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Abstract

An International Workshop on Steam Generator Tube Integrity in Nuclear
Power Plants, sponsored by the Committee on Nuclear Regulatory Activities
(CNRA) and the Committee on the Safety of Nuclear Installations (CSNI) of the
OECD-NEA, was held at Oak Brook (suburban Chicago), Illinois, on October 30-
November 2, 1995. The USNRC Office of Nuclear Regulatory Research served as
host. The objective of the workshop was to provide a working forum for the
exchange of information by contributing experts on current issues related to PWR
steam generator tube integrity. One hundred persons from 15 countries attended
the workshop, including 36 from regulatory and nuclear policy agencies, 28 from
research and development laboratories, 18 from nuclear vendors and consulting
firms, and 18 from electrical utilities.

The workshop opened with a plenary session; the first part of the session
covered international steam generator regulatory practices and issues, featuring
speakers from regulatory bodies in Belgium, France, Japan, Spain, and the United
States. In Part 2 of the plenary session, comprehensive technical overviews on
steam generator tubing degradation, inspection, and integrity were presented by
authorities in these fields from the United States, France, and Belgium. Parallel
working sessions on the second and third days of the workshop then developed
findings and recommendations in the areas of (1) tubing degradation, (2) tubing
inspection, (3) tubing integrity, (4) preventative and corrective measures, and
(5) operational aspects and risk analysis. On the final day of the workshop, the
working-session facilitators presented summaries of their sessions to the
workshop attendees.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
er'n.ployccs, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for .the accuracy, completeness, or usefulness of any information, apparatus, product, or
process d{sclosed, or represents that its use would not infringe privately owned r;ghts Rei‘cr—
ence herein to any specific commercial product, process, or service by trade name, trat.:lemark,
manufaf:turer, or otherwise does not necessarily constitute or imply its endorsen;ent, recom-
mendation, or favoring by the United States Government or any agency thereof. The views

anc! opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Executive Summary

An International Workshop on Steam Generator Tube Integrity in Nuclear
Power Plants, sponsored by the Committee on Nuclear Regulatory Activities
(CNRA) and the Committee on the Safety of Nuclear Installations (CSNI) of the
OECD-NEA, was held at Oak Brook (suburban Chicago), Illinois, on October 30-
November 2, 1995. Serving as host was the Office of Nuclear Regulatory Research
of the USNRC. The objective of the workshop was to provide a working forum for
the exchange of information by contributing experts on current issues related to
PWR steam generator tube integrity. One hundred persons from 15 countries
attended the workshop, including 36 from regulatory and nuclear policy agencies,
28 from research and development laboratories, 18 from nuclear vendors and
consulting firms, and 18 from electrical utilities.

The workshop opened with a plenary session; the first part of the session
covered international steam generator regulatory practices and issues, featuring
speakers from regulatory bodies in Belgium, France, Japan, Spain, and the United
States. In Part 2 of the plenary session, comprehensive technical overviews on
steam generator tubing degradation, inspection, and integrity were presented by
authorities in these fields from the United States, France, and Belgium. Parallel
working sessions on the second and third days of the workshop then developed
findings and recommendations in the areas of (1) tubing degradation, (2) tubing
inspection, (3) tubing integrity, (4) preventative and corrective measures, and
(5) operational aspects and risk analysis. On the final day of the workshop, the
working-session facilitators presented summaries of their sessions to the
workshop attendees. Extended versions of these summaries, which were
prepared by the facilitators subsequent to the workshop, are included in these
proceedings.

Several of the workshop sessions highlighted the need for more examinations
of pulled tubes and tube/tube support plate assemblies from operating and retired
steam generators. Such examinations were considered important from the
standpoint of better defining crevice chemistry conditions, providing improved
reference standards for NDE, providing prototypic flawed specimens for tube
integrity testing, and evaluating tubing repair techniques such as sleeving. Other
significant conclusions and recommendations include the following: (1) an
expanded data base on ODSCC crack initiation and growth rates is needed,
(2) techniques for determining and possibly monitoring crevice chemistries should
be developed, (3) a better understanding of the influence of local stress and strain
distributions on crack initiation and growth is needed, (4) international
cooperation on realistic "universal” samples should be pursued to develop
improved NDE techniques for flaw detection and sizing, particularly for
circumferential cracks, (5) improvements in data analysis are needed for current
voltage-based tube plugging criteria, (6) an international data base on tube pressure
and leakage tests and destructive examinations should be developed, (7) new
steam generator designs are generally well-designed to avoid known degradation
processes, (8) good sludge control is essential to preventing steam generator
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degradation, (9) qualification guidelines should be established for repair and
maintenance techniques, and (10) leakage monitoring is very important to
evaluating steam generator degradation and Improving operator response to a tube

rupture event.
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1 Introduction

Steam generator tubing has exhibited a wide variety of degradation
mechanisms. As a result, considerable effort has been expended in addressing the
safety and economic implications of these degradation processes. These efforts
have resulted in improved inspection techniques, the development of defect-
specific tube repair criteria, enhanced primary-to-secondary leakage monitoring
programs, and implementation of various preventative and corrective measures.
Nevertheless, steam generator tube integrity continues to be a major issue for
operators, vendors, and regulators of nuclear power plants, and efforts continue to
be directed at addressing issues related to steam generator tube integrity.

The present International Workshop on Steam Generator Tube Integrity in
Nuclear Power Plants, sponsored by the Committee on Nuclear Regulatory
Activities (CNRA) and the Committee on the Safety of Nuclear Installations (CSNI)
of the OECD Nuclear Energy Agency (NEA), was held at Oak Brook (suburban
Chicago), Illinois, on October 30-November 2, 1995. The USNRC Office of Nuclear
Regulatory Research served as host. The purpose of this workshop was to provide
a unique forum for the exchange of information on topics related to steam
generator tube integrity, with emphasis on regulatory and safety issues. One
hundred contributing experts from 15 countries were given the opportunity to
meet their counterparts from around the world to discuss regulatory and research
issues on this topic. The participants included 36 from regulatory and nuclear
policy agencies, 28 from research and development laboratories, 18 from nuclear
vendors and consulting firms, and 18 from electrical utilities.

The workshop opened with a plenary session on international steam generator
regulatory practices; Part 1 of this session covered regulatory practices and issues
and featured speakers from regulatory bodies in Belgium, France, Japan, Spain,
and the United States. In Part 2, comprehensive technical overviews on steam
generator tubing degradation, integrity, and inspection were presented by
authorities in these fields from the United States, France, and Belgium. Parallel
working sessions on the second and third days of the workshop then developed
findings and recommendations in the areas of (1) tubing degradation, (2) tubing
inspection, (3) tubing integrity, (4) preventative and corrective measures, and
(5) operational aspects and risk analysis. On the final day of the workshop, the
working-session facilitators presented summaries of their sessions to the
workshop attendees. Extended versions of these summaries, which were
prepared by the facilitators subsequent to the workshop, are included in these
proceedings.

These proceedings contain the eight plenary session papers presented at the
workshop, as well as the 22 technical papers presented in the working sessions.
Also included are summaries of the discussions in the working sessions and the
conclusions resulting from these sessions. A brief review and summary of some of
the major conclusions and recommendations resulting from the workshop is
included at the beginning of these proceedings.

1 NUREG/CP-0154




2 Workshop Overview and Summary
D. R. Diercks, Argonne National Laboratory

Working sessions were conducted in the areas of (1) tubing degradation,
(2) tubing inspection, (3) tubing integrity, (4) preventative and corrective
measures, and (5) operational aspects and risk analysis. Detailed summaries of the
conclusions from these working sessions, as prepared by the working session
facilitators, are presented in Sections 5 through 9 of these proceedings. A review
of these summaries makes it apparent that a number of significant issues and
concerns were raised that cut across the specific interests of the individual
working sessions. These include concerns about circumferential cracking, the
need for a better understanding of crevice chemistry conditions, the desirability of
additional pulled tubes, the need for improved NDE techniques for better flaw
detection and sizing, the need for more and better crack-growth-rate data, and the
importance of leakage monitoring. These common issues and concerns are
discussed in more detail here.

2.1 Circumferential Cracking

Session 1 on tube degradation noted that circumferential cracking of steam
generator tubes is potentially a major safety issue and that the occurrence of
circumferential outer diameter stress corrosion cracking (ODSCC), particularly
near the top of the tube sheet, is becoming increasingly common. In both Sessions
1 and 2, it was observed that circumferential cracks are often difficult to detect,
and that an unambiguous distinction between OD- and ID-initiated circumferential
cracks cannot always be made. The probability of detection appears to be higher
for ID-initiated circumferential cracks than for OD-initiated cracks, and the
French experience cited in Session 1 indicates that OD cracks can propagate
through =40% of the wall thickness before becoming detectable by rotating
pancake coil (RPC) eddy current technology (ECT). A median detection limit of
=~50% through-wall was suggested for RPC ECT technology in Session 2. There
was general agreement that conventional bobbin coil probes cannot detect
circumferential cracks, and that development of NDE techniques with inspection
speeds similar to bobbin coils but with improved circumferential crack detection
capabilities is an important need. It was suggested that ultrasonic technology (UT)
in conjunction with ECT appears to offer the best hope for the improved detection
of circumferential cracks.

In Session 3 on structural integrity, it was noted that there is no worldwide
uniform position on leaving tubes with circumferential cracks in service. Belgium
has implemented criteria for leaving tubes with circumferential cracks in the roll
transition zone (RTZ) above the tubesheet in service, and Canada permits some
circumferential cracks in the U-bends. As noted in Session 2, these criteria are
based on examinations of large numbers of pulled tubes in Belgium and the testing
of laboratory-generated cracked tubes in Canada. The regulatory bodies in other
countries generally require plugging of circumferentially cracked tubes upon
detection. In both Sessions 2 and 3, the need for the improved probability of
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detection and sizing of circumferential cracks was underscored. With this
capability, an improved basis for determining the serviceability of tubes with such
cracks could be developed.

2.2 Crevice Chemistry

In both Sessions 1 and 4, the need for developing improved characterization
of crevice chemistry conditions and an improved understanding of the influence of
crevice chemistry on stress corrosion cracking was considered in some detail. It
was noted in Session 1 that a better characterization of the local water chemistry
in crevices would permit more meaningful autoclave experiments on tube SCC to
be conducted with bulk water chemistries corresponding to those present in the
crevices. Additional studies on crevice chemistry were urged as a part of a larger
activity to better understand the mechanisms of SCC in steam generator tubes.

Participants in both Sessions 1 and 4 agreed that pulled tubes with intact tube
support plate crevices provide a very valuable resource for characterizing crevice
chemistry, but participants in both sessions noted that such tube pulls are
expensive and the number of samples available is limited. Instrumented model
boiler tests, ideally using a side-stream boiler connected directly to an operating
PWR, were proposed as another means for determining local crevice chemistry
conditions. The efforts of Jesse Lumsden at Rockwell International in using an
instrumented autoclave system to determine crevice chemistries were mentioned
in both Sessions 1 and 4. There was agreement that additional work is clearly
needed on the characterization of crevice water chemistries, and Session 4
participants noted that the present lack of knowledge of specific crevice
conditions makes it difficult to evaluate proposed water chemistry remedies.

2.3 Pulled Tubes

Discussions in Sessions 1 and 4 on the value of pulled tubes and tube/tube
support plate assemblies in assessing crevice water chemistry conditions were
mentioned above. Participants in Session 1 noted that in addition to the high cost
of such tube pulls, the opportunities for obtaining pulled tubes are generally
limited. A number of retired steam generators have already been lost with respect
to tube pulls because the units have been buried or otherwise disposed of.
Accessibility to retired units that have been placed in long-term storage is also
generally quite limited, and these units are not always laid up under conditions
that leave them in a useful state. Nonetheless, participants in both Sessions 1 and
4 recommended vigorous pursuit of tube pulls from operating and retired steam
generators and the "mining" of tube/tube support plate samples from retired units.

The desirability of obtaining pulled tubes and tube/tube support plate
assemblies from operating and retired steam generators was underscored in the
other working sessions as well. Participants in both Sessions 2 and 3 noted that
such pulled tubes are needed to provide a source of realistic defects for evaluating
and calibrating NDE techniques, and international collaboration to obtain more
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pulled tubes was urged. Testing of tubes pulled from service to verify structural
integrity models was also strongly recommended in Session 3. The need for
correlations of NDE parameters to leakage rates in cracked tubes was also cited,
since some plugging/repair criteria permit leaking tubes to remain in service
under some conditions.

2.4 Improvements in NDE

The shortcomings associated with present NDE probes and the need for the
continued development of advanced technology were cited in several of the
working sessions. The limitations of both bobbin coil and RPC eddy current probes
cited in Session 1 and 2 have already been noted in the preceding discussion of
circumferential cracking. It was observed in Session 2 that improved inspection
techniques that have the inspection speed of the conventional bobbin coil but with
improved detection and sizing capabilities for circumferential cracks are needed.
This same statement clearly applies to other types of defects as well. Session 1
participants noted that periodic NDE is generally not useful in the detection of
fatigue cracks, which usually grow relatively quickly. Instead, plants must rely on
the concept of leak-before-break to cope with unexpected fatigue degradation.

Participants in Session 2 noted that if flawed tubes are to be left in service
under some circumstances, improvements in probability of detection and flaw
sizing are needed. They cited the recent implementation of multicoil probes as
promising, but stated that more experience with these probes and further
improvements in analysis tools and data presentation are needed before these
probes become widely accepted. Replacement of the current widely used voltage-
based criteria for assessing axial flaws will depend in part on advances in probe
technology. While UT has the potential for greater spatial resolution and
sensitivity, widespread application of this technique is presently limited by
problems with false positive calls and relatively slow inspection rates. In Session
3, it was similarly noted that some repair criteria considered under design specific
management approaches to tube degradation require higher confidence in NDE
and defect growth rate, and that more data are necessary to verify NDE capability
and reliability and to correlate burst pressures and leak rates to NDE parameters.

Participants in Session 4 on preventative and corrective measures also
considered the development of improved NDE techniques, and in particular UT,
for a different reason. They noted that Ni plating is being used in Belgium and
France to repair ID cracking from PWSCC. It has been most extensively used in
Belgium in the RTZ, and several years of favorable operating experience have been
obtained. However, the ferromagnetic Ni-plated layer complicates eddy current
inspection, and the Belgians routinely use UT as a part of their inspection
procedure. As a result, they are actively pursuing an extensive development
program on improved UT techniques.

NUREG/CP-0154 4



2.5 Crack-Growth-Rate Data

Related to the need for improved NDE techniques is the need for better
crack-growth-rate data, particularly in the degradation-specific management
approach to managing tube degradation. In order to justify operation with tubes
containing defects, one must be able to confidently detect and size the defects and
to accurately predict their growth rates. Thus, as noted in Session 3, the
successful implementation of a degradation-specific management approach
requires both improved NDE and better data on crack growth rates. The
participants in Session 1 similarly concluded that SCC crack propagation data were
needed for both circumferential and axial cracks, particularly under prototypical
heat flux and local chemistry conditions. i.e., these data should be determined in
model boilers rather than in isothermal autoclave systems. It was noted that for
the case of ODSCC in particular, a strong dependence of crack growth rate on local
chemistry might be expected. Because crevice chemistry conditions are not well
understood and may vary with time and location even in a given steam generator,
large variations in crack-growth-rate behavior are possible even under nominally
similar bulk conditions.

2.6 Leakage Monitoring

Primary-to-secondary leakage monitoring was cited in two of the working
sessions as an important tool for managing tube degradation and avoiding tube
rupture. Participants in Session'5 on operational aspects and risk analysis noted
that all plants use some form of leakage monitoring, but not necessarily to its full
advantage. They recommended more extended use of and further improvements
in N-16 detectors on main steam lines to enhance the ability of operators to
promptly respond to tube rupture events. They also recommended improved
leakage-to-degradation correlations for various modes of tube degradation and
urged the establishment of a more robust technical basis for operational leakage
limits. Participants in Session 3 also noted the importance of leakage monitoring
while simultaneously recognizing that not all tube degradation processes
necessarily lead to leak before break. It was recommended that leakage
monitoring programs at plants include limits on the absolute leakage value, as well
as on the trend.

2.7 Severe Accidents

Participants in both Sessions 3 and 5 discussed tube integrity during accident
situations such as a main steam line break or a core melt event. It was noted in
Session 5 that tube degradation could adversely impact the ability of the tubes to
fulfill their fission-product containment function during a core damage event, but
it was not clear how much such a tube rupture event would contribute to overall
plant risk in comparison with other potential contributing events. Implicit in
these discussions was the need for more data on the burst behavior of flawed and
unflawed tubes under a core melt accident event.
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Participants in Session 3 dealt with the question of using the differential
pressure associated with a postulated main steam line break event as a design basis
loading. It was agreed that such a break may be considered a bounding case for
secondary-side depressurization events in general. Related questions discussed in
Session 3 include leakage rates through axial cracks in the roll transition zone at
postulated accident differential pressures, the potential for tube support plate
displacement during accidents, and, as discussed above, the issue of leaving
circumferential cracks in service.
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Opening of Meeting

3.1
3.2
3.3
3.4

Welcome, J.-P. Clausner, OECD/NEA
Welcome, J. Muscara, USNRC/RES
Welcome, A. C. Thadani, USNRC/NRR
Welcome, D. Morrison, USNRC/RES
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CNRA/CSNI International Workshop on Steam Generator Tube Integrity in NPPs
Oak Brook, IL. (USA) October 30-November 2, 1995
Welcoming Address by Jean-Pierre Clausner, NEA Administrator

Good morning ladies and gentlemen. My name is Jean-Pierre Clausner and, on behalf of the
OECD Nuclear Energy (NEA), I am very pleased to address a warm welcome to all of you to this
CNRA/CSNI Workshop on Steam Generator Tube Integrity. I would like also to thank the
USNRC for hosting the meeting and for its support together with the Argonne National Laboratory
in organizing the meeting.

As you know, the meeting has been organized in the framework of the NEA’s activities, but may
be for those of you who are not familiar with that organization, I should briefly explain both its
role and its activities.

The NEA is one of the fifteen bodies that make up the Paris based Organization for Economic
Cooperation and Development (OECD). Since the majority of the OECD’s activities are oriented
towards economics, the role of the Agency is less known and may be sometimes confused with
that of the International Atomic Energy Agency (IAEA) in Vienna.

In connection with safety, the charter of the NEA calls for ... the promotion of the safety of
nuclear installations...’, *...the establishment of joint services for the prevention of accidents..’,
and for .. the dissemination of information.. on the safety and regulation of nuclear activities..’.

With some 80% of the 430 reactors operated around the world, Members have set up and, over the
years, developed a close operational feedback process in order to meet the primary objective of the
Agency which aims to promote cooperation between regulatory authorities of its Member
countries, contribute to nuclear safety and regulations of nuclear activities and, ultimately, to help
in the development of nuclear energy as a safe environmentally acceptable energy source.

Activities of the NEA in the vast domain of nuclear safety and regulation include: operating
experience and human factor, primary coolant system behavior, reactor component integrity,
probabilistic safety assessment, severe accident management, nuclear fuel cycle, regulatory
activities and some specific project as PISC, the OECD Halden Project and the RASPLAYV Project
conducted in collaboration with Russia. Most of these activities are determined by the two sanding
committees which deal with safety matters: the CSNI (Committee on the Safety of Nuclear
Installations), and the CNRA (Committee on Nuclear Regulatory Activities) which both consist of

delegates representing the NEA Member countries’.

While the CSNI has been responsible for more than 20 years for the exchange of information on
safety research programs enabling participating countries to develop common approach on
identified safety issues, the CNRA, created in 1989, aims at exchanging information and
developments which could affect national regulatory practices, and at achieving a common
understanding on possible new regulatory requirements.

In brief, the role of these committees is neither to impose nor judge but, rather, through
exchanging and understanding, to reach a common technical opinion and develop international
consensus based on a better knowledge of technical issues and regulatory practices.

"The OECD Nuclear Agency (NEA) was established on 1st February 1958 under the name of the OEEC European
Nuclear Energy Agency. Its received its present designation on 20th April 1972 when Japan became its first non-
European full member. NEA membership today consists of all European Member countries of the OECD as well as
Australia, Canada, Japan, Mexico, Republic of Korea and the United States.
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With respect to steam generators, the attention of the nuclear community has been attracted to the
safety issues posed by the operation of this equipment for more than ten years. In 1984, a
specialist meeting organized the CSNI Principal Working Group NY'1 on Operating Experience
and Human Factor (PWG1), concluded that problems related to steam generators (SGs) had
evolved from availability concerns to safety concerns and therefore, that techniques of inspections
should be developed as well as international cooperation and exchange of technical information. In
September 1991, a second Specialist Meeting held in Brussels, concluded with an increase in the
frequency of steam generator tube ruptures and identified some divergence in licensing issues and
in understanding of defects and problems induced by corrective actions. Based on these findings,
the CNRA at its third meeting in November 1991, expressed its concern regarding the types and
frequency of degradation observed during SG inspections and agreed to hold a special issue
meeting to deal with questions related to plugging criteria, reliability of inspection techniques,
water chemistry, aging and corrective measures.

The meeting which took place in Paris in June 1992 concluded that neither common practices nor
policies could be drawn, in particular because both techniques and policies were still evolving. It
was recommended to continue to closely monitor the evolution of degradation in steam generators
and define an appropriate forum whenever the need would be identified, to discuss regulatory
practices and research needs, and, ultimately to develop conclusions and proposals for areas which
would require more attention. This is the purpose of this workshop and I am sure that with the
group of experts gathered here today and through your exchanges and discussions, the meeting
will meet its objective and hopefully your expectations.

In closing, I would like to reiterate my thanks to our hosts as well as to you all for your
contribution in the success of the workshop. I wish you a very interesting and productive meeting.
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Welcoming Speech -- J. Muscara, USNRC

Good morning. My name is Joe Muscara, and I am from USNRC Office
of Nuclear Regulatory Research. As Chairman of the Program Committee for
this workshop, I wish to extend my welcome to all of you.

This workshop, which is being sponsored by the OECD Nuclear Energy
Agency and hosted by the Office of Nuclear Regulatory Research of the U.S.
Nuclear Regulatory Commission, was conceived as providing a unique
international forum for the exchange of operating experience and ongoing
activities related to steam generator tube integrity. In keeping with the
interests of the supporting agencies, the emphasis in this workshop will be
on regulatory and reliability issues rather than economic concerns. This
emphasis will be underscored later this morning in a series of presentations
that will provide an international overview of steam generator regulatory
practices and issues. Following that, three international experts will provide
comprehensive summaries of our current understanding of steam generator
tube degradation, integrity, and inspection. The purpose of these plenary
presentations is to provide a common background of information for the
subsequent development of overall integrity and safety assessments in the
working sessions.

After this opening plenary session, the participants will divide into five
parallel working sessions that will deal with the topics of tubing degradation
mechanisms, inspection, integrity, preventative/corrective measures, and
operational aspects/risk analysis. The objective of these working sessions is
to identify technical issues and to discuss, debate, and provide
recommendations for the resolution of these issues. The working sessions
will be informal in nature, and the technical discussions should be free and
open. The concluding session will consist of summary presentations by the
facilitators of each workshop session, followed by an integration session in
which the facilitators and the CNRA representatives will develop overall
summary conclusions and recommendations on'regulatory and research
issues relevant to regulators.

The Workshop Program Committee worked diligently to develop the
structure and program for this workshop, which I believe will enable us to
meet our objectives. I wish to thank the Program Committee members for
their contributions:
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Jean-Pierre Clausner of the NEA

José Figueras of the CSN in Spain

Gert Hedner of the SKI in Sweden

Toshihiko Iwase of NUPEC in Japan

Kenneth Karwoski of the USNRC

Dominique Moussebois of AIB-Vincotte in Belgium
William Shack of Argonne National Laboratory, and
Guy Turluer of the IPSN in France

I also want to thank the staff of Argonne, and in particular, Dwight
Diercks, for participating in the planning meetings and making the
conference arrangements. I urge all of you as participants to help make this
workshop successful by actively contributing to your sessions. Best wishes
for a productive four days, and I look forward to hearing the summary
conclusions from our deliberations that will be presented in the integration
session.
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WORKSHOP ON STEAM GENERATOR TUBE
INTEGRITY IN NUCLEAR POWER PLANTS

ASHOK C. THADANI

ASSOCIATE DIRECTOR FOR TECHNICAL REVIEW
OFFICE OF NUCLEAR REACTOR REGULATION

OCTOBER 30, 1995
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HISTORICAL PERSPECTIVE

1984 CSNI SPECIALIST MEETING IN STOCKHOLM

Exchange of technical information was beneficial

1991 CSNI SPECIALIST MEETING IN BRUSSELS

Differences in regulatory criteria and operating experience noted

1992 CNRA SPECIAL ISSUE MEETING

Tube integrity continues to be a major issue

MANY CHANGES HAVE OCCURRED SINCE 1992 CNRA MEETING
Regulatory developments
Alternate tube repair criteria
Reseérch developments
Eddy current probes
Operating experience

Tube rupture at Palo Verde
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TUBE INTEGRITY IN THE U.S.

MANAGED THROUGH A VARIETY OF ELEMENTS SUCH AS
Design
Inspection
Repair

Leakage monitoring

PLANT IS DESIGNED FOR MITIGATING A SINGLE STEAM
GENERATOR TUBE RUPTURE

Emergency operating procedures
Trained operators

Offsite radiological dose consequences
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CURRENT REGULATORY FRAMEWORK IN THE U.S.

DEVELOPED WHEN PREVALENT FORMS OF DEGRADATION
INVOLVED GENERAL WALL THINNING

Forms of degradation have changed

Inspection technology has improved

CURRENT INSPECTION AND REPAIR CRITERIA ARE OUTDATED
AND PRESENT FRAMEWORK LEADS TO FREQUENT PLANT-
SPECIFIC DECISION MAKING

OPERATIONAL IMPLICATIONS OF CURRENT FRAMEWORK

Increased plugging/sleeving and associated costs

Potential for power reduction as steam generator plugging
increases

Shortened operating life of steam generators/continued facility
viability

Large expenditure of resources
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RULEMAKING EFFORT

USNRC IS DRAFTING A NEW STEAM GENERATOR RULE TO
ADDRESS CURRENT SITUATION

Performance based

Adaptable

Provide Incentives

Integrated - systems, materials, and radiological considerations

Framework for degradation specific management

PERFORMANCE BASED RULE WOULD ESTABLISH HIGH LEVEL
CRITERIA '

Accompanying regulatory guide would provide guidance on
industry steam generator programs

SG RULE MUST CONFORM WITH COMMISSION SAFETY GOAL
GUIDANCE

Containment bypass for severe accident scenarios
Frequency of high pressure core melt sequences
Severe accident conditions (pressure, temperature)
Tube performance under the postulated conditions

Containment bypass probability
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RULEMAKING EFFORT (cont.)

ENFORCEMENT ACTION IS TAKEN WHEN USNRC REGULATIONS
ARE NOT MET

CURRENT SCHEDULE

Draft rule and regulatory guide for public comment: June 1996

Final rule and regulatory guide: January 1997

USNRC OFFICE OF RESEARCH HAS INITIATED A NEW STEAM
GENERATOR TUBE INTEGRITY PLAN TO SUPPORT/SUPPLEMENT
RULEMAKING EFFORT
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WELCOMING ADDRESS BY DAVID MORRISON
Director, NRC Office of Nuclear Regulatory Research

Good Morning. My name is David Morrison, and I am Director of the NRC Office of
Nuclear Regulatory Research. I would like to welcome all of you to this Workshop on
Steam Generator Tube Integrity in Nuclear Power Plants, sponsored by the Committee on
Nuclear Regulatory Activities and the Committee on the Safety of Nuclear Installations of
the OECD Nuclear Energy Agency.

It's no secret to anyone in this room that steam generator reliability and
performance are serious problems in the operation of pressurized water reactors. Steam
generators have been variously described as the "weak link"!l and "one of the most
troublesome components"? in the PWR design. In particular, steam generator tubing is
subject to a variety of degradation processes that can lead to tube cracking, wall thinning,
and potential leakage or rupture. This workshop will deal with these degradation
processes and tne related issues of tubing inspection, tubing integrity, preventative and
corrective measures, and operational aspects and risk analysis.

Corrosion problems in PWR steam generator tubes can be traced back at least as far
as 1957 to the Shippingport reactor, which was the first commercial PWR operated in
the U.S. One of the four Shippingport steam generators developed leaking cracks in two
tubes after only 150 hours of full-power operation.3.4.5 The tubes in this early design
were made of Type 304 stainless steel, and the failures were attributed to stress
corrosion cracking produced by free caustic and steam blanketing on the secondary side.
The tubes were plugged, and the use of a modified phosphate water chemistry was
instituted to control secondary water pH. As you know, these phosphate additions were
subsequently found to produce their own set of corrosion problems, and corrosion-
related degradation of steam generator tubes has been a serious problem ever since, in
spite of the use of a number of water chemistries, tube materials, and steam generator
designs.

The impact of these tube degradation problems has been enormous. Since the
plugging of two tubes in Shippingport in 1957, more than 100,000 steam generator
tubes have been plugged to date around the world.6 In 1993, more than half the
operating PWRs included in the EPRI worldwide survey were required to plug steam
generator tibes. Fifty steam generators in 18 PWRs around the world had been replaced
by the end of 1993 because of serious tubing degradation, and the replacement of 85
additional steam generators at 26 plants was planned.® The cost associated with such
steam generator replacements now typically ranges between 100 and 200 million dollars
per plant. This figure does not include power replacement costs.” In early 1993, the
Trojan nuclear plant in the United States was decommissioned at a projected cost of
more than $400 million in large part because of severe steam generator tube degradation
problems.” .

It is clear from these numbers that steam generator tubing degradation imposes a
serious economic.burden on PWR plant owners. In addition, the NRC and corresponding
regulatory bodies around the world remain concerned about the potential safety
implications of this problem. In terms of surface area, steam generator tubes make up
the majority of the primary pressure boundary in a PWR. Propagation of tube flaws can
result in tube rupture, particularly in the event of a main steam line break, which would
result in a large differential pressure.

Steamn generator tube rupture is one of the design basis accidents considered in the
NRC safety review of nuclear power plants.8 It is a significant safety issue for two
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reasons. First, it can result in containment by-pass leading to release of radionuclides to
the environment. Second, tube rupture results in the loss of primary reactor coolant
which can significantly exceed the make-up capacity of the charging pumps.

Starting with the Point Beach incident in 1975,2 at least 11 incidents of steam
generator tube rupture have been reported worldwide. Reported maximum primary-to-
secondary leak rates ranged from 74 gallons per minute (280 liters per minute)8.9 to as
high as 760 gallons per minute (2,900 liters per minute).10 The principal causes of the
ruptures were ODSCC, PWSCC, loose parts, and high-cycle fatigue, with other incidents
produced by wastage and a failed tube plug. In all cases, only a single tube ruptured and
reactor shutdown was accomplished without serious loss of coolant or significant external
release of radioactivity.

In response to the safety concerns raised by steam generator tube degradation, the
NRC Office of Nuclear Regulatory Research has sponsnred 2 series of research programs
on tube integrity and inspection. These programs have produced a number of significant
results. For example, in the area of steam generator tube integrity, quantitative
relationships have been developed for predicting the failure pressure of degraded steam
generator tubing as a function of degradation type and severity. Relationships have also
been developed for predicting the leak rates of through-wall cracked tubes as a function
of flaw length and pressure. These relationships are useful for evaluating the integrity of
degraded tubes under normal and accident conditions, and for evaluating various tube
plugging criteria. In the area of inservice inspection, the probabilities of flaw detection
and flaw sizing accuracy have been evaluated and quantified for inspection techniques
used to detect wastage, pitting, and cracking. The effectiveness of various sampling
plans for detecting significantly degraded tubes has also been evaluated. Performance
demonstration criteria have been recommended for qualifying NDE systems used for
detection and sizing of flaws. Finally, advanced multi-frequency eddy current procedures
were developed, evaluated, and field tested. :

The results obtained under these research programs have helped to ensure the safe
operation of nuclear steam generators. However, in recent years, tube degradation
" modes have changed with intergranular stress corrosion cracking degradation becoming
more widespread and the emergence of circumferential cracking. While the degradation
modes have changed and the incidence of degradation has increased, inspection
techniques have improved. These changes have resulted in the need for new methods to
evaluate the significance of the various degradation modes to assure safe continued
operation.

In view of the changing degradation experience and improved inspection
techniques, the NRC plans to make significant changes in its regulatory criteria
concerning steam generator tubing integrity by developing a performance-based rule and
regulatory guide. This new rule will require that the performance or condition of steam
generator tubes be monitored against safety related performance criteria in a manner
sufficient to provide reasonable assurance that the steam generator tubes will maintain
their structural and leakage integrity.

The new rule will give the licensee latitude in developing and implementing defect
specific management based on NRC approved performance criteria. The NRC has
recently initiated a new research program at Argonne National Laboratory to provide data
and methodologies needed to independently evaluate and assess industry's proposals for
implementation of the rule.
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Integrity evaluations and assessments often revolve around calculations of potential
leak rates under postulated accident conditions over the next operating cycle for
degraded tubes remaining in service. To accomplish this, information is needed on
inspection reliability, degradation processes, and on integrity of degraded tubes. Our
research program is addressing each of these technical areas.

The NRC's research program includes efforts to assess inspection reliability by
characterizing the probability of detection and sizing accuracy. Round robin testing will
be conducted on a tube bundle mock-up containing laboratory degraded tubes using
commercial teams and techniques and advanced or emerging techniques. These studies
will be followed by round robin tests on service degraded tubes followed by destructive
examination to validate the POD and sizing accuracy of practiced and emerging ISI
techniques.

The research to predict degradation generation and progression in steam generator
tubes, includes tests to bound environmental, loading, and metaliurgical parameters that
affect crack initiation, growth, and arrest. In addition, studies of crevice conditions as a
function of bulk environment and thermal hydraulics will be conducted. @ Once the
environmental and crevice chemistry parameters that have a significant effect on crack
initiation and growth are identified, comprehensive studies will be conducted under
prototypic conditions to quantify the effects and variabilities, and to gain an
understanding of degradation and crack evolution. This information will provide a basis
for assessing predicted inservice degradation of original and repaired tubes and for
selecting appropriate models for predicting integrity at different stages in.the
progression of degradation.

To develop correlations for evaluating integrity and leakage of steam generator tubes,
pressure and leak rate tests will be conducted under normal operating, aceident, and
severe accident conditions on tube specimens that contain laboratory produced axial and
circumferential flaws that simulate cracks of current interest. Additional tests will be
conducted on tubes removed from service to validate and update the integrity
correlations.

Data, results, correlations, and models from the above studies will be used to
assemble an integrated, mechanistically-based model for assessing predictions of failure,
rupture, and total leak rate from inservice inspection results for a given steam generator
under normal operating, accident, and severe accident conditions.

The research program I have just described represents the most recent in a series of
NRC-sponsored programs that address the issue of steam generator safety. Ultimately, of
course, we expect that the older trouble-prone steam generators will be replaced with
more modern (and hopefully more trouble-free) designs and materials. However,
approximately 90 PWRs around the world presently operate with mill-annealed Alloy 600
steam generator tubing.® In many cases, strong economic incentives exist to extend the
life of these units as long as possible, and at least some units are likely to be in service for
many years to come. It is the responsibility of the NRC in the United States, and the
corresponding regulatory bodies in other countries, to ensure that the continued
operation of these older units, as well as the operation of newer steam generators, is
carried out consistent with public health and safety. We at the NRC are eager to bring
about international cooperation in research that will help all of us to accomplish this
common goal. It is my hope that this Workshop will further enhance this cooperation.
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STATUS OF THE STEAM GENERATOR TUBE
CIRCUMFERENTIAL ODSCC DEGRADATION
EXPERIENCED AT THE DOEL 4 PLANT

G. ROUSSEL
AIB-Vingotte Nuclear, Brussels, Belgium

ABSTRACT

Since the 1991 outage, the Doel Unit 4 nuclear power plant is known to be affected by
circumferential outside diameter intergranular stress corrosion cracking at the hot leg tube
expansion transition. Extensive non destructive examination inspections have shown the number
of tubes affected by this problem as well as the size of the cracks to have been increasing for the
three cycles up to 1993. As a result of the high percentage of tubes found non acceptable for
continued service after the 1993 in-service inspection, about 1,700 mechanical sleeves were
installed in the steam generators. During the 1994 outage, all the tubes sleeved during the 1993
outage were considered as potentially cracked to some extent at the upper hydraulic transition and
were therefore not acceptable for continued service. They were subsequently repaired by laser
welding. Furthermore all the tubes not sleeved during the 1993 outage were considered as not
acceptable for continued service and were repaired by installing laser welded sleeves. During the
1995 outage, some unexpected degradation phenomena were evidenced in the sleeved tubes.

This paper summarizes the status of the circumferential ODSCC. experienced in the SG tubes of
. the Doel 4 plant as well as the other connected degradation phenomena.

1.0 BACKGROUND

1.1 Key information on the Doel 4 steam generators and related plant features

The Doel Unit 4 nuclear power plant started commercial operation in 1985. 1t is a 3-loop
pressurized water reactor of 1,000 MWe output and has steam generators of Westinghouse Model
El design. These steam generators are of the counterflow preheater design type with 100% of the
feedwater flow entering the preheater (i.e., only very low flow going to the auxiliary feedwater
nozzle for conditioning purposes). All of the 4,864 tubes of each steam generator are made of low
temperature mill annealed Alloy 600 and have a 3/4 inch (19.05 mm) nominal outside diameter and
0.043 inch (1.09 mm) nominal wall thickness. The tube support plates are of the drilled plate style
made of type 405 ferritic stainless steel. The flow distribution plate is of the slotted hole type
made of type 405 ferritic stainless steel. The tubes are full tubesheet depth hard rolled, with kiss
roll at the top of the tubesheet. The hot leg expanded sections of the tubes were treated by
rotopeening prior to plant operation. Shotpeening of the cold leg was performed in April 1988
after three fuel cycles, but limited to the upper 120 mm (4.72 inch) of the expanded section.
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Primary and secondary faces of the tubesheet are cladded with Inconel 600 type weld metal. Hot
leg temperature was originally 330°C (626°F) but it was changed to 326°C (617°F) in 1990.
Secondary system has no copper alloy heat exchangers tubes but the condenser has a copper alloy
tubesheet. Chemical cleaning was undertaken in 1992 on the three steam generators using a high
temperature EPRI/SGOG process (iron step only). Again in 1993 chemical cleaning was
performed, but limited to steam generator B, using KWU process with both an iron and a copper
process. The secondary system originally operated with all-volatile treatment (AVT) chemistry
but in 1992 the Doel 4 unit shifted to phosphate water chemistry, with-a low molar ratio (Na/POy
:2.0t02.2).

1.2 Summary of the SG tube degradations at the Doel 4 plant

Besides the circumferential ODSCC phenomenon, the steam generator tubes of the Doel 4 plant
are mainly atfected by oustide diameter IGA/IGSCC at the tube support plate intersections and by
outside diameter stress corrosion cracking in the free spans. '

The Doel 4 steam generators have experienced at the tube support plate (TSP) intersections tube
degradation which has been attributed to outside diameter intergranular attack and outside
diameter intergranular stress corrosion cracking (IGA/IGSCC). This degradation was evidenced °
in the-hot leg of steam generator B for the first time during the 1990 refuelling outage (i.e., after 5
cycles) by a leak observed on five tubes during the secondary side fluoresceine pressure test. The
characterization of the degradation as IGA/IGSCC is supported by the laboratory metallographic-
examinations on tube sections pulled out during the 1991 and 1992 outages. This degradation
most strongly affects steam generator B. This steam generator contains tracés of lead, which are
believed to come from lead shielding inadvertently left behind- after maintenance in 1986. The
steam generators R and G are less affected and degradations have only be detected in the hot leg.
Bobbin coil inspections up to 1992 have shown the number of tubes with TSP indications in steam
generator B to have increased and the degradation to have extended to higher TSPs in the hot leg.
Since the 1993 outage, inspection has shown the degradation growth rate as measured by the
bobbin coil voltage amplitude growth between two inspections to have decreased. Tube plugging
was initially required in 1990 and at the end of the 1995 outage (i.e., after 10 cycles), the number
of plugged tubes was 278. No tube has been required to be plugged in steam generators R and G.

The tubes in steam generator B were found to be affected since 1991 (i.e., after 6 cycles) by axial
outside diameter stress corrosion cracking (ODSCC) in the free spans. Three of the tubes with
indications at the TSPs which were pulled out during the 1991 outage for metallographic
examination showed ODSCC in the free spans. These degradations had not been previously
detected by the NDE inspection. During the 1992 outage, the free span defects were confirmed in
the hot leg of steam generator B by the bobbin coil inspection. Laboratory examinations on tube
sections pulled out during the 1991, 1992 and 1993 outages allowed to characterize the
degradation as initiating from the secondary side and being intergranular. On most of the affected
tubes, the degradation morphology is characterized by short (less than 1 mm) axial cracks. The
number of cracks along a circumference is variable but it can range over several tens. Deepest
observed cracks are maximum 40% through wall and are usually very fine and without branching.
The ODSCC initially affected the hot leg of steam generator B but during the 1993 outage the
degradation was found to have been extended in the cold leg. No tube plugging has been required
up to the 1992 outage when 119 tubes in steam generator B were required to be plugged. Since
the 1993 outage, inspection has shown the degradation growth rate as measured by the bobbin coil
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voltage amplitude growth to have decreased. No tube has been required to be plugged since the
1992 outage.

1.3 Circumferential ODSCC degradation history up to the 1993 outage

Since the 1991 outage (i.e., after 6 cycles), it was found that tubes were affected by
circumferential outside diameter intergranular stress corrosion cracking (ODSCC) at the hot leg
tube expansion transition. The utility reported that all of the four tubes which were selected for
pull out during this 1991 outage for purpose of laboratory examinations on tube sections with
indications of IGA/IGSCC at the TSP were found to show these cracks. The circumferential
cracks that had not been previously identified by the NDE inspection ranged in size from about
30% through wall to 100% through wall. During the 1991 outage, only steam generator B was
found to have experienced circumferential ODSCC. Extensive NDE inspections since 1991 using
Eddy Curréiil (EC) Rotating pancake Coil (RPC) probe and Ultrasonic (UT) rotating transducer
have shown the number of tubes affected by this problem as well as the size of the cracks to have
been increasing for the three cycles up to 1993. During the 1992 outage (i.e., after 7 cycles), the
hot leg of steam generators R-and B was also found to be affected and during the 1993 inspection,
all the three steam generators were found to be affected to about the same amount. At the end of
the 8th cycle (1993 outage), the circumferential ODSCC at roll transition affected about 50% of
the tubes in each of the three steam generators.

During the 1991 and 1992 outages, 6 tubes in steam generator R, 11 tubes in steam generator G,
and 33 tubes, in steam generator B have been required to be plugged. During the 1993 outage
(ie.; after 8 cycles), 962 tubes (19.8%) in steam generator R, 4838 tubes (10.0%). in steam
generator G, and 838 tubes (17.2%) in steam generator B were found to require plugging or
repairing.

Laboratory examinations on tubes pulled out during the 1991, 1992 and 1993 outages allowed to
characterize the circumferential crack mechanism ‘as initiating from the outside surface and being
intergranular, Circumferential ODSCC at the hard roll/kiss roll transition is located in a narrow
band (typically 2 to 3 mm width) exhibiting a network of multiple cracks of very short length
(microcracks) and variable orientation (from circumferential to axial). The whole circumference
may be affected by cracking. The microcracks eventually aggregate to form longer (up to 360
degrees) and deeper (up to 100% through wall) cracks. However cracks may be fairly long in -
some cases without being through-wall. In steam generator B circumferential cracks are also
found at the kiss roll/free span transition. The circumferential ODSCC at the kiss roll transition is
characterized. by multiple pure circumferential cracks extending all around the circumference with
nearly constant depth. The crack depths range from a few percent through wall to about 30%
through wall.

1.4 HE] sleeving campaign in 1993

As a result of the high percentage of tubes found non acceptable for continued service after the
1993 in-service inspection, significant sleeving effort has been decided by the utility. During the
1993 outage, mechanical sleeves were installed in 815 tubes in steam generator R, in 309 tubes in
steam generator G, and 614 tubes in steam generator B.

These sleeves are 36-inch or 30-inch Westinghouse tubeshect full length HEJ (Hybrid Expansion
Joint) sleeves made of Thermally Treated Alloy 690. These sleeves extend the full length of the
tube within the tubesheet. The lower sleeve-to-tube joint is located at the tubesheet bottom. 1t
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consists of a section which is hydraulically expanded into the tube and a shorter section at the
bottom of the hydraulically expanded zone which is roll expanded (hard rolled). This type of joint
is known as an hybrid expansion joint (HEJ). The upper joint also consists of a section which is
hydraulically expanded into the tube and a shorter section centered within the hydraulically
expanded zone which is subsequently roll expanded. This joint is also referred to as an HEJ. Both
lower and upper joints are designed to ensure the leak tightness and load carrying capability of the
sleeve-to-tube attachment. The upper joint of the 36 inch sleeves is provided with a overlength
(hop-off length or safe end) of 6.5 inch, ie. a length of unexpanded sleeve outboard of the upper
edge of the HEJ which should lLimit lateral displacement of the tube in the event of a
circumferential break of the parent tube in the upper joint region. The hop-off length is limited to
0.5 inch in the 30 inch sleeve.

Approximately 92% of the HEJ sleeves installed in the steam generators were 36 inch sleeves and
8% were 30 inch sleeves. Following ihe installation of sleeves, the equivalent plugging level in
stcam generators R, G and B was 4.4%, 4.4% and 13.2% respectively at the end of the 1993
outage.

2.0 SG TUBE DEGRADATION PROBLEMS DURING THE 1993-1994 CYCLE
=SS L RALA NN ERUDLEMS DURING THE 1993-1994 CYCLE

2.1 Circumferential ID cracking at the upper hydraulic transition of the HEJ sleeves

On March 17, 1994, six days prior to the scheduled refueling outage, the primary-to-secondary
leak rate in steam generator.G raised to about 5 kg/hr ( 31.9 gpd) as measured by the Nitrogen-16
monitors, while the unit was at 97% power. The primary-to-secondary leakage prior to the event
was approximately 0.4 kg/hr (2.5 gpd). The leakage occurred 6 days prior to the scheduled
refueling outage. The days after, the leak rate in steam generator G has been decreasing to about
1 kg/hr ('6.4 gpd) but it raised again suddendly to about 21 kg/hr ( 133.8 gpd) on March 20, 1994
before it decreased to about 11 hg/hr ( 70.1 gpd). The reactor was shut down on March 23, 1994
at the planned date.

The leaking tube was identified by visual examination of the tubesheet during secondary side
fluoresceine pressure test. A wet tube end was identified in the hot leg of steam generator G
indicating apparent leakage from the secondary side. A HEJ sleeve had been installed in this tube °
during the 1993 outage. Re-performing the pressure test while adapting the level of water filling
the secondary side allowed to locate the leak at the upper junction of the sleeve. The tube was
pulled out and laboratory examinations showed that leakage occurred at the upper hydraulic
transition of the upper joint where the tubes expanded during the installation of the sleeves return
to normal diameter. The leak resulted from a circumferential through-wall crack in the parent tube
extending 180 degrees around and initiating from the ID. Following the identification of the
leakage cause, removal of another sleeved tube section from steam generator G (selection at
random amongst the peripheral tubes ) was performed to test the generic nature of the
degradation. Upon examination it was found ‘to have at the upper hydraulic expansion a
circumferential crack 90% to 100% through wall and extending over 30 degrees around the parent
tube.

Taking benefit of the NDE inspection of the sleeved tubes in the upper joint area to identify all the
tubes affected by circumferential cracking at the hydraulic transition was out of the question. The

NDE inspection methods previously used for the steam generator tube in-service inspection are
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indeed known to have a limited effectiveness in the sleeve expansion joints and even worse in the
parent tube wall behind the hop-off length.

The utility concluded that all the tubes sleeved during the 1993 outage with Westinghouse HEJ
sleeves should be considered as potentially cracked to some extent at the upper hydraulic
transition and were therefore not acceptable for continued service.

2.2 Evolution of the circumferential ODSCC at roll transition (hot leg)

The steam generator tube in-service inspection planned for the 1994 outage (i.e., after the 9th
cycle) included the inspection of the roll transition of all the non-sleeved tubes in the hot leg of the
three steam generators. This examination involved the use of the rotating UT transducer. The
utilility modified the original inspection scope during the outage as additional information
gathering from the on going tube inspections became available. The final program was limited to
1,208 tubes in steam generator R (31.2% of the planned number), 4,356 tubes in steam generator
G (100% of the planned number), and 80 tubes in stcam generator B (2.1% of the planned
number). As the UT inspection progressed in the steam generators, it was established that the
defect growth for some tubes was faster than anticipated. The utility decided then to limit the UT
inspection scope, to put an end to the inspection in fact, as the current results indicated that the
observed ODSCC growth rates led to consider all the tubes as unacceptable for continued service.

The plugging limit for circumferential defects at roll transition is defined as the maximum
acceptable cross sectional area of degraded material. It is based on the minimum cross sectional
area of sound material to meet the required margin against bursting under accident conditions.
This is calculated by the "collapse load" or "net section stress” theory. Such a pluggging criterion
assumes the availability of an inspection method allowing defect sizing. The morphology of the
circumferential ODSCC at the roll transition makes difficult its detection by NDE techniques. The
very small opening of the microcracks and their variable orientation are the main factors limiting
the detectability of the circumferential ODSCC. Rotating UT transducer was found to ensure
better detection than the RPC probe. Laboratory destructive examinations of pulled out tube
sections showed that rotating UT transducer could detect defects deeper than 30% as long as the
microcracks are nearly circumferentially oriented. Defect depth sizing with rotating UT transducer
is based on a calibration curve determined from EDM notches. Comparing defect depths obtained
by on-site UT measurements to the values given by laboratory destructive examinations of the
same tube sections after removal from the steam generators led to conclude that defect depth
sizing with rotating UT transducer can be underestimated. Moreover some tubes with confirmed
Jeakage at the roll transition also showed UT measured defect depths lower than 100% through
wall. The evidence of the underestimation of defect depth sizing with rotating UT transducer led
the utility to define a correction factor to be applied to the UT measured defect depth to determine
a conservative estimate of the defect depth, known as the corrected depth. During the 1993
outage, the available data at this date supported to allocate a value of 3.0 to the correction factor
for any detected signal. The corrected ODSCC degraded (cross sectional) area takes into
consideration an uniformly 30% through wall degraded area outside of the zones where defects
have been detected by UT inspection and the corrected area of the UT detected defects. The
corrected area of the UT detected defect is obtained by mulptiplying the UT measured length of
the defect by its corrected depth (i.e., the UT measured depth multiplied by the correction factor).
The corrected ODSCC degraded area is said to be obtained from the UT measured area by
applying the 3.0/30% correction.
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The ODSCC growth rate is obtained from the evolution of the corrected ODSCC degraded areas
between two successive inspections. During the 1993 outage, the set of the available data from
the last two inspections (1992 and 1993 outages) allowed the utility to conlude that the upper
bound of the ODSCC growth is 50%, independently of the initial estimated ODSCC degraded
area. At the end of the 1993 outage, the corrected end-of-cycle ODSCC degraded area was
therefore obtained by multiplying the corrected begin-of-cycle ODSCC degraded area by 1.5.

The assurance of the structural integrity of an ODSCC degraded tube for the forthcoming cycle is
demonstrated when the corrected end-of-cycle ODSCC degraded area is found smaller than the
maximum acceptable cross sectional area of degraded material.

The results of the limited UT inspections performed during the 1993 outage on the three steam
generators shows for a significant number of tubes ODSCC growth faster than anticipated. This
unpredicted growth rate has been evidenced by (i) defects identified as acceptable for one cycle
service at the end of the 1993 outage but not evidencing at the end of the 1993-1994 cycle the
required margin to ensure the structural integrity (ie., the cormected end-of-cycle ODSCC
degraded area is larger than the maximum-acceptable degraded area to ensure the tube structural
integrity) and (ii) by defects non. identified by the 1993 outage UT inspection and identified as
degraded by the 1994 outage inspection but-not evidencing the required margin to ensure the -
structural integrity.

The utility concluded that. all the tubes not sleeved during the 1993 outage could not be
demonstrated as having the required margin to ensure ‘the tube structural integrity during the
forthcoming cycle and were therefore not acceptable for continued service.

3.0 HE] REPATRING AND LASER WELDED SLEEVING CAMPAIGN IN 1994

3.1. Elevated laser welded sleeves

Following the results of the in-service inspection, the utility decided to install Laser Welded
Sleeves (LWS) in every remaining unsleeved tubes in order to bridge the roll transition area.
These sleeves are Westinghouse 12-inch elevated laser welded sleeves made of Thermally Treated
Alloy 690. This type of sleeve extends over one-quarter of the tube length within the tubesheet.
The lower sleeve-to-tube joint is located approximately 17 inch above the tubesheet primary face
and is of the HEJ type (identical to the lower joint of the 30- or 36-inch HEJ sleeves). \The upper
joint consists of a section which is hydraulically expanded into the tube and a autogenous weld
between the sleeve and the tube which is made approximately in the middle of the hydraulically
expanded zone using a laser welding process. This type of joint is referred to as a laser welded
Joint (LWJ). The utility reported that the tube diametrical expansion was limited to 0.075 mm in
the upper joint instead of 0.25 mm as exhibited in the hydraulically expanded section of the HEJ
sleeve upper joint. Should the weld be found unacceptable a reweld would be made about one-
third of an inch under the initial weld. The upper joint is provided with a overlength of
approximately 2 inch. In steam generator B, some 30-inch tubesheet laser welded sleeves
(demonstration sleeves) were installed instead of elevated laser welded sleeves. The utility
decided to stress relief ( heat treat) the weld joint (weld and reweld, if present) and the upper
transition of the tube upper hydraulic expansion. Holding temperature between 1,400°F and
1,600° (760°C and 871°C) for 5 minutes is required. The oscillating heater stress relief procedure
was applied 1o both the weld and the upper transition. The oscillation stroke was 1.38 inch (35.05
mm) for both areas.
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OFf the installed 11,577 laser welded sleeves, 11,346 were available for active service. The number
of tubes with 12-inch LWS accepted for service after the sleeving campaign was 3,649 in steam
generator R, 4,183 in steam generator G and 3,365 in steam generator B. The number of tubes
with 30-inch LWS accepted for service was 149 in steam generator B. :

3.2 Repair of the 36 inch HEJ sleeves

The utility decided to repair the existing HEJ joints of all the 36 inch HEJ sleeves by performing in
the available hop-off length a laser welded joint of the same configuration as the upper joint of the
12 inch laser welded sleeves. The utility also decided to heat treat the weld joint and the upper
transition of the tube upper hydraulic expansion, using the same procedure as for the 12 inch
elevated laser sleeves.

Of the repaired 1,628 HEJ sleeves, 1,088 were accepted for service. The number of tubes with
repaired 36-inch HEJ sleeves accepted for service. after the repair campaign was 609 in steam
generator R, 127 in steam generator G and 352 in steam generator B.

3.3 Plugging of the 30 inch HEJ sleeves

The utility decided to plug all the tubes sleeved during the 1993 outage with 30-inch HEJ sleeves.
He reported that due to the actual tolerances in tool positioning, the fruitfull performance of the
weld joint ‘in the short hop-off length of the 30 inch HEJ sleeves at an acceptable distance
outboard of the potentially degraded area (upper hydraulic transition) was not sufficiently
substantiated. '

3.4 Summary of the plugged/repaired tubes after the 1994 outage

After the repair/sleeving campaign performed during the 1994 outage, the equivalent plugging
level in steam generators R, G and B was 14.7%, 13.5% and 22.5% respectively.

4.0 SG TUBES 1995 IN-SERVICE INSPECTION

T X A R T e e =

4.1 In-service inspection program

The final in-service inspection program required the 100% Cecco-3 inspection of all sleeved tube
end sections remaining in service in all the three steam generators. The inspection zones (area of
concern) in the sleeved tube end section are the parent tube above the weld, the weld (sleeve and
parent tube) and the sleeve under the weld. It should be noted that a 0.3 inch length parent tubing
section (7 to.8 mm) at the sleeve top end is not inspectable due to geometrical discontinuity
problem. All indications evidenced by the Cecco-3 inspection were additionally inspected by
Zetec “+ Point” probe. In addition, a random sample of 214 tubes (with no Cecco-3 indications)
was also inspected by the Zetec “+ Point” probe in steam generator B.

The original in-service inspection program also included the removal of two tube sections with

repaired HEJ sleeves and two tube sections with laser welded sleeves. Six sleeved tube sections
were additionally removed from steam generator R.
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4.2 1995 in-service inspection results

An eddy current inspection was performed in 1994 subsequent to the LWS installation and HEJ
repair campaign using the Cecco-3 probe. The bobbin segment data were used for process
verification, including detection of hydraulic and hard roll expansions, presence of the weld and
performance of the two heat treatments. The Cecco segment (transmit-receive array) data were
collected as a baseline archive.

Evaluation of the indications identified by the Cecco-3 inspection during the 1995 in-service
inspection was based on the reconciliation with the baseline data obtained during the summer of
1994. The Cecco-3 baseline data represent the condition of the sleeve joint after the HEJ repair
and LWS installation campaign. This condition was accepted on the basis of the process
verification work performed in 1994,

The Cecco-3 indications found during the 1995 outage were therefore considered as acceptable at
the condition that they showed no significant change relative to the 1994 baseline data. The
evaluation of an indication against the baseline examination should include the evaluation of the
circumferential length/pattern of the indication and the amplitude of the coil responses.

In steam generator R, one significant change was observed in the reweld of a tube and three
significant changes were observed at the original HEJ joint (out of the area of concern). In steam
generator G, no significant change was observed in the area of concern. In steam generator B, no
significant change was observed in the area of concern but three significant changes were observed
at the original HEJ joint (out of the area of concern).

A total of 20 tubes (8 in SG-R, 3 in SG-G and 9 in SG-B) had restrictions with the standard .530
inch probe (nominal ID of sleeve is .562 inch). With the .500 inch probe, O of the 8 tubes in SG-
R, 0 of the 3 tubes in SG-G and 2 of the 9 tubes in SG-B had restriction. Restriction of the 2
tubes in steam generator B was confirmed by endoscopy. o

The Zetec “+ Point” probe was primarily used by as a diagnosis tool intended to provide additional
information on the LWS joints for which the Cecco-3 probe had identified indications. No
acceptance criteria was defined for the “+ Point” indications.

In the random sample of 214 tubes (SG-B), no clear indication of circumferential or axial defect
was evidenced by the Zetec “+ Point” probe in LWS Jjoint. One doubtful indication was detected
in the weld of a repaired 36-inch HEJ sleeve . No indication (neither clear nor doubtful) of
circumferential or axial defect was evidenced in the HEJ joint of the eight repaired 36-inch HEJ
sleeves incuded in the sample.

4.3 Tube removal

To meet the requirements set forth in 1994 in the authorisation for startup and operation of the
Doel 4 plant, a minimum of two tube sections with 36-inch repaired HEJ sleeves and two tube
sections with 12-inch LWS had to be removed during the 1995 outage.

Four tubes of steam generator B were selected for removal : two repaired 36-inch HEJ sleeves,
one 30-inch LWS and one 12-inch LWS. The selection was based on the Cecco-3 indications
confirmed by the results of the + Point inspection.

On none of the removed tubes circumferential corrosion cracking either in the weld or in the upper
hydraulic transition was evidenced. ’

However the examination of the four tubes led to identify three unexpected phenomena :
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(i) Bulging of the parent tube in the hydraulic expansion above the weld and also above the
expansion zone. Three of the four tubes clearly suffered this bulging phenomenon. The maximum
increase of the parent tube OD was found at the upper hydraulic expansion and reached 0.03 inch
(0.8 mm). The bulging phenomenon was not evidenced by the NDE inspection.

(ii) Corrosion of the sleeve-tube assembly in a zone (360°extension and Smm height) above the
upper hydraulic expansion (HEJ joint) in one of the repaired HEJ sleeve. The corrosion was found
on both the ID of the parent tube (penetration less than 10% thru-wall) and the OD of the sleeve
(25% thru-wall). The corrosion at the sleeve OD is general corrosion combined with IGA. The
corrosion at the parent tube ID is general corrosion. The general corrosion of the sleeve-tube
assembly above the upper hydraulic expansion (HEJ joint) of the repaired HEJ sleeve was
identified by the Cecco-3 probe as a circumferential indication.

(iii) Circumferential cracks in the weld of the 36-inch HEJ sleeved tube showing a circumferential
indication at the weld. The longest crack was found to extend over about 120° and to be thru-
wall. The cracked area is about 50% of the cross sectional area of the weld. The cracks initiated
from the sleeve OD. Metallographic examination of the crack allowed the utility to conclude that
the crack was a fabrication defect. No propagation either by corrosion or by fatigue was
evidenced.

Fabrication cracks were known to potentially affect the welds, specially these of the HEJ repaired
sleeves. However based on tests performed in 1994, the cracks were believed to be small cracks
not questioning the structural integrity of the sleeve/tube assembly. The Cecco-3 inspection
guidelines for the weld were defined to identify the small fabrication cracks. The circumferential
indication in the weld of the 36-inch HEJ sleeved tube was detected by the Cecco-3 probe both in
1994 and 1995 but the signal was not interpreted as a crack.

The utility accepted to remove six additional sleeved tubes from steam generator R. The results of
the laboratory examination performed on the pulled tubes of the second series can be summarized
as follows :

(i) None of the removed tubes exhibited circumferential corrosion cracking either in the weld or in
the upper hydraulic transition.

(ii) The bulging phenomenon of the parent tube above the weld was found on all the pulled tubes
and was so confirmed to be a generic problem. None of the tubes exhibited however stress
corrosion in the bulged region.

(iif) The tube of steam generator R showing a significant Cecco-3 change in the reweld of a tube
only exhibited fabrication cracks in the weld region without any in-service growth.

(iv) General corrosion of the sleeve-tube assembly at the upper hydraulic transition of the HEJ
joint was confirmed to be a potential problem for the 36 inch repaired HEJ sleeves.

4.4 Summary of the revised inspection results

Following the laboratory examinations performed on the pulled tubes and the subsequent revision
of the inspection guidelines, the Cecco-3 indications were reanalyzed to identify those indications
corresponding to fabrication cracks in the weld region and general corrosion at the upper hydraulic

expansion (HEJ joint) of the repaired HEJ sleeves.

The following table summarizes the results of this reanalysis.
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Number of tubes with indications of crack and general corrosion

SG-R SG-G SG-G

Clear and doubtful crack indications in weld region

12 inch LWS 6 5 22

30 inch LWS 1

36 inch repaired HEJ sleeves 79 6 32
General corrosion at upper HE (HEJ joint)

36 inch repaired HEJ sleeves 8 0 8
Crack indication in parent tube at upper HE (HEI joint)

36 inch repaired HEJ sleeves 11 4 6

The utility decided-te-plug all the repaired HEJ sleeves as well as the LWS slecves with crack
indication in weld region.

4.5 Summary of the plugged/repaired tubes after the 1995 outage

At the end the 1995 outage, the equivalent plugging level in steam generators R, G and B was
about 26.7%, 16.1% and 30.1% respectively.

5.0 CONCLUSION

The Doel 4 nuclear power plant will have its steam generators replaced in an outage planned for
summer 1996. The decision for replacement has been taken by the utility in 1992 at time when the
SG tubes were mainly affected by outside diameter IGA/IGSCC at the tube support plate
intersections and axial ODSCC in the free spans. The present report only aims at giving the status
of the circumferential ODSCC at the hot leg tube expansion transition. It shows the unexpected
flaw growth and the unexpected degradation phenomena connected to the repair processes.

Other important aspects such as the qualification of the repair processes, the qualification of the
NDE inspection techniques, and the conditions for authorizing start-up and operation were
deliberately not covered in this report.
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1. Introduction

In 1994, the Genkai-3 of Kyushu Electric Power Co., Inc. and the Ikata
-3 of Shikoku Electric Power Co., Inec. started commercial operation, and
now 22 PWR plants are being operated in Japan. Since the first PWR plant
was started to operate, Japanese PWR plants have had an operating
experience of approx. 280 reactor-years.

During that period, many tube degradations have been experienced in
steam generators (SGs). And, in 1991, the steam generator tube rupture
(SGTR) occurred in the Mihama-2 of Kansai Electric Power Co., Inc.
However, the occurrence of tube degradation of SGs has been decreased by
the instructions of the MITI as regulatory authorities, efforts of
Electric Utilities, and technieal support from the SG manufacturers.

Here we describe the recent SGs in Japan about the following points.
* Recent Operating Experiences
* Lessons learned from Mihama-2 SGTR
* SG replacement
* Safety Regulations on SG

* Research and development on SG

NUREG/CP-0154 60



2. Recent Operating Experiences

2.1 Tube Degradation History
As of Oct. 1995, 22 PWR plants are being operated and the total
number of SGs is 6Y4. Since the Mihama-1 as the first PWR plant was
started to operate in 1970, it has accumulated operating experience
of approx. 280 reactor years. During that period, as shown in Fig. 1,
mainly the tube degradations as indicated below have been experienced.
First half of 1970's Wastage (OD)
Latter half of 1970's TS Crevice SCC (OD)
U-Bend SCC (ID)
1980 to date TS/TSPL IGA (OD)
TS SCC (ID)
AVB Fretting (OD)
Pitting (OD)
Many tube degradations were found in SGs when the plants were
inspected during outage due to incidents and failures that must be
reported from Electric Utilites to the MITI by law. As shown in
Table 1, they occurred 5 to 9 times every year since 1982. However,
the replacement of SGs with many tube degradations was started in
1993 and thus the nunber of failure reports on SGs in 1994 was reduced
to only three. It is expected that it will be reduced further in the

future.

2.2 Recent Topies
2.2.1 SG Tube Leakage at Mihama-1
(1) The Mihama-1 is the first PWR plant in Japan that was started
to operate in Nov. 1970. It has two SGs of Combustion
Engineering Inc. (CE)-type, their tube material is Alloy 600 MA,

and upper tube bundle support has a specific structure different
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from that of WH-type.

(2) In Feb. 18, 1994 when the plant was operated at full power,
leakage from the primary system to secondary system was detected
slightly, and the plant was shutdown. As the result of Helium
Gas Leak Test, it was confirmed that the leakage occured from
one tube near the edge of the scalloped bar at the horizontal
portion of the upper U-bend. The schematic of. the leaked
portion is shown in Fig. 2.

(3) The cause of the leakage was investigated and the following
was found.

a@. As the result of ECT using Bobbin Coil, any significant
indication was not detected at the defected area.

b. As the result of 8x1 ECT and Rotating Pancake Coil ECT, the
circumferential indication on the 0.D. surface was detected at
the outer edge of the scalloped bar, and its depth of indication
was almost 100% through wall.

c. As the result of visual inspection of the upper tube suppogt
structure, no trace of sliding was noticed at the sliding
portions of the upper tube support structure assembly and the
wrapper. Therefore it was considered that, during the
operation, the tube bundle and wrapper were positioned in such
a state that their the}mal expansion difference could not be
absorbed.

d. As the result of measurement of the tube bend, the leaked tube
was noticed to be lifted up and bent at the scalloped bar
portion due to accumulation of sludge.

e. As the result of investigation of the secondary water
chemistry history, the chemical environment was acid in the
past and, at present, is neutral to weak acid.

f. As the result of vibration evaluation, it could not be
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considered that it was damaged by fluid elastic vibration.

(4) As the result of stress evaluation, it was noticed that an
axial stress of approx. 22 to 28 kg/mn? occurred on the leaked
tube and also corrosive environment was formed on the secondary
side and, thus it was estimated that SCC occurred on the outer
surface of the tube.

(5) The SGs of the Mihama-1 unit were planned to be replaced with
those of advanced type and the replacement work was planned to
be started from the end of 1995. However the schedule was
advanced and the work is now under way, and expected to be
completed at the end of this year.

2.2.2 SG Tube Leakage at Ohi-2

(1) The Ohi-2 plant is the PWR plant with 4-loops. The SGs of it
were manufactured by MHI, and their tubes of Alloy 600 MA were
manufactured by Sumitomo Metal.

(2) In Feb. 25, 1995 when the plant was being operated at full
power, alarms for N-16 leak monitor and others set in the B-main
steam line were dispatched, and the operation of the plant was
stopped. To locate the leaked tube by the secondary side
hydraulic pressure test, water was filled to the secondary side
of the SG and leakage was found from the cold leg side of one
of the Row-1 tubes. -

(3) As the results of ECT on the leaked tube, the following was
obtained.

a. As the result of ECT using the bobbin coil type U-bend probe,
an indication was detected at the cold leg bend portion.

b. As the result of ECT using the rotating pancake coil probe,
an axial indication of approx. 30 mm was detected at the cold
leg bend portion.

(4) As the results of examination by cutting off of the leaked tube,
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the following was obtained.

a. A line of short axial intergranular cracks were found near
the flank of the cold leg by approx. 17 mm in the the outer
surface and approx. 40 mm in the inner surface.

b. The ovality was 6% maximum, but it was noticed that it was
varied at the cracked portion in longitudinal direction.

(5) Results of stress evaluation
It was evaluated that the residual stress by bending was high,
and thus the PWSCC was considered to be produced by that stress
together with the working stress during the operation.

(6) To prevent this, all the Row-1 tubes were plugged. Alsoc the
SGs in which tubing of Alloy 600 MA is used and of which U-bend
tubes are not stress-relieved are to be inspected for all Row-1
and -2 U-bends with a plus point type rotating probe. In the
Ohi-2 plant, it is planned to replace the SG in 1997.

2.2.3 Others
Mechanical plug degradation and degradation at sleeved tubes
that were experienced overseas have never been experienced in Japan.
For the broach hole blockage of a broacbed type tube support
plate, as the result of ECT, an indication showing the adhesion of

scale was noticed on some SGs.
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3. Lessons Learned from Mihama-2 SGTR

In the Mihama-2 plant in which SGTR occurred in Feb. 9, 1991, the SGs
were replaced and the preventive measure against re-occurrence of SGTR
was taken and, in Oct. 13, 1994, the operation was re-started. This SGTR

gave us many lessons useful to maintain the safety of NPPs.

3.1 Preventive measures against re-occurrence by MITI
To prevent the re-occurrence of SGTR, the MITI will take the
measures described below based on the lessons so as to further improve
the safety regulations.
(1) AVB will be added to examination items of construction plan and
inspection.

a. Items on AVB will be added for the examiration of construction
plan and pre-use inspection.

b. Structural standards on AVB will be added to the technical
standards.

(2) Improvement in periodical inspection

a. Inspection to check AVB insertion and instalation conditions
will be added.

b. Inspection to check deformation of SG TSPL portion will be
added. .

c. System integrity confirmation inspection before starting
reactor and hot function inspection for main steam isolation
valves (MSIVs) will be added.

d. Ideal periodical inspection for aging plants will be
considered (under consideration).

(3) Improvement in safety evaluation
The safety evaluation on SGTR will be changed to the evaluation

in which the time taken to complete the closing of the MSIVs is
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extended.
(4) Reinforcement of guidance and supervision on quality assurance
activities
At each stage ranging from design to operation, guidance and
supervision on the quality assurance activities of Electric
Utilities will be further reinforced.
(5) The classification of the abnormal conditions in safety review
will be studied. ‘
The classification of the abnormal conditions including the
SGTR in safety review will be studied.
(6) Contents of the installation permission application will be
reviewed.
The standard application manual will be prepared for the
instruction to Electric Utilities.
(7) Technological advancement, accumulated experiences, and others
will be reflectéd properly.
Periodic safety review (PSR) will evaluate reflection of
operational experience and advanced technical knowledge.
(8) Plant operation and maintenance standard (POMS) will be
reviewed.
a. Thg aging of plant will be evaluated properly and POMS to
maintain the integrity will be arranged (under study).
b. Based on the aging of plant, how to perform periodical
inspection will be studied (under study).
(9) Safety research will be further promoted.
a. Validation test on fluid induced vibration by two phase flow
will be performed (under test).
b. Reliability evaluation method and aging evaluation method of
materials and equipment will be developed (under development).

¢. Advanced inspection techniques will be developed (under
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development).

3.2 Preventive measures against re-occurrence by Electric Utilities
Electric Utilites took the measures desribed below based on the
instruction from the MITI.

(1) Reinforcement of autonomous safety assurance
a. Reinforcement of quality assurance activities
b. Improvement in maintenance control method
c¢. Improvement in operation manual
d. Improvement in monitoring system and instrument and control

systen.

(2) Promotion of technological development
a. Development of advanced inspection techniques
b. Development of human error preventing techniques
¢. Improvement in fluid induced vibration evaluation method

(3) Improvement in emergency response to occurrence of abnormalities
a. Improvement in information communication systenm
b. Prompt and appropriate assistance to visitors to NPP
¢. Prompt estimation of radiation release

(4) Measures to enhance the reliability of nuclear power generation
a. Scheduled replacement of AVB

b. Reinforcement of monitoring of SG leakage

3.3 Preventive Measures against re-occurrence in the Mihama-2
In the Mihama-2, the following measures were taken before
re-starting of the operation.
(1) In light of economy and the’general public, the old SGs were
replaced with new ones of advance type.
(2) N-16 radiation monitors (Scintillation detectors) were

installed in each main steam piping so that SG leakage could
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be detected rapidly and securely and also be located.

(3) Monitors (High range: Ionization chamber detectors, Low range:
Scintillation detectors) were installed in each main steanm
piping so that radiation release could be estimated in the
occurrence of SG leakage.

(4) Thermometer type reactor water level gauge was installed so as
to diversify the monitoring methods of plant parameters during
accident occurrence.

(5) To improve the closing function of MSIVs, actuators were
improved.

(6) To increase the reliability of the working air system of the
pressurizer relief valve, the instrument air system was doubled
and set independently.

(7) The processing capability of the plant computers was increased.

(8) Even when safety injection signal is generated, a line capable
of supplying power directly to the start up transformer was

newly connected to the common bus bar.
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SG Replacement

1 Background of SG Replacement

The integrity of SGs is maintained through strict inspections and
appropriate repairs. Also the safety of the plant is secured by
continuous leak monitoring during the operation. In Japan, however,
not only extremely minute leakage of primary coolant to the
secondary side due to degradation of tubes but also the detection
of degradation of tubes by inspection make the general public anxious
about safety and reliability of nuclear power generation.

At the same time, through the inspections and repairs of SGs, the
outage period of the plant was prolonged and direct and indirect
costs were increased resulting in economical inefficiency.

On the other hand, as the result of R&D based on the past
experiences, advanced type SGs were developed, and also the
replacement technique was improved through the experiences of
replacement performed overseas. Therefore the replacement of SGs

became reasonable.

2 Operation of SG Replacement

The SG replacement is performed by Electric Utilities to maintain
the safety,-maintainability, and social reliability of NPPs when
they judge that it is desirable to replace the SGs causing tube
degradation frequently and those designed and manufactured in the
same period as the degraded SGs with those of advance type.

So far the SG replacement has been completed in the four plants:
the Takahama-2, Mihama-2, Genkai-1, and Ohi-1, and under way in the
Mihama-1 plant.

In addition, the SG replacement is planned in the three plants:

the Takahama-1, Mihama-3, and Ohi-2. The list of the completed and
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planned SG replacements is shown in Table 2.

.3 Outline of Regulations on SG Replacement

In Japan, the regulations on the construction, maintenance, and
operation of commercial NPPs are performed by the MITI based on
“The Law for Regulations of Nuclear Source Materials, Nuclear Fuel
Materials and Reactors" (LRNR) and “The Electric Utility Industry
Law" (EUIL). Though SG replacement is planned and performed by the
autonomous judgment of Electric Utilities, the MITI examines the
validity from the view point of safety assurance and conformance with
technical standards based on the above-mentioned laws and
requirements of the Modification Permission for Installation and
Approval of Construction Plans, and confirms that it meets the
requirements for permission and approval by Pre-Use Inspection and

Welding Inspection.
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5. Regulations on SG

5.1 Inspection Criteria

In the EUIL, it is specified that NPPs shall be subjected to
periodical inspections by the MITI. Also, in the Enforcement
Regulations of the EUIL, the time and facilities for the periodical
inspection are specified.

SGs are specified as one of the facilities that shall be subjected
to periodical inspection performed annually. In the Standard Manual
of Periodical Inspection prepared by the Safety Administration
Division, it is also specified that all SG tubes shall be inspected
through the full length using ECT.

Types of probes used in the ECT are specified properly according
to the types and locations of degradations. Table 3 shows the types
and area of application of probes and the form of degradations to be
detected. Therefore the probes used depend upon plants. Table U

shows types of probes which each plant is using.

5.2 Flaw Acceptance Criteria

The technical standard on nuclear power plants is not only the
standard on the design and manufacturing of facilities but also the
standard on the level at which the facilities must be maintained and
operated. Therefore, if any defect is found through inspectibn, the
defective tube cannot be used, and the MITI requires to repair it by
plugging or sleeving.

The specific acceptance criteria are as follows.

* For defects such as wastage of which depth can be specified,

their depth shall be 20% or less.
% For defects such as IGA and SCC of which depth is difficult to

be evaluated quantitatively, their indication signal shall be
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smaller definitely than noise level.

The criteria are shown in Table 5.

.3 Primary to Secondary Leakage Monitoring and Limit

On all PWR plants, the following three types of leak monitors are
mounted to detect the primary to secondary leakage caused by tube
degradation of SGs at the early stage of minute leakage.

R-15: Condenser Air Exhaust Gas Monitor (Scintillation Detector

or GM Counter Tube)

R-19: SG Blowdown Water Monitor (Scintillation Detector)

N-16: High Sensitivity Main Steam Monitor (Scintillation Detector)
The arrangement of these monitors is shown in Fig. 3.

In Japan, SG leak operation is not permitted. Therefore, if any
one of the indication values on the above monitors arrives at 120%

of the background level value, the plant operation must be stopped.

.4 Technical Specification

The safety of nuclear power plants in Japan is secured not only
by the regulation of the MITI but also the autonomous safety
assurance control of Electric Utilities. Based on the LRNR and
EUIL, the Electric Utilities must specify the items necessary for the
autonomous safety assurance control in “Techniéal Specification", and

the specification must be approved by the MITI.
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6. Research Projects on SG

6.1 National Projects
6.1.1 Verification Test on SG Tubing Reliability
The following tests and researches were performed over five
years from 1989 to 1993 so as to confirm the effectiveness of
various measures taken for IGA prevention and verify the reliability
of defective tubes during the operation.
# Identification of SG Tubing Material's Susceptibility to IGA
% Verification of IGA Countermeasures such as Environmental,
Material and Design Improvement
* Confirmation of Reliability of Tubing with Undetected IGA
6.1.2 Development of SG Tube Inspection Technology
The following tests were performed over seven years from 1992
to 1998 so as to verify that SG tubing degradation could be detected
satisfactorily by ECT and the safety of NPPs could be secured.
# Verification Test of Inspection Technology for Circumferential
Defects
# Verification Test of Precision Inspection Technology
# Verification Test of Inspection Technology for Mechanical Plug
* Development of Micro ECT
6.1.3 Development of NDE Technology to Evaluate Fatigue Damage of
SG Tubing
The following tests were performed over six years from 1992
to 1997 so as to develop the technologies to detect and diagnose,
at the initial stage, the metal fatigue damage occured on SG
tubing.
# Development of NDE Technology

# Construction of Data Base relating to Inconel Fatigue
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6.1.4 Verification Test on Flow Induced Vibration in U-Bend Tube

Bundle of SG

To advance the evaluation method for flow induced vibration

of SG at the U-bend portions, the test on thermohydraulic and flow

‘induced vibration was performed over five years from 1993 to 1997

using a large Model SG which simulated the actual SG in

construction and thermohydraulic condition.

6.2 Electric Utility's Projects

Electric Utilities are performing the following researches in

cooperation with NPP manufacturers.

(1)
(2)
(3)
()

(5)
(6)
(7)
(8)

NUREG/CP-0154

Research and development of inspection technology on SG tubing
Research on advancement of ECT signal evaluation

Research on analysis of flow induced vibration of SG tubing
Research on fatigue damage of SG outermost peripheral tubing
at U-bend portions

Research on SCC of SG tubing

Research on effect of lead on SG tube degradation

Research on technology for removal of scale from SG TSPL
Research on adhesion of corrosion products to broached hole of

SG TSPL
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7. Conclusion

Most SGs of PWR plants in Japan are of advanced type by beginning
operation of NPPs of advanced design or SG replacement.

Therefore it is considered that tube degradation experienced in the past
will be hardly occured under the present water chemistry environment.

In order to maintain the integrity of SGs, however, it is mandatory
that secondary water chemistry be controlled properly and inspection be
performed appropriately. As for inspections in the future, the following
is now considered:

# From the results of researches performed so far, the possibility
of degradation of SGs using Alloy 600 MA as tube material
experienced in the past cannot be denied except for some SGs.
Therefore careful inspection must be performed in the future also.

# For SGs using Alloy 600 TT, based on the results of researches,
the integrity is considered to be maintained except for some
degradation modes. Therefore careful inspection must be performed
continuously in the future also.

# For SGs using Alloy 690 TT, the integrity is considered to be
maintained against any degradation mode. Therefore reasonable
inspectipn is desired in the future. Also, because its life is
still short, it is required to know thé aging change and its
tendency.

# Sleeved tubes must be inspected continuously in the future also.
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PAPER: "STEAM GENERATORS REGULATORY PRACTICES
AND ISSUES IN SPAIN"

AUTHORS: C. MENDOZA (C.S.N., Madrid, Spain).
C. CASTELAO (C.S.N., Madrid, Spain)
J. RUIZ-COLINO (C.S.N., Madrid, Spain)
J. M. FIGUERAS (C.S.N., Madrid, Spain)

ABSTRACT.-

This paper presents the actual status of spanish Steam Generator's tubes, actions
developed by PWR plants owners (licensees) and submitted to C.S.N., and regulatory
activities related to tube degradation mechanisms analysis; NDT tube inspection
techniques; tube, tubesheet and TSPs integrity studies: tube plugging/repair criteria;
preventive and corrective measures including whole S.G.s replacement; tube leak
measurement methods and other operational aspects.

Paragraph 1 describe briefly all tube degradation mechanisms observed in spanish
S.G.s, putting specific emphasis on ID/OD SCC circumferential (RTZ) and OD SCC
axial (TSP) cracking.

Paragraph 2 is devoted to detection, discrimination and sizing capabilities of
various E.C.T. coils used for inspection of defects, specially ID/OD SCC
circumferential and OD SCC axial cracking.

Paragraph 3 discusses tube plugging/repair criteria applied and based on the
degree of confidence on crack growth mechanisms and rates, on tube collapse/burst
resistances (explosive failure) and on the developed leak rate/crack opening
correlations. .

Paragraph 4 is related to leak detection capabilities and implementations due to the
new developed LBB criteria, emphasizing the general high confidence on N-16
monitors accuracy.

Paragraph 5 describe briefly all preventive and corrective measures implemented
up to now in Spain, with more or less success, which in four plants led to a final
decision of S.G.s replacement in order to recover the primary-to-secondary heat
transfer initially designed capacity.
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1.- DEGRADATION TYPES OBSERVED IN SPANISH S.G.s

Actually, there are seven (7) NPPs PWR-type operating in Spain, with very different
ages and supply origin, as can be seen in Table 1. This Table also shows all S.G.
models in operation, from the 27 years old and unique model W-24 in Zorita, the
twelve (12) S.G.s model W-D3 installed initially in Almaraz 1&2 and Ascé 1&2, till the
newer three (3) S.G.s model W-F in Vandellés 2 and, finally, the three (3) S.G.s
model KWU-GT 54 in Trillo.

In an extensive replacement program, lasting three years (1985 - 1997), all 12 S.G.s
in Almaraz 1&2 and Asco 1&2 will be substituted by newer S.G.s, designed from
SIEMENS-FRAMATOME Consortium model S-F/D3, incorporating many changes in
materials (i.e: Incoloy 800 Mod., Stainless steel, ...), design features (i.e: upper F.W.
J-pipe injection, tube supporting, tube expansion methad, ...) and in operation (i.e: T
"window", heat transfer area, ...), fully described in other paper during this CNRA-
CSNI Workshop.

Operating experience of those nineteen (19) S.G.s has been quite different,
dependent on the models and its features: tube and other internals materials, tube-to-
tubesheet joint, tube-to-support plates geometries, water chemistries in primary and
secondary sides, stress levels, temperatures, etc.

Main causes of degradation, some of them leading to plug, were in the past, loss of
tube wall thickness by wear (fretting) in some tubes in contact with AVBs (model W-F
mainly) and at plate locations of tubes in preheater sections (only model W-D3),
denting due to corrosion of carbon steel TSPs (some S.G.s model W-D3), random
thinning on top of TS (model W-24) and some other minor problems, involving a
reduced number of tubes, due to loose parts/ foreign objects (model KWU-GT 54
mainly), dings, bulging or plugging errors, as shown in Tables 2 and A.

Nowadays, tubing degradations which lead to plug or to apply plugging criteria are
attributed mainly to SCC from primary (PW) and secondary (SW) sides with preferent
locations, as roll transiton zones (RTZ) and tube-to-support plates (TSP)
intersections, observing both ID/OD axial and circumferential cracking, in all models
W-24 and W-D3, as is also shown in Tables 2 and A.

In relation with ID/OD SCC axial and circumferential (RTZ) and OD SCC axial (TSP)
cracking, those fenomena has revealed mainly on all twelve W-D3 model S.G.s

tubing, leading to a bulky plugging of more than 4600 tubes in Almaraz 1&2 and Asco
18&2. :
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At these units, 3254 tubes account for OD SCC axial cracking in TSP, while 1402
tubes show ID/OD SCC circumferential and axial cracks in the RTZ. As will be
discussed later, in paragraph 3, no circumferential cracks at RTZ are allowed in
Spain, so tubes are consequently plugged or repaired, while some axial cracking have
taken profit of LBB or similar criteria, and depending.on their location, morphology
and size can remain in service.

2.- DEFECTS DETECTION, DISCRIMINATION AND NDT SIZING TECHNIQUES.

The inservice inspection plans of the steam generator's tubes follow the requirements
of R.G. 1.83. However, these plans were modified due to the number of tubes
affected for different degradations forms, and actually only two NPPs inspect the 3%
required for the R.G.. The rest inspect 100% full length with bobbin coil and 100% on
the tubesheet area with MRPC. All indications detected with bobbin coil on the TSPs
(axial indications due to stress corrosion cracking) are reinspected with MRPC, as
shown in Table B.

Bobbin coil can detect indications with a great level of confidence in the free tube
zone, so it is possible to detect defects as pitting, denting, IGA, ODSCC. However this
coil has not been able to detect indications, specially circumferentially oriented, in the
RTZ. From 1.990 on, in this zone the MRPC probe has been extensively used. Even
though the MRPC level of detection is not very high. being its threshold estimated in
a 60% loss of wall thickness and 30 ° length, it is assumed as the most effective coil
for circumferential indications detection and also for discrimination in the RTZ. With
this probe circumferential cracks on the secondary side (ODSCC) of the tubes can be
detected and sized, while those initiated from the primary side (IDSCC) can only be
detected.

Even though this probe is able to detect and size ODSCC cracks, the method is more
effective if the evaluation is carried out with the 3D display (terrain plots), because the
voltage of the ECT signal of these cracks is very low, being very difficult for
evaluators their detection, as is explained in more detail in other paper during this
Workshop. This is the reason why some circumferential cracks were missed to be
detected in some inspections. The CSN performed some audits on this way and, as
a result, some licensees decided to take corrective measures such as to review
records of previous inspections, the use of two different teams evaluating in a 3D
monitor display (terrain plots) and to improve the specific training of the personnel
involved in the evaluation.
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The MRPC probe is also used to discriminate between axial and circumferential
indications at the TSPs intersections previously detected with bobbin coil, as well as
those detected at the RTZ, being able to determine the length of the axial cracks with
an accuracy of £ 1 mm. (tubes pulled out). In any case, axial cracks length is only
important for those cracks at the RTZ where LBB criterion is applied.

Bobbin coil has always been used to define the loss of wall thickness on an amplitude
& phase bases; up to now, the voltage repair criteria has not been applied yet, in
Spain, by any utility nor is intended to apply in the short term.

Ultrasonic inspection is not regularly applied in Spain, being used only for
confirmation of E.C. test signals, in scarce cases.

3.- TUBE PLUGGING AND REPAIR CRITERIA

The general plugging or repair limit for all steam generator models, except model 24,
is 40% loss of wall thickness, as established in R. G. 1.121. For model 24 this
criterion is 50%, because of the greatest thickness of the tubes.

Model F has also an specific plugging limit of 55% loss of wall thickness for
indications coincident with the position of the former AVBs.

However, due to the unexpected defectologies found during operation on model D3,
other plugging or repair limits were licensed in Spain: Leak Before Break (LBB) and
P (see Table C).

Leak Before Break (LBB) criterion

This criterion is based in the fact that any risk of breakage, even in the most severe
conditions, of a steam generator tube due to PWSCC in the RTZ, is always preceded
by an admissible leak in normal operation.

The LBB criterion was licensed only for PWSCC type defects, with recognized
morphology, location and growth rate, for which some experience exists in the nuclear
field. This criterion applies only for axially oriented cracks; circumferential or complex
arrays of flaws are not allowed. Also, the maximum number of axial cracks in a tube
must be less than twenty.

111 NUREG/CP-0154




"STEAM GENERATOR REGULATORY PRACTICES AND ISSUES IN SPAIN"

This' criterion allows tubes to remain in service if they present:

* Axial cracks located within the RTZ and up to 18 mm. above the top of the
tubesheet, if their length is less than 8 mm., or less than 7.6 mm. if the crack
reaches the top of the tubesheet.

This criterion was licensed taking into consideration the following:

a) The critical crack length is about 13 mm. This has been obtained by means
of Folias "bulging factor" and was validated by burst testing carried out in
Spain.

b) Tubes with these kind of defects have shown, statistically speaking, a growth
rate of 4 mm. between inspections (ie. 12 months) as average.

c) Eddy Current tests performed in tubes pulled out of spanish steam generators
have shown an uncertainty of about 1 mm. on crack length determination, for
this kind of defects.

As a result of the application of the LBB criterion, many tubes which present axial
oriented cracks remain in service, so the plant's licensees that apply this LBB criterion
were required to perform a primary to secondary leak control, using a N-16 system.
This aspect is developed in the next paragraph of this paper.

P’ criterion

This criterion allows circumferential cracks located below 38 mm. from the top of the
tubesheet, except for the outermost rows. It is based on the fact that, even if a total
rupture of the tube happens (guillotine rupture), it will be supported by the tubesheet
and no whip effect will be produced.

Even though a leak from an existing circumferential crack at the tubesheet (below
P’ zone) is not expected, should it happen it will promptly be detected in the
secondary system in normal operation and corrective measures could be taken. The
partial or total rupture of a tube would be detected by the same means, and the safety
margins will be respected in any case.

The application of this criterion requires a 100% inspection with RPC on each
refueling outage.

NUREG/CP-0154 112



"STEAM GENERATOR REGULATORY PRACTICES AND ISSUES IN SPAIN"

4.- LEAK DETECTION SYSTEMS.

Since beginning of operation, in above mentioned spanish plants, all typical leak
detection systems have been applied (i.e. off-gas, blowdown and grab sample
analysis) with medium to high effectiveness, as shown in Table D.

But when, in the late 80's and after, ID/OD SCC axial and circumferential (RTZ) and
OD SCC axial (TSP) cracking arrived to be the major contributors to S.G.s tube
plugging in some W models, and this fact drove to propose aiternative plugging
criteria as P* or LBB, the evaluation performed in CSN resuited in the need of a more
effective surveillance system, for leak detection during operation, than "classical”
systems, as the plants were allowed to continue full operation cycles with some
cracking in the pressure barrier.

That leaded to installation of N-16 monitors in all steam lines of Aimaraz 1&2 and
Ascéd 1&2, as plants more affected.

With the LBB and P’ plugging/repair criteria, primary to secondary leakages can be
due either to axial oriented cracks (LBB zone) or to circumferential cracks (below P’
zone), and, even though leaks from circumferential cracks at the tubesheet are not
very likely to happen, the leakages due to these kind of cracks will be considered for
the limits established for the LBB criterion, being in a modified scenario which makes
more conservative the LBB criterion adopted for axial cracks.

The Standard Technical Specifications establish a primary to secondary leakage limit
of 78 litres/hour per each steam generator. Because of the LBB and P’ plugging/repair
criteria, other leakage limits were impossed to plants with models 24 and D3. These
leakage limits were established initially in 5 litres/hour above the maximum stabilized
leakage (measured after 15 days of operation, which was established in about

5 litres/hour), being later augmented up to 15 litres/hour. Also if the N-16 system
detects an increase greater than 3 litres/hour, in any 72 hours period, the plant must
go to the shutdown mode; confirmation of values by blowdown analysis is always
required in those situations.

Operating experience of such leak surveillance methodology has been successful up
to now in spanish plants, as is fully described in other paper during this Workshop.
Only minor installation problems (i.e: shielding and calibration) have been observed
at the beginning in one of the plants that have N-16 monitors, but actually solved.
Figures 1 and 2 show two time graphics, for two different plants, displaying leak rate
values observed during the operating cycle.
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5.- PREVENTIVE AND CORRECTIVE MEASURES. S.G.s REPLACEMENT.

Operating experience of steam generators in the spanish NPPs has not been similar
due, mainiy, to the different features of each model. In particular, D3 model has been
the most affected due to the different types of degradations (loss of wall thickness by
wear in different zones, stress corrosion cracking from the primary and secundary
side in zones as TSP intersections and RTZ and others), and have obliged the
licensees of these NPPs to take a number of preventive and corrective actions.

5.1.- PREVENTIVE ACTIONS

Preventive measures implemented up to now in spanish S.G.s are well associated to
the degradation types observed. (see Table E).

The preventive measures adopted by the licensees, up to date, are the following:

a) The first preventive measure done in Spain (1.983)in D3 model was to perform a
modification in the inlet feedwater nozzle, due to problems that had been detected
in other abroad NPPs with the same steam generator, consisting in a manifold
installation to reduce the flow-induced vibration and, thus, the wear rate of the
tubes in this area (preheater).

b) In 1986, during the refuelling outages of Almaraz and Asco NPPs (both D3 model)
it was applied the shot-peening process in all the length of the tube sheet in the
hot leg in order to mitigate the degradation by SCC in this area.

According to the laboratory tests this process is effective if it is performed during
the two first years of operation. The results obtained in Almaraz after the shot-
peening process did not confirm this prevision, being Almaraz 2 more affected
than Almaraz 1, when the shot-peening process was applied during the second
outage (before two years of operation) and third outage (after two years of
operation) respectively.

c) In 1897, the licensees of NPPs with D3 models performed a heat treatment in the
U-bend small radius tubes, for stress relief, reducing the probability of cracking in
this area.

Up to date no cracks have been detected in this area inducing to give reliance in
the high effectiveness of this preventive process.
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d) In order to prevent corrosion problems due the iron and/or copper species
(corrosion products) which accumulate in sludge form on the tubesheet or scale
by deposition on the tubes surface, some licensees with AVT chemistry adopted
measures to remove such products. The methods adopted were chemical cleaning
and boron injection in the secondary. The effectiveness of these measures was
very high, as indicated in Table E, being the amounts of corrosion products very
low comparing with previous values in earlier outages.

On the other hand, and in order to reduce the amount of copper in the secondary,
these licensees took the decision of changing the condenser tubes, with a high
percentage of copper, as well as other parts of the secondary, replacing them with
materials with a high content of titanium.

5.2.- CORRECTIVE ACTIONS

.Corrective measures, as shown in Table E, are related with plugging and sleeving and
also with replacement or madification of internal components of S.G.s.

The corrective measures adopted up to date in Spain are the following:

a) The heavy degradation of tubes by wear caused by fretting with the AVBs in the
U-bend zone detected in the F model caused the plugging of a quite large number
of tubes up to 1.992 (4" refueling), as can be seen in Table 2. In this outage the
old AVBs were replaced by others of a new design; since then no tubes have
been plugged by this cause and a new plugging criterion was licensed for this
model (see paragraph 3 above).

b) The most common corrective measure adopted in Spain to deal with all kind of
defects was the plugging of tubes, as it is shown in Table 3.

However, due to the big amount of tubes with defects, some licensees, specially
those with D3 model, decided to use the sleeving process to keep those tubes in
service. This process could be applied on those tubes with defects in the
tubesheet area and up to the first tube support plate. Table 4 shows the behaviour
of the sleeved tubes, which can not be considered as gooc as it was expected
because a high percentage of these tubes had to be plugged afterwards for
different causes (defects in other areas of the parent tube and, mainly, defects
that appeared in the upper joint between the parent tubes and the sleeves. This
measure was not widely used and, for that reason, actually sleeving is not a
concern in Spain.
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c) Finally, and due to various reasons, among them the increase in the plugging rate
caused by ID/OD SCC axial and circumferential (RTZ) and, specially, OD SCC
axial (TSP) cracking in Almaraz 1&2 and Ascé 1&2, which reaches in a case 16%
of plugged tubes, being 18% the limit licensed by the CSN, and because the
sleeving process was not an effective measure, the licensees decidad the whole
replacement of all 12 type W-D3 S.G.s by new S-F/D3 Consortium designed
S.G.s. Replacement of the first 3 S.G.s in Ascd 1 has finished just some days ago
"(october 95), successfully. The other 9 S.G.s will be replaced in 1996 (Almaraz
1 and Ascé 2) and 1997 (Almaraz 2).

6.- CONCLUSIONS.

The paper present a general description of actual S.G.s problems and regulatory
concerns in Spain. Although defectologies as ID/OD SCC axial and circumferential
(RTZ) and OD SCC axial (TSP) cracking exist in 13 spanish S.G.s, there is a
comfortable degree of confidence in their operation.

Replacement of 12 S.G.s by less susceptible materials and a better design, in very
short term; a low degradation rate (6% plugged tubes in 27 years) in Zorita W-24
model and a general good behaviour in the Vandellés 2 and Trillo S.G.s up to now,
gives, actually, a reasonable status from the regulatory view.
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DEGRADATIONS IN SPANISH SGs

NUMBER OF PLUGGED TUBES

JOSE CABRERA 155 (5.95%)
(W-24)
ALMARAZ 1 SG1 352 (7.50%)
(W-D3) SG2 502 (10.7%)
SG3 353 (7.50%)
ALMARAZ 2 SG1 574 (12.3%)
(W-D3) SG2 264 (5.60%)
SG3 140 (3.00%)
ASCO 1 (W-D3) SG1 742 (15.9%)
SG2 468 (10.0%)
SG3 656 (14.0%)
ASCO 2 (W-D3) SG1 505 (10.8%)
SG2 337 (7.21%)
SG3 496 (10.6%)
VANDELLOS 2 SG1 100 (1.78%)
(W-F) SG2 70 (1.24%)
SG3 47 (0.84%)
TRILLO (KWU) SGI 0
SG2 12
SG3 2
MAXIMUN LICENSED PERCENTAGE: 18%
OCTOBER 95

NUREG/CP-0154
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WORKSHOP ON STEAM GENERATOR TUBE
INTEGRITY IN NUCLEAR POWER PLANTS

Steam Generator Issues in the United States

Jack R. Strosnider

Chief, Materials and Chemical Engineering Branch

October 30, 1995
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DEGRADATION MECHANISMS

ALLOY 600 STEAM GENERATOR TUBES IN THE U.S. HAVE

EXHIBITED DEGRADATION MECHANISMS SIMILAR TO THOSE
OBSERVED IN OTHER COUNTRIES

EFFECTIVE PROGRAMS HAVE BEEN IMPLEMENTED TO ADDRESS
SEVERAL DEGRADATION MECHANISMS INCLUDING

Wastage
Mechanical wear
Pitting

Fatigue

THESE DEGRADATION MECHANISMS ARE FAIRLY WELL

UNDERSTOOD AS INDICATED BY THE ABILITY TO EFFECTIVELY
MITIGATE/MANAGE THEM
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DEGRADATION MECHANISMS (cont.)

STRESS CORROSION CRACKING (SCC) IS THE DOMINANT
DEGRADATION MECHANISM IN THE U.S.

Axial SCC
Tube support plates (TSPs) - OD initiated
NRC Generic Letter 95-05
Dented TSP intersections - ID initiated
Free span - OD initiated

Circumferential SCC (NRC Generic Letter 95-03, Information
Notices 94-88 and 95-40)

Expansion Transition (PWSCC and ODSCC)
Dented TSP intersections

Parent tube at sleeve joints

U-bend of small radius tubes

SCC POSES SIGNIFICANT INSPECTION AND MANAGEMENT
CHALLENGES TO THE INDUSTRY AND THE REGULATORS

131 NUREG/CP-0154




UNDERSTANDING OF DEGRADATION MECHANISMS

A BETTER UNDERSTANDING OF SOME OF THE CRITICAL
PARAMETERS THAT AFFECT SCC INITIATION AND PROPAGATION
MAY BE USEFUL TO BOTH THE INDUSTRY AND THE REGULATORS

Incubation times for various forms of SCC

Commencing more intensive examinations at location(s) of
interest

Determining the type of SCC a location is most susceptible to
[ID or OD; axial or circumferential]

Permits the optimization of the examination method at a

given plant

IDENTIFICATION AND DISCUSSION OF THESE CRITICAL

PARAMETERS MAY PROVIDE INSIGHTS, FOR EXAMPLE, ON THE
EFFECTS OF

Deposits and sludge on susceptibility to ID/OD cracking

Expansion technique on the susceptibility to ID/OD initiated
cracking at the expansion-transition

Tube heat treatment and the microstructure of the tubing and
the susceptibility to SCC

Temperature and general water chemistry on SCC initiation and
propagation

Mechanical or corrosion induced tube deformation (i.e., denting)
on the initiation and propagation of SCC
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INSERVICE INSPECTION

EXISTING REGULATIONS IN THE U.S. WERE DEVELOPED IN 1970s
WHEN

General wall thinning was the dominant degradation mechanism
Readily detected and sized
Extensive amounts of degradation were not anticipated
Initial sample sizes were limited
Inspection criteria were very prescriptive
A PLANT’S TECHNICAL SPECIFICATIONS SPECIFY THE INITIAL
SAMPLING SCOPE AND EXPANSION CRITERIA
Differences exist between the plants

Probe type is not specified

EVEN WITH THE CURRENT REGULATORY FRAMEWORK

Extensive sampling plans have been developed by both the
regulators and the industry

Probes have also been developed and optimized to detect the
degradation mechanisms currently being observed in the field

Such an effort was necessary in order to ensure tube integrity
per the U.S. regulations

Utilities whose steam generators have exhibited

widespread degradation are essentially required to adopt
more robust inspection plans and techniques
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CAPABILITIES OF INSPECTION TECHNIQUES

RELIABLE FLAW DETECTION AND SIZING ARE NECESSARY FOR
ENSURING STEAM GENERATOR TUBE INTEGRITY

Periodic tube removal for destructive examination
In-situ pressure testing
IMPORTAN7T CONSIDERATIONS IN DEVELOPING AND EVALUATING

AN INSPECTION PROGRAM, WHICH MAY BE USEFUL TO DISCUSS,
INCLUDE

Probe selection and qualification

Performance demonstration requirements and criteria

Effects of tube geometry (dents, expansion transition) and
interfering signals (noise, deposits, etc.) on the capabilities_of a

probe

Methods for minimizing the effects of these interferences
and their limitations

Probability of detection for a specific flaw type and a specific
set of analyst guidelines

Ability to distinguish between interfering signals and true flaws
- use of multiple techniques

Sampling strategies (overall tube examinations, expansion
transition, dents, etc.) including the frequency of examinations

Sizing accuracy and identification of the appropriate parameter
to assess tube integrity (length, depth, voltage, etc.)
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TUBE INTEGRITY

ALL PLANTS IN THE U.S. HAVE A DEPTH-BASED TUBE REPAIR
CRITERIA

Applicable to all forms of degradation unless an alternative is
approved by the USNRC

DUE TO THE EXTENT OF DEGRADATION, ALTERNATE TUBE
REPAIR CRITERIA HAVE BEEN DEVELOPED AND IMPLEMENTED

F* criteria is applicable to defects located below the expansion
transition. It establishes minimum distance below which the
degradation has minimal effect on tube integrity.

Voltage-based limits for predominantly axially oriented ODSCC
at the TSPs. Structural and leakage integrity analyses do not
rely on the TSPs.

REPAIR CRITERIA INCLUDE ALLOWANCES FOR FLAW GROWTH
AND NON-DESTRUCTIVE EXAMINATION (NDE) UNCERTAINTY

Developed from conservative estimates of the growth rates and
NDE uncertainty

Conservative margins on structural loading applied (1.4 times

postulated accident condition loadings and/or 3 times the
normal operating condition loadings)
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TUBE INTEGRITY (cont.)

U.S. IS BEGINNING TO USE PROBABILISTIC ANALYSES TO
SUPPLEMENT THE DETERMINISTIC TUBE REPAIR CRITERIA TO

Address the probability of tube rupture and estimate the
leakage under postulated accident conditions

Alternate tube repair criteria proposais that may leave
through-wall indications in service have implications for
leakage under postulated accident conditions

Account for the use of non-bounding values in the deterministic
analyses '
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TUBE INTEGRITY (cont.)

DEVELOPMENT OF A TUBE REPAIR CRITERIA MAY INVOLVE

Developing a correlation between an NDE parameter and tube
structural integrity

Physically based (e.g., depth based) or empirically based
(e.g., voltage-based) correlations

Estimating the growth rate and NDE uncertainty
Laboratory estimates and/or field observations
Worst case or average values

Assessing whether leak before break is applicable for a specific
flaw type

Using probabilistic methods to supplement the deterministic
assessments

Evaluating leakage integrity

TUBE REPAIR CRITERIA DIFFER FROM COUNTRY-TO-COUNTRY

A better understanding of the regulatory goals and the
methodology and technical basis for the various tube repair
criteria could provide mutual benefits

USE OF IN SITU PRESSURE TESTING FOR DEMONSTRATION OF
LEAKAGE AND STRUCTURAL MARGIN
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PREVENTIVE/CORRECTIVE MEASURES

PREVENTIVE/CORRECTIVE ACTIONS ARE GENERALLY NOT
ADDRESSED IN U.S. REGULATIONS WITH THE EXCEPTION OF

Tube repair - plugging

Water chemistry program

UTILITIES, HOWEVER, TAKE THESE ACTIONS AS A RESULT OF
ECONOMIC CONCERNS
PREVENTIVE/CORRECTIVE ACTIONS IMPLEMENTED INCLUDE
Sludge lancing
Chemical cleaning
Sleeving - process must be approved by the USNRC
Roto/shot peening
Water chemistry control

U-bend heat treatment

Replacement of copper bearing components in the secondary
system

Steam generator replacement
Replacement of Alloy 600 plugs

Rerolling steam generator tubes (full depth expansion)
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MITIGATING ACTIONS

MITIGATING ACTIONS ARE IMPORTANT IN ENSURING TUBE
INTEGRITY

SLEEVING CONTINUES TO BE A MAJOR FOCUS OF ATTENTION IN
THE U.S.

Can provide interim fix until plant shutdown or steam generator
replacement

Service induced degradation of the parent tube at B&W
kinetically expanded sleeve joints and Westinghouse hybrid
expansion sleeve joints has been observed

Sleeve integrity has had a significant drain on USNRC and
industry resources with respect to approving and installing the
sleeves, respectively

Maine Yankee sleeve installation: ~ 17,000 tubes for
expansion transition defects

Welding and the UT inspection of these welds is
complete: >99% acceptance rate

Heat treatment of welds is commencing

PLUG INTEGRITY

Westinghouse Alloy 600 plug replacement schedule has been
accelerated as a result of cracking

~5 units have experienced in-service leakage with replacement

Alloy 690 plugs as a result of tooling used to remove previous
plug
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MITIGATING ACTIONS (cont.)

STEAM GENERATOR REPLACEMENTS
13 replacement projects have been completed
8 more replacement projects anticipated in the next 5 years

One of the replacement Catawba steam generators derailed
during shipment

USNRC is monitoring utilities recovery plan

Initial visual assessments to be performed in November

EFFECTIVENESS OF VARIOUS MITIGATING ACTIONS CONTINUES
TO BE AN ISSUE

Operating experience with Alloy 690
Longevity of sleeve repairs
Improvements in water chemistry

Effectiveness of roto/shot peening and U-bend heat treatment
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OPERATIONAL ASPECTS

VARIETY OF PRIMARY-TO-SECONDARY LEAKAGE MONITORING
TECHNIQUES ARE USED IN THE U.S.

Blowdown, air ejector, and N-16 main steam line radiation
monitors

Grab samples - variety of isotopes are used

IN THE U.S., A SPECIFIC METHOD OF MONITORING FOR LEAKAGE
IS NOT SPECIFIED; HOWEVER, LIMITS ON ALLOWABLE
PRIMARY-TO-SECONDARY LEAKAGE ARE IMPOSED

TYPICAL LIMIT IN PLANT TECHNICAL SPECIFICATION IS 500 GPD
THROUGH ANY ONE STEAM GENERATOR

Most plants administratively adopt much more restrictive limits

Plants which implement certain alternate repair criteria
implement 150 gpd leakage limits in their technical
specifications

In general, leak before break is not relied upon for any of the
degradation mechanisms; however, leakage monitoring is
considered an important element for defense-in-depth

LEAKAGE DURING POSTULATED ACCIDENT CONDITIONS IS
LIMITED IN THE U.S. TO ENSURE THAT OFFSITE DOSE
CONSEQUENCES ARE WITHIN REGULATORY LIMITS

Evaluated with alternate repair criteria proposals that could
potentially leave through-wall defects in service
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OPERATIONAL ASPECTS (cont.)

IN ADDITION TO LEAKAGE MONITORING, OTHER ELEMENTS

WHICH ENSURE SAFE PLANT OPERATION WITH RESPECT TO TUBE
INTEGRITY INCLUDE

Assessing the potential for single and muitiple tube ruptures
and evaluating the associated risk

Training operators to properly diagnose and react to increasing
steam generator tube leakage (up to and including single and
multiple tube ruptures)

Evaluating expected plant response during single and multiple
tube ruptures

Ensuring the effectiveness of emergency operating procedures
to address a variety of tube leakage scenarios
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EMERGING ISSUES IN THE U.S.

PARENT TUBE CRACKING AT SLEEVE JOINTS
Degradation observed at
Westinghouse hybrid expansion joint sleeves
B&W kinetically expanded sleeves
Long term integrify continues to be an issue
Alternate tube repair criteria has been developed for
Westinghouse HEJ sleeves
DETECTION AND REPAIR OF CIRCUMFERENTIAL CRACKS

Performance demonstration of existing techniques continues to
be an issue

Development of alternate repair criteria is being pursued
Limitations of inspection techniques must be understood

Growth rates must be quantified
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EMERGING ISSUES IN THE U.S.

FREE SPAN CRACKING
Observed at Palo Verde and McGuire units

Several indications recently detected at ANO-2 - licensee is still
evaluating these indications

INSPECTION AND CRACKING OF DENTED REGIONS

Axial PWSCC and/or circumferential ODSCC has recerntly been
found at dented TSP intersections

Axial PWSCC‘has been found at small magnitude dent

signals (less than 5.0 volts per Generic Letter 95-05
calibration)

SEVERE ACCIDENT ISSUES
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EXAMPLES OF SG TUBE
DEGRADATION MECHANISMVMS

Fatigue

PWSCC or
0oDscCC

Expansion
Transition

fhovnsan s i e g i |
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STEAM GENERATOR REPLACEMENTS

SG Manufacturer/Model
No. of Completion
' Plant Name Loops Original New Date |
Surry 2 3 W/51 W/51F 9/80
Surry 1 3 W/51 W/51F 7181
Turkey Point 3 3 W/44 W/44F 4/82
Turkey Point 4 3 W/44 W/44F 5/83
Point Beach 1 2 W/44 W/44F - 3/184
H.B. Robinson 2 3 W/44 W/44F 10/84
D.C. Cook 2 4 W/51 W/54F 3/89
Indian Point 3 4 wW/44 W/44F © 6/89
Palisades 2 CE CE 3/91
Millstone 2 2 CE-67 BWC 1/93
North Anna 1 3 W/51 W/54F 4/93
V.C. Summer 3 W/D3 W/D75 12/94
North Anna 2 3 W/51 W/54F 5/95
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NEAR-TERM PLANNED SG REPLACEMENTS

PLANT YEAR
Catawba 1 1996
Point Beach 2 1996
Ginna 1996
St. Lucie 1 1997
McGuire 1 1997
McGuire 2 1997
Braidwood 1 1998
Byron 1 1999
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Plenary Session, Part 2: Degradation, Inspection, and Integrity
Overviews

5.1 Steam Generator Degradation: Current Mitigation Strategies for Controlling
Corrosion, P. Millett, EPRI

5.2 Steamn Generator Tubes Integrity: In-Service Inspection, R. J. Comby,
EDF/GDL/NDE

5.3 Structural and Leakage Integrity of Tubes Affected by Circumferential
Cracking, P. Hernalsteen, Tractabel
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Steam Generator Degradation: Current Mitigation Strategies for Controlling Corrosion

Peter Millett
Electric Power Research Institute
Hillview Avenue
Palo Alto, CA 94303

Presented at CNRA /CSNI Workshop on Steam Generator Tube Integrity in Nuclear
Power Plants

October 30-November 2, 1995

Argonne National Laboratory

INTRODUCTION

Steam Generator degradation has caused substantial losses of power generation, resulted
in large repair and maintenance costs, and contributed to significant personnel radiation
exposures in Pressurized Water Reactors (PWRs) operating throughout the world. EPRI

has just published the revised Steam Generator Reference Bookl, which reviews all of
the major forms of SG degradation. This paper discusses the types of SG degradation that
have been experienced with emphasis on the mitigation strategies that have been
developed and implemented in the field. SG degradation is presented from a world wide
perspective as all countries operating PWRs have been effected to one degree or another.
The paper is written from a US. perspective where the utility industry is currently
undergoing tremendous change as a result of deregulation of the electricity marketplace.
Competitive pressures are causing utilities to strive to reduce Operations and
Maintenance (O&M) and capital costs. SG corrosion is a major contributor to the O&M
costs of PWR plants, and therefore US utilities are evaluating and implementing the
most cost effective solutions to their corrosion problems. Mitigation strategies
developed over the past few years reflect a trend towards plant specific solutions to 5G
corrosion problems. Since SG degradation is in most cases an economic problem and not
a safety problem, utilities can focus their mitigation strategies on their unique financial
situation. Accordingly, the focus of R&D has shifted from the development of more
expensive, prescriptive solutions (e.g. reduced impurity limits) to corrosion problems to
providing the utilities with a number of cost effective mitigation options (e.g. molar
ratio control, boric acid treatment).

Many of the mitigation strategies involve changes to the secondary and primary water
chemistry, since these are often the most cost effective. In developing new water
chemistries, a systems engineering approach is being pursued. In the past, a water
chemistry would be designed to solve a specific problem in a single component. Today,
it is recognized that the chemistry needs to be optimized for the entire power plant, not
just the SG's. Since the primary and secondary systems contain a number of different
materials of construction which are exposed to varied environmental conditions, no one
chemistry can be best for the entire system. The concept of optimization applied to
mitigation strategies means that the overall economic impact on the entire plant is
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considered when pursuing a given strategy. Much empbhasis is being focused on
developing tools which the PWR operators can use to perform these evaluations.

Figure 1 shows the loss of capacity factor attributed to corrosion problems in US PWRs
for the years 1980 through 1994. Pressurized water reactors (PWRs) experienced an
average capacity loss of more than 5% and a peak of nearly 8% in 1982. It is estimated
that SG corrosion problems have cost the US nuclear utility industry billions of dollars.
The data in Figure 1 shows that despite the fact that the PWR fleet is aging, capacity factor
losses have continually improved, although the levels have somewhat stabilized over
the past few years. It is anticipated that further improvements will be realized as a result
of the implementation of improved water chemistry treatments and improved
inspection and repair techniques. Radiation exposure trends in US LWRs are shown in
Figure 2. The radiation exposure trend which has steadily decreased reflects in part
reduced maintenance activities associated with SG corrosion and improvement is SG
replacement programs. The challenge for the future is to improve upon the successes of
the past illustrated in Figures 1 and 2, while simultaneously reducing costs.

Corrosion of steam generator tubes in PWRs has been the most important in terms of
their impact on power production. Figure 1 shows that SG corrosion has been the major-
cause of loss of power production in PWRs. SG corrosion has resulted in the permanent
shutdown of one PWR in the US due to IGSCC of the SG tubing. The changing
economic climate of the utility industry may force other older PWR utilities to
shutdown rather than replace their aging steam generators. For most utilities, the
preferred strategy is to delay major repair or replacement decisions until improved
financial conditions exist. Many of the mitigation strategies discussed in this paper are
based on this philosophy.

In the remainder of this paper, the types of SG degradation which have been experienced
and mitigation strategies developed are discussed. Special emphasis is placed on
advances in water chemistry technology to remediate corrosion damage, and new
techniques for analyzing the corrosive environment in SG crevices. This paper focus on
recent advancements. The reader is referred to reference 1 for a more historical review.

STEAM GENERATOR TUBE DEGRADATION

Steam generators are large and expensive components that were designed for an
expected service life of up to 40 years. Two types of steam generators are in use in PWRs:
recirculating steam generators (RSGs) and once-through steam generators (OTSGs). This
paper focuses primarily on RSGs since this design is more universally employed. Most,
if not all, of the remedial actions and mitigation strategies, however, are applicable to
both designs. Some service-induced damage to steam generator tubes was anticipated,
however, by the mid-1970s, steam generator tubes in many RSGs were being plugged at a
rate which indicated that the design margin would be exceeded well before their 40 year
design life. Since 1977, EPRI under the direction of the US and foreign utilities has
conducted a major research program to help utilities improve the performance of their
steam generators. As a result, most of the initial types of damage have been eliminated.
Improved steam generators incorporating design enhancements derived from both
laboratory and field R&D have operated for well over a decade with virtually no

NUREG/CP-0154 152



corrosion related problems. Current new and replacement steam generators are
anticipated to operate for the remaining life of the plants and will support life extension
in many cases. However, many older design units remain in service. While some
operate successfully with minimum degradation, others have deteriorated to such an
extent that some utilities now face a particularly difficult and expensive decision:
whether to replace their current steam generators at costs of around $100-200 million per
plant, to de-rate the plant due to a reduction in heat removal capability as steam
generator tubes are plugged, or to shut down certain plants entirely.

Numerous steam generators have been replaced world wide. The timing of these
replacements is based on operational and economic factors, which are influenced by both
regulatory and political considerations. A marked trend towards more rapid, and less

costly replacements coupled with lower radiation doses has occurred as more units are
replaced.

DEGRADATION FORMS AND MITIGATION STRATECIES

PWSCC

Degradation of the SG tubing occurs on both the primary and secondary side. Primary
side corrosion has effectively been limited to stress corrosion cracking (SCC) of the tubing
in regions of high tensile stresses, including the tube to tubesheet expansion zone and
inner row u-bend regions. Operationally induced stresses associated with denting and
sleeving have also resulted in PWSCC. From a.mechanistic view, PWSCC or pure water
cracking is not completely understood. Primary water chemistry is believed to have at
most a second order effect on PWSCC. The motivation for optimizing primary water
chemistry is to control radiation fields in the primary system. :

R&D programs conducted throughout the world have led to the identification of
materials and heat treatments that are much more resistant to PWSCC. than the mill-
annealed Alloy 600 used in most original equipment generators. These improved
materials including Alloy 690 and Alloy 800 are being used in new and replacement
units. To date these new materials have not yet experienced PWSCC. These materials
also have proved to be more resistant to secondary side attack in plants that have
replaced SG's. To prolong the life of the older generators, stress improvement processes
(annealing and shot peening) have been developed and widely used. PWSCC is very
temperature sensitive, and at some plants the primary system temperature has been
reduced to further extend generator life. Sleeving also has been employed as a repair
method to avoid the need to plug damaged tubes. Another repair method which looks

promising involves insitu welding of the tube at the damage location and also nickel
plating.

More recently, zinc additions have been shown to be effective in reducing primary water
SCC rates in laboratory testing. Zinc additions also have the side benefit that radiation
fields are reduced. The first demonstration of zinc additions to the primary system of a
PWR was temporarily discontinued due to unusual fuel deposits. The investigation of
the fuel deposits is ongoing, but preliminary resulfs suggest that the deposits are not
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deleterious. The pH in the primary system is controlled by the lithium and boron
levels. It has been found that the activation and subsequent transport of corrosion
products to out of core surfaces can be minimized by operating at elevated pH's. Recent .
evaluations have shown that the elevated lithium concentrations have little impact on
PWSCC. EPRI has recently published revised Primary Water Chemistry Guidelines 2
addressing this and other primary side chemistry issues.

Secondary Side Degradation

The primary focus of this paper is secondary system degradation since many forms of.
corrosion have effected SGs on the secondary side and several mitigation strategies have
been developed and implemented. Most forms of secondary side SG degradation have
been associated with the concentration of impurities locally in flow starved regions, such
as the crevice formed between the tube and support plates, or underneath corrosion
product deposits which form on tube supports, tube sheet surfaces, and free span
surtaces. The concentration of impurities in these regions can be orders of magnitude
greater than the bulk water. These aggressive solutions have caused a number of forms
of corrosion. Since changing the material properties in situ is difficult, most of the
remedial actions have focused on modifying the crevice chemistry to control the
corrosion of the SG tubing. An understanding of the crevice solution is necessary to
mitigate corrosion, so much effort has focused on developing insights into how crevices
concentrate solutions, what chemistries exist in crevices and how potential inhibitors
might work in the crevice. In the remainder of this paper, a brief historical review of SG
degradation forms effecting PWR operators over the past two decades is followed by a:
more detailed discussion of the current degradation problems.- Because control of SG
secondary side degradation ultimately involves modifying the crevice chemistry, the
- paper includes a review of crevice chemistry and a description of some new diagnostic
techniques developed to interpret the crevice chemistry in the field. These techniques
lead to several options for controlling SG degradation.

Historical Overview of Steam Generator Degradation Forms

Figure 3 shows the evolution of major SG degradation mechanisms in world wide
PWRs. Initially, PWRs adopted sodium phosphate based water chemistry on the
secondary side based on fossil experience. Beginning in 1974, many utilities ceased using
sodium phosphate due to general wastage of the Inconel SG tubes. Wastage was believed
to result from either a concentrated phosphoric acid solution or an insoluble sodium
phosphate solution phase which forms when sodium phosphate solutions concentrate
in the crevice. Wastage was essentially eliminated with the introduction of All-Volatile
Secondary Water Treatment (AVT). AVT originally consisted of adding hydrazine to the
water to scavenge dissolved oxygen and ammonia to control pH. AVT water treatment
solved the wastage problem but another corrosion issue, denting, soon followed.

Denting of steam generator tubes at tube support plate intersections occurs as a result of-
corrosion of the carbon steel support plate in the crevice between it and the tube.
Research showed that denting was associated with acid chloride attack and strongly
oxidizing conditions caused by reducible copper oxides. It was found that denting could
be prevented or arrested by improved control of secondary water chemistry. As a result,
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PWR operators improved their water quality, specifically by retrofitting condensate
polishers , replacing copper alloys, and by paying strict attention to condenser leaks.
Early versions of EPRI's Secondary Water Chemistry Guidelines incorporated these and
other improvements such as boric acid treatment, and as illustrated in Figure 3, proved
to be very effective at controlling denting..

During the 1980s, several slower-developing forms of tube degradation emerged
including pitting, vibration-induced fretting and fatigue, and secondary side stress
corrosion cracking and intergranular attack (ODSCC/IGA). Intergranular corrosion that
originates on the outside of tubes, particularly at or near tube support plates as well as
axial and circumferential SCC at the top of the tubesheet has become a leading concern. If
not controlled soon, it is likely that this secondary side IGA/IGSCC could limit the useful
life of the steam generators involved to 20-25 years. At that age, the economic decision of
whether to install new steam generators becomes particularly. difficult, since nuclear
plants are licensed for 40 years and there may not be enough remaining life for some
utilities to recover the additional investment.

ategies f d id

In terms of prevention, progress has been reported in reducing secondary side
IGA/IGSCC through even more aggressive water treatment. Figure 4 shows the pace of
implementation of several recent initiatives to control IGA/IGSCC. These initiatives
were established in 1992, when EPRI revised the secondary water chemistry guidelines 3
to provide assistance to those utilities experiencing rapid IGA/SCC of Alloy 600 tubing.
Table 3 taken from the EPRI Secondary Water Chemistry Guidelines shows current SG
blowdown water chemistry specifications to control IGA/IGSCC and other localized
forms of corrosion. : S
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Table 1
Recirculating Steam Generator Power Operation (> 5% Reactor Power) Blowdown

Sample
CONTROL PARAMETERS
Action Level
Parameter Frequency Median Value 1 2 3
pH @ 25°C continuous (c) (c)
Cation Conductivity, continuous . 0.15 >0.8 >2 >7
HS/cm non-ammonia AVT)
Cation Conductivity, continuous 0.5 >0.8 >2 >7
uS/cm (non-ammonia AVT)
Sodium, ppb continuous 2 >20 >100 >500
Chloride, ppb ] . daily 2 >20  >100
Sulfate, ppb daily 3 >20 >100-
Boron, ppm?2 daily 6 (6)
Phosphate? (b) (b) (b)
DIAGNOSTIC PARAMETERS
Parameter Consideration
Specific Conductivity Consistency between AminespH, amine, boron and specific
conductivity is important.

Hideout Return Analysis Perform each planned shutdown. Cation-to-Anion Ratio
Control to prevent formation of highly acidic or alkaline crevices.
Silica Crevice chemistry, steam quality and impurity  source considerations

Footnotes: (a) If used. (b) As specified in site-specific chemistry program. (c) Per station pH program.

A detailed discussion of some of the major initiatives in the EPRI Water Chemistry
Guidelines follows. In addition to the guidelines, EPRI has developed a number of.
computer tools to help utilities select and implement the appropriate water chemistry
program. These tools are used in conjunction with the water chemistry guidelines to

perform specific analyses to support the development of hideout return, MRC and pH
control programs.

Molar Ratio Control

The revised water chemistry guidelines formalized a methodology known as Molar Ratio
Control (MRC) for reducing the growth rates of IGA/SCGC. The practice of MRC is based on
the assumption that the crevice pH influences crack initiation and growth and can be
modified by controlling the ratio of strong acid anions and strong basic cations in the steam
generator bulk water. By correlating the bulk water chemistry to the crevice chemistry,
appropriate changes can be made to the bulk water to proactively control the crevice
chemistry. Since the pH in the crevice cannot be directly measured, the first step in this
methodology is to establish the appropriate target crevice chemistry. The target must consider
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both the parameters which affect corrosion of the SG tubing, and be based on parameters
which can be reliably measured or estimated in practice.

Reference 4 provides a review of the technical basis for MRC. Specifically, a correlation
between crevice pH and IGSCC crack growth rate has been developed based on crack
growth rates measured in a number of laboratory studies over the past two decades.
Figure 5 taken from reference 4 shows the relationship between the at temperature pH
(nominally 300°C) and the IGSCC rate of mill annealed alloy 600 steam generator tubing.
Although the data is scattered, it can be concluded that the lowest crack growth rate is
achieved in the pH range from 5-9.. A target crevice chemistry based on its measured pH
would be desirable. Since the crevice pH cannot yet be directly measured, the pH must be
predicted from the composition of the solution accumulated there. The composition of
the solution must be estimated from either bulk water chemistry measurements or
hideout return measurements as will be described later.

Molar. Ratio' Control (MRC) has now.been adopted-at nearly 50 percent of US PWRs with
older SG designs. Reference 3 suggests operating at a target SG Na/Cl ratio of nominally
0.5 as a starting point. This ratio should be modified-based on evaluation.of hideout
return data, and can include other species such as potassium or sulfate. Many plants
historically operated with a Na/Cl ratio greater than one during the time period when
IGSCC was first detected. Although, the preferred method for reducing the molar ratio is
by the reduction of sodium, in many cases this requires major modifications to the
condensate demineralization system. Alternatively, MRC is achieved by adding
ammonium chloride at a low level to the SG. Reference 4 provides an upper limit for
the SG chloride concentration of 5 ppb during normal operation. It is believed that. this
limit in conjunction with elevated hydrazine (see next section) and boric acid treatment
will insure that acid chloride forms of corrosion are not reinitiated in PWRs practicing
MRC. MRC has also been used in Japan for some time. To date, no firm conclusions.can
be drawn as to the effectiveness of MRC in reducing IGSCC -in US plants. The
preliminary conclusion reported in reference 4 is that the use of MRC in conjunction
with other chemistry control measures such as, elevated hydrazine, boric acid treatment
and as low as reasonably achievable (ALARA) chemistry give the highest probability of
controlling IGSCC. These other chemistry control measures are discussed in the
following sections. : :

Elevated Hydrazine

In addition to MRC, the use of an elevated hydrazine concentration in the feedwater is
also recommended to insure reducing feedwater conditions. In the US, elevated
hydrazine control defined as >100 ppb in the feedwater is used in nearly half of the
PWRs. The use of condensate polishers and residual copper alloyed components in the
remainder of the PWRs prevent adoption of higher hydrazine levels. The initiation and
growth of IGA and IGSCC in Inconel 600 Steam Generator (SG) tubing has been shown to
be a strong function of the local electrochemical potential (ECP). Corrosion is accelerated
by oxidizing conditions in caustic, acid and neutral environments. The ECP in the
crevice cannot be easily measured and is difficult to calculate. It is reasonable to
anticipate that it will be strongly influenced by redox species, such as oxygen, hydrazine
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and hydrogen, and reducible metal oxides (e.g. copper oxides and hematite) if they are
present in the crevice.

Hino, et. al. 5 measured the effect of various oxidants on the ECP of Inconel 600 at 2800C
in a 40% caustic solution. They found that the reducible oxides (CuO, Cu20, Fe203, and
PbO) can raise the potential by 100-550 mv into a region where rapid IGSCC is observed
in laboratory tests. Magnetite did not raise the potential above the baseline in these tests.
This data suggests that the most conservative approach is to minimize the amount of
hematite and copper oxides being transported into the SG's .

The amount of excess hydrazine required to maintain reducing conditions may be plant
specific. Data from direct electrochemical measurements at the Biblis A plant in
Germany indicate that the ECP of Alloy 800 continues to decrease up to a feedwater
concentration of 100 ppb hydrazine 6. The feedwater ECP was also measured at the St.
Lucie plant”. The measurements at St. Lucie indicated that the minimum hydrazine
concentration should be 7-8X of the condensate oxygen concentration. More recent-
measurements at several US PWRs have suggested that if the condensate oxygen
concentration is low (e.g. < few ppb), the feedwater ECP is independent of the ratio of
hydrazine to oxygen. ECP measurements from several plants throughout the world are
summarized.in Figure 6. In all cases, the minimum ECP appears to correlate with the
expected potential of the hydrogen electrode under feedwater conditions.

Although the ECP may reach a minimum at 100 ppb hydrazine or less, the oxidation
states of the metal oxides is also important. Many Japanese PWRs operate with up to 600
ppb hydrazine in the feedwater based on the observation that hematite is not found in
the feedwater or blowdown in plants that operated at these elevated hydrazine
concentrations. EPRI has been compiling data on the composition of iron corrosion
products transported throughout the secondary system. Figure 7 shows the fraction of
magnetite in SG blowdown corrosion product samples plotted against the ratio of
feedwater hydrazine to condensate oxygen. Although the data is scattered, there is a
clear trend which indicates that elevated hydrazine concentrations promote the
formation of magnetite in the SG blowdown. The data seems to indicate that a ratio of
feedwater hydrazine to condensate oxygen of at least 30-40 is required to convert all of
the reducible iron oxides (hematite, etc.) to magnetite.

Inhibitors

Boric Acid Treatment (BAT) was originally used to control SG tube denting. Subsequent
laboratory work8-10 indicated that the use of boric acid may also be beneficial in
controlling secondary side IGA and/or SCC. The exact mechanism for inhibition is not
known. It may be neutralization of a caustic environment and/or modification of the
oxide film on the tubing making it more protective. Figure 4 shows that approximately
30 percent of US PWRs are currently using BAT. Most of these plants indicate that they
are using BAT for IGSCC control. Although data from the laboratory testing of BAT is
quite positive, the field data is less clear. Weibull statistics have been used to evaluate
the time to failure of SG tubes before and after BAT application!l. The interpretation of
the field data in reference 11 suggests that on average a small benefit has been realized
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due to the use of BAT. Conventionally, BAT is applied by maintaining 5-10 ppm boron
in the SG during operation. Many plants conduct a low power soak during startup. This
procedure evolved from the use of BAT for denting control. Although, the benefits are
not absolute, may utilities feel that the risks and costs of using BAT are quite small in
comparison to the potential benefits..

More recently, Lumsden!2 has shown that the use of titanium oxides strongly inhibit
caustic IGSCC in static autoclave testing. In C-Ring testing, Lumsden found that the
number of cracked specimens increased at a given test duration as the applied ECP was
increased to 200 mv above the free corrosion potential. The use of various titanium
oxide compounds was able to completely inhibit cracking in these tests where boric acid
was only partially effective. Follow on tests performed in another laboratory!3 using the
constant extension rate test (CERT) copﬁrmed Lumsden's results. The static autoclave
tests were followed by a series of model boiler testsl4. Since, titanium compounds have
extremely low solubilities, it was postulated that the inhibitor would not be able to
penetrate fouled crevices. In fact, the titanitun additives were'found to be less effective
in the model boiler testing when the crevices were prepacked to simulate fouling. The
titanium additives were more effective at inhibiting cracking in initially open crevices.
These results suggest that implementation of a titanium based inhibitor may be more
effective immediately following a chemical cleaning or before the crevices are
significantly fouled. Several plants have gone forward with full scale additions of =
titanium oxides. To address the question of access of the crevice to titanium, a
destructive examination of a tube support/tube intersection removed from a recently
retired SG is planned. Titanium was injected prior to shutdown of the plant. As with
BAT, the potential benefits of adding the inhibitor greatly outweigh the small risk of
deleterious side effects. One potential side effect is the fouling of the SG tubes due to
deposition of the inhibitor on the tubing. This potential adverse effect is currently being
evaluated. It should be noted that testing in neutral or acid conditions has not yet been
performed. Laboratory work continues to identify other colloidal titanium compounds
that may be able to penetrate SG crevices. Other inhibitors based on cerium chemistries
have also been investigated. '

Corrosion Product Control

Corrosion products which deposit in the crevices and on tube support and tube sheet
surfaces aggravate corrosion by promoting the concentration of impurities. Organic
amines are being used in the secondary water to reduce the transport of iron, which
contributes to sludge buildup. Amines such as, ethanolamine, provide better pH control
and thereby reduce carbon steel corrosion in the balance of plant!S. Figure 8 shows the
required feedwater concentrations of several amines qualified for use in PWRs. The
objective is to raise the pH in two phase regions of the steam cycle, such as the moisture
separator reheaters, where most of the carbon steel corrosion occurs. Figure 8 shows the
advantage of several alternate amines qualified for use in PWRs. Since much lower
concentrations of these amines need to be added to the feedwater compared to ammonia,
and less is carryover to the condenser, loading of the pH control agent on the
demineralizers is reduced. This reduces the amount of impurity leakage of aggressive
species such as sodium and' chloride from the demineralizers. pH control using
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advanced amines is a good example of how a systems approach to chemistry control is
being pursued to address SG corrosion control issues.

Since the generation and transport of corrosion products cannot be completely
eliminated, another approach to damage prevention is removal of corrosion products
once they are deposited in the SG's. Corrosion product fouling in both types of steam
generators (recirculating and once-through) has been identified as a major cause of heat
transfer degradation in PWR plants, with the output at some plants being decreased to as
low as 80% of full power. EPRI research has led to development of a process and general
guidelines -- now widely used -- for chemical cleaning of sensitive areas in steam -
generators, particularly the surfaces of tube sheets and support plates. In addition, joint
work with Consolidated Edison Company and the Empire State Electric Energy Research
Company (ESEERCO) led to-development of a remotely operated robot, known as CECIL,
that can reach between tubes.and perform a variety of maintenance tasks. Equipped with
a miniature video camera and fiber optics for illumination, CECIL can inspect tube
exteriors directly, dnii mnto sludge pies. for samples, and direct a high-pressure water
lance at hard-to-reach crevices.

Improved Diagnostics for Interpreting and Implementing Mitigation Strategies

As previously indicated, most forms of SG degradation have occurred in regions where
impurities concentrate in SGs such as, tube to support crevices, sludge piles and under
thick corrosion product tube deposits. The effectiveness of the mitigation strategies is
dependent on the crevice chemistry. As such, much effort has focused on developing an
understanding of the underlying processes in crevices. This work has led to some new
diagnostic techniques which can be used by plant personnel to evaluate the crevice
chemistry and identify appropriate corrosion mitigation strategies.

Local Concentration Processes

Figure 9 shows the locations where impurities accumulate within PWR SG’s. In this
paper, these locations are collectively referred to as crevices, and the local chemistry
within these local regions as the crevice chemistry. In crevices and on vertical and
horizontal tube surfaces, corrosion products and particulate matter accumulate in the
form of porous deposits. The SG water contains impurities at extremely low levels (ppb).
Low levels of non-volatile impurities, however, can be efficiently concentrated in fouled
crevices and sludge piles by a thermal hydraulic mechanism. The temperature gradient
across the SG tube coupled with local flow starvation, produces boiling of the pore
solution. Since mass transfer processes are inhibited by the porous corrosion product,
the residual pore liquid becomes enriched in the non-volatile species which are present
in the SG water. This concentration process can also occur in the absence of the
corrosion product in open crevices if the tube is contacting the support or tube sheet,

such as in a broached tube support plate. The presence of corrosion product aggravates
the situation.

The formation of concentrated solutions is the precursor to corrosion and therefore, the
detailed mechanism must be understood so SG designs and operating procedures can be
improved to minimize corrosion. Since this concentration process (hideout) is the
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precursor to corrosion, the mechanism for this phenomenon has been studied by many
investigators. A recent review article of concentrating mechanisms was written by
Millett and Fenton . Experimental studies of crevice concentration processes have
stimulated the development of a number of mathematical models which describe how
impurities accumulate in local regions of the SG17-21. The models and experimental
data suggest that the mass of impurity in the crevice can be correlated to the bulk water
concentration multiplied by the exposure time (ppm x hrs). After the crevice is nearly
full of concentrated solution, the accumulation rate goes to zero. This simple concept
has been shown to be adequate for describing the accumulation rate in both packed and
dented support plate crevices and sludge piles. On the other hand, the models and
experimental data suggest that although the accumulated mass is proportional to the
bulk water concentration, the concentration in the crevice reaches extremely high levels
in equilibrium with the available superheat very quickly, independent of the bulk water
concentration. The models imply that corrosive conditions can exist in the crevice,
albeit very locally, almost immediately after the heat flux is initiated. This explains why
ALARA chemistry has not been completely effective in stopping SG corrosion.. The
concept of MRC is to insure that this concentrated solution is always benign. In adding
impurities to the system to balance the molar ratio, this is done at the expense of
accumulating more impurity mass in the crevice. In practice, at normal impurity levels,
* it is unlikely that the crevices ever completely fill with concentrated solutions, since the
plant is shutdown prior to the time required for the crevices to fill completely.

Crevice Chemistry

All of the concentration models discussed so far describe the thermal hydraulic and mass
transfer processes for a single specie concentrating in the crevice. These models can in
theory be extended to more complex crevice solutions, however, this would make the
models nearly intractable. As a first approximation, EPRI has addressed this issue in the
MULTEQ?2 code by providing several simplified models of the concentration process.
These models assume that the system is in thermodynamic equilibrium at all times.
Rate processes such as the reaction kinetics of the solid metal surface interacting with
the local environment are not included in the present models. The thermodynamic
model does account for complex ion formation, solute precipitation, and distribution of
the volatile neutral species into the steam phase. Redox reactions are considered in one
version of the code, so that the redox potential can be calculated. These thermodynamic
processes are important and are believed to dictate the solution composition.
Unfortunately, the concentration model in MULTEQ is not rigorous enough to be used
directly with bulk water chemistry measurements to predict the crevice chemistry.
Additionally, the impurities within the SG are often at or are near the limit of detection.
Uncertainties associated with measurements at these low levels make the modeling
calculations extremely uncertain.

Two alternative approaches can be taken to predict the crevice chemistry. The first approach
is to measure the bulk water impurities on a real time basis and through empirical
measurements, assess the rate at which the bulk water impurifies are concentrating in the
crevices. This rate is then integrated over time to yield the crevice inventory. The crevice pH
is calculated directly from the inventory. In this method, the average "hideout” or
concentration rate is measured for the entire steam generator?3. Measurements in operating
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plants have shown that the average "hideout" rate is proportional to the bulk water
concentration for most impurities, in agreement with the models of crevice concentration as
previously mentioned. This approach has been incorporated into an algorithm known as
CREV-SIM24 designed to track the crevice chemistry on a real time basis. So far, this approacis
has not been entirely successful. As the models suggest, it is likely that the "hideout rate" is
both a function of the crevice chemistry (e.g. pH, potential, etc.) and the physical condition of
the steam generator crevices (e.g. porosity, permeability, etc.). Many of these variables change
quickly enough that frequent measurement of the "hideout" efficiency may be required to
improve this technique as a method of predicting crevice chemistry.

Another approach is based on an evaluation of the "hideout" return chemistry in the
steam generator when the plant is shut down. When the heat flux is reduced, the
concentrated solution can diffuse out of the crevice and into the bulk water. In practice,
this is observed and is detected as an increase in concentration of impurities in the bulk
water. This approach to assessing the crevice chemistry has two limitations. First, only
an average crevice chemistry across the thousands of crevices can be inferred, and
secondly, the hideout return can only be measured perhaps once per year or less
frequently when the plant shuts down. Nonetheless, evaluation of hideout return data
is believed to yield the most useful insight into the crevice chemistry at this time,

although there is not complete agreement as to the source of the hideout return in the
plant.

A Molar Ratio Index (MRI) is defined based on hideout return data as follows: -
MRI=(Na+K)/(Cl+SOy) ' 1)

The MRI is based on the relative ratio of impurities that are believed to be returning
from the crevice solution during hideout return. The excess sulfate term takes into
account the fact that sulfate in excess of that required to produce a precipitate of calcium
sulfate may exist in the crevice. If sulfate is not found to be in excess of calcium, sulfate
is excluded from the MRI. Use of the MRI does not discount the effect of the other
insoluble impurities on the crevice pH(t). A detailed discussion into the theory of the

MRI is beyond the scope of this paper. Interested readers are referred to reference 4 and
28.

It is believed that attempts to modify the crevice solution to produce a MRI as close as possible
to 1 gives a higher probability of achieving a crevice pH within the target range for
minimizing localized corrosion. The calculated inventories to be used in the MRI can be
assessed from a diffusion based hideout return model. Although this approach is believed to
be more conservative than the conventional technique using tools like MULTEQ, it is still
useful to employ MULTEQ to develop insight into the composition of the crevice chemistry.
If careful analysis of the hideout return data and MULTEQ warrants targeting an MRI other
than 1, this course of action should be pursued cautiously with an appropriate study to
evaluate the sensitivity of all species used in the calculations.
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Status and Future Prospects for Steam Generator Tube Degradation

R&D to develop remedies for the various forms of steam generator tube degradation has
been very beneficial to US utilities. Average capacity factor losses (see Figure 1 have
been decreased from 5.5% (1980-1984) to 3% (1987-1994), average steam generator life has
been substantially extended and the forced outage rate due to tube leaks has been reduced
by a factor of ~7 from its peak in 1976. US utility estimates put the present value of these
improvements at several billions of dollars.

. However, for the past several years, worldwide tube plugging rates which were trending
down in the early 1980s, have been increasing slowly and currently are at values which
. suggest that the average steam generator life will be 20 to 25 years. Thus, most original
equipment steam generators may have to be replaced within the 40-year plant license
life. Because the average age of installed steam generators in the US currently is ~15
years, many replacements may be necessary in US plants within the next 10 to 15 years
unless remedial measures and/or, improved repair methods can be developed and
deployed for ODSCC/IGA, which currently appears to the damage form that will limit
the life of most generators.

The challenge for the near future is to make further improvements in capacity factors as
the nuclear fleet continues to age. As competitive pressures continue to influence
decisions that effect corrosion damage in PWRs, the challenge is to make further
improvements in a cost-effective manner. This means that utility remedial actions will
become more plant specifi¢ as individual utilities weigh the risks and benefits of the
remedial actions available to them. This is true especially for water chemistry treatment
programs which must be optimized on a plant specific basis. Materials of construction,
the existence and capacity of cleanup and ion exchange systems dictate which mitigation
strategies can be pursued. The R&D programs so far have led to a good but incomplete
knowledge of the mechanisms for concentrating impurities in SGs and the underlying
corrosion processes themselves. Mitigation strategies and techniques for evaluating
what conditions exist in the SG crevices have been developed and are now being
implemented based on the current understanding of these phenomenon.
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R.W. Staehle, "Occurence of Modes and Submodes of IGC and
SCC," presented at workshop on Improving the Understanding and

Control of Corrosion on the Secondary Side of Steam Generators,
Airlie, October 9-13, 1995.
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G.S. Was, V. Thaveepringsriporn, and ]. Hertzberg, "Effects of
Grain Boundary Properties on SCC," presented at workshop on
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R.W. Staehle, "Occurence of Modes and Submodes of IGC and
SCC," presented at workshop on Improving the Understanding and
Control of Corrosion on the Secondary Side of Steam Generators,
Airlie, October 9-13, 1995.
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SCC," presented at workshop on Improving the Understanding and
Control of Corrosion on the Secondary Side of Steam Generators,
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R.W. Staehle, "Occurence of Modes and Submodes of IGC and
SCC," presented at workshop on Improving the Understanding and
Control of Corrosion on the Secondary Side of Steam Generators,
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Table 3. Stress Corrosion Cracking Results in 50% Caustic Solutions. Th:
Reference Environment is 50% NaOH + 1% Na,COs3. Exposure Time.

were 2 Days in the Reference Solution and with the Boric Aek
Additive; All Others were 1 Week.

Environmental/Potential (mV) 0 100 150 200
Reference (50% NaOH)- 2 days No SCC No SCC SCC SCC
Reference + 5% H3BO3- 2 days No SCC No SCC SCC SCC
Reference + 15% H3BOy- 2days No SCC No SCC SCC scC
Reference +0.1% Ca{ 1wk No SCC SCC SCC sccC
Reference + 2% NaZrO3-1wk No SCC scC SCC sSCC
Reference + 2% Zn0O-1wk No SCC No SCC No SCC sCC
Reference + 2% Zn(POg4)2-1wk No SCC No SCC  No SCC SCC
Reference + SAT HpTiO3- 1 wk No SCC No SCC No SCC SCC
Reference + 0.5% SiO2-TiOz-1wk No SCC No SCC No SCC SCC
Reference + 1% TiO4 (TiILAC)-1wk No SCC No SCC No SCC No SCC
Reference + 0.8% TiO (TILAC)-1wk No SCC No SCC No SCC No SCC
Reference +0.5% TiOa (TILAC)-1wk No SCC No SCC No SCC No SCC
Reference + 0.1% TiOn (TILAC)-1wk No SCC No SCC No SCC SCC
Reference + 1.0% TiO3 (TiOE)-wk No SCC No SCC No SCC No SCC
Reference + 1% Anatase-1wk No SCC No SCC No SCC sCC
Reference + 0.5% TiBo-1wk No SCC No SCC No SCC No SCC
Reference + Amorph TiO2-1wk No SCC No SCC No SCC No SCC
Reference + Rutile-1wk No SCC No SCC SCC sSCC
Reference + ZnTiO3-1wk No SCC No SCC SCC SCC
Reference + 2% Ce(Ac)3-1wk No SCC No SCC No SCC SCC
Reference + 2% Ce(Cl)z-1wk No 8CC No SCC No SCC SCC
Reference + 2% Ce(MNO3)3-1wk No SCC No SCC No SCC No SCC
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R.W. Staehle, "Occurence of Modes and Submodes of IGC and
SCC," presented at workshop on Improving the Understanding and
Control of Corrosion on the Secondary Side of Steam Generators,
Airlie, October 9-13, 1995.
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EDFE| Central Laboratories
Slectricité

o Frence NDE Engineering Department

CNRA Workshop - Oak Brook (IL) - Oct. 30th to Nov. 2nd, 1995

Steam Generator Tubes Integrity

Robert J. Comby
EDF / GDL / NDE Engineering Dpt

EDF Central Laboratories

Electricité

de France NDE Engineering Department
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EDF| Central Laboratories

Blectricité

o Frants NDE Engineering Department

EDF Central Laboratories

Electricité

oo France NDE Engineering Department
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EDF| Central Laboratories

Zlectricitd|

de France NDE Engineering Department
e
TYPE OF PROBE 174

« ECT Bobhin Coils: widely used as a muiti purpose
prohe for detection of major types of flaws.

« ECT Rotating Prohes: Often used for specific flaws:
- Betection and / or sizing of Axial 1GSCC
- Detection and sizing of Circumferential IGSCC

EDF Central Laboratories
Llectricité

do France NDE Engineering Department

TYPE OF PROBE 214

« ECT Array Caoils: can he used on an economic
hasis to replace ECT rotating prohes.

-> hut, detection capahilities and sizing accuracy

to he compared with those ohtained hy
rotating prohes.
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EDF| Central Laboratories

o France NDE Englneering Department

TYPE OF PROBE 3/4
- Emerging Technolagies:

- Transmit - Receive prohes
(Array prohes or Rotating prohes)

- "Multi Coil Rotating Prohes "

- Rotating Field Prohes

EDFE Central Laboratories

Slectricite

de France NDE Engineering Department

TYPE OF PROBE 4/4
 UT Prohes:

- Should improve detection of small depth cracks.
- Best sizing methodology to he defined.
- But sometimes, problems have heen reported

(false calls, sizing errors]
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EDF

Electricite
de France

Central Laboratories

NDE Engineering Department

EDF

Electricité
de Frence

Central Laboratories

NDE Engineering Department
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EDF Central Laboratories

Kloctrieite
do France

NDE Engineering Department
@_—__

Flaw Specific Analysis
Example 1: Wear Against AUBS
* Use of single frequency phase angle

* Use of Mix phase angie
* Use of specific voltage calibration curve

(EDF tests]

EDF Central Laboratories

Blectricité
de France

NDE Engineering Department

Wear against
AVBs

( lab tests )
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EDF/| Central Laboratories
Kieatrisitéd

@e France NDE Engineering Department
e ———————

Dampierre ( French PWR) - Unit 1- Retired SG
Inspection of large radius U-hends with wear at AVBS
4 procedures using Bobhin coil prohes
3 procedures using RPG

Tuhe R31635 - To he pulled out in 1996

EDF Central Laboratories

Electrieité

e France NDE Engineering Department
mﬂ
M

Technique Estimated Analysis Used in

Depth based on the field
Bobbin 1 37 % voltage Yes
Bobbin 2 36 % voltage Yes
Bobbin 3 98 % phase Yes
Bobbin 4 76 % phase No
RPC 1 89 % phase No
RPC 2 12 % voltage No
RPC 3 40 % phase No
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EDF

deo Franes

Central Laboratories

NDE Engineering Department

Flaw Specific Analysis

Example 2 : Axial PWSCG in Roll Transition

* Norphology of cracks d
* Detection capahilities of prolies ?
* Sizing performances 2

EDF

Electricité
de France

Central Laboratories

NDE Engineering Department

NUREG/CP-0154
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EDF/| Central Laboratories

Blestrieité]

do France NDE Engineering Department

ﬂ

Probability for a crack for reaching 100% T™W
(based on 250 real cracks in roll transition)

Probability (%)

Crack Length (mm)

EDF Central Laboratories

Llectricité

de France NDE Engineering Department
W———_—_——_——__—_—__l
Flaw Specific Analysis

Example : Axial PWSCG in Roll Transition

« Cracks reach 100% TW very quickiy.

¥

- Detection capahilities of probes?
« Sizing performances 8
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EDF| Central Laboratories

Eleatricitéd

o France NDE Engineering Department
%
Flaw Specific Analysis

Example : Axial PWSCG in Roll Transition

» Gracks reach 100% TW very quickly.
 Bohhbin coil detects only deen cracks.

« ECT/RPG or UT inspection doesn't garantee
detection of cracks with a depth < 40%.

« Slzing performances ?

EDF Central Laboratories

Electrictté

de France NDE Engineering Department
[———

Flaw Specific Analysis

Example : Axial PWSEG in Roll Transition

* Gracks reach 100% TW very quickly.

« Bobhin coil does'nt detect partial TW cracks.

* Gracks detected by ECT/RPC or UT are often
nearly 100% TW, due to their shape.

* EGT/RPG or UT probes can measure the Iength
but sizing accuracy must he demonstrated .
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EDFE/| Central Laboratories

Kloctricitd

¢ France NDE Engineering Department

__._.\—_——l-———'-—'—'———'-_''_'—'——'——._-———'—-i-———''_—-""———'—__--——___-l

Sizing performance for axial cracks

lah samples must he representative of real
defects in their morphology.

Use of pulled tubes destructive examination
results is necessary.

EDF Central Laboratories

Electricité

de France

NDE Engineering Department
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EDF| Central Laboratories

Bleatricits

e France NDE Engineering Department
%

In the previous example :

« Simulation 1 will prohably underestimate
the actual length.

« Simulation 2 should lead to good resuits,
but needs to he validated with real flaws.

EDF Central Laboratories

Zlectricite

de France NDE Engineering Department

m%
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Central Laboratories

NDE Engineering Department

EDF

Hjoctricité

do France

Sizing error (Axial PWSCC)

Dampierre 1 Retired SG

(ww) wpBus) payewps3

Actual length (mm)

Central Laboratories

NDE Engineering Department

EDF

Eleatricité]
deo france

ial PWSCC)

ing error (Ax

Sz

Dampierre 1 Retired SG

(unu) yBug) pajewnsy

12
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EDF Central Laboratories

Electricité
deo France

NDE Engineering Department

- Sizing methodology must he estahlished or,

at least validated on representative flaws or
real ones (when possihie].

* Analysis of statistical resuits must he done
carefully hecause these resuits can include

non qualified techniques or procedures and
lead to false conclusions.

EDF Central Laboratories

Blectricité
de France

NDE Engineering Department

Flaw Specific Analysis
Bxample : Circumferential cracking

* Difficult problem due to:

- ditferent origins of cracking.
- different morphologies.

- Few knowmedge about growth rate.
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EDF Central Laboratories

Rlectricité]

e Frans NDE Engineering Department
—_———————————
Flaw Specific Analysis

Example : Gircumferential cracking
« First "philosophy”:

-> Detection level and inspection program
must he in accordance with critical size.

EDF Central Laboratories

Zlectricitéd

do France NDE Engineering Department
mﬂ-—::
Flaw Specific Analysis

Example : Circumferential cracking
 Second "philosophy” :

- Use of an aiternate repair criteria.

~> Detection level sufficiently low.
~> Good sizing capahilities in depth.
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do Franse

EDF

Electricité

de France

Central Laboratories

NDE Engineering Department

Central Laboratories

NDE engineering Department

REPORTING LEVEL
Advantages:

« prevent from large number of faise calls
* [imit the risk of classification error
- reduce the time required for analysis

* is required for automatic data screening
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EDF Central Laboratories

flectricite

o Frante NDE Engineering Department

——— |

REPORTING LEVEL
But:
- Must he estahlished for each type of flaw
» Must he compatihle with repair criteria

 Needs a correct classification hy NDE

EDF Central Laboratories

Electricite

de France NDE Engineering Department
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EDF Central Laboratories

o Framee NDE Engineering Department

1. "Manual" Analysis

* Strongly dependant on data analyst qualification

+ Effect on human reliability : environment,
physiological conditions of analysts.

* Independant two-party analysis increase detection
probability .

* Is two-party analysis sufficient ?

EDF Central Laboratories

Electricité

do France NDE Engineering Department

2. Computer Data Screening

* Can be "Simple-Threshold Data Screening”

But, can lead to missed indications if the threshold
is not context related, or when the threshold value
is not supported by a strong feedback experience.
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EDF Central Laboratories

Llectricitd)
de Prance

NDE Engineering Department

e e e e ————— e |

2. Computer Data Screening

e Can be "Rule-based Data Screening”

But, is experienced based. Such system has not
been trained to recognize all conditions ( new type
of flaw, poor knowledge of some flaws, etc...)

EDF Central Laboratories

Zlectricitéd

de france

NDE Engineering Department

m::ﬂ
2. Computer Data Screening

« "Rule-based Data Screening" can be used with
further manual analysis on optimized visualization
of signals corresponding to all_tube zones, on
screen or printings . Indications missed by the
computer must be easily and quickly detected
by using this visualization for final analysis.
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EDF Central Laboratories

Rleatricite
o France NDE Engineering Department
===  ———————————— "~
GONCLUSION

No International simple rules can be fixed to adopt
an universal inspection methodology because of
various concepts related to experience, leak acceptance,
Leak before Break approach, etc..

Flaw specific management is probably the most reliable approach
as a compromise between safety, availability and economic
issues . In that case, NDE capabilities have to be in accordance
with informations required by Structural Integrity demonstration .
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STRUCTURAL and LEAKAGE
INTEGRITY
of TUBES AFFECTED by
CIRCUMFERENTIAL CRACKING

presented by
P. Hernalsteen (TRACTEBEL/Belgium)

at the NEA/CNRA/CSNI International Workshop
on Steam Generator Integrity in Nuclear Power Plants
Oak Brook, lllinois, October 30 - November 2, 1995
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l OUTLINE ,

¢ CONTEXT AND OBJECTIVE

¢ STRUCTURAL ANALYSIS

¢ INTEGRATED BURST PRESSURE DATABASE
¢ LEAKAGE ANALYSIS

¢ SGDSM IMPLEMENTATION

¢+ SUMMARY

¢ CONCLUSION

" NUREG/CP-0154 234



“ CONTEXT and OBJECTIVE “

CIRCUMFERENTIAL CRACKS GENERALLY

CONSIDERED UNACCEPTABLE
(more dangerous than axial cracks ?)

NEED TO DIFFERENTIATE TWO FACETS::
@  Sizing

Grow’rh} — Knowledge of EOC size

@  Structural Strength | from known
Leakage potential | crack size

PURPOSE OF THIS PAPER:
Show that concern not justified for facet @

STRUCTURAL STRENGTH (burst pressure)
e Analytical model (NSCL based)

e Validation on large burst data base

« Extrapolation from testing fo service
conditions

«SGDSM implementation

LEAK RATE MODEL

COMPARISON TO AXIAL CRACKS
e Burst Strength
e Leak Rate
235 NUREG/CP-0154
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" STRUCTURAL ANALYSIS PRINCIPLES

¢

L 4

NUREG/CP-0154

FLAW MORPHOLOGY

o Main segment
- 100 % TWD, or
- partial TW (ligament t,)

o Partial penetration outside main flaw
(ligament t’)

STRUCTURAL MODEL (3 components)

o “Net Section Collapse Load” for degraded
cross section

o “Beam modelization” for tube lateral
restraint (TSP, FDB, EC, ..)

— Stiffness index K (0.6 to 0.9)

o “Equivalent pressure” for load on crack lips
{- local reinforcement in testing conditions
- fluid pressure in service conditions

— Load index n (-1 to +1)

FAILURE MODE

* Bending failure mode

* 2 limit cases {axicl burst (short cracks)
tensile failure (long cracks)

NORMALIZATION

e Burst Pressure normalized to material flow
stress

Pn = Pourst /Gf with o = 0,53 (Gu + G'y)
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FLAW MORPHOLOGY




STRUCTURAL MODEL

y Case A Case B

STRESS DISTRIBUTION in DEGRADED CROSS SECTION

Moment diagram

BEAM MODEL of TUBE LATERAL RESTRAINT
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STIFFNESS INDEX ()

DEFINITION : K = Opurst / Of

with Cpust = mMmaximum axial stress

(membrane + bending) in tube,
near the degraded section

BEAM MODEL ASSUMPTION

BENDING FAILURE REQUIRES LARGE
ANGULAR DEFLECTION ASSOCIATED WITH
INCIPIENT PLASTICITY IN RESTRAINED TUBE

—> K IS CONSTANT FOR A GIVEN RESTRAINT

CONFIGURATION, CHARACTERIZED BY A
ROTATIONAL STIFFNESS

S=M/ (y El)with M= applied moment to
tube

' = resulting angular

deflection

modulus of elasticity

second moment of

ared

Y
E
l

MEASUREMENT of the STIFFNESS INDEX

{Mbur'sf + Pb“m(‘% - 1)}
K=

Rt 2
Gf

CORRELATION between K and S
(Calculation of S — K)
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, LOAD INDEX (1))

¢ EQUIVALENT STRESS

ASSUMED UNIFORM STRESS ON CRACK LIPS,
UNDER

o LABORATORY TESTING CONDITIONS
(friction load from metal foil used as a
local reinforcement of 100 % TWD flaws)

o SG SERVICE CONDITIONS

(fluid pressure acting on lips of an ID or
TWD crack)

¢ LOAD INDEX

1= Ogq/P

= fw/t under testing conditions (foil of width
2w, with friction factor f)

Typical value = 1
(n >0 — increased burst pressure)

= ~ C P under service conditions

Typical value = - 0.5
(n <0 — decreased burst pressure)
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" STRUCTURAL ANALYSIS RESULT

¢ SIMPLE PROCEDURE for SOLVING
the NORMALIZED BURST PRESSURE P,
as a function of:

« (main) FLAW LENGTH : 20
« STIFFNESS INDEX : K
«LOAD INDEX : M
« LIGAMENT in main flaw : to/t

¢ PENETRATION outside main flaw : t’/t

¢ TABLES and DIAGRAMS
for predefined pdarameters
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DEPENDANCE of NORMALIZED BURST PRESSURE

(Pa=Pore/ o) on FLAW LENGTH ( 100 % TWD)

& EFFECT of the STIFFNESS INDEX (n1=0)
% 0.14 .
=
[~ .
- 012
2}
&
2
= .
N oo0s £
g —_
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= —0.
= 0.04 —0.7
— =038
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¢

¢

BURST PRESSURE DATA
INTEGRATED DATABASE

PRESENT STATUS

eabout 100 data points from:

- Belgian Laboratory Test Program /
Laborelec (1982 - 89)

- Millstone 2 Laboratory Test Program /
CEand W (1989 - 91)

eTo be further extended (EPRI)

WIDE VARIATION IN TESTING PARAMETERS

e 2 tube sizes (3/4” - 7/8")
e 2 R/t ratios (W - CE)
* 4 flaw morphologies (+ real cracks)

e Free or restrained bending (+ axial and
tensile failure limit cases)

* 8 lateral support configurations

e range of main flaw length: 100 to 300 °

e range of lateral support offset: 0 to 0.8 "
*3 independent testing laboratories
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INTEGRATED BURST DATA BASE

TEST MATRIX (number of data points)
BELGIUM MILLSTONE 2
(LABORELEC) (CE + Westinghouse)

Free Bending 17 (0) 18 (0)

Restrained Bending 29 (0) 14 (2)

Axisymmetric flaw 11 (11) 16 (0)
(or tensile test)

TOTAL 58 (11) 48 (2)

GRAND TOTAL 106 data points
Note : # of real cracks ( pulled tubes ) are mentionned in brackets
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BURST PRESSURE DATA
STRUCTURAL MODEL VALIDATION

¢ COMPARISON of MEASURED/CALCULATED
DATA

e Excellent agreement in average (mean
ratio = 1)

e Moderate scatter in free bending

e Low scatter in restrained bending (ratio
standard deviation = 0.08)

¢+ ADEQUATE and SUFFICIENT VALIDATION
SUPPORT for STRUCTURAL MODEL
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VALIDATION OF STRUCTURAL MODEL

Comparison of burst pressure measurements against predicted values

Belgian data
URST PRESSURES (bar)
Free Bending
a 700
=2
éig 600
=
:E 500
400
200
100
0
0 100 200 300 400 500 600 700 800
CALCULATED
BURST PRESSURES (bar)
Restrained bending
:: 700
=
g 600
17,
< 500
=
:g 400

300

200

100

0 100 200 300 400 500

CALCULATED
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VALIDATION OF STRUCTURAL MODEL

Comparison of burst pressure measurements against predicted values

MEASURED

800
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300
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100

ALL BURST DATA (bar)
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IrLEAKAGE ANALYSIS PRINCIPE“

¢ METHODOLOGY : same as already used for
axial cracks
oIn Belgium (TRACTEBEL / LABORELEC)
ein USA (EPRI report NP 6864-1)

¢ BASE MODEL
Q= KA \/zp(Ap>eff

¢ FLOW DISCHARGE COEFFICIENT K

= Function of mean crack width
(same as for axial cracks)

¢ LEAKAGE AREA A
A = Ael + Acor + Apl

from theory

(Ae= elastic component
(literature)

Accor= small scale yielding correction

A

structural model
empirical support

Api= large scale plasticity from }

\.

NB : Main source of difference from axial
cracks
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FLOW DISCHARGE COEFFICIENT
as a function ot the MEAN CRACK WIDTH

AXIAL CORRELATION

S
g
&
oy
N
0 ¥ $
0 50 100 150 200 250 300 350 400 450 500
MEAN CRACK WIDTH (micron)
CIRCUMFERENTIAL DATA
on AXTAL CORRELATION

g

s

=

N

0 20 40 60 80 100 120 140 160 180 200

MEAN CRACK WIDTH (micron)
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LEAKAGE AREAS and LEAK RATES as a function of
CRACK LENGTH
DIFFERENTIAL PRESSURE

th
[=]

-
(7%

20

LEAKAGE AREA (mm?2)

15

10

180 deg. crack in 3/4 " tube

100 150 200 250 300 350 400

DIFFERENTIAL PRESSURE (bar)

LEAK RATE as a function of FLAW SIZE (3/4")

100.000

10.000

0.100

MASS LEAK RATE (gpm)

0.001
50

100 150 200 250 300

CRACK ANGLE (deg.)
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LEAKAGE ANALYSIS
VALIDATION

¢ MODEL VALIDATION
e Components level

- K: same as for axial cracks

- APeft; Aeland Acor: theory based
- Ap : limited laboratory support (pressure
dependence)

e Global level : limited number of reliable,
documented field data

¢ PRESENT STATUS IS SUFFICIENT TO
CONCLUDE IN LOW LEAK RATES
(as compared to axial cracks)
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STEAM GENERATOR DEFECT SPECIFIC
MANAGEMENT
SGDSM IMPLEMENTATION

¢ DEFINITION OF A REFERENCE CURVE

= Single lower bound correlation between
burst pressure and flaw size

¢ BASED on STRUCTURAL MODEL and SIMPLE
(not over) CONSERVATIVE APPROXIMATION

e Total flaw area analysed as single TWD

segment (— single size parameter =
average flaw depth)

«LTL 650 °F mechanical properties
e Llowest lateral restraint stiffness (K = 0.6)

e Half differential pressure acting on crack
lips (n = 0.5)
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‘ SGDSM IMPLEMENTATION (cont'd)

¢ USE of REFERENCE CURVE for DEFINITION of
STRUCTURAL LIMIT (allowable EOC flaw size)

« Intersection with MAX (3 NOP ; +/2 MSLB)

¢ USE of STRUCTURAL LIMIT for CALCULATION
of PSGITR

« Population of BOC average flaw depths

e Statistical distributions of uncertainties for
NDE sizing and growth rate

e Probability of exceeding SL

¢ USE of LEAK RATE MODEL for CALCULATION
of ACCIDENT LEAKAGE (probability density
function)

¢ DEFINITION of REPAIR LIMIT MAY REQUIRE
IMPROVED CONTROL on SIZING and
GROWTH
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PROPOSED SGDSM IMPLEMENTATION
The REFERENCE CURVE concept

STRUCTURAL LIMIT (NOP = 1300 psi )
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W SUMMARY

STRUCTURAL MODEL ALLOWS SIMPLE YET

ACCURATE PREDICTION of BURST PRESSURE
under :

e laboratory testing

e actual SG service} conditions

VALIDATION PROVIDED by LARGE

INTEGRATED BURST DATA BASE with wide
coverage of all relevant parameters

SGDSM IMPLEMENTATION PROPOSED on

BASIS of SIMPLE (not over) CONSERVATIVE
APPROXIMATION

REFERENCE CURVE — STRUCTURAL LIMIT
— REPAIR LIMIT and PSGTR

LEAK RATE MODEL AVAILABLE
(should be improved by further testing)

COMPARISON WITH AXIAL FLAWS
« much higher burst pressure
e much lower leakage
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CIRCUMFERENTIAL CRACKS have HIGHER BURST PRESSURE
and LOWER LEAK RATE than AXIAL CRACKS

COMPARISON of AXIAL and CIRCUMFERENTIAL
TWD CRACKS ($7/8")
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£ N
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= 5000 \\ 3% NOP
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\ CONCLUSION l

SUBJECT TO IMPROVEMENT
IN NDE CAPABILITIES
(DETECTION, SIZING, GROWTH),
SGDSM CAN BE USED TO ALLOW
CIRCUMFERENTIALLY DEGRADED

TUBES TO REMAIN IN SERVICE
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6 Working Session 1: Tubing Degradation
G. Kharshafdjian, AECL, and G. Turluer, IPSN

6.1 Participants

The Working Group (WG) was led by cofacilitators Gary Kharshafdjian (AECL,
Canada) and Guy Turluer (IPSN, France). Participants in the session were:

F. Cattant (EDF, France) M. Mirzai (Ont. Hydro, Canada)

P. Chow (AECL, Canada) M. Mayfield (NRC, U.S.A\)

K. Colgan (Northeast Util.,, U.S.A))  J. Muscara (NRC, U.S.A)

J. Daret (CEA, France) R. D. Nicholson (Nucl. Install. Inspect.,
D. Diercks (ANL, U.S.A.) UK)

J. Esposito (Westinghouse, U.S.A.) C. Rodriguez-Monroy (UNESA, Spain)
D. Gémez-Bricefio (Ciemat, Spain) P. Rush (NRC, U.S.A))

K. Gott (SKI, Sweden) P. Verén (ENSA, Spain)

D. Hughes (TVA, U.S.A)) C. Welty (EPRI, U.S.A.)

These individuals represented utilities, vendors, researchers, consultants and
regulatory authorities. The major subjects discussed by the group included stress
corrosion cracking, local deformations, and NDE past experience and degradation
assessment.

Below is a brief summary of the discussions and conclusions.

6.2 Introduction to Session 1

e  Objective: Provide R & D needs and regulatory proposals on steam generator
tube (SGT) degradations.

e Listing of potential SG tube degradation offered by the facilitators; review of
types, locations, and characteristics of tubing degradations in steam
generators; synergistic effects of material variables; environmental factors; and
stress and strain.

e Overview by Peter Millet, EPRI (Plenary) - chemical aspects and
degradation from secondary side (corrosion, IGA, ODSCC) emphasized.

e Report on the conclusions of Oct. 95 EPRI Expert Workshop on secondary
side corrosion.

A general introductory overview of the purpose of the group and the general
subject area of SG tubing degradation was given by the facilitator. The purpose of
the session was described as to "develop conclusions and proposals on regulatory
and technical needs required to deal with the issues of SG tubing degradation.”

Types, locations and characteristics of tubing degradation in steam generators
were briefly reviewed. The well-known synergistic effects of materials,
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environment, and stress and strain/strain rate, subsequently referred to by the
acronym "MESS" by some of the group members, were noted. The element of time
(i.e., evolution of these variables with time) was emphasized.

It was also suggested that the group might want to consider the related topics
of inspection capabilities, operational variables, degradation remedies, and validity
of test data, and some background information in these areas was provided.

The presentation given by Peter Millet during the Plenary Session was
reviewed; Specifically, the chemical aspects and the degradation from the
secondary side of the steam generator were noted.

The main issues discussed during the October 1995 EPRI meeting on
secondary side corrosion were reported, and a listing of the potential SG tube
degradations was provided and discussed.

The group agreed to focus on one or two of the most important
degradation issues, since to discuss the entire "universe' of tube degradation
processes would require much more time than was available.

6.3 Main Degradation Modes Considered by the WG (Common
Concerns)

It was stated the SCC was the principal concern, at least in the U.S. and
probably for most of the remaining international SG community. A discussion of
SCC should include the effects of mild denting and other local deformation on
initiating SCC, because this is becoming more commonly observed in the past few
years. It was observed that the major factors influencing the SCC process were
stress and strain rate.

Fatigue was described as a lesser, though real, concern that was for the most
part manageable by the industry. The consensus of the group was that SCC was
indeed the degradation mode of primary interest.

6.3.1 Stress Corrosion Cracking (SCC) of Mill Annealed (MA) Alloy 600

The focus has been placed on low temperature mill annealed Alloy 600
tubing, which is considered more sensitive to PWSCC.

SCC, the main concern of utilities today, was judged by the WG as the major
cause for SG tubing degradation. Parameters affecting SCC initiation and growth,
such as initiation time, tube locations susceptible to SCC, water chemistry, and
temperature, were discussed.

With regard to impact of crack orientation on safety, it was agreed that

circumferential cracks and axial cracks should be treated separately, although the
degradation mechanism for both axial and circumferential cracks may be similar.
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For PWSCC, it was considered that material properties stress and temperature

were more important than the primary water operating chemistry variations. The
effects of stress relief and heat treatment were noted.

6.3.2 Circumferential Cracking: Both ID- and OD- Initiated

On the issue of OD & ID SCC circumferential cracking, the following were

discussed.

Safety issues: Circumferential cracking is a major safety issue considered
both by the utilities and the regulatory bodies.

Intrinsic difficulty of detection by NDE:

- distinction between OD and ID initiated circ-cracks cannot be
unambiguously made in many instances.

- probability of detection of ID circ-cracks is reported to be higher than that
relative to OD circ-cracks of similar cross-section fraction.

- from the examination of a significant number of pulled tubes from units
affected by OD circ SCC, it has been concluded in France that SCC
degradation up to 40% in cross section initiated at the OD can develop
before being detected by RPC probes.

Urgent need for crack propagation rates, which should take into account the
various morphologies and distribution of individual cracks or attack i.e., single
cracks, vs. multiple short cracks.

- single-crack growth.
- crack coalescence and subsequent growth transient.
- IGA, and influence of IGA on discrete crack growth.

The increasing occurrence of tube ODSCC and particularly with a
circumferential orientation in the vicinity of the top of the tube sheet (TTS)
is now a greater source of concern.

Therefore the combinations of factors that determine the stress magnitude,
orientation, distribution, particularly those factors enhancing circumferential
cracking, and crack growth, should be more thoroughly investigated; in
particular, the relative contribution of the following factors should be
assessed:

- features of the expansion process,

- other additional deformations or stress generated i.e. by bending, slow
denting, drilled hole profile.
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- cold work, scratches etc.
- operational and thermal stresses.

¢ Possible SCC enhancement by dynamic effects such as denting even with
slow or moderate denting growth rate.

6.3.3 Axial Stress Corroslon Cracking (SCC) and Intergranular Attack (IGA)

Axial PWSCC at dent locations and axial ODSCC at free spans have been
reported. The following were indicated as needs:

e  Flaw sizing in length.
¢ Detection and repair at TSP intersections.

6.3.4 Mechanisms, Environments, and Ways to Assess ODSCC

The importance of crevice chemistry was discussed. It was noted that the
tube-support plate (TSP) crevices from pulled tubes obtained from Dampierre,
Surry, Ringhals, and Point Beach, among others, had been extremely helpful
sources of information. However, tube pulls are expensive, and this resource is
limited by the availability of funding to pay for it. The desirability of obtaining
pulled tubes and intact tube/TSP assemblies from retired steam generators was
then discussed. It was noted that a number of retired units had already been "lost"
insofar as obtaining tubes was concerned because the units were buried or
otherwise disposed of. Even when the retired units are not buried, their
accessibility is highly limited. Several persons noted the difficuliies associated with
obtaining samples from retired units, since the utilities replacing the steam
generators typically entomb the old units in inaccessible concrete buildings and
are generally not interested in subsequently accessing them. Also, the units may
not be "laid up" in a condition that leaves them in a useful state.

It was suggested that the crucial information needed was the crevice
chemistry, and that knowing this could enable meaningful autoclave experiments
to be conducted with a bulk water chemistry corresponding to this crevice
chemistry. It was also noted that obtaining crack initiation data in real time was
difficult, but that meaningful crack growth rate measurements could be made
because of the high sensitivity of the experimental techniques used to measure
crack growth rates in the laboratory.

The WG agreed that the secondary water local chemistry in the crevice was of
great interest but was very difficult or impossible to measure directly. The group
agreed that the pH and chemistries of the crevice regions could be deduced by
several means, including analyses of the deposits obtained from tube pulls,
calculated values from codes such as MULTEQ (though some questioned the
reliability of these calculations), hide-out returns, etc. In addition to the use of
hideout returns and the analysis of crevice deposits from pulled tubes as ways of

NUREG/CP-0154 262




deducing crevice chemistry, the attempts by Lumdsen and others to determine
crevice water chemistries directly were also noted.

Discussion and suggestions about secondary side corrosion testing
"The use of the following was suggested:

¢ Corrosion tests in autoclaves, usually for screening and comparative purposes
in assumed concentrated corrosive media.

e Model boiler tests for corrosion and chemistry assessment in sludge and
crevice areas under heat flux.

e Alternatively, sidestream experiments to replicate SCC in crevice
configuration and/or for crevice chemistry condition monitoring.

However, autoclave tests usually devised to provide cracking in a reasonable
time frame rely principally on doped corrosive water chemistries (strongly acidic
or caustic) and thus might become irrelevant to many SG operating conditions.

Some model boiler tests might be more appropriate for closer replication of
concentration and diffusion processes occurring in SGs, particularly if information
from crevice side stream monitors in actual plants becomes available.

As already noted at the Airlie EPRI conference, all approaches, if combined,
might contribute to better assess the tricky phenomena accounting for ODSCC and
OD local crevice chemistries.

However, the group emphasized the need to concentrate more on model
boller tests and/or on sidestream corrosion/chemistry monitoring in plants.

On the effect of lead and sulfate it was reported that; the susceptibility
presented by 1600 MA and 1600 TT in AVT + lead oxide is higher than in caustic
+ lead oxide environments. Boric acid seems to mitigate the effect of lead (but the
evidence for this is weak), but doesn't prevent the initiation of cracks, and in
acidic sulfates, Incoloy 800 is more susceptible than Inconel 690 TT.

The stress redistribution and relaxation during normal steam generator
operation was discussed. It was noted that residual stresses would basically relax
to the yleld stress of the tube material at the operating temperature, and this yield
stress was not substantially lower at the operating temperature; other relaxation
processes (i.e., inelasticity) were negligible.

While stress and water chemistry were highly significant variables in
influencing SCC behavior, material variables were also significant. The
commonly observed phenomenon was noted of two plants having nominally
identical steam generator and operated under similar water chemistry conditions
exhibiting wide differences in cracking and denting behaviors. This has also been
observed in Saint-Laurent Bl in France, where only one steam generator of three
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had tube batches more sensitive to ODSCC at the TSP intersections. The
significance was noted of sufficiently characterizing heat-to-heat variations and
microstructural features to enable one to accurately predict the susceptibility of a
given heat of material to ODSCC, features which might well differ from those
known to enhance PWSCC.

It was agreed that while some of the more significant microstructural variables
were understood (e.g., carbide distribution), one could still not reliably predict the
susceptibility of a given heat of material from "first principles".

6.3.5 Conclusions on Understanding of Mechanisms and State of Knowledge
on Tube Degradation by SCC

SCC mechanisms are not yet fully understood or identified (both PWSCC and
ODSCC).

Primary water chemistry variations, usually limited, known, and controlled,
are a second-order parameter of PWSCC, which is mainly governed by high stress,
material, and temperature dependences

Secondary side corrosive environments, which are one of the main controlling
factors of ODSCC, can vary widely in service along with time, locations, SG design,
chemical control programs, sludge, and impurity ingress, etc.

In addition, complete inventories of all species (including noxious) and the
relative concentration factors in occluded heated areas such as crevices or under
sludge or tube deposits are still poorly identified, despite current progress.

Therefore, only fragile deductions can so far be derived from hide-out returns,
crevice or tube deposit analyses on pulled tubes, and tentative thermohydraulic
calculations.

Consequently, reliable crevice chemistry determination was judged by the
WG to constitute an ongoing challenge that adds to the intrinsic burden of
ODSCC initiation and propagation prediction.

Because actual reliable ODSCC crack growth data are few or missing, the
suggestion was made to use past field experience through NDE instead, a view that
was not fully shared by all. Actually, unless substantial progress in sensitivity and
reliability is made, those NDE methods might remain blind for ODSCC flaws
shallower than mid-thickness.

6.3.6 NDE Past Experience and Degradation Kinetics Assessment

As a follow-up of the above discussion, it was also acknowledged in the group
that replication of actual tube degradation by SCC observed on operating SGs can
be achieved only with difficulty and with some limitations on laboratory setups or
even on loops incorporating model boilers, the main reasons being:
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Time constraints for SCC systems with long incubation periods.

Need to deliberately resort to noxious impurity injections, sometimes at high
concentration levels, which might lead to poorly representative conditions.

Difficulty in replicating the realistic combination of heat flux +
thermohydraulic + fouling conditions on the same setup.

Therefore during this discussion, the WG judged that past field degradation

experience assessed by NDE techniques should be taken into account but cannot
be solely relied upon to determine and predict SCC crack growth rate (CGR) as
illustrated by the following considerations and examples:

Industrial NDE performed so far on a standard outage schedule and sampling
ratio is not usually best fit and sensitive enough to size all types of cracks or
flaws for GCR determination,

Circumferential through wall PWSCC at TTS, which occurred for example
during the first fuel cycle at Nogent 1 in France, could not be anticipated from
past experience.

Occurrence of a through-wall, 360° ODSCC circumferential crack, which
affected 74% of a tube cross section in Bugey 4, went undetected at the
previous outage by RPC inspection even with the benefit of hindsight.

Sudden evolution of a large number of ODSCC cracks at the TSP intersection
at Saint Laurent Bl with a significantly large bobbin coil voltage increase could
not be anticipated from past experience in France.

In the case of ODSCC, some strong crack growth rate (GCR) dependence on
local chemistry should be anticipated, and therefore large variations in CGR
cannot be excluded because chemical factors can vary in nature and
concentration with time or operational hazards.

6.3.7 Identified Needs

SCC crack propagation data on tube with heat flux conditions, such as model

boilers rather than under isothermal conditions.

Some suggestions to leave cracks in the SG to monitor their evolution were

challenged, in particular for circumferential cracks.

Bulk and crevice chemistry, corrosivity monitoring, monitoring tools in field

and in model boilers, developing instrumentation to monitor bulk and crevice
chemical conditions, ODSCC crack initiation and propagation (crack coalescence of
small cracks, which is believed to contribute most to macroscopic flaw growth,
should be taken into account).
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More pulled tubes and use of retired SGs (SG sample extraction, also to
remove tubes and their environment, i.e., sludge, deposits, full crevice such as TSP
section + tube). Past instances of TSP crevices from pulled tubes obtained from
Dampierre, Surry, Ringhals, and Point Beach had been extremely helpful sources of
information.

Assess with more scrutiny the material variability effect, especially
batch-to-batch variations.

Better understanding of local stress/strain distribution is required.

Substantial improvement of NDE detection and sizing capabilities in
particular for OD degradations and combination of flaws.

It was suggested that better NDE techniques were needed to detect crack
initiation, both in the field and in laboratory tests. NDE is potentially a very useful
tool in monitoring the progress of laboratory tests. Acoustic emission was
suggested as a possible tool for detecting crack initiation. It was noted that NRC
had shown success in using this tool for detecting crack initiation in coolant
piping. Some group members expressed skepticism about its use in a SG
environment.

6.4 Effect of Local Deformation on Initiating SCC

Local deformations such as denting are stress raisers that enhance PWSCC and
ODSCC. Even moderate and slowly growing dents might entail preferential
circumferential SCC; therefore dents should be surveyed with more scrutiny.

Immediate plugging of tubes severely dented in the past (up to 160 mils at
Connecticut Yankee) probably has resulted in rather modest PWSCC occurrence,
while less-conspicuous slow denting might have contributed to significant PWSCC
and/or OD circumferential cracks with dents as small as a few mils, as observed at
Sequoyah 1 and suspected at other units.

It was suggested that the amount of strain at the dent was not as important as
the strain rate in determining subsequent PWSCC. It was also observed that tube
inspections could not generally obtain a good correlation between strain and
voltage in eddy current profilometry.

Several persons made the observation that denting was typically arrested after
the first (or, at most, after the first few) fuel cycles, and that PWSCC did not
generally appear until significantly later. It was argued that the critical issue was
therefore the time required for the stress field associated with denting to result in
crack initiation. Others countered that tubes are not normally plugged upon
detection of an initiated crack, and therefore crack growth rates were also
important.
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Stress, strain, and strain rate need better assessment; there is a need to

develop models to correlate the local deformations (e.g., profilometry
measurements) to the stress/strain fields.

Effect of tube-support interaction such as tube locking at TSP should be

assessed more thoroughly, in view of:

Tube bulging or bending after local heat treatment on sleeved tube: avoid
circumferential SCC.

Potential stress raisers at support structures such as TSP, and scallop bars,
causing circumferential ODSCC.

Effect of ODSCC circumferential flaws on vibration-induced fatigue crack
propagation

6.5 Potential Tube Degradation by Vibration-Induced Fatigue

(Concerns that May Not be Primary to All)

The consensus of the WG was that fatigue is a safety issue, but it can be

addressed by various actions or dispositions including the following:

a)

b)

Comprehensive assessment of adequate fitness of the tube support
structures to prevent potential tube vibration; this is illustrated by:

- verification of adequate AVB positioning by NDE as published by Japan and
France.

- current investigations in France to assess the TSP soundness in some SG
models, as a consequence of various defects detected.

missing TSP support, locally at Fessenheim 2 following a chemical cleaning
applied locally outside qualification bounds.

TSP ligament degradation in France and in the USA (Sequoyah and Indian
Point 2), some of which evolved in service (as observed in 1995, at Gravelines
2).

Preventive or corrective measures; as an alternative to repairing the
inadequate supports, effects of potential vibration-induced fatigue can be
prevented by tube plugging and installation of a dampening cable as currently
practiced in France.

Refined vibration analysis.

Strengthening primary-to-secondary leak rates requirements.

Implementation of more sensitive and responsive improved leak
monitoring (N-16)
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North Anna: the fatigue cracking at North Anna 1 that lead to a tube
rupture in 1989 was discussed extensively. It was noted that in this incident, like
almost all fatigue incidents, fatigue crack growth following initiation was rapid, and
periodic inspections at refueling outages would have little hope of seeing such a
crack before it went through-wall. It was then argued that had present operating
procedures been used in the North Anna incident, the plant would have been shut
down during the leakage stage before the crack had reached a critical size, and
rupture would never have occurred. Nevertheless, the root-cause determination
is still being investigated.

Preventing potential tube-vibration-induced fatigue may be a source of
potential concern, as currently illustrated by recent implementation of repair
techniques and plugging on tubes for which the quality of the supports could be
questioned (e.g., displacement of AVB from nominal design position and TSP
ligament cracking).

6.6 Potential Tube Degradation as a Result of Remedial Actions

The following examples were reported on the issue of adverse effects of remedial
actions.

* Circumferential PWSCC on sleeved tubes, without an adequate stress relief
heat treatment.

- hazards linked to tube bending or bulging as a result of stress relief heat
treatment for those tubes locked in first. TSP.

* Alloy 600 plugs experiencing cracking; this might result in;
- plugged tube bulging and bursting.
- potential missile effect on degraded tube U-bend.

* TSP degradation triggered by chemical cleaning applied outside qualification
bounds, which by inadequate corrosion inhibition would entail tube support
deficiency, as discovered at Fessenheim.

6.7 Miscellaneous Discussions

AT SG operating temperatures as well as at 400° C, there is a substantial
diffusion of hydrogen from the primary side through the 600 MA tube wall to
the secondary side crevice, particularly at hot spots. This hydrogen may influence
corrosion potential and induce IGSCC at the OD of the tube wall when high tensile
stresses and steam are present: perhaps half the hydrogen on the secondary side
diffuses through the tube from the primary side.

Pb contamination is clearly detrimental; the mechanisms by which Pb
enhances SCC are not well understood, and more data are needed on the effects of
specific variables. Tests were conducted on SG tube materials in a 1 ppm sulfate
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sludge containing 0.5% Pb and 1% Pb. Alloy 600 TT was less susceptible that Alloy
600 MA, and Alloy 690 TT showed no cracking.

6.8 Topics not Covered in Session 1

Due to time limitations the following topics, although proposed, were not fully
discussed in Session 1:

Possible limitations and return of experience for Alloy 690 and Alloy 800.

Other causes of plugging of tubes (mainly in Alloy 600 amounting to 30%
plugging ratio).

Other types of degradation (pitting, wear, impact of loose parts, etc.).
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CIEMAT

SUSCEPTIBILITY OF STEAM GENERATOR
TUBES IN SECONDARY CONDITIONS

EFFECTS OF LEAD AND SULPHATE

D. Gémez Briceiio, M?. S. Garcia,
M2, L. Castafio, Ana M. Lancha

CIEMAT.
Avda. Complutense-22,
28040 MADRID. SPAIN

CNRAJCSNI Workshop on
Steam Generator Tube Integrity
in Nuclear Power Plants

30 Oct/ 2 Nov, 1995
Argonne National Laboratory
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CIEMAT

IGA/SCC on the secondary side of steam generators is increasing
every year, being the cause of some of the steam generator
replacements.

Until recently, caustic and acidic environments have been
accepted as causes of IGA/SCC:

In Sludge Pile on the Tube Sheet
At Support Crevices
In Free Span

Lead and sulphur have been identified as significant impurities.

Now it is considered that some IGA/SCC at support crevices may
have ocurred in nearly neutral or midly alkaline environments.

CIEMAT

In order to understand the influence of lead and sulphur in the
behaviour of steam generator tube alloys, an experimental program
has been carried out with:

C-ring samples in static autoclaves

Model Boilers
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CIEMAT

TEST CONDITIONS. C-RINGS TESTS

PbO Concentration
% ppm
P
no PbO 2 0,2 0,04 100 | 80 | 50 | 10
10% NaOH (1) (1) (1)
4% NaOH (2) (2) 1 (2) (2)
AVT (2) (2) (2) (2) (2)
(1) 350°C
(2) 320°C
CIEMAT
Up to 2000 hours have been acumulated in most tests, with
intervals every 500 hours to inspect the specimens and renew the
solutions.

Visual inspection and metallographic examination have been

performed.

Deposit analyses have been carried out by EDX, AUGER and ESCA
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CIEMAT

In AVT + 10 ppm PbO, Inconel 600 TT shows no cracks after 2000
hours while Inconel 600 MA cracks after 500 hours.

In caustic + PbO, the observed morphology for inconel 600 MA
and Inconel 600 TT has been IGA.

In AVT + PbO, the observed morphology has been IGSCC for
Inconel 600 MA and TG + IGSCC for Inconel 600 TT.

CIEMAT

INCONEL 690 TT

After 2000 hours of testing, cracks have not been detected neither in
caustic nor in AVT with lead oxide. '

INCOLOY 800

For the Incoloy 800 heats (CW, SP), the caustic solution with the
minor concentration of PbO has been the most aggressive (80 ppm
PbO). No cracks have been found in the more concentrated solutions.

No cracks have been detected in AVT with lead oxide.
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CIEMAT

MODEL BOILER TEST

SCOPE

- Effect of lead oxide on Inconel 600 MA SCC susceptibility.

- Mitigation effect of boric acid.

- Influence of sulphate in the behaviour of steam generator tube
materials.
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CIEMAT

EFFECT OF LEAD OXIDE
MODEL BOILER TESTS

- Two model boilers (called MB2 and MB3) with seven tubes of inconel
600 MA each have been used.

- The tubes had accumulated 6000-8000 hours in caustic environments
before the test with lead oxide.

- Operating conditions are similar for both model boilers.
- Chemical conditions:

MB2 - AVT+6 ppm CO,*+2 ppm NH,

MB3 - AVT+6 ppm CO,; +2 ppm NH,+boric acid.

- PbO was incorporated to the simulated sludge placed in some of the support
plate crevices (Pb* in solution: 1-2 ppm).

CIEMAT

E.C. INSPECTION RESULTS
After 2.300 hours of tests, E.C. inspection was performed with the following
resuits:

- No cracks were found in the support crevices in which lead oxide
was placed.

- Most cracks were found in the tubes that had not lead oxide in the
crevices.
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CIEMAT

DESTRUCTIVE EXAMINATION
- Stress corrosion cracking and intergranular attack have been
observed.

- The morphology of the cracks has been always intergranular.

- The measured depth of the cracks has been larger than the one
detected by E.C.

CIEMAT

DEPOSIT ANALYSES
EDX and ESCA tecnhiques have been used
- At the fracture surface
Lead has been found in some of the cracks (~ 3% at).
The'rate Ni/Cr is similar to the one in the base material
- On the OD surface

A small amount of lead has been detected in the internal layer of
deposits (~ 1% at).

Boron concentration is higher in the free span (11% at) than at the
support plate intersection (5% at).
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CIEMAT

EFFECT OF "NEUTRAL" SULPHATE
MODEL BOILER TESTS

- Inconel 600 TT and Inconel 690 TT have been tested.
- Quatrefoil support plates were used in these tests.
- Model boiler feed water:

AVT + 2 ppm SO,Ca + 2 ppm Ca (OH),

- A concentracion factor x2.5 for sulphate and x9 for calcium
have been observed in the model boiler water samples.

CIEMAT

"NEUTRAL" SULPHATE TESTS

RESULTS

- After 9000 hours of operation, E.C. inspection showed no
cracks or any other type of defects in any of the material
tested.

- Destructive examination confirmed the E.C. results.
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CIEMAT

RESULTS
- After 9000 hours of operation, E.C. inspection showed one
indication in the roll transition zone in one of the tubes of
Incoloy 800 SP.

- The destructive examination:

*  Confirmed the E.C. indication, that was identified as
wastage (max depth 40°C).

*  Found other types of degradation:
Multiples circumferential cracks in the roll transition

zone of two other tubes of Incoloy 800 SP (max. dept
23%).

CIEMAT

Wastage (max depth 8%) and intergranular attack (max depth
5%)at the support crevice in the Incoloy 800 SP tubes. Minor
defects in free span.

Wastage in the roll transition zone (max depth 12%) and at the
support crevices (max depth 4%) in the Inconel 690 TT tubes.
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CIEMAT

DEPOSIT ANALYSES RESULTS

- The ratio Ni/Cr is lower in OD surface deposits than in the base material.
- Ni depletion in the cracked tube is higher than in the tube with wastage.
- S is incorporated in the entire oxide layer at 0.D. surface.
- At the fracture surface has been detected:

A highs S concentration that decreases towards the crack tip.

Ni enrichment that disappears towards the crack tip

Cr enrichment.that increases from the mouth to the tip of the cracks.

Sulphur has been identified as sulphate, sulphide and intermediate
species.

CIEMAT

EFFECT OF SULPHATE
CONCLUSIONS
- Significant amount of sulphates can be tolerate in the secondary water
whenever the pH is maintained "neutral”.
- In acidic sulphate, incoloy 800 SP is more susceptible than Inconel 690 TT.
- The presence of cracks in the roll transition zone of the Incoloy 800 SP tubes
places doubt on the validity of shot peening to increase the SCC resistence in

the roll transition zone where the material is plastically deformed.

- Reduced sulphur species can be formed after sulphate inleaks into the steam
generator if acidic pH is established.
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CNRA/CSNI_Workshop_on Steam Generator Tube
Integrity

“Experiences on IGSCC crack manufacturing”

P. Veron
Equipos Nucleares, S.A.
Apartado 51
39600 Maliafio (Cantabria)
SPAIN
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ABSTRACT

We present our experience in manufacturing IGSCC realistic defects, mainly in

INCONEL 600 MA Steam Generator Tubes.

From that experience we extract some knowledge about this cracking (influence of
chemistry in the environment, stress state, crack growth rate, and occurrence in laboratory

condition of break before leak).
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1.-

INTRODUCTION

The reliability of damaged components requires frequent and extensive NDE

examinations, structural assessments and remedy evaluations.

For that purpose samples with realistic defects (reproducing actual cracks) serve as:

- Mock-ups for E.N.D.

- Test samples to determine the existing margin to failure.

- Test samples to evaluate the capability of proposed remedies to cope with the

problem.

Within the Spanish PISGV programme, EQUIPOS NUCLEARES, S.A. began to
develop with full success his own procedures to manufacture these realistic defects
that reproduce the cracks found ‘in Spanish S.G., not only in its location and

macrofeatures, but also in the microscopic scale and its corresponding NDE signal.

Afterwards, when the RPV head penetration cracking phenomenon was
acknowledged we took advantage on the experience gained with the thin 5.G. tubes to

generate IGSCC defects in the CRDM penetrations.

Nowadays we are working in the field of very shallow cracks that help to improve

early detection of IGSCC occurrence.
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2- MANUFACTURED DEFECTS IN STEAM GENERATOR 600 MA TUBES

a) Primary Side:
- Longitudinal cracks at transition expansion
- Circumferential cracks at transition expansion
- U shaped crack at transition expansion
- At dented areas (A9=0,4 mm)
- Longitudinal <.:rack at free span
- Circumferential crack at free span

- At U bend

b) Secondary Side:
- Circumferential cracks at transition expansion
- Longitudinal crack‘ at tube support plate
- At dented areas (A@=0,4 mm)
- Longitudinal crack at free span

- Circumferential crack at free span

The environment was in some cases 10% caustic soda deaerated water solution, and, in

others, doped steam plus hydrogen at 400°C.

To accelerate the cracking process, the maximum permissible mechanical loads

compatible with a minimum plastic strain were used. The cracking seems to be
perpendicular to the maximum stress applied. Crack growth rate is 9x10-9 m/s.at "

425°C (determined on thick pieces of inconel, namely RPV Head Penetrations).
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3.-OUTSTANDING OBSERVATIONS FROM
OUR IGSCC WORK

From our work in generating cracks, we
highlight the following:

- IGSCC of S.G. alloy 600 MA tube and
RPB head penetration seem to have the
same nature. Both metals are susceptible
to the same environment and the crack
growth rates found are within the values
given by bibliography.

- The hydrogen concentration in steam is
not a critical parameter within molar
fractions between 0,005 and 0,02.

- According to our experience with S.G.
tubes, it seems that at 400°C hydrogen is
able to diffuse through the allow 600
MA tube and induce IGSCC on the other
side of wall, if high tensile stresses and
steam are present there.

287 NUREG/CP-0154

R
et ]



In that case, in the actual S.G., we might
expect a hydrogen diffusion from
primary to secondary side specially at
hot spots, that would enrich in hydrogen
the rather isolated environment of the
crevices and would give cause to
secondary IGSCC. This hypothesis may
partly explain the good service record of
alloy 800  (immune to hydrogen)
compared with alloy 600.

- Under laboratory condition a few
inconel 600 MA tubes under primary
IGSSC bursted instead of leaking. The
inner compressible <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>