NUREG-1823

U.S. Plant Experience With
Alloy 600 Cracking and
Boric Acid Corrosion of
Light-Water Reactor
Pressure Vessel Materials

U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research
Washington, DC 20555-0001 G,

> 0,
C) %
& ®
: :
-
F
2, &
3, o

” «
e T T A




AVAILABILITY OF REFERENCE MATERIALS
IN NRC PUBLICATIONS

NRC Reference Material

As of November 1999, you may electronically access
NUREG-series publications and other NRC records
at NRC's Public Electronic Reading Room at
hitp://www.nrc.gov/reading-rm.htmi.

Publicly released records include, to name a few,
NUREG-series publications; Federal Register notices;
applicant, flicensee, and vendor documents and
correspondence; NRC correspondence and internal
memoranda; bulletins and information notices;
inspection and investigative reports; licensee event
reports; and Commission papers and their
attachments.

NRC publications in the NUREG series,
NRC regulations, and Title 10, Energy, in the Code of
Federal Regulations may also be purchased from
one of these two sources:
1. The Superintendent of Documents
U.S. Government Printing Office
Mait Stop SSOP
Washington, DC 20402-0001
Intemet: bookstore.gpo.gov
Telephone: 202-512-1800
Fax: 202-512-2250
2. The National Technical Information Service
Springfield, VA 22161-0002

www.ntis.qov
1-800-553-6847 or, locally, 703-605-6000

A single copy of each NRC draft report for comment
is available free, to the extent of supply, upon written
request as follows:

Address: Office of the Chief Information Officer

Reproduction and Distribution
Services Section
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001
Email: DISTRIBUTION @nrc.gov
Facsimile: 301—415-2289

Some publications in the NUREG series that are
posted at NRC’s Web site address
http://www.nre.qov/reading-rm/doc-collections/nureqs
are updated periodically and may differ from the last
printed version. Although references to material found
on a Web site bear the date the material was
accessed, the material available on the date cited may
subsequently be removed from the site.

Non-NRC Reference Material

Documents available from public and special
technical libraries include all open literature items,
such as books, journal articles, and transactions,
Federal Register notices, Federal and State legislation,
and Congressional reports. Such documents as
theses, dissertations, foreign reports and translations,
and non-NRC conference proceedings may be
purchased from their sponsoring organization.

Copies of industry codes and standards used in
a substantive manner in the NRC regulatory process
are maintained at—
The NRC Technical Library
Two White Flint North
11545 Rockville Pike
Rockville, MD 20852-2738

These standards are available in the library for
reference use by the public. Codes and standards
are usually copyrighted and may be purchased from
the originating organization or, if they are American
National Standards, from—

American National Standards Institute
11 West 42™ Street
New York, NY 10036-8002

212-642-4900

Legally binding regulatory requirements are stated
only in laws; NRC regulations; licenses, including
technical specifications; or orders, not in NUREG-
series publications. The views expressed

in contractor-prepared publications in this series
are not necessarily those of the NRC.

The NUREG series comprises (1) technical and
administrative reports and books prepared by the
staff (NUREG-XXXX) or agency contractors
(NUREG/CR-XXXX), (2) proceedings of
conferences (NUREG/CP-XXXX),

(3) reports resulting from international agreements
(NUREG/IA-XXXX), (4) brochures
(NUREG/BR-XXXX), and (5) compilations of legal
decisions and orders of the Commission and
Atomic and Safety Licensing Boards and of
Directors’ decisions under Section 2.206 of NRC's
regulations (NUREG-0750).




NUREG-1823

U.S. Plant Experience With

Alloy 600 Cracking and
Boric Acid Corrosion of
Light-Water Reactor
Pressure Vessel Materials

Manuscript Completed: March 2005
Date Published: April 2005

Prepared by
B. Grimmel, W. H. Cullen, Jr.

W. H. Cullen, Jr., NRC Project Manager

Prepared for

Division of Engineering Technology
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001




ABSTRACT

This report includes a summary of foreign and domestic Alloy 600 cracking experience,

an analysis of the Alloy 600 cracking susceptibility model for vessel head penetration (VHP)
nozzles, and information on corrosion of pressure boundary materials in boric acid solutions.
This report combines information that the U.S. Nuclear Regulatory Commission (NRC) has
collected in response to Davis-Besse Lesson Learned Task Force Recommendations 3.1.1(1)
and 3.1.4(1). The survey of Alloy 600 cracking suggests that Alloy 600 and its associated
welds (Alloys 182 and 82) are susceptible to crack nucleation and growth in a wide range of
applications. The intent of inspection is to identify and remediate the cracking before it can
challenge safety systems. VHP nozzle inspection results indicate that the effective degradation
years (EDY) model is efficacious and does not suggest a need to revise the model in the short
term. However, the EDY calculation is becoming less significant as a result of reactor vessel
head replacement. Both the NRC and the industry have implemented boric acid corrosion test
programs. Pieces of the Davis-Besse reactor vessel head have been removed and shipped to
Pacific Northwest National Laboratory, where they will be examined. The results of the NRC’s
boric acid corrosion test program at Argonne National Laboratory have shown that the galvanic
difference between A533 Grade B Steel, Alloy 600, and 308 stainless steel (used in reactor
pressure vessel cladding) is not significant enough to consider galvanic corrosion as a strong
contributor to the overall boric acid corrosion process. In addition, the NRC's test program has
revealed that the corrosion rate of A533 Grade B steel in humidified salts of H-B-O (a mixture of
boric acid species and water) can cause wastage at rates as high as those for saturated
aqueous solutions. The industry program, headed by the Electric Power Research Institute, is
expected to be completed in 2006.



FOREWORD

Nickel-based alloy cracking of reactor pressure boundary components has been a worldwide
concern for about 25 years. Increased inspection frequencies, improved inspection practices,
and increased licensee vigilance continue to identify nickel-based alloy cracking in vessel
penetrations and various components of the primary coolant loop. Since the U.S. Nuclear
Regulatory Commission (NRC) issued Bulletin 2002-02, “Reactor Pressure Vessel Head Degradation
and Reactor Coolant Pressure Boundary Integrity,” in August 2002, the identified cracks have
not been safety-significant. However, leakage resulting from through-wall cracks in these
components, leaking joints, valve packings and flanges may also result in boric acid leakage
and corrosion. Awareness of the safety-significance of corrosion of low-alloy steel components
was raised to a very high level with the discovery of gross vessel head corrosion at the
Davis-Besse Nuclear Power Station. To address the issue, the NRC'’s Office of Nuclear
Regulatory Research (RES) sponsored research on the parameters of boric acid corrosion
and the corrosion rates of reactor materials.

This report has been assembled from three existing reports. The purpose of this publication is
to (a) summarize the current status of plant experience regarding nickel-based alloy cracking
and boric acid corrosion, (b) discuss the effective degradation year (EDY) model used in NRC
Order EA-03-009 for the prediction of stress-corrosion cracking in Alloy 600 components, and
(c) summarize related boric acid corrosion research programs. This report summarizes some
important observations, which are detailed in the supporting documents. First, incidents of
boric acid corrosion of low-alloy steel reactor components have been frequent, despite a series
of guidance documents issued by the NRC. The NRC's guidance culminated with the issuance
of Order EA-03-009, “Establishing Interim Inspection Requirements for Reactor Pressure
Vessel Heads at Pressurized-Water Reactors,” with the intent to stem the findings of boric acid
corrosion emerging from the nuclear power plants. The NRC has also developed similar. .
guidance for lower head inspections and inspections of other reactor components. Second, this
report concludes that stress-corrosion cracking of nickel-based alloy components, especially
those exposed to pressurized-water reactor (PWR) environments, may be expected to
continue. However, the inspections required by Order EA-03-009 will ensure that cracking is
identified in reactor vessel heads before it compromises structural integrity, and leakage is
detected before boric acid corrosion can occur.

As a result of the research funded by RES, together with ongoing research funded by the
Electric Power Research Institute, the database of boric acid corrosion effects is more robust
than it was a decade ago. In view of the continuing potential for leakage-driven boric acid
corrosion, the NRC has supported, and continues to support the American Society of
Mechanical Engineers in the development and approval of Code Case N-722, “Additional
Inspections for PWR Pressure-Retaining Welds in Class &ure Boundary Components

Fabricated with Alloy 600/82/182 Materials.” d p

/Cérl J. Paperiello, Director \)
< Office of Nuclear Regulatory Research
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EXECUTIVE SUMMARY

On March 5, 2002, dunng a shutdown for lnspection and refueling of the Davis- Besse Nuclear
Power Station, the plant’s licensee, FirstEnergy Nuclear Operating Company, discovered
severe boric acid corrosion wastage of the reactor pressure vessel (RPV) head. A triangular
cavity approximately 5 inches wide, 7 inches long, and completely through the low-alloy steel
RPV head thickness was located downhill of vessel head penetration (VHP) Nozzle #3 :
approaching Nozzle #11. The wastage consumed between 40 and 60 cubic inches of vessel head.
This significantly compromised the integrity of the reactor coolant pressure boundary by
reducing it in the vicinity of the boric acid corrosion attack to a section of stainless steel cladding
ranging in thickness from 0.199 inch to 0.314 inch. The cladding had an exposed surface area
of about 16.5 square inches and had deflected outward under system pressure. Additional
bonc acid wastage was discovered near VHP Nozzle #2.

This report lncludes a summary of foreign and domestlc Alloy 600 cracklng experience,

an analysis of the Alloy 600 cracking susceptibility model for VHP nozzles, and a collection’

of information on corrosion of pressure boundary materials in boric acid SOlutionsi The VHP
nozzles that cracked at the Davis-Besse plant were made of the nickel-based alloy known as
Alloy 600. The survey of Alloy 600 suggests that Alloy 600 and its associated welds (Alloys 182
and Alloy 82) are susceptible to crack nucleation and growth in a wide range of applications,
and cracking has not been limited to VHPs. . In fact, the survey revealed that Alloy 600 can be
expected to crack during the service life of a component. The intent of inspection is to identify
and remedlate the cracklng before it can challenge pressure boundaries and safety systems

In response to the Davrs Besse event, the U S Nuclear Regulatory Commrssron (NRC) issued
Order EA-03-009, which established interim inspection requirements for RPV heads depending
upon their effective degradation years (EDYs). ' The most extensive use of.the EDY formula

is to predict the occurrence of stress-corrosion cracking (SCC) in Alloy 600 components,
including VHP nozzles. Within the limits specified by the Order, the EDY. susceptibility model is
only applicable to the upper reactor vessel head, but not the lower head because that is at a
cooler temperature, with penetrations fabricated differently. VHP nozzle inspection results
indicate that the EDY model is effective in designating groups of plants for specific types of
inspections, and do not indicate a need for revising the EDY model in the shortterm. The EDY
calculation is becoming less of an issue for high susceptibility plants as a result of reactor -
vessel head replacement but is still important guidance for moderate susceptibility plants,

which need to examine the trade-off in the costs of increased inspection frequency vs. vessel
head replacement. Industry experience suggests that the cost of 100 percent volumetric -
inspection of heads is greater than the cost of head replacement both financially and in terms of
worker dose. Plants that are replacing their heads with Alloy 690 heads will fall into the low-
EDY susceptibility category initially and then accumulate EDY as the plant operates with the
new head.

Because the Alloy 600 cracking issue has not been fully characterized, there are many foreign
and domestic research projects in progress. Test programs for thick-section Alloy 690 and its
companion weld metals (Alloys 152/52) are scarce, but several are scheduled to begin in 2005.
Additional work on the crack growth rates of Alloys 600, 690, and their associated weld materials

is underway in the Westinghouse Science Technology Center. As for the future of Alloy 600

in pressurized-water reactors (PWRs), it is likely that parts, components, and joints fabricated

ix



from Alloy 600 and weld filler metals Alloy 82 and 182 will continue to crack during operation.
Implementing effective inspection programs will be crucial to identifying and remediating cracking.

Boric acid leakage is a consequence of Alloy 600 cracking. This leakage can lead to boric acid
corrosion of the low-alloy steel that is in contact with the aqueous solution or dried solution
products. Boric acid corrosion poses a considerable maintenance problem for PWR licensees
and, in some cases, has impacted the integrity of low-alloy and carbon steel components. In
response to the continued occurrence of boric acid wastage, which has raised concermn within
the agency and throughout the industry, the NRC has issued several generic letters, bulletins,
information notices, and an Order to address this issue. The occurrence of RPV head
degradation by boric acid corrosion has changed the emphasis of many inspection plans from
leakage-based inspection to crack detection before leakage.

The industry has more than 35 years of experience with this degradation mechanism; however,
there is still a large deficit of knowledge with respect to the conditions and mechanisms that
produce this phenomenon. The Davis-Besse RPV head wastage that occurred in the years
leading up to March 2002 has spurred renewed interest into research on boric acid corrosion
and has shown that this process is still not well understood. Both the NRC and industry have
implemented boric acid corrosion test programs.

The NRC'’s Office of Nuclear Regulatory Research (RES) has initiated several programs on
boric acid corrosion. Pieces of the Davis-Besse reactor vessel head have been removed and
shipped to Pacific Northwest National Laboratory, where they will be examined. At Argonne
National Laboratory (ANL), an extensive program of corrosion testing of several boundary
materials in concentrated solutions of boric acid has been completed. The results of the NRC's
boric acid corrosion test program have shown that the galvanic difference between A533
Grade B steel, Alloy 600, and 308 stainless steel (used in reactor pressure vessel cladding) is
not significant enough to consider galvanic corrosion as a strong contributor to the overall boric
acid corrosion process. In addition, the NRC's test program has revealed that the corrosion
rate of A533 Grade B steel in humidified molten salts of H-B-O (a mixture of boric acid species
and water) can cause wastage at rates as high as those for saturated aqueous solutions.

The industry program, headed by the Electric Power Research Institute (EPRI), which is
expected to be completed in 2006 was designed with objectives similar to those of the NRC'’s
boric acid program. The results of both the industry and NRC/ANL boric acid test programs
will be included in Revision 2 of the EPRI Boric Acid Guidebook (BAGB), which is scheduled
for publication in 2007.




ACKNOWLEDGMENTS

The author thanks his colleagues who assisted with the proof-reading and editing of this report.
This list includes A. Lee, P. Garrity, E. Sullivan and W. Cullen. Special acknowledgment goes to
T. Mintz, S. Crane and W. Cullen, the authors of the documents that provided significant
background for this report.

Xi



ABBREVIATIONS

ADAMS Agencywide Documents Access and Management Systern (NRC)

ANL Argonne National Laboratory

ANO-1 Arkansas Nuclear One, Unit 1

ANO-2 Arkansas Nuclear One, Unit2
ASME American Society of Mechanical Engineers -
ASTM American Society for Testing and Materials
B&W Babcock & Wilcox -
BAC boric acid corrosion

BAGB Boric Acid Guidebook (EPRI)

BMI bottom-mounted instrumentation

BMV bare metal visual

BWR boiling-water reactor

CE Combustion Engineering _
CEA Commissariat & 'Energie Atomique
CEDM control element drive mechanism
CGR crack growth rate .
CRDM control rod drive mechanism =~
DBLLTF Davis-Besse Lessons Learned Task Force
DNC Dominion Nuclear Connecticut, Inc.:
D/P differential pressure

ECP electrochemical potential

ECT eddy current testing

EDY effective degradation year(s)

EFPY effective full-power year

EPRI Electric Power Research Instltute

ET eddy current testing s
GL generic letter

HPI high-pressure injection

IAEA International Atomic Energy Agency
ICI incore instrumentation

ID inner diameter

IGSCC intergranular stress-corrosion cracking
IN information notice

LER license event report

Xiii




MA
MNSA
MRP
MT

NDE

NEI

NRC
NSSS
NUMARC

oD

ONS-1
ONS-2
ONS-3

PHB
PNNL
PT
PWR
PWSCC

RCP
RCPB
RCS
RES
RIS
RPV
RTD
RV
RVH
RVLIS

scc
SG
SSRT
STP-1

TMI-1
TS
1T

UHTR
uTt

VHP
VT-1

W

mill-annealed

mechanical nozzle seal assembly
Materials Reliability Program (EPRI)
magnetic-particle testing

nondestructive examination

Nuclear Energy Institute (formerly NUMARC)

U.S. Nuclear Regulatory Commission

nuclear steam supply system

Nuclear Utility Management and Resources Council (now NEI)

outer diameter

Oconee Nuclear Station, Unit 1
Oconee Nuclear Station, Unit 2
Oconee Nuclear Station, Unit 3

pressurizer heater bundle

Pacific Northwest National Laboratory
penetrant testing (or examination)
pressurized-water reactor

primary water stress-corrosion cracking

reactor coolant pump

reactor coolant pressure boundary

reactor coolant system

Office of Nuclear Regulatory Research (NRC)
regulatory issue summary

reactor pressure vessel )

resistance temperature detector

reactor vessel

reactor vessel head

reactor vessel level indication system

stress-corrosion cracking
steam generator

slow strain rate testing
South Texas Project, Unit 1

Three Mile Island, Unit 1
technical specification
thermally treated

upper head temperature reduction
ultrasonic testing

vessel head penetration
visual testing (or examination)

Westinghouse

xiv




INTRODUCTION

On March 5, 2002, during a shutdown for inspection and refueling of the Davis-Besse Nuclear
Power Station, the plant’s licensee, FirstEnergy Nuclear Operating Company, discovered

a pineapple-sized cavity in the plant’s reactor vessel head. In response to that discovery,

the U.S. Nuclear Regulatory Commission (NRC) established the Davis-Besse Lessons Learned
Task Force (DBLLTF) to review all related factors and independently evaluate the agency’s
regulatory processes related to ensuring reactor vessel head integrity. On the basis of its evaluation,
the task force developed a report, dated September 30, 2002, which recommended several
areas of improvement applicable to the NRC and the nuclear industry.

In November 2002, a senior management review team endorsed all but two of the task force’s
recommendations. In particular, Recommendation 3.1.1(1) read as follows:

The NRC should assemble foreign and domestic information conceming Alloy 600
(and other nickel-based alloys) nozzle cracking and boric acid corrosion from
technical studies, previous related generic communications, industry guidance,
and operational events. Following an analysis of nickel-based alloy nozzle
susceptibility to stress-corrosion cracking (SCC), including other susceptible
components, and boric acid corrosion of carbon steel, the NRC should propose a
course of action and an implementation schedule to address the results.

In addition, Recommendation 3.1.4(1) read as follows:

The NRC should determine if it is appropriate to continue using the existing SCC
models as a predictor of VHP nozzle PWSCC susceptibility given the apparent
large uncertainties associated with the models. The NRC should determine
whether additional analysis and testing are needed to reduce uncertainties in these
models relative to their continued application in regulatory decision making.

To address the content more reasonably, the NRC subdivided these recommendations into
several subtasks. These tasks included (1) development of a survey of Alloy 600 cracking,

(2) analysis of the Alloy 600 cracking susceptibility (time-at-temperature) model for vessel head
penetration (VHP) nozzles, and (3) collection of information on corrosion of pressure boundary
materials in boric acid solutions.

This report achieves the NRC's strategic goal of “openness” by presenting the information
compiled from these tasks.




2.0 ALLOY 600 CRACKING -

2.1 Introduction .

The impetus for collecting mformatlon on Alloy 600 crackung was the March 2002 dlscovery

of the vessel head penetration (VHP) flaws, leaks, and pressure boundary corrosion at the .
Davis-Besse plant (Ref. 1). Since this drscovery, U.S. and international reactor operators O
continue to discover (primarily through the observation of leaking products) cracks in primary
boundary piping and penetrations fabricated from wrotight or welded nickel-based alloys.
Events of recent note are the cracks in a medium-diameter pressurizer nozzle at Tsuruga 2 and
the re-cracking of the repaired instrument nozzle in the head that was replaced at Oconee 1 .
(NRC Event Notification 40192, described furthér in’Appendix A to this report). In the United States, ,
significant findings in components other than VHPs have been observed at V.C. Summer

(hot leg “A” cracks, predominately axial but wrth curcumferentlal components); South Texas Prolect 1
(bottom-mounted instrumentation nozzle cracks) and North Anna 2 (well-developed, outside
diameter, circumferential cracks in a VHP penetratlon not exhibiting leakage products). =
By reviewing the hrstory of Alloy 600 cracklng, one can c¢onclude that Alloy 600 will continue -
to crack during the service life of the component " The intent of mspectlon is |dentlfy|ng and
remediating cracking before it can challenge plant safety systems

2.2 Hustorncal Background

Nearly all reviews of pnmary water stress-corrosron crackmg (PWSCC) in Alloy 600 begm E
with the mention that this phenomenon was first observed (Ref. 2) in 1959, by Henri Coriou -
[in the laboratory now known as the Commissariat a I'Energie Atomique (CEA)], in pure,
deoxygenated (~ 1MQ, <3 part per billion O,) water at 350 °C (662 °F).- Tests were also
conducted in water containing 1 ppt (part per thousand) chloride (Cl) as sodium chloride.
Alloy 600 exhibited cracking at 0.5-percent permanent strain after 9 months in pure water -
and 6 months in chloride-contaminated water. By the early 1970s, the basic dependencies
of Alloy 600 PWSCC on carbide precipitation,-temperature, and levels of minor contamination
were well known. Most of the early work was propelled by cracking in steam generator tubing.
Of particular importance is the work by Copson and Dean (Ref. 3), who studied the effects

of contammants espec:ally lead on lnmatlon tlmes and rates of crack extension.

lnmally, the work of Coriou was challenged by other expenmentahsts who had no success in
cracking Alloy 600. These detractors suggested that inadvertent and immeasurably low levels
of contamination may have been responsible for the cracking. Repeated testing and - s
subsequent documents authored by Coriou (Ref."4) asserted that the CEA autoclave envrronments o
were as pure and carefully maintained as possnble -Coriou attributed his success in obtalmng
cracking resutts to the relatively high levels of strain in the test coupons, as well as a willingness -
(and ability) to allow tests to run for many consecutive months. Ultimately, many others were
able to obtain similar indications of cracking,-and the results of Coriou, together with other tests from
the 1960s, led to recognition of the effects of strain, temperature, microstructure, yield strength, and
certain environmental parameters, including oxygen level, and contaminants such as lead and
chlorine. Not every one of the conclusions resulting from this work remained completely intact
over the years, but the CEA group developed a remarkably clear picture of the important
parameters. By the early 1980s, cracking of steam generator tubing, first on the secondary side,



and later from the primary side, provided notice that Alloy 600 would crack in field applications,
given a high enough stress and a substantial incubation time.

The tests of Coriou and his contemporaries are best characterized as crack initiation tests.
For the most part, the test samples were small flat beams or rings, strained by clamping
mechanisms or tie rods, and contained in autoclaves without any additional instrumentation

to monitor strain relaxation or crack extension, nucleation, or degradation. By the early 1990s,
testing with fracture mechanics specimens (usually of compact design), together with very accurate
and stable crack extension measurement systems, had been established in many laboratories
worldwide, and well-characterized crack growth rate data became available (Ref. 5).

Cracking in primary side water of thicker sections of Alloy 600 was heralded domestically by
the discovery of leaks in pressurizer instrument nozzles (in 1986 at San Onofre Nuclear Generating
Station, Unit 3) and heater sleeves (in 1987 at Arkansas Nuclear One). In 1989, 20 leaking
heater sleeves were found at Calvert Cliffs, Unit 2 (8 additional sleeves had non-leaking, axial
crack indications). A 1990 literature survey documented the history of this and similar cracking
discovered in both domestic and French plants (Ref. 6). At this stage of understanding,
incidents of field cracking were strongly correlated with temperature; pressurizer penetrations
are generally exposed to a higher temperature than VHP penetrations and other components.
Figure 1 is a timeline of the significant findings in reactor plants, along with the conference
and significant reporting milestones.

The 1990 report yielded the correct conclusion that susceptibility of Alloy 600 was related

to its thermomechanical processing. Specifically, a low-temperature final anneal, producing
intragranular carbides and a yield strength at the high end of the specification, coupled with
a fabrication process (such as cold work or welding) that imposed a high residual stress,
led to a high susceptibility to crack initiation and growth.

A 1991 workshop (Ref. 7) focused on the specifics of plant experience and specific incidents.
In addition to these sessions on plant experience, other sessions covered inspections,

repair strategies, testing and analysis, modeling, and outage planning. The workshop included

one of the first presentations describing the stress distribution in the vicinity of a vessel penetration
with a J-groove weld attachment on the coolant side. The importance of temperature

and material microstructure were confirmed and described further. Other firsts included

the identification of dissolved hydrogen level as an important factor; the influences of lithium-to-
boron ratio (Li/B) and pH were cited as uncertain.

A larger workshop in 1992 reflected the growing worldwide concem. More than 50 presentations
(Ref. 8) provided a much greater level of detail. As a result of the discovery of VHP cracking
at Bugey 3 in 1991, the focus of the 1992 conference shifted from pressurizer penetrations

to reactor vessel penetrations. The French reported that about 3 percent of the inspected nozzles
had flaw indications. Stress analysis and characterization of materials, including weld metals,
was much more extensive than in the 1991 workshop.
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One presentation at the 1992 workshop described the destructive examination and the findings
of 11 axial cracks, including one leaking crack, on the inner diameter (ID) of one nozzle at Bugey 3.
The leaking crack in Nozzle #54 (one of the outermost locations) was about 50 mm long on the ID
and about 2 mm long on the outer diameter (OD). At that time, it was unequivocally stated
that no circumferential cracks had been observed. A second through-wall crack was found

in the same VHP, but on the uphill side and below the weld. Axial cracks were found in one
additional nozzle at Bugey 3; the remaining 63 nozzles were determined to be not cracked.

At the sister plant, Bugey 4, cracking with an axial orientation but no leaking was found

in eight nozzles.

Examinations of the cracked Bugey-3 VHP housing continued for a long time after (Ref. 8).
There was one, small (3 mm long x 2.25 mm deep) indication on the outside of the nozzle
above the weld at an angle of 30° off the vertical axis. It was initially postulated that this crack
was a branch off the leaking axial crack. However, subsequent presentations by involved
French engineers (Ref. 9) suggested that this may have been a crack that nucleated
independently of the main axial through-wall crack. There was also a 110° by 3.5 mm deep
circumferentially oriented flaw in the weld, on the uphill side, that emanated from the “triple point”
(the point at which the low-alloy base metal, J-groove weld, and VHP tube all come together),
and propagated into the buttering and the J-groove weld.

The 1994 workshop on PWSCC of Alloy 600 (Ref. 10) expanded on the same topics that were
incorporated in the 1992 workshop. In the 2-year interval between the 1992 and 1994 workshops,
VHP inspections in several nations (i.e., vessel heads fabricated by several vendors) revealed
mostly axial cracks. Some plants with up to 20 years of operation did not exhibit flaw indications
in the VHPs, but one plant indicated that an Alloy 600 pressurizer steam-space instrument nozzle,
welded with Alloy 182 (as compared with the more common Alloy 152) suffered cracking in the weld.
The proceedings reported that vessel head replacement began in 1993-1994. Six vessel heads
were replaced on French plants during those 2 years, and 29 vessel heads were ordered..
Plans were also announced for replacement of “two vessel heads in Spain, one vessel head
in Sweden, and three vessel heads in Japan.” It was also reported that computational stress
analyses had shown that (1) the development of welding-induced residual stress was dependent
on the fabricator, (2) stresses were not always higher for the downhill nozzles (those located
toward the periphery of the head), and (3) butt weld stresses varied substantially around

the circumference and depended on the specific welding procedure. In addition, it was reported
that the PWSCC susceptibility of weld metal was a function of chromium content, and welding
alloys with greater than 30 percent chromium were resistant to PWSCC.

The head penetration inspection experience at the D.C. Cook 2 plant was described at a meeting
following the conclusion of the 1994 workshop. Specifically, in 1994, three axial flaws were
detected in an VHP nozzle (#75). Those flaws were axial in orientation, with lengths of 45, 16,
and 9 mm and a maximum depth of 6.8 mm [compared with a wall thickness of 0.625 in. (16
mm)). All flaws were below the weld, although the largest flaw was very close to the bottom of
the weld. A fracture mechanics evaluation indicated that growth of these flaws would not
exceed 75 percent of the wall thickness during the next operating cycle. Consequently, they
were left in place and repaired two cycles later in 1996.




A 1995 conference (Ref. 11), held under the auspices of the Interational Atomic Energy Agency -
(IAEA), was one of the first opportunities for the NRC to publicly present the agency’s position -
regarding the safety-significance of the VHP cracking issue. J. Strosnider took the opportunity
to pomt out that leakage and ensuing deposits of boric acid on the head could lead to high -
corrosion rates. He also suggested that the unique stress distribution developed by the
attachment weld could lead to the possibility of circumferential cracking. - This conference was
also the forum for the IAEA to describe the development of an “International Database on
Aging Management " Participants from Spain, France, Korea, Japan, and the United States
presented summaries of the vessel head cracking situation or the vessel head replacement -
programs in their respective countries. ‘The results of 3-D modeling of the residual stress
distribution for a J-weld attachment were the subject of two presentations

A 1997 workshop (Ref 12) was held m the shadow of the NRC'’s imminent lssuance of Genenc
Letter (GL) 97-01, which required licensees to describe their plans for vessel head inspection - -
for VHP cracking. There had been no significant change in the incidence of VHP cracking

in other parts of the world, and one occurrence in the United States (D.C. Cook, which was -
repaired in 1996), between the 1995 and 1997 conferences. The French plants had initiated

a replacement program by this time, and cracklng of pressurizer penetrations in domestic plants
continued to be an economic, but not a safety, problem. Nonetheless, the NRC was about

to require (in GL 97-01) plants to develop a long-term plan for inspection and monitoring

for PWSCC of vessel head penetrations. - ; - - : P

Three years elapsed before the next mdustry-sponsored workshop in 2000 (Ref. 13)

The opening presentation by W. Bamford pointed out that reactor pressure vessel (RPV) head
nozzle cracking or flaw indications had been found in 11 countries. Cracking had been found -
in about 6.5 percent of the nozzles inspected in French plants. Eight inspections of
bottom-mounted instrumentation (BMI) tubes in four countries had not revealed any evidence
of cracking at the time of the conference. Cracklng in several repaired pressurizer steam-space
nozzles, and laboratory testing of Alloy 600 and several variations of Alloy 81 (viz. Alloy 182,
EN 82H), showed that crack propagatlon rates in the weld metal were higher thaninbase . .
metal.! Some research on crack sizing and mitigation of crack nucleation (by water—peemng,
shot-peening, nickel- plating, and others) was presented at this workshop :

Crackmg in foreign plants continued in 2000 Dunng a 2000 mservrce |nspect|on at Rlnghals
Unit 3 in Sweden, two axial indications were detected in the Alloy 182 weld material between
the RPV nozzle and the safe end of the reactor ‘coolant hot leg piping. The deepest crack | -
was reported to be 9 mm into the weld from the inner surface. There were no documented repairs
in the areas where the cracks were found (Ref 15). Addltionally, during an inservice mspection
at Rlnghals Unit 4 in 2000, four axial cracks were found in one outlet nozzle. .All of the cracks -
were in the Alloy 182 weld material between the RPV nozzle and the safe end of the reactor
coolant hot leg plplng The depths of the cracks were between 6 mm and 22 mm. AII of the
cracks were found in repaired areas (Ref. 15).. S ;e

! By mid-2003, a sufficient tabulation of crack growth rates for both Alloy 600 and Alloy 182 allowed
an evaluation showing that SCC growth rates in Alloy 182 weld metal were a factor 2.7 faster than
rates in Alloy 600 well-controlled laboratory tests. A carefully constructed non-linear regression fit
to this data, and elimination of the (artmclal) “threshold” of 9 MPavm that was used for the
Alloy 600 curve, produces a curve that is virtually indistinguishable (for K > 20 MPaJm) from the.
5X “Scott” curve for Alloy 182 that was proposed in MRP-21 (Ref. 14). .
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The 2001 workshop (Ref. 16) was held following the discovery of several instances of leaks

in domestic reactors. Leakage from VHPs had been found at Oconee 1 (Fall 2000 outage),
followed by Oconee 3 (early 2001 maintenance outage), and Oconee 2 (Spring 2001 outage).
Intermixed with the Oconee findings, a leaking crack was also found at Arkansas Nuclear One,
Unit 1 (ANO-1), in February 2001. The “A” hot leg crack had been discovered at V.C. Summer
in October 2000. Detailed presentations by all of the affected licensees described their
inspection findings and the repair procedures in which they engaged. The sense of urgency
created by these findings provoked discussions on whether leakage would always be present,
and whether cracks would become a safety concern before they would be discovered by
inspection. The importance of maintaining a clean head was particularly stressed in a
presentation on the Oconee findings. J. Strosnider gave the regulatory perspective on VHP
nozzle cracking, stressing that this issue was attracting senior management attention

at the NRC, and that inspection approaches based on leakage detection alone may not
constitute compliance with the regulations.

After a 2-year hiatus from conferences and workshops, the NRC, with the assistance of
Argonne National Laboratory (ANL), held the “Vessel Penetration Inspection, Crack Growth,
and Repair Conference” on September 29 — October 2, 2003.2 Many of the papers focused
on recent developments in the areas of inspection, understanding of crack growth mechanisms,
and mitigation of crack growth. The timeliness of the presentations was exemplified by three
contributions by the staff at South Texas Project, describing elements of the discovery and
repair of their BMI nozzles, and a presentation describing the findings about the pressurizer
nozzle leaks discovered 3 weeks earlier at the Tsuruga plant. The presentations in the lead-off
technical session on nondestructive inspection technology noted that PWSCC of nickel-base
alloys is a complex problem, and few of the key factors are fully understood.

Cracking continued into 2004 at Ohi Power Station Unit 3 in Japan. During an inspection

at Ohi Unit 3 in 2004, a deposit was found from the piping nozzle stub for installment of a VHP.
The deposit was determined to be boric acid from primary coolant leakage. The piping nozzle
stub is welded to the reactor vessel and piping (Ref. 17).

The NRC conference included presentations that described several recent Alloy 600 cracking
events. Appendix A to this report contains an up-to-date summary of findings gleaned from
license event reports (LERs) submitted by U.S. licensees. The LERs have been included to
give a more complete picture, and to expedite traceability. One theme that emerges from this
compilation is that, in pressurized-water reactor (PWR) plants, cracking has progressed from
pressurizer penetrations (beginning in the mid-1980s), to VHP nozzles (in the 1990s), hot legs
(late 1990s), to BMIs (2003). This progression follows a pattern of successive occurrence
components operating at progressively lower temperatures. In boiling-water reactors (BWRs),
findings of cracking and leakage are just beginning to emerge. Most of the cracks or leaks
found to date have been in recirculation lines (in which thermal fatigue may be a component of
the driving force), and core shroud supports. It is too early to tell whether a pattern exists that
suggests locations of future cracking in BWRs.

2 Proceedings from this conference are in publication and should be available in mid 2005.
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2.3 U.S. Plant Experlence and Regulatory Actlons

Based on cracking in primary srde water of thlcker sections of Alloy 600 in pressunzer
instrument nozzles and heater sleeves in U.S. plants, and VHP nozzles at Bugey, the NRC staff
implemented an action plan in 1991 to address PWSCC of Alloy 600 VHPs at all U.S. PWRs.
The action plan included reviewing safety assessments from the PWR Owners Groups,
developing of VHP mockups by the Electric Power Research Institute (EPRI), qualifying of
inspectors on the VHP mockups by EPRI, reviewing of proposed generic acceptance criteria
from the Nuclear Utility Management and Resources Council (NUMARC) [now the Nuclear
Energy Institute (NEI)], and performing VHP inspections. Upon a review of the industry’s safety
assessment and an examination of the foreign inspection findings, the NRC staff concluded in a
safety evaluation dated November 19, 1993 (Ref. 18), that VHP nozzle cracking was notan
immediate safety concern. The rationale for this conclusion was that if PWSCC occurred at
VHP nozzles (1) the cracks would be predominately axial in orientation, (2) the cracks would
result in detectable leakage before catastrophic failure, and (3) the leakage would be detected '
during visual examinations performed as part of surveillance walkdown inspections before
significant damage to the reactor vessel head would occur

The industry safety assessments reached several conclusrons ‘One conclusnon was thatan”
analysis of circumferential cracking (Ref. 19) revealed that a through-wall circumferential flaw
would take more than 40 years to grow crrcumferentlally along the elllptlcal weld zone toward .
the uphill location. Therefore, the analysis concluded that there was not a possnblhty for an
external circumferential flaw indication to grow circumferentially to an extent to become a safety
concern. Another industry report (Ref. 20) concluded that outside diameter surface cracking
has no safety-significance because it would take longer than 90 years for a crack to grow
through-wall (after initiation) and propagate cnrcumferentlally toa Iength of 330°.

The first U.S. inspection of VHP nozzles occurred in 1994 at Ponnt Beach Nuclear Generating .
Station. No indications of flaws were detected in'any of its 49 VHPs (Ref. 21). An eddy current :
inspection at Oconee Nuclear Station in*1994 detected 20 indications in a single penetration. In’
1994, an examination at D.C. Cook 2 detected 3 axial flaws in one VHP. The flaws were axial
in orientation, with lengths of 45, 16,-and 9 mm, and a maximum depth of 6.8 mm [compared
with'a wall thickness of 0.625 in. (16 mm)].- All flaws were below the weld, althou"gh the largest
of the flaws was very close to the bottom of the weld. Table 1isa comprlatlon of VHP cracklng
incidents in the United States since 2000 ' : . :

On April 1, 1997, the NRC issued GL 97-01 to request PWR licensees to submrt descriptions of
their programs for lnspectlon of control rod drive mechanism (CRDM) and other VHP nozzles.
As described in a generic response to NRC requests for additional information (Ref. 22), the
industry used a histogram grouping of plants in combmatlon with completed |nspect|ons and B
planned inspections as its approach for managing the issue. The plant grouping used ° o
probabilistic crack initiation and growth models to estimate the amount of time remalmng

(in effective full-power years EFPYs) untrl the plant reached a lrmltlng condmon for a reference
plant. ' : '

In the Fall of 2000, boron deposits were ldentrfred on the RPV head at one VHP nozzle and flve

thermocouple nozzles at Oconee Nuclear Station, Unit 1 (ONS 1). An analysrs of the VHP *~
nozzle identified an axial-radial PWSCC crack that initiated in the J-groove weld and’ :




propagated part way into the outer diameter surface of the nozzle. The discovery of nine

nozzles with leaks at the Oconee Nuclear Station, Unit 3 (ONS-3), maintenance outage in

February 2001 was significant. Two of the nozzles had a through-wall circumferential crack
extending 165° around the nozzles, though the cracks were not through-wall for their entire
circumferential extent. These cracks initiated from the nozzle’s OD surface. This discovery
contradicted the industry analysis mentioned above that stated that a circumferential flaw could ,
not grow to the extent to become a safety issue. i

Table 1. VHP cracking incidents in the United States since 2000.

Plant Nature of Cracking, Head Replacement Plans
Oconee 1 Leaks or cracks detected in 3 VHPs + 5 instrument nozzles in 2000
(Head replaced in 2003)
Oconee 2 19 VHPs repaired, 1 circ. crack above the J-weld (Head replaced in March 2004)
Oconee 3 14 VHPs repaired, 4 with circ. cracks above J-weld (Head replaced in 2003)
ANO-1 8 VHPs repaired (Head replaced in 2005)
Surry 1 6 VHPs repaired (Head replaced in 2003)
North Anna 2 14 VHPs repaired, 6 with circ cracks (Head replaced in 2002)
Davis-Besse 5 VHPs with cracks, 2 nozzles with wastage (Head replaced in 2003)
Three Mile Is. 1 6 VHPs and 8 instrument nozzles plugged (Head replaced in 2003)
Crystal River 3 1 VHP with circ. crack (Head replaced in 2003)
Ginna Head replaced in 2003
Millstone 2 3 control element drive mechanisms (CEDMSs) repaired, (Head replaced in 2005)
South Texas 1 2 bottom head instrumentation nozzles repaired

Heads to be replaced at Kewaunee (2005), Robinson 2 (2005), Pt. Beach 1 (2005), Farley 1 (2004),
Pt. Beach 2 (2005), Farley 2 (2005), Prairie Island 2 (2005), St. Lucie 1 (2005), St. Lucie 2 (2006), and
Turkey Pt. 4 (2005), Heads replaced at Turkey Pt. 4 (2005), North Anna 1 (2003), and Surry 2 (2003)

In March 2001, ANO-1 detected boron deposits on a VHP nozzle. Examination of the nozzle
identified an axial part-through-wall crack that initiated on the nozzle’s OD surface below the
J-groove weld and propagated to a distance 33 mm (1.3 in) above the J-groove weld. Shortly
after this time, in April 2001, Oconee Nuclear Station, Unit 2 (ONS-2), identified boron deposits
on four VHP nozzles. Leakage from these nozzles was identified as originating from the outer
diameter surface cracks that propagated along the weld-to-nozzle interface from below the
J-groove weld to above the weld.

In April 2001, the NRC issued Information Notice (IN) 2001-005, “Through-Wall Circumferential
Cracking of Reactor Pressure Vessel Head Control Rod Drive Mechanism Penetration Nozzles
at Oconee Nuclear Station, Unit 3” (Ref. 23). As described in this information notice, initial
nondestructive examination (NDE) of the vessel head penetrations identified 47 recordable
crack indications, which were characterized as either axial, or below-the-weld circumferential
indications. Subsequent PT revealed that two of the nine nozzles had “significant
circumferential cracks in the nozzle above the weld” (Ref. 23). Both cracks had initiated from
the outside diameter of the nozzles; one was through-wall, and the second had “pin-hole
through-wall indications.” This IN underscored the importance of thorough visual examinations
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of the reactor head, or volumetric examrnatrons of the VHP nozzles, and appropnate
characterization of any flaw mdncatuons that mrght be found :

Subsequently, the NRC issued Bulletln 2001-01 “Cucumferentral Cracklng of Reactor Pressure
Vessel Head Penetration Nozzles,” (Ref. 24) lndlcatmg that the staff had reassessed the earlier
conclusions from GL 97-01 — that cracking of vessel head penetration nozzles “is not an
immediate safety concern.” The bulletin specifically cited the finding of circumferential cracks at
Oconee, comparing that with the GL 97-01-assumption that all cracks would be axial.- The
bulletin stressed that prior deposits of boric acid on vessel heads could mask, or obscure,
evidence of small, ongoing leakage.® The bulletin pointed out that insulation on the' RPV head,
or “other impediments” may restrict an effective examination, and reinforced the importance of
conducting effective examinations for leaks; head degradation, or cracks. The bulletin laid out
the specific paragraphs in the General Design Criteria that specify the criteria for vessel
inspection and analysis, and the acceptance standards for any identified degradation. The
bulletin also requested that within 60 days of its issuance, all licensees provide descriptions of
the vessel head penetrations, head insulation packages, and other aspects of vessel head -
design pertaining to inspectability. Finally, the bulletin requested additiona! information from -
plants that had experienced leakage. When the 60-day responses were reviewed, the staff
determined that a request for additional information was necessary to supplement the
information orrgrnally provrded by afew plants

S
t

Whrle conducting mspectlons in accordance wrth Bulletln 2001 01 severe bonc acrd corrosion
wastage of the reactor pressure vessel head was discovered at Davis-Besse Nuclear Power .
Station in March 2002.  Figure 2 is a metallograph of the flaw from'Nozzle #3 — the location
where significant head degradation occurred — from the Davis-Besse Plant. The -
characteristics of this discovery are detailed in Section 3.5. In response to this event, the NRC
issued Bulletin 2002-01, which is described in Section 3.3. ‘Subsequently, the NRC also issued
Bulletin 2002-02 (Ref. 25) mainly to advise PWR licensees that visual examinations as a
primary inspection method for the RPV head and VHP nozzles may need to be supplemented with
additional measures (e.g., volumetric and surface examrnatlons) to demonstrate complrance wrth
applrcable regulatrons : N S LR ,

Figure 2.. A metallograph showing the prcfile cf a'.crack in the attachndent weld of Nozzle #3
in the (now dlscarded) Davrs Besse reactor head (Ref. 1)

NRC Order EA-03 009, |ssued in February 2003 (Ref 26) and revised in February 2004 (Ref
27), strengthened PWR inspection plans with respect to the RPV head and VHP nozzles. The .
continuing occurrences of boric acid corrosion wastage, epitomized by the Davis-Besse incident,
have once more brought to the foreground the insufficient inspection criteria for the RPV head
and associated penetration nozzles. The inspection requirements in place before Order
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EA-03-009 required only inspection of the head insulation and surrounding areas for leakage.
This type of inspection is not effective for detecting head degradation and circumferential
cracking. Therefore, licensees are required to calculate their plants’ effective degradation years
(EDYs), as described in Section 2.4. The plant susceptibility to PWSCC of the nickel-based
vessel head penetrations, based on the EDY, determines which inspection plan dictated by
Order EA-03-009 is required to be implemented.

Per the original order and its 2004 revision, the plants were divided into four susceptibility
categories: high, moderate, low, and replaced. High-susceptibility plants are those with an EDY
greater than 12 years, or those that have experienced PWSCC in nozzle penetrations or the
J-groove weld. Moderate-susceptibility plants are those that have an EDY between 8 and

12 years and have not experienced PWSCC in nozzle penetrations or the J-groove weld.
Plants classified in the low-susceptibility category have an EDY less than 8 years and have not
experienced PWSCC in the base metal nozzle penetrations or the J-groove attachment weld.
Lastly, plants in the replaced category are those that have replaced the RPV head and
(therefore, by definition) have an EDY less than 8 years and have not experienced PWSCC

in nozzle penetrations or the J-groove weld (Ref. 27). Section 2.4 provides a more detailed
description of the EDY formula.

Each licensee is required to conduct (1) a bare metal visual (BMV) inspection of 100 percent of
the RPV head and nozzle penetrations, and (2) nonvisual NDE of (a) the volume the RPV head
penetration 2 inches above the highest point of the root of the J-groove weld to 2 inches below
the lowest point of the toe of the J-groove weld by volumetric UT, or (b) the entire wetted
surface of the area of the RPV head penetration 2 inches above the highest point of the root of
the J-groove weld to 2 inches below the lowest point of the toe of the J-groove weld by eddy
current testing (ECT, or ET) or penetrant testing (PT) (Ref. 26). However, the schedule of
these inspections varies, depending on the licensee’s susceptibility rating.

For plants in the high-susceptibility category, BMV of the head and NDE of the penetrations are
required every outage. For plants in the moderate-susceptibility category, BMV of the head and
NDE of the penetrations may be alternated every outage. For plants in the low-susceptibility
category, BMV of the head must be completed every third outage, and NDE of the penetrations
every forth outage. Lastly, for plants in the replaced category, no inspection is required during
the outage in which it is replaced and the inspection schedule thereafter will be the same as
that for low-susceptibility plants (Ref. 26).

With the focus on PWSCC of Alloy 600 on the upper RPV head and possible boric acid
corrosion of ferritic components throughout the reactor coolant system, visual examinations of
other applications of Alloy 600 have increased in their thoroughness and effectiveness. In the
Spring of 2003, the licensee for the South Texas Project, Unit 1 (STP-1), identified boron
deposits on the lower RPV head near two BMI nozzles (Ref. 28).

Characterization of all of the BMI nozzles at STP-1 identified PWSCC in these two nozzles, and
no PWSCC in any other nozzle (Ref. 29). Subsequently, The NRC issued Bulletin 2003-02,
“Leakage from Reactor Pressure Vessel Lower Head Penetrations and Reactor Coolant
Pressure Boundary Integrity” (Ref. 30), to obtain information on licensee inspection activities
and inspection plans for the RPV lower head.
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The 2004 revision to Order EA-03-009 specmes that if the surface of the RPV head located
downslope of the outermost RPV head penetratlon is obscured by support structures, the BMV
inspection must include no less than 95 pércent of the vessel head, and if any corrosion
products or evidence of boron is detected, then the support structure must be removed and the
obscured region must be inspected. In addition, the revision allows for a relaxation in the '
inspection of inconsequential portions of the RPV head penetrations. If the region greater than
1 inch below the lowest point of the toe of the J-groove weld sees operating stresses less'than
20 ksi in tension, then only the volume from 2 inches above the highest point of the root of the -
J-groove weld to 1 inch below the lowest point of the toe of the J-groove weld is required to be
inspected. ‘Furthermore, the clarification was made that a combination of UT, EC, and PT may
be performed to screen equivalent volumes, surfaces, and leak-paths of the RPV head '
penetration 2 inches above the highest point of the root of the J- -groove weld to 2 inches below
the Iowest pomt of the toe of the J-groove weld (Ftef 27)

The GLs and INs issued in the 1980s and early 19905 stressed the deftcnency of UT in
detecting flaws and, therefore, promoted a‘leakage-based inspection plan that relied heavily on
a combination of NDE, but primarily visual inspection. NDE and UT analysis methods have -
greatly progressed since that time and investigations into improved NDE methods are ongoing.
While visual mspectnon particularly bare metal visual inspection, is still an integral part of the °
inspection plan, it is being supplemented by other NDE technologles (mainly much improved UT
and ET methods) in an attempt to detect flaws before they result in leakage. This trend away
from leakage-based inspection is exemplmed in EA- 03 009.

Cracking continued in 2004 at Catawba Unlt 2 “On September 16 2004 the steam generator
bow! drain for the 2A, 2C, and 2D steam generators were visually inspected. Leakage was
found on'the 2C and 2D SG bowls. :The leakage occurred sometime after the previous
refueling outage, because the bowls were clean at that time. Dye penetrant exams were
conducted on 2D which |dentmed mdlcatlons The root cause of the Ieakage was determlned to
be PWSCC ' : : EERNRSRAE

Also at Catawba Umt 2o0n September 19 2001 a walkdown of the SG 2B lower head bowl
drain indicated boron residue buildup on the 1/z-lnch piping immediately below the SG. The root
cause of the SG 2B bowl drain leak was PWSCC of Alloy 600 material. The 2B SG bowl drain
was repaired by plugging the drain, and tested satisfactorily. The remaining three SGson Umt
2 were visually inspected and liquid penetrant tests were performed. No sumtlar Ieaks were ’
detected on the earlier repairs on the three other SGs. .

In 2005, Calvert Cliffs Unit 2 found 2 axial cracks and 1 circumferential crack on the 2 inch drain
line off the hot leg. The cracks were found during dissimilar metal weld exams as part of the
plant’s risk-informed inservice inspection program, and were repaired used weld overlay ‘
techniques. The weld overlay technique involves application of one or more layers of corrosion-
resistant weld metal on the outside of the pipe, or penetration. This type of overlay provides
both a less susceptible material, as well as a reduction of stress at the inside diameter.

13.
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2.4 Evaluation of the Susceptibility Model
Using Effective Degradation Years

As explained previously, Alloy 600 cracking has progressed from one location in the plant to
another. Along this line of cracking progression, VHP cracking has been one of the most
significant issues. An example of the significance is the serious degradation of the
Davis-Besse reactor head. One of the NRC actions resulting from the Davis-Besse event was
the issuance of Order EA-03-009. This Order established interim inspections requirements for
reactor pressure vessel heads depending upon their EDYSs, using a formula specified in the
Order.

When the susceptibility model was initially developed (Ref. 9), it was intended that several
parameters could be factored into the formula. In addition to time and temperature, stress was
incorporated into the original formulation. The fourth power of the stress was selected as a
factor in the formula, based on Bandy and van Rooyen (Ref. 9) studies of crack initiation in
cold-worked nickel-based alloys. Other parameters were considered, including hardness, yield
strength, and carbide coverage of the grain boundaries. Initially, the susceptibility expression
took the form of an expression for time, normalized to a reference time, and contained stress,
referenced to a reference stress, and a materials susceptibility factor, K, similarly referenced.

A s

The difficulty of unequivocally computing stress for individual heads or nozzles soon led to
elimination of stress from the equation. Similarly, lack of appropriate description of the
microstructure of the Alloy 600 nozzles, exacerbated by confusing variations in the resuits of
laboratory testing that addressed microstructural effects, led to elimination of the materials
susceptibility factor from the equation. This left only time and temperature in the index, leading
to the formulation used at the present time.

In the intervening years since the initial presentation of the susceptibility model, there has been
a substantial increase in the amount of laboratory data and plant experience, that both support
the model’s fundamentals, while at the same time suggesting that there may be some
possibility of improvement.

The susceptibility, or time-at-temperature model being used to compute an effective description
of aging of nuclear steam supply system (NSSS) components is fundamentally based on the
Arrhenius, or thermal activation model in which the rate of a single process, P, is a function of
temperature (T, in degrees Rankin) and an activation energy (Q), expressed as:

P o exp(Q/RT) @)

where « is the proportionality symbol and R is the universal gas constant (1.103 x 10° kcal/mole-°R).
This formula has been used to describe a large number of kinetic processes that are dependent
on thermal activation, including material deformation processes resulting from dislocation
motion (Ref. 31). The initial application of this formula to vessel head penetrations may be
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attributable to Scott. In the very idealistic sense, “Q” should represent only one process, with
an unchanging dependence on temperature.” Consequently, the formula should not be
extended to characterize a phenomenon which is dependent on multiplé processes, each
perhaps with a dlfferent ‘dependence on temperature, or used over a temperature range so -
Iarge that successive processes take place in specific ranges of temperature (oxidation of iron
is a familiar example). Such misapplication of this formula would resutt in calculation of a '
Q-value integrated over the multiple processes.: Pragmatically, however, a single expression
may even be used for complex, multi-process phenomena, as long as the temperature range is
relatively small, perhaps a few tens of degrees Kelvin. A'small temperature range is the case

for reactor heads for WhICh T ranges from about 560 °F to about 605 °F (~566 °K to ~591 °K). ..

‘ia EAR -3

The computatlon of EDY fora partlcular reactor component is based on the years of full~power ,

operation (EFPY) normahzed to 600 °F by mcorporatlng the actlvat|on energy expressnon (Eq
2) to achieve: ‘ DUt

Euzmse’z AEFPYP +‘Qf. .

j=1] TS IR T;lead,j 7-'60(?1" . (3)

for applications to “PWSCC degradation of a reactor head,” Q; = 51 kcal/mole — the activation
energy for crack initiation for Alloy 600. The summation over the index, j, allows for periods of
time during which the component may have been subjected to different temperatures.® For
example, this would apply to the head of a unit that had started up with one set of operating
conditions (e.g., a relatively high head temperature), and was backfitted at some subsequent
outage to provide cold leg flow diversion toward the head. Table 2-2 of MRP-48 (Ref 32) lists
the vessel head temperature history for all domestic plants. NRC Inspection Manual Change
Notice 02-037, dated October 18, 2002, contains explicit information on the calculations of
EDY.* Also, it should be noted that the EDY susceptibility mode! is only applicable to the upper
reactor vessel head and not the lower head (i.e., the lower head is at a cooler temperature) or
other locations where Alloy 600 is used.

The Order requires EDYs to be determined for domestic power plants relative to 600 °F, or
~589 °K. The industry document describing crack growth rates (CGRs) of Alloy 600 (Ref. 5)
also uses this same Arrhenius formula to put the CGRs on a parallel footing, but the reference
temperature used is 617 °F (325 °C or 598 °K), and the activation energy used is 31 kcal/mole —
the activation energy for crack growth in Alloy 600.5

3 Q has the same value, regardless of the temperature.

4 Manual Change Notice 02-037, NRC Inspection Manual, U.S. Nuclear ReQulatory Commission,
Washington, DC, October, 18, 2002.

5 None of that discussion pertains to Alloy 82/182 weld metal. The research toward determination
of activation energies for either crack nucleation or growth in Alloy 182 or 82 is insufficient at the
present time. Limited available research suggests that the activation energy for crack growth in
Alloy 182 is about 125 percent of that of Alloy 600.
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As described previously for Order EA-03-009, the plants were divided into four susceptibility
categories: high, moderate, low, and replaced. High-susceptibility plants are those with an EDY
greater than 12 years. Moderate-susceptibility plants are those that have an EDY between 8
and 12 years. Plants classified in the low-susceptibility category have an EDY less than 8
years. Lastly, plants in the replaced category are those that have replaced the RPV head and
(therefore, by definition) have an EDY less than 8 years and have not experienced PWSCC in
nozzle penetrations or the J-groove weld (Ref. 27).

Using data supplied to the NRC by the Materials Reliability Program (MRP), Figure 3 is a plot of
the EDY calculations for domestic plants, using firm operational data at February 28, 2001, and
an approximation to update all values to December 31, 2002. The symbols filled with red
designate plants that have discovered VHPs with cracks. This plot also shows an approximated
calculation of the EDY (= 11.9) for Davis-Besse in February 1996, which is the earliest that
Nozzle #3 is suspected to have begun to leak, according to the root cause report (Ref. 33).

The plot shows that most plants either finding leaks, or making repairs, are well into the high-
susceptibility range. The exceptions are the D.C. Cook 2 plant, which repaired one crack at
EDY = 9.5 and has been free of leaks since (now at EDY = 13.9), and the Millstone 2 plant,
which repaired non-leaking cracks in three nozzles at EDY = 11.6, after experiencing a clean
NDE exam at EDY = 10.1.
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Figure 3. Ranking of domestic plants according to the EDY formula,
showing results of inspections, evidence of leakage, and repairs.
Many plants are shown with multiple symbols, indicating a “clean” inspection
at inspection opportunity, followed by a different finding at a subsequent inspection
(e.g., Oconee 2: clean NDE @ EDY=15.7, leaks and circ. flaws @ 22.1)

The experiences at the Millstone and D.C. Cook plants, and possibly at Davis-Besse, challenge
the choice of 12 EDY as the medium-to-high-susceptibility threshold. However, there are
several plants with EDY > 12 and clean inspection results. For example, examination of the
nozzles in the H.B. Robinson 2 RPV head did not identify evidence of leaking or cracking. This
suggests that there may be other factors besides time and temperature that are controlling crack
initiation in VHP nozzles. One of these factors may be the heat of the material in the head. If
variables, such as the heat of a material in a reactor head, can cause a contribution to the EDY
calculations, such variables are not factored into the susceptibility model in its present
incarnation. However, because there was an urgency to develop a tool to measure a plant’s
EDY after the Davis-Besse event, the current time-at-temperature EDY measurement tool was
used. This was the logical choice because the time-at-temperature EDY calculation reasonably
reflected industry cracking data, while leaning toward a more conservative position.
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VHP nozzle inspection results indicate that the cracking susceptibility approach provided in
Order EA-03-009 is effective in designating groups of plants for specific types of inspections,
and do not indicate a need for revising the EDY model in the short term. However, the actual
EDY calculation is becoming less of an issue as a result of reactor vessel head replacements.
The cost of 100-percent volumetric inspection of heads, which is required at every outage for
the high-susceptibility plant, dictates that replacement of the head is an effective way to
manage VHP nozzle cracking. As of March 2005, 14 U.S. plants have replaced their reactor
heads. With many of the high-susceptibility plants replacing their heads with new Alloy 690
heads, many plants will fall into the low-EDY susceptibility category.

2.5 Current Research on Degradation of Nickel-Base Alloys

Because the Alloy 600 cracking issue is still not fully characterized, there are many research
projects in progress, both domestically and internationally. The Office of Nuclear Regulatory
Research (RES) programs covering the scope of flaw evaluation for light-water reactor
applications are characterized by studies of (1) nondestructive inspection technologies,

(2) materials properties and crack growth rates, and (3) stress and structural integrity analysis.
These three diverse technologies must be tied together in order to provide an accurate
understanding of the crack nucleation and growth phenomenon and, from that, to predict
appropriate intervals for inspection, or in some cases, computation of times to leakage

(i.e., for a crack to go through-wall).

Crack growth rate testing in simulated reactor coolant environments is a very challenging and
time-consuming procedure. Measurement of a single crack growth rate data point in the 10"
to 10° m/s range requires several weeks of uninterrupted high-temperature, high-pressure
exposure in simulated PWR or BWR coolant. During this time, load on the specimen must be
held constant, and the environmental chemistry must be carefully controlled. This
environmental control must be coupled with extremely precise crack extension measurement
instrumentation, capable of measuring 0.02 mm of crack extension, precisely, and without any
drift or systematic error. Also, such tests must begin with a conditioning (sometimes called
“coaxing”) phase, usually of about three weeks, in order to achieve equilibrium of the
electrochemical environment, and establish the desired mechanism for crack extension.

With regard to Alloy 182/82, far less crack growth rate data are available, and the dependence
of the data on variables such as temperature, time, stress, etc., is not well known. There is,
however, general consensus that crack growth rates are about a factor of five faster in Alloy
182 than in Alloy 600. Test programs for thick section Alloy 690 and its companion weld
metals, Alloy 152/52 are virtually nonexistent, but several are slated to begin in 2005. Some
additional work is being undertaken by vendors and owners’ groups, notably some Alloy 600,
690, and associated weld materials crack growth rate testing underway in the Westinghouse
Science and Technology Center.

Under the present terms of the inspection orders and bulletins, most licensees with plants
deemed as moderately or highly susceptible to SCC have made the decision to replace their
reactor vessel heads. Therefore, flaw evaluations for the long term (for vessel head
penetrations) are a somewhat academic exercise for those plants at this time. However, flaw
evaluations for other components (safe-ends, small bore nozzles and piping, as examples) are
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a reasonable possibility. Evaluation of flaws in replacement heads, usually fabricated with
nozzles and welds of Alloy 690 (for the VHPs) and Alloy 152 (for the attachment welds) is an
even more likely possibility, since the crack growth rates are considerably less than those for
the corresponding Alloy 600 and Alloy 182 used |n the original heads.

The last aspect of flaw evaluatlon that should be mentioned in this context concerns the
mitigation of flaw growth. There are several approaches to slowing the nucleation and growth ™
of cracks, including temperature reduction, chemical additions (usually zinc), and careful control
of the electrochemical potential (usually by maintaining hydrazine additions at the high side of
the water chemistry guideline). Vessel upper head temperature reduction (UHTR), managed by
diverting some of the cold leg return flow into the upper dome, has been applied to a number of
U.S. and non-domestic vessels. Several U.S. licensees are adding zinc to the primary water, in
quantities in the range of 10 to 20 parts per billion, which is allowed within the EPRI water
chemistry gurdellnes and most plant technrcal specrfrcatrons .

While there is substantral work being conducted in the U S., foreign countries are also -
participating in the research activities related to Alloy 600. In Japan, vessel heads with"

Alloy 690 penetrations have replaced the original heads at 12 of the 23 PWRs. T-cold .
conversion (i.e., UHTR) has been implemented at the remaining 11 plants.® Of these 11, 6 have
undergone eddy current inspections within the past 10 years, and no flaw indications were

found. Eddy current inspection and water-jet peening of the BMI nozzles in seven plants has .~

been completed at the present time. This technology is being developed for VHP penetrations.
Water-jet peening technology is also being developed for safe-end nozzles. Two, large
nickel-base alloy SCC programs are underway. The Electric Joint Research Project includes
tasks to evaluate SCC and slow strain rate testing (SSRT) on Alloy 600, Alloy 132, 82, thermally
treated (TT) 690, and Alloys 152 and 52. The National Nickel-Based Alloy Material Project, -
sponsored by a'consortium of Japanese utilities, vendors, and government agencies, includes
tasks to evaluate SCC on mill-annealed Alloy 600 (600 MA), Alloy 132, 82, thermally-treated -
Alloy 690 (TT690), and Alloys 152 and 52. Both of these programs are long-term, with ending
dates in the 2005/2006 time frame.

In France, the discovery of VHP cracks in 1991 led to analysis of the effects of temperature and
water chemistry, the effects of stress, and the factors behind the susceptibility of nickel-base
alloys to SCC. However, the early decision to replace heads allowed the French to focus on
repair strategies for the relatively short term together with rnspectron programs for the heads
that had not been replaced. Since the rnspectron policy is crack growth rate dependent the
inspection targets are (1) every 3 years for cracks less than 3 mm deep, (2) every 2 years for .
cracks between 3 and 5§ mm deep, and (3) every year for cracks above 5 mm.: In all cases, the ’
head would be replaced before reaching a safety criterion of 4 mm of remarmng Irgament for .
the 900 MWe reactors. Other penetrations are also mspected on a sampling basis, and '
include the steam generator partition plate stub welds, BMIs and earlier nozzle repairs. .
Twenty-six steam generator (SG) divider plates, determined to fall into a hrgh suscept|b|lrty
category (“precursor” is the French terminology), will be inspected during the 2001~2008 tlme '
frame. Nine additional, randomly chosen SG divider plates will be inspected. The 10-year
inspections have been completed at several (< 5) of the French plants with replaced heads, and
no indications of cracking were discovered. Of 54 heads, 42 have been replaced and 2 more
replacements were scheduled for 2004.
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3.0 BORIC ACID CORROSION
OF LIGHT-WATER REACTOR PRESSURE VESSEL MATERIALS

Boric acid leakage is a consequence of Alloy 600 cracking. This leakage can lead to boric acid
corrosion of low-alloy steel that is in contact with the aqueous solution or dried solution
products. The degradation of the Davis-Besse reactor vessel head is an example of the severe
consequences of boric acid corrosion.

3.1 Introduction

Boric acid corrosion, or wastage presents a significant maintenance problem for PWRs, which
use borated water to control reactivity during normal plant operations. Boric acid can severely
degrade low-alloy and carbon steel under the right conditions (Ref. 34). While many research
programs have been conducted to study the effects of boric acid corrosion of reactor
components, these studies fall short in many areas. Little work has been done on the corrosion
of low-alloy and carbon steels in (1) molten salts of boric acid, (2) high-pressure and
temperature boric acid containing environments, or (3) aqueous solutions of boric acid in the
temperature range of 100-250 °C (Ref. 35). This report will outline the NRC and industry
actions with respect to boric acid corrosion inspection, summarize the pertinent foreign and
domestic boric acid corrosion events, and review the most recent and ongoing boric acid
corrosion test programs.

Over the past 35 years, many incidents of boric acid corrosion have been observed on PWR
components. The majority of reported boric acid corrosion events involved reactor coolant that
leaked from.flanged joints and corroded the threaded fasteners of primary valves and pumps,
or the threaded closure studs on manways. Events involving cracked and leaking RPV head
penetrations leading to corrosive attack of the vessel head were reported with less frequency.

3.2 Findings at Davis-Besse

Degradation of the RPV head at Davis-Besse was discovered in March 2002. The integrity of
the reactor coolant boundary was significantly compromised. A triangular cavity approximately
5 inches wide, 7 inches long, and completely through the low-alloy steel RPV head thickness
was located downhill of VHP Nozzle #3 approaching Nozzle #11. The wastage consumed
between 40 and 60 cubic inches of the vessel head. This reduced the reactor pressure
boundary in the vicinity of the boric acid corrosion attack to a section of stainless steel cladding
ranging in thickness from 0.199 inch to 0.314 inch. The cladding had an exposed surface area
of 16.5 square inches and had deflected outward under system pressure. Additional boric acid
wastage was also observed near VHP Nozzle #2. Figure 4 is a photograph of the extensive
corrosion loss experienced on the head at the Davis-Besse plant.
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Flgure 4 A photograph of the 18 inch dnameter sectlon of the discarded Davis-Besse head
containing the corrosion cavity created by leakage from the included nozzle (#3). -
"The hole at the right i is, from nozzle #11..

Prior to the Davxs-Besse mcrdent the total amount of leakage through any of the through-wall
cracks in a VHP nozzle into the annulus at any other plant was low, and occurred at low
leakage rates. In the case of Davis-Besse, evidence of a leak was not observed at an early
stage of its occurrence. The leak rate escalated as the axial crack extended resulting in_
significant RPV head corrosion. The exact mechanisms that led to this corrosion are not fully
understood. . However, at the time of the évent a root cause report was issued describing the
industry’s understanding of the contnbutlng factors that lead to the event (Ref 33)

3. 3 NRC Actlons To Address BOI’IC ACId Corrosnon Issues
(1980—2004) - | .

In May of 1980, Omaha Public Power Dlstrlct lnformed the NRC staff that severe corrosion :
damage had been found on a-number of closure studs in two of four reactor coolant pumps
(RCPs) at Fort Calhoun Unit 1. Three of the four RCPs at Fort Calhoun exhibited primary water
leakage at the pump cover/case interface. ' After removal of the nonmetallic insulation, further -
inspection revealed three studs located side-by-side on one pump and three studs similarly
located on another pump had significant boric acid corrosion. The 3.5-inch diameter studs -
securing the RCP covers are made from American Society for Testing and Materials (ASTM)
A193 Grade B7 low-alloy steel with chrome-plated threads. The studs experienced severe -
boric acid corrosion wastage with a maximum ‘reduction in diameter of 1.1 inch. In June of *
1980, the NRC issued IN 80-27 concermng the failure of low-alloy steel primary coolant pump
cover studs as a result of boric acid corrosion. “The notice also discussed the deficiency of -
current ultrasonic testing (UT) procedures in revealing stud wastage and stressed the need for
supplemental visual inspections (Ref. 36). In 1982, the NRC issued two generic -~ = ',
communications related to boric acid corrosion of carbon and low-alloy steels. 'IN 82-06, lssued
in March 1982, discussed the failure of steam generator primary manway studs at Maine °

=,
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Yankee. The studs, which failed as a result of stress-corrosion cracking, also showed
indications of surface corrosion attack resulting from the interaction of stud preload, primary
coolant, lubricants, and Furmanite sealant (Ref. 37).

Bulletin 82-02, issued in June of 1982, was a followup to INs 80-27 and 82-06. The Bulletin
notified licensees of incidents of severe material degradation of threaded fasteners at Fort
Calhoun and Maine Yankee. At Maine Yankee, the 1-inch diameter steam generator primary
manway studs made of SA 540 Grade B 24 alloy steel failed by stress-corrosion cracking.
Bulletin 82-02 discussed the agency’s concern about accelerated corrosion and stress-
corrosion cracking as a result of chlorine, fluorine, and sulfur contamination from sealants and
lubricants used in the reactor coolant pressure boundary (RCPB) and suggested that care be
taken when choosing sealants and lubricants for this system. Expanding on the discussion in
IN 82-06, the bulletin highlighted the inadequacy of UT to detect stress-corrosion cracking and
wastage of threaded fasteners. To correct the shortcomings of the American Society of
Mechanical Engineers (ASME) Code UT procedures, the agency suggested a combination of
NDE techniques, including UT, visual examination (VT-1), dye penetrant examination (PT), and
magnetic-particle testing (MT). Licensees were required to take specific action with respect to
inspection and maintenance of threaded fasteners susceptible to boric acid leakage in the
RCPB. Additional information was requested in regard to the licensees’ operational experience
with bolted closures, sealants, and lubricants used in the RCPB. Concerns raised with regards
to the UT procedures current at that time led to the 1983 revision of the ASME Code Section XI
to include more disciplined and wide-ranging requirements for visual examination of systems
containing primary coolant (Ref. 38).

In response to the continued occurrence of ferritic component boric acid degradation, the NRC
issued IN 86-108 (Ref. 39) and its supplements (Refs. 40 to 42). Notice 86-108 informed -
licensees of the severe boric acid wastage of the carbon and low-alloy steel components of the
high-pressure injection (HPI) nozzle and reactor coolant system cold leg pipe at ANO-1. A 6-
month-long leak from an overhead high-pressure injection (HPI) valve caused boric acid
wastage of a maximum depth of 0.5 inch and 0.25 inch on the underside of the HPI nozzle and
the adjacent RCS piping, respectively. IN 86-108 references the 1984 EPRI work, entitled
EPRI-NP-3784, “A Survey of the Literature on Low-Alloy Steel Fastener Corrosion in PWR
Power Plants” (Ref. 43). This report describes the Combustion Engineering laboratory tests in
which borated water was dripped onto a hot metal surface, similar to the ANO-1 experience.
The report concluded that aggressive boric acid corrosion of locally-cooled low-alloy steel parts
can occur when the plant is at operating temperatures. The dripping borated water solution
concentrates as the water boils off. The evaporation process locally cools the metal surface to
the boiling point of concentrated boric acid solution, the temperature at which boric acid
corrosion is at a maximum (Ref. 39).

Supplement 1 of IN 86-108 was issued in March of 1987. IN 86-108, Supplement 1 described
the severe boric acid wastage of the RPV head at Turkey Point Unit 4. Borated water from a
conoseal joint in an instrumentation port column assembly leaked onto the RPV head, near the
edge of the vessel head. The leak, discovered during an August 1986 outage, was determined
to have a low probability of causing significant corrosion wastage. During the March 1987
outage, however, approximately 500 pounds of boric acid crystals were discovered covering
part of the RPV head. The vessel head flange and several flange nuts and studs were severely
corroded. The most extensive corrosion was of the vessel head in the form of a
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“boomerang-shaped” depression; ‘with dimensions of 8 5 mches Iong x 1.25inch wrde X
0.25 inch deep (Ref. 40) Ny SN

The NRC issued Supplement 2 to IN 86- 108 in November 1987. The lN mformed llcensees of
pinhole leaks in the seal weld of the conoseal for thermocouple connections to the RPV head at
Salem Unit 2, which resulted in RPV head degradation.  The RPV head corrosion consisted of
nine corrosion pits that were 1-3 mches in dlameter and 0.36-0.40 |nch deep (Ref 41)

In response to the events in IN 86 108 mcludmg Supplements 1 and 2 Westlnghouse
performed experiments on the corrosion effects of pnmary coolant leaking on low-alloy and
carbon steels and concluded that boric acid corrosion rates are greater than those previously
known or estimated in other studies. Westinghouse conducted corrosion tests of carbon steel
in 25 percent boric acid at 200 °F, which produced corrosion rates of 400 mils/month for
aerated solutions and 250 mils/month for deaerated solutions. In addition, Westmghouse
created a VHP head weld mock-up that had a typical crevice geometry.- The RPV head weld -
was exposed to dnpplng 15 percent boric acid at 210 °F. The results of this experiment were
extensive corrosion (400 mils/month) of the carbon steel vessel head and virtually no wastage ,
of the Inconel or weld metal (Ref 41) Thts type of behavnor is srmrlar to that seen at Davis-
Bessei in 2002. - ‘ . :

The NRC issued Generic Letter (GL) 88- 05 in March 1988 to address the i rssue of bonc acnd
corrosion of low-alloy and carbon steels in the reactor coolant system (RCS) as a result of RCS
leakage at less than the limits specified by the technical specmcatlons (TS) The GL required
licensees to develop a program of inspection, leak identification, engineering evaluations and
corrective actions.” More specifically, it requested licensees to identify locations where
degradation can occur as a result of RCS leakage rates less than the TS limits. GL 88-05 - -
required licensees to determine the leak paths and the components that would potentially be -
affected by boric acid corrosion. GL 88-05 required licensees to develop methods of inspection
to identify and locate these leaks, methods of performing engineering evaluations to determine
the risk of degradation once the leak is |dent|f|ed and a system of correctnve actions to preclude
recurrence of bonc acid corrosron (Ref 44) - . .

C
In January of 1995 the thlrd and fmal supplement to IN 86-1 08 was |ssued It descnbed the
1994 boric acid corrosion events at Calvert Cliffs Unit 1 and Three Mile Island. At Calvert Cliffs
Unit 1, boric acid leaking past a flange gasket corroded three nuts on an incore instrumentation
flange. Maintenance personnel at Three Mile Island found that four out of the eight total studs -
holding the pressurizer spray valve bonnet gasket in place had corroded. At both plants, as’
with the Turkey Point Unit 4 event, the boric acid leakage was identified in a previous outage
and the risk of boric acid corrosion was determined to be low.- The IN concluded that this .
pattern of behavior may be indicative of an underlying Iack of awareness of the conditions and
mechanrsms that Iead to bonc acud corrosnon (Ref 42)

GL 97-01 was rssued in 1997 to address the problem of VHP cracklng at the dlssrmllar metal
vessel head weld that joins the VHP housing to the reactor vessel head, and requested that -
licensees perform tnspectuons of these welds. In addition, the letter described the action plan
lmplemented by the NRC in 1991, which included a review of the owners groups’ safety - ,
assessments, EPRI's RPV head penetration mock-up tests, review of NEI's proposed genenc\
acceptance”ériteria, and vessel head penetration inspections (Ref.'21). The owners’ groups’- -
assessments, specifically the Babcock & Wilcox Owners Group, had the foresight to model a - -
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leaking VHP nozzle penetration and its consequences (Ref. 45). The model was based on the
possibility of severe boric acid wastage of the RPV head with a corrosion rate of 16.7 cm?/yr
(1.07 in%yr), however, the responses of the owners’ groups demonstrated that the structural
integrity of the head (in terms of the ability of the head to sustain the internal pressure of the
coolant) would not be degraded as a result of a corrosion loss of this extent. Data presented in
a later section shows that much higher rates of corrosion are plausible under certain conditions
of temperature and concentration. A structural integrity calculation based on the higher
corrosion rates, and a consequent greater wastage of low-alloy steel, would demonstrate a
much reduced margin of safety.

As described previously, while conducting inspections required in Bulletin 2001-01, severe boric
acid corrosion wastage of the reactor pressure vessel head was discovered at Davis-Besse
Nuclear Power Station in February 2002. In response to this event, the NRC issued Bulletin
2002-01, which required licensees to (1) report on current inspection and maintenance
practices of the reactor pressure vessel head and assess their effectiveness, (2) submit a
summary of their boric acid inspection programs (per GL 88-05), and (3) give information on the
material condition of the reactor pressure vessel head and the remainder of the RCS pressure
boundary (Ref. 46). The licensees’ responses to this bulletin led to the publication of
Regulatory Issue Summary 2003-013, “NRC Review of Responses to Bulletin 2002-01,
‘Reactor Pressure Vessel Head Degradation and Reactor Coolant Pressure Boundary Integrity’
(Ref. 47).” The NRC noted in Regulatory Issue Summary (RIS) 2003-13 that most licensees do
not perform inspections of Alloy 600/82/182 materials in addition to those required by Section XI
of the ASME Code to identify potential cracked and leaking components. RIS 2003-13 also -
stated that it is the NRC staff’s understanding that many licensees perform the ASME Code-
required inspection without removing insulation from around the head and penetrations and, - .
therefore, may not be able to detect the amounts of through-wall leakage expected from -
potential flaws attributable to PWSCC or other cracking mechanisms.

IN 2003-02, issued in January 2003, addressed the boric acid corrosion of the reactor pressure
vessel head at Sequoyah Unit 2 and the VHP housing leak at Comanche Peak Unit 1 (Ref. 48).
Both Bulletin 2002-01 and IN 2003-02 contest the assumption that primary water leakage onto
hot surfaces will not result in boric acid corrosion. The recent findings at Davis-Besse (2002)
and Sequoyah Unit 2 (2003) have challenged these assumptions and led to increased
experimentation into the mechanisms and conditions that produce boric acid corrosion.

As previously described, NRC Order EA-03-009, issued in February 2003 and revised in
February 2004, strengthened PWR inspection plans with respect to the reactor pressure vessel
head and penetration nozzles (Ref. 26). The Order requires in part that visual inspections to be
performed during each refueling outage in order to identify potential boric acid leaks from
pressure-retaining components above the RPV head. For plants with boron deposits on the
surface of the RPV head or related insulation (discovered either during an inspection required
by this Order or otherwise and regardless of the source of the boron), the licensee is required to
perform inspections of the affected RPV head surface and penetrations to verify their integrity
before returning the plant to operation.

As a result of numerous requests to relax the previous orders, the Commission issued the first
revised Order EA-03-009 in January 2004. The 2004 revision to Order EA-03-009 specifies

that if the surface of the RPV head located downslope of the outermost RPV head penetration
is obscured by support structures, the BMV inspection must include no less than 95 percent of
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the vessel head and, if any corrésion products or evidence of boron is detected the support '
structure must be removed and the obscured regron must be rnspected :

34 Forelgn and Domestrc Events

The first reported incident of boric acid corrosron occurred at Haddam Neck in 1968 ‘Carbon

steel valve bonnet bolts were severely degraded after a short exposure to'a prlmary water leak.

This event identified the need to avoid exposure. of low-alloy and carbon steels to borated water
and prompted their replacement with more corrosion resrstant materials in applrcatrons that did
not requtre the use of hrgh-strength materlals (Ref 43)

Following this first reported U.S. incident, several mmdents of boric acid corrosion of threaded
fasteners were reported during the 1970s, 19803 ‘and 1990s including events at Palisades,
Zion Unit 1, Calvert Cliffs Units 1 and 2, St. Lucie Unit 1, Surry Unit 2, ANO-1 and ANO-2,
Maine Yankee Fort Cathoun, HB Robinson, ONS-2 and ONS-3, Millstone Unit 2, Indian Point
Unit 2, DC Cook Unit 2, Kewaunee, North ‘Anna Unit 1, San Onofre Unit 2, Waterford, and
Davis-Besse (Refs 34 43 49 and 50)

In 1970, 1 year after startlng operatron the Swrss reactor Beznau Unit 1 expenenced some
inconsequential boric acid wastage of the low-Alloy steel RPV head. A canopy seal leaked at a
weld defect and produced a large deposit of boric acid crystals at the RPV upper head. After
removing the deposit and cleanlng the head ‘a crescent-shaped region of attack was observed
adjacent to the CRDM nozzle’ penetratron “The corroded region was 50 mm wide and 40 mm -
deep. Dye penetrant testing and stress analysrs were performed on the vessel head before |t
was returned to service wuthout reparr (Ref 51)

Boric acid corrosion of a weld in the suction prprng of the reactor coolant pump was dlscovered
during an inspection at Calvert Cliffs in 1981. The dissimilar weld joint was composed ofa
stainless steel clad carbon steel elbow that was weided with Inconel Alloy to a stainless steel
safe end. The wastage, located on the surface of the carbon steel near the dissimilar metal
weld, extended 18 inches circumferentially around the 30-inch outside diameter pipe. The *
region of corrosxon attack penetrated e rnch mto the 3%-|nch wall thlckness (Refs__ 43 and SQ) :

Also in 1981, bonc ‘acid corrosion of an instrument isolation valve bonnet was observedat "
Kewaunee. The bonnet assembly was replaced w:thrn the TS-allowed outage tlme negatlng
the need for a plant shutdown (Refs 50 and 52) ‘

In 1987, PWSCC of a pressunzer heater sleéve, made of Alloy 600, resulted in the leakage of -
primary water onto the pressurizer head at ANO-2 ‘The low-Alloy steel (SA-533 Grade B Class ‘
1) head experienced boric acid wastage that'was 1% inch’in diameter and % inchdeep’ "~ "~
(approximately 18 percent through-wall). The leakmg nozzle was plugged and the pressunzer
vessel head was weld repaired before being retumed to servrce (Ref 50) '

In 1988, at Millstone Unit 2, the RPV O-nng seals were found to be leakrng on three occasions,
one of which caused boric acid ¢ corrosion’ ‘of the closure region. The wastage encompassed L
nine RPV studs and two small reglons of the ‘cold leg nozzles. The RPV studs were replaced
and the cold leg nozzles were cleaned and returned to service (Ref 34) :

,\-,
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Boric acid corrosion of the containment liner, which spanned 30 feet in length and 0.1 inch

of the 1 inch original depth, was discovered at McGuire Unit 2 in 1989. Borated water from a
leaking instrument line compression fitting pooled on the containment liner and led to boric acid
corrosion attack (Ref. 34).

In 1989, the nut ring and bolts from beneath the VHP nozzle flange at location L-2 at ANO-1
were degraded as a result of boric acid corrosion. Approximately 50 percent of one of the nut
ring halves had corroded away and two of the four bolt holes in the corroded nut half-ring were
degraded such that there was no bolt/thread engagement. An inspection of the flanges and the
spiral wound gaskets which were removed from between the flanges revealed that the cause of
the leaks was the gradual deterioration of the gasket material with age. The gasket at L-2 had
been in place since initial plant operation. The initial leakage flowpath at L-2 was across the
face of the flange, down the hold down bolt counterbore, then contacting the carbon steel nut
ring. This leakage flowpath had not previously been anticipated. Because the leakage did not
travel to the outside edge of the flange and because the nut ring area is not easily viewed, it
was not detected during previous routine inspections of the RPV head area (Ref. 53).

During the period between 1989 and 1994 several leaks resulting in wastage with a maximum
depth of ¥z inch were found in the carbon steel reactor coolant charging pump casings at North
Anna Units 1 & 2. The wastage was associated with cracks in the stainless steel cladding (Ref. 54).

In 1991, the French reactor Bugey 3 experienced a leak from a VHP nozzle penetration into the
RPV head. Water and boric acid crystals were found at the base of the penetration and a small
circumferential crack was observed at the root of the J-groove weld. Over a period from 1991
through 1996, extensive destructive examination was performed on the penetration. To better
understand the effect of the annulus leak on the low-alloy steel vessel head, the area of the
vessel head that made up the annulus was “peeled” using six transverse cuts. The surface was
examined and a leak path was identified. Boric acid corrosion wastage of a maximum depth of
60 uym and a duplex corrosion product with a maximum thickness of 65 ym was associated with
the leak path. This event led to the 1993 decision by Electricité de France to replace all French
RPV heads that had Alloy 600 penetrations (Ref. 9).

In 1994, Calvert Cliffs Unit 1 experienced higher than expected corrosion rates of three carbon
steel nuts and one incore instrumentation (ICl) flange on the RPV head. The boric acid
corrosion was attributable to reactor coolant leakage past the ICI detector joint assembly, which
caused the build-up of concentrated boric acid on the flange components. Repairs of the
leaking flanges, which were known to have been leaking since 1993, were deferred until 1994
since the licensee assumed that the components would be exposed only to dry boric acid
crystals and, thus, the corrosion rates were expected to be low. The licensee’s assertion that
the boric acid would be dry was based on an incorrect estimated flange temperature of 500 °F,
which would have been high enough to boil off the moisture in the boric acid. The actual flange
temperatures were later measured as between 160 °F and 295 °F, in the temperature range of
the greatest boric acid corrosion rate (Ref. 55).

In 1996, workers in a Westinghouse shop discovered blistering, pitting, and linear indications in
a Callaway main coolant pump. These flaws were located outside of the gasket contact area of
the two opposing flanges of both the #1 seal and the thermal barrier. The blisters and
indications could be detected both visually and tactilely, and there was evidence of minor boric
acid wastage on the threaded area of the carbon steel studs. Crystalized boric acid was
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discovered between the two flariges that were made of SA-182 Grade F 304 stainless steel.
The boric acid crystals had become wetted, and resulted in the continued bonc acid corrosron
of the studs Wthh was ewdenced by the bllstenng and plttlng (Ref 34). :

In 1996 the French reactor Bugey 3 expenenced further bonc aCId attack A leak ongmated
from a misaligned bolted flange on a pressure vessel air vent line. Tricastin 4, another French:
reactor, experienced a leaking canopy seal in 1998.: Both of these events produced significant .
boric acid deposits; however, the depth of boric acid attack to the upper vessel head wasonly a
few mllllmeters and dld not requ1re repalrs (Ref 51)

In’ 1999 at Davus-Besse the valve packmg of nine pnmary pressure boundary valves Ieaked
and resulted in the boric acid corrosion of the carbon steel yokes. The most severe case .
involved the wastage of 80 percent of the yoke’s cross-section. The valves were repalred and
mspected for zero leakage before belng retumed to service (Ref. 34) :

In 2000 atVvC Summer a through-wall crack in an AIloy 182 weld between a carbon steel hot
leg and a stainless steel pipe resulted in more than 200 pounds of boric acid crystals
accumulatlng near the welded joint. When the joint was cleaned, visible evidence of boric acid
corrosion was discovered on the carbon steel ‘side of the joint, however, the depth of wastage
was |mmeasurable (Ref. 34). . . . L
The event that has attracted the most attentlon to date is the degradatlon of the RPV head at A
Davis-Besse which was dlscovered in March 2002. As described in Section 3.2 and Refs.1
and 33, the mtegnty of the reactor coolant boundary was significantly compromlsed A ‘
triangular cavity approximately 5 mches wnde 7 inches long, and completely through the
low-alloy steel RPV head thickness was located downhlll of VHP Nozzle #3 approachlng

Nozzle #11.  Additional boric acrd wastage was also observed near VHP Nozzle #2, .

%

Sequoyah Unlt 2 also experlenced head wastage in 2002 yet to a much Iesser extent than at
Davis-Besse. During a forced outage the licensee discovered a primary coolant leak froman
improperly reassembled compression fitting on the reactor vessel level indication system
(RVLIS). The leaking fitting sprayed a fine mist of reactor coolant at a rate of approxrmately
0.001 gpm onto the vessel head insulation. The coolant seeped through a seamin the
insulation and onto the low-alloy steel vessel head, where it resulted in the wastage of a fmger
sized groove, which was 5 inches long, 8/,¢ inch wide, and '/, inch deep. During the previous’
outage, there were no indications of vessel head corrosion noted during a bare metal visual
inspection; the forced outage and the observatlon of oorrosron took place 7 months later (Ref 56).

At the Iow leak rates expenenced at Sequoyah the coolant would be expected to boil off qurckly
when it came in contact with the hot vessel head, leavmg dry bonc acid crystals that cause
extremely low corrosion. However, the contlnumg mlst of coolant may have humidifiedor - .
hydrated the boric acid crystals, which resulted i in the observed corrosion rate of 0.02 inch/month
(Ref. 56). The results of the NRC boric acid corrosion program that was performed at ANL
(Ref 35) will discuss thls phenomenon in greater detail. v

Dunng the 2003 refuellng outage at Three Mlle lsland Umt 1 (T MI-1) mspectors dlscovered
boric acid crystals between the pressunzer heater bundle (PHB) diaphragm plate and the PHB ,
cover plate The licensee determined that the leak path emanated from the lower PHB through
the edge of the PHB diaphragm plate. During the previous outage, the licensee misdiagnosed
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the deposits as an inactive leak from a previous event. As a result of this oversight, the licensee
did not remove the PHB cover plate to inspect for the leak path, and did not perform NDE to
identify the flaw that led to the leakage. This omission allowed the degradation to proceed until
the next outage in 2003 at which point it was determined that the leak had existed since 1998.
The crack in the PHB diaphragm plate, caused by PWSCC, leaked borated water onto the
carbon steel PHB cover plate and caused severe boric acid corrosion. The cover plate wastage
was approximately 1.35 inch deep and 7 inches across. The licensee replaced the PHB,

PHB diaphragm plate, and PHB cover plate to correct for this failure (Ref. 57).

During the same outage at TMI-1, leakage from a non-safety-related chemical addition valve,
which was identified in the 2001 outage, resulted in the boric acid corrosion of the carbon steel
containment liner. The wastage of the moisture barrier in the cylindrical portion of the
containment liner spanned 20 feet in length, 2 to 4 inches in width, and had a maximum
reduction in wall thickness of 18.4 percent. At the time that the leakage was identified in 2001,
the licensee did not take into account the effect of the boric acid leakage, which was directly
above the degraded area, on the containment liner and moisture barrier.

3.5 Current Research on Boric Acid Corrosion

The extensive corrosion of the low-alloy steel vessel head found at Davis-Besse in March 2002
created significant interest in discovering the set of conditions that led to the wastage. The
initial failure analysis of that corrosion was completed in June 2003 (Ref. 33). To address the
concerns raised by this issue, RES has initiated several programs. Pieces of the reactor vessel
head were removed, and have been shipped to Pacific Northwest National Laboratory (PNNL),
where they will be decontaminated, and the smaller corrosion cavity surrounding Nozzle #2

(the major corrosion was at Nozzle #3) will be examined in an attempt to discover the conditions
near a (relatively) younger VHP leak. Other pieces of metal were removed from Nozzle #3,

and the metal surrounding Nozzle #11, to be used for crack growth rate tests, characterization
of the microstructure, and mechanistic studies based on crack tip analyses.

At ANL, an extensive program of corrosion testing of several pressure boundary materials in
concentrated solutions of boric acid has been completed (Ref. 35). The output of this program
will be data describing the corrosion rates and electrochemical properties of boric acid solutions
over a range of temperatures, concentrations, and aeration levels.

The extensive cracking of Alloy 182 J-welds and VHPs at the North Anna 2 plant, including the
observation of cracked VHPs that did not exhibit visible evidence of leakage, has provided the
impetus for a large, collaborative program involving the NRC and EPRI/MRP. Before the head
was disposed in Utah, six nozzles, with a substantial amount of the surrounding low-alloy steel
and cladding, were cut from the head (at industry expense), and shipped to PNNL. The nozzles
are being decontaminated, and will undergo nondestructive examination and sequential
sectioning to determine qualitatively if the probability of detection and crack sizing was
satisfactorily accurate.

While boric acid corrosion wastage is a known degradation mechanism, the severity of the RPV
head wastage at Davis-Besse was not anticipated. Prior to the event, it was believed that at
low leak rates typical of VHP nozzle through-wall cracking, approximately 10 to 10 gpm, the
leaking coolant would completely vaporize to steam resulting in dry boric acid crystal deposits,
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which cause little or no corrosion. The Davis-Besse event proved that this is not always the -
case. -In the case of Davis-Besse, the leak rate escalated as the axial crack extended resulting
in srgnmcant RPV head wastage. The Davrs-Besse Root Cause Report (Ref 33) suggests a
scenario of five steps that led this wastage R A

(1)

(2)

@

6

Crack initiation and growth to through-walr lt is hypothesrzed in the root cause report
that the crack initiated as a result of PWSCC in VHP Nozzle #3 in 1993. lt is further -
hypothesized that between 1994 and 1996, the crack proceeded to grow through the
J-groove weld, which attaches the VHP nozzle to the inside of the RPV head. During _
this stage, the extent of through-wall crackrng was postulated to be extremely Inmrted
and the RCS Ieakage was thought to be small & -

"Minor weepage/latency period: As the extent of through-wall cracklng progressed .

axially, the RCS [eakage would have entered the annulus, the region between the -

* Alloy 600 VHP nozzle and the SA-533 Grade B low-alloy steel RPV head. The ,
. -environment created in the annulus made possrble several corrosion and concentration -
' processes including galvanrc attack.: : : : v

(3)

Late Iatency penod With further extensnon of through-wall crackrng, the annular gap
would presumably widen, and since the gap width extended over a considerable portlon
of the annular length at Davis-Besse, the annulus flow area would increase more quxckly
than the crack flow area. Annular pluggrng is ignored in the root cause ‘analysis,

favoring the opinion that the primary ﬂow resistance would have been a result of the
crack dimensions, and not of the restriction offered by the annular geometry “These = -

. conditions make possible the entrance of Loxygen rnto the annulus, mcreasrng wastage
_rates dramatlcally ‘

-Deep annulus corrosive attack: In the scenano presented in the root cause report the B
“‘annulus would continue to widen, resulting in a decreased flow velocrty out of the

annulus, and a decreased differential pressure (D/P), which would in turn allow = -
increased oxygen penetration and corrosion rates. The root cause report contends that
corrosion is presumably the greatest in the vrcmrty of the crack since leakage through

'the crack would deliver new reactive oxrdrzrng ions to the boundary layer of the

corroding metalllc surface. - - L : o ,
Boric acid corrosion: Once the leakage escalated to a high rate, the annulus could have

filled with an increasing amount of morst steam that would partially flash as it exited the

annulus. The large heat of vaponzatlon requrred to vaporize the leaking coolant would .
decrease the temperature in the stéam in the leaked coolant, and locally suppress the
metal surface temperature. Thus, heat transfer from the surroundrng metal would no
longer be adequate to immediately vaporize the remaining portion of the leakage that
did not flash. This effect would allow for the increased wetting beneath the currently
existing boric acid deposits. As the crack widened and the leak rate increased, the

“corroding annulus would begrn to fill with increasingly concentrated boric acid solutron

Since the wetted area is a result of lquId flow from the crack, it would be expected to be

. primarily downhill from the nozzle, which would result in the hrgh corrosron and wastage
~ rates of the matenal of thrs area of the RPV head :

“This version fo the progressionl of the corrosion came from References 33 and 35. -
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At the time that the root cause report was written, there was not enough information to support
the proposed sequence of events, nor the mechanisms that led to the observed RPV head
wastage. However, the degradation modes on the two extremes were well understood. For the
extremely small leak rates observed in most leaking VHP nozzles, on the order of 10°to 10°®
gpm, the leakage will completely vaporize to steam directly downstream from the principal
flashing location, which results in a dry annulus and not material wastage (Ref. 35).

The other extreme, the classic boric acid corrosion model studied in the set of Combustion
Engineering experiments that were mentioned in Section 3.1, involves borated water dripping
onto a hot metal surface. The accumulated solution is concentrated as the water boils off, and
enhanced by oxygen available from the ambient atmosphere. The evaporation process locally
cools the metal surface to the boiling point of concentrated boric acid solution, which turns out
to be the temperature at which boric acid corrosion is at a maximum. The extent of cooling is a
function of the leak rate, and in the case of Davis-Besse, the leak rate from VHP Nozzle #3 was
sufficiently high to cool the head and allow for the boric acid solution to cover the walls of the
cavity. From an inspection of these extremes, it is apparent that the rate of leakage from VHP
Nozzle #3 would have had to have been high (> 0.1 gpm) for the observed wastage to occur
(Ret. 35).

The Davis-Besse root cause report offers a scenario that endeavors to explain the progression
of events based on the available data. However, the differences between the wastage at
Davis-Besse and incidences of VHP cracking at other plants are still unclear.

As mentioned previously, many scenarios were developed that describe possible mechanisms
and conditions that could have led to an increased rate of RPV head wastage. Yet, these
scenarios were largely unsubstantiated by experimental data. In response to this need to
expand the state of knowledge with respect to corrosion and wastage of RPV head steels in
concentrated boric acid solutions, the NRC and ANL conducted electrochemical potential and
corrosion rate experiments (Ref. 35).

The NRC/ANL program produced the needed experimental data for electrochemical potentials
(ECPs) and corrosion rates of the A533 Grade B low-alloy steel vessel head, the Alloy 600 VHP
nozzle, and the 308 stainless steel (used in reactor pressure vessel cladding) weld clad in
varying concentrations of boric acid solutions at temperatures between 95-316 °C

(203-600 °F). ANL performed ECP tests on A533 Grade B steel, Alloy 600, and 308 SS to
determine the effect of galvanic corrosion on the wastage of these materials. The galvanic
differences between these materials do not point to galvanic corrosion as a strong contributor to
the overall wastage process.

The corrosion rate tests simulated a range of possible annulus conditions, including (1) low
leakage rates through the nozzle with the annulus plugged, (2) low leakage rates through the
nozzle with the annulus open, and (3) high leakage rates that result in substantial local cooling.
These annulus conditions were simulated using a variety of chemical environments, including
(1) high-temperature, high-pressure aqueous boric acid solutions of varying concentrations,

(2) high-temperature molten salt solutions, and (3) low-temperature (approximately 95 °C)
boric acid solutions of varying concentrations including saturated. Only the low-alloy steel
exhibited any appreciable wastage. The Alloy 600 and 308 stainless steel (used in reactor
pressure vessel cladding) experienced virtually no wastage (Ref. 35). The joint NRC/ANL
program produced valuable experimental data that may aid in the diagnosis and prevention of
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future incidences of boric acid corrosion.- One of the most important findings of this program is
that the corrosion rate of A533 Grade B steel in humidified molten salts of H-B-O (a mixture of
boric acid species and water) can cause wastage atrates as high as those for saturated
aqueous solutions. e e -

The industry Materials Reliability Program (MRP),' headed by EPRI, was designed with .
objectives similar to the NRC boric acid program and is scheduled for completion in 2006.

The objectives of the industry program are to further the understanding of the progression

of boric acid wastage at RPV head penetratrons determlne plant specific parameters that may.
influence wastage and support the development of requrred inspection intervals for PWR
plants of varying head desrgns The program encompasses four tasks: (1) a heated crevice
test to determine which species in the H-B-O system is present dunng stagnant and low-flow
conditions and to determine the influence of these species on corrosion rates, (2) a flowing loop
test to analyze moderate- and high-flow condrtrons which can perform real time corrosion rate
and electrochemical potential tests under laminar and impact flow, (3) a series of separate
effects tests to determine the corrosion rates of conditions that have not been studied to a great
extent such as galvanic couplrng and contact wrth molten boric acid, and (4) a series of full
scale mock-up tests to détermine corrosion rates under representative VHP nozzle leakage
conditions including leak rates ranging from 0.0001 to 0.3 gpm, controlled thermal conditions,. -
full size nozzles, srmulated crack geometrles and interference fits (Ref. 58)

The results of both the mdustry and NRC/ANL bonc acrd test programs will be rncluded |n D
Revision 2 of the EPRI Boric Acid Guidebook (BAGB) scheduled for pubhcatron in 2007.

The original BAGB, pubhshed in 1995 and revised in 2001, was desrgned to provrde support

to licensees in their evaluation of ongoing degradatron Itisa comprlatlon of the utilities” =~
boric acid corrosion experrence ‘and the boric acid corrosron programs that were completed. .
at the tlme the gurdebook was pubhshed (Ref 59) : : -
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4.0 SUMMARY

This report includes a summary of foreign and domestic Alloy 600 cracking experience,

an analysis of the Alloy 600 cracking susceptibility model for vessel head penetration (VHP)
nozzles, and a collection of information on corrosion of pressure boundary materials in boric
acid solutions.

The impetus for collecting information on Alloy 600 cracking was the March 2002 discovery of
the VHP flaws, leaks, and pressure boundary corrosion at the Davis-Besse plant. The survey
of Alloy 600 suggests that Alloy 600 and its associated welds (Alloy 182 and Alloy 82) are
susceptible to crack nucleation and growth in a wide range of applications. Cracking has not
been limited to VHPs. In the United States, significant findings in components other than VHPs
have been observed at V.C. Summer (hot leg “A” cracks); South Texas Project 1 (BMI nozzle
cracks); North Anna 2 (well-developed, outside diameter, circumferential cracks in a penetration i
not exhibiting leakage products), and in pressurizer heater sleeves at several plants.. Alloy 600 ;
will continue to crack during the service life of a component. The intent of inspection is to
identify and remediate the cracking before it can challenge safety systems.

The NRC issued Order EA-03-009 as part of the response to the Davis-Besse event. The
Order established interim inspection requirements for reactor pressure vessel (RPV) heads
depending upon their EDYs. The most extensive use of the EDY formula is in the prediction of
the occurrence of stress-corrosion cracking (SCC) in Alloy 600 components including VHP
nozzles. -Within the limits specified by the Order, the EDY susceptibility model is only applicable
to the upper reactor vessel head (and not the lower head) because the lower head is at a cooler
temperature. Without these limits, however, the EDY model is applicable to all Alloy 600
components. The initial EDY formula, or susceptibility model, incorporated time, temperature,
and stress. Other parameters such as hardness, yield strength, and carbide coverage were
considered, but ultimately discarded. As a result of a lack of laboratory data and difficuities in -
computation, only time and temperature were retained in the model. Since the initial
presentation of the EDY formula, an increased amount of laboratory data and plant experience
suggest the possibility of improvement. The current EDY model was used because there was
an urgency to develop a tool to measure a plant’s EDY after the Davis-Besse event. This
model was a logical choice since it reasonably reflected industry cracking data, while taking a
conservative approach.

VHP nozzle inspection results indicate that the EDY model is effective in designating groups of
plants for specific types of inspections, and do not indicate a need for revising the EDY model
in the short term. The EDY calculation is becoming less of an issue for high susceptibility
plants as a result of reactor vessel head replacement, but is still important for moderate
susceptibility plants. Industry experience suggests that the cost of 100 percent volumetric
inspection of heads is greater than the cost of head replacement both financially and in terms of
worker dose. Plants that are replacing their heads with heads featuring Alloy 690 penetrations
will fall into the low-EDY susceptibility category initially and then accumulate EDY as the plant
operates with the new head.

Because the Alloy 600 cracking issue has not been fully characterized, there are many foreign

and domestic research projects in progress. Test programs for thick section Alloy 690 and its
companion weld metals, Alloy 152/52 are scarce, but several are scheduled to begin in 2005.
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Additional work on the crack growth rates of Alloys 600 and 690 and their associated weld
materials is underway in the Westinghouse Science Technology Center. As for the future of
Alloy 600 in PWRys, it is likely that parts, components, and joints fabricated from Alloy 600 and .
weld filler metals Alloy 82 and 182 will continue to crack during operation. Implementing ’
effective inspection programs will be crucial to |dentrfy and remediate cracking.

Boric acid leakage is a consequence of Alloy 600 cracking. This leakage can lead to boric acid
corrosion of the low-alloy steel that is in contact with the aqueous solution or dried solution
products. Boric acid corrosion poses a considerable maintenance problem for licensees of
PWRs and, in some cases, has impacted the integrity of low-alloy and carbon steel, .
components. In response to the continued occurrence of boric acid wastage, whlch has raised
concern within the agency and mdustry, the NRC has issued several GLs, bulletins, and INs, as

well as an Order to address this issue. :The occurrence of RPV head degradation by boric acid .

corrosion has changed the emphasis of many rnspectron plans from leakage-based inspection
to crack detectlon before leakage. - - r,,; -a- .

T

There is more than 35 years of mdustry expenence wrth this degradatlon mechamsm however
there is still a large deficit of knowledge with respect to the conditions and mechanisms that
produce this phenomenon. The Davis-Besse RPV head wastage that occurred in the years
leading up to March 2002 has spurred renewed interest into research of boric acid corrosion
and has shown that this process is still not well 'understood. Both the NRC and industry have
implemented boric acrd corrosion test programs ‘

The Office of Nuclear Regulatory Research (RES) has mrtrated several programs. Preces of
the Davis-Besse reactor vessel head have been removed and shipped to Pacific Northwest
National Laboratory (PNNL), where they will be examined. At Argonne National Laboratory
(ANL), an extensive program of corrosion testrng of several boundary materials in concentrated
solutions of boric acid has been completed. The results of the NRC boric acid corrosion test
program have shown that the galvanic difference between A533 Grade B steel, Alloy 600, and
308 stainless steel (used in reactor pressure vessel cladding) is not significant enough to
consider galvanic corrosion as a strong contributor to the overall boric acrd corrosion process.

In addition, the NRC test program has revealed that the corrosion rate of A533 Grade B steel in
humidified molten salts of H-B-O (a mixture of boric acid species and water) can cause wastage
at rates as high as those for saturated aqueous solutrons SR , r

The industry program, headed by the Electric Power Research Institute (EPRI), was designed
with similar objectives as the NRC boric acid program. The industry results are expected to be
completed in 2006. The results of both the rndustry and NRC/ANL boric’ acid test programs will
be included in Revision 2 of the EPRI Boric Acid Guidebook (BAGB) scheduled for publlcatron
in 2007.
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/APPENDIXA. .
RECENT CRACKING ‘AND LEAKAGE EVENTS

‘The NRC Vessel Head Penetratlon (VHP) Conference included presentations that described
several recent Alloy 600 cracking events. Tables 1a through 1d contain summaries of fmdmgs
gleaned from sources such as licensee event reports (LERs) and event notification reports -
submitted by U.S. licensees (B&W_Babcock & Wilcox, CE=Combustion Engmeermg, and

-W=Westinghouse). .In this regard, only pubhcly available information is presented in this table.

“The findings are listed chronologically by the component that failed. This should provide an
overall understanding of how Alloy 600 cracking events evolved over time, and the references
are intended to provide traceablhty A more detalled account of the mduvndual mcndents follows
the table. : sl ‘ ,

" Table 1 ,Pres&hri'z:édeatef Reactor Plants
Table 1a. Reactor Vessel Head Nozzles

Plant Type

~ Plant Date . Component _Reference

o | ot | | s, | o o
ONS3 | "0y | VHP andVHP Weld | ¢ory Nofication Roport 7760
| ANO-1 l\égg;h - “AV-HP : Event lf:lilt:xzfl:z;ﬁ;)zr)og“e;)%(fs?BM
ONS-2 " | April2001"” | "VHP and VHPWeld |" ¢ Nefiies ion Repor 37950

“Crystal | October [ . yup LER 302-2001-004
. .River 3 ¢ 2001 . b Event Notification Report 38365
e | %R | vhe Event Notfiaation Repbrs 38416
| onss | PEZEIPE | .VHP and VHP Weld Event hif?ﬁ‘ﬁ%;%"gl’;fr? 38493

. Davis- | - February_;, e -« VHP . LER 346-2002-002
Besse 2002 | - - Event Notification Report 38732
" ONs-1 | “April 2002 - VHP and VHP Weld | g oo h%{?fligﬁ;i"gi&ojaesm
ANO-1 | g™ |:VHP and VHP Weld | gt Notcation Report 39254
onNs2 | (%o 1| VHP - | Event Notfcation Report 35288
ONS3 | April2003' | - VP Event Notfiation Report 39821

) - © "VHPand o '
| ONS-1 Segtgg;,ber - ‘ﬁm?fa‘;fgﬁe Event hﬁﬁéﬁﬁ&?ﬁi&? 40192
Watoop |PO% | oo [ w | 0o neeto

DC. 2Cook “May2003 | -, YosSe el | Event Notification Report 39855
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Table 1a. Reactor Vessel Head Nozzles (continued)

Plant Type Plant Date Component Reference
LER 280-2001-003
Oct. Nov. Event Notification Report 38435
W 3-Loop Surry 1 2002 VHP Weld 30-day outage response to
Bulletin 2001-01
North Anna | November LER 3339-2001-003
2 2001 VHP Weld Event Notification Report 38498
North Anna | September LER 339-2002-001
2 2002 | VHPandVHPWeld | g ont Notification Report 39191
North Anna | February VHP LER 338-2003-001
1 2003 Event Notification Report 39635
72T AR Y
CE Milstone 2 | "arch CEDM Response to Bulletin 2002-02
. . CEDM and CEDM LER 389-2003-002
St.Lucie 2 | April 2003 weld Event Notification Report 39812
CE \ Q

NN\ Indicates there have been no reports for this type of plant

Table 1b. Reactor Vessel Bottom Mounted Instrument Nozzles

Plant Type Plant Date | Component | Reference

B&W \\\\\\\\\\\\\\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
LER 498-2003-003

wesamp | stea | sz | Sotommounen | EvenNafcston sepr o754
ML032120667

Y

W 3-Loop \\\\\

W zc}',;°°p \\Q\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
Plant Type Plant Tg::z 1 Presgg;zzpfrggtzz = Reference
B&W ANO-1 | Desember m:t:asr:sze:r:;gil;m LER 313-1990-021
gggﬁ; October Pressurizer level LEF_% .30.'%-2003—003
2003 nozzle Event Notification Report 40222
TMI-1 November | Pressurizer heater LEB.289-2003-003
2003 sleeve Event Notification Report 40296

N,

W4Loor AN,

W 3-Loop

\\
A ..,

W 2-Loop

AR R R RERARARARANRR ARG
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Table 1c. Pressurizer Nozzles (continued)

Plant Type Plant Date Component " Reference - .

San Onofre | February | = .-Pressurizer , '

CE 3 t 1986 - | :instrument nozzle . LER 362-1986-003
4 -+ | . . Pressurizer . - :

St. Lucie 2 1987 instrument nozzles Noted in LER 389-1993-004
ANO-2 | April1ggy [ Pressurizer heater LER 368-1987-003
Calvert .o -Pressurizer heater - .

Clifis 2 - May 1989 _ |- :sleeves and level - - LER 318-1989-007
‘ IR ‘nozzle DT
‘q. o | 1| .Pressurizer vapor
San Onofre | Febria®, *| = "space level LER 361-1992-004
: -instrument nozzles :
_ - . | .- Pressurizer vapor - ST
| San 2nofre March 1992 . space level LER 361-1992-004
i P | instrument nozzles - e
) o : -+~ Pressurizer , o anq. PR
. St. Lucie2 | March 1993 -| .. instrument nozzles . LER 389-1993-004 _ .
" . October. ..| : . Pressurizer - ' 3 y
Palisades 1 1993 ‘femperature nozzle .. LER 255-1993 011
Calvert February * | ‘Pressurizer heater g :
Cliffs 1 1994 |- -. - sleeve . LER 317-1994-003
. . ‘ -| --.-. Pressurizer - oy . y '
St Lucie2 |.March 1994 . instrument nozzles i LER 389-1994-002 .
P . 1 - -Pressurizer level g

SanQnolte | yuly1995 | - instrumentation - | - . - ~ LER 362-1995-001

) ; Lot Lt nozzle [ A

San Onofre’ | .. 4" “| =~ "Pressurizer . e Ty
" March 1997 temperature nozzle LER 361-1997-004
Calvert . .- -|. Pressurizer heater L e

. Cliffs 1 11998 Sleeve ) MRP-27.". .-
Calvert. Jul p . | LE ‘ ;

Clifis 2 - | .-July1998 _ _tess_quzer level tap LER 318-1998-005 = :

Waterford ‘February - -1 - - “ Pressurizer ; ‘LER 382-1999-002

-3 > 1999 - | -instrument nozzles Event Notification Report 35407

San Onofre i -~ | -Pressurizer heater : o7

3. 01999 - " sleeve - . . MRP-27
- . A - -,--,F)ressunzer heater- |- - LER 368-2000-001
ANO-2 July 2000 o} v sleeve Event Notification Report 37199
] I October - 5-0 s Pressurizer --- -MLO03781299
Ft. Calhoun | 500 Temperature Nozzle - ML023610110
S : . -LER 382-2000-011

Wa‘g’f“" 9;8%?“ 3E ?ress:,;i‘f,;hea‘e' Event Nétification Reports 37422

.ox SENEYE T . : and 837434

ey February -- { . Pressurizer heater Lo g g

Milistone 2 | _ 2002 . ... .sleeves - L _.LEB?:?G,Z.OO?‘ 001
N 1 Branerird ' .~ LER 368-2002-001

_ ZANO-2. | " Apri 2002 |+ Pressurizer heater Event Notification Report 38855,

RSt i - Sleeve : S agees |
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Table 1c. Pressurizer Nozzles (continued)

Plant

Type Plant Date Component Reference

Milstone 2 [ OSiober | Pressurizer hoater LER 336-2003-004

Wat%rford Og(t)%%er Pressmsx;'(iez:vreheater Event Notification Report 40278
StagSard rele Yerde Ja;gtgazry stear?—i?:sal::rézggzzle LER 528-1992-001
Palo Verde October Pressurizer heater LER 529-2000-004

2 2000 sleeve Event Notification Report 37411

Palo :\3/ erde Segt(e)a(r)r;ber Press:'r;z:\:eheater Event Notification Report 38332

pele :\3/ 7 | March 2003 Pressglrciez:vreheater Event h%?ﬁiggfnoggbooonz 39714

Palo Jerde | February | Pressurize heater | Event Notiication Report 40556

Foreign | Tounuga2 | S0 | e stubweld | - chienindshim

Table 1d. Reactor Coolant System Nozzles and Other Components

Plant

Type Plant Date Component Reference
. February RCS hot leg LER 313-2000-003
BaW ANO-1 2000 instrumentation - | Event Notification Report 36697
W 4-Loop | Catawba2 | SePIEMber | g howl drain © LER 414-2001-002
September . Event Notification Report
Catawba 2 2004 SG bowl drain 41048
LER 395-2000-008
October Event Notification Report 37423
W 3-Loop | Summer 1 2000 Hot leg nozzle http://www.nre.gov/reactors/
operating/ops-experience/
Alloy600/vesummer.htmli
W 2-L00P AN
CE Palisades 1 Seﬁtgg’:‘,’be’ Relief valve LER 255-1993-009
San Onofre RCS hot leg
3 July 1995 instrument nozzles LER 362-1995-001
. October RCS hot leg
St. Lucie 2 1995 instrument nozzle LER 389-1995-004
San Onofre . RCS instrument
3 April 1997 nozzle LER 362-1997-001
San Onofre RCS instrument
3 July 1997 nozzle LER 362-1997-002
San Onofre | January RCS nozzles LER 361-1998-002
Waterford February RCS hot leg LER 382-1999-002
3 1999 instrument nozzle Event Notification Report 35407

Table 1d. Reactor Coolant System Nozzles and Other Components (continued)
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?l;:: Plant " Date - "1’-‘-;‘5édm"bdnent Reference
ANo2 | Juy2000 | o B e | Event Notiisation Report
Waigor | Octbor | meshaicalnozze | g,y SERSSEECEDE L
- o s ., and37434
StLucie 1 | Apri2001 |15 S e | Event Notioation Report 37019
|8 | 0us. | instumentnogzle | Event Notiication Report 40277
staogard | |10 | e | ROShotiegvalves | ot Nottioation Report 36256
| PRRYr] mareh 2001 |17 TR RO Event Notiisation Fieport 37678
Pab:\; erde Sezt(e)a(r)r;b‘e.r; ;:ié‘rﬁgggtzg Ir?c?zzle Event Notification Report 38332 - :
palo :\3/ erde March 2003 :"insthngémﬁtr‘zggzle ‘| Event lr:lilt?ﬁiggc-)ioggg)oorf 39714
Table 2. Boiling-Water Reactor Plants — All Components -
.T;:; ' Plant _ |. _ Date o :';lf,"‘.CGmponent' o Reference ~ .
GEType4 | NIMOM | “april1ogs | [ COreSPreynozzle: | © - | ero71-1986-005
e, | | S | e |
o | i | oo | o R
M Lot e , and 36402 . ..
susqu?hama -March 2004 | ' Recirculation weld | Event Notification Report 40605
GEType3 | Pilgim1 | OSiober | ;‘;f:}g’c‘;‘;sjg'd' " LER 293-2003-006

A-5




Reactor Vessel Head Nozzles

B&W Plants

Oconee Unit 1 (Event Notification Report 37567 + LER 269-2000-006)

On November 25, 2000, during a visual inspection of the top surface of the reactor pressure
vessel head, small amounts of boric acid deposited on the vessel head surface was discovered.
These deposits appeared to be located at the base of five unused thermocouples and the
Nozzle #21 weld at points where they all penetrate the RPV head surface. On December 4,

an eddy current test was performed on the inside surface of the eight thermocouple nozzles
and revealed axial crack-like indications on the ID of the nozzles in the vicinity of the partial
penetration weld. Dye penetrant testing on Nozzle #21 identified two very small pin-hole
indications running at a slightly skewed angle across the fillet weld. The eight thermocouple
nozzles were removed and had Alloy 690 plugs welded in place. The indications in the VHP
fillet weld were ground out, and a final weld repair was performed.

Oconee Unit 3 (Event Notification Report 37760 + LER 287-2001-001)

On February 18, 2001, during a visual inspection of the reactor vessel VHP nozzles, small
amounts of boron residue surrounding the base of several control rod drive mechanism head
penetrations was discovered. The boric acid deposits were identified around nozzles 3, 7, 11,
23, 28, 34, 50, 56, and 63. Subsequent surface dye penetrant test inspections of the weld
areas and outside diameter identified several deep axial cracks that initiated near the toe of the
fillet weld and propagated radially into the nozzle materials as well as axially along the outer
diameter surface. Ultrasonic testing confirmed the existence of deep cracks in all nine leaking
VHP nozzles. Of these 47 original crack indications, 19 were OD-initiated flaws that were not
through-wall. There were 16 flaws that were OD-initiated through-wall cracks. There were
nine circumferential flaws, with one being ID-initiated and the rest being OD-initiated. Two of
the outer diameter circumferential flaws were above the J- groove weld. Finally, there were also
three ID-initiated non-through-wall cracks.

Arkansas Nuclear Unit 1 (Event Notification Report 37864 + LER 313-2001-002)

On March 18, 2001, during a routine visual inspection of the reactor vessel head area, boric
acid crystals were discovered. On March 24, 2001, eddy current testing and ultrasonic testing
revealed a reactor coolant solution pressure boundary leak. The leak was identified in the wali
of Nozzle #56. The UT data indicated that the crack was on the downhill side of the nozzle and
extended approximately 0.8 inch below the weld and upward to approximately 1.0 inch above
the weld. The depth of the crack was approximately 0.2 inch. The axial crack in the VHP was
removed and an embedded flaw repair technique (basically a weld overlay that covers and
seals off the pre-exisiting flaw) was utilized.




Oconee Unit 2 (Event Notification Report 37950+ LER 270-2001-002)

A preliminary reactor head visual inspection on April 28, 2001, revealed small amounts of boron
residue surrounding nozzles 4,16, 18, and 30. ‘Subsequent surface dye penetrant test -~ . -
inspections of the weld area and nozzle outside diameter identified several axial cracks on four
VHP nozzles that initiated near the toe of the fillet and propagated radially into the nozzle
materials as well as axially along the outer diameter surface. Eddy current tests revealed two
shallow axial flaws on Nozzle #16 and craze cracking on all four VHP nozzles’ inner diameter
surface. The ultrasonic testing confirmed the existence of some axial cracks with one short .
outer diameter initiated circumferential crack on VHP 18. The circumferential flaw was OD—
initiated, extended 11 percent through-wall,"and was 1.26 inch in length. :

Cg/stal Rlver Unlt 3 (Event Notlflcatlon Report 38365+ LER 302—2001 -004)

On October 1 2001 durlng a vxsual mspectlon of the reactor vessel VHP boric acnd bunldup
was discovered around Nozzle #32. Ultrasonic testing performed on Nozzle #32 revealed two :
through-wall axial cracks.: These cracks extended from the bottom of the nozzle to above the
J-groove weld. These two axial cracks then joined a circumferential crack above the J-groove
weld. The circumferential flaw was about 90° and 50 percent through-wall. There was another:
circumferential flaw below the J-groove weld which extended 30° and was approximately .

75 percent through~wall Nozzle 32 was repalred usmg the ambient temperature bead repalr :
techmque I Vs A S

Three Mlle Island Umt 1 (Event Notlfxcatlon Report 38416 + LER 289-2001-002)

_ On October 11 and 12 2001 dunng a vusual mspectlon of the reactor vessel VHP nozzles
boric acid buildup was dlscovered around 8 different thermocouple nozzles. Liquid penetrant
testing and ultrasonic testing identified through-wall indications on three VHP nozzles.: These |
engineering evaluations concluded that the indications at Nozzles #44, 35, and 37 indicate a
reactor coolant system pressure boundary leaks.: During later examinations of the reactor " :*"-
vessel head, Nozzles #29 and 64 were shown to contain RCS pressure boundary leaks. The -
VHP nozzles were repaired by initially rolling the nozzle above the J-groove weld, and then- - -
machining the lower portion of the VHP nozzle including portions of the J-groove weld.A new -
pressure boundary weld was formed between the VHP nozzle and the RPV head low-alloy steel
at the location above the previous J-groove weld and below the rolled nozzle area. A surface .
remediation inducing compressive stresses was performed after the repair. The thermocouples
were repaired by cutting them approximately 1-inch from the outside surface of the RPV head.
The remaining nozzle portion inside the RPV head was machined out of the head. ‘These six
thermocouple nozzles were plugged by installing an Alloy 690 plug in the RPV head bore.” A"
nozzle weld dam was then inserted into the cavity. ‘A weld pad buildup of Alloy 152 was welded
over the nozzle plug.
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Oconee Unit 3 (Event Notification Report 38493 + LER 287-2001-003)

On December 12, 2001, during a visual inspection of the reactor vessel VHP nozzles, leakage
indications were discovered as evidenced by minor boric acid buildup around 4 VHP nozzles.
Nondestructive examination of the suspected nozzles revealed that 7 of the 69 total nozzles
required repair. Five of these seven nozzles had a leak pathway to the top of the reactor vessel
head. Some of the indications were in the nozzles themselves, while other indications extended
slightly into the weld. Most of the cracking was axial in nature, however, there was one
circumferential flaw found in Nozzle #2 above the J-groove weld.

Davis-Besse Unit 1 (Event Notification Report 38732 updated March 6, 2002 and LER
346-200-2002)

On February 26, 2002, during a refueling outage, visual inspections were conducted. The
inspections were inconclusive because of previous known boric acid deposits. On February 27,
2002, ultrasonic testing data identified axial through-weld indications on Nozzle #3. Engineering
evaluations of this data confirmed reactor coolant system pressure boundary leakage exists.
UT data for VHP Nozzles #1 and 2 exhibited axial indications that represented boundary
leakage. Additionally, a circumferential indication on this VHP nozzle was 34° in circumferential
length, and 50 percent through-wall. In the process of machining Nozzle #3, unexpected
movement of the nozzle occurred. As a result of this movement and further investigation,

a cavity in the RPV head was discovered. The width of this cavity measured approximately
4-5 inches at its largest point. The cavity formation is attributable to boric acid corrosion over a
long period of time. The initial cracking of the VHP lead to leakage of reactor solution into the
annulus. The combination of pressurized-water stress-corrosion cracking (PWSCC) and boric
acid corrosion was the main contributor to this event.

Oconee Unit 1 (Event Notification Report.38821 + LER 269-200-2003)

On April 1, 2002, a qualified visual inspection of the Unit 1 reactor vessel head was conducted.
Two penetrations had very slight amounts of boron accumulations. Ultrasonic testing was then
performed on the penetrations and revealed partial through-wall outside diameter cracks for
nozzles 1, 7, and 8. There were five flaws and a potential leak path identified in Nozzle #7.
There was one axial flaw but no leak path identified in Nozzle #8. Nozzle #1 showed three
minor indications in a region of rough weld contour. Liquid dye-penetrant was then used to
examine these three nozzles. PT revealed two axial flaws in the original weld on Nozzle #7.
PT was also used on Nozzle #1 and there were no recordable or rejectable PT indications.
Nozzles #7 and 8 were repaired by removing part of the nozzles below the reactor vessel head
(RVH) and a length of 5 inches into the RVH. A new pressure boundary weld was installed
within the bore, inspected, and surface conditioned with a water-jet peening process.




Arkansas Nuclear One, Unit 1 (Event Notification Report 39254 + LER 313-2002-003)

On October 7, 2002, a routine visual inspection was performed on the reactor vessel head area.
Small boric acid crystal nodules were found around the area of control rod drive mechanism
Nozzle #56. On the downhill side of the nozzle, boric acid residue was located, extending 180°
around the nozzle annulus area, with a small boric acid nodule at the most downhill point.
Nondestructive examination (NDE) revealed indications of cracking in the nozzle, which was -
the cause of the boric acid residue. NDE of all the nozzles revealed indications of non-through-
wall cracks in six other nozzles, and a likely porosity weld defect in another. The leaking

Nozzle #56 had been repaired during the previous outage. The new crack indications were
located just outside the previous weld repair zone. The previous repair technique was the "
embedded flaw repair. It is believed that the same nozzle failed because the previous repair

did not isolate the 182 weld, which is a susceptrble material to PWSCC in the pressurized-water-
reactor (PWR) environment. The current repair technique consisted of removing the portion of
the nozzle that extends below the surface of the reactor vessel head A new half-nozzle was -
mstalled using Alloy 52 weld material. ) :

Oconee Unit 2 (Event Notrflcatlon Report 39288 + LER 270-2002-002)

During a vrsual lnspectlon on October 15 2002 evrdence of through-wall leakage was
discovered on seven VHP penetrations. These penetrations were Nozzles #8, 9, 19, 24, 31, 42,
and 67. None of these nozzles had been previously repaired. - Additional nozzle head -
penetrations were masked by boric acid deposits suspected of being from separate sources of
leakage.” NDE was used to characterize the cracking. No circumferential cracks were reported
and 10 VHPs (#11, 15, 19, 21,24, 31, 33, 36, 38,-and 42) with axial cracks were found. The .
repair technique included removing part of the previous nozzle and weldlng a new half-nozzle
into the reactor head The new nozzle was treated wrth water jet peenrng aften/vards

Oconee Umt 3 (Event Notrflcatron Report 39821 + LER 287—2003 001)

Unit 3 entered rts scheduled end-of-cycle 20 refuellng outage on Apnl 20 2003. Dunng a vrsual
inspection of the reactor vessel head on May 2, 2003, evidence of possible through-wall
leakage was observed on two VHP penetrations. The locations of these penetrations are
Nozzles #4 and 7. Nozzle #4 contained a very thin white coating while nozzle 7 appearedto _ .
have a small accumulation of boron on the head adjacent to the annulus region. Approximately
6 to 8 additional nozzles-to-head penetrations were masked by deposits from a component -
cooling system leak above the RV head and were unable to be inspected. Prior refueling .~
outage RVH inspection videotapes showed that the Nozzle #7 deposits were not associated
with a new leak but rather were remnants from a prior outage leak and repair where the boron
residue had not been removed. The Nozzle #4 boron deposits were similar to previous RVH-
leaks. The apparent root cause of the nozzle leak is PWSCC. The head was replaced dunng
this refueling outage. Coz




Oconee Unit 1 (Event Notification Report 40192 + LER 269-2003-002)

During a scheduled bare metal visual inspection on September 23, 2003, possible evidence of a
through-wall leak on two VHPs (Nozzles #6 and 16) and one thermocouple penetration (Nozzle
#7) was observed. The thermocouple had been repaired (plugged) in December 2000.

Reactor coolant leakage prior to the unit shutdown varied between 0.15 and 0.24 gallon per
minute. There were no plans to perform additional inspections or repairs since the head was
replaced during the same refueling outage.

Westinghouse 4-Loop Plants
Cook Unit 2 Alloy 600- Bulletin 2001-01 Plant Specific Information (30-day response)

During the cycle 10 refueling outage in 1994, eddy current testing examination was performed
on 71 of the 78 vessel head penetrations. The testing showed crack indications in penetration
number 75. Three indications were found with lengths of 9 mm, 16 mm, and 45 mm. These
indications were axial in orientation and were closely spaced. The 3 indications were located
near the 160-degree location on the high side. The 45-mm crack was located near the
J-groove weld, but was mostly below the weld.

Cook Unit 2 [Event Notification Report 39855 updated on June 11, 2003 (retracted)]

Craze cracking indications were found on a reactor pressure vessel head penetration May 17,
2003. Shallow indications were found on the inside diameter of Nozzle #74 during the reactor
head inspection. These indications are closely spaced s inch below the J-groove weld. Initial
calculations showed a crack depth of 0.117 inch. There was no through-wall leakage detected.
These same cracking indications were found during the 2002 refueling cycle and have not
shown any significant growth. This report was retracted because it was determined that the
craze cracking indications in Nozzle 74 of the Unit 2 RPV head do not represent a seriously
degraded principal safety barrier of the nuclear power plant.

Westinghouse 3-Loop Plants

Surry Unit 1 (Event Notification Report 38435 + LER 280-2001-003 + 30 day outage response
to Bulletin 2001-01)

On October 28, 2001, through-wall indications of the J-groove weld were identified on VHP
Nozzles #27 and 40. On November 2, 2001, indications of flaws in the penetration welds were
also uncovered on Penetrations #65, 47, 69,-and 18. The repair of these nozzles utilized the
temper bead repair procedure.
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North Anna Unit 2 (Event Notification Report 38498 + LER 339-2001-003)

On November 13, 2001, a through-wall leak on Nozzle #63 was observed.  This event was - -
treated as a through-wall leak based on the qualified visual inspection results and liquid -
penétrant examination. ‘A portion of the weld around Nozzle #63 was excavated to a depth of
approximately 1" of weld metal. The liquid penetrant exam of this excavation showed 12
indications located at the outside edge of the weld almost the full length of the excavation,

which turned into the weld at the uphill and downhill ends of the excavation. Six of the recorded.

cracks were transverse to the weld, while the other six were parallel. Eddy current testing
revealed a crack 31mm in length in the area of the attachment weld. Ultrasonic testing of the
same crack revealed that it was less than 1 mm in depth and 14 mm in length. Nozzle #51 also
had nearby boric acid residue on the reactor vessel head. A liquid penetrant test revealed 12
indications at the toe of the weld. Five of these indications were parallel while the rest were
transverse. Eddy current testing of the nozzle’s weld revealed six axial indications. These axial
cracks were less than 2 mm in depth and ranged from 6 to 24 mm in length. Similarly, .
Nozzle #62 was also mveshgated This nozzle had eight indications at the toe of the weld. Two

of the cracks were parallel and six were transverse.  Eddy current testing revealed two axial - -

indications. The dimensions were 74 mm and 42 mm in length, while being less than 2 mm and
less than 1 mm in depth, respectlvely The repalr used for the nozzles was the temper bead

IA

procedure : et IR

North Anna Unit 2 (Event Notmcatlon Report #39191 + LER 339»2002-001)

Boric acid residue was discovered durmg a bare metal vnsual mspectlon of the reactor vessel
head on September 14, 2002. - It appears that Nozzles #21 and 31 had exhibited some leakage,
as evidenced by boric acid residue on the reactor vessel head. Four additional penetrations :
were suspected of leaking, and several penetratrons were masked with boric acid residue.- -
Of the 59 J-grooveé weld penetrations that were inspected using eddy current testing (ET),

57 were identified with crack-like indications. The ET identified at least one indication of

a 6-mm crack in about 83 percent of the J-groove welds. During the previous year’s outage, -

no boric acid residue was discovered. The six nozzles (N2-51, 53, 55, 57, 62, and 63) that
could not be inspected with ET had their welds inspected using llqmd penetrant tests (PTs).
Three of these penetrations (N2-51 62, and 63) had been previously repaired with weld overlay
of the J-groove. Each of the srx penetratlons that were mspected wrth PT had evrdence of
rejectable mdlcatlons 4

ERE

Eddy current examlnatrons of the J-groove welds showed indications of axual and °

cnrcumferentral cracking with respect to the weldrng direction. The range in Iength was from

0.12 inch to 7.0 inches. Some longer flaws were recorded, but they actually comprise a senes
of small flaws with very short distances’ between 'Eddy current testing of the inside diameter
surface showed twenty of thirty-five penetratlon tubes had axial mdlcatlons These rndlcatlons
were belleved to be less than 0.12 inch deep.’ Four nozzles (#21, 31, 51, and 63) showed ’
evidence of a leak path in the ‘shrink fit area between the vessel head and the tube. Nozzles
#51 and 63 had been identified as leaking i in the Fall of 2001 Reparrs of these penetratlons _
had been rmproperly applred because the weld overlay repair did not extend out far enoughto -
cover the previous NDE indications. The snx penetratlon welds inspected with PT had greater
than '/, -inch linear’ flaw lndlcatlons The llcensee replaced the reactor vessel head mstead of
making multiple repairs.
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North Anna Unit 1 (Event Notification Report 39635 + LER 338-2003-001)

On February 22, 2003, Unit 1 entered a scheduled refueling outage. During this outage, visual
inspection was performed on the reactor vessel head. On March 4, 2003, an apparent reactor
vessel head through-wall leak was noted on Nozzle #50. The inspection was a followup to a
previous inspection in 2001. Boric acid residue was found approximately ¥ inch in diameter on
the lower side of the penetration-to-head transition. There were no signs of wastage on the
reactor vessel head. The Unit 1 reactor head was replaced during the 2003 refueling outage.

CE Plants
Milistone 2 (Response to Bulletin 2002-02)

On March 13, 2002, Dominion Nuclear Connecticut, Inc. (DNC) informed the NRC that analysis
of ultrasonic inspection results from the previous three weeks had determined that flaw
indications were in three nozzles as shown in Table 3. The portions of the nozzles containing
these flaws were bored out, and “half-nozzle” repairs were completed. In this method, the
flawed nozzles were bored out from the underside (wetted side) of the head, to a location
approximately half-way through the head, leaving the old nozzle with a single-V, weld-prepped
surface. A new section of Alloy 690 nozzle tube, similarly prepped, was inserted and welded
into place. This repair procedure moves the pressure boundary from the inside surface to a
point about midway through the thickness of the head.

Table 3. Flaw indications from Millstone 2 plant in March 2002.

Nozzle Number 21 34 50
Number of Axial Indications 5 4 0
Number of Circumferential Indications 1 2 2

St. Lucie Unit 2 (Event Notification Report 39812 updated May 6, 2003, and LER
389-2003-002)

On April 30, 2003, during a refueling outage, a defect in Nozzle #72 was found. St. Lucie Unit 2
had approximately 14.0 effective degradation years at the start of the 2003 refueling outage,
therefore, this plant has a high susceptibility in accordance with Order EA-03-009. Visual
inspection of the reactor pressure vessel was clean, with no evidence of leakage from the 102
RPVH penetrations or wastage on the RPVH surface. The UT inspection identified an axial
crack in CEDM Nozzle #72. The defect outer diameter connected and extended into the nozzle
and into the J-groove weld between the nozzle and reactor vessel head. The defect was an
axial flaw, 0.28 inch deep and 0.96 inch long on the downhill side of the penetration. On May 2,
2003, a second defect was identified in CEDM Nozzle #18. The defect is also outer diameter
connected and described as axial. It extended into the nozzle and through the J-groove weld
between the nozzle and reactor vessel head. This second defect measured 0.26 inch deep and
2.98 inches long. It was also located on the downhill side of the penetration. Neither flaw
extended through the wall of the nozzle. Neither nozzle had any evidence of leakage from the
annulus between the nozzle and the reactor pressure vessel head associated with the
indications.
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Reactor Vessel Bottom-Mounted Instrumentatlon Nozzles

Westmghouse 4-Loop System

South Texas Project Unit 1 (Event Notn‘” cahon Report 39754 updated May 22 2003, and LER
498—2003-003) :

During a bare metal mspectxon performed on the vessel bottom head on April 12, 2003 two
potential leaks were identified. The leaks appeared to be associated with bottom-mounted -
instrumentation (BMI) penetrations 1 and 46." The BMI penetrations are inspected every outage
and no residue had been discovered during the previous outage on November 20, 2002. There
was a small amount of residue surrounding the outer circumference of the BMI penetrations
where the nozzles meet the bottom of the reactor vessel. There did not appear to be any
wastage. Approximately, 150 mg and 3 mg of residue were collected from penetrations number
1 and 46 respectively. The initial indication of boron and lithium in these samples suggested
that they were RCS residue. A lithium isotopic analysis was conducted and the results
confirmed that the precipitate was indeed from the RCS. An approximation of age was-
developed by conducting a cesium lsotope study on the samples.  The results of this test '
suggested that the solution was roughly 3-5 years of age. This, in turn, suggested a small leak
rate because of the time to push the leakage through the annulus. UT testing of 57 nozzles -
and visual inspection of all 58 BMI nozzles was ‘completed on May 23, 2003. - Nozzles 1 and 46
contained a total of 5 cracks. No cracks were identified in any of the other BMI penetrations.
Nozzle 1 contained 3 cracks which were all axial.” Only one of these cracks provided a leak
path from either the outside of the nozzle above the J-groove weld or inside the nozzle to the -
annulus. Nozzle #46 contained 2 axial cracks. Only one of the cracks in Nozzle #46 provided a
leak path from the outside of the nozzle above the J-groove weld to the annulds.” None of the’
cracks in Nozzle #46 extend to the inside of the nozzle. This is supported by the eddy current
tests which revealed that only Nozzle #1 had a crack on the inside wall.

Pressurizer Nozzles

B&W Plants

Arkansas Nuclear One, Unit 1 (LER 313- 1990-021)

vt
.

On December 22, 1990, a potential reactor coolant system leak in the area of a pressurizer
upper-level instrumentation nozzle was identified.: During a followup inspéction, it was verified
that a very small leak existed at the nozzle. -Nondestructive testing was conducted which
confirmed the existence of a small axial crack in the ndzzle inner surface which breached the -
outside diameter of the nozzle at the toe of the nozzle-to-vessel weld. ' A temporary repair was
completed which initially deposited a weld pad on the shell OD around the nozzle penetration.
The next step was to prepare a partial penetration weld in the pad and a new nozzle was
installed into the penetration from the shell OD. This left a small gap between the original
nozzle and the new nozzle.
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Crystal River Unit 3 (Event Notification Report 40222 + LER 302-2003-003)

On October 4, 2003, during a routine visual inspection of the upper-level instrument tap
nozzles, very small reactor coolant leaks were found on Nozzles RC-1-LT1, RC-1-LT2, and
RC-1-LT3. The leakage evidence for RC-1-LT1 and RC-1-LT3 consisted of stains and boric
acid residue. The evidence on RC-1-LT2 consisted only of stains on the pressurizer carbon
steel shell. There was no evidence of leakage on any of the similar pressurizer nozzles. The
last unidentified leak rate completed prior to plant shutdown was 0.15 gpm. The three
pressurizer upper level instrument tap nozzles were repaired using a half-nozzle technique.
This technique replaces half of the Alloy 600 nozzle with Alloy 690 using the similar metal weld
(Alloy 52/152). This technique also moves the pressure boundary from the internal weld to an
external location.

Three Mile Island Unit 1 (Event Notification Report 40296 + LER 289-2003-003)

On November 4, 2003, an inspection of the pressurizer heater bundle identified a primary leak
at the lower pressurizer heater bundle diaphragm plate. Boric acid residue was found between
the diaphragm plate and the cover plate. Initially the leak was thought to be coming from a seal
weld. Nondestructive examination (NDE) determined that the leak path was through the edge
of the pressurizer heater bundle diaphragm plate, and that there were six indications. Four of
these indications were surface flaws not associated with a through-wall crack. The heater
bundle was initially repaired by depositing a seal weld over the areas of the pressurizer heater
bundle diaphragm plate. A leak was revealed in later testing at normal operating pressure and
temperature. Because of this leak, the lower pressurizer heater bundle assembly including the
pressurizer heater bundle cover plate was replaced with a new heater bundle assembly. The
new diaphragm plate was constructed out of type 304 austenitic stainless steel. The dlaphragm
plate was welded to the pressurizer using Alloy 52 weld materials.

CE Plants

San Onofre Unit 3 (LER 362-1986-003)

On February 27, 1986, a pressure boundary leak was observed in a 3-inch diameter
pressurizer level instrument nozzle. Dye penetrant testing was utilized and revealed a crack
extending from the end of the nozzle inside the pressurizer, % inch outward through the RCS
pressure boundary.

St. Lucie Unit 2 (Cited in LER 389-1993-004)

In 1987, during the replacement of four pressurizer steam-space instrument nozzles, it was
determined that two nozzles had cracks but there was no evidence of leakage.
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Arkansas Nuclear Unit 2 (LER 368-1987-003)

On April 24, 1987, the licensee declared an unusual event and initiated a reactor shutdown as a
result of a suspected reactor coolant system pressure boundary leak of approximately 60 drops
per minute from the area of the pressurizer vessel lower head. It was determined that the -
leakage source was the heater sleeve for the X1-pressurizer heater. ‘Because of this leakage,
there was some corrosion damage to the carbon steel pressurizer shell. The dimensions of this
damage in the carbon steel were %2 inch in diameter and % inch deep. While trying to remove
the heater element from the X1 heater sleeve it was discovered that the heater sheath had
ruptured. Similarly, another heater, T4, was found to have the same sheath damage. The final
determination was that the X1 heater sheath failed which resulted in the damage to the X1

heater sleeve. The damage to the internal sleeve led to the damage of the pressure cladding . f

weld. The initial trigger event was attributable to fabrication residual stresses in these Watlow -
heaters. All heaters manufactured by Watlow, except for X1 and T4, were removed. - There
were six available spare heaters that were installed. The other 15 empty heater sleeves were
fitted with dummy heater plugs welded to the sleeves. The heater sleeves X1 and T4 were cut
off approximately % inch below the internal welded area. The rest of the sleeves were drilled
out. Plugs were then inserted into the X1 and T4 holes and welded to the outsnde of the vessel
utilizing a temper bead weldmg repalr process f ‘

Calvert Cliffs Unit 1 and 2 (LER 318 1989-007)

On May 5, 1989, an inservice inspection of the Unit 2 pressurizer revealed evidence of reactor
coolant leakage from 28 of the 120 pressurizer vessel heater penetrations and one upper level -
nozzle. No evidence of leakage was found on the Unit 1 pressurizer heater penetrations or
pressure/level penetrations. Additional inspections using dye penetrant and eddy current tests
of 28 Unit 2 and 12 Unit 1 heater sleeves were conducted. Three sleeves from Unit 2 were -
destructively examined. - All cracks were axial and determined to have minimal safety-
significance.’ Reaming and repair operations associated with fabrication of the Unit2 = :
pressurizer appear to have contributed to the cause.: The Unit 2 pressurizer was repaired by .
replacing 119 heater sleeves with dual Alloy 690 heater sleeves. .One heater sleeve was

sleeved and plugged with Alloy 690. All four upper level nozzles were replaced with Alloy 690. -

San Onofre Unit 3 (LER 361-1992-004)

On February 18, 1992, during refueling outage cycle 6, a dye penetrant examination of the
pressurizer vapor space level instrument nozzles revealed the presence of a through-wall crack.
The examination was attributable to boric acid crystals being found near the nozzle previously.
The leaking nozzle was replaced with a'new nozzle made of Alloy 690. Liquid penetration . :
testing was conducted on the three remaining vapor space nozzles. Much smaller indications . -
on two of the three nozzles were revealed in these tests. These three nozzles were also ‘
replaced with nozzles fabricated with Alloy 690. The water space instrument nozzles were also
visually checked and no signs of leakage were apparent.
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San Onofre Unit 2 (LER 361-1992-004)

On March 14, 1992, an inspection on Unit 2 pressurizer vapor space level instrument nozzles
was conducted. Boric acid crystals were found at two of the nozzles. An interim repair of the
Unit 2 nozzles with Alloy 690 was implemented prior to startup. Inspection of the remaining
water and vapor space nozzles showed no signs of leakage.

St. Lucie Unit 2 (LER 389-1993-004)

On March 2, 1993, water was discovered dripping onto the floor in containment near the
pressurizer. Visual inspection revealed that four upper instrument nozzles were leaking at the
entry fitting to the pressurizer. Liquid penetrant and eddy current test revealed axial cracking in
the four steam-space nozzles extending into the surrounding weld area. The leaking
pressurizer steam-space nozzles were removed and replaced with nozzles made of Alloy 690.

Palisades Unit 1 (LER 255-1993-011)

On October 9, 1993, inspection of the pressurizer upper temperature nozzle penetration
TE-0101 was found to be leaking. Subsequent inspection of the lower temperature nozzle
penetration TE-0102 was also found to be leaking. The leaks were attributable to cracking in
the Alloy 600 nozzle material. The two nozzles were repaired by installing a weld pad on the
outside pressurizer shell.

Calvert Cliffs Unit 1 (LER 317-1994-003)

On February 16, 1994, boron deposits were located on the pressurizer heater sleeve B-3 after
removing insulation. On February 23, 1994, after removing more insulation, boron deposits
were also discovered on pressurizer heater sleeve FF-1. Boroscopic and eddy current tests
revealed a circumferential bulge approximately 0.5 inch long and 0.019 inch high (diametrical)
in the area of the boric acid leaks. The leakage area showed evidence of surface metal
smearing and cold work. Sleeve FF-1 had been reworked because of the presence of a stuck
reamer. Heater sleeve B-3 and FF-1 were plugged with an Alloy 690 plug welded to the outer
diameter of the pressurizer lower head.

St. Lucie Unit 2 (LER 389-1994-002)

On March 16, 1994, boric acid was observed on the exterior of the pressurizer steam-space C
instrument nozzle during an inspection. Dye penetrant was utilized and identified indications at
the A, B, and C steam-space instrument nozzle welds. The D instrument nozzle weld was
acceptable. The unacceptable cracks were in the “J” weld between the Alloy 690 nozzle
(replaced in 1993) and the clad on the inside of the pressurizer.
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San Onofre Unit 3 (LER 362-1995-001) - -

On July 22, 1995, during inspection of the Alloy 600 and 690 (see the March 1992 event for
Alloy 690 installation) instrument nozzles, one pressurizer level instrumentation nozzle was
found with a small amount of boric acid crystals and oxidation present. Dye penetrant testing
indicated crack initiation in the heat-affected zone of the weld butter. - The Alloy 690 pressurizer -
nozzle piece interior did not have indications of PWSCC. All the vapor space instrument -
nozzles were planned to be replaced with Alloy 690 usmg Alloy 52 weld frller metal

RPN DL .

San Onofre Unit 2 (LER 361 1997-004) -

On March 3, 1997, steam was observed emanating from the pressunzer It was concluded that
the leak was caused by PWSCC of Alloy 600 type materials of the pressurizer quurd ,
temperature thermowell nozzle. The crack was onented parallel to the long axls of the nozzle
The nozzle was removed and replaced wrth Alloy 690 Tt . :

Calvert Cllffs Unit 1 (MRP-27)

Unit 1 heater sleeves were nickel plated in'1994." One nickel plated heater sleeve (B-1) was -
found leaking dunng the 1998 refuelmg outage UItrasonlc testing revealed a short axial
lndrcatlon IR NI ,

Calvert Cllffs Umt 2 (LER 318-1 998 005)

On July 25, 1998, a steam leak was discovered at an upper-level instrument nozzle on the
pressurizer. A dye penetrant test of the nozzle proved that the Alloy 690 nozzle did not contain
a leak pathway. Ultrasonic examination of the vessel shell was performed to look for defects in™
the shell material. No defects were found. Because no leak path was found in the nozzle or = :
shell material, it was postulated that the crack was in the Alloy 600-type weld filler material of . -
the nozzle. The leaking nozzle was cut and the outer portion of the nozzle was removed. A . :
weld pad of Alloy 690 was installed around the penetration and a new nozzle manufactured of
AIloy 690 was mserted ThlS nozzle was welded to the pad wnth Alloy 690 flller matenal

Waterford Umt 3 (Event Notlflcatlon Fleport 35407 + LER 382-1 999 002)

On February 25 1999 during a routlne vrsual mspectron evrdence of reactor coolant system
leakage was found on two Alloy 600 instrument nozzles located on the top head of the
pressurizer. The leakage was in the annulus ‘area where the nozzle penetrates the pressurizer
head. The nozzles are welded on the inner diameter of the pressurizer and joined to instrument
valves RC-310 and RC-311. The two leaking nozzles located on the pressurizer were repaired -
using welded nozzle replacements.

San Onotre Unit 3 (EPRI MRP-27)

i, .~‘ . . Lo e

In 1999 a cracked heater sleeve was |dent|fred by eddy current testmg The heater had falled
swelled, and stuck within the sleeve.. The flaw was approxrmately 40 percent through-wall on
the inner diameter of the sleeve near the attachment weld. . R L
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Arkansas Nuclear One, Unit 2 (Event Notification Report 37199 + LER 368-2000-001)

Twelve pressurizer heater sleeves were found to be leaking. On July 30, 2000, boron residue
was discovered on the reactor coolant system pressurizer heater power cables. The boron
came from leaks in heaters B2 and D2. B2 is on backup heater bank 4, and D2 is on backup
heater bank 6. After removing insulation from the pressurizer, the licensee discovered 10
additional pressurizer heater sleeves that had previous leakage. Eddy current testing on two of
the heater sleeves indicated that there was a single, through-wall, axial crack in both sleeves
below the J-groove weld. These cracks initiated from the inside surface of the sleeves.
Ultrasonic testing showed no cracks in the shell base metal. The pressurizers were repaired
with an ASME Code-qualified process.

Ft. Calhoun (ML0O03781229 + ML023610110)
On October 22, 2000, during a walkdown inspection, leakage was detected from the lower
pressurizer liquid space temperature Nozzle #TE-108 was detected. A weld technique was

used to repair the nozzle.

Waterford Unit 3 (Event Notification Report 37442, 37434 + LER 382-2000-011)

On October 17, 2000, during a bare metal inspection of the pressurizer heater sleeve number
F-4, a small amount of boric acid residue was discovered. This pressurizer was repaired by
plugging the penetration.

Millstone Unit 2 (LER 336-2002-001)

On February 19, 2002, pressurizer heater penetrations and pressurizer instrument nozzle
penetration were examined with visual inspection. Two heater sleeves showed indications of
minor leakage because of the boron precipitates discovered on the outside of the penetrations.
The cause of this event is through-wall cracks in the two pressurizer heater sleeves. The
leaking heater sleeves were repaired using mechanical nozzle seal assembly clamps.

Arkansas Nuclear One, Unit 2 (Event Notification Report 38855, 38888+ LER 368-2002-001)

Six heater sleeves were found to be leaking in the pressurizer. Five of the leaking heater
sleeves were discovered on April 15, 2002, while the other was found on April 30, 2002. On
April 15, boron deposits were discovered on five pressurizer heater sleeve penetrations. On
April 30, boron residue was observed around the sixth pressurizer heater sleeve. Since similar
events had occurred in the July 2000 outage, no NDE was conducted. The leaking pressurizer
heater sleeves were repaired using the mechanical nozzle seal assembly (MNSA) technique.

Millstone Unit 2 (LER 336-2003-004)

During the October 2003 outage, two leaking pressurizer heater penetrations were identified.
These two pressurizer heaters, along with the two degraded pressurizer heaters found in the
previous outage, were planned to be removed during the current outage. Ultrasonic testing
determined that the flaws were axial in nature. The leaking heater penetrations were repaired
using the MNSA technique.

A-18




Waterford Unit 3 (Event Notification Report 40278).

During an inspection on October 26, 2003, evidence of leakage was detected on pressurizer
heater sleeves C-1 and C-3." The leakage was later determined to be boric acid. The'two: . -
leaking heater sleeves were reparred usrng the second generatlon MNSA-2 technlque

Sime

CE Standard Plants -

Palo Verde Unit 1 (LER 528-1992-001)

On January 2, 1992, a pressure boundary leak was discovered in the pressurizer steam-space
nozzle. A pad weld was put in place in order to st0p the reactor coolant Ieakage PWSCC rs
believed to be the cause of the leakage L

Palo Verde Unit 2 (Event Notmcatron Report 37411 + LER 529-2000-004)

On October 4, 2000, during an inservice inspection, reactor coolant system pressure boundary
leakage was discovered. The leakage was discovered at pressurizer heater nozzle sleeve A06.
The leakage was detected in'the form of small deposrt of boron accumulation on the sleeve.
Eddy current testing indicated linear axial cracklng The degraded heater sleeve was repalred
by initially cutting off the heater sleeve close to the pressurizer bottom head.” The degraded
sleeve was then countér-bored and a reinforcing pad and plug were welded to seal the sleeve
location. The repairs were ‘made using Alloy 690 ‘material. Another pressurizer was also L
reparred durnng the same refueling outage. This heater had failed and swelled in 1991. There "
was also a linear, axial mdrcatron in thls sleeve The sleeve was repalred in the same fashron
as drscussed before T SRR ¥ :

-

Palo Verde Unit 3 (Event Notrfrcatron Report 38332) b

On September 20, 2001, evidence of reactor coolant Ieakage was discovered. The leak was
froma pressunzer heater sleeve nozzle.- The pressurizer heater sleeve leakage is located at
pressurizer heater B17. The leakage was identified by the discovery of boron deposits
accumulated around the circumference of the pressurizer. There was no evidence of leakage
during the last refuelrng outage The MNSA technrque was used for repamng the nozzle

l -
k

Palo Verde Umt 3 (Event Notlflcatlon Report 39714 + LER 530-2003 002)

et e

On March 29 2003 englneenng personnel performrng preplanned vrsual examlnatlons of o
reactor coolant system piping discovered boric acid on the RCS hot leg instrument nozzle and a
pressurizer heater sleeve. There was boric acid residue discovered on the backup pressurizer -
heater sleeve A01. Eddy current testing on'the heater sleeve suggested that the cracklng was
axial in nature.” The heater sleeve was repaired using the MNSA technique. " . '
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Palo Verde Unit 3 (Event Notification Report 40556)

On February 29, 2004, engineering personnel were performing a visual examination of the RCS
piping and discovered boric acid residue on the A03 pressurizer heater sleeve. The visual
observation was characterized as a small white buildup of boron residue around the heater
sleeve as the sleeve enters the pressurizer bottom head. There was no residue running down
the outside of the sleeve, and there were no signs of dripping, spraying, puddles of liquid or
liquid running down the nozzle or pressurizer. The residue appeared to be dry. The heater was
repaired using the MNSA technique.

Foreign Plants

The following summary of the Alloy 600 cracking incident at Tsuruga, in Japan, is included
because it closely resembles many cracking incidents in U.S. plants.

Tsuruga Unit 2

Cracking was discovered September 5, 2003, on the pressurizer relief piping nozzle stub and
safety nozzle during periodical inspection at Tsuruga Power Station Unit 2. Boric acid
precipitation was found on the pressurizer relief piping nozzle after the heat insulator was
removed. Once the boric acid was removed from the surface of the piping, the area was
examined using the SUMP procedure. This is a procedure where a sample of the cracked area
is removed and then analyzed. The results of this evaluation revealed a minor crack on the
surface of the weld portion of the piping nozzle stub. On the same relief nozzle, cracking was
found in an-area where boric acid precipitates were.not located. This second crack indication
was also found in the weld region. Both cracks developed in areas where a large portion of the
weld consisted of touch up weld. In another instance, cracking was also located on safety
nozzle A. :

Reactor Coolant System Nozzles and Other Alloy 600 Cracking

B&W Plants

Arkansas Nuclear Unit 1 (Event Notification Report 36697 + LER 313-2000-003)

On February 15, 2000, a flawed weld was identified on an instrument connection to the reactor
coolant system Loop “A” hot leg piping. Once the insulation had been removed, leakage was
discovered on five other nozzles. Further investigation using NDE revealed that leakage was
occurring through flaws in the partial penetration weld. Both axial and circumferential flaws
were found. There was also a subsurface flaw found in a seventh nozzle. Six of the seven level
tap nozzles and welds were replaced with Alloy 690. The seventh nozzle weld was repaired
using a weld pad buildup and fillet weld.
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Westinghouse 4-Loop Plants

Catawba Unit 2 (Event Notrfrcatlon Report 41 048)

On September-16, 2004 the steam generator bowl dram for the 2A, 2C and 2D steam
generators were visually inspected. Leakage was found on the 2C and 2D SG bowls. The
leakage occurred sometime after the previous refueling outage, because the bowls were clean -
at that time. Dye penetrant exams were conducted on 2D which identified indications. The root
cause of the leakage was determined to be PWSCC. The cracks initiated in the gap between
the pipe coupling and the Alloy 600 weld metal buildup. This area is in contact with primary -
water at a temperature of approxrmately 617 °F

Catawba Unlt 2 (LER 41 4-2001-002)

On September 19, 2001 a walkdown of the SG 2B Iower head bowl drarn mdrcated boron
residue buildup on the “/é inch piping immediately below the SG. The root cause of the SG 2B
bowl drain leak was PWSCC of Alloy 600 material. The 2B SG bowl drain was repaired and
tested satisfactorily. The remalmng three SGs on Unit 2 were visually inspected and liquid
penetrant tests were performed No srmllar leaks were detected on the other SGs

Westinghous’e 3-Loop Plants A

V.C. Summer Umt 1 (Event Notification Report 37423 + LER 395-2000-008 + Final :
. Westinghouse investigation report WCAP-15616, Revision 0,
- “Metallurgical investigation of Cracking in the Reactor. Vessel Alpha Loop

Hot Leg Nozzle-to-Pipe Weld at the V. C Summer Nuclear Generatmg

Statron January 2001 ) ‘ B
On October 7 2000, 100 to 200 pounds of bonc acrd was |dent|fred in the “A” hot Ieg area of the
reactor vessel. The potential leak area was identified on the first weld off the reactor vessel at -
the nozzle-to-pipe connection of the Loop “A” hot leg. . Ultrasonic and eddy current inspectlon
together with visual inspection identified the flaw as axially oriented and about 3 inches in
length. The flawed weld was removed and a new weld made of Alloy 52/152 material was
utilized. Subsequent cleaning and destructive examination of the salvaged pipe section ,
revealed also a short (about one inch) circumferential crack located in the weld that may have .
branched from the axral flaw, or may have nucleated as a separate defect : ‘

]
N

T
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CE‘ Plants

Palisades Unit 1 (LER 255-1 993 009)

T S AN

On September 16, 1993 plant personnel identified a leak in the power operated relref valve lrne
near the nozzle connection to the pressurizer...The crack initiated in the heat-affected zone of -
the power-operated relief valve Alloy 600 safe'end. NDE and visual inspection revealeda ..
circumferential crack approximately 3 inches in length (about 30 percent of the circumference). :

P PO N . . . ‘ . . ! [ T
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San Onofre Unit 3 (LER 362-1995-001)

On July 27, 1995, radio-chemistry evaluation confirmed that RCS weepage had occurred on
two hot leg instrument nozzles. The accessible exterior of the two RCS hot leg nozzles were
replaced with new Alloy 690 nozzles. The access to the interior of the RCS hot leg piping
prevents welding from the inside of the RCS. Therefore the old nozzles were cut off half way
through the RCS hot leg materials and the new nozzles were welded to the exterior of the RCS

pipe.
St. Lucie Unit 2 (LER 389-1995-004)

On October 10, 1995, during a routine RCS visual leak check, an apparent boric acid buildup
was discovered on the “B” side RCS hot leg instrument nozzle. Further investigation confirmed
that pressure boundary leakage had previously occurred. The defective instrument nozzle and
other instrument nozzles of the same heat were replaced with Alloy 690.

San Onofre Unit 3 (LER 362-1997-001)

On April 11, 1997, during a routine inspection, four hot leg RCS nozzles were found to have
leaks and a fifth was suspected of leaking. It was suspected that the leakage was attributable
to cracks through the nozzle in the heat-affected zone of the partial penetration weld on each of
the instrument nozzles. The outer half of the Alloy 600 nozzle was replaced with Alloy 690.

San Onofre Unit 3 (LER 362-1997-002)

On July 3, 1997, RCS nozzles were inspected and one hot leg spare RTD thermowell nozzle
had an increased amount of white residue. An isotopic analysis determined the residue was
boric acid from the RCS. PWSCC was believed to be the root cause of the leaks reported. It
was believed that the leakage came from a crack in the heat-affected zone of the partial
penetration weld on each of the instrument nozzles. The outer half of the nozzle was replaced
with Alloy 690 material using a half-nozzle repair technique.

San Onofre Unit 2 (LER 361-1998-002)

On January 26, 1998, plant personnel visually inspected all RCS nozzles in the hot and cold
legs, the pressurizer, and the steam generator channel heads. Seven nozzles were identified
for repairs. The leakage from these nozzles was not measurable and the evidence of leakage
could not be detected until the RCS insulation was removed. It was believed that the leakage
from the nozzles came from cracks in the heat-affected zone of the partial penetration weld of
the instrument nozzles. Three of the nozzles were replaced with Alloy 690 using a half-nozzle
replacement technique. The other four were repaired using an MNSA technique.

Waterford Unit 3 (Event Notification Report 35407 + LER 382-1999-002)

On February 28, 1999, evidence of boric acid leakage was found on three nozzles. One was
on the RCS hot leg number 1 resistance temperature detector (RTD) nozzle, a second was on
the RCS hot leg number 1 sampling line, and a third was on the RCS hot leg number 2
differential pressure instrument nozzle. The three hot leg nozzles were repaired using the
MNSA technique.
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Waterford Unit 3 (Event Notification Report 37442, 37434 + LER 382-2000-011) -

On October 19, 2000, during a bare metal inspection, boric acid was found on two of the three
MNSA clamps that had been installed on hot leg nozzles during refueling outage 9. These .

clamps had been installed as temporary repairs until a permanent repair could be made during -

refueling outage 10. "The MNSA clamp leakage could have been caused by the flange not .
being flat against the pipe. The leak could have also arisen from a brief.leakage while the -
clamps seated. All three MNSA clamps were removed and permanent weld repalrs were made
on the leaking RCS hot leg nozzles. R : SRR o

St. Lucle Unit 1 (Event Notlflcatron Report 37919 +LER 335—2001-003) A

On Apnl 14 2001 leakage was drscovered on’ a prpe—to-nozzle connectlon on Ilne I
1-3/4-RC-126. Thrs line was determined to be the “B” RCS hot leg instrument nozzle connection
for differential pressure (D/P) transmitter PDT-1121D. The nozzle was replaced using a ,
half-nozzle design.

v r" PR

Arkansas Nuclear One Umt 2 (Event Notlfrcatron Report 371 99 + LER 368-2000 001)

On July 30, 2003 one RCS hot Ieg RTD nozzle was found to be leaklng  Ultrasonic testrng of
the RCS hot leg base metal adjacent to the RTD nozzle showed that there were no cracks in _
the hot leg pipe around the RTD nozzle.. The RCS RTD nozzle was repaired with an ASME -
code-qualified process.

Waterford Unit 3 (Event Notification Report 40277)

During an inspection on October 24, 2003, evrdence of leakage was detected on nozzle RC- -
IPT-0106B, which is a pressure transmitter that taps off of the reactor coolant system hot leg
#2. The leakage was located in the annulus area where the nozzle penetrates the head.
Nozzle RC-IPT-0106B was corrected with a permanent partial nozzle welded repair.

CEStandardPlants .~ “ - U o
Palo Verde Unit 1 (Event Notlfrcatron Report 36256 + LER 528-1999- 006)

On October 2, 1999, evidence of an RCS pressure boundary leakage was discovered. The .
leakage was discovered at two Alloy 600 nozzles, one in each of the RCS hot legs. ' One was at
the nozzle upstream of Valve RCV028S5 in the line to a steam generator number 2 differential .
pressure instrument. The other was at the nozzle upstream of Valve RCV-277 in the line toa -
steam generator number 1 differential pressure instrument.” The leakage was discovered in the
form of small deposits of boron accumulated arolind the circumference of the nozzles. Isotopic
analyS|s 'of the boron accumulation detected only long-lrved radionuclides, indicating that it has
taken more than 3 years for the reactor coolant to migrate through the nozzle weld and wall '
thickness. The repair included cutting of the old nozzle and welding on a new Alloy 690 nozzle
to the outside diameter of the hot leg pipe.
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Palo Verde Unit 1 (Event Notification Report 37878 + LER 528-2001-001)

On March 31, 2001, during visual inspection of the RCS piping, boric acid residue was
discovered on the Alloy 600 RCS hot leg thermowell 1JRCETWO0121HB. The visual indications
were characterized as white streaks fanning out from the hot leg and continuing up the taper of
the thermowell with some buildup on the top of the tapered portion. The repair consisted of
cutting off the old Alloy 600 nozzle and welding an Alloy 690 plug.

Palo Verde Unit 3 (Event Notification Report 38332)

On September 20, 2001, evidence of RCS leakage was discovered. The leakage was
discovered in an RCS hot leg temperature nozzle. The RCS hot leg nozzle was located in the
RTD nozzle for an inservice temperature detector (Loop #1, equipment ID: 3JRCETW112HD).
The leakage was identified by the discovery of boron deposits accumulated around the
circumference of the hot leg nozzle.

Palo Verde Unit 3 (Event Notification Report 39714 + LER 530-2003-002)
On March 29, 2003, engineering personnel performing preplanned visual examinations of RCS
piping discovered boric acid on the hot leg instrument nozzle. There was boric acid

precipitation found around the instrument nozzle that penetrates the Loop 1 hotleg. The
leaking heater sleeve was replaced with an Alloy 630 nozzle.

Boiling-Water Reactor Plants — All Components

GE Type 4 Plants

Vermont Yankee (LER 331-1999-006)

On April 26, 1986, ultrasonic examination of the NSA and N5B core spray safe-end-to-nozzle
welds indicated intergranular stress-corrosion cracking (IGSCC). The IGSCC cracks were
located in the nozzle weld butter material, Alloy 182. The indications were predominately axial
in orientation with seven indications in each weld. The repair technique utilized a weld overlay
procedure.

Hope Creek 1 (LER 354-1997-023)

On September 19, 1997, a leak was discovered on core spray nozzle safe-end weld #N5BSE
associated with the “A” core spray subsystem. The NSBSE weld was nondestructively tested in
the previous refueling outage. This NDE test had been improperly evaluated and the crack had
been unrecorded. The cause of the through-wall leakage has been attributed to IGSCC in the
Alloy 182 weld metal. A weld overlay technique was used to repair the leaking core spray
nozzle safe-end weld.
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Duane Arnold 1 (LER 331-1999-006)

On November 5, 1999, two indications of IGSCC were identified in weld RRB-F002. One
indication was approximately 44 percent through-wall and the other was approximately

65 percent through-wall. The inspection was expanded and a 65-percent through-wall crack
was found in weld RRD-F002. These two F002 welds were repaired by completing weld
overlays using Alloy 52. The cause of the cracking was IGSCC in the Alloy 182 weld metal
A reference LER which may have had similar cracking is 331-1985-010.

Susquehanna 1 (Event Notification Report 40605)

On March 23, 2004, during a routine inspection an indication was discovered on the N1B
penetration. This reactor vessel penetration is associated with the reactor recirculation B loop.
The crack had been detected during previous outages, however, it was not designated as a
crack. The crack was circumferential and was approximately 50 percent through-wall. The
length of the crack was roughly 2.2 inches (approximately 7 percent of the diameter). The plant
used a weld overlay technique to repair the flaw.

GE Type 3 Plants

Pilgrim 1 (LER 293-2003-006)

On October 1, 2003, reactor coolant leakage was detected in a reactor vessel nozzle-to-cap
- weld. The crack was contained within the Alloy: 182 weld metal. After the nozzle was initially
welded to the cap, defects were detected and the weld was repaired. The leakage was

believed to be attributable to a crack left in the weld materials during the previous repair
procedure. The repair procedure utilized a weld overlay technique with Alloy 52.
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