations that apply. In
the United States Title 10 of the Code of Federal Regulations, Part 50 (10CFR50) sets out
the legal requirements with regard to the structural integrity of the reactor pressure
boundary materials. For instance in Appendix A of 10CFR50, the General Design Criteria
(GDC) section of the Code, it is stated (GDC 14) that “the reactor coolant pressure
boundary shall be designed, fabricated, erected and tested so as to have extremely low
probability of abnormal leakage, of rapidly propagating failure and of gross rupture.”
Moreover, in subsequent sections of Appendix A, (GDC 15, 30, 31, 32), there are
requirements that the components must have sufficient margin built into the design to
preclude such failures under all anticipated operating conditions (e.g. full power, hot-
standby, start-up, shut-down), even if the components have preexisting flaws. It is further
required that all components must be inspectable so as to ensure that these structural
integrity criteria are met.

Thus there are legal requirements behind the management of materials degradation. The
challenge comes in defining the detailed technical actions and specifications that are
needed to satisfy these general legal requirements. These details are usually defined in
problem-specific NRC Bulletins and Regulatory Guides following studies by both the
industry and NRC when a particular materials degradation problem emerges.

Until relatively recently the application of the regulations has largely been prescriptive
with regards to materials degradation issues. This has had a significant economic impact
and was (in addition to regulatory burdens associated with £CCS concerns, and economic
factors associated with inflation) a causative factor in the cancellation of ZWR orders
starting in the mid 1970s when materials degradation issues started to be a major issue,
Figure 1-4. Currently there is now a concerted movement within the USNRC to develop
risk-informed, performance-based regulations and associated regulatory guidelines (2-6)
that both lessen the burden of prescriptive regulations, and focus actions on those items
that present the greatest risk to reactor safety. Reactor safety is, in this context, quantified
by the “core damage frequency” (CDF) or the “large early release frequency” (LERF) of
radioactivity and fortunately, because of the defense in depth design principles in the
current LR global fleet, the changes in these two safety metrics due to materials
corrosion can be relatively low ; for instance (7), the increase in CDF, (ACDF),
associated with stress corrosion failure of BIWR core internals is <5 x 10 events/year
provided current inspection, monitoring and repair strategies are maintained. To a certain
extent this fact has delayed the development of a risk-based regulatory structure that
accounts for a non-linear time-dependent component to ACDF due to materials corrosion
in the Probabilistic Risk Assessments (PRA4), which are central to the risk-informed
developments in the USNRC regulations.
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The economic penalties associated with conducting the inspections that are required by
the regulations, and making repairs and replacements, can be considerable. For instance
the estimated total repair costs associated with cracking incidents in BWRs are shown in
Table 1-1. It should be noted that these costs relate to the restoration of component
integrity without full restoration to new plant status. Thus the data in Table 1-1, which are
based on such a least-cost approach, are lower bound estimates. Further operational costs
are associated with the loss in capacity factors® shown in Figure 1-5 and Figure 1-6 for
PWRs and BWRs respectively.
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L] * High interest rates
Increasing ECCS concerns * Long construction times (12 years)
for 1000 MW, designs * Increasing anti-nuclear lobby
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Increased regulatory burden degradation issues
9 y * Non-competitive production costs

Figure 1-4:  Causative factors leading to the cancellation of ZWR orders in the US.

? The capacity factor is the percent of total electrical power that could theoretically be produced during a specified
period., if the plant were operated at full power 108% of the time. Thus the capacity factor is less than (or equal to) the
availability factor, which is the percentage of the time that the plant is available over that same period.

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2006. This information is the property of
Advanced Nuclear Technology International Europe AB or is licensed foruse by Advanced Nuclear Technology International
Europe AB by its customers or partners. The information may not be given to, shared with, or cited to third party, used for
unavuthorised purpose, or be copied or reproduced in any form without the written pemission of Advanced Nuclear Technology
International Europe AB.

1-6(1-20)



Degradation of Structural Materials

It is apparent from Figure 1-5 and Figure 1-6 that the loss in capacity factor changes with
time due to changing degradation modes in different components. For instance, the
capacity loss values in the PIWRs were dominated by wastage, denting and stress
corrosion cracking problems in the steam generator in the 1970s and 1980s, but this
decreased due, for example, to the use of alternate tubing alloys, redesign of tube
supports, new water chemistry regimes, etc. Subsequently these particular high-impact
problems in the steam generator have been superceded over the last decade by stress
corrosion cracking of nickel base alloys in the thicker section components in the PIWR
pressurizer and reactor pressure vessel. Stress corrosion cracking of stainless steel piping
dominated the loss of capacity values in the 1970s and 1980s for BWRs, Figure 1-6, but
this rapidly decreased, primarily due to tighter control on the coolant purity, use of L-
grade stainless steels and/or the introduction of “hydrogen water chemistry”. However in
the 1990’s irradiation assisted stress corrosion cracking of stainless steel core internals
started to dominate due to the limited use of hydrogen water chemistry associated with
the creation of '°N in the core; this limitation is now under control with the use of “noble
metal” modifications to hydrogen water chemistry.

Table 1-1: Estimated Costs associated with repair/replacement of cracked BWR
components. Based on least-cost approaches given in (8).
(“MM”denotes units of “millions”).

Component Est. Repair | Rad. Exposure| Repair Time | Total Cost
Cost (sMM) (Man-rems) (Crit. Path Days) [ ($MM)
Shroud Support to Vessel Weld 250 5500 364 487
CRD Stub Tube to Vessel Weld 50 700 225 170
In-core Housing 50 225 100 102
Recirculation Piping 20 1200 125 95
Recirculation Inlet & Outlet Nozzles 25 300 44 50
Jet Pump Riser Brace 10 26 63 42
Core Support Plate 4 30 50 29
Top Guide 8 15 30 23
Instrumentation Penetrations 6 200 25 20
Shroud 4 10 12 10
Manway Cover (Access Hole) 2 5 10 7

Assumptions in calculating Total Cost
Radiation exposure cost; $10K/man-rem
Critical path outage cost; $0.5MM/day
No account taken for "present value analyses"
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Figure 1-5:  Corrosion-related Loss in Capacity Factor for PWRs (9), indicating the
dominating effect of degradation in steam generator tubing in the early
1980s.
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Figure 1-6:  Corrosion-related Loss in Capacity Factor for BWRs (9), indicating the
dominating effect of stress corrosion cracking of stainless steel piping in the
early years.

In other words the economic consequences associated with loss in capacity factors go in
cycles dependent on the emergence of new degradation modes. The nature of that cyclic
behavior is now discussed with reference to the frequency of occurrence component to the
risk assessment analysis.
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1.2.2 Frequency of Occurrence of a Particular Degradation Mode

As illustrated in Figure 1-7 for PWR steam generator tube damage and in Table 1-2 for
cracking phenomena in BWKs, the materials degradation modes have changed over time,
with little apparent logic in terms of the transition from one damage mode to the next. In
some cases it is fair to propose that the resolution of one problem might have exacerbated
the onset of a new problem. An obvious example of this would be the extensive use of
surface grinding to facilitate non-destructive examination which, when applied to excess,
accelerated stress corrosion crack initiation in many alloy systems. Another example is
the series of changes in PIWR secondary side water chemistry that were initially made to
mitigate caustic stress corrosion cracking of the nickel-base alloy steam generator tubes,
but which inadvertently led to wastage of the tubes atthetop of sludge piles in the hot
leg, and then to denting of the steam generator tubes due to excessive corrosion of the
carbon steel tube support plates.

However in most situations the reason for the unexpected occurrence of a new
degradation mode may be associated with the complex interactions between the system
factors (material, environment, stress) that control the kinetics of the various degradation
modes. These potential interactions were not fully appreciated during the initial design
and subsequent redesign stages, and therefore appropriate proactive mitigation actions
were not taken. An example of this is the interrelationship between intergranular stress
corrosion cracking of welded stainless steel piping in BWRs, which dominated in the
1970s and 1980s, and irradiation assisted stress corrosion cracking of BWR stainless steel
core internals that emerged in the 1990s. The choice of L-grade stainless steels for
replacement of the original welded Type 304 stainless steel recirculation piping was a
logical decision based on the knowledge of the cracking mechanism and kinetics in
unirradiated environments. However that logic was not sufficient for application to
welded BWR internals since the kinetics of degradation were further affected by factors
such as the accrual of fast neutron fluence damage (which changes the grain boundary
composition, the materials yield stress and the residual stress adjacent to a weld) and the
increased fast neutron flux (which changes the environmental conditions at the
material/coolant interface). These latter interactions were not fully recognized and
quantified at the time that the JASCC problem became dominant.

Structural material failure modes have been catalogued primarily in conference
proceedings (12-32), Institute of Power Operations (/NPO) records (£PLX), and U.S.
Nuclear Regulatory Commission (NVR(C) documents such as Licensee Event Reports (33)
and the Generic Aging Lessons Learned (GALL) report (34). Overviews of various
corrosion-based degradation modes have also been given in Volume 13 of the ASM
Materials Handbooks for both PWRs (35) and BWRs (36) with updates in Volume 13C in
2006 (11, 37). These documents cover not only the plant experience but also the
significant amount of laboratory data and mechanisms development required for the
definition of life prediction algorithms and mitigation actions.
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Figure 1-7:  Evolution of damage modes in PIWR steam generator tubes (9, 10).

The frequency of occurrence of a particular degradation mode changes with time and
location within both BWR and PIWR reactor systems, mirroring the different materials of
construction and the changing environmental conditions that exist during various
operational modes. The range of observed damage responses for different
material/degradation mode combinations is illustrated in Figure 1-8 for the PWR reactor
coolant and auxiliary/support systems: very similar relationships exist for BWRs. The
color coding in this chart is described in more detail in Section 5, but the dark red
coloration denotes material/degradation mode combinations where there is sufficient
knowledge to manage the problem, whereas the light red coloration indicates that there is
a limitation on the knowledge base to fully mitigate the degradation. The main points to
note at this stage, however, are that; (a) localized degradation modes (e.g. fatigue, stress
corrosion cracking) dominate the frequency of occurrences, and; (b) certain degradation
modes cannot occur under conditions in one reactor system but can occur in others. An
example of the latter point is that microbiologically influenced corrosion cannot occur
under the high temperature, irradiated, and borated conditions in the PWR reactor coolant
system but can occur in the lower temperature auxiliary and support systems if there is
insufficient attention taken of the critical factors needed for this degradation mode.

The good news therefore is that there is a data-based and mechanisms-based rationale to
give guidance as to where certain degradation modes can or cannot occur in a given
reactor design (BWR vs. PWR), reactor system (e.g. RCS vs. £ECCS), alloy type (stainless
steel, nickel base alloy, low alloy steel) and operating mode (e.g. start-up vs. full power),
etc. These aspects are covered in detail in Section 4.
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Table 1-2: Evolution of Cracking Incidents in BWR Structures (11). (SCC: Stress
Corrosion Cracking, /GSCC': Intergranular Stress Corrosion Cracking,
IASCC: Trradiation-Assisted Stress Corrosion Cracking).

Component and Mode of Failure Alloy Time Period
Fuel cladding, irradiation assisted SCC 304
Furnace sensitized safe ends, /GSCC 304, 182, 600
Weld sensitized small dia. Piping, /GSCC 304 1960s
Weld sensitized large dia. Piping, /GSCC 304
Furnace sensitized weldments & safe ends, /GSCC 182/600
Low alloy steel nozzles, thermally induced vibration 3508
Crevice induced cracking 304L/316L
Jet pump beams, /IGSCC X750
1980s
Cold work induced /GSCC of “resistant” alloys 304L
Low alloy steel pressure vessel, 7GSCC A533B/A508
Irradiated core internals, Z{SCC 304,316
IGSCC/IASCC of low carbon and stabilized st st 304L, 316L, 321, 347 2000s

Although the aging management programs and mitigation procedures currently in place at
reactor sites may be adequate based on current experience and knowledge, operational
changes taking place within the reactor fleet may well increase the frequency of
occurrence of materials degradation. For instance, license renewal applications to the
USNRC are expected from the majority of U.S. LWR licensees in order to extend the
operating life from the current 40 years to 60 years. This automatically puts attention on
the adequacy of both the current aging management programs for corrosion related
degradation, and the time-limited aging analyses for pressure vessel embrittlement and
fatigue. This regulatory attention is appropriate since these aging management programs
and analyses may not account fully for the variety of loading, environment and material
combinations that are now known to have an effect on these degradation modes.
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Degradation Mode
Material and Component BAC | MIC | Crev.| FAC | Fat. IC

)
=

SCC | SW | Wear

PWR Reactor Coolant System
S8 304/308/316 Socket welds
SS 308/309 Dissimilar Welds (ext)
SS 304/308 CRDM Housing (Stagnant)
SS 316 CW (low fluence)
SS 304 plates (high fluence)
SS 304 HAZ (high fluence)
SS 308 (high fluence)
SS 316 CW (high fluence)
Inconel 82/182 Dissimilar Welds
Forged Alloy 600 nozzles
Alloy 600 heater clad welds
Alloy 600MA SG tubes primary side
Alloy 600MA SG tubes secondary side
Alloy 600 SG divider plate
Alloy 600TT SG tubes primary side
Alloy 600TT SG tubes secondary side
Alloy 600 SA, Sen SG tubes primary side
Alloy 600SA, Sen SG tubes secondary side
High strength parts
High strength fasteners/springs
High strength bolts (high fluence)
Low alloy steel plate, forgings
Carbon steel SG drilled tube support plate

(a)

PWR Auxilary and Support Systems
Carbon steel components

CCW Heat Exchanger Cu-Zn tubes

SS 304 socket welds in CVCS

(b)

Figure 1-8:  Degradation modes observed (a) in a PWR reactor coolant system and (b)
the auxiliary and support systems (data extracted from tabulations given in
reference 34). The degradation modes listed include boric acid corrosion
(BAC), crevice corrosion (Crev.), flow accelerated corrosion (#A4C), fatigue
(Fat.), microbiologically influenced corrosion (MIC), pitting (P7), stress
corrosion cracking (SCC), and wear (Wear). The colored regions relate to
material/degradation combinations that have been observed, with the
different shades relating to the extent of knowledge that exists to resolve the
problem (discussed in Section 5).

In many cases the arguments for license renewal are complicated by other changes to the
licensing basis, such as an increase in power output. Such power uprates may be
accomplished via core redesign and increased coolant flow and may, therefore, potentially
increase the susceptibility to irradiation-assisted stress corrosion cracking (/ASCC) of
core components, flow-assisted corrosion (#4C) of carbon steel piping, and flow-induced
vibration (£/V) of other components.
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1.3 MANAGEMENT OF DEGRADATION

The nuclear industry has developed mitigation actions and aging management programs
to deal with the currently detected degradation problems. However these activities, and
the associated actions by the regulators, have been conducted affer the incidents have
occurred. This reactive nature of the response has had two major consequences. First, the
safety systems and barriers are at risk while the preventative or mitigation actions are
being developed. This development can take a considerable time, especially since it also
involves arriving at agreement with the regulator on the appropriate quantitative control
criteria. Second, there are unplanned monetary and time commitments due to the
unpredicted nature of the incidents.

Figure 1-9:

“Damage”

Reactive

NDE Resolution Limit

e e o

v .
uNOWu Tlme

Schematic diagram illustrating degradation, or damage, development with
time, and the differentiation between reactive and proactive actions. Note
that the degradation process vs. time is rarely linear, as is often assumed.
Note also that in the reactive mode damage has been detected “now” and
there is limited time for mitigation development before the structural
integrity limit is reached. This development time is considerably increased
in the proactive mode. (VDFE=Non Destructive Examination) (38).

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2006. This information is the property of
Advanced Nuclear Technology International Europe AB or is licensed for use by Advanced Nuclear Technology International
Europe AB by its customers or partners. The information may not be given to, shared with, or cited to third party, used for
unavuthorised purpose, or be copied or reproduced in any form without the written pemission of Advanced Nuclear Technology
International Europe AB.

1-13(1-20)



Degradation of Structural Materials

Consequently there has been a drive (38, 39), both by the USNRC and the utilities, to
develop the capability to manage these materials degradation problems proactively and to
move towards a mindset that not only prevents the degradation, but also predicts future
degradation. That is; to identify a problem well before costly and potentially safety-
significant incidents occur and, thereby, give a more extended time to develop mitigation
and inspection strategies A comparison between the reactive and proactive management
strategies for dealing with materials degradation issues is illustrated schematically in
Figure 1-9 in which two examples of the development of damage are shown. In one case
(shown by the left hand curve in Figure 1-9) the damage has developed to a point where it
is detectable “now”. That is, the extent of damage is greater than the resolution limit of
the non-destructive examination (NVDFE) procedure. In the absence of a mitigation action
that can be immediately applied, it is expected that the damage will continue to develop
and will eventually reach an unacceptable amount, depending on some structural integrity
criterion. It follows, therefore, that under such a reactive management mode there is a
limited time period for the development, qualification and approval of a sound mitigation
plan. On the other hand it may well be that damage has not been detected “now” (i.e. the
second example shown in Figure 1-9), but there is enough knowledge of the mechanism
of degradation to predict that damage will be detected at a defined time in the future. If
such a prediction capability existed then there would be two major advantages. First, there
would be a considerably longer time for the development of mitigation actions and,
second, there would be a logical format to prioritize the use of development funds to the
problems presenting the greatest risk. This topic is discussed in more detail in Section 5.

Although the damage, NDF and structural integrity vs. time relationships shown in
Figure 1-9 are presented as lines, it is recognized that there is a range in values for these
parameters, Figure 1-10, with dispersion, Figure 1-11, that mirrors a number of
uncertainties. These uncertainties cover, for instance;

e The fact that many of the degradation modes are controlled by stochastic processes.
Examples include pitting and intergranular attack, and many of the phenomena that
control the early stages of environmentally-assisted cracking (stress corrosion,
corrosion fatigue). These are aleatory uncertainties®, the extents of which are not
decreased by acquiring more data or knowledge.

4 Aleatory uncertainty arises out of the randomness inherent in some physical (and human) processes, which would not
be decreased by aquiring more knowledge. Processes described by, for instance Weibull statistics would be covered by
such a description.
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e The fact that there are uncertainties about both the completeness of the models upon
which the loci of the relationships in Figure 1-9 are based, and the range in values for
the inputs to the model (stress, corrosion potential, temperature, etc.). These are
epistemic uncertainties’, which can be reduced by accumulation of more knowledge
concerning both the completeness of the prediction models, and the accuracy of the
data required to qualify these models.

Such uncertainties are discussed in some detail in Section 4, but the conclusion at this
stage is that although probabilistic analyses offer methods to account for the dispersion in
the damage, NDF and structural integrity parameters, Figure 1-11, there is undoubtedly
some engineering judgment in the definition of acceptable margins between the structural
integrity criteria and the extent of damage. The impact of the use of “engineering
judgment” vs. complete fundamental theories vis. a vis. life prediction is discussed further
in Section 5.

“Failure”

Damage

Extentof Damage

Detection

Time

Figure 1-10:  Schematic variation of “damage” as a function of time, and its relationship
to damage “detection” and to component “failure” (38).

> Epistemic uncertainties are associated by a limitation in knowledge of the system parameters (stress, temperature, etc.)
or the completeness of a model (i.e. whether it takes into account all the controlling parameters correctly). It differs
from aleatory uncertainty in that it can be decreased by aquiring more knowledge.
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-
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Figure 1-11:  Schematic probability density functions for damage and failure as a function
of time. Margin is defined as the gap between the greatest value of the
damage and the least value of failure (38).

Thus the proactive life management approach requires, preferably, a capability to predict
the extent’ of future degradation or, at least, the existence of sufficient knowledge to
make informed judgments of the extent of future damage. It is with this in mind that the
discussions in Section 4 for each of the degradation modes are organized to cover:

e The phenomenology of the degradation, and plant experience

e The effect of various system parameters (e.g. stress, environment, material) on the
kinetics of degradation.

e The ability to predict future damage, regardless of whether that capability be based
on empiricism or a quantitative understanding of the degradation mechanism.

e  Methods used to mitigate the degradation.

Before discussing the details of the various degradation modes, however, a short primer
on Corrosion Basics is given in Section 2. This is included to remind readers of the origin
of the thermodynamic and kinetic principles of aqueous corrosion and its mitigation, and
the background to the lexicon of terms (e.g. corrosion potential, passivity, and diffusion
limited reactions) which are common to the majority of degradation modes.

% The “extent” of degradation would include the mean value, plus the dispersion associated with aleatory ot epistemic
uncertainties.
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2 CORROSION BASICS.

Corrosion of metals in aqueous environments involves various electrochemical and
chemical reactions at, or close to, the material/environment interface. For instance,
generalized reactions may be formulated for the electrochemical oxidation of a metal
atom, M, to form either (a), a solvated metal cation, M,," , (Reaction 2.1), (b), a metal
anion, MO,", (Reaction 2.2) or, (c) an oxide, MO, that may be formed directly on the
surface (Reaction 2.3). All of these reactions involve the release of electrons to the metal
at the point of reaction on the metal surface, and, by definition, are described as
electrochemical oxidation reactions. There are, however, reactions that do not directly
involve electron transfer; an example is the formation of an oxide via precipitation
reactions (Reaction 2.4) which occur when the solubility of the metal oxide is exceeded.

M +H,0 — M,g" +ne’ 21

M +n H,0 — MO,™ + 2nH" +ne’ 22
M+H,0 >MO+2H" +2¢ 23
M,y" +H,0 — MO +2H" 24

There are also reactions occurring on the metal surface which accept the electrons
released by the oxidation reactions. These are defined as reduction reactions and are
crucial since they are required in order to conserve charge on the metal surface. This point
will be returned to in some detail in the discussion of the reaction kinetics and the concept
of a corrosion potential. The common reduction reactions in LWRKs involve reduction of
hydrogen cations (Reaction 2.5), water (Reaction 2.6), dissolved oxygen (Reaction 2.7),
or other reducible species such as hydrogen peroxide, cupric and ferric cations, etc.

2H' +2¢ — H, 25
in deaerated acid solutions, or the equivalent reaction
2H,0 + 2¢ — H, + 20H’ 2.6
in deaerated neutral or alkaline solutions, or
0, + 2H,0 +4e — 40H 2.7

in aerated solutions.
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3  MATERIALS OF CONSTRUCTION IN REACTOR COOLANT,
EMERGENCY CORE COOLING AND AUXILIARY/SUPPORT
SYSTEMS

The materials of construction in the reactor coolant, emergency core cooling and
auxiliary/support systems in water cooled reactors are diverse, including steels and alloys
based on nickel, aluminum, copper or titanium. In the main, however, the pressure
retaining materials of construction are based on alloys that are centered on the iron,
chromium and nickel ternary equilibrium diagram, Figure 3-1.
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Figure 3-1:  Simplified Ternary Equilibrium Diagram for Iron, Chromium and Nickel at
400°C.

Discussion of the various alloy classes is focused on the ferritic (o) body centered cubic
carbon and low alloy steels, on the austenitic (y) face centered cubic nickel-rich alloys,
and on the metastable austenitic stainless steels. These are addressed in three categories;
ductile carbon/low alloy steels, ductile austenitic alloys, and high strength alloys. The first
two categories cover mainly materials of construction for passive components', whereas
the latter category covers active components such as springs, bolts, etc. which, unlike the
passive components, do not necessarily have long design lives.

15 «passive’ in this context does not refer to chemical activity, but to a commonly used regulatory categorization for
components that generally form part of the pressure boundary and are not easiliy replaced. Thus, they have long design
lives and receive particular attention during design certification.
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3.1 DUCTILE CARBON AND LOW ALLOY STEELS

Carbon and low alloy steels, Table 3-1, are used as pressure boundary materials of
construction because of their relatively low cost, their good weldability and their
satisfactory mechanical properties, Table 3-2. In this latter category the ductility (e.g. %
elongation in Table 3-2) becomes of importance when considering the structural integrity
of unirradiated components that may contain a crack, since this will minimize the
possibility of rapid crack propagation leading to brittle fracture of the component'®. There
is also an extensive experience base of the use of such materials as pressure retaining
materials in, for instance the fossil power, chemical and petrochemical industries. As will
be discussed in Section 4, carbon and low alloy steels in water-cooled nuclear reactor
environments are subject to general corrosion, boric acid corrosion (at leakage points in
PWR primary circuits), flow-accelerated corrosion and fatigue. However, as discussed in
Section 2, the mechanisms of these degradation modes are, in the main, well understood,
and there are ample data from fossil fired boilers plus existing water chemistry guidelines
for water-cooled reactors that allow an adequate management of these corrosion issues.
Thus it is for control of the amount of radioactive crud that most of the carbon and low
alloys steel surfaces in the primary reactor coolant systems are clad with austenitic
stainless steel cladding.

' Trradiated low alloy steels may undergo embrittlement over time in high neutron flux regions adjacent to the pressure
vessel beltline weld. This is discussed in section 4.2.5.5 as it affects environmentally assisted cracking.
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Table 3-1:

STM Compositional Specifications for Carbon and Low Alloy Steels

Wt% C Mn P S Si Cu Ni Cr Mo V' Nb Fe Typical
max max max max max max. Use
ASTM Spec
A105 0.35 0.6-1.05 0.035 0.04 0.10-035 1 0.4 (1) | 0.4 max (1)] 0.3 max (1) | 0.12 max (1) 0.05 0.02 Bal Carbon steel forgings
A106 Gr. B 0.3 | 029-1.06 | 0.035 0.035 | 010min. | 0.4(2) | 0.4 max (2)| 0.4 max.(2) | 0.15 max.(2) | 0.08 (2) Bal Seamless piping
A216 Gr.WCB| 03 | 1.00max | 0.04 0.045 | 0.60max. | 0.3 (3) | 0.5 max (3)| 0.5 max. (3)] 0.2max. (3) | 0.03 (3) Bal Casting
A302 Gr.B 0.25 1.15-15 0.035 0.035 | 0.15-040 0.45-0.60 Bal Pressure Vessel
A333 Gr.6 0.3 | 0.29-1.06 | 0.035 0.035 | 0.10 max. Bal Feedwater piping
A508 Gr.2 0.27 0.5-1.0 0.025 0.025 0.15-0.4 0.5-1.0 0.25-0.45 0.55-0.7 0.05 Bal Reactor nozzle
A508 Gr.3 0.25 1.2-1.5 0.025 0.025 | 0.15-04 0.4-1.0 0.25max. 0.45-0.6 0.05 Bal Reactor nozzle Forgings
A516 Gr.70 (4) 0.85-1.20 | 0.035 | 0.035(5)| 0.15-0.4 Bal Carbon steel plate
A533 Gr.A 0.25 | 1.15-1.50 | 0.035(5)| 0.035(5) | 0.15-0.4 (5) 0.45-0.6 (5) Bal Pressure Vessel
A533 GrB 0.25 1.15-1.5 |0.035 (5)| 0.035 (5)| 0.15-0.4 5) 0.4-0.7 0.45-0.6 (5) Bal Pressure Vessel
Notes
1 Sum of Cu,Ni,Cr,and Mo shall be <1.00%; and sum of Cr and Mo shall not exceed 0.32%
2 By agreement, limits fo V Nb may be increased to 0.1% and 0.05% respectively
3 Sum of Cr and shall not exceed 0.32%
4 Carbon max. varies with thickness of plate; 0.5"-2".0.28%max.; 2"-4". 0.30% max.; 4"-8": 0.31%max.
5 For reactor beltline; Cu: 0.1%max., P: 0.012%max.;S: 0.015%max. and V ,0.05%max.
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4  DESCRIPTION OF MATERIALS DEGRADATION MODES IN LWRS:
THEIR PREDICTABILITY AND MITIGATION

The previous sections have given background information on the following items: (a) the
impact of materials degradation on reactor operations, (b) a short primer on corrosion
basics that acts, where necessary, as an introduction to the more detailed discussions in
this current section, (c) a description of the materials of construction with an explanation
for their original choice and, (d) a catalogue of where major degradation problems have
occurred.

This section addresses the various degradation modes via discussions of, (1) the
phenomenology, (ii) the system parameters that control the degradation kinetics, (iii) the
prediction capability (regardless of whether this is based on empiricism or detailed
knowledge of the atomistic mechanisms of degradation) and, finally, (iv) an analysis of
the observed degradation that has occurred in the reactors and the available mitigation
actions.

4.1 “UNIFORM’ CORROSION

“Uniform” degradation modes include general corrosion, boric acid corrosion and flow-
accelerated corrosion. Such modes result in loss of material over reasonably large areas,
defined broadly as greater than 1-2 cm? as opposed to localized corrosion that may occur
over areas governed by metallurgical inhomogeneity.

4.1.1 General Corrosion

General corrosion is characterized by uniform surface loss through material oxidation (i.e.
Reactions 2.1- 2.3), and is deleterious to plant operation because of, (a) the decrease in
functionality of a component due to a loss in section thickness, (b) the presence of
corrosion products which may decrease the heat transfer efficiency upon depositing on
e.g. steam generator tubes or fuel cladding and, (c) the presence of corrosion products
which deposit on the fuel cladding surface, become activated and, upon release, increase
the radioactivity levels in the RCS or, in the case of direct cycle BWRs, the balance of
plant. This subsection concentrates only on the first of these items. It does not discuss the
methods of controlling the transport of the corrosion product. However, the corrosion
product characteristics and transport, as well as impact on reactor operation, are discussed
in detail in the LCC-2 Special Topic Report on CRUD.

General corrosion issues are part of the design basis for water cooled nuclear reactors, and
the mitigation actions are founded on a large body of research over many decades. Thus
there is good reason for the judgment that general corrosion is a manageable issue. The
following discussion is included, however, since the electrochemical details of general
corrosion and the formulation of water chemistry specifications in water cooled reactors
forms a basis for understanding other corrosion-based degradation modes for which there
may be less confidence in our ability to adequately manage the situation.
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4.1.1.1 Carbon and Low Alloy Steels

As explained in Section 2 general corrosion rates may be managed by; (a) consideration
of the thermodynamically stable (or metastable) species (dissolved metal cations, oxides,

salts, etc.) at the metal / water interface and, (b) control of the relevant oxidation and
reduction kinetics.

15"

E., (200° C), V

(b) pH

Figure 4-1:  Potential —pH diagram for the iron / water system at 200°C with line
(a) corresponding to Hy/H" equilibrium (reaction 2.5 or equivalent 2.6) and
line (b) corresponding to the O,/H,0 equilibrium (Reaction 2.7) (1).

In the case of carbon and low alloy steels the Pourbaix diagram for the iron/water system
at 200°C, Figure 4-1, indicates that magnetite, Fe3Q,, is the stable oxide in neutral,
deaerated environments, and this may form by the oxidation reaction?' :

3Fe + 4H,0 — Fe;04 + 8H' + 8¢ 4.1

' Notethis is a simplified version of the overall reaction since, in actuality, other intermediate species may exist.
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The counterbalancing reduction process in a deaerated environment is Reaction 2.6 whose
equilibrium potential/pH characteristics are shown by the dashed line (a) in Figure 4-1.
Therefore, for the same reasons associated with Figure 2-13, the corrosion potential of
carbon steel under near-neutral, deaerated conditions will be restricted, as illustrated by
the red region in Figure 4-1, to a range approximately -600m Vgpg to -800 mVgpg
(depending on the pH and dissolved hydrogen fugacity). Dissolution of iron to either Fe**
or HFeO;  is, at best, metastable under these conditions. Thus the release of iron to the
environment is determined by the solubility of the magnetite, Fe3O4. This solubility is
highly dependent on the pH as shown in Figure 4-2(a), with a minimum being observed in
the relatively narrow pHzee range of 6-8. Very similar solubility relationships are
observed for oxides on nickel and chromium as indicated in Figure 4-2(b). As would be
expected the corrosion rate tracks the solubility/pH relationship, with low rates being
observed under slightly alkaline conditions, and with much higher rates being observed in
acid or more alkaline conditions®*. These very acidic or alkaline conditions are not
normally allowed under current water chemistry specifications, but they can occur under
specific conditions, usually at regions of boiling or in crevices. These will be discussed
further in Section 4.2.1.
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Figure 4-2:  (a) Comparison between corrosion rate of mild steel and the solubility of

magnetite at 300°C (2), (b) Solubility of Ni,Cr and Fe oxides vs. pH at
300°C (3).

22 For instance in the range of pH,s of 9-10 the corrosion rate of carbon steel after 580 hours of exposure is only
9.5 um/year, whereas if the pH,s is lowered to 7.0 the corrosion rate increases to 93 pm/year (4).
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5 PROACTIVE MATERIALS DEGRADATION ASSESSMENT

5.1 BACKGROUND AND APPROACH

The previous Sections have addressed the various environmentally-assisted degradation
modes that can act on the materials of construction in water cooled nuclear reactors.
These discussions focused on: (a) the system parameters that control the degradation
mode, (b) the current ability to predict the extent of degradation as a function of
operational time and, (c) the mitigation actions for the known incidents of degradation.
This Section focuses on the overall ability to assess furture degradation. Such an
assessment is required in order to gain sufficient time to prioritize issues and develop
cost-effective mitigation actions before there are undesirable consequences. This

objective was, as discussed in Section 1.3, the goal of two independent studies conducted
by the USNRC (1) and the US utilities (2).

It is apparent from the discussions in Section 4 that the ability to assess fuzure degradation
is reasonably well formulated for some material/ degradation mode combinations;
examples include £AC of stainless steels, and carbon and low alloy steels. In these cases
there are extensive databases on the kinetics of degradation, backed up with an adequate
mechanisms-based understanding of the phenomenon that enables predictions into the
future. In other cases, however, the extent of understanding is less. Because of this wide
range in capabilities, any assessments and comparisons of life prediction methodologies
for various material/degradation modes have to be based on engineering judgments
(rather than quantitative analyses).

The approach in the USNRC study® was to use the engineering judgment of a panel of
scientists, who represented various organizations (e.g. utilities, reactor designers,
regulators) and disciplines related to environmentally-assisted degradation of
constructional materials in water cooled nuclear reactors. The scope of the study
encompassed 16 major degradation modes (Table 5-1) that were applicable to passive
components in the primary, secondary and some tertiary systems of Boiling Water
Reactors (BWRs) and Pressurized Water Reactors (PWRs), the failure of which could lead
to a release of radioactivity, or could affect the functionality of the safety systems.

The panel members provided their individual assessment for each combination of
component and degradation mode in terms of:

e The likelihood of future susceptibility to degradation under defined operating
conditions.

e Their confidence in their assessment of that susceptibility.

e The extent of knowledge of the system interdependencies and, thereby, the
predictive capabilities needed to “manage” the degradation.

% The USNRC study was chosen for discussion since the industry report is proprietary. However the conclusions of the
two reports are very similar
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Table 5-1: Degradation Modes considered in the Proactive Materials Degradation
Analysis. Note that, in this case, the categorization between “General” and
“Localized” Corrosion is based on whether the degradation occurs over an

65
extended area or not.

"General Corrosion”

General Corrosion
Boric Acid Corrosion
Flow Accelerated Corrosion
Erosion-Corrosion

Localized Corrosion

Crevice Corrosion
Pitting
Galvanic
Microbiologically-Induced Corrosion
Intergranular Corrosion
Stress Corrosion;

Transgranular SCC

Intergranular SCC
Strain Induced Corrosion

"Mechanical"

Fracture Resistance
Thermal Aging
Hydrogen Embrittlement
Irradiation Embrittlement
Fatigue
Low Cycle
High Cycle
Thermal
Corrosion

Primary-Side SCC
Thermal Creep/stress relaxation
Debonding
Swelling
Fretting / Wear

These assessments were quantified using a scoring of 1, 2, or 3. For instance, a
susceptibility rating of 3 would apply to a demonstrated, compelling problem or multiple
plant observations, which if not mitigated would continue into the future. Similarly, a
knowledge scoring of 3 would be appropriate if there was a sufficiently extensive and
consistent database (backed up by some level of mechanistic understanding) to allow the
most important variables and interdependencies to be defined; this level of knowledge
would permit a reasonably quantitative prediction of the occurrence of future degradation.
By contrast, a scoring of 1 for this attribute would indicate that these variables and
interdependencies were not quantified to the extent necessary to manage the situation. For
“susceptibility to degradation”, a further score of “0” was used when the panel member
thought there was no reasonable chance that a specific form of degradation would ever
occur under the specified system operating conditions. (For example, microbiologically-
influenced corrosion would be extremely unlikely under the high radiation field and high
temperature conditions experienced by near-core reactor vessel internal components).

These individual scores were then aggregated®, and used to identify concerns for future
materials degradation and to decide whether the degradation was manageable, or whether
additional research would be required to provide proactive mitigation.

% The USNRC scope included several “mechanical” modes of degradation that are not covered in this current report
% A description of this aggregation process is outside the scope of this report, but it involved consideration of both the
statistical average and the statistical mode of the individual scores, together with a rule-based decision making process
that ensured that conservative aggregate scores were recorded.
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These judgments were summarized using the diagram shown in Figure 5-1 where the
placement of the aggregated values of the degradation susceptibility and knowledge
scores gave guidance as to the degree of materials degradation management capability.
Moreover, the average confidence score for that particular component / degradation mode
combination reflected the uncertainty in arriving at that judgment.

Degradation Highly Likely Degradation Highly Likely
Limited Knowledge to Manage It Knowledge Exists to Manage It

3
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D22
E >
TR
o=
> -
» 1
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possible, but limited knowledge
to manage it if it did occur KNOWLEDGE

Figure 5-1:  Schematic relationship between degradation susceptibility and the
knowledge required for proactive management.

Such diagrams, along with the confidence scoring, were central to the judgments of the
panel, For instance, a combination of aggregate scores of “degradation susceptibility” and
“knowledge” associated with the light red region in Figure 5-1 denoted the troubling
situation where there was a high likelihood of degradation in a component by a particular
mode, but for which there was insufficient knowledge of the system interdependencies
both to predict future behavior and to formulate appropriate mitigation actions. Aggregate
scores in the top-right (dark-red) corner of the diagram indicated that, despite the high
likelihood of susceptibility, there was sufficient knowledge available to develop
mitigation actions®’.

Combinations of aggregate scores of “degradation susceptibility” and “knowledge”
placed in the light-yellow boxes in Figure 5-1 were of particular interest. These were
cases where there was little (or no) evidence of degradation in the plant to date, but there
was sufficient evidence from laboratory investigations, for instance, to indicate that
degradation in the plant might be expected in the future. Moreover, if such degradation
did occur, there was currently insufficient knowledge of the system interdependencies to
remedy the problem immediately.

%7 This color coding system is the origin of the colors shown in Figure 1.8
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