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ABSTRACT
Later.
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FOREWORD
This report is a draft containing only the work done for pressurized water reactors. When eventually completed, it will also contain the analysis of boiling water reactors.

iv

CONTENTS
ABSTRACT....................................................................................................................... iii
FOREWORD ..................................................................................................................... iv
FIGURES........................................................................................................................... vi
TABLES ........................................................................................................................... vii
EXECUTIVE SUMMARY ............................................................................................. viii
ACKNOWLEDGEMENTS............................................................................................. xvi
1. INTRODUCTION ...................................................................................................... 1
1.1
Background .......................................................................................................... 1
1.2
Objective of Proactive Materials Degradation Assessment (PMDA) Program... 4
1.3
The Approach....................................................................................................... 5
1.4
The Panel ............................................................................................................. 5
1.6
References for Section 1 ...................................................................................... 6
2. METHODOLOGY ..................................................................................................... 9
2.1
Overview of the PIRT Process Applied to PMDA .............................................. 9
2.2
Background Information on Reactor Components ............................................ 13
2.3
Degradation Mechanisms................................................................................... 24
2.4
Technical Challenges ......................................................................................... 28
2.5
Panel Evaluation Process ................................................................................... 35
2.6
Other Panel Activities ........................................................................................ 36
2.7
References for Section 2 .................................................................................... 36
3. RESULTS OF PIRT EVALUATION ...................................................................... 40
3.1
Introduction........................................................................................................ 40
3.2
Vulnerability of PWR Components to Materials Degradation .......................... 45
3.3
Generic Materials Degradation and Life Management Issues........................... 89
4. CONCLUSIONS..................................................................................................... 105
4.1
Component-Specific Issues.............................................................................. 105
4.2 Generic Issues Not Related to Specific Components ...................................... 108
APPENDIX A –Materials’ Degradation Modes and their Prediction
APPENDIX B – Topical Reports
APPENDIX C – Contributor Biographies
APPENDIX D – Averaging of Scores
APPENDIX E – Files Used by the PMDA Panel Members

v

FIGURES
Figure 4. Judgement of potential degradation modes for PWR Pressurizer, with color coding
according to format in Figure 3. ............................................................................................ xi
Figure 1.1 Evolution of damage modes in PWR steam generators [1].......................................... 2
Figure 2.1 Flowchart for files created.......................................................................................... 12
Figure 2.2 Drawing for Group 7 (PORVs in RCS; cf Table 2.5) ............................................... 23
Figure 2.3 Sequence of crack initiation, coalescence and growth during subcritical cracking in a
low alloy steel in aqueous environments [2]......................................................................... 28
Figure 2.4 Probability vs. time for initiation of stress corrosion cracks ..................................... 29
in sensitized type 304 stainless steel in 288C, 8ppm oxygenated water;...................................... 29
original data from Ref. 9, replotted in Ref. 11.............................................................................. 29
Figure 2.5 Predicted and observed percentage of cracked CRDM tubes in French PWR vessel
head penetrations as a function of time, material susceptibilty and reactor design [22] ...... 30
Figure 2.6 Comparison between the predicted and observed crack depth/operating time
relationships for a crack in the HAZ of belt line weld of a core shroud. The predicted
curves correspond to the span of the calculated residual stresses in this component. [16] . 31
Figure 2.7 Schematic development of damage with time for various “cases” ............................ 32
Figure 2.8 Prediction of extent of observed intergranular stress corrosion cracking in welded
Type 304 stainless steel at a reactor operating under specified water chemistry conditions,
and the predicted cracking rate associated with different water chemistry regimes [15].... 33
Figure 2.9 (a) Location of boric acid corrosion attack of the low alloy steel pressure vessel at
Davis Besse, adjacent to cracked regions in the penetration subassembly that allow access
of primary coolant to the low alloy steel. (b) Picture of cleaned top surface of the head,
showing the exposed stainless steel cladding which was the sole remaining pressure ........ 34
boundary in this region. ................................................................................................................ 34
Figure 3.1 Schematic illustrating the combinations of “Damage Susceptibility” and
“Knowledge” scores that would suggest various life-management responses. .................... 40
Figure 3.2 Average scores of the panel members for SCC and swelling of stainless steel in PWR
cores at dpa>0.5. The average confidence values for the damage susceptibility is indicated
at the right of the diagram..................................................................................................... 41
Figure 3.3 Average scores of the panel members for SCC and reduction in fracture toughness
(FR) of Alloy 182/82 welds in PWR primary side environments. The average confidence
values for the damage susceptibility are indicated at the right of the diagram..................... 42
Figure 3.4 Average scores of the panel members for SCC, corrosion fatigue and toughness of
PWR pressure vessel steels................................................................................................... 42
Figure 3.5 Schematic variation of “damage” as a function of time, and its relation-ship to
damage “detection” and to component “failure”. ................................................................. 89
Figure 3.6 Probability vs. time based on schematic probability density functions for damage and
failure. Margin is defined as the gap between the greatest value of the damage and the least
value of failure. ..................................................................................................................... 90
Figure 3.7. Sequence of stochastic events of localized corrosion (e.g., pitting), crack initiation,
coalescence and short crack growth, that are inherent to the definition of “engineering crack
initiation”[1].......................................................................................................................... 91
Figure 3.8 Schematic view of three cases for the time-dependence ............................................. 92
of stress corrosion cracking. [See Appendix B-15] ...................................................................... 92

vi

TABLES
Table 1.1 Evolution of Cracking Incidents in BWR Structures [2]............................................... 2
Table 2.1 PWR Systems Considered ........................................................................................... 13
Table 2.2 PWR Groups, Number of Parts Per Group and Subgroups ......................................... 15
Table 2.3 Definition of Information Provided for Each Component/Part ................................... 17
Table 2.4 Sources of Information on System Parts...................................................................... 18
Table 2.5a Section of Spreadsheet for Group 7 (PORVs in RCS) – Part 1 ................................. 20
Table 2.5b Section of Spreadsheet for Group 7 (PORVs in RCS) – Part 2................................. 21
Table 2.5c Section of Spreadsheet for Group 7 (PORVs in RCS) – Part 3 ................................. 22
Table 2.6 Degradation Mechanisms ........................................................................................... 24
Table 2.7 Evaluation Spreadsheet for Group 7 RCS – Pressurizer to PORVs ............................. 25
Table 3.1 Sample Summary of Averaged Evaluations ................................................................ 44
Table 3.2 Summary of Elicitation Results for the RCS – Piping Systems .................................. 73
Table 3.3 Summary of Elicitation Results for the RCS – Pressurizer ......................................... 75
Table 3.4 Summary of Elicitation Results for the RCS – Reactor Pressure Vessel .................... 76
Table 3.5 Summary of Elicitation Results for the RCS – Reactor Vessel Internals.................... 77
Table 3.6 Summary of Elicitation Results for the RCS – Reactor Coolant Pump....................... 78
Table 3.7 Summary of Elicitation Results for the RCS – Steam Generator ................................ 79
Table 3.8 Summary of Elicitation Results for the Engineered Safety Features –........................ 79
Table 3.8 Summary of Elicitation Results for the Engineered Safety Features –........................ 80
Emergency Core Cooling Systems ............................................................................................... 80
Table 3.9 Summary of Elicitation Results for the Engineered Safety Features –........................ 82
Containment Penetrations ............................................................................................................. 82
Table 3.10 Summary of Elicitation Results – Steam and Power Conversion Systems ............... 83
Table 3.11 Summary of Elicitation Results for Support and Auxiliary Systems – ...................... 84
Service Water System ................................................................................................................... 84
Table 3.12 Summary of Elicitation Results for Support and Auxiliary Systems – ...................... 85
Chemical and Volume Control System......................................................................................... 85
Table 3.13 Summary of Elicitation Results for Support and Auxiliary Systems – ...................... 87
Component Cooling Water System .............................................................................................. 87
Table 3.14 Summary of Elicitation Results for Support and Auxiliary Systems – ...................... 88
Spent Fuel Pool ............................................................................................................................. 88

vii

EXECUTIVE SUMMARY
The purpose of this report is to describe results of a study to assess the possible occurrence of
failures in components of light water reactors from the point of view of long-term operation such
as would be relevant to re-licensed plants. The overall approach involves two steps, the first being to identify the components of interest that might undergo future degradation; that is a Proactive Materials Degradation Assessment (PMDA). The plan for the second step is to identify and
perform the research that is needed to develop a technical basis for proactive materials degradation management; this latter step will involve international collaboration.
This report covers the first step in this process, conducted by the NRC under contract with
Brookhaven National Laboratory, an assessment of past and possible future materials degradation issues in Pressurized Water Reactors. A subsequent revision to this report will address degradation in Boiling Water Reactors. The first phase of this study was undertaken using a PIRTlike approach involving eight experts from five countries working for about a year starting in
August 2004. The panel members met at the NRC for seven weeklong group discussions of the
technical issues, and followed up individually on their assessments in the intervening time.
The central intent of this PMDA was to predict future occurrences of degradation that may or
may not have been observed in the field or in the laboratory. This study also considered the possibility of an unexpected increase in degradation with time. This is the first step in identifying
the components that may undergo degradation so that proactive material degradation management programs can be identified, developed and implemented, before materials degradation presents a significant operational or safety concern
The analysis focused on materials degradation modes associated with the operating environment
for specific components, such as stress corrosion cracking, fatigue, flow accelerated corrosion,
boric acid corrosion, thermal aging embrittlement and radiation effects for existing plants. The
scope of the work encompassed passive components whose failure would lead to release of radioactivity, or would affect the safety systems. Such degradation has negatively affected the economics, safety and public confidence in nuclear power, particularly in the present context, light
water reactors. Examples of significant degradation problems are shown in Figure 1 for the case
of boric acid corrosion at Davis Besse, and in Figure 2 for the case of flow accelerated corrosion
at Mihama. These examples are not isolated incidents; similar degradation modes have occurred
in the past both in the US and abroad.
This study did not address design issues such as mechanics and thermo-hydraulics, the consequences of degradation, nor the failure of active components such as valves, control rod drives,
etc.
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Figure 1. Boric acid corrosion in the reactor pressure vessel head at Davis Besse

Figure 2. Failure by flow accelerated corrosion in the feed water line at Mihama-3
The review of materials degradation in PWRs focused on over 2000 components in the primary,
secondary and some tertiary systems of a specific Westinghouse 4-loop design. This review was
extended to cover different materials of construction and plant configuration in other PWR designs.
The experts provided their judgment for each component (material and environment combination) of the susceptibility for damage, their confidence in that judgment, and their assessment of
the extent of knowledge of the system interdependencies and predictive capabilities needed to
“manage” the damage. These judgments were quantified by a scoring of 0, 1, 2, or 3 indicating
increasing judgment levels in the three categories. (Although quantitative evaluations of some of
the degradation modes were possible, this was not always the case; thus, in order to be consistent
for all degradation modes, this semi-quantitative evaluation scheme was adopted.) These evaluations were conducted by each panel member following a series of weeklong meetings attended
by the members. During these meetings the system configuration (i.e. materials of construction,
fabrication process, engineering drawings) and operating conditions were defined, and the various degradation modes and operating experience for specific component groups were discussed.
ix

The scoring of each member on the attributes detailed above was done privately, with no aim at
arriving at a consensus opinion. These scores were then aggregated by taking a mean and dispersion for each component
The panel evaluated these aggregated results to determine whether the degradation was manageable or whether additional research would be required to provide proactive mitigation.
One method used by the panel for representing these diverse judgments is schematically illustrated in Figure 3. The mean values (and their dispersion) of the degradation susceptibility and
knowledge scores placed on this diagram gave guidance as to the degree of materials degradation
management capability that exists for a given degradation mode for a specified component.
Moreover the average confidence score for that particular component/ degradation mode combination gives an indication of the uncertainty in arriving at that judgment.
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Figure 3. Schematic relationship between degradation susceptibility and the knowledge required for proactively management. Such diagrams were central to the interpretation of the
expert panels’ judgments.
A combination of a high “degradation susceptibility” score with a low “knowledge” score,
shown in red in Figure 3, would denote the troubling situation for a component which is considered likely to undergo degradation, but for which there is minimal knowledge to formulate appropriate mitigation actions. In such cases proactive actions are deemed necessary to avoid occurrences in the plant. As knowledge of the interdependencies between the degree of damage and
the system parameters (temperature, stress, material, etc.) is increased (i.e. moving to the right
hand side of the diagram in Figure 3), so the inspection periodicity may be adjusted appropriately, and mitigation actions be employed to decrease the degradation susceptibility.
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Figure 4. Judgement of potential degradation modes for PWR Pressurizer, with
color coding according to format in Figure 3.
Figure 4 gives a summary of the potential for materials degradation for various material/environment combinations in, for this example, the PWR Pressurizer. This assessment is displayed according to the various color code schemes shown in Figure 3, and is repeated for various degradation modes (e.g. boric acid corrosion (BAC), stress corrosion cracking (SCC), fatigue
(FAT), pitting (PIT), reduction in fracture toughness (FR), (etc). As would be expected from rexi

cent events, “red” colorations (denoting a need for proactive management) are associated with
stress corrosion cracking of nickel base Alloy 82/182 weldments at vessel penetrations. Equally
important, however, it should be noted that there are many system/degradation mode combinations colored “yellow” or “green” for which the expert panel judged on average that there was
likely to be little future concern.
Assessments of degradation were made for over 2000 PWR safety related, passive components
in the major systems (Reactor Coolant, Emergency Core Cooling, Auxilary Feedwater, Service
water, etc). The study also identified possible modes of degradation which have not yet been observed in service.
It should be emphasized that although degradation modes were identified for the majority of the
PWR components, these were, in general, judged to be relatively minor in extent and were being
adequately managed by, for example, Aging Management Programs at the reactor sites. Moreover for many of those incidences where more severe degradation was predicted, it was noted
that proactive management plans were already in place both within the industry and NRC.
Component-Specific Issues

The analysis of issues requiring potential proactive attention (i.e. the degradation mode was
placed in the upper left hand side of Figure 3) was divided between operating modes involving
full power operation and non steady state conditions such as reactor start up or extended layup.
Full Power Operation
It was concluded that severe degradation was to be expected in the PWR reactor coolant system
in the following components:
•
•
•
•
•
•
•

Stress corrosion cracking of Alloy 82/182 weldments throughout the primary system and
especially in the highest temperature components such as the pressurizer.
Stress corrosion cracking of Alloy 600MA and 600TT components, especially cold
worked material such as steam generator tube expansion transitions, small radius Ubends, and at the high temperature of the pressurizer.
Corrosion of low alloy steel in boric acid concentrate from primary water leaks, specifically in the annuli between the alloy 600 penetration tubes and the low alloy steel reactor
or pressurizer.
Irradiation induced creep and stress corrosion cracking of austenitic stainless steels at
>0.5 dpa, e.g., baffle bolts, and other high strength fasteners, and swelling at even higher
doses.
Fatigue due to unanticipated vibration and thermal fluctuations, e.g., socket welds, primary circuit deadlegs, baffle bolts after irradiation induced relaxation.
Environmental effects on fatigue of austenitic stainless steels and nickel alloys and nickel
alloys at low electrochemical corrosion potentials, leading to cumulative usage factors
(CUF) exceeding unity
Progressive increase in surface deposition of chloride containing aerosols, especially at
marine sites, leading to increased incidence of chloride stress corrosion of stainless steel
components.
xii

In addition to the above degradation modes that have been already experienced to a greater or
lesser extent in service, other potential vulnerabilities were identified (as discussed in topical papers at the end of the report) on the basis of laboratory studies or other industrial experience, as
follows:
•

•
•
•
•

Alloys 690, 52 and 152, while presenting increased resistance to IGSCC in PWR primary
water compared to Alloy 600, may not be entirely resistant over the long term, with concerns especially identified for weld heat affected zones and conditions associated with
cold work.
Stress corrosion cracking of severely cold worked stainless steels in PWR primary water,
e.g. weld heat affected zones, pressurizer heater cladding, cold bent elbows.
Thermal fatigue loading in the primary circuit hotleg due to the increasing deployment of
low leakage cores.
Secondary side degradation of steam generator tubes by species not previously appreciated to be widespread and potentially also affecting “more resistant” tubing materials,
e.g., lead and low valency sulfur ions.
Potential concerns related to end of fuel cycle chemistry, especially during cycle coastdown, if the concentration of boron is reduced below the minimum guideline, e.g., in the
boiling crevices in the pressurizer.

In the PWR Emergency Core Cooling System, the issues requiring potential proactive management actions were far fewer, primarily because these systems operate (apart from sections connected directly to the RCS cold and hot legs) at significantly lower temperatures than the RCS.
•
•
•

Fatigue of socket welds throughout the ECCS due to unanalyzed thermal and flowassisted stress vibrations.
Stress corrosion cracking of dissimilar 82/182 weldments in piping connected to the RCS
cold leg of CE and B&W plants.
Thermal fatigue in non-isolable deadlegs attached to the primary coolant circuit.

In the PWR steam and power conversion systems primarily involving carbon and low alloy steel
components in steam, condensate or demineralized water, the degradation modes, such as flow
assisted corrosion and fatigue, are understood well enough to judge that proactive management
actions are adequately defined, but may not always be properly implemented.
In the PWR support systems, comprised primarily of carbon steels, copper base alloys and
stainless steels in untreated and treated water or (for the CVCS lines) primary water, all at relatively low temperatures, the degradation modes, such as general corrosion, pitting, stress corrosion cracking, crevice corrosion and microbiologically-induced fouling and corrosion, are somewhat understood on the basis of extensive experience in the nuclear and other industries. Their
failures, however, can have significant impact on the functionality of the nuclear components;
for instance, chloride contamination into the steam generator system due to turbine condenser
leakage, etc. In the opinion of the panel members, the following issues potentially merit proactive management attention:
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•
•
•

Microbiologically induced corrosion of carbon steels in service and raw water, which
may lead to localized corrosion and penetration of vital systems due to pitting, fouling
and stress corrosion cracking.
Pitting and crevice corrosion of buried carbon steel piping and reinforcement bar in concrete.
Fatigue of socket welds throughout the support systems due to unanticipated flow assisted stress vibrations.

No issues requiring proactive attention were identified in the PWR auxiliary systems, which primarily covered the spent fuel pool and the potential degradation of stainless steels, aluminum
and zirconium alloys in highly borated water at relatively low temperatures. However, concerns
were expressed in relation to possible stress corrosion cracking of sensitized stainless steels on
the outside of the spent fuel liner due to nitric acid generation from moist air and gamma irradiation.
Non Steady State Conditions
Two issues were identified which could merit further study for reactor operating conditions other
than steady full power operation;
•

Premature failure by hydrogen embrittlement of some nickel-base alloys, (such as X750,
Alloys 82 and 182), and thermally aged or sensitized stainless steels in PWR primary water. This concern relates to a lowered fracture resistance and accelerated subcritical crack
growth under temperature and strain rate conditions that might exist during transient operating or severe accident conditions. Elements of these concerns have been demonstrated
in the laboratory, but have not yet been observed in operating plant

•

Pitting and stress corrosion cracking of stainless steels due to external (chloride bearing)
condensed environments formed during shutdown conditions. This is an extremely well
known phenomenon, but the reason why this is highlighted is that this degradation mode
is mitigated under specific chloride / silicate combinations (see Reg Guide 1.36). Currently there is the possibility that, in order to mitigate the problem of PWR sump screen
blockage, some utilities might opt for removing calcium silicate (CalSil) insulation. Although such an action may well lessen the sump screen blockage problem, it may, without sufficient analysis, reintroduce the old problem of pitting and transgranular stress corrosion cracking of stainless steel piping given the natural build-up of chloride deposition
to be expected from the natural environment.

Generic Issues, not Related to Specific Components
It is concluded that there are several topic areas that require further research which cut across
the component-specific issues. The listing given below is undoubtedly incomplete but covers
topics that were most often discussed at the panel meetings, and which were pertinent to
achieving a proactive materials degradation management capability. The technical details
behind these concerns are fully discussed in Section 3.3
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These generic issues are divided between topics associated with (a) damage assessment,
(b) failure assessment and, (c) the margin between the extent of damage and the failure
criterion, which will decrease with time.
Damage assessment
•
•
•
•
•
•

A quantitative treatment of the sequence of cracking damage accumulation due to localized corrosion (intergranular attack, pitting, etc.), microcrack initiation, and crack coalescence, followed by “short” crack propagation.
A quantitative understanding of the “precursor” conditions required for the onset of
cracking.
An understanding of the influence of uncertainty in the magnitude of physical parameters
associated with the distribution of failure initiation times (for example as quantified by
the Weibull distribution).
A review of the adequacy of quantitative life prediction models for “long (or deep)” crack
propagation.
Adequate definition of the “corrosion system” parameters that control the kinetics of environmentally assisted degradation.
Completeness of identification of degradation modes when unanalyzed changes in the
system conditions may alter the details of the degradation mechanism upon which the life
prediction methodology is based

Failure Assessment
•
•

Validity of J1c values measured in air compared to their operating aqueous environment
Effect of dissolved H on fracture toughness of Ni-base alloys, thermally aged duplex cast
stainless steels, and sensitized stainless steels.

Margin Assessment
•
•

Incorporation of material degradation (aging effects) into probabilistic risk assessments
(PRAs).
Inspection capabilities. Assessment of this topic was outside the scope of the panels task.
However, during their discussions, it was reiterated that there must be adequate volumetric inspection capabilities, especially for the complex geometries associated with reactor
pressure vessel and pressurizer penetrations. Development of continuous in-situ monitoring capabilities will also be required given the fact that the development of degradation
may occur at changing rates depending on the specific plant operating conditions.
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1.

INTRODUCTION

1.1

Background

Materials degradation of components in nuclear power reactors has occurred since the inception
of the nuclear power industry, and has required substantial investments by the industry in research, mitigation, repair, replacement, and inspection activities with correspondingly strong
regulatory involvement and actions. One of the reasons for this situation is that, apart from general corrosion, fatigue and irradiation embrittlement of the pressure vessel, many degradation
phenomena were not considered specifically in the design-basis for the current light water reactor (LWR) fleet in the United States. Key among these overlooked degradation phenomena were
those associated with corrosion events that were localized either because of metallurgical, stress,
environmental, or geometrical conditions. This assessment concentrates primarily, although not
entirely, on these phenomena.
Examples of localized corrosion phenomena that have been a cause of concern include:
•
•
•
•
•
•
•

Stress corrosion cracking of pressurized water reactor (PWR) steam generator tubing
Intergranular stress corrosion cracking of boiling water reactor (BWR) piping
Irradiation-assisted cracking of stainless steel core components in BWRs
Stress corrosion cracking of nickel-base alloy primary piping in PWRs
Stress corrosion cracking of nickel-base alloy vessel penetrations in PWRs
Flow accelerated corrosion of carbon-steel piping in both PWRs and BWRs
Boric acid wastage of low-alloy PWR pressure vessel steel

As illustrated in Figure 1.1 for PWR steam generator damage and in Table 1.1 for cracking phenomena in BWRs, these materials degradation modes have changed over time, with little apparent logic (at that time) in terms of the transition from one damage mode to the next.
These failures have been extensively catalogued in conference proceedings [3-21], Institute of
Power Operations (INPO) records (EPIX), and U.S. Nuclear Regulatory Commission (NRC)
documents such as Licensee Event Reports [22] and the Generic Aging Lessons Learned (GALL)
report [23].
The LWR industry has developed mitigation actions and aging management programs to deal
with these problems. However these activities and the associated regulation by the NRC have
been conducted after the incidents have occurred. This reactive nature of the response has had
several consequences:
•
•
•

potential impairment of safety systems and barriers while the mitigation and appropriate
control actions were being developed,
increased monetary and time commitments for the NRC and industry due to the unforeseen nature of the incidents that impacted orderly and planned response, and
erosion of public confidence in the safety of nuclear power plants.

1

PMDA PIRT Report
Section 1 – Rev. 0, May 3, 2005

Figure 1.1 Evolution of damage modes in PWR steam generators [1]
(ODSCC: Outside Diameter Stress Corrosion Cracking
LPSCC: Low Potential Stress Corrosion Cracking
OD IGA; Outside Diameter Intergranular Attack)

Table 1.1 Evolution of Cracking Incidents in BWR Structures [2]
(IASCC: Irradiation-Assisted Stress Corrosion Cracking)
Component and Mode of Failure

Alloy

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

2

Time
Period
1960s

1980s

2000s
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Changes taking place within the LWR fleet may well increase the frequency of these incidents in
spite of the aging management programs and mitigation procedures currently in place at the reactor sites. For instance, license renewal applications (LRA) are expected from the majority of
U.S. LWR licensees to extend the operating life from the current 40 years to 60 years. This
automatically puts regulatory attention on the adequacy of current aging management programs
at the reactor sites, and of the margins in time-limited aging analyses (TLAA) for pressure vessel
embrittlement, and for fatigue that may not have accounted fully for the variety of loading, environment and material combinations that are now known to have an effect on these degradation
modes.
In many cases these LRAs are accompanied 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 irradiationassisted stress corrosion cracking (IASCC) of core components, and to flow-assisted corrosion
(FAC) of carbon steel piping and flow-induced vibration (FIV) of other components. Finally, the
drive towards longer fuel cycles and decreased outage times automatically places a constraint on
inspection capabilities and creates a need for improved inspection resolution limits, probabilities
of detection, and the potential development of continuous in-situ monitoring.
As a result, and spurred by the Davis-Besse incident, which involved unforeseen through-wall
corrosion of the pressure vessel low alloy steel, both the NRC and industry have initiated programs that have the overall objective of managing these materials degradation problems proactively. That is; to identify a problem well before significant degradation occurs, and thereby give
sufficient time to develop mitigation and inspection strategies (both operational and regulatory)
before costly, loss of integrity or safety incidents occur. The approaches taken by the NRC and
industry in developing these capabilities are slightly different in terms of timing and focus, but
are complementary in terms of achieving the same overall objective.
The industry approach was launched in May 2003, and is described in NEI 03-08 “Guideline for
the Management of Materials Issues.” This document describes how the industry intends to
manage proactively the possible degradation of LWR materials and, thereby, provides a management tool that prioritizes the year-by-year resource allocations to those materials degradation
issues that are likely to present a business and technical risk to operating LWRs.
This Proactive Materials Degradation Assessment (PMDA) project is being undertaken to develop information needed by the NRC to implement action for proactive material degradation.
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, the General Design Criteria (GDC) section of the Code, it is stated that (GDC 14)
“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 (GDC 15, 30, 31, 32) there are requirements that the
components will have sufficient margin built into the design to preclude such failures under all
anticipated operating conditions, even if the components have preexisting flaws. It is further required that all components be capable of being inspected so as to ensure that these structural integrity criteria are met.
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In some cases the 10CFR50 regulatory requirements are not specific enough given current understanding of some of the degradation phenomena and probability of flaw detection vs. crack
size with current inspection techniques. For instance, 10CFR50.55a requires licensees to adhere
to ASME Section XI Inservice Inspection requirements. However, sometimes these requirements are not specific as to the inspection intervals that are defensible (given current knowledge)
for many of the particular materials degradation modes, nor do they take into full account the
dominant roles that material and environmental combinations may have, in addition to the purely
mechanical aspects of the degradation. These technology-specific details are usually defined in
problem-specific NRC Bulletins and Regulatory Guides and are generally arrived at in a reactive
mode following studies by both the industry and NRC when a particular materials degradation
problem emerges. Thus, this proactive materials degradation assessment project is being undertaken in a regulatory environment that has largely been prescriptive and reactive with regards to
materials degradation issues.
Presently there is a concerted movement to develop risk-informed, performance-based regulations and associated regulatory guidelines [24-28], which lessen the burden of prescriptive regulations and prioritize actions to those items that present the greatest risk to reactor safety. These
developments currently do not specifically take into account the details of time-dependant materials degradation, the evolution of which may vary in a non-monotonic manner dependent on the
specific materials and environment conditions. Thus, the longer term development of a proactive
life management methodology for the whole range of materials degradation issues will probably
need an extension of current probabilistic analyses of these phenomena into a realistic (i.e., does
not assume a constant failure rate) time-dependent component in Probabilistic Risk Assessments
(PRA), which are central to the risk-informed developments in the regulations. In addition, maintenance of component integrity, as an important aspect of defense-in-depth, needs to be seriously
considered along with the PRA in order to not erode the safety of operating reactors in the future.
1.2

Objective of Proactive Materials Degradation Assessment (PMDA) Program

The overall objective of the NRC’s PMDA program is to lay a technical foundation for regulatory and industry actions, which will help ensure that future degradation of structural materials
does not diminish the integrity of important components or the safety of the operating LWRs. A
two-phase approach, which started in the summer of 2004, is being used for this work.
The main objective of the first phase is to identify materials and components where future degradation may occur in specific LWR systems; in some cases the degradation may involve phenomena not yet experienced in the operating fleet, but laboratory data and/or mechanistic understanding indicates that they may be pertinent to future rector operations.
The objective of the second phase, scheduled to start in late 2005, is to develop and implement
an international cooperative program for the components and degradation mechanisms of interest
to future LWR operation. This cooperative program will address:
•
•
•
•

materials and degradation mechanisms,
mitigation,
repair and replacement, and
non-destructive evaluation.
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The current study addresses the first phase of the PMDA program.
1.3

The Approach

The approach in the first phase of the PMDA program was to use a structured elicitation process,
drawing on the knowledge of a panel of experts to identify various potential degradation modes
that could be reasonably expected in the future in selected components of representative PWR
and BWR plants. The panel met seven times for week-long meetings to discuss individual
analyses and to evaluate the potential degradation modes in specific LWR systems and components. The plant designs considered were a Westinghouse four-loop PWR and a General Electric
BWR-5. These design-specific evaluations were then extended to cover the impact of different
system conditions (material, environment, stress) associated with other plant designs e.g. Babcock & Wilcox, Combustion Engineering, BWR-6, etc. The analyses were made for specific
passive components (identified in Section 2.3) under the full range of normal operating conditions, including start-up, hot-standby, at-power operation, shutdown, etc.
The structural behavior of the potentially degraded components during normal operating, accident and severe accident conditions was not within the scope of this study. Fuel cladding and
balance-of-plant components such as turbines, condensers and containment structures were also
out of scope. The main emphasis of the study was the identification of potential time-dependent
materials degradation of passive components under normal operating and upset conditions.
1.4

The Panel

The panel members were drawn from Canada, France, Japan, Sweden and the U.S., and possessed the relevant disciplines (metallurgy, chemistry, engineering, etc), to assess the operating
history, practicalities and theory behind materials degradation issues in LWRs. They are listed
below along with their affiliation, and brief resumes are given in Appendix C.
Peter L. Andresen
F. Peter Ford
Karen Gott
Robin L. Jones
Peter M. Scott
Tetsuo Shoji
Roger W. Staehle
Robert L. Tapping
1.5

General Electric Global Research Center
General Electric Global Research Center (Retired)
Swedish Nuclear Power Inspectorate (SKI), Sweden
Electric Power Research Institute
AREVA Framatome ANP, France
Tohoku University, Japan
Consultant
Atomic Energy Canada Limited, Canada

Organization of Report

Section 2 explains the methodology used by the PIRT panel. It provides an overview of the
PIRT process and explains the background information and the degradation mechanisms used by
the panel. Technical challenges faced by the panel members are discussed followed by an explanation of the evaluation process, one of the specific expert elicitations carried out. Lastly comments are made to explain additional information generated by the panel.
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Section 3 provides results of the expert elicitation. These are “reports” from the database generated by the evaluations carried out by the panel. This section discusses the way in which these
reports can be used to analyze materials degradation potential and then provides that analysis. It
also contains results gleaned from the discussions the panel had at their meetings. Section 4 contains the conclusions of the panel.
Appendix A is a review of materials degradation which provides background information useful
for the portion of readers who are not expert in the field. Appendix B is a set of topical reports
on different degradation mechanisms providing detail and useful references. Appendix C contains short resumes of the panel members. Appendix D contains a summary of the evaluations
done by the panel. Lastly, Appendix E, on DVD, provides electronic files used/generated by the
panel.
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2.

METHODOLOGY

2.1

Overview of the PIRT Process Applied to PMDA

The expert elicitation process used in this study is based on the Phenomena Identification and
Ranking Technique (PIRT), which has been used successfully by NRC many times [1]. PIRT is
a systematic means of obtaining information from experts and involves generating lists (tables)
of phenomena where “phenomena” can also refer to a particular reactor condition, a physical or
engineering approximation, a reactor component or parameter, or anything else that might influence some relevant figure-of-merit. The process usually involves ranking of these phenomena
using some scoring criteria in order to help determine what is most important. That ranking as
well as the information obtained to explain the ranking allows NRC to prioritize research needs
for a safety issue or to support some other decision-making process. The PIRT methodology
brings into focus the phenomena that dominate an issue, while identifying all plausible effects to
demonstrate completeness.
Each PIRT application has been unique in some respect and the current project is again a unique
application. The current PIRT can be described in terms of nine steps. The general meaning and
application of these steps is explained in detail below:
Step 1: Define the issue that is driving the need, e.g., licensing, operational, or programmatic. The definition may evolve as a hierarchy starting with federal regulations
and/or design and safety goals and descending to a consideration of key physical processes. The issue to be addressed in this project is the need to be forward thinking in
terms of identifying potential future materials degradation problems and keep degradation
from adversely impacting the reliability and safety of nuclear power plants. This is explained in detail in Section 1.1
Step 2: Define the specific objectives of the PIRT. The PIRT objectives are usually
specified by the sponsoring agency. A clear statement of PIRT objectives is important
because it defines the focus, content, and intended applications of the PIRT product. The
PIRT objectives should include a description of the final products to be prepared. The
objective in the current PIRT is to develop a list of nuclear power plant components and
their potential degradation mechanisms for use in various research and regulatory activities. This is explained in more detail in Section 1.2.
Step 3: Define the hardware, equipment and scenario for which the PIRT is to be prepared. Generally, a specific hardware configuration and specific scenario are defined.
Experience obtained from previous PIRT efforts indicates that any consideration of multiple hardware configurations or scenarios impedes PIRT development. After the baseline PIRT is completed for the specified hardware and scenario, the applicability of the
PIRT to related hardware configurations and scenarios can be assessed. The hardware to
be considered in the present PIRT is the components/parts of a Westinghouse four-loop
plant and a General Electric BWR-5 design. After this baseline is finished, consideration
is given to other designs that might have different degradation assessments. Parts that are
identical in design, materials, and environment are lumped together for a particular system. The term scenario for this application is the past and future operating conditions
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(the environment) for the part. The hardware and scenario are provided as the background information explained in Section 2.2.
Step 4: Compile and review the contents of a database that captures the relevant experimental and analytic knowledge relative to the physical processes and hardware for which
the PIRT is being developed. Each panel member should review and become familiar
with the information in the database. The background information to be used by the
PMDA panel is the environment (i.e., stressors such as temperature, pressure, irradiation,
chemistry, stress, etc.) of each of the parts of the reactor and plant systems considered as
well as relevant operational experience (e.g., failures). Information on degradation
mechanisms will also be used. The specific information provided to the panel is explained in Section 2.2.
Step 5: Define the figure-of-merit (FoM). The FoM is the primary evaluation criterion
used to judge the relative importance of each phenomenon. Therefore, it must be identified before proceeding with the ranking portion of the PIRT effort. The characteristic of
a well-defined FoM is that it is: 1) directly related to the issue(s) being addressed; 2) directly related to the phenomena expected to occur during the scenario; 3) easily comprehended; 4) explicit; and 5) measurable. The FoM in the current PIRT is a degradation
mechanism and several are identified as being important and capable of causing failures
of components. The objective is to see if any parts are susceptible to these degradation
mechanisms. The list of degradation mechanisms used by the panel is discussed in Section 2.3.
Step 6: Develop the importance ranking and rationale for each phenomenon. Importance is ranked relative to the FoM adopted in Step 5. For the current PIRT, in order to
understand the “importance” of a degradation mechanism, a scale for susceptibility was
developed and the panel members were asked to rank the mechanism with respect to susceptibility and also their confidence in making that ranking call. This is part of the
evaluation process that is explained in Section 2.5.
Step 7: Assess the level of knowledge regarding each phenomenon. As with importance
ranking, several scales have been used in the past. In the current case in addition to the
susceptibility and confidence ranking, the panel members were asked to rank a knowledge level in terms of whether the relevant dependencies have been qualified. This is explained in Section 2.5.
Step 8: Document the PIRT results. The primary objective of this step is to provide sufficient coverage and depth that a knowledgeable reader can understand what was done
(process) and the outcomes (results). This report satisfies the documentation requirements. It includes a database with the results of the expert elicitation as well as interpretative material and an explanation of the process used for the elicitation.
As presented above, the PIRT process proceeds from start to end without iteration. In reality,
however, the option to revisit any step is available and was often exercised during the PIRT.
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Steps 4-8 make up the bulk of the effort in this PIRT. Figure 2.1 complements the explanation of
these steps showing the series of files used to carry out the PIRT. The background information
collected for use by the panel members (cf Step 4) is first collected (Boxes 1, 2, and 3 on Figure
2.1). It results in an EXCEL workbook with information on parts and a set of drawings both of
which are explained in Section 2.2. Because the number of parts is so large, the panel decided to
lump them together into subgroups where they could be described by the same degradation
mechanism and then evaluated. Box 4 represents the subgrouping and creation of an evaluation
workbook, whereas Box 5 takes into account that the evaluation is to be done for a set of applicable degradation mechanisms, explained in more detail in Section 2.3 (cf Step 5). The evaluation is done to provide more information on the potential degradation mechanisms and hence the
panel members each score susceptibility, confidence, and knowledge levels for a particular degradation mechanism for a particular subgroup (cf Steps 6 and 7). These three metrics are defined
in Section 2.5. Boxes 6 and 7 represent the database of evaluations from each of the panel members and the reports, which are different ways of presenting the evaluations. These reports help
in the interpretation of the evaluations as is explained in Section 3.
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1

PLANT DATA

DRAWINGS

Based on drawings,
documents, e.g., FSAR,
consultants,

Plant-specific
information

3

PARTS INFORMATION
Excel spreadsheets by group
developed by BNL, revised
based on technical input.

4
Panel
Members

COMPONENT SUBGROUPS
Excel spreadsheets developed by a
lead expert, revised based on
discussions among panel.

EVALUATIONS

5

6

Excel spreadsheets with
degradation mechanisms scored
and commented on by panel
members.

EVALUATION DATABASE
ACCESS database with all
evaluations

7

REPORTS
Compilations,
filters, counts, etc.

Figure 2.1 Flowchart for files created
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2.2

Background Information on Reactor Components

The PWR reactor and plant systems selected for examination are given in Table 2.1. These systems are either safety-related systems or systems where materials degradation leading to cracks
can either impact safety or lead to leaks of radioactive water. Examples of PWR systems that
were not included are containment spray, fire protection, emergency diesel generator, main turbine system, and condensate system. Although having some safety significance, failures in these
systems do not directly lead to the leakage of radioactive water and were considered outside the
scope of this project.
Table 2.1 PWR Systems Considered

System / Component

General System / Function

Reactor Coolant System (RCS)

Engineered Safety Feature
(ESF) Systems

Steam and Power Conversion
Systems

Support Systems
Auxiliary Systems

Reactor Pressure Vessel (RPV)
Reactor Vessel Internals (RVI)
Reactor Coolant Pressure Boundary (RCPB)
Reactor Coolant Pump (RCP)
Pressurizer, Power Operated Relief Valves (PORVs),
Safety Relief Valves (SRVs)
Steam Generator
Emergency Core Cooling System (ECCS) - High Head
Injection (Charging Mode of Chemical and Volume
Control System, CVCS)
ECCS - Intermediate Head Injection (Accumulators,
Safety Injection, SI)
ECCS - Low Head Injection (Residual Heat Removal
System, RHR)
Refueling Water Storage Tank (RWST)
Containment Penetrations
Main Steam System(MS)
Feedwater System (FW)
Auxiliary Feedwater System (AFW)
Steam Generator Blowdown (SGBD)
Chemical and Volume Control System (CVCS)
Component Cooling Water (CCW)
Reactor Coolant Pump Seal Cooling
Service Water (SW)
Spent Fuel Storage Pool
Spent Fuel Pool Cooling and Cleanup

All of the relevant parts or components of these systems were considered. A part/component
generally consists of a uniform section of material that experiences a unique and common set of
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stressors. Hence if there are twenty piping elbows in a system with the same temperature, pressure, irradiation, chemistry, and stresses, these are considered as a single part. In order to present
the hundreds of relevant parts, it was convenient to divide each system into groups. Each group
was defined to make the display of data as comprehensible as possible. Some of the grouping
was obvious, e.g., the division of the reactor coolant system into groups consisting of the cold
leg, hot leg, reactor coolant pump, etc. Some of the grouping was done to take advantage of the
fact that drawings were available for a portion of the system. The result is that the systems in
Table 2.1 are described in terms of 48 groups of components/parts. These are listed in Column 2
of Table 2.2.
For each group a spreadsheet was provided with information on all components/parts in that
group. Column 3 of Table 2.2 shows how many parts were considered for each group. The total
number of parts is 2203. For each part there were 26 types of information provided. Each column of information is listed in Table 2.3. The most relevant information is the material/fabrication of the part and its environment. The latter includes temperature and pressure of
the fluid inside, external environment, and stresses. Not all information was available for all
parts, e.g., residual stresses were particularly difficult to find. Sources used to obtain information are listed in Table 2.4.
Tables 2.5a, 2.5b, and 2.5c show a typical spreadsheet; in this case for the power operated relief
valves (PORVs). Only nine parts are shown on the figures although 21 parts were considered for
that group (see Table 2.2). A workbook containing the 48 spreadsheets for the PWR systems is
found in Appendix E (on DVD).
One important source of information when generating these spreadsheets is drawings, primarily
isometric drawings but also piping and instrumentation diagrams [P&IDs]. Some of these drawings were distilled into simpler drawings for use by the panel members in conjunction with the
information on parts given on the spreadsheets. An example of the relevant drawings supplied
for the parts given in Table 2.5 is found in Figure 2.2. The numbers on these figures correspond
to the parts numbers (1-21) for that group (7). The complete set of 197 drawings for the 48
groups is found in Appendix E (on DVD).
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Table 2.2 PWR Groups, Number of Parts Per Group and Subgroups
Group
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Group System

Group Name

Reactor Coolant System
Cold Leg Piping
Reactor Coolant System
Crossover Leg Piping
Reactor Coolant System
Hot Leg Piping
Reactor Coolant System
Pressurizer
Reactor Coolant System
Pressurizer Spray Piping
Reactor Coolant System
Pressurizer Surge Piping
Reactor Coolant System
Pressurizer Piping to PORVs
Reactor Coolant System
Pressurizer Piping to SRVs
Reactor Coolant System
Reactor Coolant Pump
Reactor Coolant System
Reactor Pressure Vessel
Reactor Coolant System
Steam Generator
Reactor Coolant System
Reactor Vessel Internals
Reactor Coolant System
Stop Valve Loop Bypass Piping
Emergency Core Cooling SysRWST Header Piping
tems
Emergency Core Cooling SysCVCS Pump Suction Piping
tems
Emergency Core Cooling SysSI Pump Suction Piping
tems
Emergency Core Cooling SysRHR Pump Suction Piping
tems
Emergency Core Cooling Sys- Accumulator Piping to RCS
tems
Cold Leg
Emergency Core Cooling SysSI/RHR Piping to RCS Hot Leg
tems
Emergency Core Cooling SysRHR Pump Discharge Piping
tems
Emergency Core Cooling SysRHR Piping to RCS Cold Leg
tems
Emergency Core Cooling SysCVCS Piping to RCS Cold Leg
tems
Emergency Core Cooling Sys- Safety Injection Pump Distems
charge Piping
Steam & Power Conversion SysMain Steam
tem
Steam & Power Conversion SysMain Feedwater System
tem

15

Number of
Parts
28
18
22
44
36
6
21
9
7
32
71
25
38
56
57
48
77
41
58
54
30
86
53
89
56

Number of
Subgroups
12
12
12
15
7
7
7
6
6
15
23
12
7
6
6
6
7
14
12
6
6
8
6
3
4
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Group
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Group System

Group Name

Steam & Power Conversion SysAuxiliary Feedwater System
tem
Steam & Power Conversion Sys- Steam Generator Blowdown
tem
Piping
Service Water Suction Piping
Support System
from Pond
Support System
Service Water Discharge Piping
Service Water Piping Inside
Support System
Containment
CVCS Pump Piping to CrossSupport System
over Leg Injection
Support System
CVCS Normal Letdown Piping
CVCS Regenerative HX Piping
Support System
to Letdown HX
CVCS Letdown HX Piping to
Support System
VCT
CVCS Mixed Bed Piping to FilSupport System
ter
CVCS VCT Piping to Charging
Support System
Pump Suction
CVCS Charging Pump Piping to
Support System
Regenerative HX
Regenerative HX Piping to Cold
Support System
Leg
CVCS Injection Filter Piping to
Support System
RCP Seals
CVCS RCP Seal Return Piping
Support System
Filter
CCW Piping Surge Tank Piping
Support System
to CCW HX
Support System
CCW HX Piping to RHR HX
CCW to Other Loads Outside
Support System
Containment
CCW Piping to RCPs Inside
Support System
Containment
Support System
Spent Fuel Pool Cooling Piping
Support System
Spent Fuel Pool Cleaning Piping
Auxiliary System
Spent Fuel Pool and Fuel Racks
Containment Penetrations for
Engineered Safety Features
Process Piping

16

Number of
Parts
45
55
49
70
56
49
35
56
53
48
70
53
24
65
46
72
50
56
58
66
46
9
10

Number of
Subgroups
2
3
4
6
2
12
6
7
8
9
7
7
6
7
6
10
6
7
7
11
7
7
17
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Table 2.3 Definition of Information Provided for Each Component/Part

Column
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W
X
Y
Z

Item
System Identification
Group Identification
Part Identification
Part Number
Part Description
Part Size
Part Thickness
Material A
Material W
Material B
Weld Type
Operating Temperature
Operating Pressure
Operating Flow
Design Temperature
Design Pressure
Design Flow
Inside Environment
Outside Environment

Description
System description (System Code)
Group # - Group description (Group Code)
System Code - Group Code
Sequential unique number within Group
Description of the part
Diameter or width in inches
Pipe or component thickness in inches
A-side of an weld or component material specification (form)
Weld material specification(if available)
B-side of a weld material specification (form)
Shop or field weld
Full power temperature in degree F
Full power pressure in psi
Full power flow in gpm, or other units
Design temperature in degree F
Design pressure in psi
Design flow in gpm, or other units
Flowing liquid, steam or air

Building or surrounding environment
Estimated residual stress due to welding in ksi (Sy for thicker
Residual Stress
pipes and 1.3 Sy for thinner pipes)
Actual or estimated (allowable = 1.5 Sm or 1.2 Sy) normal opNormal Stress
erating stress in ksi
Actual or estimated (allowable = 3 Sm or 2.4 Sy) faulted condiFaulted Stress
tion stress in ksi
40-year cumulative usage factor due to plant transients and cyCUF
clic loadings
Stress Comments
Comments regarding stress values (in columns T, U, V, and W)
Operating Experi- Industry events associated with this part or similar part(s) in
ence
other PWR plants
General Comments Comments on the data included in columns A through Y
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Table 2.4 Sources of Information on System Parts
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

“Generic Aging Lessons Learned (GALL) Report,” NUREG-1801, Volume 2, July 2001.
“Aging Management Evaluation for Class 1 Piping and Associated Pressure Boundary
Components,” WCAP-14575-A, Westinghouse Electric Company, December 2000.
“License Renewal Evaluation: Aging Management Evaluation for Pressurizers,” WCAP14574-A, Westinghouse Electric Company, December 2000.
“License Renewal Evaluation: Aging Management Evaluation for Reactor Internals,”
WCAP-14577, Rev. 1-A, Westinghouse Electric Company, March 2001.
“Demonstration of the Management of Aging Effects for the Reactor Vessel,” B&W
Owners Group, BAW-2251A, August 1999.
“Demonstration of the Management of Aging Effects for the Reactor Coolant System
Piping,” B&W Owners Group, BAW-2243A, June 1996.
“Demonstration of the Management of Aging Effects for the Pressurizer,” B&W Owners
Group, BAW-2244A, December 1997.
“Demonstration of the Management of Aging Effects for the Reactor Vessel Internals,”
B&W Owners Group, BAW-2248, July 1997.
ASME Boiler & Pressure Vessel Code for Nuclear Power Plant Components, Section III,
1996 Version.
PWR/BWR: Plant-Specific License Renewal Applications (LRAs) Submitted to NRC.
PWR/BWR: Plant-Specific Safety Analysis Reports (SERs) on Plant-Specific LRAs
Submitted to NRC.
PWR/BWR: Plant-Specific Updated FSAR and Technical Specifications.
PWR/BWR: Plant-Specific Risk-Informed Inservice Inspection (RI-ISI) Reports.
PWR/BWR: Plant-Specific Drawings (Includes P&ID, Plan/Elevation, Isometrics), Design Specifications, and System/Component Operating Manuals for Structures, Systems
and Components.
PWR/BWR: “Nuclear Power Plant System Sourcebook,” Plant-Specific SAIC Report for
NRC, SAIC-89/xxxx.
PWR/BWR: Piping and Component Stress Analysis Reports for various Systems, Structures and Components.
Pressurizer Stress Reports for Various Pressurizer Models, Westinghouse Electric Corporation, Proprietary Documents.
Steam Generator Stress Reports for Various SG Models, Westinghouse Electric Corporation, Proprietary Documents.
B.O.Y. Lydell, “PIPExp Pipe Population Database,” CA. (Provided by NRC).
V.N. Shah and P.E. MacDonald, “Residual Life Assessment of Major Light Water Reactor Components – Overview,” Volume 1, NUREG/CR-4731-V1, June 1987.
V.N. Shah and P.E. MacDonald, “Residual Life Assessment of Major Light Water Reactor Components – Overview,” Volume 2, NUREG/CR-4731-VII, November 1989.
M Subudhi, J.C. Higgins, and S.M. Coffin, “Review of Industry Responses to NRC Generic Letter 97-06 on Degradation of Steam Generator Internals,” NUREG/CR-6754,
BNL-NUREG-52646, December 2001.
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23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

J.I. Braverman, C.H. Hofmayer, R.J. Morante, et.al, “Assessment of Age-Related Degradation of Structures and Passive Components for U.S. Nuclear Power Plants,”
NUREG/CR-6679, BNL-NUREG-52587, August 2000.
G. DeGrassi, “Evaluation of the High density Spent Fuel Rack Structural Analysis for
Florida Power and Light Company, St. Lucie Plant – Unit No. 1,” BNL Technical Report
A-3841-2-2/88, February 1988.
W. Gunther and K. Sullivan, “Aging Assessment of the Westinghouse PWR Control Rod
Drive System,” NUREG/CR-5555, BNL-NUREG-52232, March 1991.
E. Grove and W. Gunther, “Aging Assessment of the Combustion Engineering and Babcock & Wilcox Control Rod Drives,” NUREG/CR-5783, BNL-NUREG-52299, January
1993.
O.K. Chopra and W.J. Shack, “Environmental Effects on Fatigue Crack Initiation in Piping and Pressure Vessel Steels,” NUREG/CR-6717, ANL- 00/27, May 2001.
O.K. Chopra, “Mechanism and Estimation of Fatigue Crack Initiation in Austenitic
Stainless Steels in LWR Environments,” NUREG/CR-6787, ANL-01/25, July 2002.
A.G. Ware, D.K. Morton, M.E. Nitzel, “Application of NUREG/CR-5999 Interim Fatigue Curves to Selected Nuclear Power Plant Components,” NUREG/CR-6260, INEL95/0045, March 1995.
“Pressurized Water Reactor Primary Water Chemistry Guidelines,” Volume 1, Revision
5, 1002884, Final Report, September 2003 (Revised October 2003).
“Pressurized Water Reactor Primary Water Chemistry Guidelines,” Volume 2, Revision
5, 1002884, Final Report, September 2003 (Revised October 2003).
“PWR Secondary Water Chemistry Guidelines - Revision 5,” TR-102134-R5, Final Report, May 2000.
“BWR Secondary Water Chemistry Guidelines – 2000 Revision,” TR-103515-R2, Final
Report, February 2000.
“Technical Justification for Eliminating Large Primary Loop Pipe Rupture as the Structural Design Basis for the Byron and Braidwood Units 1 and 2 Nuclear Power Plants,”
WCAP 14559, Rev 1, April 1996.
“NSSS Design Transients,” Westinghouse Proprietary, April 1974.
“Cold Leg Integrity Evaluation,” NUREG/CR-1319, January 1980.
“A Review of Cracking Associated with Weld Deposited Cladding in Operating PWR
Plants,” WCAP-15338-A, October 2002.
“SKI-PIPE: SKI's Piping Failure Database Overviw of Database Content & Structure,”
RSA-R-2000-01.5, May 2000.
J. Medoff, “Status Report: Intergranular Stress Corrosion Cracking of BWR Core
Shrouds and Other Internal Components,” NUREG-1544, March 1996.
“Investigation and Evaluation of Stress-Corrosion Cracking in Piping of Light Water Reactor Plants,” NUREG-0531, February 1979.
C. Regan, S. Lee, O.K. Chopra, et.al., “Summary of Technical Information and Agreements from Nuclear Management and Resources Council Industry Reports Addressing
License Renewal,” NUREG-1557, October 1996.
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Table 2.5a Section of Spreadsheet for Group 7 (PORVs in RCS) – Part 1

A

B

System
Identification

Group
Identification

C

D

Part
Part
Identification Number

Reactor Coolant System (RCS)
Reactor Coolant System (RCS)
Reactor Coolant System (RCS)

Group 7 - Pressurizer to
PORVs (PORV)
Group 7 - Pressurizer to
PORVs (PORV)
Group 7 - Pressurizer to
PORVs (PORV)

RCS-PORV-

1

RCS-PORV-

Reactor Coolant System (RCS)
Reactor Coolant System (RCS)
Reactor Coolant System (RCS)
Reactor Coolant System (RCS)
Reactor Coolant System (RCS)
Reactor Coolant System (RCS)

E
Part
Description

F

G

Part
Part
Size in Thickness
inches in inches
6

0.719"

2

PZR RELIEF NOZZLE
SAFE END - 6" ELBOW
6" ELBOW

6

0.719"

RCS-PORV-

3

ELBOW - PIPE

6

0.719"

Group 7 - Pressurizer to
PORVs (PORV)
Group 7 - Pressurizer to
PORVs (PORV)
Group 7 - Pressurizer to
PORVs (PORV)
Group 7 - Pressurizer to
PORVs (PORV)
Group 7 - Pressurizer to
PORVs (PORV)

RCS-PORV-

4

2

0.344"

RCS-PORV-

5

6" PIPE - 2" SOCKOLET
2" SOCKOLET

2

0.344"

RCS-PORV-

6

6" PIPE

6

0.719"

RCS-PORV-

7

PIPE - TEE

6

0.719"

RCS-PORV-

8

6"X6"X3" TEE

Group 7 - Pressurizer to
PORVs (PORV)

RCS-PORV-

9

TEE - 6"X3" REDUCER

6

0.719"
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Table 2.5b Section of Spreadsheet for Group 7 (PORVs in RCS) – Part 2
H
Material
A

I

J

Material Material
W
B

K

L

M

N

O

P

Q

R

Operating Operating
Design
Design
Weld
Operating
Design
Inside
Temperature Pressure
Temperature Pressure
Type
Flow
Flow
Environment
o
o
F
in psi
F
psi

SA182
GR.F316L
(FORG.)

SA403
GR.WP304
(FITTING)

Field

653

2250

680

2485

Reactor Coolant

SA403
GR.WP304
(FITTING)
SA403
GR.WP304
(FITTING)
SA376
GR.TP304
(SMLS PIPE)
SA182
GR.F304
(FORG.)
SA376
GR.TP304
(SMLS PIPE)
SA376
GR.TP304
(SMLS PIPE)
SA403
GR.WP304
(FITTING)

Not Applicable

653

2250

680

2485

Reactor Coolant

SA376
Shop
GR.TP304
(SMLS PIPE)
SA182
Field
GR.F304
(FORG.)
Not Applicable

653

2250

680

2485

Reactor Coolant

653

2250

680

2485

Reactor Coolant

653

2250

680

2485

Reactor Coolant

Not Applicable

653

2250

680

2485

Reactor Coolant

SA403
GR.WP304
(FITTING)
Not Applicable

Shop

653

2250

680

2485

Reactor Coolant

653

2250

680

2485

Reactor Coolant

SA403
GR.WP304
(FITTING)

SA403
GR.WP304
(FITTING)

Shop

653

2250

680

2485

Reactor Coolant
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Table 2.5c Section of Spreadsheet for Group 7 (PORVs in RCS) – Part 3

S
Outside
Environment
Containment Air

T

U

V

Residual Normal Faulted
Stress Stress Stress CUF
ksi
in ksi
ksi
32.3

Containment Air

8.18

28

8.17

24.6

Containment Air

18.3

24.6

24.6

Containment Air

18.2

24.6

24.6

Containment Air

20.85

20.85

Containment Air

24.6

24.6

24.6

24.6

7.77

24.6

24.6

24.6

Containment Air

18.2

Containment Air
Containment Air

W

18.3

X

Y

Z

Stress
Comments

Operating
Experience

General
Comments

Pressure+DW+Thermal Data
provided by Exelon on
"BRW/BYRON BRW Stress
Load.xls".
See comment for Part #1

See comment for Part #1

22

LER 255 1993-009: HAZ of the
PORV line to pressurizer nozzle
safe end weld/ Inconel 600 PWSCC, IG cracking

PMDA PIRT Report
Section 2 – Rev. 0, May 3, 2005

15

16
17

18
19

14

13
12
11
10
9

21

8
7
20

6

4

5
3
2
1

Figure 2.2 Drawing for Group 7 (PORVs in RCS; cf Table 2.5)
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The information described above is necessary to understand what degradation mechanisms might
be applicable to each part. However, because there are so many parts, the panel decided to lump
parts together where they could be described by common degradation mechanisms. This subgrouping led to considering xx subgroups rather than 2203 parts. An example is shown in Section 2.4.
2.3

Degradation Mechanisms

The panel agreed to a set of relevant degradation mechanisms in order to standardize their reporting. The panel members had to decide if these were either applicable, or not, with respect to
each of the components/parts. The mechanisms are listed in Table 2.6 along with their abbreviations/acronyms. Each of these mechanisms is discussed in more detail in Appendices A and B.
Table 2.6 Degradation Mechanisms
Abbreviation
BAC
CREEP
CREV
DEBOND
EC
FAC
FAT
FR
GALV
GC
IC
MIC
PIT
SCC
SW
WEAR

Degradation Mechanism
Boric Acid Corrosion
Thermal Creep
Crevice Corrosion
De-bonding
Erosion Corrosion Including Steam Cutting and Cavitation
Flow-Assisted Corrosion
Fatigue (corrosion/thermal/mechanical)
Reduction of Fracture Resistance
Galvanic Corrosion
General Corrosion
Irradiation Creep
Microbially Induced Corrosion
Pitting Corrosion
Stress Corrosion Cracking (intergranular, transgranular, irradiationassisted, hydrogen-embrittlement) and Intergranular Attack
Swelling
Fretting/Wear

The panel assigned degradation mechanisms to each of the subgroups collectively and then left
the evaluation of susceptibility, confidence, and knowledge to each individual. An example of
the resulting evaluation spreadsheet set up for Group 7 is given in Table 2.7. The complete set of
evaluation sheets is found in Appendix E (on DVD). Column 1 and 2 identify the subgroup according to number and its principal characteristics. The last column shows the actual parts numbers applicable to this subgroup. Note that the total number of parts to be considered was 21 for
Group 7 as explained in Section 2.3. Column 3 lists the degradation mechanisms that the panel
thought were applicable and should be scored according to susceptibility, confidence and knowledge level. The scoring is done in columns 4-6 and Figure 2.7 shows a typical evaluation. Column 8 provides a rationale for the scoring and Column 9 the evaluator’s thoughts on critical factors controlling the occurrence of the degradation mechanism.
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Knowledge

Confidence

Material / EnvironDegradation
ment combination /
mechanisms
Full power temperaconsidered
ture/pressure

Susceptibility

Identification

Table 2.7 Evaluation Spreadsheet for Group 7 RCS – Pressurizer to PORVs

Rationale for scoring

Critical factors control- Components in
ling occurrence in plant this sub-group

1=low 2=med 3=high

All stainless steel components
External surfaces when
7.1
at <150°C
Normally dry when at
low temp

Wrought austenitic
stainless steel piping
Types 304, Stagnant
7.2
saturated
steam/condensate
653°F, 2250 psia
Austenitic components
weld HAZs
Types 304, 316, Stag7.3
nant saturated
steam/condensate
653°F, 2250 psia

SCC

1

3

PIT

1

3

Concern only if wet.
Well known phenomenon. Cl
Tolerance level for Cl
All
3 from insulation and aerosols,
depends on buffer availthe latter increasing with time
ability from insulation
Concern only if wet.
Well known phenomenon. Cl
Tolerance level for Cl
All
3 from insulation and aerosols,
depends on buffer availthe latter increasing with time
ability from insulation

CF

1

3

Good lab data base but doubts Only likely to be a problem where present nomi- 6,12
3 on magnitude of environnal CUF>0.1approx.
mental effects

SCC

1

3

Very good field experience 3 no known cracking due to
IGSCC

2

Only likely to be a prob2,5,6,8,10,12,14,
Doubt lab data base is as good
lem where present nomi2
18
as for wrought materials
nal CUF>0.1approx.

CF

1

25

Not anticipated to be a
2,5,6,8,10,12,14,
long term problem due to
18
negligible oxygen
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Table 2.7 (Cont’d)

Austenitic to austenitic
weld metals
Type 308, Stagnant
7.4
saturated
steam/condensate
653°F, 2250 psia

CF

1

2

2

Forged austenitic
stainless steel nozzles
Types 304, 316, Stag7.5
nant saturated
steam/condensate
653°F, 2250 psia

CF

2

2

Good lab data base but doubts
Surface finish a known
2 on magnitude of environinfluencing factor
mental effects

3

4, <1 inch inDepends on design detail
strumentation
Significant field experience of
and flow induced vibra2
piping and acfailures
tion
cess plugs

7.6

Socket welds

CF

2

Only likely to be a prob1,3,4,7,9,11,13,1
Doubt lab data base is as good
lem where present nomi5,16,17,19,20,21
as for wrought materials
nal CUF>0.1approx.
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2.4

Technical Challenges

In their assessment of materials degradation, the panel addressed modes such as localized corrosion (e.g., MIC, crevice corrosion, stress corrosion cracking ) that were not originally considered
in the initial design-basis evaluations. The technical challenges in addressing these degradation
modes need to be understood, at least in broad context, before discussing the judgment criteria
that were used in the elicitation process. (More detailed discussions of the technical issues are
given in Appendices A and B).
A difficulty facing the panel was the assessment of the future behavior of a large number of
LWR components made from many metallic materials and fabricated by different processes that
degrade by various modes and involve complex interactions between the various metallurgical,
environmental and stressing parameters. The complexity of these interactions is discussed below, using as an example the initiation and growth of a stress corrosion or corrosion fatigue
crack, as illustrated schematically in Figure 2.3.

Figure 2.3 Sequence of crack initiation, coalescence and growth during subcritical cracking in a low alloy steel in aqueous environments [2].
In this case, cracks can initiate on a microscopic level at surface inhomogenieties associated with
fabrication or design defects such as scratches, cold worked regions or weld defects, or at corrosion-based artifacts such as pits. In other systems such as more corrosion resistant stainless
steels, crack initiation may occur due to intergranular attack caused by the breakdown of passivity over a grain boundary. These corrosion-based defects arise due to time-dependent phenomena, which are precursors to the cracking phenomenon and are largely stochastic in nature. The
micron-sized cracks that initiate from these individual surface imperfections may grow or arrest,
dependent on the specific material, stress and environment conditions. They may then coalesce,
depending on the geometric spacing of the microcracks to form a larger crack. The resultant
crack will only be detectable in an engineering structure when its depth is considerably greater,
dependent on the specifics of the inspection technique. This fact immediately poses an interpre-
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tational problem to the analyst, since “initiation” is normally defined by the engineer when the
crack is detectable (which is typically a depth of 2 mm or greater), whereas the scientist will
concentrate on the details of damage accumulation at the micron level.
In some cases, the initiation of microcracks may start very early in life at preexisting surface inhomogeneities such as scratches. In other cases the sequence of events illustrated in Figure 2.4
may be delayed for many years due to the formation of a specific localized chemistry in a crevice, or the development of a “susceptible” material microstructure due to the accumulation of a
specific amount of irradiation fluence. The analysis of future degradation behavior is complicated by quantifying these “precursor” events.
Assuming that the local conditions are met for the sequence of events in Figure 2.3 to proceed, it
can be argued that the physical process of cracking should exhibit an inherent variance and be
appropriately analyzed in a probabilistic manner, since it has been shown [3-5] that the processes
that control the early crack initiation process, such as pitting, intergranular attack and crack coalescence, are stochastic phenomena. Thus, several studies [4-14] indicate (Figure 2.4) that (engineering) crack initiation times may be predicted by such a probabilistic approach. Such an approach is pertinent to the prediction of the distribution of damage in a given system, provided the
values of the Weibull analysis are known. The point is that, depending on the particular system,
the range of crack “initiation” times predictably range over many orders of magnitude.

Figure 2.4 Probability vs. time for initiation of stress corrosion cracks
in sensitized type 304 stainless steel in 288C, 8ppm oxygenated water;
original data from Ref. 9, replotted in Ref. 11.
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An equally important requirement for a life prediction methodology is the assessment of crack
propagation, where the cracks are perhaps 2 mm or greater in depth. The quantitative growth of
the crack is a function of the material, stress, and environment conditions over time.
The development of such damage algorithms may be based on empirical analyses of a crack
propagation rate database, or on knowledge of the mechanism of damage accumulation. There
have been considerable advances over the last 20 years in both of these areas for LWR systems
[15-22]. For instance, as indicated in Figure 2.5, the cumulative percentage of cracked nickelbase alloys in PWR vessel head penetrations may be assessed via analysis of past failures and a
Monte Carlo analysis of the parameters.

Influence of Time and Susceptibility
Cumulated Percentage of Cracked Penetrations

99.99

1300 MW Units: Circles 12 to 14
99

90
70
50

Simulation
Inspection Results

Susceptibility C

30

Susceptibility B

10

Susceptibility A

1

0.01
20000

50000

80000

200000
Time (hours)

Figure 2.5 Predicted and observed percentage of cracked CRDM tubes in French PWR
vessel head penetrations as a function of time, material susceptibilty and reactor design
[22]
These aspects are discussed in some detail in Appendices A and B, but it is sufficient at this
stage to note that the preciseness of the predictions depend on the definition of the governing
system parameters. This is illustrated in Figure 2.6 for the growth of stress corrosion cracks in
an irradiated type 304 stainless steel BWR core shroud [16]. It is apparent that the extent of observed damage accumulation is reasonably predicted by theoretical trend lines that were developed via an understanding of the mechanism of cracking. It is significant, however, that the two
predicted relationships in Figure 2.6 correspond to a relatively minor change in the weld residual
stress profile. Such sensitivity emphasizes the need for adequate system definition, and the fact
that this is not always possible automatically places a (quantifiable) uncertainty on the predictions.
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Figure 2.6 Comparison between the predicted and observed crack depth/operating time
relationships for a crack in the HAZ of belt line weld of a core shroud. The predicted
curves correspond to the span of the calculated residual stresses in this component. [16]
These examples outline some of the limitations facing the expert panel in terms of the prediction
of stress corrosion cracking, and many of these limitations are mirrored in analyzing degradation
by other modes. It is apparent that unless there are well-qualified algorithms (either empirical or
mechanistically-based) between component lifetime and the relevant system parameters, it is
unlikely that an assessment of future performance of the component will be completely quantitative.
Fortunately, past experience of materials damage does put these problems into some historical
perspective. For instance, the schematic damage vs. time plots in Figure 2.7 indicate three cases
that bound the past “reactive” life management style, and set out some of the challenges for the
future “proactive” management style. On the time scale “now” denotes the boundary between
“reactive” and “proactive” life management approaches.
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Case 1

Case 2

Case 3

Extent of Damage

i.e. BWR pipe cracking i.e. BAC of PWR VHP

Future failures?

Action
Level
Mitigation
actions

Mitigation
actions?

NDT
Resolution
Limit

“50µm”

Reactive Space

Time

Now

Proactive Space

• Known and predictable problems
• Mitigation actions defined
• Inspection criteria set

• Identification of damage mode ?
• Prediction algorithms?
• Inspection criteria ?
• Mitigation actions?

Figure 2.7 Schematic development of damage with time for various “cases”
spanning reactive and proactive “space”
The situation for “Case 1” is epitomized by the intergranular stress corrosion cracking of
stainless steel piping observed in BWRs in the 1970s and 1980s. This is now a well-understood
problem for which there are well-developed prediction methodologies (Figure 2.8) for crack
growth [15]. Consequently mitigation actions are based on a practically effective theoretical understanding of the limitations of modifications to the material, stress and environment components, and these mitigation actions may be implemented with appropriate system control and inspection. With this theoretical base, problems that emerged in the 1980s and 1990s associated
with cracking of irradiated stainless steel BWR core components could be more efficiently managed and mitigation actions, such as noble metal technology, relatively quickly deployed.
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Figure 2.8 Prediction of extent of observed intergranular stress corrosion cracking in
welded Type 304 stainless steel at a reactor operating under specified water chemistry conditions, and the predicted cracking rate associated with different water chemistry regimes [15]
This situation is compared with the illustration for “Case 2” in Figure 2.7, which is relevant to
the current problem of boric acid corrosion (BAC) of the low alloy pressure vessel steel in PWR
vessel head penetrations (i.e., the Davis Besse incident), Figure 2.9. In this case the “precursor”
events were the initiation and propagation of a stress corrosion crack in the nickel-base alloys
used in the CRDM assembly, the introduction of primary water into the annulus between the
pressure vessel and the CRDM tube, and the formation of a specific localized chemistry in that
crevice. As with all environmentally-assisted damage modes there is an expected distribution in
the extent of damage (Figure 2.3), reflecting the uncertainties associated with stochastic processes occurring early in the damage development, and the uncertainties associated with modeling
and system definition that dominate later in the process.
The practical question here (quite apart from addressing the plant management failure to address
the problem in a timely manner) is: “can we expect other similar incidents, for which the Davis
Besse case is part of a wider distribution?” In fact, there have been many similar though less serious incidents including at least one case where almost the entire thickness of a low alloy steel
pipe was corroded away to the internal stainless steel cladding due to a boric acid leak from a
valve above (Refs A and B references?). Other potentially serious incidents have also occurred
including failures of low alloy steel bolting of flanged joints exposed to high velocity steam jets
(steam cutting) from primary side leaks where the degradation was probably mainly caused by
erosion with a contribution from BAC where condensation occurred. Unfortunately, we do not
know with certitude the specific system conditions that can lead to extensive BAC under boric
acid deposits; in many cases relatively little corrosion of carbon or low alloy steel occurs under
such deposits. We cannot readily explain, for instance, the fact at Davis Besse (Figure 2.9a) that
there was extensive BAC at one penetration (#3), but no BAC damage at an adjacent and nomi33
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nally identical penetration other than as a possible consequence of different elapsed times from
the first occurrence of a leak in the two penetrations. Consequently a defensible mitigation action is difficult to define other than continued vigilance when visually inspecting for leaks at
every fuel outage in plants identified as vulnerable, followed by appropriate and timely corrective action when such leaks are first detected.
These two cases represent the ends of a spectrum of situations associated with a reactive approach to life management for components subject to environmental degradation.

(a)

(b)
Figure 2.9 (a) Location of boric acid corrosion attack of the low alloy steel pressure vessel
at Davis Besse, adjacent to cracked regions in the penetration subassembly that allow access of primary coolant to the low alloy steel. (b) Picture of cleaned top surface of the head,
showing the exposed stainless steel cladding which was the sole remaining pressure
boundary in this region.
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“Case 3” in Figure 2.7 illustrates the domain to be considered in a purely proactive assessment.
In this domain damage has not developed “now” to an extent that it is readily detected in plant
situations, and the question is: “how long will it be before a particular damage mode becomes
resolvable?” The answer to this question is challenging, particularly for degradation mechanisms not previously encountered in service. An equal challenge exists when an indication of a
potential problem manifests itself in laboratory data, or when early indications of damage appears in plants and the rate of future damage must be estimated. Potential conclusions from such
a proactive assessment might be that future problems might be expected with stress corrosion
cracking of nickel-base alloy steam-generator tubes due to the presence of lead and sulphur contamination, and with cracking of PWR pressure vessel head penetration assemblies replaced by
alloys 690/52, or with the penetration of cracks into a BWR pressure vessel from an H9 weld in a
BWR. All of these situations, if they were detected in operating reactors, would lead to a contravention of the GDCs, regardless of the impact on safety metrics such as ∆CDF, and it would be
prudent to develop a control/mitigation strategy well before they presented a generic operational
or regulatory concern.
2.5

Panel Evaluation Process

The expert panel examined the information described in Section 2.3 and the operating history of
PWR and BWR system components and, with this input, evaluated the potential for future environmentally–assisted degradation on the basis of a) the components’ behavior in the past, and b)
the extent of laboratory data and mechanistic knowledge required to make a judgement of future
plant behavior. In this present report the results of such an examination of over 2000 PWR components are recorded.
The experts were asked specifically to give their judgment on the following three attributes for
each component with a score for each attribute to denote the degree to which that judgment was
made. The scores 1, 2, and 3 are sometimes interpreted as low, medium, and high, respectively.
Susceptibility Factor – can significant material degradation develop given plausible conditions?
0 = not considered to be an issue
1 = conceptual basis for concern from data, or potential problems under unusual operating conditions, etc.
2 = strong basis for concern or known but limited plant problem
3 = demonstrated, compelling problem or multiple plant observations.
Confidence Level - personal confidence in the judgment of susceptibility
1 = low confidence, little known about phenomenon;
2 = moderate confidence
3 = high confidence, compelling evidence, existing problems
Note: “3” is assumed if Susceptibility Factor is “blank”.
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Knowledge Factor – extent to which the relevant dependencies have been quantified
1 = poor understanding, little and/or low-confidence data;
2 = some reasonable basis to know dependencies qualitatively or semi-quantitatively
from data or extrapolation in similar “systems”;
3 = extensive, consistent data covering all dependencies relevant to the component, perhaps with models -- should provide clear insights into mitigation or management of problem.
Inherent in arriving at these judgments of the future behavior of the components is an understanding of the prediction methodologies for the various degradation phenomena, calibrated by
the component failures that have occurred in the past in the global LWR fleet. Also taken into
account were the successes and limitations of mitigation/control approaches that have been used
to date.
The evaluations were done by each panel member following a series of week-long meetings attended by the members. During these meetings the various degradation modes and operating
experience for specific component groups were discussed. The scoring of each member on the
attributes detailed above was done privately, with no aim at arriving at a consensus opinion.
After evaluations by all panel members were completed discussions of the degradation mechanism scoring was discussed so that each panel member could understand the thinking of the other
members. No attempt was made to reach a consensus in the scoring. Quality assurance was a
concern and in addition to having an independent reviewer (BNL) for the evaluations, each of the
panel members went back to their scoring at the end of the process to assure:
•
•
•
2.6

All listed degradation mechanisms had been scored or purposely left blank
Comments were consistent with scoring
Consistency across groups where the part was similar
Other Panel Activities

In addition to the evaluation process described above, it should be noted that the panel also analyzed materials degradation through their writings and discussions at meetings. Appendix B is a
set of topical reports on degradation mechanisms written by the panel members. These reports
were discussed along with many other aspects of degradation at the panel meetings. The results
of this activity are found in Section 4.2, “Generic/Non-component Specific Issues and Associated Research Needs.”
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3.

RESULTS OF PIRT EVALUATION

3.1

Introduction

As described in Section 2, the panel did evaluations of degradation mechanisms for 392 subgroups of PWR systems. The scoring and comments were put together as a table for each degradation mechanism for each subgroup. Generally there are eight evaluations in each table, however, for some degradation mechanisms, there are fewer as some panel members declined to do
the evaluation, either because they felt the mechanism not relevant or they had insufficient
knowledge to perform the evaluation. The resulting 1186 tables compiling the evaluations are
found in Appendix E and were used by the panel in drawing conclusions.
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Another method used by the panel for representing the judgment scores and arriving at conclusions relating to life management is based on averaging the panel member’s scores for susceptibility and knowledge level for each degradation mechanism for each subgroup. The use of this
result is schematically illustrated in Figure 3.1.
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3
Knowledge
(of parameter interdependencies)

Figure 3.1 Schematic illustrating the combinations of “Damage Susceptibility” and
“Knowledge” scores that would suggest various life-management responses.
A combination of a high or medium “damage susceptibility” score with a low “knowledge” score
would denote the troubling situation of a component which is likely to undergo degradation, but
for which there is minimal knowledge to formulate appropriate mitigation actions. In such cases
proactive actions are necessary. As knowledge of the interdependencies between the degree of
damage and the system parameters (temperature, stress, material, etc.) is increased (i.e., moving
to the right hand side of the diagram in Figure 3.1), so the inspection periodicity may be adjusted
appropriately, and mitigation actions be employed to decrease the degradation susceptibility.
An example of such an analysis is given in Figure 3.2 for PWR pressure vessel internals; in this
case the degradation modes of concern are irradiation assisted stress corrosion cracking and
swelling of cold-worked stainless steel components at dpa values >0.5. The data points in this
diagram represent the average scores of the panel members and indicate that there is reasonable
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agreement within the panel that such degradation modes may present a problem later in the life
of PWRs. Moreover, there is reasonable confidence in these judgments, as indicated by the scoring at the side of the diagram.

PWR Pressure Vessel Internals
Cold worked Stainless Steel Components
>0.5 dpa

Damage Susceptibility

3
SCC

2

Confidence
values

Swelling

SCC.
2.8
Swelling 2.0

1

0
1

2

3
Knowledge
(of parameter interdependencies)

Figure 3.2 Average scores of the panel members for SCC and swelling of stainless steel in
PWR cores at dpa>0.5. The average confidence values for the damage susceptibility is indicated at the right of the diagram.
By contrast, evaluation of the potential degradation of Alloy 182/82 welds in PWR primary side
environments is indicated in Figure 3.3. As might be expected based on current SCC problems
in PWR pressure vessel penetrations, the average judgment of the panel of “damage susceptibility” is high, with a high “confidence” rating. The diagram also depicts the range in panel members “knowledge” ratings; in some cases some members rated the knowledge base as high, indicating that the situation could be managed. Other members, however, had an opposite view,
marking the “knowledge” attribute as low, suggesting that this subject was a candidate for urgent
proactive action. The evaluation of a potential reduction in fracture resistance in Alloy 182/82
welds also indicated a wide range in scoring for both the evaluation of “damage susceptibility”
and “knowledge”. This variability in opinions is understandable for a damage mechanism that is
relatively new (at least for power reactors), and in this case the topic is more fully discussed in
Appendix B. The differences in background among panel members also contribute to variations
in their scores.
Figure 3.4 depicts the panels’ average scores for the degradation of the PWR low alloy steel
pressure vessel due to irradiation embrittlement, stress corrosion cracking and corrosion fatigue.
All of these degradation modes have been the focus of extensive empirical and fundamental studies over the last 35 years and it is not surprising that the “knowledge” scores are high, with a
slightly lower rating for stress corrosion cracking, which has received less attention than the
other two modes. In general, therefore, the overall highly confident opinion is that these particular degradation modes for the pressure vessel are manageable.
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PWR Pressure Vessel
Alloy 82/182 welds
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Figure 3.3 Average scores of the panel members for SCC and reduction in fracture toughness (FR) of Alloy 182/82 welds in PWR primary side environments. The average confidence values for the damage susceptibility are indicated at the right of the diagram.
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Figure 3.4 Average scores of the panel members for SCC, corrosion fatigue and toughness
of PWR pressure vessel steels.
The average scores for susceptibility and knowledge level for each of the 1196 sets of evaluations are found in Appendix D. A sample from the full list is given in Table 3.1. It shows, for
the seven subgroups in Group 7 (Reactor Coolant System; Pressurizer Piping to PORVs) each of
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the degradation mechanisms that were scored and the average scores. It also shows the range of
the scores and the number of panel members that scored that degradation mechanism. If the
range in scores is $2 the average score is flagged by underlining it. This makes it easier to find
situations where there was a relatively large discrepancy in the scoring.
The table color-codes the results by shading the degradation mechanism according to where the
average susceptibility and knowledge level scores fall on the diagram shown in Figure 3.1. To
do this it is necessary to define the “color” or location when an average score falls on the border
of one of the colored regions. This was done by making the assumption that if the point was on a
vertical line it should be moved to the left to represent the lower knowledge category and if on a
horizontal line it should be moved up to represent higher susceptibility. The result in Table 3.1
is that each mechanism has a color, green, yellow, orange, or red, assigned to it to make it easier
to identify the group-average results. The tables also have a notation to indicate if the confidence rating was less than two for any of the evaluations (although there are no such cases in Table 3.1).
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Table 3.1 Sample Summary of Averaged Evaluations
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3.2

Vulnerability of PWR Components to Materials Degradation

A summary-level discussion is presented below of the results of the PIRT-like assessment by the
panel of the vulnerability of selected components in a “typical” PWR to the sixteen materials
degradation mechanisms defined in Section 2 (Table 2-6). Both external and internal degradation are included for those components for which both are pertinent. The discussion is divided
into four subsections addressing materials degradation in the reactor coolant system, the engineered safety features, the steam and power-conversion systems, and the support and auxiliary
systems. Each of these four subsections includes one or more tables summarizing the main results of the elicitation for each of the subgroups of parts that were evaluated by the panel. However, much of the discussion focuses on the panel’s average scores for susceptibility and knowledge, which are tabulated for all subgroups in Appendix D.
Because one of the key objectives of this study is to identify potentially important future degradation issues, subgroups for which high susceptibility scores were assigned for a particular degradation mechanism together with low knowledge scores are of particular significance. These
cells are color-coded red in the summary tables. It is worth noting at the outset that, out of some
6000 total cells in the summary tables, only 49 (i.e., less than 1%) are colored red, indicating that
the panel does not anticipate the future emergence of a large number of poorly understood, serious degradation issues. In fact, as will become apparent later, 24 of the 49 red cells are related to
a single issue – fatigue cracking of socket welds – which has already led to a number of in-plant
failures and (evidently) is not yet as well understood as it needs to be for effective management.
As explained in Section 3 and illustrated in Figure 3.1, the colors orange, yellow and green signify progressively lower panel concerns regarding future degradation. However, it is apparent in
Figure 3.1 that orange and yellow color coding each can have two somewhat different interpretations. Therefore, in the discussions below, terms like “high-knowledge yellow” and “lowknowledge orange” are used frequently to help clarify which of the two interpretations is correct.
In general, the use of “high-knowledge” indicates that sufficient information is available to develop an effective degradation management program whereas “low-knowledge” indicates that
available information/understanding is inadequate.
3.2.1

Reactor Coolant System

To simplify the discussion of a very complex system, the results of the vulnerability assessments
of the Reactor Coolant System (RCS) components have been divided into six subsections which
separately address the RCS piping systems, the pressurizer, the reactor pressure vessel (RPV),
the RPV internals, the reactor coolant pumps and the steam generators.
3.2.1.1 RCS Piping Systems
Eight RCS piping systems were included in the panel’s assessment, namely cold leg piping,
crossover leg piping, hot leg piping, pressurizer spray piping, pressurizer surge piping, pressurizer piping to PORVs, pressurizer piping to SRVs and stop valve loop bypass piping. In the
“typical” plant studied by the panel, each of these systems consisted of a substantial number of
parts (see Table 2-2), all of which were made of some type of stainless steel. The panel grouped
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the parts for each system into 6 to 10 subgroups for assessment purposes. This was done to separate external and internal degradation mechanisms and to allow different types of stainless steels
(i.e., wrought, forged, cast, etc) to be assessed separately. In addition, two subgroups were
added to each of the cold leg, hot leg and crossover leg systems to include cast stainless steel
piping (used in older Westinghouse plants) and stainless-steel-clad carbon steel piping (used in
CE and B&W plants) in the assessments. The inclusion of the cast stainless steel piping subgroups had no impact on the assessment results because the “typical” plant piping systems included some cast stainless steel parts. However, the inclusion of the stainless clad carbon steel
piping did introduce some additional degradation mechanisms, as discussed later.
Table 3-2 summarizes the elicitation results for the eight RCS piping systems (i.e., PWR Groups
1, 2, 3, 5, 6, 7, 8 and 13). As is apparent from the system-specific distributions of colored cells
in the table, the panel’s assessments of the vulnerabilities of the eight piping systems are generally very similar. This result is not surprising given that all eight systems are made from similar
stainless steel parts that are exposed to similar service conditions during plant operation. Because of these similarities, the elicitation results for the eight RCS piping systems are all discussed together in the next few paragraphs.
The external environment for all the RCS piping subgroups is containment air and the external
degradation mechanisms that the panel considers to be possible in this environment are pitting
and stress corrosion cracking, the latter being initiated by the former. Moisture and chloride ions
are prerequisites for the occurrence of these forms of attack. Moisture is only likely to be present
on the external piping surfaces during outages or layup because the temperature of the outside
surfaces of the piping components in these systems is 500ºF or higher during full power operation. Chloride contamination of the piping outer surface is possible via aerosol transport and is
expected to be most severe for seaside plants and to increase with time for all plants. The panel
rated the susceptibility to external damage due to pitting or stress corrosion cracking as low for
all RCS piping system subgroups. In addition, they rated the state of knowledge of these forms
of attack as high, resulting in “high-knowledge yellow” color-coding of the pertinent cells in Table 3-2. The panel’s view is that external degradation of stainless steel RCS piping is only likely
to be a significant issue in the future if the existing knowledge base is ignored.
The internal environment for all the RCS piping groups and subgroups is PWR primary water at
550ºF to 650ºF. For the stainless piping materials used in the “typical” plant, the only internal
degradation mechanisms that the panel considers to be of concern are stress corrosion cracking,
fatigue, and reduction of fracture resistance. The latter degradation mechanism, which in this
case is embrittlement associated with certain microstructural changes resulting from thermal aging, only applies to 2-phase materials (i.e. cast stainless steels such as CF8 and CF8M and “aswelded” Type 308/309 weld metals). The panel’s susceptibility scores were low for both cast
materials and weld metals and the knowledge scores were medium-to-high for the cast materials
and low-to-medium for the weld metals. Accordingly, the cast stainless steel RCS piping cells in
Table 3-2 are color coded “high-knowledge yellow” for reduction in fracture resistance whereas
the cells for weld metals are colored “low-knowledge orange”. A considerable amount of R&D
has been done on the thermal aging of cast stainless steels, and although some areas of disagreement still remain, the extent of reduction of fracture resistance due to thermal aging is reasonably
predictable for cast stainless steels. However, this is not the case for “as-welded” weld metals
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for which additional laboratory testing is desirable to more completely characterize this degradation mechanism.
Based on the results of fairly extensive laboratory tests, all of the RCS piping subgroups are considered by the panel to be potentially susceptible to stress corrosion cracking under the full
power operating conditions to which the piping internal surfaces are exposed. However, field
experience has been very good to date and the panel’s susceptibility scores therefore are low-tomedium. The knowledge scores awarded by the panel were medium-to-high for all cases except
for cast materials and weld metals for which the relative lack of test data resulted in low-tomedium knowledge scores. As a result, the stress corrosion cracking cells in Table 3-2include
some “no-problem greens”, some “high-knowledge yellows” and some “low-knowledge oranges”. A relatively small program of laboratory testing is needed on cast materials and weld
metals to better define their SCC susceptibilities. Based on the good field experience, this test
program would most likely allow all the “low-knowledge orange” cells to be converted to “highknowledge yellows”. In addition, because cold work has been shown to be a key variable in
laboratory SCC tests on stainless steels exposed to primary system water, it is suggested that a
study be conducted to determine whether or not any RCS piping components were placed in service in a highly cold worked condition. A very limited telephone survey of a few U.S. plantfabrication experts suggested that, at least in the U.S., all cold-formed stainless steel parts were
solution annealed prior to being placed in service.
The panel considers all of the RCS piping subgroups to be potentially susceptible to fatigue
cracking originating from the inside surface. For the most part, field experience has been good
and therefore the panel’s susceptibility scores generally are low. However, a number of field
failures (attributed to flow-induced vibration and/or thermal fatigue) have been observed smalldiameter socket welds so the panel’s susceptibility scores are medium-to-high for all socket weld
subgroups. This, in combination with the panel’s low-to-medium knowledge scores, results in
the six red cells seen the fatigue column in Table 3-2. The panel believes that more fatigueresistant socket welds need to be designed and that the improved designs need to be verified in
full-scale mockup test. Apart from the socket-weld cells, all of the other cells in the fatigue column in Table 3-2 are either “low-knowledge oranges” or “high-knowledge yellows” and there
are far more of the former than the latter. To rectify this situation, additional laboratory testing is
needed for all types of stainless steels apart from wrought Types 304 and 316 to better characterize their corrosion fatigue behavior in primary water service environments. (This activity would
most likely result in the conversion of many of the “low-knowledge orange” cells in the fatigue
column in Table 3-2 to “high-knowledge yellows”.) In addition, the panel notes that most fatigue failures in nuclear plants have been associated with fatigue loads that were not considered
(or inadequately considered) at the design stage. This suggests that more work may be needed
on the prediction of cyclic loads due to, for example, thermal mixing and fluid flow followed,
perhaps, by some changes to the ASME Section 3 fatigue design codes.
As mentioned earlier, the inclusion of the cast stainless steel piping subgroups (1.10, 2.10 and
3.10) had no impact on the vulnerability assessment because the “typical” plant piping already
included some cast stainless steel parts. However, the inclusion of the stainless clad carbon steel
piping subgroups (1.11, 2.11 and 3.11) introduced two additional degradation possibilities,
namely boric acid corrosion and clad debonding. The latter was identified by one of the panel
members as part of his final assessment input and has not yet been discussed with (or scored by)
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the other panel members. At present, its scores place clad debonding in the “low-knowledge orange” zone but a small increase in its knowledge scores would move it into the “high-knowledge
yellow” category. A review of the pertinent literature may be all that is needed to achieve this
desirable outcome. With regard to boric acid corrosion, there appears to be some confusion
among the panelists regarding whether this should be considered as a possible external degradation phenomenon, a possible internal degradation mechanism, or both. However, most of the
panel’s susceptibility scores are low-to-medium which, when combined with their generally medium-to-high knowledge scores leads to “high-knowledge yellow or orange” color coding in all
cases. Probably, the existing degradation management programs are adequate here.
3.2.1.2 Pressurizer
Table 3-3 summarizes the panel’s assessment of the vulnerability of the pressurizer to materials
degradation. The pressurizer is fairly complex major component from a materials viewpoint as it
contains parts made from low-alloy steels (and their weld metals), stainless steels (and their weld
metals), nickel-base alloys (and their weld metals), as well as a high-strength bolting material
(SA-193 Grade B7). The parts for the “typical” plant were divided into 14 subgroups for assessment purposes, mainly to separate internal and external degradation mechanisms and to allow separate assessments of the different classes of materials. In addition, one extra subgroup
(subgroup 4.14) was added to the “typical” plant subgroups to allow an assessment of the different material used for the heater clad in CE plants.
The external environment for the pressurizer is containment air and the panel chose to evaluate
four external degradation modes namely pitting, stress corrosion cracking, fatigue and reduction
of fracture resistance. Pitting and stress corrosion cracking apply to all stainless steel external
surfaces (subgroup 4.1) and external stress corrosion cracking was also evaluated for two types
of dissimilar metal welds (subgroups 4.11 and 4.12). External pitting and stress corrosion cracking are dependent on the co-presence of moisture and chloride ions, which is only likely during
outages or periods of plant layup. The panel’s susceptibility scores for these modes of degradation are all low or very low and their knowledge scores are all high leading to a combination of
“no problem green” and “high-knowledge yellow” color codes for the pertinent cells in 33-2.
External fatigue and reduction of fracture resistance were evaluated for subgroups 4.11 and 4.12
by a small number of panel members whose scores were low for susceptibility and medium for
knowledge, leading to low-knowledge orange color coding in Table 3-3. Discussion by the full
panel is planned to determine the need for further work on these external degradation modes.
The internal environment for the pressurizer is primary water at about 650ºF and the eight degradation modes that the panel considers possible in this environment are boric acid corrosion, crevice corrosion, clad debonding, fatigue, reduction of fracture resistance, galvanic corrosion, pitting, and stress-corrosion cracking. It is clearly apparent from Table 3-3 that the panel considers
fatigue and stress-corrosion cracking to be the major areas of concern regarding internal degradation of the pressurizer. Boric acid corrosion, crevice corrosion, debonding, galvanic corrosion
and pitting all apply to only one or two subgroups and, with the exception of galvanic corrosion,
the panel’s scores lead to either “no-problem green” or “high-knowledge yellow” color coding.
The colored cell in the galvanic corrosion column in Table 3.3 is a “low-knowledge orange” but
it has only been scored by one panelist and has not yet been discussed by the panel. Its color
coding may change -- any increase in the knowledge score would move it into the high48
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knowledge yellow zone. Loss of fracture resistance has been scored for subgroups 4.2, 4.5 and
4.6. For the low-alloy steel subgroup 4.2, the panel’s scores support a “high-knowledge yellow”
color-coding but, for the dissimilar metal weld subgroups 4.5 and 4.6, the knowledge scores are
low-to-medium and the color codes for both cells are “low-knowledge oranges”. Some additional testing appears to be warranted to better characterize the degradation mechanism(s) involved here.
Apart from the specifically external subgroups 4.1, 4.11 and 4.12, the panel considers all of the
pressurizer subgroups to be potentially susceptible to fatigue cracking originating from the inside
surface. For the most part, field experience has been good and therefore the panel’s susceptibility scores generally are low-to-medium. However, the panel’s knowledge scores are almost all
low and, as a result, all of the orange cells in the fatigue column of Table 3-3 are “lowknowledge oranges”. The fatigue column also includes one red cell and one yellow cell. The
red cell is associated with the dissimilar weld subgroup 4.6 and reflects the panel’s concerns
about the effects of the differing expansion coefficients on thermal stresses and the lack of test
data on the effects of the environment on the fatigue behavior of the weld metals. The yellow
cell for subgroup 4.2 is a “high-knowledge yellow” cell reflecting the panel’s high knowledge
score for fatigue damage of the low-alloy steel parts that make up this subgroup. While the results of the fatigue assessment of the pressurizer are less troubling than for the RCS piping systems discussed earlier, they nevertheless reinforce the need for additional corrosion fatigue testing of stainless steel weld metals and improved fatigue design methods. The panel’s scores suggest that the need for additional fatigue work is greater for the RCS piping systems than for the
pressurizer but it is considered likely that the desirable RCS piping-related work-scope would
not have to be expanded much (if at all) to address the questions raised in the pressurizer assessment.
Based mainly on the results of fairly extensive laboratory tests, all of the pressurizer subgroups
are considered by the panel to be potentially susceptible to stress corrosion cracking under the
conditions which exist in the pressurizer during power operation. However, the panel’s knowledge scores split the pressurizer subgroups into two distinct groups. For the first group, which
consists of subgroups 4.1, 4.3, 4.4, 4.10.1, 4.10.2, 4.13, and 4.14, the panel’s knowledge scores
are all high. The susceptibility of these subgroups varies from very low to high so the color
codes range from green through “high-knowledge yellow” to “high-knowledge orange” but, for
all but one of the seven subgroups, the panel considers that the knowledge base is adequate to
develop highly effective degradation management programs. (The exception is subgroup 4.14
which the panel’s scores place uncomfortably close to the red zone.) The second group of subgroups includes numbers 4.5, 4.6, 4.7, 4.8, and 4.9. For these subgroups the panel’s knowledge
scores are all below medium, resulting in red coding for the two nickel-alloy subgroups and
“low-knowledge orange” coding for the other three subgroups. Obviously, there is a need here
for more test data for nickel-base alloys and weld metals, cold-worked stainless steels, stainless
steel weld metal/DM welds, and bolting materials. Nickel-base alloys and weld metals currently
are the subject of an extensive industry test program but improving knowledge about the other
materials may require the definition and funding of new test programs.
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3.2.1.3 Reactor Pressure Vessel (RPV)
Table 3-4 summarizes the panel’s assessment of the vulnerability of the RPV to materials degradation. The RPV is fairly complex major component from a materials viewpoint because it includes parts made from low-alloy steels (and their weld metals), wrought, forged and cast
stainless steels (and stainless steel weld metals), nickel-base alloys (and their weld metals), as
well as a high-strength material (SA-540 Grade B23, Cl.3) used for the head closure studs and
nuts. The parts for the “typical” plant were divided into 12 subgroups for assessment purposes,
mainly to separate internal and external degradation mechanisms and to allow separate assessments of the different classes of materials.
The external environment for the RPV is containment air and the panel chose to evaluate two
external degradation modes namely pitting and stress corrosion cracking. Pitting and stress corrosion cracking apply to all stainless steel external surfaces (subgroup 10.1) and external stress
corrosion cracking was also evaluated for two types of dissimilar metal welds (subgroups 10.11
and 10.12). External pitting and stress corrosion cracking are dependent on the co-presence of
moisture and chloride ions, which is only likely during outages or periods of plant layup. The
panel’s susceptibility scores for subgroup 10.1 are low and their knowledge scores are high leading to “high-knowledge yellow” color codes for the pertinent cells in Table 3-4. In contrast, the
knowledge scores for stress corrosion cracking for the stainless and nickel-alloy dissimilar metal
welds in subgroups 10.11 and 10.12 respectively are low-to-medium. As a result, the subgroup
10.11 cell in the stress corrosion cracking column in Table 3-4currently is color coded “red” and
the corresponding subgroup 10.12 cell is color coded “low-knowledge orange. However, these
two cells have only been scored by a small number of panel members at this point. Discussion
by the full panel is planned to determine the need for further work on the stress corrosion cracking external degradation mode.
The internal environment for the RPV during full power operation is primary water at 550ºF to
650ºF and the eight degradation modes that the panel considers possible for the RPV materials of
construction in this environment are boric acid corrosion, creep, crevice corrosion, clad debonding, erosion-corrosion, fatigue, reduction of fracture resistance, and stress-corrosion cracking. It
is clearly apparent from Table 3-4that the panel considers fatigue, reduction of fracture resistance
and stress-corrosion cracking to be the three major areas of concern regarding internal degradation of the RPV. Boric acid corrosion, creep, crevice corrosion, clad debonding, and erosioncorrosion all apply to only one or two subgroups and, with the exception of erosion- corrosion,
the panel’s knowledge scores are high in all cases, indicating that enough information is available for the effective management of these degradation modes. The erosion-corrosion knowledge scores are low-to-medium for both subgroups 10.3 and 10.6 but the susceptibility score for
10.2 is very low and, in the case of 10.6, degradation can only occur if there is a high-velocity
steam leak from the head seal, the existence of which can easily be detected.
Loss of fracture resistance has been scored for subgroups 10.2, 10.3, 10.4, 10.7 and 10.8. For the
low-alloy steel subgroup 10.2 and the cast stainless steel subgroup 10.7, the panel’s scores support “high-knowledge yellow” color coding but, for the other 3 subgroups, the knowledge scores
are low-to-medium which leads to “low-knowledge orange” color coding in Table 3-4. Some
additional testing appears to be warranted to better characterize the degradation mechanism(s)
involved here.
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Apart from the specifically external subgroups 10.1, 10.11 and 10.12, the panel considers all of
the RPV subgroups to be potentially susceptible to fatigue cracking in the internal service environment. The panel’s knowledge scores for subgroups 10.2, 10.3, and 10.10 are medium-to-high
and, as a result the fatigue-column cells in Table 3-4 corresponding to these subgroups all are
color-coded “high-knowledge yellow”. In contrast, the knowledge scores for subgroups 10.4,
10.5, 10.6, 10.7, 10.8, and 10.9 are all low-to-medium, leading to one red color code (for subgroup 10.8) plus a mixture of “low-knowledge yellow” and “low-knowledge orange” color
codes. The red cell is associated with the dissimilar weld subgroup 10.8 and reflects the panel’s
concerns about the effects of the differing expansion coefficients on thermal stresses and the lack
of test data on the effects of the environment on the fatigue behavior of the stainless steel weld
metals. While the results of the fatigue assessment of the RPV are less troubling than those for
the RCS piping systems discussed earlier, they nevertheless reinforce the need for additional corrosion fatigue testing of stainless steel forgings, castings and weld metals together with improved
fatigue design methods. It is considered likely that the desirable RCS piping-related work-scope
would not have to be expanded much (if at all) to address the questions raised in the RPV fatigue
assessment.
Based mainly on the results of fairly extensive laboratory tests, all of the RPV subgroups are
considered by the panel to be potentially susceptible to stress corrosion cracking under the conditions which exist in the RPV during power operation. However, the panel’s knowledge scores
split the RPV subgroups into two distinct groups. For the first group, which consists of subgroups 10.2, 10.3, 10.6, 10.8, 10.9 and 10.10, the panel’s knowledge scores are all medium-tohigh. The susceptibility of these subgroups varies from very low to high so the color codes range
from green through “high-knowledge yellow” to “high-knowledge orange”. For all but two of
the six subgroups, the panel considers that the knowledge base is adequate to develop highly effective degradation management programs. (The exceptions are the nickel-base alloy subgroups
10.8 and 10.9, which the panel’s scores place uncomfortably close to the red zone.) The second
group of subgroups includes numbers 10.4, 10.5, and10.7. For these subgroups, the panel’s
knowledge scores are all at or below medium, resulting in “low-knowledge orange” coding for
all three subgroups. Obviously, there is a need here for more test data for nickel-base alloys and
weld metals, cast and forged stainless steels and stainless steel weld metal/DM welds. Nickelbase alloys and weld metals currently are the subject of an extensive industry test program but
improving knowledge regarding the other materials probably will require the definition and funding of new test programs.
3.2.1.4 Reactor Vessel Internals
Table 3-5 summarizes the results of the panel’s assessment of the vulnerability of the reactor
vessel internals (RVIs) to materials degradation in PWR service. The RVIs of the “typical” plant
studied by the panel consist of 25 parts, most of which are made from various types of stainless
steels. However, there are also some parts (fasteners and springs) that are fabricated from highstrength, nickel-base alloys (Alloys X750 and 718). The RVIs are not exposed in service to the
environment external to the reactor vessel (i.e., containment air) so the only service environment
considered by the panel was PWR primary water at temperatures from 556ºF to 620ºF. However, the neutron irradiation exposure for different RVI parts varies substantially, depending on
the proximity of the parts to the core. Accordingly, the panel divided the RVI parts into two
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categories for assessment purposes, namely “low fluence” parts (defined as <0.5 dpa at end of
life) and “high fluence” parts (>0.5 dpa at end of life). To allow separate vulnerability assessments for different types and conditions of materials, the panel divided the low-fluence parts into
seven subgroups (12.1 through 12.7) and divided the high-fluence parts into four subgroups (12.8
through 12.11). Finally, for completeness, subgroup 12.12 was added to cover high-fluence RVI
applications of high-strength materials (Alloys X750/718 and A286) in other plants.
The panel considers four degradation modes to be possible for the low-fluence subgroups 12.1
through 12.7, namely thermal creep, fatigue, reduction of fracture resistance and stress corrosion
cracking. Creep of solution annealed Type 304 stainless steel hold-down springs (subgroup
12.6) resulting in decreased functionality is a known issue that has prompted replacement with
martensitic stainless steel springs in many plants. The panel’s scores are medium for both susceptibility and knowledge, leading to a (very marginal) red color coding in Table 3-5. (Given
that this is a replaceable part which already is included in most [if not all] plant maintenance
programs, a high-knowledge orange or yellow color coding might be more appropriate.) Creep
leading to decreased functionality (e.g., loss of preload) is also considered by the panel to be a
potential concern for the cold-worked Type 316 stainless steel parts in subgroup 12.4 and for the
Alloy X750/718 parts in subgroup 12.7. In both cases the panel’s scores are low-medium for
susceptibility and medium-high for knowledge, leading to “high-knowledge yellow” color coding of the pertinent cells in Table 3-5. Although the knowledge base required to manage the effects of thermal creep appears to be available for the low-fluence subgroups 12.4 and 12.7, the
panel is uncertain as to whether or not appropriate degradation management programs are in
place at all plants.
The panel believes that fatigue is a potential degradation mechanism for all six of the stainless
steel, low-fluence RVI subgroups (i.e., subgroups 12.1 through 12.6). However, the susceptibility scores are low-medium for all subgroups, indicating that the panel is not very concerned
about the extent of future fatigue damage. The panel’s knowledge scores separate the subgroups
into two categories – the knowledge scores for subgroups 12.1 and 12.2 are medium-high
whereas the scores for the other four subgroups are medium-low. As a result, subgroups 12.1
and 12.2 are color coded “high-knowledge yellow” for fatigue in Table 3-5 whereas subgroups
12.3 through 12.6 are color coded “low-knowledge orange”. As discussed earlier, the panel’s
concern is the relative lack of in-environment fatigue data for all types/conditions of stainless
steel other than wrought material. While the results of the fatigue assessment of the low-fluence
RVIs are less troubling than those for the RCS piping systems discussed earlier, they nevertheless reinforce the need for additional corrosion fatigue testing of stainless steel castings and weld
metals. The desirable RCS piping-related work-scope described earlier would adequately address the questions raised in the low-fluence RVI fatigue assessment.
Fracture resistance reduction is judged by the panel to be a possible degradation mode for the
low-fluence subgroups 12.3, 12.5 and 12.7. The panel’s susceptibility score for the cast stainless
steel subgroup 12.5 is low and the knowledge score is medium-high, resulting in a “highknowledge yellow” rating for this cell in Table 3-5. Although the underlying mechanism is the
same as for the cast stainless steels, the panel’s assessment indicates that the current knowledge
base concerning reduction of fracture resistance for low-fluence Type 308/9 weldments (subgroup 12.3) is currently at a medium-low level, so this cell is color-coded “low-knowledge orange”. Additional testing in this area was identified as a need in the RCS Piping section and the
52

PMDA PIRT Report
Section 3 – Rev. 1, June 2, 2005

results of the low-fluence RVI assessment strengthens the recommendation made earlier. The
high-strength nickel-base alloys (subgroup 12.7) are known to be susceptible to a form of fracture resistance reduction known as LTCP (Low Temperature Crack Propagation – see Topical
Report B.13 in Appendix B for a brief review of this phenomenon) so LTCP was assessed for
subgroup 12.7. The panel’s scores are low-to-medium for both susceptibility and knowledge
scores resulting in the “low-knowledge orange” color coding shown in the fracture resistance
column in Table 3-5. Some additional testing and assessment activities are desirable to determine whether the conditions required for LTCP actually exist for plant components – LTCP has
already been ruled out for all phases of nuclear plant operation except for cool-down and startup.
All of the low-fluence RVI subgroups are considered by the panel to be potentially susceptible to
stress corrosion cracking under the conditions which exist in the RPV during power operation.
However, the panel’s knowledge scores split the RVI subgroups into two distinct sets. For the
first set, which consists of subgroups 12.1, 12.2, 12.4 and 12.6, the panel’s knowledge scores are
all medium-to-high. The susceptibility of these subgroups varies from very low to medium-low
so the color codes are all green or “high-knowledge yellow”. For all four of these subgroups, the
panel considers that the knowledge base is adequate to develop highly effective stress corrosion
cracking management programs. The second set of subgroups includes numbers 12.3, 12.5 and
12.7. For these subgroups, the panel’s knowledge scores are all at or below medium, resulting in
“low-knowledge orange” coding for subgroup 12.3, a “low-knowledge yellow” coding for subgroup 12.5 and a (marginal) red coding for subgroup12.7. Obviously, there is a need here for
more test data for high-strength nickel-base alloys, cast stainless steels and stainless steels. As
already noted in earlier sections, improving the knowledge base on stress corrosion cracking of
these materials in PWR primary water will require the definition and funding of new test programs.
Turning now to the high-fluence subgroups 12.8 through 12.12, the panel has assessed six forms
of degradation for these subgroups, namely thermal creep, fatigue, fracture resistance reduction,
irradiation creep, stress corrosion cracking and swelling. Thermal creep was identified as a possibility only by one panelist who scored it for subgroups 12.8 and 12.11. His scores resulted in a
(marginal) red color-coding for subgroup 12.8 and a “low-knowledge orange” color coding for
subgroup 12.11, both of which may change when other panel members’ scores are factored in.
At present, the results suggest the need for additional work on the effects of irradiation on the
thermal creep behavior of wrought and cold-worked stainless steels. The panel also assessed
subgroup 12.11 for irradiation creep, along with subgroup 12.12. In both cases the susceptibility
scores are medium-high and the knowledge scores are medium-low, resulting in red color-coding
in Table 3-5. Obviously, there is a need for additional work in this area to allow radiation creep
to be more confidently modeled and managed for high-fluence RVIs that are made from high
yield-strength materials and for which the service stresses are high.
The panel believes that fatigue is a potential degradation mechanism for all five of the highfluence RVI subgroups. The panel’s susceptibility scores are low-medium for all subgroups but
their knowledge scores separate the subgroups into two categories – the knowledge score for
subgroup 12.8 is medium-high whereas the scores for the other four subgroups are medium-low.
As a result, subgroup 12.8 is color coded “high-knowledge yellow” for fatigue in Table 3-5
whereas subgroups 12.9 through 12.12 are color coded “low-knowledge orange”. The panel’s
concern is the lack of in-environment fatigue data for highly irradiated stainless steels (other than
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wrought Type 304) and highly irradiated high-strength materials (such as X-750 and A286). The
results of the fatigue assessment of the high-fluence RVIs reinforce the need for additional corrosion fatigue testing and suggest that the desirable RCS piping-related work-scope described earlier should be expanded to include neutron fluence as a variable for the RVI-relevant materials
(which will substantially increase the cost of the program).
Reduction of fracture resistance (as a result of radiation embrittlement) is thought by the panel to
be a possible degradation mechanism for all of the high-fluence RVI subgroups. The panel’s
susceptibility scores for the four stainless steel subgroups (12.8 through 12.11) are all lowmedium and the knowledge scores are all medium-high, resulting in “high-knowledge yellow”
color coding for these cells in Table 3-5. The panel’s conclusion is that, although some hardening does occur for stainless steels due to neutron irradiation, the hardening is predictable and the
accompanying loss of fracture resistance is tolerable. However, this conclusion does not apply to
the high-strength alloy parts in subgroup 12.12. The panel’s susceptibility and knowledge scores
for this subgroup are both low-medium, resulting in a “low-knowledge orange” color coding.
Some additional in-environment testing of irradiated materials clearly would be valuable in this
area. In addition to conventional radiation embrittlement, Alloy X-750 is also susceptible to the
LTCP phenomenon discussed earlier for low-fluence parts, so some LTCP testing on irradiated
material probably should be considered.
All of the high-fluence RVI subgroups are considered by the panel to be potentially susceptible
to stress corrosion cracking under the conditions which exist in the RPV during power operation.
However, the panel’s knowledge scores split the RVI subgroups into two distinct sets. The first
set contains only subgroup 12.8, for which the panel’s knowledge score is medium-high. The
susceptibility of this subgroup is medium-low so the color code is “high-knowledge yellow”.
The second set of subgroups includes numbers 12.9, 12.10, 12.11 and 12.12. The panel’s knowledge scores are all at or below medium for these subgroups, resulting in “low-knowledge orange” coding for subgroups 12.9 and 12.10, and red coding for subgroups12.11 and 12.12. Evidently, there is a need here for more stress corrosion cracking test data for highly irradiated highstrength alloys and for stainless steels other than wrought materials. Improving the knowledge
base on stress corrosion cracking of these materials in PWR primary water will require the definition and funding of new test programs which, in this case will be expensive.
The final degradation mechanism for the high-fluence RVI subgroups is radiation-induced swelling, which the panel has scored for all five subgroups. The panel’s susceptibility scores are all
medium or higher and its knowledge scores are all medium or lower so all five subgroups are
color-coded red in Table 3-5. Uncertainties of concern to the panel include the threshold dose
required for swelling at a realistic neutron flux and the effect of temperature (including gamma
heating). Resolution of these uncertainties will involve the removal of some highly irradiated
RVIs from operating plants together with test reactor irradiations and hot cell examinations. An
industry effort in this general area is in progress but is unlikely to provide many solid answers
before the end of 2007.
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3.2.1.5 Reactor Coolant Pump
Table 3-6 summarizes the panel’s assessment of the vulnerability of the reactor coolant pump to
materials degradation. The reactor coolant pump includes parts made from wrought, forged and
cast stainless steels, stainless steel weld metals and several high-strength alloys (A-286, 17-4PH,
X750) including a high-strength bolting material (SA-540 Grade B24). The parts for the “typical” plant were divided into 6 subgroups for assessment purposes, mainly to separate internal and
external degradation mechanisms and to allow separate assessments of the different types of materials.
The external environment for the reactor coolant pump is containment air and the panel chose to
evaluate two external degradation modes, namely pitting and stress corrosion cracking. Pitting
and stress corrosion cracking apply to all stainless steel external surfaces and are dependent on
the co-presence of moisture and chloride ions which, because of the high internal temperature of
the pump during full power operation, is only likely during outages or periods of plant layup.
The panel’s susceptibility scores for these two modes of external degradation are low and their
knowledge scores are high leading “high-knowledge yellow” color codes for the pertinent cells
in Table 3-6. The panel believes that external degradation of the reactor coolant pump is only
likely to be a significant issue in the future if the existing knowledge base is not effectively utilized in plant maintenance programs.
The internal environment for the reactor coolant pump is primary water at about 550ºF and the
four degradation modes that the panel considers possible in this environment are boric acid corrosion, fatigue, reduction of fracture resistance, and stress-corrosion cracking. Boric acid corrosion only applies to the main flange bolts (subgroup 9.6) and only becomes an issue in the event
of a flange leak. The panel considers the susceptibility of the flange bolts to boric acid corrosion
to be low and the knowledge base to be high, resulting in a “high-knowledge yellow” color coding for this degradation mechanism.
The panel believes that all of the reactor coolant pump subgroups are potentially susceptible to
fatigue cracking. The panel’s susceptibility scores generally are low-to-medium (the score for
subgroup 9.6 is very low) and their knowledge scores are all low-to-medium. As a result, all of
the orange and yellow cells in the fatigue column of Table 3-5 are “low-knowledge”. While the
results of the fatigue assessment of the reactor coolant pump are less troubling than the results
for the RCS piping systems discussed earlier, they nevertheless reinforce the need for additional
corrosion fatigue testing of some types of stainless steels and some types of high-strength alloys
together with improved fatigue design methods. It is considered likely that the desirable RCS
piping-related work-scope would not have to be expanded much (if at all) to address the questions raised in the reactor coolant pump assessment.
Loss of fracture resistance has been scored for subgroups 9.2, 9.3 and 9.5. Subgroup 9.2 has
only been scored by one panelist to date and his low susceptibility/medium knowledge scores
result in a low-knowledge orange color code (which could easily change to a “high-knowledge
yellow” after further discussion and scoring). The panel’s scores for the high-strength materials
in subgroup 9.3 lead to a red color-coding and more in-environment toughness testing of these
materials is strongly suggested. Finally, the panel’s scoring for subgroup 9.5 is low for susceptibility and high for knowledge resulting in a “high-knowledge yellow” color coding and indicat55
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ing the existing data and models for thermal aging embrittlement of cast stainless steels are adequate.
Based mainly on the results of fairly extensive laboratory tests, all of the reactor coolant pump
subgroups are considered by the panel to be potentially susceptible to stress corrosion cracking
under the conditions which exist inside the pump during power operation. However, the panel’s
knowledge scores split the reactor coolant pump subgroups into two distinct groups. For the first
group, which consists of subgroups 9.2 and 9.3, the panel’s knowledge scores are high. The susceptibility of these subgroups varies from low to medium high so the color codes range from
“high-knowledge yellow” to “high-knowledge orange” but, for these two subgroups, the panel
considers that the knowledge base is adequate to develop highly effective degradation management programs. This is not the case for the second group of subgroups, which includes numbers
9.4, 9.5, and 9.6. For these subgroups, the panel’s knowledge scores are all at or below medium,
resulting in “low-knowledge orange” coding for all subgroups. Obviously, there is a need here
for more test data for forged and cast stainless steels and bolting materials. This will require the
definition and funding of new test programs.
3.2.1.6 Steam Generators
Table 3-7 summarizes the panel’s assessment of the vulnerability of the steam generator to materials degradation. The steam generator (SG) is the most complex of the RCS major components
from a materials viewpoint containing 71 parts made from a mixture of carbon and low-alloy
steels (and their weld metals), stainless steels (and their weld metals) and nickel-base alloys (and
their weld metals). In addition, the vulnerability assessment of the SG is complicated by the fact
that, because of its heat-exchanger function, the SG has two distinct internal environments, primary water and secondary water/steam, which have to be assessed separately. The parts for the
“typical” plant were divided into 14 subgroups for assessment purposes, mainly to separate internal-primary, internal-secondary and external degradation mechanisms and to allow separate
assessments of the different types of materials. Nine additional subgroups were added to cover
additional materials/material conditions known to be used in other plants.
The external environment for the SG is containment air and the panel chose to evaluate five external degradation modes, namely boric acid corrosion, fatigue, reduction of fracture resistance,
pitting, and stress corrosion cracking. External boric acid corrosion, which is only of concern for
the low-alloy steel subgroups 11.2, 11.3 and 11.10, requires a primary water leak of sufficient
size to maintain a wet outer surface during power operation. The panel’s susceptibility scores
are low or low-medium and their knowledge scores are medium-high, resulting in “no-problem
green” and “high-knowledge yellow” color codes in the BAC column of Table 3-7. Pitting and
stress corrosion cracking apply to all stainless steel external surfaces (subgroup 11.1) and external stress corrosion cracking was also evaluated for two types of dissimilar metal welds (subgroups 11.17 and 11.18) and external pitting was also evaluated for subgroup 11.17. External
pitting and stress corrosion cracking are dependent on the co-presence of moisture and chloride
ions, which is only likely during outages or periods of plant layup. The panel’s pitting and SCC
susceptibility scores for subgroup 11.1 are low and their knowledge scores are high leading to
“high-knowledge yellow” color codes for the pertinent cells in Table 3-7. The external pitting
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assessment for subgroup 11.17 also leads to a “high-knowledge yellow” color code. In contrast,
the knowledge scores for external stress corrosion cracking for the stainless steel and nickelalloy dissimilar metal welds in subgroups 11.17 and 11.18 respectively are medium. As a result,
the subgroup 11.17 cell in the stress corrosion cracking column in Table 3-7 is color coded “lowknowledge orange” and the corresponding subgroup 11.18 cell is color coded “low-knowledge
yellow” – additional work on this external degradation mechanism appears to be desirable for
dissimilar metal welds. Fatigue and reduction of fracture resistance also were scored for subgroups 11.17 and 11.18 resulting in “low-knowledge orange” color coding in all cases. However, these four cells have only been scored by a small number of panel members at this point.
Discussion by the full panel is planned to determine the need for further work on these external
degradation modes.
The internal environment on the primary side of the steam generator is PWR primary water at
temperatures from 544ºF to 620ºF. The panel considers eight degradation modes to be worthy of
evaluation for one or more of the fourteen primary-side subgroups (11.2-11.5, 11.7-11.13, 11.16,
11.19 and 11.22), namely boric acid corrosion, crevice corrosion, clad debonding, flow-assisted
corrosion, fatigue, reduction of fracture resistance, pitting and stress corrosion cracking. It is
evident in Table 3-7 that, as is the case throughout the RCS, fatigue and stress-corrosion cracking are the predominant degradation mechanisms in the sense that they apply to more subgroups
than any of the other degradation mechanisms.
Boric acid corrosion of the low-alloy steel parts in subgroups 11.2, 11.3 and 11.10 is considered
by the panel to be more likely from the outside surface than from the inside surface because of
the presence of the protective cladding and the absence of a boric acid concentration mechanism
in the internal corrosion case. Accordingly, internal BAC was not scored separately by the panel
and the color codes in Table 3-7 reflect their external BAC scores. Crevice corrosion was scored
by the panel for the low-alloy steel subgroups 11.2 and 11.3. For subgroup 11.3, which was
scored by the full panel, the susceptibility score is very low and the knowledge score is mediumhigh, resulting in a “no-problem green” color coding. However, for subgroup 11.2, which was
only scored by one panelist, the susceptibility score is low and the knowledge score is medium,
leading to a “low-knowledge orange” color coding. This may change once all the panel members have provided their scores. A similar situation exists for the debonding evaluation of subgroup 11.11. To date, this combination of mechanism and subgroup has been evaluated only by
one panelist whose scores are medium for both susceptibility and knowledge, resulting in a marginal “red” color coding. This probably will change when other panelists’ score have been factored in – the color code resulting from the full panel’s evaluation of debonding for subgroup
11.4 was “high-knowledge yellow”. Flow assisted corrosion and pitting were both evaluated for
subgroup 11.2 resulting in “no problem green” and “high-knowledge yellow” color codes respectively and an evaluation of pitting for subgroup 11.4 led to another “no-problem green” color
code. No additional work is warranted for any of the degradation mechanism/subgroup combinations discussed in this paragraph except, perhaps, for the two cases where the panel’s evaluation is not yet complete.
The panel believes that fatigue is a potential degradation mechanism for all but one of the fourteen SG primary-side subgroups, the exception being subgroup 11.11. However, the susceptibil57
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ity scores are low or low-medium for all subgroups, indicating that the panel is not very concerned about the extent of future fatigue damage. The panel’s knowledge scores separate the
subgroups into two sets – the knowledge scores for subgroups 11.2, 11.3, 11.4, 11.10, 11.12,
11.13, 11.16 and 11.22 are medium-high whereas the scores for the other five primary-side subgroups (11.5, 11.7, 11.8, 11.9, and 11.19) are medium or medium-low. As a result, the eight
subgroups in the first set are color coded “high-knowledge yellow” for fatigue in Table 3-7
whereas the five subgroups in the second set are color coded “low-knowledge orange”. The
panel’s concern is the relative lack of in-environment fatigue data for all types/conditions of
stainless steel other than wrought material and for Alloy 600 and 690 parts with microstructures
other than those found in tubing. The results of the fatigue assessment of the SG primary-side
subgroups reinforce the need for the additional corrosion fatigue testing of stainless steel forgings and weld metals recommended in the RCS Piping section. A small expansion of the desirable RCS piping-related work-scope described earlier is recommended to address the questions
raised here about Alloys 600 and 690.
Fracture resistance reduction is judged by the panel to be a possible degradation mode for the SG
primary side11.4, 11.7, 11.11, 11.16, and 11.19 subgroups. The panel’s susceptibility score for
the stainless steel cladding subgroup 11.4 is very low and its knowledge score is medium-high,
resulting in a “no-problem green” rating for this cell in Table 3-7. Although the underlying
mechanism is the same as for the stainless steel cladding, the panel’s assessment indicates that
the current knowledge base concerning reduction of fracture resistance for Type 308/9 dissimilar-metal weldments (subgroup 11.7) is currently at a medium-low level, so this cell is colorcoded “low-knowledge orange”. Additional testing in this area was identified as a need in the
RCS Piping section and the result of the present assessment strengthens the recommendation
made earlier. The nickel-base alloy and weld metal subgroups 11.11, 11.16, and 11.19 are all
color-coded “low-knowledge orange” as a result of the panel’s scoring. The panel’s concern
here is lack of information about the fracture resistance reduction mechanism known as LTCP
(Low Temperature Crack Propagation). Some additional testing and assessment activities are
desirable to determine whether the conditions required for LTCP actually exist for plant components – LTCP has already been ruled out for all phases of nuclear plant operation except cooldown and startup.
All of the fourteen primary-side SG subgroups are considered by the panel to be potentially susceptible to stress corrosion cracking under the conditions which exist in the SG during power
operation. With one exception, the panel’s knowledge scores are medium-high for all subgroups.
The exception is subgroup 1.7 (Type 308/309 dissimilar metal welds) for which the knowledge
score is medium-low, resulting in a low-knowledge orange color code in Table 3-7. The susceptibility scores for the other 13 subgroups range from very-low to medium-high. As a result, the
color codes range from “no-problem green” (subgroup 11.8) through “high-knowledge yellow”
(subgroups 11.2, 11.3, 11.4, 11.10, 11.11, 11.13, and 11.19) to “high-knowledge orange” (subgroups 11.5, 11.9, 11.12, 11.16, and 11.22). While this appears superficially to be a satisfactory
outcome, the panel is concerned that several of the “high-knowledge orange” cells are uncomfortable close to the “red” zone. This is particularly true for subgroup 11.9 (Alloy 600 divider
plate) and 11.16 (Alloy 82/182 dissimilar metal welds). While stress corrosion cracking of Alloy
82/182 dissimilar metal welds in primary water is well covered in existing industry test pro-
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grams, a small expansion of those programs is suggested to include tests on Alloy 600 materials
having microstructures typical of those found in the SG divider plate.
Turning now to the seven SG secondary-side subgroups (subgroups11.6, 11.10, 11.14, 11.15,
11.20, 11.21, and 11.22), the panel has assessed seven forms of degradation for these subgroups,
namely crevice corrosion, flow-assisted corrosion, fatigue, fracture resistance reduction, pitting,
stress corrosion cracking and wear. The environment of interest is PWR secondary water at
temperatures from 544ºF to 620ºF. The secondary water contains steam, the amount of which
increases with increasing elevation in the SG.
Secondary-side crevice corrosion, flow-assisted corrosion and reduction of fracture resistance
were all evaluated for subgroup 11.20 (carbon-steel tube supports) and were respectively colorcoded “high-knowledge yellow”, “high-knowledge orange” and “no problem green”. Crevice
corrosion was also evaluated for subgroup 11.21 (stainless steel tube supports) where it was
color coded “high-knowledge yellow” on the basis of the panel’s low susceptibility and mediumhigh knowledge scores. These three degradation mechanisms appear to be well-understood and
the panel does not believe that any new work is needed.
Secondary-side fatigue, pitting and wear were all evaluated for the four SG tubing subgroups
11.6, 11.14, 11.15, and 11.23. The panel’s susceptibility scores for fatigue and pitting are all low
or low-medium and their knowledge scores are all medium-high so all eight of the secondaryside fatigue and pitting cells are color-coded “high-knowledge yellow” in Table 3-7. For wear,
the panel’s knowledge scores are all medium-high but the susceptibility scores are medium-high
for subgroups 11.6 and 11.14 and low-medium for subgroups 11.15. As a result Alloy 600MA
and Alloy 600TT tubes are color-coded “high-knowledge orange” for wear in Table 3-7 whereas
Alloy 290TT and Alloy 600sensitized are color coded “high-knowledge yellow”. Here again,
the three degradation mechanisms appear to be well-understood and the panel does not believe
that any new work is needed. However, the panel notes that, unless the existing knowledge base
is fully utilized in the design of new and replacement steam generators, fatigue and wear could
easily reappear as problems, particularly in cases where power uprates are pursued.
The panel has assessed stress corrosion cracking for seven subgroups (11.6, 11.10, 11.14, 11.15,
11.20, 11.21, and 11.23). The panel’s knowledge score are medium-high in all cases but their
susceptibility scores vary between low-medium and medium-high. As a result, the stress corrosion cracking cells for subgroups 11.10, 11.15, 11.20, and 11.21 in Table 3-7 are color-coded
“high-knowledge yellow” whereas those for subgroups 11.6, 11.14, and 11.23 are color-coded
“high-knowledge orange”. Secondary-side stress corrosion cracking has been the subject of
much prior work and is now generally well understood. However, this degradation mechanism
remains the principal cause for steam generator tube plugging which suggests that current efforts
to understand and mitigate adverse water chemistries in secondary side crevices should be continued.
3.2.2

Engineered Safety Features
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The panel’s assessment of the vulnerability of the engineered safety features of the “typical”
PWR to materials degradation issues focused on the emergency core cooling system (ECCS) piping systems and the containment penetrations for process piping. Table 3-8 summarizes the results of the elicitation process for the ECCS, discussed below–additional details on the results
can be found in Appendices D and E.
3.2.2.1 Emergency Core Cooling System Piping
Ten ECCS piping systems were included in the panel’s assessment and these are listed in Table
3-8 (PWR Groups 14 through 23). In the “typical” PWR studied by the panel, each of these systems consisted of a substantial number of parts, all of which were made of stainless steel. However, Alloy 82/182 dissimilar metal welds were included in Groups 18, 19 and 22 because they
were known to exist in other plants. As indicated in Table 3-8the panel grouped the parts for
each system into 6 to 14 subgroups for assessment purposes. The objective of this was to separate external from internal (and low-temperature from high-temperature) degradation mechanisms and to allow different categories of stainless steels (i.e., wrought, forged, cast, weld metals, etc.) and different types of materials (i.e., stainless steels and nickel-base alloys) to be assessed separately.
Table 3-8provides a summary of the elicitation results for the ten ECCS piping systems. It is
clearly apparent in the table that the panel’s assessments of the vulnerabilities of the different
piping systems have many similarities, which is not surprising since many subgroups for different systems contain parts made from the same materials that are exposed to similar service conditions. To avoid a very repetitive discussion, all the ECCS piping systems are discussed together below – system-specific amplifications and clarifications are included where necessary.
In addition, the inclusion of Alloy 82/182 dissimilar metal welds in Groups 18, 19 and 22 introduced some additional degradation possibilities so the Alloy 82/182 assessment results are discussed separately, following the discussion of the results for the all-stainless systems in the
“typical” plant.
The external environment for all the ECCS piping subgroups is either containment air or auxiliary building air and the external degradation mechanisms that the panel considers to be possible
for the stainless parts in the “typical” plant are pitting and stress corrosion cracking, the latter
generally being initiated by the former. Moisture and chloride ions are prerequisites for these
forms of attack. Moisture is likely to be present on all the external piping surfaces during outages and layup and its presence is also possible during power operation for all parts for which the
temperature of the external surface does not exceed 212ºF. (All of the ECCS piping systems
contain some low-temperature parts which meet this criterion for at least some of the time.)
Chloride contamination of the piping outer surface is possible (via aerosol transport into the containment and auxiliary buildings) and is expected to be most severe for seaside plants and to increase with time for all plants. The panel rated the susceptibility to external damage due to pitting or stress corrosion cracking as low for all ECCS stainless steel piping system subgroups. In
addition, they rated the state of knowledge of these forms of attack as high, so all of the pertinent
cells in Table 3-8 are color-coded “high-knowledge yellow”. For the ECCS piping systems, external degradation of stainless steel components is only likely to be a significant issue in the future if the existing knowledge base is not effectively utilized in plant maintenance programs.
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The internal environment for the ECCS piping groups and subgroups is either borated demineralized water at temperatures between ambient and 350ºF or PWR primary water at about 600ºF.
For the stainless piping materials used in the “typical” plant, the four internal degradation
mechanisms that the panel considers to be of concern are stress corrosion cracking, fatigue, microbiologically-induced corrosion and reduction of fracture resistance. The latter degradation
mechanism (which for stainless steels is defined as the embrittlement associated with specific
microstructural changes resulting from thermal aging) only applies to 2-phase materials (i.e. cast
stainless steels such as CF8 and CF8M and “as-welded” Type 308/309 weld metals) and is only
likely in the higher temperature regions of the ECCS. The panel’s susceptibility scores are low
for both cast materials and weld metals and the knowledge scores are medium-to-high for the
cast materials and low-to-medium for the weld metals. Accordingly, the single cast stainless
steel piping cell in the reduction of fracture resistance column in Table 3-8is color coded “highknowledge yellow” whereas the cells for weld metals are colored “low-knowledge orange”. As
mentioned earlier in the RCS piping discussion, additional laboratory testing is desirable to better
characterize this degradation mechanism for as-welded Type 308/309 weld metals.
Microbiologically-induced corrosion is considered by the panel to be possible for those subgroups where the coolant is stagnant (or very low-flow) and the temperature is below 212ºF.
Several subgroups in Groups 14, 15, 16, 18 and 23 meet these criteria, and these were assessed
by the panel. For the stainless subgroups in the “typical” plant, the panel’s susceptibility scores
are low in all cases and the knowledge scores hover around medium. As a result, the colorcoding of the cells in the microbiologically-induced corrosion column in Table 3-8 is a mixture
of high-knowledge yellow and low-knowledge orange. This suggests a need to assemble and
digest the available information about this form of degradation, to supplement it if necessary
with additional testing and to use the resultant knowledge base to develop effective issuemanagement programs.
Based mainly on the results of laboratory tests, essentially all of the ECCS piping subgroups are
considered by the panel to be potentially susceptible to stress corrosion cracking under the conditions to which the piping internal surfaces are exposed during power operation. The panel’s susceptibility scores are low (higher temperature parts) or very low (lower temperature parts) and
the knowledge scores are medium-to-high for all cases except for the single cast stainless steel
cell which is scored a little lower on knowledge because of the absence of laboratory test data.
As a result, the stress corrosion cracking cells in Table 3-8 consist of a mixture of “no-problem
greens” (most of the low-temperature parts), “high-knowledge yellows” (most of the hightemperature parts) and “low-knowledge orange” (for the single cast material subgroup). As suggested in the RCS discussion, a relatively small program of laboratory testing is needed on cast
materials and weld metals to better define their SCC susceptibilities. Based on the good field
experience, this test program would most likely allow all the “low-knowledge orange” SCC cells
in the RCS and ECCS to be reclassified as “high-knowledge yellows”. In addition, because cold
work has been shown to be a key variable in laboratory SCC tests on stainless steels exposed to
primary system water, it is suggested that a study be conducted to determine whether or not any
ECCS piping components were placed in service in a highly cold worked condition. A very limited telephone survey of a few U.S. plant-fabrication experts suggested that, at least in the U.S.,
all cold-formed stainless steel parts were solution annealed prior to being placed in service.
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The panel considers all of the ECCS piping subgroups to be potentially susceptible to fatigue
cracking originating from the inside surface. For the most part, field experience has been good
and therefore the panel’s susceptibility scores generally are very low (low temperature parts) or
low-to-medium (high-temperature parts). However, a number of field failures have been observed in small-diameter socket welds so the panel’s susceptibility scores are medium-to-high for
all socket weld subgroups. This, in combination with the panel’s low-to-medium knowledge
scores, results in eight red cells for socket welds in the fatigue column of Table 3-8, a somewhat
surprising outcome given that socket weld failures often are attributed to flow-induced vibration
and that many of these systems are stagnant. There are also two other red cells in the fatigue
column in Table 3-8. These are associated with the dissimilar weld subgroups 19.10 and 22.8
and reflect the panel’s concerns about the effects of the differing expansion coefficients on thermal stresses and the lack of test data on the effects of the environment on the fatigue behavior of
weld metals. The remaining fatigue cells for the stainless steel subgroups in Table 3-8 are mixtures of “no-problem greens” and “high-knowledge yellows” for the low-temperature parts, and
of “high-knowledge yellows” and “low-knowledge oranges” for the high-temperature parts.
While the results of the fatigue assessment are less troubling for ECCS piping than for the RCS
piping systems discussed earlier, they nevertheless reinforce the need for additional work on improved socket weld design, corrosion fatigue testing of stainless steels other than wrought Types
304 and 316, and improved fatigue design methods. The panel’s scores suggest that the need for
this additional fatigue work is greater for the RCS piping systems than for the ECCS piping systems but it is considered likely that the desirable RCS-related work-scope would have to be expanded only slightly to address the needs of the ECCS piping.
The nickel-base weld metals are also known to be susceptible to a form of fracture resistance reduction known as LTCP (Low Temperature Crack Propagation – see Topical Report B.13 in Appendix B for a brief review of this phenomenon) so LTCP was assessed for subgroups 18.13,
19.10 and 22.8. Two, two and three panel members chose to score LTCP for these subgroups
and their low-to-medium susceptibility scores and low-to-medium knowledge scores resulted in
“low-knowledge orange” color coding shown in the fracture resistance column in Table 3-8.
Some additional testing and assessment activities are desirable to determine whether the conditions required for LTCP actually exist for plant components – LTCP has already been ruled out
for all phases of nuclear plant operation except for cool-down and startup.
Alloys 82 and 182 are considered to be at least as resistant to the external service environment as
Types 308 and 309 so, for external SCC and pitting, the panel considers that the “highknowledge yellow” color coding established for the stainless steel weld metals also applies to the
nickel-base alloy weld metals. In addition, the LTCP mechanism of reduction of fracture resistance discussed above has been raised as a potential external degradation mechanism for Alloy
182/82 dissimilar metal welds (subgroup 18.8). This possibility was raised by one of the panel
members as part of his final assessment and has not yet been discussed with (or scored by) the
other panel members. At present, this mechanism is scored medium on both susceptibility and
knowledge and therefore is color-coded red. A brief review of the literature should be conducted
to determine whether or not this is appropriate.
The inclusion of the nickel-base alloy weld metals (Alloys 182 and 82) in the dissimilar metal
weld subgroups 18.8, 18.13, 19.10 and 22.8 adds three red cells to the stress-corrosion cracking
column in Table 3-8 and also adds an additional fracture resistance reduction mechanism. As
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already discussed in the RCS section, Alloy 600 and its weld metals are well known to be susceptible to stress corrosion cracking in high-temperature primary water and in recent years several plant components have cracked in service, leading to coolant leakage and raising concerns
about the integrity of the primary pressure boundary. Accordingly, the panel’s susceptibility
scores for the high-temperature subgroups (18.13, 19.10 and 22.8) are all high and their knowledge scores are all low-to-medium resulting in the red color-coding. A substantial industry program is underway to address this degradation issue and, as a result, it is anticipated that knowledge will improve substantially during the next few years, allowing the development and deployment of effective issue management programs.
3.2.2.2 Containment Penetrations for Process Piping
The panel reviewed a number of containment penetration designs and grouped similar parts into
17 subgroups for evaluation purposes. Table 3-9provides a summary of the results of the susceptibility/knowledge assessment. The panel considers seven forms of degradation to be possible
for the pertinent combinations of materials and service conditions. These are crevice corrosion,
flow-assisted corrosion, fatigue, general corrosion, microbiologically-induced corrosion, pitting,
and stress-corrosion cracking. Apart from flow-assisted corrosion, all of these degradation
mechanisms are possible for all 17 containment penetration subgroups. However, all but two of
the 104 colored cells in Table 3-9are color-coded green or yellow and there are far more green
cells than yellow cells in the table. This indicates that the panel has very little concern about
significant degradation of these components in the future and believes that the designers did a
very good job of anticipating, and designing around, most of the potential degradation mechanisms.
Apart from the two orange cells, the panel’s susceptibility scores are either low or very low for
all cells and their knowledge scores are all high. The combination of very-low susceptibility
scores and high knowledge scores results in the large number of green cells seen in Table 3-9
and all of the yellow cells in the table are “high-knowledge yellows” corresponding to lowsusceptibility/high knowledge scores.
The panel’s scores for the orange cell in the flow-assisted corrosion column are medium for susceptibility and high for knowledge so this is a “high-knowledge orange” cell implying that the
potential degradation mode should be easily manageable. However, the scores for the orange
cell in the fatigue column make it (marginally) a “low-knowledge orange” case. This external
degradation mode was identified by one of the panel members as part of his final assessment input and has not yet been discussed with (or scored by) the other panel members. Any increase in
the knowledge score would change the color coding to “high-knowledge yellow” which would
be more consistent with the results of the Panel’s other assessments of external fatigue damage
of carbon steel parts.
3.2.3

Steam and Power Conversion Systems

Table 3-10 provides a summary of the elicitation results for the steam and power conversion systems, which include the main steam, main feedwater, auxiliary feedwater and steam generator
blowdown systems. The “typical PWR” system descriptions used for the vulnerability assessments identified 89 parts in the main steam system, 56 parts in the main feedwater system, 45
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parts in the auxiliary feedwater system and 55 parts in the steam generator blowdown system.
Carbon steels were used for all but three of these parts – low-alloy steel steam generator nozzles
were included in the parts list for the main steam and feedwater systems and the main feedwater
parts list also identified an Alloy 690 elbow/safe-end. As indicated in Table 3-10, the panel
grouped the parts for each system into 2 to 4 subgroups to separate the assessments of external
and internal degradation mechanisms and of different types of materials.
Less than 20% of the cells in Table 3-10are colored, indicating that, in the panel’s view, the predominantly carbon steel piping components and weldments which make up these systems are not
vulnerable to many forms of degradation under the anticipated service conditions. The small
number of orange cells combined with the complete absence of red cells also is noteworthy and
indicates that, for those combinations of subgroup and mechanism where damage is possible, the
panel generally considers the susceptibility to be low. The four orange cells are associated with
flow-assisted corrosion and fatigue, both of which have caused field failures in these systems in
the past. However, the panel’s average knowledge scores for these cells (and for all other colored cells) were medium-to-high indicating that, in their judgment, all of the potential degradation mechanisms in these three systems are well enough understood to allow the development
and implementation of effective degradation management programs (most, if not all of which are
already in place).
A brief system-by-system discussion of the elicitation results is presented below--additional details can be found in Appendices D and E.
3.2.3.1 Main Steam Line
The main steam piping systems in U.S. PWRs are constructed mainly from carbon steels but
low-alloy steels are used for the steam generator nozzles. The external service environment is
containment/turbine-building air and, during power operation, the internal environment is dry
steam (<0.25% moisture) at about 550°F.
The panel judged that boric acid corrosion, pitting and stress corrosion cracking might be possible for both carbon steel and low-alloy steel in the external environment during shutdown or layup. However, significant degradation was thought to be unlikely because these degradation
mechanisms all require moisture and the external surfaces of the steam piping are at about 500°F
during power operation and therefore are dry for most of the time.
The degradation mechanisms judged by the panel to be possible for carbon steels under the internal service conditions were flow-assisted corrosion, fatigue and stress corrosion cracking. The
susceptibility scores for both fatigue and stress corrosion cracking generally were low and the
knowledge scores were moderate-to-high so these degradation modes were considered by the
panel to be manageable and not of high concern. The susceptibility score for flow-assisted corrosion was medium-to-high, making this the only orange cell in the part of Table 3-10related to
this system. However, in the panel’s view, the knowledge base is solid and flow-assisted corrosion will only become a significant issue for main steam piping if the existing issue-management
programs prove to be much less effective than anticipated.

64

PMDA PIRT Report
Section 3 – Rev. 1, June 2, 2005

Low-alloy steel components also are susceptible to flow-assisted corrosion and stress corrosion
cracking under the internal service conditions but here again, the panel’s combination of low
susceptibility scores with high knowledge scores indicates that the appearance in the future of an
unanticipated significant issue in this area is thought to be very unlikely.
3.2.3.2 Main and Auxiliary Feedwater Piping
The main and auxiliary feedwater piping systems are both fabricated mostly from carbon steel
and will therefore be discussed together in this section even though the auxiliary system operates
at much lower temperatures and flow rates than the main system.
External environments for main feedwater components include containment or valve-room air
and possible degradation mechanisms for carbon steel and low-alloy steel components include
fatigue, pitting and stress corrosion cracking. However, the panel’s susceptibility scores are low
and their knowledge scores are high, indicating that these degradation mechanisms should be
readily manageable. A similar situation exists for external degradation of carbon steel components in the auxiliary feedwater piping. Crevice corrosion, pitting and stress corrosion cracking
are judged to be possible but readily manageable.
The internal environment in the main feedwater system is demineralized water (pH 9-10) at
about 450°F and the degradation mechanisms of concern for carbon steel and low-alloy steel
components are stress corrosion cracking flow-assisted corrosion and fatigue. Stress corrosion
cracking received low susceptibility scores and high knowledge scores from the panel and is not
felt to be a significant concern for the future. However, both flow-assisted corrosion and fatigue
have caused main feedwater system failures in the past and both of these mechanisms were
scored medium-to-high on susceptibility and high on knowledge making them the only “orange”
cells for the feedwater systems. In both cases, the panel’s view is that, while significant degradation is possible, the knowledge base exists to develop effective management programs which
should make the likelihood that significant damage will occur very low.
The internal environment in the auxiliary feedwater system is condensate at about 100°F. Several degradation mechanisms were thought to be possible under these conditions (see Table 3-10)
but all received low susceptibility/high knowledge scores from the panel, indicating that they are
considered unlikely to cause significant problems provided the knowledge base is effectively applied.
The Alloy 690 forging at the steam generator end of the main feedwater system in the “typical”
plant was considered by the panel to be potentially susceptible to several forms of degradation
(see Table 3-10) but susceptibility scores were always low and knowledge scores were always
medium-to-high, indicating that unanticipated degradation of this component in the future is
unlikely. In other plants, this part may be made from other materials including Alloy 600, which
is more susceptible than Alloy 690 to some forms of degradation. The industry currently has a
mandatory effort underway to identify, by 2006, all applications of Alloy 600 and its weld metals
in all U.S. PWRs so this application, if it exists, will be included in future versions of the industry’s Alloy 600 degradation management program.
3.2.3.3 Steam Generator Blowdown Piping
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The final carbon steel piping system included in this set of Steam and Power Conversion systems
is the steam generator blowdown system. The external service environment for the piping in this
all-carbon-steel system is containment/valve room air and the internal service environment is
steam-saturated water at about 550°F except for the wet layup line, which contains demineralized
water at 60-100°F.
Degradation mechanisms from the outside considered by the panel to be possible were pitting,
stress corrosion cracking and, perhaps, microbiologically-induced corrosion (only for the wet
layup line). The panel scored all three of these mechanisms low on susceptibility and high on
knowledge, indicating that the information needed for effective issue management is available.
The internal degradation mechanisms considered possible by the panel in the high-temperature
parts of the system were flow-assisted corrosion, fatigue and stress corrosion cracking. Flowassisted corrosion was scored moderately high on susceptibility and high on knowledge (“highknowledge orange” color code) and the other two degradation mechanisms were scored high on
knowledge and low-to-medium on susceptibility (“high-knowledge yellow” color code). Thus
the panel believes that the information needed to manage all three of these degradation modes
effectively in the future is already available.
The internal degradation mechanisms considered possible in the wet layup line include flowassisted corrosion, microbiologically-induced corrosion, pitting and stress corrosion cracking.
All four degradation mechanisms were scored high on knowledge and low or medium on susceptibility (i.e., “high-knowledge yellow” and “high-knowledge orange” color codes) indicating
that, in the panel’s view, effective issue management programs can be developed based on available information.
3.2.4

Support and Auxiliary Systems

Four Support and Auxiliary Systems were included in the panel’s vulnerability assessment,
namely the Service Water System, the Chemical and Volume Control System, the component
Cooling Water System and the Spent Fuel Pool. As there are some significant differences with
regard to materials and service conditions, the assessment results for the four systems are discussed separately below.
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3.2.4.1 Service Water System (SWS)
Table 3-11 summarizes the results of the panel’s assessment of the vulnerability of the SWS to
materials degradation. The SWS consists of a substantial number of carbon steel piping components which were divided into eight subgroups (28.1, 28.2, 28.3, 28.4 29.1, 29.2, 30.1 and 30.2)
for the assessment, mainly to allow separate assessments of different internal and external service environments. The SWS provides the cooling for the component cooling system via a heat
exchanger, the shell and tubesheets of which usually are also made of carbon steel. In the case of
the “typical” plant, the heat-exchanger tubing is brass, but stainless steel and copper-nickel tubes
are known to be used in other plants and these materials were included in the assessment via
subgroups 29.5 and 29.6.
Two different types of external environments exist for the SWS piping. The first is auxiliary
building/valve room/containment air. The panel considers three types of degradation of carbon
steel to be possible in this environment, namely microbiologically-induced corrosion, pitting and
stress corrosion cracking. The panel’s susceptibility scores for these types of degradation are all
low or very low and the knowledge scores are all high. As a result, the color codes in the rows
for subgroups 28.1, 29.1 and 30.1 in Table 3-11 are all green or “high-knowledge yellow”. The
second type of external environment is associated with buried piping and is basically soil and c
cathodic protection is used to reduce the susceptibility to corrosive attack. As seen in the subgroup 28.2 row in Table 3-11 the panel considers six types of degradation to be possible under
these conditions, assuming that the cathodic protection system is operated properly. The panel’s
susceptibility scores are medium for all of these forms of degradation except for flow-assisted
corrosion which is scored high. All of the knowledge scores are high so the subgroup 28.2 row
in Table 3-11contains five “high-knowledge yellow” cells and one “high-level orange”. Evidently, the panel considers that enough information is available to allow for effective management of all possible external degradation modes for the SWS piping.
Two different types of internal environments also exist for SWS piping, pond (raw) water and
seawater, at <100°F in both cases. In the seawater case (subgroup 28.4) the degradation mechanisms of concern to the panel are crevice corrosion, microbiologically-induced corrosion and pitting. The panel’s susceptibility scores are medium-to-high for all three mechanisms and their
knowledge scores are high for both crevice corrosion and pitting. Consequently, these two degradation mechanisms are color-coded “high-knowledge orange” in the subgroup 28.4 row of Table 3-11. However, the panel’s knowledge score for microbiologically-induced corrosion is only
medium so this becomes the only red cell in Table 3-11. (Any improvement in knowledge,
which could perhaps be achieved via a modest study of the experience of seaside plants and basis
of their management programs for this mode of degradation, would move this cell into the “highknowledge orange” category.) Our “typical” PWR and many other U.S. plants use pond water in
the SWS. The panel considers a total of eight forms of degradation to be possible for carbon
steels in pond water (for details, see the rows for subgroups 28.3, 29.2, 29.4 and 30.2 in Table 311.) However, the panel’s knowledge scores are high in all cases and their susceptibility scores
range from very low to medium so the pertinent cells in Table 3-10 are all colored either green,
high-knowledge yellow or high-knowledge orange. It is noteworthy that the three orange cells
here are all for microbiologically-induced corrosion. Its knowledge scores are all high, so the
panel is indicating the existence of an opportunity to reduce the susceptibility to this form of deg-
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radation by using the existing knowledge base to develop new, more effective issue-management
programs.
Three types of Component Cooling Water (CCW) heat exchanger tubing were evaluated by the
panel, brass (used in the “typical” plant), stainless steel and copper-nickel. Brass is used only
when pond water is used in the SWS whereas the other materials can be used with pond water or
seawater. All three tubing materials are adequately resistant to degradation in CCW water provided the pertinent water chemistry guidance is followed, so this discussion is limited to degradation from the outer (SWS) side of the tubes. As can be seen by examining the rows for subgroups 29.3 (brass), 29.6 (copper-nickel), and 29.5 (stainless steel) in Table 3-11, the panel considers that four modes of degradation are possible for each type of tubing material. However, the
panel’s knowledge scores are high in all cases and all but one of their susceptibility scores are
low, resulting in “high-knowledge yellow” color coding for all but one of the pertinent cells.
The exception is the cell for pitting of brass tubing for which the panel’s susceptibility score is
medium, resulting in a “high-knowledge orange” color coding for this degradation mode. As
was the case in the previous paragraph, the panel’s scores indicate the existence of an opportunity to reduce the susceptibility to this form of degradation by using the existing knowledge base
to develop new, more effective issue-management programs.
Overall, the panel is not very concerned about serious degradation issues emerging in the SWS in
the future because it considers the existing knowledge to be adequate for the development of
highly-effective degradation management programs, many of which are already in place.
3.2.4.2 Chemical and Volume Control System (CVCS)
Ten CVCS piping systems were included in the panel’s assessment and these are listed in Table
3-12 (PWR Groups 31 through 40). In the “typical” PWR studied by the panel, each of these
systems consisted of a substantial number of parts, most of which were made of stainless steel.
Other materials found in these systems were carbon steels used for heat exchanger shell, nozzles
and fittings and a variety of higher strength bolting materials. As indicated in Table 3-12, the
panel grouped the parts for each system into 6 to 12 subgroups for assessment purposes. The
objective was to separate external from internal degradation mechanisms and to allow different
categories of stainless steels (i.e., wrought, forged, cast, weld metals, etc.) and different types of
materials (i.e., stainless steels, carbon steels, bolting materials) to be assessed separately.
Table 3-12 provides a summary of the elicitation results for the ten CVCS piping systems. It is
clearly apparent in the table that the panel’s assessments of the vulnerabilities of the different
piping systems have many similarities, which is not surprising since many subgroups for different systems contain parts made from the same materials that are exposed to similar service conditions. To avoid a repetitive discussion, all the CVCS piping systems are discussed together
below – system-specific amplifications and clarifications are included where necessary.
The external environment for all the CVCS piping subgroups is either containment air or auxiliary building air and the external degradation mechanisms that the panel considers to be possible
for the stainless parts are pitting and stress corrosion cracking, the latter generally being initiated
by the former. Moisture and chloride ions are prerequisites for these forms of attack. Moisture
is likely to be present on all the external piping surfaces during outages and layup and its pres68
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ence is also possible during power operation for all parts for which the temperature of the external surface does not exceed 212ºF. (Most of the CVCS piping systems contain some lowtemperature parts which meet this criterion for at least some of the time.) Chloride contamination of the piping outer surface is possible (via aerosol transport into the containment and auxiliary buildings) and is expected to be most severe for seaside plants and to increase with time for
all plants. The panel rated the susceptibility to external damage due to pitting or stress corrosion
cracking as low for all CVCS stainless steel piping system subgroups. In addition, they rated the
state of knowledge of these forms of attack as high, so all of the pertinent cells in Table 3-12 are
color-coded “high-knowledge yellow”. For the CVCS piping systems, external degradation of
stainless steel components is only likely to be a significant issue in the future if the existing
knowledge base is not effectively utilized in plant maintenance programs.
The internal environment for the CVCS piping groups and subgroups is PWR primary water at
temperatures between 115ºF and 600ºF. For the materials used in the “typical” plant, the internal
degradation mechanisms that the panel considers to be of concern are boric acid corrosion (only
for bolting materials), crevice corrosion (only for subgroup 33.7), general corrosion (only for
bolting materials at high temperatures), stress corrosion cracking, fatigue, microbiologicallyinduced corrosion (only for subgroup 33.7) and reduction of fracture resistance.
The panel’s susceptibility scores for boric acid corrosion, crevice corrosion, general corrosion
and microbiologically-induced corrosion are all very low or low and their knowledge scores are
all high. Therefore, the cells pertinent to these forms of corrosion damage are all color-coded
“no-problem green” or “high-knowledge yellow” in Table 3-12 indicating that the knowledge
base on these forms of damage is adequate to allow the definition of effective degradationmanagement programs.
The panel considers four types of materials to be potentially susceptible to reduction of fracture
resistance, cast stainless steels, as-welded stainless steel weld metals, stainless steel weld heataffected zones, and high-strength bolting materials. The 2-phase stainless steels (i.e. cast
stainless steels such as CF8 and CF8M and “as-welded” Type 308/309 weld metals) are susceptible to embrittlement associated with microstructural changes resulting from thermal aging,
which is only likely in the higher temperature regions of the CVCS. The panel’s susceptibility
scores are very low for cast materials and low for weld metals and their knowledge scores are
medium-to-high for both cast materials and weld metals. Accordingly, the two cast stainless
steel cells in the reduction of fracture resistance column in Table 3-12 are color-coded “noproblem green” whereas the cells for weld metals are mostly “high-knowledge yellows”. (In the
RCS piping discussion, a need was identified for additional in-environment fracture resistance
testing on as-welded Type 308/309 weld metals – this need is less obvious here.) The panel’s
scores for the stainless steel HAZs are all low or very low but their average knowledge scores
range from low-medium to high suggesting that more in-environment tearing resistance and fastfracture tests on HAZ materials are needed. Finally, the panel scores for bolting materials are
low or very low for susceptibility and high for knowledge so the associated cells in the fracture
resistance column of Table 3-12 are all color-coded either “no-problem green or “highknowledge yellow”.
Based mainly on the results of laboratory tests, essentially all of the CVCS subgroups are considered by the panel to be potentially susceptible to stress corrosion cracking under the internal
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conditions to which the components are exposed during power operation. The panel’s susceptibility scores are low (higher temperature parts) or very low (lower temperature parts) and the
knowledge scores are medium-to-high for all cases except for the cell in subgroup 31.12 which is
scored a little lower on knowledge because of the absence of laboratory test data for the flangeretaining bolt material. As a result, the stress corrosion cracking cells in Table 3-12 consist of a
mixture of “no-problem greens” (most of the low-temperature parts), “high-knowledge yellows”
(most of the high-temperature parts) and one “low-knowledge orange” (for the cell in subgroup
31.12). Thus, for the most part, the knowledge base required to effectively manage stresscorrosion cracking in the CVCS is already available. Of course, the additional stress corrosion
cracking tests suggested in the RCS and ECCS parts of this discussion would provide an even
better basis for the development of next-generation degradation management programs for the
CVCS.
The panel considers almost all of the CVCS subgroups to be potentially susceptible to fatigue
cracking originating from the inside surface. For the most part, field experience has been good
and therefore the panel’s susceptibility scores generally range from very low to medium. However, field failures have been observed in small-diameter socket welds so the panel’s susceptibility scores are medium-to-high for all socket weld subgroups. This, in combination with the
panel’s low-to-medium knowledge scores, results in nine red cells for socket welds in the fatigue
column of Table 3-12. (These are the only red cells in Table 3-12.) The remaining fatigue cells
in Table 3-12 are a mixture of “no-problem greens” and “high-knowledge yellows” for the lowtemperature parts, and of “high-knowledge yellows” and “low-knowledge oranges” for the hightemperature parts. While the results of the fatigue assessment are less troubling for the CVCS
than for the RCS piping systems discussed earlier, they nevertheless reinforce the need for additional work on improved socket weld design, additional corrosion fatigue testing of stainless
steels other than wrought Types 304 and 316, and improved fatigue design methods. The panel’s
scores suggest that the need for this additional fatigue work is greater for the RCS piping systems
than for the CVCS but it is considered likely that the desirable RCS-related work-scope would
have to be expanded only slightly to address the needs of the CVCS.
3.2.4.3 Component Cooling Water System (CCWS)
Table 3-13 summarizes the results of the vulnerability assessment of the CCWS. It is immediately apparent from the color coding that, although this system is vulnerable to a fairly broad
range of degradation mechanisms (8 columns have colored cells in them) the panel is not very
concerned that any of these degradation modes will lead to a major degradation issue (there are
no red or orange cells, only greens and yellows).
The CCWS is a fairly complex piping system fabricated from a substantial number of carbon and
low-alloy steel parts. In addition to piping components, this system includes low-alloy steel
valves, a carbon steel surge tank, a cast iron pump casing, and a carbon steel flexible hose. The
parts were divided into 30 subgroups for assessment purposes, mostly to separate external and
internal degradation mechanisms and to segregate different types of parts (e.g., elbows, fittings,
valve bodies, pump casing, tank components, etc.)
The external service environment for the CCWS is auxiliary building/containment air and, because the internal temperature is well below the boiling point of water, the presence of moisture
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on external surfaces is quite likely, as is the presence of chloride ions (via aerosol transport), particularly for seaside plants. The panel considers six degradation mechanisms to be possible for
carbon and low-alloy steels under these conditions: crevice corrosion, fatigue, general corrosion,
microbiologically-induced corrosion, pitting and stress corrosion cracking. The panel’s susceptibility scores for all six mechanisms are very low in all cases and their knowledge scores are all
high. As a result, all the colored cells in the rows in Table 3-13 corresponding to the external
degradation subgroups (i.e., subgroups 41.1, 42.1, 43.1 and 44.1) are colored green, indicating
that the knowledge required to effectively manage all six degradation mechanisms is already
available and that, most likely, appropriate materials degradation management programs are already in place.
The internal service environment for the CCWS is treated water at 100-130°F. Although the
surge tank itself and some of the associated piping contain stagnant water, the flow rates in most
of the CCWS piping are fairly high. The panel considers that the six degradation modes discussed in the preceding paragraph also apply here plus flow-assisted corrosion and, perhaps,
fracture resistance reduction (which is only a concern for the cast iron pump casing). The
panel’s susceptibility scores for all eight mechanisms are either very low or low in all cases and
their knowledge scores are all high. As a result, the only color codes used in Table 3-13for internal degradation are “no-problem green” and “high-knowledge yellow”, again indicating that
the knowledge required to effectively manage all eight degradation mechanisms is already available and that, most likely, appropriate materials degradation management programs are already
in place for the CCWS.
3.2.4.4 Spent Fuel Pool
Table 3-14 summarizes the results of the vulnerability assessment of the spent fuel pool and its
cooling and cleaning piping systems (PWR Groups 45 through 47). It is immediately apparent
from the color coding in this table that, although this system is vulnerable to a fairly broad range
of degradation mechanisms (nine columns have colored cells in them) the panel is not very concerned that any of these degradation modes will lead to a major degradation issue (there are no
red or orange cells, only greens and yellows).
The spent fuel pool and its associated piping systems contain a substantial number of stainless
steel parts. In addition to piping components, these systems include the stainless steel fuel pool
liner, stainless steel fuel racks, “Boral” aluminum-alloy reactivity control panels (or “Boraflex”
silicone/boron composite panels in some plants) and the zirconium-alloy-clad fuel rods. The
parts were divided into 25 subgroups for assessment purposes, mainly to separate external and
internal degradation mechanisms, to segregate different types of parts (e.g., elbows, fittings,
valves, liner components, etc.) and to separate different types of materials (e.g., stainless steels
and zirconium alloys).
The external service environment for the fuel pool and its piping systems is fuel handling building/auxiliary building air and, in the case of the fuel pool liner, humid air plus gamma radiation.
Because the internal temperature is well below the boiling point of water, the presence of moisture is quite likely for all external surfaces, as is the presence of chloride ions (via aerosol transport) particularly for seaside plants. The panel considers six degradation mechanisms to be possible for stainless steels under these conditions: crevice corrosion, fatigue, general corrosion, mi71
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crobiologically-induced corrosion, pitting and stress corrosion cracking. The panel’s susceptibility scores for all six mechanisms are very low or low in all cases and their knowledge scores are
all high. As a result, all the colored cells in the rows in Table 3-14 corresponding to the external
degradation subgroups (i.e., subgroups 45.1, 46.1 and 47.7) are color-coded green or “highknowledge yellow”, indicating that the knowledge required to effectively manage all six degradation mechanisms is already available and that, most likely, appropriate degradation management programs are already in place.
The internal service environment for the spent fuel pool and its associated piping systems is oxygenated, borated water at 70-150°F and the flow rates in most of the piping are fairly low. The
panel considers that the six degradation modes discussed in the preceding paragraph also apply
here plus flow-assisted corrosion, galvanic corrosion and wear. The panel’s susceptibility scores
for all nine mechanisms are either very low or low in all cases and their knowledge scores are all
high. As a result, the only color codes used in Table 3-14 for internal degradation are “noproblem green” and “high-knowledge yellow”, again indicating that the knowledge required to
effectively manage all nine internal degradation mechanisms is already available and that, most
likely, appropriate materials degradation management programs are already in place.
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Table 3.2 Summary of Elicitation Results for the RCS – Piping Systems

Degradation Mechanism

Subgroup Description
BAC

Group 1:
1.1
1.2
1.3.1
1.3.2
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
Group 2:

2.1
2.2
2.3.1
2.3.2
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
Group 3:
3.1
3.2
3.3.1
3.3.2
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
Group 5:
5.1
5.2
5.3.1
5.3.2
5.4
5.5
5.6
Group 6:
6.1
6.2
6.3.1
6.3.2
6.4
6.5
6.6

CREEP

CREV

DEBOND

EC

FAC

Cold Leg Piping
SS External Surface
Wrought SS 304/316 Piping
SS 304 Piping HAZ
SS 316 Piping HAZ
Type 308 SS Weld
308/309 Dissimilar Weld - Int.
CASS CF8/CF8M Components
SS 304/308/316 Socket Welds
Forged 304/316 SS Nozzles
308/309 Dissimilar Weld - Ext.
CASS CF8/CF8M Piping
SS Clad Ferritic Piping
Crossover Leg Piping
SS External Surface
Wrought SS 304/316 Piping
SS 304 Piping HAZ
SS 316 Piping HAZ
Type 308 SS Weld
308/309 Dissimilar Weld - Int.
CASS CF8/CF8M Components
SS 304/308/316 Socket Welds
Forged 304/316 SS Nozzles
308/309 Dissimilar Weld - Ext.
CASS CF8/CF8M Piping
SS Clad Ferritic Piping
Hot Leg Piping
SS External Surface
Wrought SS 304/316 Piping
SS 304 Piping HAZ
SS 316 Piping HAZ
Type 308 SS Weld
308/309 Dissimilar Weld - Int.
CASS CF8/CF8M Components
SS 304/308/316 Socket Welds
Forged 304/316 SS Nozzles
308/309 Dissimilar Weld - Ext.
CASS CF8/CF8M Piping
SS Clad Ferritic Piping
Pressurizer Spray Piping
SS External Surface
Wrought SS 304/316 Piping
SS 304 Piping HAZ
SS 316 Piping HAZ
Type 308 SS Weld
Forged 304/316 SS Nozzles
304/308/316 Socket Welds
Pressurizer Surge Piping
SS External Surface
Wrought SS 304/316 Piping
SS 304 Piping HAZ
SS 316 Piping HAZ
Type 308 SS Weld
Forged 304/316 SS Nozzles
304/308/316 Socket Welds
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Table 3.2 (Cont’d)

Subgroup Description

Degradation Mechanism
BAC

Group 7:
7.1
7.2
7.3.1
7.3.2
7.4
7.5
7.6
Group 8:
8.1
8.2
8.3.1
8.3.2
8.4
8.5
Group 13:
13.1
13.2
13.3.1
13.3.2
13.4
13.5
13.6

CREEP

CREV

DEBOND

EC

FAC

Pressurizer Piping to PORVs
SS External Surface
SS 304/316 Piping (Stagnant)
SS 304 Piping HAZ (Stagnant)
SS 316 Piping HAZ (Stagnant)
Type 308 SS Weld (Stagnant)
Forged 304/316 Nozzles (Stagnant)
304/308 Socket Welds (Stagnant)
Pressurizer Piping to SRVs
SS External Surface
SS 304/316 Piping (Stagnant)
SS 304 Piping HAZ (Stagnant)
SS 316 Piping HAZ (Stagnant)
Type 308 SS Weld (Stagnant)
Forged 304/316 Nozzles (Stagnant)
Stop Valve Loop Bypass Piping
SS External Surface
Wrought 304/316 SS Piping
SS 304 Piping HAZ
SS 316 Piping HAZ
Type 308 SS Weld
CASS components
Forged 304/316 SS Nozzles
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Table 3.3 Summary of Elicitation Results for the RCS – Pressurizer

Degradation Mechanism

Subgroup Description
BAC

Group 4:
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10.1
4.10.2
4.11
4.12
4.13
4.14

CREEP

CREV

DEBOND

EC

FAC

Pressurizer
SS External Surface
Shell/Plates, Forgings, Welds
SS 308/309 Cladding
Wrought SS 304/316 - Int.
308/309 Dissimilar Welds - Int.
Alloy 82/182 Dissim. Welds - Int.
Forged Alloy 600 Nozzles
308/316 (CW) Heater Clad/Welds
SA-193 Gr B7 Manway Bolts
Type 304 SS HAZ
Type 316 SS HAZ
308/309 Dissimilar Weld - Ext.
Alloys 82/182 Dissim. Welds - Ext.
Forged 304/316 SS Nozzles
Alloy 600 (CW) Heater Clad/Welds
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Table 3.4 Summary of Elicitation Results for the RCS – Reactor Pressure Vessel

Degradation Mechanism

Subgroup Description
BAC

Group 10:
10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9
10.10
10.11
10.12

CREEP

CREV

DEBOND

EC

FAC

Reactor Pressure Vessel
SS External Surface
Shell/Plates, Forgings, Welds
Type 308/309 SS Clad/ Welds
308/309 Dissimilar Welds- Int.
Forged 304/316 SS Nozzles
SA-540 Gr B23 Closure Studs
CASS CF8 Components
Alloy 82/182 Dissim. Welds - Int.
Forged Alloy 600 Nozzles
304/308 CRDM Housing (Stagnant)
308/309 Dissimilar Welds - Ext.
Alloy 82/182 Dissim. Welds - Ext.
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Table 3.5 Summary of Elicitation Results for the RCS – Reactor Vessel Internals

Subgroup Description

Degradation Mechanism
BAC

Group 12:
12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9
12.10
12.11
12.12

CREEP

CREV

DEBOND

EC

FAC

Reactor Vessel Internals
304 SS Plates/Tubes (low fluence)
Type 304 SS HAZ (low fluence)
Type 308 SS Weld (low fluence)
Type 316 CW SS Comp (low fluence)
CASS Components
Type 304 SA SS Holdown Spring
High Strength Fasteners/Springs
304 SS Plates/Tubes (high fluence)
Type 304 SS HAZ (high fluence)
308 SS Weld Metal (high fluence)
316 CW SS Comp. (high fluence)
High Strength Bolts (high fluence)
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Table 3.6 Summary of Elicitation Results for the RCS – Reactor Coolant Pump

Degradation Mechanism

Subgroup Description
BAC

Group 9:
9.1
9.2
9.3
9.4
9.5
9.6

CREEP

CREV DEBOND

EC

FAC

Reactor Coolant Pump
SS External Surface
304/308/316 SS Components/Welds
High Strength Parts
Forged 304 SS Flange
CASS CF8 Components
SA-540 Gr. B24 Bolts
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Table 3.7 Summary of Elicitation Results for the RCS – Steam Generator

Subgroup Description

Degradation Mechanism
BAC

Group 11:
11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9
11.10
11.11
11.12
11.13
11.14
11.15
11.16
11.17
11.18
11.19
11.20
11.21
11.22
11.23

CREEP

CREV

DEBOND

EC

FAC

Steam Generator
SS External Surface
Shell/Plates, Forgings
LAS Nozzles/Welds
308/309 SS Chaneel Head Clad
Alloy 600 MA SG Tubes etc.
Alloy 600 MA SG Tubes Sec. Side
308/309 Dissimilar Welds - Int.
Forged 316 SS Nozzles
Alloy 600 Divider Plate
SA-553 Gr. A Manways
Alloy 52/82 Channel Head Clad
Alloy 600 TT SG Tubes etc.
Alloy 690 TT SG Tubes etc.
Alloy 600 TT SG Tubes Sec. Side
Alloy 690 TT SG Tubes Sec. Side
Alloy 82/182 Dissim. Welds - Int.
Type 308/309 Dissim. Welds - Ext.
Alloy 82/182 Dissim. Welds - Ext.
Alloy 690 Divider Plate
CS Drilled Hole TSP
SS Line Contact/Drilled Hole TSP
Alloy 600, SA Sensitized SG Tubes
Alloy 600, SA Sens. SG Tube Sec.
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Table 3.8 Summary of Elicitation Results for the Engineered Safety Features –
Emergency Core Cooling Systems
Degradation Mechanism

Subgroup Description
BAC

Group 14:
14.1
14.2
14.3
14.4
14.5
14.6
Group 15:
15.1
15.2
15.3
15.4
15.5
15.6
Group 16:
16.1
16.2
16.3
16.4
16.5
16,6
Group 17:
17.1
17.2
17.3
17.4
17.5
17.6
17.7
Group 18:
18.1
18.2
18.3
18.4
18.5
18.6
18.7
18.8
18.9
18.10.1
18.10.2
18.11
18.12
18.13
Group 19:
19.1
19.2
19.3
19.4
19.5
19.6
19.7

CREEP

CREV

DEBOND

EC

FAC

RWST Header Piping
SS External Surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Nozzles
Type 304 Socket Welds
CVCS Pump Suction Piping
SS External Surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Nozzles
Type 304 Socket Welds
SI Pump Suction Piping
SS External Surface
304/316 SS Piping (Stagnant)
Type 304/316 SS HAZ (Stagnant)
Type 308 SS Weld (Stagnant)
Forged 304/316 Nozzles (Stagnant)
304 Socket Welds (Stagnant)
RHR Pump Suction Piping
SS External Surface
304/316 SS Piping (Stagnant)
Type 304/316 SS HAZ (Stagnant)
Type 308 SS Weld (Stagnant)
CASS Components (Stagnant)
Forged 304/316 Nozzles (Stagnant)
304 Socket Welds (Stagnant)
Accumulator Piping to RCS Cold Leg
SS External Surface
304/316 SS Piping (Stagnant)
Type 304/316 SS HAZ (Stagnant)
Type 308 SS Weld (Stagnant)
308/309, 82/182 Dis. Weld - Int.
Forged 304/316 Nozzles (Stagnant)
Type 304 Socket Welds (Stagnant)
308/309, 82/182 Dis. Weld - Ext.
SS External Surfaces (High T/P)
Type 304 SS HAZ (High T/P)
Type 316 SS HAZ (High T/P.)
Type 308 SS Weld (High T/P)
Forged 304/316 Nozzles (Hi T/P)
308/309, 82/182 Dissim. Weld
SI/RHR Piping to RCS Hot Leg
SS External Surface
304/316 SS Piping (Stagnant)
Type 304/316 SS HAZ (Stagnant)
Type 308 SS Weld (Stagnant)
Forged 304/316 Nozzles (Stagnant)
Type 304 Socket Welds (Stagnant)
SS External Surfaces (High T/P)
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Table 3.8 (Cont’d)
Degradation Mechanism

Subgroup Description
BAC

Group 19:
19.8.1
19.8.2
19.9
19.10
19.11
Group 20:
20.1
20.2
20.3
20.4
20.5
20.6
Group 21:
21.1
21.2
21.3
21.4
21.5
21.6
Group 22:
22.1
22.2
22.3
22.4
22.5
22.6
22.7
22.8
Group 23:
23.1
23.2
23.3
23.4
23.5
23.6

CREEP

CREV

DEBOND

EC

FAC

SI/RHR Piping to RCS Hot Leg - Continued
Type 304 SS HAZ (High T/P)
Type 316 SS HAZ (High T/P)
Type 308 SS Weld (High T/P)
308/309, Alloy 82/182 Dissim. Weld
Forged 304/316 Nozzles (High T/P)
RHR Pump Discharge Piping
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Nozzles
Type 304 Socket Welds
RHR Piping to RCS Cold Leg
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Nozzles
Type 304 Socket Welds
CVCS Piping to RCS Cold Leg
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Type 308 SS Weld (High Temp.)
Forged 304/316 SS Nozzles
Type 304 Socket Welds
308/309, 82/182 Dissim. Weld
Safety Injection Pump Discharge Piping
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Nozzles
Type 304 Socket Welds
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Table 3.9 Summary of Elicitation Results for the Engineered Safety Features –
Containment Penetrations

Degradation Mechanism

Subgroup Description
BAC

Group 48:
48.1
48.2
48.3.1
48.3.2
48.4.1
48.4.2
48.5.1
48.5.2
48.6
48.7
48.8
48.9
48.10
48.11
48.12
48.13
48.14

CREEP

CREV

DEBOND

EC

FAC

Containment Penetrations for Process Piping
SS Type 304, LAS, CS Comp.
Type 304 Sleeve Dissim. Weld
Penetration Piping - Int.
Penetration Piping - Ext.
Type 304/316L Penet. Piping - Int.
Type 304/316L Penet. Piping - Ext.
SA106, GR.B Penet. Piping - Int.
SA106, GR.B Penet. Piping - Ext.
Penet. Piping and Dissim. Welds
Fluid Head
Component HAZ
Component Welds
Leak Chase Channel Plug
Flanges
Flange HAZ
Flange Welds
CS Bellows
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Table 3.10 Summary of Elicitation Results – Steam and Power Conversion Systems

Degradation Mechanism

Subgroup Description
BAC

Group 24:
24.1
24.2
24.3

Group 25:
25.1
25.2
25.3
25.4

CREEP

CREV

DEBOND

EC

FAC

Main Steam
CS/LAS External Surface
CS Components/Weldments
LAS Components

Main Feedwater System
CS External Surface
I-690 Forging/Weld/ HAZ Ext.
I-690 Forging/Weld/HAZ
CS Components/Weld/HAZ

Group 26: Auxiliary Feedwater System
26.1
26.2

Group 27:
27.1
27.2
27.3

CS Component/Weld/HAZ Ext.
CS Component/Weld/HAZ

Steam Generator Blowdown
CS Component/Weld/HAZ Ext.
CS Comp/Weld/HAZ (Sat. Water)
CS Comp/Weld/HAZ (Demin. Water)
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Table 3.11 Summary of Elicitation Results for Support and Auxiliary Systems –
Service Water System

Degradation Mechanism

Subgroup Description
BAC

Group 28:
28.1
28.2
28.3
28.4
Group 29:
29.1
29.2
29.3
29.4
29.5
29.6
Group 30:
30.1
30.2

CREEP

CREV

DEBOND

EC

FAC

Service Water Suction Piping from Pond
CS Comp/Weld/HAZ External Surface
CS Comp/Weld/HAZ Ext. (Buried)
CS Comp/Weld/HAZ (Pond)
CS Comp/Weld/HAZ (Lake/Sea)
Service Water Pump Discharge Piping
CS Comp/Weld/HAZ Ext.
CS Comp/Weld/HAZ (Pond)
CCW HX Copper Zinc tubes
CS CCW HX Shell and Tubesheets
CCW HX SS tubes
CCW HX Copper Nickel tubes
Service Water Piping Inside Containment
CS Comp/Weld/HAZ Ext.
CS Comp/Weld/HAZ (Pond)
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Table 3.12 Summary of Elicitation Results for Support and Auxiliary Systems –
Chemical and Volume Control System
Degradation Mechanism

Subgroup Description
BAC

Group 31:
31.1
31.2
31.3
31.4
31.5
31.6
31.7
31.8
31.9
31.10
31.11
31.12
Group 32:
32.1
32.2
32.3
32.4
32.5
32.6
Group 33:
33.1
33.2
33.3
33.4
33.5
33.6
33.7
Group 34:
34.1
34.2
34.3
34.4
34.5
34.6
34.7
34.8

CREEP

CREV

DEBOND

EC

FAC

CVCS Pump Piping to Crossover Leg Injection
SS External Surface
Wrought 304/316 SS Piping
Type 304/316 Piping HAZ
Type 308 SS Weld
Forged 304/316 SS Components
Type 304 SS Socket Welds
304/316 SS Piping (High T)
304/316 Piping HAZ (High T)
308 SS Weld (High T)
Forged 304/316Comp (High T)
304 SS Socket Welds (High T)
Flange Retaining Bolts
CVCS Normal Letdown Piping
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Components
Type 304 Socket Welds
CVCS Regenerative HX Piping to Letdown HX
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Components
Type 304 Socket Welds
CS Letdown HX Shell, Nozzles
CVCS Letdown HX Piping to VCT
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Components
Type 304 Socket Welds
SA193 Gr B16 or B7 Bolts
Studs SA453 Gr 660
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Table 3.12 Cont’d.
Group 35:
35.1
35.2
35.3
35.4
35.5
35.6
35.7
35.8
35.9
Group 36:
36.1
36.2
36.3
36.4
36.5
36.6
36.7
Group 37:
37.1
37.2
37.3
37.4
37.5
37.6
37.7
Group 38:
38.1
38.2
38.3
38.4
38.5
38.6
Group 39:
39.1
39.2
39.3
39.4
39.5
39.6
39.7
Group 40:
40.1
40.2
40.3
40.4
40.5
40.6

CVCS Mixed Bed Piping to Filter
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 Components
Type 304 Socket Welds
SA193 Gr B7 Flange Bolts
CASS CF8 Components
Dissimilar Weld Ext.
CVCS VCT Piping to Charging Pump Suction
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 SS Components
SA193 Gr B7 Flange Bolts
CASS CF8 Components
CVCS Charging Pump Piping to Regenerative HX
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 Components
Type 304 Socket Welds
Flange SA193 Gr B7 Bolts
CVCS Regenerative HX Piping to Cold Leg
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 Components
Type 304 Socket Welds
CVCS Injection Filter Piping to RCP Seals
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 Components
Type 304 Socket Welds
Flange SA193 Gr. B16 Bolts
CVCS RCP Seal Return Piping to Filter
SS External surface
Wrought 304/316 SS Piping
Type 304/316 SS HAZ
Type 308 SS Weld
Forged 304/316 Components
Flange SA193 Gr. B16 Bolts
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Table 3.13 Summary of Elicitation Results for Support and Auxiliary Systems –
Component Cooling Water System
Degradation Mechanism

Subgroup Description
BAC

Group 41:
41.1
41.2
41.3
41.4
41.5
41.6
41.7
41.8
41.9
41.10
Group 42:
42.1
42.2
42.3
42.4
42.5
42.6
Group 43:
43.1
43.2
43.3
43.4
43.5
43.6
43.7
Group 44:
44.1
44.2
44.3
44.4
44.5
44.6
44.7

CREEP

CREV

DEBOND

EC

FAC

CCW Surge Tank Piping to CCW HX
CS/LAS External Surface
CS/LAS Elbows
CS/LAS Pipe Fittings
CS/LAS Valves
CS/LAS Piping
LAS Flanges
CS Surge Tank Components
SA285 Surge Tank Weld
Cast Iron CCW Pump Casing
CS CCW HX Nozzles
CCW HX Piping to RHR HX
CS/LAS External Surface
LAS Elbows
LAS Pipe Fittings
LAS Valves
LAS Piping
CS/LAS Lugs and Flanges
CCW Piping to Other Loads Outside Containment
CS/LAS External Surface
LAS Elbows
LAS Pipe Fittings
LAS Valves
LAS Piping
CS/LAS Flanges and Lugs
SA105, SA106 Sockolets
CCW Piping to RCPs Inside Containment
CS/LAS External Surface
LAS Elbows
LAS Pipe Fittings
LAS Valves
LAS Piping
LAS Flanges and Lugs
SA105 Flexible Hose
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Table 3.14 Summary of Elicitation Results for Support and Auxiliary Systems –
Spent Fuel Pool

Degradation Mechanism

Subgroup Description
BAC

Group 45:
45.1
45.2
45.3
45.4
45.5
45.6
45.7
45.8
45.9
45.10
45.11
Group 46:
46.1
46.2
46.3
46.4
46.5
46.6
46.7
Group 47:
47.1
47.2
47.3
47.4
47.5
47.6
47.7

CREEP

CREV

DEBOND

EC

FAC

Spent Fuel Pool Cooling Piping
SS or Type 304 External Surface
SS or Type 304 Ext. (Concrete)
SS or Type 304 Elbows
SS or Type 304 Pipe Fittings
SS or Type 304 Valves
SS or Type 304 Piping
SS or 304 Pipe Flanges and Lugs
SS or Type 304 Weldolet
SS SFP HX Comp. (tube side)
SS SFP Pump Components
SS SFP HX Comp. (shell side)
Spent Fuel Pool Cleaning Piping
SS or Type 304 Ext. Surface
SS Type 304/316 Elbows
SS Type 304/316 Pipe Fittings
SS Type 304/316 Valves
SS Type 304/316 Piping
SS Type 304/316 Flanges
SS Type 304/316 Mixed Bed
Spent Fuel Pool and Fuel Racks
SFP Type 304 SS Components
SFP Type 304 SS HAZ
SFPSS Welds
Aluminum Boral Panels
Zr- Alloy Fuel Assembly
SFP Floor SS Liner - Int. Surface
SFP Floor SS Liner - Ext. Surface
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3.3

Generic Materials Degradation and Life Management Issues

The focus of the materials degradation assessment in the previous sections has been on component-specific issues in current LWR designs. That is, material degradation-mode and component
combinations likely to give future concern in, for instance, the RCS, ECCS, secondary water and
service water systems in PWRs. There are, however, generic issues that have a wider significance when managing materials degradation. These generic issues and the associated research
needs for current LWR designs are discussed in this section in terms of: (a) the quantitative prediction of the rate at which damage is accumulated, (b) the criteria for component “failure”, and
(c) the reduction in margin with time between the extent of damage and the “failure” criterion. A
fourth vital component to the management scheme is the damage detection capability; this particular aspect was outside the scope of this PMDA. The interactions between these topics are illustrated schematically in Figure 3.5. For instance, damage, shown by the yellow region, increases with time and is shown here in a generally expected form of its rate increasing with time.
However, the damage, in general, may be linear, parabolic, stepwise, or some other functionality
depending on residual stresses, cyclic stresses, and changes in surface environments. Detection is
shown in Figure 3.5 as the red horizontal line although, in fact, it may well have a downward
slope since these detection capabilities may improve with time. Finally, “failure,” denoted by the
blue band in Figure 3.5, has several definitions as discussed later; in all cases, however, “failure”
may be associated with a specific extent of damage which may well, as illustrated, decrease with
operating time due, for instance, to time-dependent reductions in fracture resistance.

E xten t o f Damage

“Failure”

Damage

Detection
Time

t

Figure 3.5 Schematic variation of “damage” as a function of time, and its relation-ship to
damage “detection” and to component “failure”.

89

PMDA PIRT Report
Section 3 – Rev. 1, June 2, 2005

Damage

“Failure”
Time
Margin

Extent of Damage at time t

Figure 3.6 Probability vs. time based on schematic probability density functions for damage and failure. Margin is defined as the gap between the greatest value of the damage and
the least value of failure.
As illustrated in Figure 3.6, there are, at a given time, distributions in the amount of damage,
with the specific distribution depending on the degradation mode and the individual plant design
and operating conditions. Similarly there will be a distribution in the extent of damage required
to lead to “failure”; an ideal example of this would be the current reevaluation of the criteria for
PWR pressure vessel failure due to pressurized thermal shock, where a significant distribution in
damage criteria is associated with the distributions in the material, thermal hydraulic and stress
conditions. There will also be a distribution (not shown in Figure 3.6) in the probability of detection, which will vary with defect size, operator experience, etc. Margin is defined as the gap
between the greatest value of the damage distribution and the least value of failure criterion distribution. Thus, there will be an increasing probability of component failure over time as the tails
of the two distributions increasingly intersect.
An understanding of the changes and distributions of the parameters illustrated in Figures 3.5
and 3.6 is of importance from a management viewpoint, since it provides answers to questions
such as: “What is the margin between the current extent of damage and failure;” “How accurately is that margin being monitored;” “How fast is that margin being eroded with time” and,
ultimately, “How is the components’ functionality affected during normal operation, and what is
its capability to prevent design-basis accidents?” The answers to these questions are a measure of
the ability to manage proactively the material degradation issues.
In this discussion it is assumed that the reactor has been fabricated and is being operated under
conditions defined by current regulations, technical specifications and industry guidelines vis-avis materials degradation. Some deviations are expected, e.g., water chemistry transients during
plant operation, and these are within the discussion scope. However, gross deviations in system
conditions due to, for example, human error (safety culture) are not within the discussion scope.
This exclusion is significant, since many of the materials degradation problems that have occurred in the past have been attributed to this root cause and, unless there is a move to remedy
these culture issues, problems are likely to occur again. Past examples of materials degradation
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issues involving human error include delayed inspection (for instance, flow accelerated corrosion
at Mihama-3), lack of timely corrective actions (for instance, boric acid corrosion at Davis
Besse), fabrication errors (for instance, abusive grinding and its effect on cracking in BWR core
internals and piping systems), and gross, unexpected water chemistry excursions (for instance,
resins, thiosulphate, sea water, etc.) leading to localized damage such as stress corrosion cracking.
Damage Assessment
Many of the generic issues needing attention are associated with fatigue (including thermal, mechanical and environmental influences), stress corrosion cracking and boric acid corrosion, since
these dominate in the judgments of the PMDA panel. Items 1-5 discussed below refer to research
needs for situations where there is strong evidence that degradation might occur, but where there
is insufficient knowledge to manage the degradation over an extended time period. Item 6 addresses those situations where there is little current evidence of degradation in the plant, but conversely there is no knowledge to assess the likelihood of degradation in the future.
1. A quantitative treatment of the sequence of cracking damage accumulation due to localized corrosion (intergranular attack, pitting, etc.), microcrack initiation, crack coalescence, followed by “short” crack propagation. This sequence is well recognized (Figure
3.7), and was discussed in some detail in Section 2.5 in this report in terms of the initiation of
microcracks at, for instance, pits, intergranular corrosion sites or regions of surface cold
work, their coalescence to form a “single” short crack, followed by its acceleration and, in
some cases deceleration and arrest

Figure 3.7. Sequence of stochastic events of localized corrosion (e.g., pitting), crack initiation, coalescence and short crack growth, that are inherent to the definition of “engineering
crack initiation”[1].
During this time period the defects are of metallurgically significant dimensions but there is a
low probability of detection by commercial inspection methods. This sequence has been
quantified for systems peculiar to the gas pipeline industry but apart from a few isolated in91
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stances, (for example, some preliminary studies of corrosion fatigue crack initiation for carbon steels and stress corrosion cracking of stainless steels in BWR environments), these phenomena have not been quantified for the PWR systems of current interest.
This research is needed because it impacts on inspection and repair / replacement decisions.
2. A quantitative understanding of the “precursor” conditions required for the onset of
cracking after long times. In some cases the sequence of events illustrated in Figure 3.7
starts at the beginning in the life of the component. Such cases include the stress corrosion
cracking of sensitized and non-sensitized components in BWR environments; in PWRs stress
corrosion cracking at low potentials (LPSCC) starts at the beginning of life in tubing and piping. A further example could be flow accelerated corrosion of carbon steel components.

Figure 3.8 Schematic view of three cases for the time-dependence
of stress corrosion cracking. [See Appendix B-15]
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In contrast, in other systems some special conditions must develop first before conditions for
damage to start (2). Such cases are shown schematically in Figure 3.8.
Examples corresponding to Case 2 include stress corrosion cracking at tube supports in steam
generators with drilled hole tube supports. Here, before any cracking can occur, it is necessary that a localized chemistry accumulates which will support the cracking mechanism. A
similar example is the creation of corrosion products in the steam generator tubes/carbon
steel support plate sufficient to give rise to denting and the creation of stresses that will initiate stress corrosion cracks on the primary side of the tubes. The circumstances for Case 3 are
of special interest to the occurrence of damage such as SCC after very long “precursor”
times. Here, the precursor events might include the temperature dependent changes in composition (for example, chromium) at grain boundaries or on the bulk surface thereby producing chemistries more prone to stress corrosion cracking.
The quantification of such precursor events becomes of importance when attempting to predict future damage in structures in which damage has not yet been noted.
3. Physical interpretation of the statistical parameters associated with the distribution of initiation and propagation times. As discussed in Section 2.5 and in Appendix A, modes of
corrosion related degradation (stress corrosion, crevice corrosion, flow assisted corrosion,
etc.) are stochastic. This means, as discussed in some depth in reference 3, that, even under
ideally controlled conditions, the processes which control, for example, stress corrosion
cracking are inherently probabilistic owing to the many paths that are available for the initiation and propagation processes. The variability that arises out of the complexity of the sequential paths is intrinsic to the degradation mode. A further variability due to extrinsic
probabilistic factors arises out of uncontrolled variations in metallurgical chemistry and
structures as well as variations in local environments. Under these particular conditions the
degree of variability can be controlled, and this forms part of the discussion of “long crack
propagation” and the “adequate definition of the system parameters” discussed in items 4 and
5 below.
In general, statistical distributions that can describe corrosion processes have three parameters (3); the space parameter, the shape parameter, and the location parameter. The values of
these parameters are usually determined by fitting statistical distributions to data. The resulting distributions are often carried forward to predict the occurrence of failures at some longer
time.
Probabilistic interpretations of SCC provide a basis for rationalizing the occurrence of early
failures. Such early failures are often attributed to “bad heats” but are more likely part of the
natural probabilistic distribution of data.
In general, statistical distributions do not predict future degradation a priori since they are
mainly used to correlate data as it occurs. However, in predicting failures that may occur at
long times, it is desirable to develop some method for predicting the probabilistic nature of
failures at long times so that the early, or the first, failures, such as those at probabilities of
0.001 might be identified [See Appendix B.15].
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One approach to predicting early failures before they occur and before any probabilistic distribution is developed is to relate the statistical parameters to physical variables such as the
1/T dependence of SCC or the exponent of stress. This approach has been developed by
Staehle [See Appendices B.15 and B.19] and is illustrated by the data in Figure 3.7, which
have been taken from the indications of cracks of SG tubes in an operating SG during successive shutdowns
Thus, the quantification of the statistical parameters using physical variables provides a
means for developing probabilistic distributions that can be evaluated at longer times. This
provides a powerful tool for evaluating future performance and should be quantified.
.

Figure 3.9.Probability vs. equivalent full power years (EFPY) for failures of tubing
from a set of SGs in the Ringhals 4 PWR. Designations: TTS = “top of tube sheet.”
TS = “tubesheet.” Circ. SCC = “circumferential SCC.” P* = special location where
SCC is not serious. RT = “roll transition.” AVB = “antivibration bars” [See Appendix
B.19 and Ref. 4]
4. A review of the adequacy of quantitative life prediction models for “long (or deep)” crack
propagation. This need is an adjunct to item 1 above. Historically there has been a fairly
concentrated effort in this area arising out of the need for disposition relationships (i.e., crack
propagation rate vs. stress intensity algorithms) that are required once a crack has been detected and are key to the definition of subsequent inspection periodicities. These relationships
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may be founded upon a quantitative understanding of the mechanism of crack propagation or
on correlation functions based on an existing database from plant or laboratory experience.
There is a development need to evaluate the adequacy and completeness of such models necessary for disposition or inspection prioritization decisions (e.g., to assess if there are important elements missing). Examples of such needed development include:
•

Cracking of nickel-base alloys in PWR primary environments is a major current problem, as indicated above. Continued research emphasis is needed to provide an adequate quantitative understanding of all of the relevant variables. The majority of this
effort has been expended on developing empirical databases relevant to quantifying
and mitigating the problem. An increased amount of effort should be invested in arriving at a consensus on the cracking mechanism, which is likely to be different from
that relevant to austenitic alloys in BWRs. This capability would provide a powerful
base for predicting future degradation and formulating mitigation actions in a timely
manner, as illustrated by the development of mechanistic knowledge for cracking in
BWR systems.

•

Re-evaluation of the assumption of thresholds for environmental degradation to occur. Threshold values of various system parameters (stress intensity, corrosion potential, neutron fluence, etc.) are often quoted for the purpose of, for instance, setting
water chemistry specifications or for evaluating the likelihood of a given degradation
mode being possible. In the main, however, these values have been evaluated in
“separate effects tests” and are defined when the cracking resistance is “acceptable”,
without taking into account the fact that the majority (if not all) of these threshold
values in fact depend on the values of other parameters. There needs to be a reevaluation of this concept of “thresholds”, especially since the definition of “acceptable” cracking resistance may be changing with increased operating time (e.g., license
renewal) and changes in reactor operating modes (e.g., water chemistry, power
uprates, load following etc.).

5. Adequate definition of the “corrosion system” parameters that control the kinetics of environmentally assisted degradation. Once a prediction algorithm for the damage process, described in items 3 and 4 above, has been developed, its practical usefulness will depend
strongly on the adequate definition of the material, environment and, where relevant, stress
parameters (Figure 3.10). If this is not accomplished then a wide variability in predicted
damage is to be expected.
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Figure 3.10 Combinations of system parameters that may affect “deep” (i.e., >50100 µm) crack propagation in austenitic alloys in LWRs.
For instance in the case of stress corrosion cracking of BWR components, the crack propagation rate is a strong function of the corrosion potential, and if corrosion potential is not measured or calculated via knowledge of, e.g., oxidant activities, water flow rate and irradiation
flux, then there will be a distribution in the predicted and observed cracking data. This can be
assessed via a Monte Carlo analysis of the distribution of the corrosion potential values and
how this varies during plant operation. Similar analyses may be conducted for the other relevant system parameters indicated in Figure 3.10. This understanding has been crucial in the
development over the last 10 years of data quality control procedures, but it also points out
that there are significant gaps in our capability to adequately define the relevant system parameters. Examples of such shortcomings include:
•

Inadequacy of the definition of the tensile stress and its role in controlling crack
propagation. As discussed in Section 2.5, Appendix A and several topical reports in
Appendix B, the dominant effect of “stress” on cracking of most ductile structural alloys in LWRs is via the effective crack tip strain rate, and how this is defined in the
spectrum of values associated with creep (under constant load or displacement loading) and applied strain rates (under, for instance, fatigue loading). The algorithms describing the relationships between crack tip strain rate and the engineering parameters
(such as stress, strain, loading rate, etc.) are under constant development but, from a
practical viewpoint, the following concerns probably deserve enhanced attention:
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-

The effect of high R (ratio of minimum load to maximum load) ripple loading effects on environmentally assisted cracking, and its codification. As discussed in
the topical report on SCC of carbon and low alloy steels, such ripple loading can
significantly increase the crack propagation rates in oxidizing environments via its
effect of the crack tip strain rate. Similarly, ripple loading and high load ratio
unloading/reloading effects can accelerate growth rates in high alloy materials
(stainless steels and nickel alloys). Such accelerating factors must be understood
and accounted for.

-

The residual stress adjacent to welds has long been highlighted as the prime mechanical driving force for cracking in welded components. More recent research
indicates that it is the residual stress and strain profiles that are of importance.
This important nuance is not fully embraced in current failure analyses. In the
same vein, predictions of future cracking rely extensively on finite element analysis calculations of the residual stress profiles, especially for complex weld geometries. However, there is relatively little validation (against measurements on
“mock-ups”) of such calculated profiles and their expected distributions as a function of e.g. irradiation assisted relaxation, welding conditions (such as weld heat
input, degree of constraint, welding speed, part misalignment), or stress relief heat
treatment.
Weld repair is also known to be of significance (witness the implication of the
role of weld repairs on the incidence of IGSCC of nickel alloy weldments in PWR
primary piping systems). Quantification of these factors will have a marked effect
on the accuracy of the prediction of cracking under specific conjoint conditions of
material and environment.
Finally, in this category of residual stress analytical needs, there is the question of
predicting the adverse effect of surface cold work in accelerating crack behavior
in the region up to 100 µm below the surface; such an effect has been known for
decades spanning the effect of surface grinding on the IGSCC of BWR piping in
the 1970s to more recent examples in BWR core components. Preliminary analysis indicates that such effects may be predicted quantitatively merely by taking
into account the change in the residual stress profile, but such analyses should be
reexamined to account for other known changes, such as microstructurial changes
and increases in yield stress due to bulk cold work, which are known to independently alter the cracking susceptibility.
-

•

Characterization of thermal loads and flow-induced vibration, as seen in the
concerns in this assessment of the management of cracking at socket welds
and, in a future revision of this report, of BWR steam dryers.

Inadequacy of the definition of material conditions. Again it has long been recognized
that local material compositional changes due to fabrication and operational conditions can have a marked effect on the susceptibility to environmental degradation.
Examples include grain boundary sensitization during stress relief or welding opera-

97

PMDA PIRT Report
Section 3 – Rev. 1, June 2, 2005

tions, and subsequent low-temperature sensitization or irradiation-induced grain
boundary segregation during operation. The understanding of most of these phenomena is at quite a high level and gives support for the use of more resistant compositions (e.g., stabilized or L-grade stainless steels) and lays the groundwork for advanced approaches such as “engineered grain boundaries”. However in the PIRT assessments, concerns were expressed regarding the long-term degradation resistance
associated with some materials condition issues. These concerns include:

•

-

The kinetics of grain boundary composition changes of stainless steels under irradiation conditions, with special attention to silicon.

-

The specification of aluminum and nitrogen in low alloy steels that give rise to
dynamic strain aging that might have a deleterious effect on stress corrosion and
corrosion fatigue in oxidizing environments.

Inadequacy of the definition of environmental conditions. It is apparent from the discussions in the topical reports and Appendix A that a precise definition of the environmental conditions is required for any defensible prediction and management of the
various degradation modes. Such a definition depends on (a) knowledge of the global
environment via monitoring, (b) qualified algorithms to translate that definition for
monitored localities to unmonitored localities, and (c) prediction algorithms to define
the development of localized environments (which may be affected by, e.g., system
phase changes, changes in oxidizing conditions, heat transfer, etc.). All of these aspects have been researched in some depth over the last 25-30 years, and have led to a
justifiable definition of guidelines for water chemistry control in both PWRs and
BWRs. During this PIRT assessment, several issues were identified which indicated
that further research was merited in the areas of:
-

The definition of crevice chemistries in PWR steam generators, with special focus
on the presence of lead and low-valence sulfur combinations that may markedly
increase the stress corrosion cracking susceptibility of nickel base alloys, including thermally treated alloy 690.

-

The chemical environment in occluded regions such as the annulus between the
nickel-base alloy CRDM penetration tube and the low-alloy steel PWR pressure
vessel head. Extensive boric acid corrosion occurred in this region at Davis Besse
at rates that were not expected in this particular assembly geometry. Thus, there
is a need to determine the conditions under which such high rates of corrosion can
occur, especially with regard to the physical chemistry of concentrated boric acid
and the possible contributing effects of flow impingement. Boric acid corrosion
models are needed for geometries specific to PWR pressure vessel and pressurizer
penetrations.
-

The impact of bulk chemistry transients on changes in crack tip chemistry and
the resultant effect on the duration of increased cracking susceptibility. This is
of particular importance for e,g, chloride transients on the stress corrosion
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crack propagation rate in low-alloy steels in oxidizing environments, where
laboratory data show that the increase in susceptibility and the duration of the
effect is markedly greater than for sulfate transients.
It is noted that environmental transients are frequently associated with maintenance, operating or mechanical transients, and it is often difficult to separate
these transient contributions, especially the links between stress and environmental transients, including shutdowns and layups.
6. Completeness of identification of degradation modes. Numerous hypotheses have been
proposed over the last 30 years to identify, understand and predict environmental degradation
(and particularly environmentally assisted cracking) in LWR systems. However, there are
isolated incidences, either in the laboratory or in the plant, which challenge the belief that all
degradation mechanisms and modes are adequately identified and understood. Examples of
such degradation issues, which are significant in assessing the future degradation behavior of
reactor components, include:
•

The enhanced cracking susceptibility of some nickel-base alloys in hydrogenated water at temperatures below approximately 150oC. This is of concern since some of
these alloys are replacement alloys for 600/182/82 in PWR primary circuits. Nominally these effects are generally attributed to localized hydrogen embrittlement at a
pre-existing crack tip. However, the specific system conditions leading to this behavior, their relevance to LWR operations and their possible applicability to wrought
stainless steels or cast stainless steels have not been examined. The impact of these
observations to the fracture resistance of these materials is discussed later.

•

Review of the adequacy of current models of flow accelerated corrosion, especially
when combined with galvanic effects that might be associated with weldments.

•

Mechanisms of biological fouling and MIC in service water systems, which has, in
some circumstances, led to lack of functionality of vital service water systems.

•

The possibility that the presence of one degradation mode may promote susceptibility
to a further mode. An example of this is the hypothesis that absorption of hydrogen
during flow accelerated corrosion of a carbon steel component may increase the susceptibility of that component to cracking, especially if that component is cold worked.

•

Accumulation of apparently minor chemical impurities or microstructural changes
which may change the details of the accepted damage mechanism and, thereby, the
prediction of the rate of future damage of the targeted (or other) components. Examples of such concerns include;
-

The reasons for the observation (in isolated plant and laboratory experience) of an
intergranular cracking morphology for low alloy steel in high temperature water,
where both stress corrosion and fatigue cracks are usually transgranular. There is
a need to acquire such an understanding because intergranular cracking usually
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represents an increase in cracking susceptibility. Unless the reasons for the morphology change are known, then the disposition algorithms for transgranular
cracking cannot be considered conservative.
-

Depletion of chromium on the surface of Alloy 690 from exposure to high temperature water, which may promote crack initiation in this replacement alloy

-

The kinetics of the reduction of sulfate anions by hydrazine to sulfide anions,
which may promote cracking of steam generator alloys and other components
(e.g., turbine materials).

-

The effects of the changes in stress intensity factor with crack length (dK/da),
which occurs in essentially all components as cracks develop
-

The role of lead in promoting cracking of SG tubing alloys, understanding of
which is necessary for long-term acceptable management of steam generators

Failure Assessment
“Failure” may be defined by a range of metrics spanning catastrophic rupture of a pipe due to a
double-ended guillotine break initiated by propagating cracks to, at the other end of the spectrum, a relatively minor leak, which nonetheless exceeds the plants technical specifications or
regulatory criteria. “Failure” may also be attributed to the removal from service of a component
for safety reasons, even though that component may not be markedly degraded; an example of
this would be the plugging of steam generator tubes adjacent to a cracked tube in order “to be
safe”. Alternatively failure may be associated with adverse economic impacts due to inspection
requirements or the extensive plugging of steam generator tubes. Given this wide range in definitions of “failure”, spanning structural integrity to economics criteria, the expert panel confined
its scope to issues that would directly impact the regulated General Design Criteria discussed in
Section 1.1 and specifically (GDC-14) the “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”.
Within that remit, generic concerns raised during the PMDA panel discussions related to failure
assessment included:
•

Validity of J1c values measured in air compared to the values obtained in the operating aqueous environment. The decrease in fracture resistance with time for, for instance, low alloy pressure vessel steels and stainless steels exposed to fast neutron irradiation or duplex and cast stainless due to thermal decomposition of the delta ferrite
phase are well recognized. Of some concern is not only the scatter in these data, but
also the fact that the fracture resistance associated with surface breaking flaws can be
lowered when measured in water, especially when tested at reasonably slow strain
rates. This latter fact puts into question the validity of Jic or Kic values normally
quantified in air tests. The presumption here is that subcritical crack propagation is
occurring during the fracture mechanics test. Thus there is a need to clearly under-
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stand the physical meaning of Ji (J value at SCC initiation) and dJ/da (slope of J/R
curve) measured in an aqueous environment
•

Effect of dissolved H on fracture resistance of Ni-base alloys. As discussed in the
topical report on low temperature crack propagation and mentioned earlier in this section, higher chromium content nickel-base alloys may exhibit markedly lower fracture resistance values after they have been exposed to hydrogenated high temperature
water, and are tested at temperatures below 150oC at specific applied strain rates. The
mechanism for this embrittlement is still being evaluated, as is the relevance of these
conjoint conditions to operating conditions in the PWR primary system. Potentially
these findings are of importance since many of the replacement alloys may be affected by this phenomenon.

•

Extension of hydrogen embrittlement concerns to duplex stainless steels and thermally aged higher ferrite content CASS. Hydrogen embrittlement of ferritic steels at
low operating temperatures is a well-recognized and researched phenomenon. By
analogy with the preceding item on nickel alloys, it can hypothesized that there is a
synergy between hydrogen embrittlement and the embrittlement associated with
thermal decomposition of delta ferrite in cast stainless steels containing more than
20% ferrite and, potentially, with the lower ferrite content duplex stainless steels.

Margin Assessment
In order to effectively manage materials degradation it is necessary to have an adequate margin
between the distributions of the damage assessment and the failure criteria indicated schematically in Figure 1. A more defensible definition of that margin is needed than the classical “engineering judgment” where there is sometimes a lack of rigor with regard to input assumptions and
a failure to consider synergistic effects between the material, environment and stress conditions.
Two generic developments are therefore required: (1) a definition of an acceptable frequencyconsequence combination associated with loss of functionality due to degradation of the structural material, and (2) an adequate inspection/monitoring system that defines the current extent
of damage.
•

Incorporation of material degradation (aging effects) into probabilistic risk assessments (PRAs). There has been development and use of risk-informed regulations and
plant management operations for on-line maintenance, changing technical specifications or in-service inspection prioritization decisions. This places reliance on probabilistic risk assessments to assure that any changes in plant operation do not significantly increase the core damage frequency. Such assessments do not currently account for the fact that the material in safety-related and safety-significant components
may be undergoing degradation at a rate that changes with operational time. Incorporation of aging effects into PRAs has been discussed for almost a decade, and preliminary applications to, for instance, flow assisted corrosion have been made. Such
developments should be accelerated.
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A related issue that needs to be addressed is how to manage materials where no defects have yet occurred, but which we wish to remain in service for 60 years or more.
The classic example is that of Alloy 800 SG tubing, with one crack (mechanical defect) after 30 years of service. The problem is, therefore, how to provide proactive
management options other than to maintain good inspection practices, when there is
no reactor database, and only highly accelerated or aggressive laboratory test data
available.
•

Inspection capabilities. Evaluation of inspection capabilities was outside the scope
of this PMDA panel. However it is vital that there be adequate volumetric inspection
capabilities, especially for the complex geometries associated with reactor pressure
vessel and pressurizer penetrations. Validating these inspection techniques on realistic cracks and developing on-line crack detection and monitoring capabilities are important.
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4.

CONCLUSIONS
“It’s a capital mistake to theorise, before one has facts” from “Scandal in Bohemia”
Sir Arthur Conan Doyle (1859-1930)
“The great tragedy of science – the slaying of a beautiful hypothesis by an ugly fact,” from
“Collected Essays viii Biogenesis and Abiogenesis,” Thomas Henry Huxley (1825-1895)

The expert panel which conducted the Proactive Materials Degradation Assessment undertook
the following actions:
•

A detailed review of the design of a representative Westinghouse 4-loop PWR was made
on a component-by-component basis for the primary, secondary and some tertiary systems. Differences in materials of construction and component configuration between this
plant and other PWR designs were also reviewed.

•

An assessment of the materials degradation modes was made on the basis of laboratory
and plant operating experience worldwide, together with an evaluation of the prediction
capabilities (both theoretical and experiential) necessary for an assessment of future behavior.

•

The panel members collapsed their individual expert judgments to numerical indices of
the likelihood of failure, the confidence in this likelihood, and the existing knowledge
that is necessary for prediction of future degradation. The methodology for this process is
given in Section 2 of this report. This numerical output was supported by written comments to support the individual scores, and topical papers were included to describe the
“state of the art” associated with various degradation modes of prime concern.

•

This process lasted approximately one year and involved seven weeklong panel discussions at the NRC, with individual assessments being made by the expert panel members
in the intervening time.

Based on these actions the expert panel came to the following conclusions regarding both component-specific and generic issues associated with materials degradation in PWRs
4.1

Component-Specific Issues

Issues that were identified as requiring significant attention were those for which there was a
high likelihood of degradation (based on past and current experience) together with an insufficient knowledge base to mitigate future degradation before it presented an operational or safety
concern.
It should be emphasized that there were relatively few components satisfying this criterion and
that, although degradation modes were identified for the majority of the PWR components, these
were, in general, judged to be relatively minor in extent and were being adequately managed by,
for example, Aging Management Programs at the reactor sites. Moreover for many of those in105
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cidences where more severe degradation was predicted, it was noted that proactive management
plans were already in place both within the industry and NRC.
The analyses of materials degradation issues for passive, safety-related or safety-significant
components were divided between conditions involving full power operation and those associated with non steady state operations such as shut down and extended lay up.
4.1.1

Full power operation

Several component-specific issues were highlighted as meriting proactive management attention
since they satisfied the conjoint criteria of, (a) having a high likelihood of degradation and, (b)
insufficient knowledge to manage adequately the situation in the future.
In the PWR reactor coolant system under full-power conditions, these issues were
•

Stress corrosion cracking of Alloy 82/182 weldments throughout the primary system and
especially in the highest temperature components such as the pressurizer [Appendix B.6]

•

Stress corrosion cracking of Alloy 600MA or 600TT components, especially cold worked
material such as steam generator tube expansion transitions and small radius U-bends,
[Appendix B.7].

•

Corrosion of low alloy steel components in boric acid which has concentrated from primary water leaks, specifically in the annuli gaps between the Alloy 600 penetration tubes
and the low alloy steel reactor or pressurizer vessels [Appendix B.18]

•

Irradiation induced creep and stress corrosion cracking of austenitic stainless steels at irradiation levels >0.5 dpa, e.g. baffle bolts, and other high strength fasteners and swelling
at even higher doses [Appendix B.2 and B.9]

•

Fatigue due to unanticipated vibration and thermal fluctuations, e.g. socket welds, primary circuit T-junctions, baffle bolts after irradiation induced relaxation [Appendix B.14]

•

Environmental effects on fatigue of austenitic stainless steels and nickel alloys at low
electrochemical corrosion potentials [Appendix B.14] leading to cumulative usage factors
(CUF) greater than unity.

•

Progressive increase in surface deposition of chloride containing aerosols, especially at
marine sites, leading to increased incidence of chloride stress corrosion of stainless steel
components.

•

In addition to the above degradation modes that have been already experienced to a
greater or lesser extent in service, other potential vulnerabilities were identified (as discussed in Appendix B) on the basis of laboratory studies or other industrial experience, as
follows:
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•

Alloys 690, 52 and 152, while presenting increased resistance to IGSCC in PWR primary
water compared to Alloy 600, may not be entirely resistant over the long term, with concerns especially identified for the effects of processing variables (e.g. cold work, use of
mandrels) and possibly for weld heat affected zones. [Appendix B.7]

•

Stress corrosion cracking of severely cold worked stainless steels in PWR primary water,
e.g. immediately adjacent to the fusion line in some weld heat affected zones, pressurizer
heater cladding, cold bent elbows. [Appendix B.1]

•

Additional thermal fatigue loading in the primary circuit hotleg due to the increasing deployment of low leakage cores.

•

Secondary side degradation of steam generator tubes by species that may affect "more resistant" tubing materials, e.g., lead and low valence sulfur ions. [Appendix B.7]

•

Potential concerns related to end of fuel cycle chemistry, especially during cycle coastdown, if the concentration of boron is reduced below the minimum level, e.g., in the boiling crevices in the pressurizer.

In the PWR Emergency Core Cooling System, the issues requiring potential proactive management actions were far fewer, primarily because these systems operate, (apart from sections connected directly to the RCS cold and hot legs), at significantly lower temperatures than the RCS.
•

Fatigue of socket welds throughout the ECCS due to unanalyzed thermal loads and flow
assisted stress vibrations [Appendix B.14]

•

Stress corrosion cracking of dissimilar 82/182 weldments in piping connected to the RCS
cold leg of CE and B&W plant

•

Thermal fatigue in non-isolable deadlegs attached to the primary coolant circuit

In the PWR steam and power conversion systems primarily involving carbon and low alloy steel
components in steam, condensate or demineralized water, the degradation modes, such as flow
accelerated corrosion and fatigue, are understood well enough to judge that the need for proactive management actions is adequately recognized, although these may not always be implemented.
In the PWR support systems, comprised primarily of carbon steels, copper base alloys and
stainless steels in untreated and treated water or (for the CVCS lines) primary water, all at relatively low temperatures, the degradation modes, such as general corrosion, pitting, stress corrosion cracking, crevice corrosion and microbiologically- induced fouling and corrosion are somewhat understood on the basis of experience in the nuclear industry as well as other industries.
Failures here, however, can have significant impact on the functionality of the RCS components;
for instance, chloride contamination into the steam generator system due to turbine condenser
leakage, etc. In the opinion of the panel members, the following issues potentially merit additional proactive management attention:
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•

Microbiologically induced corrosion of carbon steels in service or untreated water, which
may lead to localized corrosion and penetration in vital systems due to pitting, fouling
and stress corrosion cracking. [Appendix B.16]

•

Pitting, crevice corrosion and stress corrosion cracking of underground carbon steel piping and rebar in concrete. [Appendix B.3]

•

Fatigue of socket welds throughout the support systems due to unanticipated flow accelerated stress vibrations.

Assessment of materials degradation in the PWR auxiliary systems, (with emphasis on the spent
fuel pool) concentrated on the potential degradation of stainless steels, aluminum and zirconium
alloys in highly borated water at relatively low temperatures. No issues requiring proactive attention were identified. However, there was an unanalyzed concern for possible stress corrosion
cracking on the outside of the spent fuel liner due to nitric acid generation from moist air and
gamma irradiation.
4.1.2

Non Steady State Conditions

Two issues were identified which could merit further study;

4.2

•

Premature failure by hydrogen embrittlement of nickel-base alloys, thermally aged
stainless steels and sensitized stainless steels in PWR primary water due to lowered fracture resistance and accelerated crack growth under temperature and strain rate conditions
that might exist (although not yet analyzed) during transient operating or severe accident
conditions. [Appendix B. 13]

•

Pitting and stress corrosion cracking of stainless steels due to external (chloride bearing)
condensed environments formed during extended lay up conditions [Appendix B.3]. This
is an extremely well known phenomenon, but the reason why it is highlighted here is that
this degradation mode is mitigated under specific chloride / silicate combinations (see
Reg Guide 1.36). Currently there is the possibility that, in order to mitigate the problem
of PWR sump screen blockage, some utilities might opt for removing calcium silicate
(CalSil) insulation. Although such an action may well lessen the sump screen blockage
problem, it may, without sufficient analysis, reintroduce the old problem of pitting and
transgranular stress corrosion cracking of stainless steel piping given the natural build-up
of chloride deposition to be expected from the ambient environment.
Generic Issues Not Related to Specific Components

These issues are fully discussed in Section 3.3. It is concluded that there are several topic areas
that cut across the component-specific issues covered in Section 4.1 and require further research.
The listing given below is undoubtedly incomplete but covers topics that were most often discussed at the panel meetings, and which were pertinent to achieving a proactive materials degra-
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dation management capability. The technical details behind these concerns are fully discussed in
Section 3.3.
These generic issues are divided between topics associated with, (a) damage assessment, (b) failure assessment and (c) the margin between the extent of damage and the failure criterion, which
will decrease with time.
4.2.1 Damage assessment
•

A quantitative treatment of the sequence of cracking damage accumulation due to
localized corrosion (intergranular attack, pitting, etc.), microcrack initiation, and
crack coalescence, followed by “short” crack propagation.

•

A quantitative understanding of the “precursor” conditions required for the first
stage of the sequential phenomena mentioned in the item above [Appendix B.15]. Examples would include the development of crevice chemistry to the point where stress
corrosion cracking can be observed in steam generator tube/ support sheets or the
long term development of specific grain boundary chemistries under thermal and/or
irradiation conditions.

•

Physical interpretation of the Weibull parameters associated with the distribution
of initiation times, [Appendix B.19] rather than relying solely on a reactive Bayesian
update of the early accumulation of damage.

•

A review of the adequacy of quantitative life prediction models for “long (or
deep)” crack propagation, [Appendix B.6, B.2, B.1, B.8] since these impact on the
adequacy of component inspection schedules.

•

Associated with the inputs to the item above is the need for an adequate definition of
the environment, material and, where applicable, stress parameters that control
the kinetics of environmentally-assisted degradation. Reduction in the epistemic uncertainties for these input parameters will decrease the unnecessary conservatism that
often has to be applied in disposition arguments.

•

Completeness of identification of degradation modes (e.g. stress corrosion cracking, boric acid corrosion, etc.). As discussed in Section 3.3 life predictions based on a
given degradation mode (e.g. stress corrosion cracking) may be non-conservative if
another degradation mode (e.g. flow accelerated corrosion) is introducing an aggravating component (e.g. excess hydrogen is introduced by FAC.)

4.2.2 Failure Assessment
•

Validity of J1c values measured in air compared to their operating aqueous
environment. It is common practice to ascribe fracture resistance values to a material
based on tests performed in air, when, in fact, those values may well be considerably
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altered when the fracture resistance evaluation is conducted in the LWR operating
environment at representative loading rates.
•

Effect of absorbed hydrogen on fracture toughness. Ni-base alloys, thermally
aged duplex cast stainless steels and sensitized stainless steels [Appendix B.13].
There is a considerable data base to indicate that the fracture resistance of certain
nickel base alloys is significantly reduced when the alloys have been pre-exposed to
high temperature hydrogenated water (e.g. PWR primary water) and are strained at
specific rates at lower temperatures. The detailed mechanism for this effect, and
therefore the capability to expand the prediction of such effects beyond the current
experience base, is not yet known, nor is the relevance of the critical strain rate/ temperature conditions to PWR operating conditions adequately defined. Given this lack
of knowledge, it must be assumed that similar concerns might be appropriate for
stainless steels.

•

Adequacy of current algorithms for fracture resistance associated with thermal aging of cast stainless steels, especially covering the full range of compositions [Appendix B.4]

4.2.3 Margin Assessment
•

Incorporation of material degradation (aging effects) into probabilistic risk assessments (PRAs). Risk-informed regulations and plant management operations have
been developed and used for, for example, on-line maintenance, changing technical
specifications or in-service inspection prioritization decisions. These developments
rely on probabilistic risk assessments to assure that any changes in plant operation do
not significantly increase the core damage frequency (CDF). Such assessments do not
currently account for the fact that the material in safety-related and safety-significant
components may be undergoing degradation at a rate that changes with operational
time. Incorporation of aging effects into PRAs has been discussed for almost a decade, and preliminary applications to, for instance, flow assisted corrosion have been
made. Such developments should be accelerated

•

Inspection capabilities. Discussion of this topic was outside the scope of the PMDA.
However it is vital that there be adequate volumetric inspection capabilities, especially for the complex geometries associated with reactor pressure vessel and pressurizer penetrations. Development of continuous in-situ monitoring capabilities will also
be required given the fact that the development of degradation may occur at changing
rates depending on the specific plant operating conditions.
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