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REPORT SUMMARY

The Boiling Water Reactor Vessel and Internals Project (BWRVIP), formed in June 1994, is an
association of utilities focused exclusively on BWR vessel and internals issues. This report
provides a method for assessment of crack growth in BWR stainless steel shrouds and other
stainless steel internal components. A previous version was published as BWRVIP-14 (EPRI
report TR-105873). This report (BWRVIP-14-A) incorporates changes proposed by the
BWRVIP in response to U.S. Nuclear Regulatory Commission (NRC) Requests for Additional
Information, recommendations in the NRC Safety Evaluation (SE), and other necessary revisions
identified since the previous publication of the report. All changes are marked with margin bars.
In accordance with an NRC request, the Safety Evaluations are included here as appendices and
the report number includes an “A” indicating the version of the report accepted by the NRC staff.

Background

Events in 1993 and 1994 confirmed that intergranular stress corrosion cracking (IGSCC) is a
significant issue for BWR internals. U.S. BWR executives formed the BWRVIP in June 1994, to
address integrity issues arising from service-related degradation of these key components,
beginning with core shroud cracking.

One major issue facing the nuclear industry is the issue of core shroud re-inspection and
premature repair, which can impose unnecessary economic hardship on utilities. The re-
inspection interval depends upon the extent of cracking observed during the baseline
examination and prediction of crack growth as a function of future operating time. The current
method for determining re-inspection interval is based on characterizing all observed cracks as
through-wall cracks and propagating these cracks around the circumference of the shroud,
assuming a conservative crack growth rate of 5 x 107 in/hr (11.1 mm/y). It is believed that a
more realistic re-inspection interval can be established if a crack growth model is developed that
can account for the growth of cracks in both the through-thickness and length directions.

Objective

» To develop a generalized crack growth correlation for stainless steel.

* To formalize the method for determination of through-thickness stainless steel crack growth
rates in horizontal weld heat affected zones (HAZs) in stainless steel, based on empirical data
that account for parameters known to affect crack propagation.



Approach

The project team compiled an extensive database that included both experimental data points and
in-plant crack arrest verification system (CAVS) data. The team used the database to derive an
empirical, best-fit, stress intensity factor (K) dependent, crack growth correlation that also
accounts for environmental conditions such as conductivity, electrochemical potential (ECP),
and temperature. The team then developed a conservative 95" percentile model for through-
thickness crack growth, which was a factor of 10.3 greater than the best-fit correlation. The
model was then tested against field data and found to provide a realistic bound to the data. The
report was submitted to the NRC for their review and approval. Comments from that review, as
appropriate, have been incorporated into this revision of the report.

Resuits

Based on extensive crack growth data collected from several sources, an empirical through-wall
crack growth correlation has been developed for use in the evaluation of BWR stainless steel
internals for fluences <5 x 10" n/cm’. The correlation is applicable for weld-sensitized
components and is bounding for non-sensitized components. The report provides analysis and
measurements of residual stresses in core shroud welds and discusses fracture mechanics
methods employed in determining stress intensity factors. The report provides three alternative
methods for crack growth evaluation. Using conservative ECP and conductivity estimates,
results confirm that American Society of Mechanical Engineers (ASME) Section XI safety
margins are not compromised by extended operation of core shrouds with IGSCC indications.

EPRI Perspective

The empirical correlation developed in this study can be used to conservatively predict the
through-thickness crack growth rate for austenitic stainless steels at various ECPs corresponding
to different locations in the core shroud. The model is applicable over the specific ranges of
stress intensity, water conductivity, and ECP for which the correlation was developed.
Application of this method provides assurance that stainless steel components in BWRs with
IGSCC indications can continue to operate safely, while reducing utility costs by supporting
reasonable intervals for re-inspection and avoiding the costs of unnecessary repair.

Keywords

Boiling Water Reactor
Core Shroud

Crack Growth Rate
Residual Stresses

Stress Corrosion Cracking
Vessel and Internals
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EXECUTIVE SUMMARY

The objectives of this report are to develop a generalized crack growth correlation for
unirradiated stainless steel and to formalize a methodology for determination of through-
thickness crack growth rates in horizontal weld heat affected zones (HAZs) based on empirical
data that account for parameters that are known to affect crack propagation. The assessment was
limited to the circumferential welds of the shroud where most of the reported intergranular
cracking has occurred to date. The methodology can however be easily extended to the vertical
welds of the shroud and other BWR internals components with only minor modifications. This
methodology has been developed specifically for crack growth in the depth (through-thickness)
direction. Residual and applied stresses and stress intensity factors have been developed for
crack propagation in this orientation.

The methodology involves development of an empirical model that can account for the
variability of important intergranular stress corrosion cracking (IGSCC) parameters in providing
a conservative, yet realistic assessment of the crack growth rate (CGR) in BWR stainless steel
components. The first step in the development of the evaluation methodology involved the
determination of a crack growth model for stainless steel. Although a correlation has been
previously provided by the U.S. Nuclear Regulatory Commission (U.S. NRC), in their technical
report NUREG-0313, Revision 2, it is believed by the BWR industry that this correlation

does not adequately account for the varying degree of material and environmental conditions
experienced by the entire fleet of operating BWRs. It is also believed that since the publication
of this document in 1988, additional in-plant and laboratory crack growth data have become
available and improved inspection and analytical tools are in hand which can be used to develop
an alternative crack growth model; a model which can take into account variables which were
not specifically addressed, but rather were bounded collectively, in the earlier NUREG
correlation.

In Section 2 of this report, an extensive database consisting of stainless steel crack growth rates
is described. This data came from several sources including General Electric Nuclear Energy
(GE), ABB-Atom (ABB), and Argonne National Laboratories (ANL). The data included both
experimental data points and in-plant crack arrest verification system (CAVS) data. Most of the
data in the database have adequate definition of environmental conditions and other important
crack growth parameters thus permitting a more realistic generic crack growth model to be
developed.

The database was used in Section 3 of this report to derive an empirical, stress intensity factor
(K) dependent crack growth law that also accounts for environmental condittons such as
conductivity, electrochemical potential (ECP) and temperature. The development of the model
was based on pattern recognition and multivariate modeling techniques that have been used quite
successfully in previous similar projects. A best-fit model was derived based on the data and a
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Executive Summary

crack growth curve based upon the 95" percentile on this best-fit model was recommended

for crack growth evaluation of the shroud and other stainless steel internals. The 95" percentile
is a factor of 10.3 higher than the best-fit correlation. It should be noted that this model is an
empirical correlation based upon available data and engineering judgment. This empirical crack
growth model, because of the limited nature of the data available, was based predominantly on
test data for sensitized material tests, and a limited number of tests on non-sensitized material.
Other crack growth correlations are available that address sensitization and radiation effects. The
empirical correlation is applicable, therefore, for weld-sensitized components and is bounding
for non-sensitized components. The model is applicable over the specific ranges of variables
examined and is recommended for use solely within these ranges. It should be noted that the
range of variables addressed by this empirical correlation represents the water chemistry,
material, and stress conditions expected in BWR service.

Content Deleted -
EPRI Proprietary Information

In Section 5 of this report, fracture mechanics models were used to determine the through-wall
stress intensity factor (K) distributions for the recommended residual stress profiles. A single
distribution was determined for both inside and outside surface initiated flaws of the shroud.
Because of the shape of the through-wall residual stress profile, higher K values were obtained
near the wall surfaces indicating high crack growth rates at these locations. K diminishes as the
crack propagates into the wall and leads to significantly lower crack growth rates.

The evaluation methodology for determination of crack growth rate for BWR shrouds is
provided in Section 6. Three alternate approaches are presented: a K-independent approach;

a conservative 95" percentile K-dependent approach using the empirical correlation developed
in this report along with conservative ECP and water chemistry; and a plant-specific approach
using actual plant ECP and water chemistries with the empirical correlation. An example
problem representing actual BWR shroud conditions is presented in Section 6 to demonstrate
how the current crack growth correlation, the weld residual stress, and the stress intensity factor



Executive Summary

recommendations can be used to perform a plant-specific evaluation of flawed shrouds. The
results of this example demonstrated that significant operating periods are likely for most flawed
conditions in BWR core shroud welds before ASME Code Section XI core shroud safety
margins are challenged.

The empirical crack growth correlation was tested against recent operating plant reinspection
ultrasonic (UT) data performed at three plants which previously exhibited core shroud cracking
in their circumferential welds. The empirical model was used to predict the 95" percentile for
the crack growth observed at these plants, using the environmental conditions at the cracked
locations. The 95" percentile model provided an upper bound for 9 of the 11 data points, with the
other points falling just above the curve. In this example, no inspection error was estimated for
the UT and a conservative crack depth change estimate was used for evaluating the UT data. The
model clearly accounted for the growth of these flaws. The current stress intensity independent,
flat 5 x 10” in/hr crack growth rate proposed by the U.S. NRC would have been conservative by
a factor of 5 compared to the current empirical model estimate, and by more than a factor of two
compared to the most conservative (most rapid growth) field data points, at that stress intensity.
The model predicts a lower crack growth rate as the crack grows deeper and K decreases.

This is consistent with inspection data from the field.

It is proposed that the BWRVIP crack growth correlation and methodology presented in this
report should be used to evaluate crack growth in core shroud welds and other stainless steel
internals. It is believed that application of this methodology provides assurance that BWRs
with cracks in the core shroud can continue to operate safely while reducing utility costs by
supporting reasonable intervals for reinspection and avoiding the costs of unnecessary or
premature repairs.
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INTRODUCTION

1.1 Background on Cracking of Stainless Steel Internals

The problem of intergranular stress corrosion cracking (IGSCC) in austenitic stainless steels
and in nickel-based austenitic materials has presented a serious concern to plant availability for
boiling water reactor (BWR) owners during the past 20 years. Initial observations of IGSCC in
BWRs were associated with severely sensitized wrought Type 304 stainless steel piping that
resulted from post weld heat treatment or high heat input welding. Additional service history
revealed that these severe thermal treatments of materials prior to service were not necessary
to cause IGSCC; that cracking could occur in weld-sensitized components, welded with
moderate heat input and with no subsequent thermal treatment. The utility industry through
EPRI (formerly the Electric Power Research Institute), the vendors, and contractors, led by
GE Nuclear Energy (GE), research groups, and the Nuclear Regulatory Commission (NRC),
expended significant time and financial resources to address the IGSCC issue and to provide
remedial measures to the cracking. The NRC issued several documents including [nspection
and Enforcement (I&E) notices, bulletins, regulatory guides, and generic letters on the issue.

EPRI sponsored research resulted in technical reports guidelines and workshops on the issue.
GE performed research and prepared service information letters (SILs) addressing the IGSCC
issue and advising the utility industry on actions appropriate to address the problem. Although
the cracking in austenitic materials was widespread, until recently it was generally confined to
components outside of reactor pressure vessel.

During the past decade, IGSCC of austenitic stainless steels and nickel-based alloys has begun
to be observed within the reactor pressure vessel. Components such as jet pump beams, riser
braces, access hole covers, core spray piping, feedwater spargers, shroud hold-down bolts,
reactor pressure vessel cladding and the core shroud are among the vessel internals components
which have recently exhibited cracking.

Cracking of vessel internals has involved both austenitic stainless steels and nickel-based alloys.
Until the recent core shroud cracking, the IGSCC observed was readily manageable with existing
means and did not significantly impact design safety margins of the plant. The core shroud
cracking has been sufficiently significant in some plants to warrant repairs to the cracked weld
heat affected zones or to require more frequent core shroud inspections.

The following paragraphs in this section describe the factors that contribute to the IGSCC

observed in the core shroud, as limited to austenitic stainless steels, the industry experience
with shroud cracking and the real and potential impact on the BWR Owners.
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Cause of Cracking

Based upon prior work sponsored by EPRI, industry research groups and the NRC, the generally
accepted factors responsible for IGSCC in austenitic stainless steels and nickel-based austenitic
materials in the normal BWR environment are sufficient tensile stress, thermal sensitization and
a sufficiently oxidizing environment. An additional factor that may contribute to intergranular
cracking after long operating times at high neutron fluences is the effect of irradiation on the
stress corrosion cracking susceptibility of the material.

The total stress state of a material includes applied and residual stresses. The applied stresses are
the operating stresses to which the material is subjected in service and can be readily bounded by
engineering stress analyses. The residual stresses include fabrication stresses such as machining,
grinding and welding stresses and fit-up stresses associated with the component installation.

It is generally accepted that these combined stresses must be near the material yield strength at
temperature for IGSCC to occur.

Thermal sensitization of these alloys involves chromium depletion at the grain boundaries due to
chromium carbide precipitation. The chromium depleted zone is no longer a “stainless” material

but rather an alloy steel anode galvanically coupled to a large stainless steel cathode. If sufficient
tensile stress is present at a sufficient temperature and in an oxidizing environment, then IGSCC

can occur if the environment can support the corrosion reaction.

The environment influences the IGSCC of austenitic materials in the BWR environment

in two ways. The normal water chemistry (NWC) BWR core environment is a very oxidizing
environment that contains dissolved oxygen and hydrogen peroxide due to the radiolytic
decomposition of water in the core region. This environment has been demonstrated to be
sufficiently aggressive to provide the electrochemical driving force for IGSCC in weld-sensitized
austenitic stainless steels. The thermodynamic tendency of a metal to be oxidized in an aqueous
environment can be measured and quantified by its electrochemical corrosion potential (ECP).
Hydrogen gas can be injected to reactor water to suppress radiolysis in the core and to react with
these two oxidizing species and, thus, lower the ECP. IGSCC initiation is essentially mitigated
when the ECP of stainless steel in the coolant is below -230 mV (SHE). This is the basis for
hydrogen water chemistry (HWC). The efficiency of HWC can be significantly increased

by the injection of catalytic noble metals via a process called noble metal chemical application
(NMCA).

Effective mitigation can be obtained by implementing HWC solely or in combination with
NMCA, hereafter referred to as HWC/NMCA. Furthermore, for the purposes of crack growth

evaluation approaches discussed in Sections 6.1.1 and 6.1.2, NWC and HWC/NMCA
environments are defined as follows:

NWC: ECP of stainless steel >-230 to +200 mV (SHE), average coolant conductivity
<0.15 uS/cm.

HWC/NMCA: ECP of stainless steel < -230 mV(SHE), average coolant conductivity <0.15
uS/cm with at least 80% HWC availability.
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Note that the <0.15 uS/cm conductivity limit used to derive the crack growth rates for the K-
independent (Section 6.1.1) and K-dependent (Section 6.1.2) approaches was chosen to bound
the mean fleet conductivity of 0.10 pS/cm as described in the BWR Water Chemistry Guidelines
2004 Revision (BWRVIP-130 [38]}).

The second environmental factor influencing IGSCC of austenitic materials is the concentration
of aggressive anions such as chloride and sulfate that accelerate IGSCC initiation and
propagation. Other ionic species such as chromates and nitrates, sodium and zinc are much less
aggressive. In fact some species, such as zinc, appear to be beneficial to the IGSCC resistance of
these materials. The concentration of ionic species is reflected in the electrical conductivity of
reactor water. The relationship between conductivity and the concentration of aggressive anions
will be plant specific. However, conductivity measurements provide a bounding indication of the
concentration of these impurities.

Aside from increasing the ECP via radiolytic decomposition of the water within the core, the
core shroud is also affected by neutron and gamma radiation damage to the material itself. High
levels of neutron exposure cause vacancies and voids to form in these alloys enhancing the rates
of segregation of impurities to grain boundaries and also enhancing chromium depletion at these
grain boundaries. This “non-thermal” irradiation induced sensitization is generally observed in
these austenitic materials in the range of fluences of ~5 x 10" to 5 x 10® n/cm’ (E > 1.0 MeV)
and above. A fluence of 5 x 10" n/cm’ (E > 1.0 MeV) can be achieved in as little as
approximately one to two full power years in a high flux location of a typical BWR core shroud.
The effect of neutron irradiation on the stress corrosion susceptibility of these austenitic
materials is known as irradiation assisted stress corrosion cracking (IASCC). It is noteworthy
that a review of the entire database revealed that the crack growth rates of thermally sensitized
specimens were higher than that for irradiation-sensitized specimens, over the ranges evaluated.
However, the amount of data available on irradiated specimens was too limited to allow any
definitive conclusions to be drawn.

Industry Core Shroud IGSCC Experience

During the past five years, cracking has begun to be observed within the core shroud of BWRs.
First observed in 1990 in a European plant, cracking (or crack like indications) have been
reported in several overseas plants and a large number of plants in the United States. Appendix Q
provides summary of circumferential cracking at U.S. plants to date. In all, circumferential
cracking has been identified in at least 29 plants. None of this cracking has gone through-wall.
The cracking has generally been confined to the weld heat affected zone (HAZ) in
circumferential welds in the core shroud. Figures 1-1 through 1-3 illustrate the circumferential
weld locations in a typical BWR 3/4 and BWR 6 core shroud. As can be seen from the weld
details in Figure 1-4, all those welds are welded from both sides, with the exception of the
dissimilar metal weld, H7. The cracking has generally occurred in Type 304 stainless steel weld
HAZs although some cracking has also been observed in Type 304L stainless steel weld HAZs.
Some limited cracking has also been reported in vertical welds in one or two plants, and the weld
metal may have been involved in cracking of one U.S. plant.
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Figure 1-4
Typical Weld Details of Core Shroud Circumferential Welds

The circumferential cracking in the austenitic stainless steel weld HAZs has been modest for
some plants, severe in others, and non-existent in other plants. Some correlation with shroud
fabrication or prior water chemistry history has been observed since it appears that the newer
plants or those operating with good water quality appear to have had less cracking than those
operating with poorer initial water quality. Fabrication process may play an important role in
crack initiation as plate-exposed “end grain” and severe machining or grinding appear to be
contributors to early crack initiation. Total neutron fluence may be playing a role on crack
initiation in some high fluence plants and the effect of irradiation on oxidizing potential may
be assisting in crack growth in some of the beltline core shroud welds in high fluence plants.

Real and Potential Impact on Utilities

The IGSCC of core shrouds in BWRSs has produced a new, significant operational and financial
burden to the BWR utility owners. The cracking in the circumferential welds of some plants have
raised issues as to the length of continued operation of the plant prior to reinspection or repair of
a flawed core shroud. Although, the design safety margins for the core shroud have not been
impacted to date, as a result of inspections or analyses performed on operating plants, concerns
exist that these extremely conservative analyses justifying continued operation might impose
additional inspection hardship or require unnecessary repair to the core shroud. This concern
and the concern that at some future time the design safety margins might be affected has
prompted the formation of a high level BWR Vessel and Internals Project (BWRVIP) by the
BWR industry, with EPRI acting as project manager and coordinator. The objective of this
project has been to understand the cracking phenomena within the vessel internals, provide
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mitigating measures to limit any future cracking, develop advanced inspection and analytical
tools to monitor and realistically bound the cracking and design and implement state-of-the-art
repair measures to restore margin to the core shroud and other internals.

The utility industry has been burdened with the need to perform extensive inspections of their
BWR core shrouds to assess the condition of the shroud. While the initial inspections were
performed using enhanced visual techniques, access limitations have prompted most utilities to
perform the most recent inspections using volumetric ultrasonic methods. These inspections have
required development of new state-of-the-art equipment to inspect these welds and weld heat
affected zones with precision and to accurately determine the IGSCC condition of these
components. As the extent of cracking has become more widespread, inspections have been
required at lower elevations in the core shroud involving welds H6, H7, and H8, where very
limited access is available for positioning tracking equipment and transducers.

One of the major issues facing the utility industry with regard to the core shroud inspection is the
issue of core shroud reinspection and premature repair that can impose an unnecessary economic
hardship on the utility. The reinspection interval is dependent upon the extent of cracking
observed during the baseline examination and prediction of the crack growth as a function of
future operating time. The current methodology for determining reinspection interval is based on
characterizing all observed cracks as through-wall cracks and propagating these cracks around
the circumference of the shroud assuming a conservative crack growth rate of 5 x 10° in/hr. It is
believed that a more realistic reinspection interval can be established if a crack growth model is
developed which can account for both the through-thickness and the circumferential growth of
the cracks. This crack growth model should include estimates of weld residual stresses in these
circumferential welds as a function of crack depth and circumferential extent, degree of
sensitization of the material, and the environments to which the core shroud is exposed. These
environments vary within the shroud from very oxidizing at and above the core midplane, to
moderately oxidizing below the core plate. In fact, under moderate HWC environment (1.0 to 1.6
ppm H,), the ECP of stainless steel below core plate locations can be reduced to less than -230
mV (SHE) potential required for IGSCC protection of weld HAZs.

1.2 Objective and Scope

The objective of this report is to formalize the methodology for determination of stainless

steel crack growth rates in the depth direction for horizontal weld HAZs with a fluence <5 x 10”
n/cm’ (E > 1.0 MeV) based on empirical data that account for parameters that are known to
affect crack propagation. These through-wall crack growth rates (CGR) will then be available
for use in the evaluation, inspection and repair criteria for BWR RPV internal components.

The scope of CGR influencing factors will be tied to typical material susceptibility, water
environment, and stress-state parameters associated with core shroud weld and weld HAZ. An
empirical model will be developed that incorporates the effects of the important factors into a
conservative, yet realistic, crack growth correlation for stainless steel in the BWR internals. The
model developed in this report is an empirical correlation for through-thickness crack growth
based upon available test data and engineering judgment. The correlation is developed using
material, environment, and stress data that result from laboratory and in-plant test programs. It is
then tested against field data and found to provide a realistic bound to the growth rates observed
over the BWR operating regime.
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The following sections of this report describe the work undertaken within this project to
understand the state of stress, and material variability on the crack growth rates of austenitic
stainless steels at ECPs and conductivities corresponding to those observed within the BWR
core shroud under NWC conditions as well as under HWC conditions. Section 2 presents a
compilation and assessment of crack growth data produced by laboratories and in field testing.
This collection of data provides a compiled database for use in determining crack growth rates
as a function of environment and stress intensity factor (K) in sensitized austenitic stainless
steel. Section 3 provides an empirical crack growth rate correlation developed using material,
environment and stress information provided in Section 2. This correlation is based upon
sensitized material tests. The correlation is applicable, therefore, for weld-sensitized components
and is bounding for non-sensitized components. The model is applicable over the specific ranges
of stress intensity, water conductivity and ECP for which the correlation was developed.

Section 4 provides the operating and residual stress data for the core shroud materials. Fracture
mechanics methods employed in determining the stress intensity factors associated with the
applied and residual stresses are presented in Section 5. Section 6 presents the evaluation
methodology for estimation of crack growth rates in the through-thickness direction for BWR
shrouds. Three alternate approaches are presented: a K-independent approach; a conservative 95"
percentile K-dependent approach using the empirical correlation developed in this report along
with conservative ECP and water chemistry; and a plant-specific approach using actual plant
ECP and water chemistries with the empirical correlation. An example problem on crack growth
evaluation of the shroud using the methodologies outlined in Sections 1 through 5 for a plant-
specific analysis is also presented in Section 6. Section 7 presents the Summary and Conclusions
from this study and provides the empirical correlation that can be used to conservatively predict
the crack growth rate for austenitic stainless steels at various ECPs corresponding to different
locations in the core shroud. Section 8 provides references used in the report. Detailed studies
performed by several individual organizations to support the work presented in the main body
of the report are presented in Appendices A through J.

1.3 Implementation Requirements

This report describes crack growth rates to be used in performing flaw evaluations on stainless
steel internal components in BWRs. The requirements for crack growth rates delineated in
Section 6 of the report shall be considered “needed” in accordance with Nuclear Energy Institute
(NEI) 03-08, “Guideline for the Management of Materials Issues.” The remainder of the report is
provided for information.
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2

COMPILATION OF CRACK GROWTH DATA

Two separate databases were created to assist in the through-thickness crack growth correlation
development for austenitic stainless steels with fluences <5 x 10* n/cm’ (E > 1.0 MeV). The |
first database was created by Structural Integrity Associates (SI) based on available information
obtained from several EPRI-sponsored research projects and also from work sponsored by the

U.S. NRC. The second database was based on laboratory and crack arrest verification system
(CAVYS) data developed by GE.

2.1 Structural Integrity Associates Database

Details of this database are provided in Appendix A of this report. The data for this database
was obtained from ABB-Atom through EPRI and from NRC-sponsored research at Argonne
National Laboratories (ANL). The data from these two sources were chosen because, unlike
other stainless steel crack growth data, they have all the identifiable testing parameters and
testing conditions for all the test data. The data obtained from these sources were judged to be
excellent in terms of completeness, relevance and traceability. All the parameters that are
associated with each of the test data in this database are described below. References from
which data was compiled are provided in Appendix A.

A total of 170 data points were obtained from ABB-Atom. The data included tests on corrosion
fatigue and constant load tests. Most of these data were cyclic data. A total of 44 data points for
Type 304 under constant load were used in the model formation. A summary of the range of data
from this source is as follows:

Materials Type 304, Type 316NG
Test Temperature (°C) 288

Conductivity (uS/cm) 0.1t01.2

Oxygen, Concentration (ppb) 5to 200

Hydrogen Concentration (ppb) 10to 125

ECP (mV[SHE]) -350 to 160

EPR (C/cm’) 0 to 30

Load Ratio (R) 05t01.0

Frequency (Hz) 2x10%to 2 x 10°
Stress Intensity Factor (MPaVm) 11 to 60
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A total of 272 data points were obtained from ANL. Similarly, this data also consisted of
corrosion fatigue and constant load tests. From this population, a total of 7 Type 304 stainless
steel constant load tests were used in developing the crack growth correlation. The following
provides a summary of the range of key parameters contained in this database:

Materials Type 304,3 16NG, 347, CF-3M, CF-3, CF-8M, CF-8
Test Temperature (°C) 288

Conductivity (uS/cm) 0.2t03.7

O, Concentration (ppm) 0.2t08

ECP (mV{[SHE)]) -560 to 258

EPR (C/cm’) 0to 30

Ferrite Level (%) 5.0 to 27.8 (for Cast Materials)

Load Ratio (R) 0.25t0 1.0

Frequency (Hz) 0.008 to 0.1

K (MPavVm) 17.6 to 72

2.2 GE Nuclear Energy Database

Details of this database are provided in Appendix B of this report. The data were derived from
two different sources (see Appendix B for references to the source of data). The first source of
data was the studies that were performed as part of the pipe cracking investigations and

were used as the basis for the NRC disposition line [3]. The data were reassessed for the test
conditions and the stated crack growth rate. The tests were performed largely by GE. The tests
that were performed were conducted in one of two environments: 0.2 ppm oxygen and 6 ppm
(referred to in the literature as 8 ppm due to the upper test specification limit) oxygen 288°C
high purity BWR water. The tests were conducted at conductivity levels that are higher than the
conductivity levels associated with the current typical operational levels at BWRs. The data
were performed under well-controlled test conditions and are useful to expand the total range
for the correlation development. The tests that were run did not include any ECP measurements.
Therefore, the ECP were assigned based on the test environment. The ECP assigned was
derived from a comparison of several ECP/water chemistry correlations. The ECP values that
were assigned were 60 mV(SHE) and 120 mV (SHE) for the GE 0.2 ppm and 6 ppm tests,
respectively. Because of the uncertainty about ECP, this data set was not used to develop

the correlation but was used to test the correlation as illustrated in Appendix C.

The second, comprehensive data summary was developed by reviewing and assigning crack
growth rates to the data from CAVS tests that were performed at actual operating plants. These
tests were performed at Brunswick 1, Duane Arnold, FitzPatrick, Hatch 1, Limerick, Nine Mile
Point 1, Pilgrim, Peach Bottom 2 and 3 and an overseas plant over the time period of 1988
through 1993. These test systems included ECP measurements and are fully documented tests.
Data from these tests were used to develop the crack growth correlation.
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3

EMPIRICAL CRACK GROWTH CORRELATION
STUDIES

The database of laboratory data developed by SI and GE in Section 2 of this report are analyzed
for the purpose of developing an empirical crack growth correlation for stainless steel. The
objective is to analyze the data so as to derive a crack growth model of the form,

da
—=CK" Equation 3-1

dt

where K is the stress intensity factor. K'is a parameter that describes the stress field near a crack.
It is dependent on the applied stresses, the crack size and the geometry of the cracked body. The
other parameters in Equation 3-1 are C, an environmental term, a, the crack depth, ¢, the time,
and n, a power exponent. In this expression, C and possibly n may depend upon the
electrochemical potential, the conductivity, and other variables as appropriate.

3.1 Evaluation of the Database for Model Development

The combined database was evaluated to ensure that only relevant data was used in the model
correlation development. From this evaluation, it was observed that nearly half of the data were
CAVS data provided by GE. These data are representative of plant water ionic species. The tests
were conducted in autoclaves that were attached directly to various locations in the reactor
coolant loop. Limited in-core crack growth data were also available from four reactors. These
data were not used to develop the correlation but were instead used to test the final correlation
(Appendix C). These data were excluded in developing the correlation since they are irradiated
and the fluence was not available. There is presently considerable uncertainty as to the exact
mechanism(s) that are responsible for IASCC, but it is also known that fluence is an important
variable for correlating IASCC [1], and accurate values for that variable were not available
within the in-core specimen database. In addition, they are wedge-loaded double cantilever
beam (DCB) specimens whereas the specimens used to develop the correlation were thermally
sensitized and were actively loaded compact tension (CT) specimens. One observation from this
database was that the crack growth rate of thermally sensitized specimens was higher than
irradiation-sensitized specimens. It should be noted that the correlation was developed with data
from thermally sensitized specimens and is believed to be conservative for irradiation-sensitized
materials.

Some CAVS specimens were listed with a comment in the database, such as start-up,
beginning of hydrogen injection, hot standby, etc. These short-term transient conditions are
not representative of the long duration, steady operating conditions. Consequently, data from
these specimens were not used in the analysis.
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Empirical Crack Growth Correlation Studies

A relatively large subset of laboratory data was excluded because the specimens were cyclically
loaded. Even though some of the frequencies were relatively low, preliminary pattern recognition
results showed higher crack growth rates for the cyclic data, increasing as the frequency
increases. The purpose of the present work was to develop a correlation for stress corrosion
cracking, i.e., static load, that was representative of the BWR internals. Consequently, only

static load data were used in the calibration.

Having eliminated the above data from further considerations, the resulting database had 122
useable observations that were used to develop the crack growth correlation model for stainless
steel. The adequacy of this resulting database for model development is discussed in Appendix C
of this report.

3.2 Development of Empirically-Based Stainless Steel Crack Growth
Rate Correlation

The empirically based stainless steel crack growth rate correlation was developed using the
pattern recognition and multivariate modeling tools that have been used on several previous
projects [1, 2]. Additional details of the model development are provided in Appendix C of
this report and only a summary is provided in this section. The steps in the analysis included
identifying correlations among the presumed independent variables, using pattern recognition
techniques to identify the most sensitive variables and the form of functional dependence,
performing multivariable modeling by nonlinear least square techniques, and analyzing the
quality of fit by statistical methods and by plotting normalized and residual plots. The list of
the variables that were considered in the pattern recognition and their range of values are shown
in Table 3-1. The effect of these variables on the crack growth correlation is provided in the
following pages. It is noteworthy that the test of the model is performed against a field data set
using the least squares fit and a 95" percentile to encompass this data. This approach is used to
illustrate the conservative nature of the model encompassing all but a few of the field data.

gzll?il:b?;s and Range of Calibration Data Considered in Crack Growth Correlation Studies
Model Variable Minimum | Maximum
Conductivity, uS/cm 0.055 1.50
ECP, mV(SHE) -575 250
Temperature, °C 210 289
Stress Intensity, MPavm 11 60

Conductivity. Conductivity strongly influences crack growth rate. The overall effect of
conductivity is consistent in the smaller subsets of data, although its exponent varies over a
factor of 2. The power law dependence given by Equation 3-1 agrees reasonably well with the
data (considering the scatter) over the range 0.1 to 1 pS/cm (Figure 3-1).
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Figure 3-1
Effect of Conductivity

Conductivity is an easily measured indicator of the concentration of total ionic species present.
Since some ionic species are more aggressive than others, the relationship between conductivity
and SCC behavior varies depending on ionic species. There was insufficient data to calibrate
models for specific anions. However, as shown in Appendix C (Figure C-8), the model is
representative for sulfate, and conservative for chloride.

Stress Intensity Factor, K. The effect of stress intensity, K, on the normalized crack growth rate
of Type 304 stainless steel is shown in Figure 3-2. The slope of the dependence of crack growth
rate on K is not stable as smaller subsets of data are considered, as noted in Appendix C. In the
small number of cases where the same heat was tested in the same environment at two or more
K levels, the exponent varies from about -6 to +12. Most of this variation is undoubtedly due to
scatter in very small samples over a narrow range in K. Over the 122 observations used for
calibration, a best-fit exponent near the value in the NUREG-0313, Revision 2 [3] was found
(2.181 vs. 2.161). The GE PLEDGE model [4], with strain rate proportional to K* and da/dt
proportional to (strain rate) ** would agree with an exponent of 2. However, there is also some
support for a near-zero exponent when K is above a threshold value, because “plateau behavior”
has been observed in a number of studies of stress corrosion and corrosion fatigue cracking. In
particular, the GE subset of data analyzed here shows such an effect, with a basically flat

(K*") dependence on loading. No plateau behavior has been assumed in the empirical model.
Alternatively, a power law has been used which is believed to be conservative over the range of
K considered.
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Effect of K on Crack Growth of Type 304 Stainless Steel

Temperature. A strong effect of temperature was noted in the data, with higher SCC
susceptibility at lower temperatures (Figure 3-3). This is consistent with other testing that
showed a maximum in SCC sensitivity near 200°C [5]. The range in temperature in the data
comes from the CAVS specimens, which are in autoclaves attached to reactor water clean
up (RWCU) system and recirculation loops that are somewhat cooler than the reactor core.
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Figure 3-3
Effect of Temperature on Crack Growth of Type 304 Stainless Steel

Electrochemical Corrosion otential EC . The trends in C are similar in shape but some
what wea er than expected (Figure 3-4). A linear form fits the data as well as other forms that
were tried. The model has a saturating form of C dependence that suggests
insensitivity to C above 200 mV and below -400 mV, but it is similarly near linear over the
range of the data.
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Figure 3-4
Effect of ECP on Crack Growth of Type 304 Stainless

Electrochemical otentiokinetic eacti ation E . uring the pattern recognition and
multivariate analysis phases, it was determined that the degree of sensiti ation { R) was not a
ey variable for the 22 points included in the database. All trends with R were not significant
and were contrary to the expected sign, i.e., da dt decreased as R increased. The interpretation
of R effects is clouded by the R® 0. correlation with test temperature, which must arise
from inadvertent patterns in the data, since it cannot be a physical relationship. n addition,
many R values are estimated rather than measured, so it is the least well- nown variable.
Furthermore, the data available to develop the correlation was based predominantly on test data
from thermally sensiti ed material. nly a limited number of tests on non-sensiti ed material
were available. For all of these reasons, R is not included in the models developed here. ts
absence is not critical because the calibration set included exclusively sensiti ed materials,
so the model developed here is relevant to heavily weld-sensiti ed material ( R 5 C cm?)
and should be conservative for non-sensiti ed or lightly-sensiti ed materials.

nly pre-crac ed specimens were used in the present study to develop the crac growth rate

correlation. n a previous study of a different database [ ], the effect of sensiti ation as measured
by the R test was evident in the probability of initiating crac s in constant extension rate tests
(C RTs), but not in the pre-crac ed specimen growth rates. This historical observation does not
explain the current observation of a negative effect of R, but it does provide further evidence
of the elusive nature of R effects in pre-crac ed specimen data. The uncertainties with respect
to this variable can only be resolved by obtaining more measured values for the current database
and additional heats.
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3.3 Correlation Models

The above observations were used to derive a crack growth correlation model for Type 304
stainless steel for application to the BWR shroud. For purposes of developing the correlation
given here, only those observations with measured values of average conductivity and ECP were
used for model calibration. This prevented the use of older data points that were used in the
NUREG-0313, Revision 2 document, because average conductivity and ECP could only be
estimated for those points.

The best-fit model (see Appendix C) for the Type 304 stainless steel data is:
In da/dt = 2.181 In (K) - 0.787 Cond™* + 0.00362ECP + 6730/T,,,, -35.567 Equation 3-2

where the units are:

da/dt = crack growth rate (change in crack depth per unit time) mm/s

K = stress intensity MPaVm
Cond = average conductivity (determined at room temperature) pS/cm
ECP = electrochemical corrosion potential mV (SHE)
T temperature °K

SHE = Standard Hydrogen Electrode

Imm/s = 141.73 in/hr

The range of data used to develop the model is shown in Table 3-1. It is recommended that the
model should be applied only within these limits.

The above expression in Equation 3-2 represents the mean of the /n [E;—c;-) data. The agreement

between the data and the model given by Equation 3-2 can be evaluated graphically by
examining normalized plots, in which the data points are adjusted as well as possible to a set
of common conditions (assuming that the model correctly reflects the effect of each variable).
The equation for this adjustment is:

In(att), =In(at),, +In(a/t ), -In(a/t ), Equation 3-3
here the meaning of each subscript is as follows:

norm = plotted values

data = actual observed value

SC = value calculated from the model at the standard conditions of all

variables (except using the actual value of the x variable being plotted)

mod = = value calculated from the model at the same conditions as the actual
observed data
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Referring to the normalized plots for the best-fit model, Figures 3-1 through 3-4, there is
reasonable agreement between the data used for calibration and the model when all are adjusted
as nearly as possible to common conditions. The common conditions were:

K = 25.0 Mpa Vm
Cond = 0.10 pS/cm
ECP = 0.0 mV(SHE)
T = 270°C

Figure 3-2 shows how the best-fit model (solid line) compares with the NUREG-0313, Revision
2 line (long dash) when plotted at the normalizing conditions given above. The short dashed line
is the estimated 95" percentile of the residuals about the model, assuming they are log-normatly
distributed. The short dashed line is plotted at +1.645 standard deviation above the model

(a factor of 10.3 on da/dt). The line will be referred to as the 95" percentile model or correlation
in this report and has the form:

In da/dt = 2.181 In (K) ~ 0.787 Cond ™™ + 0.00362ECP + 6730/T,, - 33.235 Equation 3-4

Plots of the best-fit model at conductivities of 0.3 pS/cm, 0.2 pS/cm and 0.1 pS/cm and below
are presented in Figure 3-5. As can be seen from this plot, the best-fit model represents the mean
of all the data. Also shown in Figure 3-5 are plots of the 95" percentile. The 95" percentile plots
bound most of the data and will be recommended for use in the crack growth evaluation of the
shroud, for the given water average conductivity and ECP selected. The evaluation methodology
using the 95" percentile model is discussed in Section 6.
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Figure 3-5
Model Prediction for Best-Fit and 95" Percentile for Conductivity of 0.3 uS/cm

3.4 Comparison of Model Predictions With Experimental Data

The predictions of the 95" percentile model [Equation (3-4)] at the BWR operating temperature
of 288°C and three levels of conductivities (0.1, 0.2, and 0.3 pS/cm) at varying ECP values are
shown in Figures 3-6 through 3-8. Also shown on these figures are the experimental data points
used to derive the model and the NRC disposition curve in NUREG-0313, Revision 2 as well as
a horizontal line representing a crack growth rate of 5 x 10 in/hr which is currently used in flaw
evaluation of the shroud. As can be seen from these figures, for the same values of ECP, the
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model predicts higher crack growth rates with increasing conductivity. It can also be observed
from these figures that with the exception of a few points, the model predictions reasonably
bounds the experimental data at the various conductivity levels and ECP values demonstrating
the conservative nature of the model using the 95" percentile.
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Figure 3-6
Comparison of Stainless Steel Crack Growth Model Predictions (95" Percentile) With
Experimental Data (Conductivity of 0.1 uS/cm Temperature of 288°C and Varying ECP)
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Figure 3-7
Comparison of Stainless Steel Crack Growth Model Predictions (95" Percentile) With
Experimental Data (Conductivity of 0.2 uS/cm Temperature of 288°C and Varying ECP)
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Figure 3-8
Comparison of Stainless Steel Crack Growth Model Predictions (95" Percentile) With
Experimental Data (Conductivity of 0.3 uS/cm Temperature of 288°C and Varying ECP)

| Figures 3-6 and 3-7 demonstrate that at average conductivity levels below 0.2 pS/cm and ECP
values below 200 mV (SHE), the crack growth rate of Type 304 stainless steel is significantly

| below the NRC disposition law. At an average conductivity of 0.3 pS/cm and ECP of 200
mV (SHE), the model prediction is above the NRC disposition curve but not by a significant
margin. At low conductivity (0.1 pS/cm) and HWC conditions (ECP = -230) to -500 mV(SHE),
the model predicts crack growth rates of more than an order of magnitude lower than the

3-12



Empirical Crack Growth Correlation Studies

NUREG curve. These figures also show the conservatism of the K-independent 5 x 10” in/hr
value that is currently used to perform flaw evaluation of the shroud especially at K values below
30 ksiVin. The limited data of crack growth rates at high K values suggest that a strong case can
be established for K-independence behavior in this regime. At high K values, none of the crack
growth data exceeded 5 x 10° in/hr.

3.5 Comparison of Model Predictions With Field Data

The 95" percentile prediction and comparison with crack growth data from four plants (KKM,
Chinshan, Browns Ferry and Brunswick) are shown in Figure 3-9. The plant inspection data used
to determine the crack growth is presented in Section 6.3 with more details provided in Appendix
[. The methodology for determining the stress intensity factor (K) as a function of crack depth is
discussed in Section 5. Figure 3-9 illustrates the NUREG curve and the empirical model
generated for NWC conditions with an ECP of 200 mV (SHE) and an average conductivity of
<0.15 pS/cm (reference curve). Seven of the data points from Brunswick were obtained under
HWC conditions and as expected, they all fall under the reference curve. The remaining points
were all obtained under NWC conditions and all but one fall under the reference curve. The data
also included some welds with fluence above 5 x 10* n/cm’ from KKM. These data points also
fall under the reference curve. In spite of the uncertainties in UT measurements, estimation of K
and fluence effects, the 95" percentile model provides a reasonable bound for field data.

Additional information on shroud cracking to date in domestic BWRs in the U.S. is provided in

Appendix Q. In all circumferential shroud cracking has been identified in at least 29 plants to
date. None of the cracking in these shrouds is through-wall.
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Figure 3-9
Comparison of Model Prediction With Field Data
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4

OPERATING AND RESIDUAL STRESS EVALUATION

Stresses associated with BWR shrouds can be classified into two broad categories; operational
stresses and fabrication-related stresses. Operational stresses are those associated with the
normal operation of the plant and consist of stresses analyzed in the ASME Code stress reports.
Fabrication stresses for the shroud consist mainly of weld residual stresses resulting from
welding the various shroud plates and rings. Additional fabrication stresses include machining
or grinding stresses and fit-up stresses.

4.1 Operating Stresses Experienced by Core Shroud

Operating stresses in the BWR shroud are relatively low. Through-wall membrane stresses are
developed in the shroud as a result of deadweight, differential pressure and thermal expansion.
A survey of stress reports for a representative number of BWR core shrouds indicate that the
maximum operating membrane stress is on the order of 1.6 ksi.

4.2 Background on Weld Residual Stresses

During fabrication of the shroud, several plates and rings are welded together to form the
cylindrical shape. As a result of the welding, residual stresses are developed. Key factors that
determine the magnitude and distribution of the residual stresses are heat input during welding;
weld sequence, weld starts and stops, and cooling time between passes; surrounding joint
geometry; fit-up strains required to make pieces match up; base/weld metal mechanical
properties; load weld repairs; post weld heat treatment; and any post weld mechanical processes
such as grinding and machining. Even though it is believed that residual stresses play a
significant role in any potential cracking of the shroud, the magnitude of these stresses and their
distribution have not been studied extensively for the shroud configuration. A considerable
amount of experimental and analytical work performed to determine the residual stress of butt
welds in stainless steel piping [3, 7, 8, 9] have shown that, in general, near-yield level tensile
residual stresses are developed on the inside surface. Small-diameter piping welds (thickness

< 1.0 inch), exhibit through-wall linear bending residual stress distribution with tensile yield
level stress on the inside surface [7]. The through-wall distribution for large-diameter piping

is U-shaped, as shown in Figure 4-1, with tension on the inside and outside surface and
compression in the middle half of the pipe wall. Also shown in Figure 4-1 is the through-wall
axial residual stress distribution accepted by the NRC for IGSCC crack growth evaluation of
large-diameter piping. Since the thickness of a typical BWR shroud is 1.5 inches, it can be
expected that the through-wall residual stress distribution will be similar to that of the large-
diameter piping shown in Figure 4-1. However, there are some significant differences between
the two components such that the large-diameter piping residual stress distribution may not be
directly applicable to the shroud. In the first place, most piping welds are fabricated one-sided
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while a typical shroud is welded from both sides, as shown in Figure 1-3. Hence, the constraint
during the welding process may be significantly different for the two components. Secondly,
some of the weld locations of the shroud, especially at the welded rings for H3 and H6 are very
stiff and the additional stiffness provided by the welded rings could influence the through-wall
residual stress distribution. Thirdly, the heat input used in the fabrication of the shroud may be
different from that used for the piping butt weld. The flexibility of the shroud measured in terms
of the radius-to-thickness (R/t) ratio is also different than that of a typical piping weld which
could also affect the residual stress distribution. Because of these differences, both experimental
and analytical studies were performed to quantify the magnitude and distribution of the weld
residual stresses in typical BWR shrouds. In performing these studies, it is recognized that one
residual stress distribution may not be able to represent all the various weld locations of shroud.
Consequently, specific studies were performed for the shell-to-shell welds, such as H4 and H5,
as well as for the shell-to-ring welds, such as H3 and H6.

INSIDE WALL OUTSIDE WALL
O —T—TT1T T T T T T 1
40 o GE 26 _
0 GE 26 (4 azimuths)
o ANL 26 (2 azimuths)
30k o © ANL 26 (IN-SERVICE FROM KRS) -]

STRESS (ksi)

'
<3

a/t

Figure 4-1
NRC Accepted Axial Weld Residual Stress Distribution for Large Diameter
Piping [3]
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4.3 Residual Stress Measurements of Core Shroud Welds

The weld residual stress measurements of the shroud employed both surface residual

stress measurements by using a blind hole drilling method and through-wall residual stress
measurements utilizing the crack compliance method. The measurements were performed on
spare BWR/6 shrouds for two plants that were never put in service as described in the following
sections.

4.3.1 Near-Surface Residual Stress Measurements

The near-surface residual stress measurements were performed on spare BWR/6 reactor core
shrouds at Grand Gulf Nuclear Station (GGNS) and River Bend Nuclear Station (RBNS).
Details of these measurements are provided in Appendices E and G of this report. The following
provides a summary of these measurements.

Measurements at Grand Gulf Nuclear Station (GGNS)

The spare shroud at GGNS was fabricated using Type 304L stainless steel and measured
approximately 20 ft. high by 20 ft. in diameter with a wall thickness of approximately 2 inches.
Residual stress measurements were made by Sandia National Laboratories, Albuquerque, New
Mexico, at five weld locations on the outside (OD) surface and corresponding locations on the
inside (ID) surface. These five locations corresponded to the H3, H4, H5, H6A, and H6B weld
shown in Figure 1-1. At each location, measurements were made at the weld, the heat affected
zone (HAZ) and outside the HAZ. The H3 OD, H6A ID, and H6B ID and OD weld crowns were
not measured since they are fillet welds.

The residual stress measurements were made using the blind hole drilling method. This method
is the standard technique used to determine surface residual stresses and described in ASTM
Standard E837-94 [10]. The method involves bonding three strain gages in the form of a rosette
at three angles, 0°, 45°, and 90° to form a circle. A hole is drilled in the middle of the rosette and
as the hole is being drilled, the strain that is relieved is measured. The depth of the hole is limited
to 40% of the gage diameter. Residual stresses can then be determined from the relieved strain
using relationships provided in ASTM Standard E837-94. During the tests, a gage diameter of
0.202 inches and two hole diameters of 0.062 inches and 0.072 inches were utilized. The full
depth of the drilled hole was 0.081 inches and the strain measurements made to a depth of

0.072 inches.

A total of 39 strain measurements were made on the shroud. Each measurement consisted of

10 strain readings recorded at 0.008 inch increments. The data was then reduced to calculate the
hoop, longitudinal, and shear stresses. Because of the various surface treatments performed on
the shroud surface (such as sand blasting and grinding) before the test, the first two to three data
points were compressive and inconsistent compared with the other data points. As such, these
data points were not considered in determining the surface residual stresses. Having eliminated
these data points, the stresses as a function of depth were plotted to determine the uniformity of
the stresses. As a result of this, three categories of measurements were established. Equivalent
stresses that plotted out as a straight horizontal line showing uniformity were referred to as
“good”. Equivalent stresses that plotted as slightly curved line or was slightly angled were

4-3



Operating and Residual Stress Evaluation

referred to as “marginal”. The last category referred to as “non-uniform” was equivalent stresses
that did not show any clear trend. Of the 39 measurements, 13 were good, 18 were marginal and
7 were non-uniform. The measurements that did exhibit non-uniform behavior were considered
questionable and therefore eliminated from further considerations.
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Measurements at River Bend Nuclear Station

The spare shroud at River Bend was also fabricated from Type 304L stainless steel with
measured room temperature base metal yield stress of 35 ksi. Near surface residual stress
measurements were made on both the inside surface and outside surface at welds H3, H4, H5,
H6a, and H6b by the EPRI NDE Center staff. At each location, measurements were made, at 1/4
inch above the weld fusion line, the weld centerline and 1/4 inch below the weld fusion line.

The blind hole drilling method was also employed for the measurements consistent with the
requirements of ASTM Standard E837-94 [10]. Strain readings were taken at consistent depth
intervals and continued until the strain readings stabilized. This ensured that a direct correlation
could be made among all rosettes and gages. The drilling continued to a consistent depth of
0.090 inches. The relief strain values stabilized at a drilled depth of about 0.060 to 0.075 inches.
The strain measurements were then reduced to calculate the residual stresses.

The measured residual stresses are shown in Table 4-2. As can be seen from this table, most of
the measured values are tensile and near or above yield level. Weld H6a showed somewhat less
tensile residual stress above the fusion line and in one case it showed compressive residual stress.
Similar to the measurements obtained from Grand Gulf, the conclusion to be drawn from the
measurements at River Bend is that, in general, yield level tensile residual stresses are present

at the surface of weld locations of the shroud. Details of the test procedure and measurements at
River Bend are provided in Appendix E of this report.
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Table 4-1
Summary of Near Surface Residual Stress Measurements at Grand Gulf Nuclear Station
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Table 4-1
Summary of Near Surface Residual Stress Measurements at Grand Gulf Nuclear Station (Continued)
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Table 4-2
Summary of Near Surface Residual Stress Measurements at River Bend Nuclear Station
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4.3.2 Through-Thickness Residual Stress Measurements at River Bend Nuclear
Station

Through-wall residual stress measurements of the shroud welds H5, H6A, and H6B at River
Bend were performed by University of California, Berkeley using the crack compliance method.
The theoretical background of this method and details of the methodology in application to

the measurements of the shroud at River Bend are provided in Appendix F of this report. In
summary, the method involves installing a strain gage at an optimal location of a specimen
containing the weld. An electrical discharge wire machining (EDWM) is used to introduce a thin
cut of increasing depth in the specimen. The strain distribution during the cutting process is
measured. The relationship between the stress released and the measured strain is given by:

efa) = Z % Ci (a) Equation 4-1
i-0
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The unknown residual stress distribution is represented by a series:

n
o(x) = Z o P; (X) Equation 4-2
i=0
where:
P;(x) = the surface traction
Gi = the amplitude factor for the i" term P, (x)
E = an elastic constant

Ci(n) = the crack compliance function for P; (x)

The crack compliance functions were obtained by using fracture mechanics solutions in the
literature or finite element analysis. When a number m > n+1 of strain measurements are made,
a less square fit can be used to minimize the average errors involved in the measurement and
estimation resulting in n+1 linearly independent equations given as:

m

. 2
_8__ |:8(aj)'zcka (aj)} =0 i=0,..,n Equation 4-3
aGi j=1 k=0

from which the unknown @; can be solved.

The above procedure was used to determine the through-wall residual stress distribution

in the shroud for welds H5, H6a, and H6b. The geometry of the specimens that were used to
obtain the measurements are shown in Figure 4-2, and the weld profiles as well as location
of the measurements are shown in Figure 4-3. The strain and the through-wall residual stress
distributions are presented in Appendix F (Figures F-4 through F-9).
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Figure 4-2
Test Specimens for Through-Walil Residual Stress Measurements at River Bend Nuclear

Station
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Figure 4-3
Weld Profiles and Planes for Through-Wall Weld Residual Stress Measurements at River

Bend Nuclear Station
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The use of this procedure required that the specimen be cut out of the shroud. Details of

the parting out of the test specimen from the shroud for the through-wall residual stress
measurements are provided in Appendix E. In summary, the severed piece was parted out of

the remainder of the shroud using water jet cutting instead of the traditional plasma arc cutting.
This resulted in a fairly smooth edge finish without inducing excessive heat build-up. Prior to
the parting out of the specimen strain gages were mounted axially and circumferentially centered
on the outside surface of weld H5. The cutting was made such that welds H5, H6a and H6b are
included in the parted out specimen. The strain gages measured the relieved strain during the
cutting process.

The original residual stress (6 in the shroud consists of two parts:

Cr=01102 Equation 4-4
where:
ol = stress measured in the specimen as described
o2 = change of stress when the specimen was cut out (parting out stress)

The distribution of ¢, is determined by strain measurements obtained during the parting out

process of the test specimen from the shroud. The through-wall measurements for ¢, ¢ ,, and
o, are presented in Appendix F. As described in Appendix F, the parting out stress (¢ ,) is a
through-wall bending stress with tension on the ID surface of the shroud. Hence, the final
residual stress distribution (c,) is more tensile on the ID surface and less tensile on the OD
surface of the shroud. The parting out stress was determined to be more significant for the
shell-to-shell welds than the ring-to-shell welds.

4.4 Analytical Determination of Residual Stresses in Core Shroud Welds

In parallel with the experimental determination of weld residual stresses of the core shrouds

at River Bend and Grand Gulf Nuclear Stations, finite element analyses were performed by
Dominion Engineering Inc. to analytically determine the weld residual stresses. The objective
of this activity was to develop an analytical technique to complement the experimental residual
stress distribution. The analyses were performed using geometrical and weld procedure
information for the spare core shroud at River Bend and a shroud mock-up fabricated by Tokyo
Electric Power Company (TEPCO). The choice of the parameters of the River Bend shroud for
analytical modeling is convenient because it offered the opportunity of comparing the results of
the analytical evaluation with the experiment results discussed in the previous sections. For River
Bend, the study focused on the circumferential welds H4, H5, H6a, and H6b, since the most
significant cracking, in terms of extent and depth, has been reported to be in the HAZ of the
circumferential welds. The circumferential H2 and H3 welds were analyzed for the TEPCO
shroud mockup design.
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The weld residual stress analyses were performed using the ANSYS finite element code [11].
The symmetrical nature of the shroud permitted an axisymmetric finite element model to be
employed for the analysis. Because of the relatively high temperatures associated with the
welding process and the resulting high strains, a thermo-elasto-plastic analyses was performed
utilizing temperature-dependent material properties. For the analysis of the welds at River Bend,
the yield strength of the weld metal was obtained from actual certified material test reports at
River Bend that indicated a very high yield stress value of 67 ksi. The base material was assumed
to be 40 ksi that is typical of values used for Type 304 stainless steel for this kind of analysis.
Other than the yield stress, all material properties were assumed to be the same for the base

and weld metals. It was assumed that both the base and weld metals behave as elastic-perfectly
plastic materials. Eight to ten weld passes were assumed based on information obtained from the
welding procedures used in the fabrication of the shroud at River Bend. In the analysis of the
TEPCO shroud mockup, the same yield stress of 67 ksi was used for the base metal and the weld.

The simulation of the welding process consisted of three stages. In the first stage, a thermal
analysis was performed. This involved application of appropriate thermal boundary conditions
followed by simulation of each welding pass. Weld passes were simulated by successively
activating the elements that make up each weld pass, applying a uniform heat generation rate

to all the elements in the pass and then allowing the weld metal and shroud to cool to room
temperature. Temperature distributions were calculated at a number of points in time during each
weld pass and saved for use with the structural model. The second stage involved the structural
analyses that were performed by the application of the temperature distribution to a structural
model. Residual stresses were then determined by sequentially imposing the temperature
distributions at each time step as loads on the structural model and then solving for the resultant
stresses. In the final stage of the modeling process, the shroud was subjected to a post weld heat
treatment for 24 to 48 hours at 750°F. This only involved welds H3, H4, H6a, and H6b.

To account for all the shroud welds under consideration, the analyses were performed on three
separate finite models. One model was created for weld H3. One model was created for welds
H4 and H5 since the weld preparations are essentially identical for these two welds. The third
model included welds H6a and H6b since the effects of one of these welds on the other may not
be negligible. A separate model was developed for welds H2 and H3 in the TEPCO shroud
mock-up.

The results of the analyses for all the welds considered are shown in Appendix H (Figures H-13
through H-19). The results show the distribution of through-wall axial and hoop stresses at key
locations of the weldments as well as contour plots. For the River Bend models (Figures H-14
through H-18), the plots reflect different yield strengths for the base metal and weld metal

(40 and 67 ksi, respectively). For the TEPCO model (Figure H-13), the plots reflect identical
yield strength of 67 ksi for both the base metal and the weld. The following observations are
made for the shell-to-shell welds (H4 and H5) in Figures H-15 and H-16.

e The maximum hoop stress occurs on the side of the shroud where the last welding was
performed (in this case, on the OD side).

o The axial stress is highest on the side of the shroud, opposite of where the last welding was
performed (in this case, on the ID side).
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e There is a zone of high compressive axial stress in the middle of the shroud wall.

e Stress relief performed on weld H4 causes the final residual stresses to be lower than on the
similar weld H5 that is not stress relieved.

The analysis also demonstrated the residual stress distributions of the ring welds (H3, H6a, and
H6b) are slightly different than that of the shell-to-shell welds shown in Figures H-13, H-14, and
H-18. This suggests that the stresses at the ring welds are affected by the large mass of metal in
close proximity of the weld that increases the stiffness of the shroud.

4.5 Comparison Between Experimental and Analytical Results

In this section, the surface and through-wall residual stress measurement reported earlier

are compared with the analytical prediction, with the objective of establishing the basis for
recommendation of appropriate residual stress distributions for use in the crack growth
evaluation for the various welds of the shroud. The first comparison made with the analytical
predictions examined the surface measurements. This comparison is considered to be of
relatively less importance since only the analytically predicted stress at the surfaces is used.

It should be realized that the measured surface stresses could be influenced by a number of
factors, including the surface preparation such as grinding, and therefore may not provide very
meaningful comparison from plant to plant. Figures H-13 through H-18 provide the comparison
between the measured surface stresses and the analytical predictions. For the TEPCO shroud
mock-up shown in Figure H-13, the calculated stresses provide an upper bound to the measured
stresses. The scatter of the experimental data and the relatively few measurement locations made
it difficult to draw any definitive conclusions regarding the comparison. Figures H-14 through
H-18 provide comparison between the analytical prediction with the surface measurements at
River Bend and Grand Gulf. Even though there is significant scatter in the experimental results,
the measured and calculated stresses are both consistent with the presence of high surface
stresses near the HAZ.

The comparison of the experimental and analytically predicted through-wall axial residual stress
measurements is shown in Figures 4-4 through 4-6 for welds H5, H6a, and H6b, respectively. It
can be seen from these figures that, in general, the analytical predictions have the same through-
wall shape as the experimentally measured distribution; with tensile stresses on the inside and
outside surfaces and compressive stresses in the middle half of the shroud wall.
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Figure 4-4
Comparison of Experimental and Analytical Through-Wall Residual Stress Distribution for Weld H5
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Figure 4-5
Comparison of Experimental and Analytical Through-Wall Residual Stress Distribution for Weld H6a
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Figure 4-6
Comparison of Experimental and Analytical Through-Wall Residual Stress Distribution for Weld H6b
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4.6 Weld Residual Stress Distribution for Analysis of Core Shroud Welds

For the purpose of providing generic guidance for residual stress distribution for analysis of
core shroud welds, the welds were grouped into two categories. The first category includes the
shell-to-shell welds. These are the H4 and H5 welds. The experimental (both surface and
through-wall) and analytical through-wall residual stress distributions discussed earlier for these
welds are shown in Figure 4-7. As can be seen from this figure, there is some variability in the
residual stress distribution considering all the data. However, the trending of the residual stress
distribution is very clear. Near the inner and outer walls of the shroud, the axial stresses are
tensile and the middle half is compressive. The residual stress distribution curve shown in |
Figure 4-7 is made symmetric with respect to mid-wall of the shroud with the surface stresses

at a conservative value of 50 ksi tensile. This value of stress is greater than the nominal yield
stress of stainless steel that is typically 35-45 ksi. However, this conservative value was chosen
to account for factors such as cold work and strain hardening of the material during fabrication
and welding. The maximum compressive stress of 25 ksi at mid-wall was conservatively chosen
as half of the maximum tensile stress.

The scatter of the experimental and analytical data points around the residual stress distribution
in Figure 4-7 is similar to that of the NRC curve presented in NUREG-0313, Rev. 2 for thick
diameter piping and shown in Figure 4-1. It can be seen, by comparing the residual stress curve
for the shell-to-shell shroud welds in Figure 4-7 to the NRC recommended curve for large
diameter piping in Figure 4-1, that the two curves exhibit similar through-wall behavior. One
difference is that the curve from Figure 4-7 for the shroud conservatively assumes a maximum |
tensile stress of 50 ksi on both the inside and outside surfaces resulting in a symmetrical
through-wall axial stress distribution. This is not unreasonable since piping butt welds are
one-sided, welded from the inside out, while the shroud is welded from both sides and as such,
a symmetrical distribution should be expected. The digitized values of the recommended curve
are provided in Table 4-3.

The second category of welds includes the shell-to-ring welds similar to the HZ, H3, H6a, and
H6b welds. The experimental, analytical, and recommended through-wall distributions for welds
in this category are shown in Figures 4-8 through 4-10 for H2/H3, H6a and H6b ring welds,
respectively. The trend in the through-wall distribution for these welds is similar to the shell-
to-shell welds. The residual stress distribution previously presented for the shell-to-shell welds l
in Figure 4-7 is also shown in Figures 4-8 through 4-10. As can be seen from this figure,

this curve is also a reasonable curve for the shell-to-ring welds. Figure 4-11 also shows a
comparison of only the experimentally determined stresses (both surface and through-wall)

with the recommended curve. Once again, it can be seen that if only the experimental curves

are considered, the residual stress distribution from Figure 4-7 appears to be reasonable
representation of axial through-wall residual stress distribution for the shroud welds. Additional
justification for the applicability of the generic residual through-wall stress distribution curve to
both the shell-to-shell and shell-to-ring welds is provided in Appendix O.
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Figure 4-7
Through-Wall Axial Residual Stress Distributions in HAZ for Shell-to-Shell Weld of Core Shroud (H4/H5) and Comparison With
the Standard Curve
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Table 4-3
Through-Wall Axial Stress Distributions for BWR Shroud Welds
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Figure 4-8
Through-Wall Axial Residual Stress Distributions in HAZ for Core Shroud Shell-to-Ring Welds (H2/H3) and Comparison With
Standard Curve
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Figure 4-9
Through-Wall Axial Residual Stress Distributions in Weld for Core Shroud H6a Shell-to-Ring Welds and Comparison With
Standard Curve
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Figure 4-10
Through-Wall Axial Residual Stress Distributions in Core Shroud H6b Shell-to-Ring Welds and Comparison With Standard Curve
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Figure 4-11
Comparison of Experimental Measurements (Surface and Through-Wall) With Standard
Curve
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It is acknowledged in the generic residual stress distribution provided herein, that the
through-wall residual stress profiles at local regions of the shroud can be affected by several
factors including fit-up stresses, weld joint geometries, welding parameters such as heat input,
welding sequence, welding starts and stops, repairs, material properties and distortions of the
shroud during installation. Indeed, the scatter in the data points in Figures 4-7 through 4-10
suggest that there may be, on occasion, residual stress profiles at local regions of the shroud that
may be more conservative than the generic curve shown in Figure 4-7. While it may be difficult
to give specific guidance as to how to address the various parameters for each individual BWR
shroud, comfort should be taken from the fact that the effects of these factors are expected to

be localized. In addition, other stresses, such as oxide wedging, may play a role in through-
thickness crack growth. The magnitude of these stresses is not well defined and consequently
they are not explicitly addressed in this report. However, in examining the field data, particularly
for the Brunswick H3 and the KKM H4 cracking, the incremental crack growth appears to be
reasonably well accommodated by the empirical correlation, absent consideration of the oxide
wedging stresses. If oxide wedging stresses are significant, then they will shift the data points in
Figure 3-9 to the right, thus making an even more favorable comparison of these data points with
the 95" percentile curve. Thus, it is expected that while for some localized areas of the shroud
welds, the generic curve may be non-conservative, this must be compensated by other localized
regions with more favorable residual stress distributions. Hence, the possibility of having a deep
growing crack around the entire circumference of the shroud is very small, consistent with field
experience. It is, therefore, believed that the generic weld residual stress profile presented in
Figure 4-7 provides a reasonable representation for the general global behavior of BWR shroud
welds for safety evaluation purposes. Consideration of localized stresses in the evaluation is
discussed in the following section.

4.7 Methodology for Addressing Localized Stresses

To fully address these localized stresses (both operating and secondary stresses) acting on the
core shroud, two additional stress profiles are added to the above generic weld residual stress
distributions as discussed in Reference [26].

1. A very conservative membrane stress to account for operating and local stresses on the
shroud,

2. A surface residual stress distribution to account for local surface effects resulting from weld
repairs and other local phenomena.

The approach taken is to determine an upper bound operating membrane stress on the shroud and
then conservatively double this stress. This is then combined with the surface residual stress
distribution and the generic weld residual stress distribution as presented in Figure 4-12. The
resultant stress distribution is shown in Figure 4-13. The basis for these two additional stress
distributions is provided in the following paragraphs.
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Figure 4-12
Through-Wali Stress Distributions for Weld Residual Stress, Maximum Membrane Stress
and Surface Residual Stress

Content Deleted -
EPRI Proprietary Information

4-25



Operating and Residual Stress Evaluation

Content Deleted -
EPRI Proprietary Information

Figure 4-13
Combined Through-Wall Stress Distribution

Finite element analyses performed as part of this study confirmed that local residual stresses
due to repair and fit-up can produce significant surface and through wall stresses in localized
regions. It is recognized that fabrication-related repairs to the core shroud welds that involve
deep excavations to remove defects (theoretically as deep as 1/2 wall since these are double
V-groove welds) and rewelding to fill up the cavities may have generated high local stresses.

In some cases, stresses at repairs may exceed the generic weld residual stress distributions
recommended above. The highest stresses are likely to occur where an excavation was small in
circumferential extent. Filling such an excavation is a very high constraint situation that leads to
high weld shrinkage stresses. At the surface, where one of the principal stresses is by definition
zero, the residual stress is limited by the yield strength of the material. The recommended stress
distribution proposed in Figure 4-13 has a surface stress of approximately 60 ksi which is well
in excess of the nominal yield strength of the base metal to allow for some strain hardening

and should account for the actual surface stresses at repair locations. Deeper in the repair weld,
where a hydrostatic tensile stress is possible, principal stresses may exceed the recommended
distribution for repairs of small circumferential extent. For repairs of large circumferential extent
that involve deep excavations (e.g. 1/2 T), the restraints on the repair welds are similar to those
on the original fabrication welds and are expected to have residual stress distributions similar
to those calculated for the final fabrication weld, i.e., the second side of the double V weld.
Because both sides of the shroud were accessible during fabrication and welds were made from
both sides, there should have been no weld defects that required excavations greater than 1/2 T
for repair.
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RESIDUAL STRESS EVALUATIONS

i TYPES OF LOCALIZED WELD REPAIRS FOR THE WELD REPAIR
I
{

WELD REPAIR
CAVITY

T/4

Figure 4-14

QUARTER THICKNESS WELD REPAIR

THROUGH WALL REPAIR MADE AFTER THE
WELDING OF THE FIRST QUARTER OF THE
WALL THICKNESS

SIMULATES FINDING A ROOT BEAD DEFECT

THROUGH IN- PROCESS RADIOGRAPHY Le.,
INSPECTING AFTER THE ROOT IRST
FOUR FILL LAYERS ARE COMPLB'ED

HALF THICKNESS WELD REPAIR

WELD REPAIR OF COMPLETED GROOVE WELD
REQUIRING THE REMOVAL OF EXISTING WELD
METAL TO A DEPTH OF T/2

SIMULATES FINDING A WELD DEFECT AT MIDWALL
\L/JVPE(I:_)B FINAL RADIOGRAPHY OF THE COMPLETED

FULL THICKNESS WELD REPAIR

MAJOR THROUGH WALL REPAIR OF A
COMPLETED GROOVE WELD REQUIRING FULL
REMOVAL OF THE EXISTING WELD METAL IN
THE REPAIR AREA

SIMULATES FINDING A ROOT BEAD OR NEAR
ROQOT BEAD DEFECT UPON FINAL RADIOGRAPHY
OF THE COMPLETED WELD

The Three Types of Localized Repairs Used in the Weld Repair Study [12]
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Based upon standard principles of elastic stress analysis, it is estimated that the effect of the
triaxial restraint present at the ends of a repair excavation should affect the residual stresses from
the welding for a distance no greater than ten times the plate thickness. In the center of the repair
weld, greater than ten thicknesses from either end, the geometry is essentially axisymmetric as
was assumed in the weld residual stress simulation analysis presented in Section 4.4. Therefore,
in the portions of long repairs that are away from the ends of the excavation, the generic weld
residual stress distributions presented above should be applicable.

The high local stresses that may exist in the vicinity of repairs of small circumferential extent or
near the ends of long repairs have little effect on the structural integrity of the shroud. Even if
cracks grow rapidly in these regions of high stress, they should affect only a small percentage
of the total shroud circumference. In addition, the residual stresses from high constraint local
repairs will relax rapidly as cracks progress through or adjacent to the repair weld deposit. Since
it is expected that essentially all in-process repairs were significantly less than or equal to half
thickness, the local residual stresses from repairs should be relieved rapidly as cracks progress
through the wall. In addition, where very deep repairs exist, cracks can grow rapidly to depths
not predicted by the generic weld residual stress distribution. However, these short cracks have
no significant effect on the structural reliability of the core shroud.

Through-wall membrane stresses are however, developed as a result of operating stresses acting
on the shroud as discussed in Section 4.1. The maximum operating membrane stress distribution
should be doubled to 3.2 ksi to conservatively account for the effects of fit-up and local repairs
on the core shroud residual stresses.

Furthermore, due to the uncertainty associated with the local weld stresses, in addition to the
weld residual stress profile and the conservative 3.2 ksi membrane stress described above, a
stress profile shown in Figure 4-12 should be used to account for local surface effects resulting
from weld repairs and other local phenomena should be added to determine the K distribution.
This stress distribution is a curve fit of a distribution that has 10 ksi tensile stress on the outer
10% of the ID and OD of the shroud which is balanced by a compressive stress in the middle
80% of the shroud wall.

4.8 Stress Relaxation Effects

The residual stress distributions in the shroud welds do not take into account possible stress
relaxation during service. There are two primary sources of residual stress relaxation. The first
is attributable to neutron irradiation. This effect has been studied in Reference [13] for several
stainless steels and nickel alloy materials. The results of this study, for stainless steel, are shown
in Figure 4-15. It can be seen from this figure, for neutron fluence less than 10" n/cm’ (E >1.0
MeV), that the effect of fluence is negligible. Fluences above 10" n/cm’ (E >1.0 MeV) may have
significant effect on relaxation of weld residual stress. It is expected that the midspan of the
shroud exposed to the highest fast neutron flux will experience a fluence level up to 5.0 x 10”
n/cm’ (E >1.0 MeV) over ten effective full power years (EFPY). This translates into a stress
relaxation of 30%. The regions of the shroud outside the midspan region will experience levels
of 1to 20 x 10" n/cm’ (E >1.0 MeV) over 10 EFPY. This fluence level leads to stress relaxation
of 10 to 15%. A conservative assumption was made to take no credit for stress relaxation due to
irradiation in this study.
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Figure 4-15
Stress Relaxation Due to Neutron Irradiation [13]

The second source of weld residual stress relaxation is due to temperature effects. At the BWR
operating temperature of 550°F, there is a small relaxation of weld residual stresses as shown in

studies performed in References [14] and [15]. This effect, however, is relatively small compared
to irradiation-induced relaxation.
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5

FRACTURE MECHANICS CONSIDERATIONS

A key parameter in the crack growth correlation developed in Section 3 for the core shroud
horizontal welds is the stress intensity factor (K ). In this section, the stress intensity factors for
the operating stresses and the residual stresses discussed in Section 4 are developed to assist in
the crack growth evaluation. Allowable flaw size determination for the shroud is also discussed.
The crack growth evaluation and the allowable flaw size are used to determine the safe operating
period of a flawed shroud.

5.1 Stress Intensity Factors Due to Applied Stresses

In general, the applied stresses consisting of dead weight, seismic and thermal loads are
relatively small for the shroud as discussed in Section 4.1. As such, it will be conservatively
assumed that these stresses are applied in pure tension. Several solutions for K, have been
provided in the literature for part-wall, part circumference flaws in cylinders. One solution that is
particularly suited for a flawed shroud is that developed by Zahoor in the EPRI Ductile Fracture
Handbook [16]. This expression is given by:

K, = (ma)*’ 6, F, Equation 5-1
where:
o. = applied stress
F, = L1+xe[0.15241+16.772 (x #6/m)**°-14.944 (x#6/m)]  Equation 5-2
x = ahl
06 = R

i

R, R, and t are the pipe mean radius, inner radius, and wall thickness, respectively, 0 is the flaw
half-angle, and F, is a geometric factor. The parameters a and Zc are the flaw depth and flaw
length measured at the pipe inside surface, respectively. The through-wall variation of the
parameter £ for various flaw lengths around the circumference is shown in Figure 5-1. Another
model that accounts for R/t ratios is discussed in Section 5.2. The model provided in Section 5.2
was used to determine K, for the applied stresses. The model represented by Equations 5-1 and
5-2 was used to account for finite flaw length as explained in Section 5.2.
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Figure 5-1

Parameter F, to Describe Stress Intensity Factor K, for the Part-Through-Wall, Part
Circumference Flaws [15]

5.2 Stress Intensity Factors Due to Weld Residual Stresses

Due to the non-uniform through-wall distribution of the weld residual stresses as shown in
Section 4, a closed form solution for K, is not available for this case. Hence, as presented in
Reference [23], the methodology of Cheng and Finnie [17], is used to determine the K, solution
for the generic weld residual stress distribution discussed in Section 4. This methodology for
calculating K is especially suitable because it applies to any arbitrary stress and R/t ratio. The
expression for K, is given as:

Fy(ali) m .
K = ff(alt) - f"(al uation 5-
| \/ﬂ'a{ (alt) s(a/t)+(M/(37r,B)) (a t)} Equation 5-3
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where: a, t, and R are crack depth, thickness and mean radius, respectively, B = [3(1-p®)]"™, f'(a/t)
and Fy (a/t) are functions obtained for an edge-cracked strip [18]. They may be expressed as:

a/t _
P =31, A" [1-22+6-362) cos ™ (E2) + =D 524z Equation 5-4
t T t 0 1-z Fz 2
1-(—)
1-z
where z = x/t
1-2 at-79a-5° 3
F=—>Ll: G =—nuol_ ' yitha=-= Equation 5-5
a a 28
t t
and
a, 3/ta pAyem A, A .
Fg (T)= f (T)f (T)f (T)d(T) Equation 5-6

0

The other two functions f"(a/t) and s(a/t) in Equation 5-3 can be obtained respectively by
substituting a bending stress distribution in Equation 5-4 and by substituting f*(a/t) with " (a/t)
in Equation 5-6.

The K, distribution obtained with this model for the generic core shroud weld residual stress
distribution is shown in Figure 5-2 for various R/t ratios. As can be seen from this figure, K,
increases to a maximum positive value and then decreases to a point where K, crosses over from
positive to negative. The crossover from positive to negative K shifts to the right as R/t increases.
The above formulation has been compared with another formulation by Buchalet and Bamford
[19] and compares very well for R/t ratio of 10 and for the edge-cracked plate (R/t = ). It
should be noted that the K, formulation assumes a 360° circumferential flaw and, as such,

the K, solution may be very conservative for cases where the actual flaw length in the shroud

is relatively short.

For BWR core shrouds, the R/t ratio varies between 45 and 80. Most of the core shrouds have
R/t ratios closer to 60. The K, distribution for R/t of 60 is therefore used on a generic basis. The
generic K, distribution for both ID and OD initiated flaws is shown in Figure 5-3. As can be seen
from this figure, K, increases on the inside and outside surfaces to a peak value at less than 15%
through the wall. Thereafter, K, decreases and becomes compressive after about 60% of wall
indicating crack arrest. This observation is significant because it shows that shallow cracks in the
shroud may grow but the crack growth significantly decreases around mid-wall and could even
arrest. This observation is supported by actual field data presented in Appendix I of this report
that shows that shallow flaws grow relatively faster than deep flaws. Digitized values of the
normalized K distribution (K /Vt) versus a/t are shown in Table 5-1 for the various stress
distributions.
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Table 5-1
Normalized Through-Wall Stress Intensity Factor Distribution for BWR Shroud Welds
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The K, distribution shown in Figure 5-2 and Table 5-1 is applicable to both the shell-to shell and
shell-to-ring welds. Justification for applying the same K, distribution to both configurations is
provided in Appendix O.

As discussed above, the fracture mechanics model used to obtain the K, distribution for the weld
residual stresses assumes a 360° flaw. There may be situations where this assumption may be
overly conservative and some relief may be required to account for short flaws. A conservative
way to account for finite flaw length is to assume that the K, distribution for a particular flaw
length will be reduced, based on the reduction of the F, factor, shown in Figure 5-1 for that flaw
length relative to the 360° flaw. As an example, if we consider a flaw with a/t = 0.8 in Figure 1,
and 6/m = 0.2, the reduction of the K, value as determined with the above methodology will be
(2.1/2.6) = 0.81. This implies a 19% reduction in K values considering the 360° flaw shown in
Figure 5-4. Figure 5-4 provides the distribution of these flaw reduction factors as a function of
a/t and 6/m.
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Figure 5-4
Flaw Reduction Factors for Determination of K, for Weld Residual Stresses in BWR Shrouds with Part-Circumference Flaws
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5.3 Effect of Localized Stresses on Stress Intensity Factor Distribution

As discussed in Section 4-7, localized stresses are conservatively accounted for by
superimposing a membrane stress of 3.2 ksi and a surface residual stress to the generic weld
residual stress distribution. The combined stress distribution is presented in Figure 4-13. Using
the methodology outlined in Section 5.2, the K distribution for this combined stress distribution
is determined and presented in Figure 5-5. The K distribution is presented for three R/t ratios
which bound the BWR fleet. As can be seen from this figure, no crack arrest is predicted. As
noted earlier in Section 5.2, the K distribution for R/t = 60 can be used on a generic basis.

Thin-walled cylinders due to combined stresses with double max. membrane stress

0 ! l L I | i £ { ;

0 0.2 04 0.6 0.8 1.0

Normalized Thickness - a/t

Figure 5-5
K Distribution for a Combination of Weld Residual Stress, Surface Residual Stress and 3.2
ksi Membrane Stress [26]
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5.4 Allowable Flaw Size for BWR Shroud

As discussed earlier in this report, all existing BWR shrouds were fabricated from austenitic
stainless steels. Several studies that have been performed to support the BWR pipe cracking
problem have shown that stainless steels possess adequate toughness such that they fail in a
ductile manner. As such, the net section plastic collapse principle, whereby the remaining
ligament of the flawed pipe becomes fully plastic subsequent to failure, has been used as a
failure mechanism in determining the allowable flaw sizes in ASME Code Section X1 for
austenitic stainless steels. It is expected that this should also be the case for the shroud welds
which are remote from the highly irradiated regions.

Specific analyses that have been performed to support the evaluation of several flawed BWR
shrouds using this methodology have shown that for the shroud welds which are not highly
irradiated, the allowable flaw size even assuming a 360° circumferential flaw is at least 90%
of the thickness of the shroud [20]. This very favorable allowable flaw size is not surprising
since the applied loads on the shroud are relatively small, as shown in Section 4.1.

For the shroud welds in the high fluence region of the shroud (Weld H4), linear elastic fracture
mechanics principles have typically been used to determine the allowable flaw size, since the
toughness has been diminished slightly in this region due to irradiation. This approach is
believed to be very conservative, for fluences at or below 1 x 10* n/cm’ (E >1.0 MeV).
Evaluations that have been performed on several BWR shrouds using this approach have
shown that the allowable flaw size is at least 70% of the thickness of the shroud.
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6

EVALUATION METHODOLOGY FOR CORE SHROUD
CRACK GROWTH

The information developed in the prior three sections of this report is utilized in this section to
illustrate the manner in which the crack growth data and correlation can be employed in a crack
growth analysis of a typical BWR core shroud. Section 6.1 describes three alternative evaluation
procedures for core shroud crack growth analysis. Section 6.2 provides an example illustrating
the plant-specific evaluation procedure for a core shroud weld.

6.1 Evaluation Procedure

Three alternate approaches can be used for the evaluation of crack growth in flawed stainless
steel BWR shrouds. As stated in Reference 27, these three approaches are applicable to fluences
of <5 x 10* n/cm® (E > 1.0 MeV) since the CGR database is presently based only on unirradiated
materials. Any of these approaches can be used in the evaluation. It is recognized that there are
other models and other approaches available that can also be used to resolve the BWR shroud
cracking issue especially with regards to sensitization and radiation effects.

If any of the three approaches described below provide the desired continued operating interval
for the bounding flawed core shroud weld, the analysis is complete. If the result is unacceptable,
the utility must take some action consistent with the BWRVIP guidelines, but which are outside
the scope of this document. As stated previously, for the purposes of crack growth evaluation
approaches discussed in Sections 6.1.1 and 6.1.2, NWC and HWC/NMCA environments are
defined as follows:

NWC: ECP of stainless steel >-230 to +200 mV (SHE), average coolant conductivity
<0.15 uS/cm

HWC/NMCA: ECP of stainless steel < -230 mV (SHE), average coolant conductivity <0.15
uS/cm with at least 80% HWC availability.

Note that the conductivity of 0.15 uS/cm used to derive the crack growth rates for the K-
independent (Section 6.1.1) and K-dependent (Section 6.1.2) approaches was chosen to bound
the mean fleetwide conductivity of 0.1 uS/cm as described in the BWR Water Chemistry
Guidelines 2004 Revision (BWRVIP-130) [38].

The three approaches for determining crack growth rate are presented in the following sections.
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6.1.1 Stress Intensity Factor (K) Independent Approach

In this approach, a K independent crack growth rate is provided separately for NWC and
HWC/NMCA:

For NWC: da/dt = 2.2 x 10" in/hr Equation 6-1
For HWC/NMCA: da/dt = 1.1 x 10” in/hr Equation 6-2

Note: If the conductivity is greater than 0.15 pS/cm but less than or equal to 0.3 pS/cm, then a
crack growth rate of 5.0 x 10” in/hr can be used. Alternatively, the crack growth rate determined
from Equation 6-5 (or Equation 6-6) can be used.

While the K-independent approach is simple to use, it is conservative in that it takes no credit for
the reduction in crack growth rate due to decreasing K.

The NWC crack growth rate is based on the 95" percentile correlation crack growth rate

with a stress intensity factor of 25 ksiVin and the environmental conditions stated in Figure 3-9
(ECP =200 mV[SHE] and average conductivity = 0.15 pS/cm). It should be noted that the use of
the constant stress intensity factor of 25 ksiVin is conservative for a typical shroud thickness of
1.5 inches considering the average stress intensity factor from the distribution presented in
Figure 5-5.

The HWC/NMCA crack growth rate is a factor of 2 lower than that for NWC.

6.1.2 Stress Intensity Factor (K) Dependent Approach

The second approach uses the 95" percentile empirical model as presented in Equation 3-4 with
K dependence but with fixed values of ECP, conductivity and temperature. The crack growth
rates for NWC and HWC/NMCA conditions are as follows:

NWC:
1. For flaw depths less than or equal to 80% through wall:

da/dt = 1.966x10° K** Equation 6-3

where K is the stress intensity factor in units of ksiVin and da/dt is crack growth rate in in/hr.

2. For flaw depths greater than 80% through wall, use the K-independent value (Equation 6-1)

Note: If the conductivity is greater than 0.15 pS/cm but less than or equal to 0.3 pS/cm, then a
crack growth rate of 5.0 x 10° in/hr can be used. Alternatively, the crack growth rate determined
from Equation 6-5 (or Equation 6-6) can be used.

HWC/NMCA:
1. For flaw depths less than or equal to 80% through wall:

da/dt = 0.983x10° K" Equation 6-4
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where K is the stress intensity factor in units of ksiVin and da/dt is crack growth rate in in/hr.

2. For flaw depths greater than 80% through wall, use the K-independent value (Equation 6-2)

The NWC crack growth rate in this approach is based on Equation 3-4 with a fixed ECP of 200
mV|[SHE], a fixed conductivity of 0.15 uS/cm and a temperature of 288°C (561°K). The
HWC/NMCA crack growth rate is a factor of 2 lower than that for NWC.

Use of the K-dependent model is limited to flaw depths up to 80% (a flaw growing in one
direction) of the shroud wall for the following reasons (see Appendix K for details):

1. The loads on the core shroud are relatively small compared to Class 1 piping loads. It is
expected that the allowable flaw depth in most cases is greater than 90% of wall thickness
for a 360-degree flaw in BWR shrouds. A limit of 80% flaw depth for applicability of the
K-dependent model assures that the allowable flaw depth will not be encroached upon during
crack growth.

2. ltis recognized that the ASME Code, Section XI, IWB-3600, allows a maximum flaw depth
of 75% for defects in austenitic primary pressure boundary piping. However, this limit is not
based upon structural integrity concerns but rather to avoid leakage in the pressure boundary
component. For the core shroud, the consequences of leakage are not nearly as significant
as for primary pressure boundary piping, and therefore an average flaw depth up to 80% is
justified.

3. The fracture mechanics model used for the determination of K is limited to 90% of
wall. Hence, the choice of 80% ensures that the limit of the model is not reached during
K-dependent crack growth. As can be seen from Figure 5-5, K remains relatively low
between 80 and 90% of wall and even when extrapolated to 95% of wall, K is less than

25 ksiVin even for a 2-inch thick shroud (which formed the basis for the constant rate of
2.2 x 10% in/hr).

6.1.3 Stress Intensity Factor (K) and Environment Dependent Approach

In this third approach, the 95th percentile crack growth model presented by Equation 3-4 is used
with plant specific values of ECP and conductivity to calculate the crack growth rate. The crack
growth rate is calculated as follows:

In da/dt = 2.181 In (K) - 0.787 Cond*** + 0.00362ECP + 6730/T,,, - 33.235 Equation 6-5

where da/dt is the CGR in mm/sec

K = stress intensity factor in units of MPaVm
Cond = conductivity in units of pS/cm

ECP = ECP in units of mv[SHE]

T,z = Temperature in units of degrees Kelvin

Alternatively, the crack growth rate in British units can be stated as:
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In da/dt = 2.181 In (K) — 0.787 Cond** + 0.00362ECP + 6730/
(0.5556T, + 255.2) - 28.073 : Equation 6-6

where da/dt if the CGR in in/hr

K = stress intensity factor in units of ksiVin
Cond = conductivity in units of pS/cm
ECP = ECP in units of mv|[SHE]

T= Temperature in units of degrees F

Plant specific values of ECP and conductivity used in Equation 6-5 or 6-6 must be justified.
The maximum conductivity level for use in Equation 6-5 (or Equation 6-6) is 0.3 pS/cm which
corresponds to the limit defined in Action Level 1 in the 2004 Water Chemistry Guidelines
(BWRVIP-130) [38].

The above K-dependent crack growth laws are applicable for flaw depths less than or equal to
80% of through wall (flaw growing in one direction). For flaw depths greater than 80% through
wall, the K-independent values (Equations 6-1 and 6-2) should be used subject to the definitions
of NWC and HWC/NMCA in section 6.1.

The NRC is reviewing the report “Technical Basis for Inspection Relief for BWR Components
with Hydrogen Injection (BWRVIP-62)” [34]. The use of environmental parameters in this
approach will be revisited after the NRC had completed its review of BWRVIP-62. In the
interim, it is appropriate to use the initial NRC Safety Evaluation for BWRVIP-62 issued on
January 30, 2001.

6.2 Example of Application of K and Environment Dependent Approach

An analysis of a flawed core shroud weld using the stress intensity factor (K) and environment
dependent approach (see Section 6.1.3) is presented as follows. The analysis was performed
under both normal water chemistry (NWC) and hydrogen water chemistry (HWC/NMCA)
conditions. The analysis was also performed under varying membrane stress to determine the
sensitivity of the crack growth to the membrane stress. This example was also presented in
Reference [26].

Shroud Thickness: 1.25 inches

Flaw Characteristics: 10% through-wall by 360° around circumference on
inside surface

Weld Type: Hb

Applied Membrane Stress: 0 to 10 ksi

Residual Stress: Use Shell-to-Shell Distribution (Figure 4-7)

Surface Stress: Use Distribution Shown in Figure 4-12

ECP: 200 mV(SHE) and -230 mV (SHE)

Average conductivity: 0.15 pS/cm
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Temperature: 288°C

The first step in the analysis process is to determine the through-wall stress intensity factor

(K) distribution for the applied stresses and the weld residual stresses. The applied stresses are
assumed to be all tensile in calculating the K distribution. In this example, the applied stress
used for crack growth varied between 0 and 10 ksi to determine the sensitivity even though the
maximum applied stress as discussed in Section 4-6 is bounded by 3.2 ksi. For calculation of K,
the formulation presented in Section 5.2 (Table 5-1) was used. The K for the applied stress was
factored appropriately from Table 5-1 for the various values and was combined with the K for
the weld residual stress and the surface residual stress. The initial flaw size was assumed to be
10% of wall and 360° around the circumference.

The 95" percentile crack growth correlation, represented by Equation 6-5, is then employed to
determine the crack growth with time to 90% of the wall. The results of the evaluation are shown
in Figure 6-1. As can be seen in this figure, with the membrane stress of 3.2 ksi in addition to

the weld residual stress and the local surface stress distributions, crack arrest is not predicted.
Based upon this stress distribution, it is predicted that it takes about 30 years for an initial 10%
throughwall flaw to reach 90% of wall which is consistent with field observations. The results
are even more favorable for the case with hydrogen water chemistry.

Note that the use of the K and Environmental dependent approach is limited to 80% of wall.

In this example, it was extended to 90% of wall. In actual plant application, the K-independent
value should be used after 80% of wall with this approach.
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Figure 6-1
Crack Growth Results for Normal and Hydrogen Water Chemistry Based on Combined K Distribution Shown in Figure 5-5 and
Table 5-1
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6.3 Comparison of Analytical Crack Growth Prediction With Field Data

The crack growth predictions based on the generic K distribution shown in Figure 5-5 are
consistent with field crack growth data. This was previously shown in Section 3.5 (Figure 3-9).
The field data was compared with the K independent and the K dependent approaches in
Figure 3-9 and both approaches were found to be reasonably conservative.

The K and environment dependent approach has also been used in this section to predict crack
extensions. This is illustrated in Figure 6-2 that compares the calculated K and environment
(ECP & conductivity)dependent crack growth predictions with measured crack growth in
several plants. The plant data used for the determination of K and the crack growth is shown in
Table 6-1. Table 6-2 also provides tabular form of the crack growth results. The scatter of the
calculated crack growth predictions in Figure 6-2 takes into account the effect of UT inspection
uncertainty of 0.1 inch on the calculated K and crack extensions. In most cases, the predictions
are conservative or are within the inspection uncertainty band. It is expected that the field
cracking data shown in Figure 6-2 include locations of weld repair that are associated with
regions of higher residual stresses. The good comparison between the field data and the
analytical predictions in Figure 6-2 indicates that the analytical approach used in this

report reasonably accounts for the effects of localized stresses including weld repairs.
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Figure 6-2
Comparison of Through-Thickness Crack Growth Calculated With BWRVIP-14 K and
Environment Dependent Model with Measured Crack Growth for Several Plants
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Table 6-1 ‘
BWR Plants Core Shroud Crack Growth Data

Content Deleted -
EPRI Proprietary Information

6-9



Evaluation Methodology for Core Shroud Crack Growth

Table 6-2
BWR Plant-Specific Core Shroud Crack Growth Results
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SUMMARY AND CONCLUSIONS

The following provides a summary and conclusions of the work performed in this report.

e An empirical through-wall crack growth correlation has been developed in this report for use
in the evaluation of BWR stainless steel internals, based on extensive crack growth data
collected from several sources.

o The crack growth correlation accounts for the environmental conditions. Components
exposed to relatively low oxidizing potential and low conductivities are predicted to have
a reduced crack growth, whereas those exposed to higher oxidizing potentials and higher
average conductivity are expected to have higher crack growth rates.

e The 95" percentile curve developed as part of the empirical correlation reasonably accounts
for the field data that have been collected to date demonstrating that the correlation can be
conservatively used for crack growth assessment of the shroud and other stainless steel
internals.

e A comprehensive scope of work was performed to determine the residual stress distribution
for the various shroud welds. These included the H3, H4, H5, H6a, and H6b welds. Both
surface and through-wall residual stress distributions were determined both experimentally
and analytically. There was good trend between the measured and analytical results. There
was consistency in the trend between analytical and measured values. A single weld residual
stress curve was selected to account for the general shape of the surface and through-wall
distributions in shell-to-shell and ring-to-shell welds.

¢ Based on the measured and analytically determined residual stresses, recommendations were
provided for the through-wall residual stress distributions to be used in the crack growth
assessment of the shroud welds. A single recommendation was made for the shell-to-shell
welds and the shell-to-ring welds. The recommendation is very similar to the one currently
proposed by the USNRC for large diameter piping in NUREG-0313, Revision 2. The middle
half of the curve is compressive while the outer ends are tensile.

e In addition to the weld residual stress, a conservative membrane stress of 3.2 ksi and a
surface stress distribution are included in the final shroud weld through-wall stress
distribution to account for localized stresses due to fit-up stresses, weld joint geometries,
welding parameters such as heat input, welding sequence, welding starts and stops and
repairs.

e The through-wall distribution of all stresses was used in a fracture mechanics model to
develop the K distribution for both outside diameter and inside diameter initiated flaws.
Because of the shape of the through-wall residual stress distribution, higher K values are
obtained near the wall surface indicating high crack growth rates. K diminishes as the crack
propagates into the wall leading to significantly lower crack growth rates.
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Analysis of inspection data from several plants supports the conclusion that as cracks grow
deeper they slow down or arrest.

A representative example problem was used to illustrate how all the developments in this
report can be used to perform a flaw evaluation of the shroud. The ECP and average
conductivity assumed in this example were conservative for BWR shroud evaluations. Both
NWC and HWC/NMCA conditions were considered. The results of this analysis confirmed
that a flawed shroud can operate for a significant amount of time before the ASME Section
XI safety margins are compromised.

For BWR plants operating under moderate HWC conditions, lower ECPs may be justified
and are expected to yield lower crack growth rate estimates.

Based on the work contained in this report, three alternate methods have been developed for
through-wall crack growth evaluation of horizontal HAZs in BWR stainless steel shrouds.
These approaches are discussed in Section 6. In the first approach, the K-independent crack
growth rate is used separately for NWC and HWC conditions. For NWC conditions, a crack
growth rate of 2.2 x 10” in/hr is utilized. This crack growth rate represents the highest crack
growth rate with a stress intensity factor of 25 ksiVin and the 95" percentile curve of the
model with an average conductivity of 0.15 pS/cm and ECP of 200 mV(SHE). The K-
independent crack growth rate for HWC conditions is 1.1 x 10° in/hr. The second approach
involves the use of the 95" percentile curve of the model with K-dependence up to 80% of
wall after which the K-independent crack growth rate is used. For NWC conditions, ECP =
200 mV (SHE) is used in the model. The K-dependent crack growth for HWC conditions is
half that of NWC. The third approach involves the use of the 95" percentile crack growth
curve with K and ECP dependence. Any of these approaches are acceptable for evaluation of
crack growth of BWR stainless steel shrouds.
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USNRC FINAL SAFETY EVALUATION OF BWRVIP-14

UNITED STATES 99-4%6
NUCLEAR REGULATORY COMMISSION

WASHINQTON, D.C. 20856-0001

December 3, 1999

Carl Terry, BWRVIP Chairman
Niagara Mohawk Power Company
Post Office Box €3

Lycoming, NY 13083

SUBJECT: FINAL SAFETY EVALUATION OF PROPRIETARY REPORT TR 105873 "BWR
VESSEL AND INTERNALS PROJECT, EVALUATION OF CRACK GROWTH IN
BWR STAINLESS STEEL INTERNALS (BWRVIP-14)* (TAC NO. M84975)

Dear Mr. Terry:

The NRC staff has completed its review of the proposed revisions 0 the Electric Power
Research institute (EPRI) propristary report TR-105873, "BWR Vessel and intemnals Project,
Evaluation of Crack Growth in BWR Stainless Stesl intemals (BWRVIP-14)," dated March
1988. This repon was submitted by letter dated July 28, 1997, as supplementsd by letter dated
July 28, 1897, for NRC staff review and approval.

On June 8, 1998, the NRC staff issued its initlal safety evaluation (SE) of the BWRVIP-14
report, which found the BWRVIP-14 avaluation of crack growth to ba acceptable for use sxcapt
where the staff’s conclusions differed from the BWRVIP's. The BWRVIP was requested to
resaive the open issues raised in the staff's initial SE. By lotter dated November 24, 1888, you
provided a response which proposed to resoive the issues.

The NRC staff, with assistance from the Argonne Nationa! Laboratory (ANL), has reviewed your
responses to the staff's initial SE and finds, in the enciosed technical evaluation report (TER)
prepared by ANL, with one exception, that.your response 10 tha open issues is acceptable. The
exception is your conclusion that the use of the generic stress intensity factors, provided in
Figure 4 of the response, avoids the need to dotument weld repairs when using a K based
approach for estimating crack growth rates (CGR).

Specifically, the genaric stress intensity factor distribitions proposed in your responss will
generally be conservative for cylinder-to-cylinder horizontal weids and cylinder-to-edge-ring
welds. However, because local weld repairs inherently introduce three dimensional eftects, this
is an artificial constraint and may {ead to nonconservative estimates of the local stresses. in
most cases, such local etfects would have little impact on the overall structurat integrity of the
components, but, as the exient of the cracking increases, the uncertainties introduced by such
local effects could become more significant and cannot be ignored. If the extent of weld repairs
cannot be documented, the bounding CGR approach should be used for safety evaluations.
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Carl Terry -2-

We betieve that, by using an appropriately reduced value for the CGR from the 5 x 10 ivhr
value found in NUREG-0313, Rav. 2, it would be possible for licensees 10 get credit for
improved water chemistry and other measures to mitigate cracking, e.g., hydrogen water
chemistries (HWC} and/or noble metal additions. The revised CGR of 2.2 x 10®° inlr
carresponds to water chemistries with a conductivity of < 0.15 uS/cm and an electro-chemical
potential (ECP} of +200 mV. The BWRVIP-14 correlation indicates that this bounging CGR
could be reduced for HWC with ECP < -230 mV. The staff finds acceptable & reduction in the
CGR from 2.2 x 10*® invhr to 1.1 x 10 invhr for plants with HWC. The crack growth rates stated
arg only appilicable to components with fluences < 5 x 10% nfcm? (E > 1MeV) since the CGR
database is presently based only on unirradiated materials,

The above is discussed in greater detail in the enclosed TER, and was discussed with members
of the BWRVIP during a telephone call on October 18, 1899, Thersfore, basad on the
information you have provided, the staff has concluded that ficensee usage of the BWRVIP-14
guidelines as revised is acceptable.

The staff requests that you incorporate the staff's recommendation regarding the above issus
on ganeric stress intenaity factors, as well as your response to other issues raised in the statf's
initial SE, into a revised, final BWRVIP-14 report. Please inform the staff within 90 days of the
date of this ietter as to your proposed actions and schedule for such a revision.

Please contact C. E. (Gene) Carpenter, Jr., of my staff at (301} 415-2168 If you have any
further quastions regarding this subject.

Sincerely,

ol sl
Jack R. r, Director

Division of Engineering
Otfice of Nuclear Reactor Regulation

Enclosure; TER

ce: See next page
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Bill Eaton, Executive Chair
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H. Lewis Sumner, Executive Chairman
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introduction

This technical evaluation report reviews Project 704, BWR Vessels and Intemals Project,
Response to NRC Safety Evaluation of BWRVIF-14. The overall conclusions of the ANL
Assessment are: :

1.

We agree with the BWRVIP conclusion that the crack growth rate of 2.2 x 105 in/hr is
suffciently conservative that it should bound erack growth in cyltnder-to-cylinder
horizontal welds, shroud vertical welds, and cylinder-to-edge-ring welds. These would
include the H1-H7 welds for BWR 3/4 models (Fig: 1-2 of BWRVIP-14) and the H3-H7
welds for BWR € models {Fig, 1-3 of BWRVIP-14},

We do not agree with the BWRVIP conclusion that the use of the generic stress intensity
factor factors provided tn Fig. 4 of the response avoids the need to document weld repairs
when using a8 K based approach for estimating CGRs. The generic stress intensity factor
distributions proposed in the BWRVIP response will generally be conservattve for
cylinder-to~cyliinder horizontal welds and cylinder-to-edge-ring welds, However, it
restricts the local stress distributions to be seif-equilibrating at every azimuth. Because
local weld repairs mherently introduce three dimensional effects, this is an arttficial
constraint and may lead to nonconservative estimates of the local stresses. In most cases
such Jocal cffects would have little tmpact on the overall structural integrity of the
shroud, but as the extent of the cracking increases the uncertainties introduced by such
local effects could become more significant and cannot be ignored. If the extent of weid
repairs cannot be documented, the bounding CGR approach should be used for safety
evaluations.

We believe that by using an appropriately reduced value for the bounding CGR, it still
would be possible for licensees to get credit for improved water chemistry and other
measures to mitigate cracking such as noble metal additions. The bounding crack growth
rate of 2.2 x 10°3 in/hr corresponds to water chemtstries with a conductivity of s 0.15
1S/em and an ECP of 200 mV. The BWRVIP~14 correlation indicates that this bounding
CGR could be reduced by a factor of 4.5 for hydrogen water chemistries (HWC) with

ECP 5 -230 mV. The staff has already concluded in tts SER that the estimates of the
benefits of improved water chemistry provided by the BWRVIP-14 correlation are
conservative, and hence we believe that it can be used to determine appropriate factors of
reduction in the current bounding CGR.

As the BWRVIP has noted in its response to an earlier RIA on BWRVIP-14 and in the
response to the staff SER, the stress intenstty factor solutions in BWRVIP-14 using the
Bamford and Buchelet weight functions, which were determined for R/t = 10, may give
signtiicantly nonconservative values for K and should not be used. The BWRVIF has
presented improved stress intensity factor solutions based on the work of Cheng and
Finnte. These solutions take into account the R/t ratio and have been benchmarked with
the solutions by Labbens and Bamford and Buchelet for R/t s 10 and the limiting case of
the flat plate {R/t = =},
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Discussion

The BWRVIP response to the NRC Safety Evaluation of BWRVIP-14 discusses a number

of issucs. These are addressed on a point by point basis.

BWRVIP Response o tssues identified in the NAC Safsty Evaluation Report

1.

item I, pg. 2: The BWRVIP argues that the effect of weld repairs, fit-up stresses can be
bounded for core shroud horizontal and vertical welds and that the bounding crack
growth rate of 2.2 x 10~ in/hr should be applicable for these welds without plant specific
NRC review of weld repatrs and residual stress distributions. {Iitem 1 of the BWRVIP
response essentially also includes their [termn 3 which rephrases the argument to consider
vertical welds.}

Asgessment:

We agree with the BWRVIP conclusion that the crack growth rate of 2.2 x 1075 infhr ia
sufficiently conservarive that it should bound crack growth in eylinder-to~cyitnder
horizontal welds, shroud vertical welds, and cylinder-to-edge-ring welds.

This conclusion is supported by detailed analyses of the restdual streases and crack
growth for these geometries which show that typically the crack growth rates should be
much Jess than 2.2 x 105 in/hr. Because a CGR of 2.2 x 1075 in/hr corresponds to
growth of a throughwall crack in about 7 years, fleld expertence suggests that even in
situations where high local residual stresses are present so that crack asrest does not
oeeur, this is still a conservative estimate of the average throughwall CGR.

BWRVIP~14 presents residual stress calculations and measurements on a number of core
shroud cylinder-to~cylinder weids and cylinder-to~edge-ring welds. It also defines a
generic residual stress distibution for such welds. The calculated and measured
distributions are compared in Figs. 4-4 through 4«1 1. It can be difficult to interpret
whether one throughwall residual stress distribution is conservative with respect to
another. It is much more meaningful to compare the corresponding distributions of K.
because it really controls the crack growth. The throughwall variation of the stress
intensity factors which correspond to the various throughwall residual stress
distributions given in BWRVIP-14 are shown i Fig. 1. The K solution corresponding to
the "generic” BWRVIP residual stress distribution is bounding in the sense that it predicts
crack arrest at a larger depth than all but one of the distributions, the values in the
posittve portion of the curve are greater than those of the other distributions at most
locations, and it 1s less compressive for deep cracks so that any prediction of crack arrest
in the presence of additional stresses 1s conservative,

e 2, pg. 2: The BWRVIP notes that although the NRC SER indicates that an
electrochemical potential (ECP) of 200 mV {SHE) for stainless steel was typical of BWRs
operating under moderate hydrogen water chemistry, this ECP is actually typical of
narmal water chemisiry operations.
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Assessment:

The BWRVIF observation is correct. An ECP of 200 mV would be typical {perhaps somewhat
conservative} for the core shroud for normal water chemistry conditions.

Item 3 pg.2: The BWRVIP argues that the residual stress distributions for vertical double
V groove welds are similar to those for double V groove harizontal weids for which more
measurements and calculations are avallable. Hence the CGR of 2.2 x 10753 tn/hr s also
bounding for these welds.

Asgessment:

We agree with BWRVIP argument andd belleve, as noted in our assessment of Potnt 1, that
the crack grouth rate of 2.2 x 10°% inshr (s sufficlently conservative that it should bound
crack grouth shroud vertical welds as well as in cylinder-to~cyclinder horizontal welds and
cylinder-to-edge-ring welds.

Item 4 pg.2: The BWRVIF in its response defines a new K distribution {Fig. 4 of the
BWRVIP response) that It argues can be used on a generic basis for core shroud
horizontal welds to determine K distributions that can be used with K dependent CGR
models such as the BWRVIP-14 correlation or PLEDGE,

Assessment:

Despite the arguments of the BWRVIP, we belicve that If the extent of weid repairs cannot
be docurnented, then for safety evaluations the bounding CGR approach should be used
rather than a K dependent CGR approach. For its cun planning pwposes the licensee may
choose to use the conservative, but not necessariy bounding, K distributions propased by
the BWRVIP.

It would suil be possible for the licensee to take credit for improved water chemistry and
other measures to mitigate cracking by reducing the bounding CGR appropriately. The
bounding CGR. 2.2 x10°% in/h. corresponds (o water chemistries with a conductivity
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of £ 0.15 uSfom and an ECP of 200 mV. The BWRVIP-14 correlation indicates that this
bounding CGR could be rediiced by a factor of 4.5 Jor hydrogen water chemistries (HWC)
with ECP £ 230 mV.

The new K distribution {s based on a siress distribution (Figs. 1 and 2 of 704) that
consists of the generte residual stress distribution given in BWRVIP-14, plus a
conservative estimate of the membrane stresses acting on the shroud, and plus an
estimate of the local stresses due to weld repair. The averall stress state fs still dominated
by the welding restdual stresses. As noted in the assessment of itemn 1, we agree that the
generic welding residual stress distribution given in BWRVIP-14 s conservative for
cylinder-to-cylinder horizontal welds, shroud vertical welds, and cylinder-to-edge-ring
welds. The estimaie of the membrane stresses is also clearly conservative. However, the
basis for the selection of the surface residual stress distribution used to account for weld
repairs and other local phenomena is uncliear. There is a reference in the BWRVIP
response to FEA of the effects of weld repairs performed as part of the BWRVIP-14 study
{pg. 61, but the resulis of thase analyses do not appear to be included in the BWRVIR-14

report.

The jocal residual stress distribution proposed by the BWRVIP is forced to be seif-
equibrating through the thickness, f.¢., the distribution s self~aquilibrating at every
aztmuth. However, local weld repairs lead to three dimensional nonaxisymmetric stress
states, and in such case the axal stresses need not be seif equilibrating at every axtmuth
and it is certainly possibie that at some azimuths high tensile stresses persist to greater
depths than assumed in the BWRVIP estimate.

The BWRVIP response does recognize that the proposed distribution need not be
bounding at every location. They argue that the local regions where the stresses could be
higher are limited in extent and hence do not affect the overall structural integrity. If the
cracking 1s limited in extent and the crack size much smaller than the critical size for
fatlure, the BWRVIP argument is valid, but in such cases one could probably just use the
bounding CGR approach. If the crack size is close to critical, then the sizes and nature of
the Jocal regions in which the stresses are more severe than assumed by the BWRVIP
could be more important. Local perturbations in stress can have dramatic effects on
CGRs. From Figure § in the BWRVIP response, it can be seen that an increase of ] ks{in
the average throughwall stress could reduce the time required for the crack to grow
throughwall from 30 years to 5 years.

There is substantial expertence in the calculation and measurement of residual stresses
for *good” welds. There is much less information avaiiable on the nature and distribution
of the local stresses due {0 repairs. In the ANL TLR on BWRVIP-14, the approach taken
was to assurne that expericnce permits a good estimate of a bounding CGR. in parficular
2.2 x10"8 in/h, which corresponds to 0.2 in/y. The throughwall average stress which had
to be added to the generic welding residual stress to obtain this average CGR was »10 ksi.
As the BWRVIP response notes such a stress state could not exist over the entire
cireumference. but it was intended to be used to esttmate CGR only in local weid repair
regions. It probably would have been simpler to just state that the bounding CCR should
be used in local weld repair regions and a “best estimate™ CGR used clsewhere,
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Fyure 2 (@ Distributions of K/t1/2 for the propased generie stress distribution in the BWRVIP

5.

response for R/t = 10, 40, 83, 80. (b} Comparnison of influence function solutions for
K for a uniform stress arul the BWRVIP-14 residual stress distribution with the
Cheng and Finnte solutions for these distributions.

As the BWRVIP has noted in its response to an sarlier RIA on BWRVIP-14 and in the
response to the stafl SER, the stress intensity factor solutions in BWRVIP-14 using the
Bamford and Buchelet weight functions, which wers determined for R/t = 10 may give
significantly nonconservative values for K and should not be used. The BWRVIP has
presented fmproved stress intensity factor solutions based on the work of Cheng and
Finnde. These solutions take (nto account the R/t ratio and have been benchimarked with
the solutions by Labbens and Bamford and Buchelet for R/t = 10 and the ltmiting case of
the flat plate {R/t = =} for a variety of stress distributions. In Fig 2a are shown the K
solutions for R/t « 10, 40, 60, 80 for the propuscd generfc weld residual stress in the
BWRVIF response to the SER. The solutions for R/t = 10 are nonconservative, They
predict arrest for the new generic stress disiribution, whereas the solutions for R/t 2 40
predict throughwall crack growth.

These Cheng and Finnie solutions take into account the R/t ratio and have been
benchmarked with the solutions by Labbens and Bamford and Buchelet for R/t = 10 and
the itmiting case of the flat plate {R/t « «}. Comparisons with the Labbens influence
function solutions for a uniform stress and the BWRVIP-14 residual stress with the
corresponding Cheng and Finnie solutions for R/t=10 are shown in Fig, 2b,

Item 5 pg. 2: The BWRVIP concurs that application of BWRVIP-14 above a fluence level of
5 x 1020 n/em? requires plant specific analysis.

BWRVIP Response 10 NRC Evatuation and Obsarvations

1.

item 1, pg. 4: The BWRVIP observes that in moat cases the value of 2.2 x 1075 in/h will be
very conservative for core shrouds. They state that “In view of the conservatism
associated with this number, the BWRVIP believes that where significant improvement in,
the water chemistry and ECP are maintained by the plant, this CGR rate can be
substantially reduced by use of the empirical model in BWRVIP-14.”
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Assessment

We agree that the CGR of 2.2 x 1075 ;n/h 18 expected to be conservative for most
locations. Indeed, away from weld repairs, crack growth in the core shroud would be
expected to arrest about half way through the wall,

it is not clear to us exactly what is being argued tn the 1ast sentence of the paragraph. For
a plant with normal water chemistry, but low conductivity and for which the regions of
local weld repair can be appropriately characterized, that the empirical model in BWRVIP-
14 can be applied and will in general predict lower crack growth rates. We do not agree
as discussed previously under element 4 that the generic residual streas/K solutions
provided in the BWRVIP response can be assumed to be bounding without additional
knowledge of the weld repair histary. If local weld repairs can't be characterized, we
pelieve that credit can still be given for improved water chemistries such as hydrogen
water chemistry by using an appropriately reduced value of the bounding CGR. For
example, for a plant with HWC so that the conductivity is < 0.15 uS/cm and ECP s -

230 mV the empirical model inn BWRVIP-14 predicts that the CGR is a factor of 4.5 than a
plant with an ECP « 200 mV, For such a plant an appropriate bounding CGR might be:

22x%x10%/45248x 106 m/h.

The reduction factor for the lower ECP predicted by the BWRVIR-14 model is quite
conservative compared with the reductions predicted by other models such as FLEDGE
and observed in most laboratory and in-reactor tests.

Item 2. pg. 4: The bounding CGR of 2.2 x 10°5 in/h s appropriate for BWRs under
normal water chemistry in which case the tn—core ECP would be expected to be an the
order of 200 mV. Hydrogen water chemistry conditions are not required for use of this

bounding CGR.

Assessment

We agree.

Item: 3. pg. 4: The BWRVIP cites data from NDE measurements at a Swiss BWR at a
fluences up to 1 x 10%} n/em? indicating that little or no crack growth was oceurring.
They argue that these data suggest that the effects of frradiation on IGSCC crack growth
are limited and may be bounded by thermally sensitized data.

Assessment

We do not believe any conclusion can be droann from the ctted data on the effects of
trradiation on IGSCC erack groutth.

The slow crack growth in the Swiss core shroud could well be due to a favorable residual
stress distribution. It 1s ahmost tmpossible to deduce anything about the baste crack
growth respanse of a material from such measurements because the effects of other
varable like the residual stresses cannot be {solated. It {s probably true that chromium
depletion Jevels due to frradiation are bounded by those in heavily thermally sensitized
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materials. irradiation, however, also has profound effects on mechanical properties which
could strongly affect crack tip strain rates, and without addittonal data it is premature to
conclude that the CGRs on thermally sensitized materials bound those for irradiated
materials. The iimited data on JASCC CGRs currently available seem to indicate that for
equivalent environmental and loading conditions the CGRs for rradiated materials may
be greater than those in matertals thermally sensitized by typleal welding practices.

itern 4, pg. 5: BWRVIP argues again that the generic welding residual stress in BWRVIP-
14 is applicable to both cylinder-to~tylinder horizontal welds and cylinder-to-ring welds,

Assessment

We agree.

As noted in our assessment of Item 1, pg. 2, BWRVIP-14 presents residual stress
calculations and measurements on a number of core shroud cylinder~to-cylinder welds
and cylinder-to-edge-ring welds. It alsoc defines a generic residual stress distribution for
such welds. The K solution corresponding to the "generic” BWRVIP residual stress
distribution s appropriately bounding. and hence we agree that the generic restdual
stress distribution s applicable to both cylinder-to-cylinder horizontal weids and
cylinder-to-ring welds,

item 5. pg. 5: The BWRVIP seems to believe the use of a bounding CGR is appropriated
anly for plants with normal water chemistry and that plants using hydrogen water
chemistry will use K dependent CGRs based on the BWRVIP-14 correlation,

Assessment

The BWRVIF seemns to make the distinction between uitether a plant uses the boundtng
aupproach or a X dependent CGR approach based on the water chemistry. We belicve that
the decision of whether to use the bounding approach or a K dependent approach depends
on knowledge of residual stresses not uwater chemistry. The use of a K dependent CGR
requires that residual stresses be characterized. We do not beligue that this can be done
adequately without knowledge of the weld repairs.

As noted previously a bounding CGR approach can be used for both plants on normal
water chemistry and those on hydrogen water chemistry. The value of the bounding CGR
can be adjusted appropriately. The bounding CGR would be much lower in plants
operating on HWC. The stafl has already concluded in its SER that the estimates of the
benefits of impruved water chemistry provided by the BWRVIP-14 correlation are
conservative, and hence we believe that it can be used to determine appropriate factors of
reduction in the current bounding CGR, '

itemn 6, pg. 5: The BWRVIP proposes a generic stress distribution that ineludes the
welding residual stresses, a conservative estimate of the membrane stresses due to loads
on the shroud, and a surface stress distribution intended to represent the effect of local
weld repatrs.
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Assessment

We-do not agree with the BWRVIP conclusion that the residual stress distribution gtven in
Fig. I of the response and the corresponding K solutions given in Fig, 4 are syfficiently
conservative that they can be used o estimate CGRs with no additional knowledge of weld
repatrs,

‘The intent of the BWRVIP proposal is to avold having to document weld repairs. As
discussed in the assessment of Item 4 pg.2 of the BWRVIP response, the proposed
distribution appears reasonable “on the average.” However, {t restricts the local stress
distributions 1o be self-equilibrating at every azimuth. Because local weld repairs
tnherently introduce three dimensional effects, this is an artificial constraint and may
isad to nonconservative estimates of the Jocal stresses. In most cases suchi local effects
will not be important for the overall structural tntegrity of the shroud. In any given case,
however, it is difficult to ensure integrity without knowing more about the extent and
pature of any weld repairs. Without knowiedge of the repairs, we believe it is prudent to
use a bounding CGR approach for safety analyses.
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BWRVIP RESPONSE TO NRC FINAL SAFETY
EVALUATION OF BWRVIP-14

B W R V' P BWR Vessel & internals Project, 2000-198

July 11, 2000

Document Control Desk

U. S. Nuclear Regulatory Commission
115353 Rockville Pike

Rockville, MD 20852

Attention:  C. E. Carpenter

Subject: PROJECT NO. 704 - BWRVIPP Response to NRC Final Safety Evaluation of
BWRVIP-14

Reference: Letter from Jack Strosnider (NRC) to Carl Terry (BWRVIP Chairman), “Final
Safety Evaluation of Proprietary Report TR 105873 “BWR Vesse! and Internals
Praject, Evaluation of Crack Growth in BWR Stainless Steel Internals
(BWRVIP-14)’ (TAC NO. M94975),” dated December 3, 1999,

Enclosed are 10 copies of the BWRVIP response to the issues identified in the NRC Final
Safety Evaluation (SE) on the BWRVIP report “BWR Vessel and Internals Project, Evaluation
of Crack Growth in BWR Stainless Steel Intermals (BWRVIP-14)” transmitted by the NRC
letter referenced above.

The enclosed information concerns a report that the NRC staff has found to be proprietary in
nature. Therefore, the enclosed information is also proprietary and should be withheld from
public disclosure.

If you have any questions on this subject please contact Rich Ciemiewicz of PECO Energy
(BWRVIP Assessment Committee Technical Chairman) by telephone at 610.640.6419.

Sincerely,

o

Carl Terry
Niagara Mohawk Power Corp.
Chairman, BWR Vessel and Intemals Project
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BWRVIP Proposed Resolutions to Issues Identified in NRC Safety Evaluaiion of
BWRVIP-14 and Technical Evaluation Report on Project No. 704

Introduction

The NRC issued the final safety evaluation (SE) of proprietary report TR-105873 “BWR
Vessel and Internals Project, Evaluation of Crack Growth in BWR Stainless Steel Intemnals
(BWRVIP-14)" on Decernber 3, 1999. The NRC SE was issued along with a Technical
Evaluation Report on Project No. 704 prepared by the Argonne National Laboratory (ANL).

A meeting was held on February 17, 2000 at Argonne National Laboratories (Argonne, 1llinois)
between representatives of the USNRC, ANL and BWRVIP, at which several issues related to
the USNRC Safety Evaluation of BWRVIP-14 and Technical Evaluation Report on Project No.
704 were discussed [1]. This document proposes a resofution of the NRC concern about the
BWRVIP-14 K-dependent crack growth mode] based on the February 17, 2000 meeting. It
also proposes an interim approach to address crack growth issues for plants on moderate
hydrogen water chemistry (HWC-M) or Noble Metal Chemical Application (NMCA) pending
NRC review of BWRVIP-62.

Use of BWRVIP-14 K-dependent Crack Growth Model

In the SE, the NRC took exception to the BWRVIP conclusion that the use of the generic stress
intensity factors proposed in Figure 4 of the November 24, 1998 RAI response [2] avoids the
need to document weld repairs when using a K-based approach for estimating crack growth
rates. During the meeting, the BWRVIP stated that the generic stress intensity factor (K)
distribution proposed by BWRVIP in November 1998 was conservative because of the
following factors:

» Inclusion of the radius to thickness ratio effect.

» Inclusion of a surface stress to account for repair weld effects.

e Inclusion of a 3.2 ksi membrane stress 1o account for operating stresses (typically 0.5 ksb
and local repair weld effects.

The generic K distribution is shown in Figure 1. It is more conservative than a distribution
based on the Bamford-Buchalet model {which includes a membrane stress of 10 ksi), The
generic K disiribution remains positive through the thickness and predicts crack retardation but
not arrest. This prediction is conservative because inspection data from core shrouds shows
evidence of crack arrest.

The BWRVIP further stated that the generic K distribution addresses local weld repair effects
with reasonable conservatism by not assuming that they are self equilibrating at all locations,
Weld repairs produce significantly higher residual stresses only for short repairs which have
little tmpact on the overall structural integrity of the shroud. As the repairs become longer the
restraints on repair welds are similar to the original weld and therefore the residual stress
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distributions should also be similar. A requirement to document weld repairs in the core
shrouds is very difficult to implement as in-process repairs are generally not reported.

The crack growth predictions based on the generic K distribution shown in Figure | are
consistent with ficld crack growth data. This is illustrated in Figure 2 which compares the
catculated K-dependent crack growth predictions with measured crack growth in several plants.
In most vases, the predictions are conservative or arc within the inspection uncertainty band. If
the locations of weld repair are regions of higher residual stress, field cracking experience
should include many of these locations.

The NRC pointed out that the Jocal weld repair concemns could be further addressed by
recommending a range of flaw depths for which the K-dependent modei would be applicable.
The BWRVIP proposes the following changes 10 BWRVIP-14:

Use of the K-dependent model will be limited to flaw depths up to 80% of the shroud wall
thickness. This maximum limiting flaw depth is selected for the following reasons:

{a) The loads on the core shroud are relatively small compared to Class | piping loads. Itis
expected that the alfowable flaw depth in most cases is greater than 90% of wall thickness
for a 360-degree flaw in BWR shrouds. A limit of 80% flaw depth for applicability of the
K-dependent model assures that the allowable flaw depth will not be encroached upon
‘during crack growth.

{b) It is recognized that the ASME Code, Section X1, IWB-3600, allows a maximum flaw
depth of 75% for defects in austenitic primary pressure boundary piping. However, this
Iimit is not based upon structural integrity concerns but rather to avoid leakage in the
pressure boundary component. For the core shroud, the consequences of leakage are not
nearly as significant as for primary pressure boundary piping, and therefore an average flaw
depth up to 80% is justified.

{c) Ascan be seen from Figure 1, the fracture mechanics model used for the determination of
K is limited to 90% of wall. Hence, the choice of 80% ensures that the limit of the mode! is
not reached during K-dependent crack growth. It can be seen from Figure 1 that K remains
relatively low between 80 and 90% of wall and even when extrapolated 1o 95% of wall, K

is less than 25 ksi «/;; for a 2-inch thick shroud (which formed the basis for the constant
rate of 2.2 x 10” inch per hour).

Application of the BWRVIP-14 Stainless Steel Crack Growth Model to Plants Under
Normal Water Chemistry

1. For average flaw depths up to 80% through-wall, use the K-dependent model for NWC
plants (ECP = +200 mV, SHE).

™

For average flaw depths greater than 80%, but less than the allowable flaw size (presented
in BWRVIP-01 and supplemented by BWRVIP-76}, use the K-independent crack growth
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rate of 2.2 x 107 in /hr for NWC plants (ECP= +200 mV, SHE, conductivity <= 0.15
uSicm).

Application of the BWRVIP-14 Stainless Steel Crack Growth Model to Plants Under
Hydrogen Water Chemistry

The NRC is reviewing the repornt entitled, “Technical Basis for Inspection Relief for BWR
Components with Hydrogen Injection’” (BWRVIP-62). The NRC stated at the meeting that in
the intenim, the crack growth rate {or plants under hydrogen chemistry (HWC) or Noble Metal
Chemical Application (NMCA) can be reduced by a factor of 2 if HWC availability is at least
80% and ECP is <= -230 mV, SHE.

The BWRVIP proposes the following crack growth model be used for plants when HWC
availability is a1 jeast 80% and ECP is <= -230 mV, SHE:

1. For an average flaw depth of up to 80% through-wall, use the K-dependent crack growth
model of BWRVIP-14 for NWC plants and reduce it by a factor of 2 for HWC/NMCA
plants (ECP<=-230 mV, SHE)

2. For average flaw depths greater than 80%, but less than the allowable flaw size (presented
in BWRVIP-01 and supplemented by BWRVIP-76), use the K-independent crack growth of
1.1 x 10°* in /hr for HWC/NMCA plants (ECP<=-230 mV, SHE, conductivity <= 0.15

uS/ecm).
The use of the BWRVIP-14 crack growth model at various ECPs and HWC availabilities to
calculate factors of improvements as shown in Figare 4-1 of BWRVIP-62 will be revisited after
the NRC has completed its review of BWRVIP-62 report.

References

1. Summary of February 17, 2000 BWRVIP/NRC Meeting, BWRVIP Document 2000-049,
February 29, 2000.

2. BWRVIP Response to NRC Safety Evaluation of BWRVIP-14, BWRVIP Document 98-
458, November 24, 1998.
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USNRC POSITION ON BWRVIP RESPONSE TO NRC
FINAL SAFETY EVALUATION OF BWRVIP-14

UNITED STATES
NUCLEAR REGULATNHRY COMMISRION 2001-1634
WASHINGTOMN. (5.C. 20555-0001

May 13, 200t

FILE COPY

Car Terry, BWRVIP Chairman
Niagara Mohawk Power Company
Post Office Box 63

Lycoming, NY 13093

SUBJECT: BWRVIP RESPONSE TO NRC FINAL SAFETY EVALUATION OF BWRVIP-14
{TAC NO. M34875)

Dear Mr. Terry.

By letter dated July 11, 2000, you provided the BWR Vessel and Internals Project's (BWRVIP)
response to the staff's Decembar 3, 1999, final salety evaluation repor {FSER) of the Electric
Power Research institute’s (EPRI) proprietary report TR-105873, "BWR Vessel and internals
Project, Evaluation of Crack Growth in BWR Stainless Steel Internals (BWRVIP-14)," dated
March 1896. This lsfter providet additional information regarding the use of the BWRVIP-14 K-
dependent crack growth model based on a February 17, 2000, meeting between members of
the BWRVIP and the staff. i

In the December 3, 1999, FSER, the staff had taken exceplion 10 your conciusion that the use

- of the generic stress intensity factors, provided in Figure 4 of the response, avoids the need to
documaent weld repairs when using a K based approach for estimating crack growth rates
({CGRY). Specifically, the staff raised a concern regarding the uncertainties introduced by local
effects if the extent of weld repairs cannot be documented, and the FSER stated that, in such
cases, the bounding CGR approach should be used for safety evaluations.

The NRC staff, with assistance from the Argonne National Laboratory (ANL), has reviewed your
response to the staff's FSER and finds that you have provided sufficient additional information
such that the staff's original concern with the BWRVIP-14 report’s K-dependent crack growth
mode! has been satisfied. Licensee implementation of this revised BWRVIP-14 report will
provide an acceptable level of quality for determining inspection frequencies for the safety-
related BWR internal components under normal water chemistry (NWC) conditions. In revising
the BWRVIP-14 report to address the staff’s concerns in the Jung 8, 1998, initial safety
evaluation and the December 3, 1999, FSER, please include your July 11, 2000, letter and this
response in the revised BWRVIP-14 report.

In your July 11, 2000, letter, you address plants implementing hydrogen water chemistry
(HWC). Please address factors of improvements described in this letler in your future response
to the staff's January 30, 2001, initial SE regarding the EPRI proprietary report TR-108708,
"BWHR Vessel and Internals Projent, Technical Basis for Inspection Relief for BWR Internal
Components with Hydrogen Injection (BWRVIP-62) * dated December 1998.
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Carl Terry -2-

The staff requests that you incorporate the staff's recommendations, as well as your responses
to other issues raised in the staff’s initial SE and FSER, inlo a revised, final BWRVIP-14 report.
Please inform the staff within 90 days of the date of this letter as to your proposed actions and
schedule for such a revision.

Please contact C. E. (Gene) Carpenter, Jr., of my staff at (301) 415-21689, if you have any
further questions regarding this subject.

Sincerely,

S P oot

Jack R. Strosnider, Director
Division of Engineering
Cffice of Nuclear Reactor Regulation

cc: See next page
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USNRC CLARIFICATION TO POSITION ON BWRVIP
RESPONSE TO NRC FINAL SAFETY EVALUATION OF
BWRVIP-14

UNITED STATES
NUCLEAR REGULATORY COMMISSION 2001-2434

WASHINGTON. 0.0 2U555-0001
FILE CCP Y
wi

July 20, 2001

Car} Terry, BWRVIP Chairman
Niagara Mohawk Power Company
Post Ottice Box 63

Lycoming, NY 13083

SUBJECT:  CLARIFICATION TO NRC LETTER REGARDING BWRVIP RESPONSE TO
BWRVIP-14 FINAL SAFETY EVALUATION (TAC NO. M34975)

Dear Mr. Terry:

By letter dated May 13, 2001, the staff provided to you our findings regarding the staff's review
of the July 11, 2000, BWR Vessel and Internals Project (BWRVIP) response to the staff’s
December 3, 1999, final safety evaluation (FSER) of EPRI report TR-105873, "BWR Vasse!
and internals Project, Evaluation of Crack Growth in BWR Stainless Steel Internals (BWRVIP-
14)." This letter provides additional clarification in response to questions raised by BWR
licensees regarding the staff's conclusions in that letter. In summary, the staff has concluded
that:

o the BWRVIF has provided sufficient additional information such that the stafi's original
congern with the K-dependent crack growth modei has been satisfied;

< the staff accepts the methodology described in the July 11, 2000, BWRVIP document
on application of the stainless stes! crack growth model to plants under normal water
chernistry, and for plants using hydrogen water chemistry (HWC) with or wnhout the
addition of noble metal (NMCA); and,

o the staff is reviewing the acceptability of the BWRVIP-14 crack growth modsi to
calculate factors of improvement at various electrochemical potentials (ECPs) and RWC
availabifities, as shown in Figure 4-1 of the EPRI proprietary repost TR-108705, "BWR
Vessel and internals Project, Technical Basis for Inspection Relief for BWR internal
Components with Hydrogen Injection (BWRVIP-62),” dated Daecember 1998.

The staff requests that you incorporate the staff's recommendations, as well as your response
to other issues raised in the staff's initial SE and FSER into a revised, final BWRVIP-14 repori.
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Carl Ternry

-2-

Pisase contact C. E. {(Gene) Carpenter, Jr., of my staff at {301} 415-21868, if you have any

further questions regarding this subject.

cc: BWRVIP Service List

Sincerely,

William H. Bateman, Chief

Materials and Chemical Engineering Branch
Division of Enginesring »

Office of Nuclear Reactor Regulation
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Introduction

This technical evaluation report reviews BWRVIP-14-A, BWR Vessels and Internals Project,
Evaluation of Crack Growth in BWR Stainless Steel RPV Internals, which presents three
approaches for the evaluation of crack growth in stainless steel RPV internals and the technical
bases for these approaches, This revision addresses most of the issues raised in previous
reviews and the staff- SER of the original version of this report.

One of the original assumptions of BWRVIP-14 was that the available database on
unirradiated materials would be applicable for irradiated materials, at least up to fluence levels
of 5x-10%° n/cm®. Data developed since the original publication of EPRI TR-105873 have
shown that:for fluence levels z.1 x 1021 n/cm? crack growth rates can_'be".muc,h:higher than in
unirradiated materials. Currently the industry proposes to use the BWRVIP-14 correlation for
fluences up to 5x 102%n/¢m?, and then to “jump™to a new, highet ¢rack growth rate curve for
more highly irradiated materials. Limited data suggest that in some cases even fluence levels
of 5 x 10%° 'n/(:m2 can result in significant acceleération of the crack growth rate, and hence,
the BWRVIP-14 “95th percentile” curve will bound a significantly lower portion. of the crack
growth rates in materials irradiated to 5 x 1020 n fem?.

Although the crack growth rate curve in BWRVIP-14 inay not be as coriservativé as
originally thought, it is the conservatism. of the overall crack growth rate calculation process:
that must be assessed including the conservatisin that may be present in the BWRVIP-14
throughwall distribution for the stress intensity factor.

Conclusions and Recommendations

The BWRVIP crack growth model appears to provide a good correlation with a large
database of experimental measurements of CGRs for unirradiated materials under a range of
water chemistry conditions that bound those expected in-reactor. However, even for fluence
levels as low as 5 x 1029 n/cm?, the "95th percentile” curve, i.e., the BWRVIP-14 disposition.
curve, may bound the crack growth rate only about 70% of the time.

The BWRVIP model for the throughwall residual stress and the corresponding K
distribution is judged to be sufficiently conservative for H4/H5 shell-to-shell welds that the
possibility of higher crack growth rates has little impact -oir the analyses. For these types of
welds any of the three approaches given in BWRVIP-14-A for the evaluation of crack growth:

(1) use of a stress intensity factor (K) independent CGR of 2.2 x 10-5 in/h

(1.6 x 10-10 m/s}:

(2) use of a K dependent CGR with a constant. of proportionality corresponding to
bounding values the conductivity (0.15 puS/cm) and ECP (200 mV); and

{3) use of a K dependent CGR with plant specific data for conductivity and ECP

are acceptable for materials with fluence < 5 x 10%% n /em? (E > 1 MeV).
The residual stress distributions. for other types. of welds found in core shrouds. (typically
ring—to-shell welds, e.g., H1, H2, H3, H6a, H6b-in BWR, 3/4s) given.in BWRVIP-14 appear to be

reasonable. However, BWRVIP-14 assumes that the generic throughwall K solution derived for
a shell-to-shéll geometry is also applicablé to ring-to-shell welds. BWRVIP-14 attempts to
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justify this by considering the general character of the residual stress distributions for the two
classes of welds. Broadly speaking, they are qualitatively similar, but calculations presented in
this report demonstrate that “qualitatively” similar residual stress distributions can lead to
quite different K distributions. Because it can be argued that a ring is like a “stiff” ‘shell, we
have assumed that the Cheng-Finnie solutions for shell-to-shell welds together with the actual
residual stress distributions for ring-to-shell welds can be used to obtain conservative.
estimates of the K distributions for ring=to-shell welds. These estimates suggest the BWRVIP K
distribution may nét be conservative in all cases for such welds. Even the presumed bounding
constant throughwall value of 25 ksiin!/? may not be conservative in all cases. Although the
Cheng-Finnie solutions fer the ring-to-shell welds presented in this report.are believed to be
conservative, confirmatory ecalculations for the K distributions in ring-to-shell welds would be
helpful. Finite-element elasti¢ superposition solutionis based on the residual stress
distributions given in BWRVIP-14 would be straightforward and give conservative results
compared to the more rigorous ‘solutions based on node release in the weld residual stress
model.

Although the BWRVIP K distributions is not ‘conservative in all cases for ring-to-shell
welds. they are. conservative in most. cases. Similarly, the BWRVIP 95th percentile crack
growth curve for unirradiated materials is-expected to bound 70-95% of the crack growth rates
for materials with fluences less than 5 x 1_0‘20‘n_/ cem?. The K distribution and crack growth
rate are uncorrelated variables. This suggests that the crack growth predicted by the BWRVIP-
14 models will be nonconseivative -only for a relatively small fraction of cases. If the total
length of cracks in a given weld that could be addressed by these generic.results were limited
to- say one half of the total circumference, the consequences of undeérestimating the crack
growth would be limited. ‘With the low applied loads that are present on. shrouds, crack
opening areas will be small. The structural margins for gross failures of the. shrouds would
still be large. For longer cracks miore specific analyses for the ring-to—shell welds that take into
account the actual geometry and weld sequence or a more conservative bounding growth rate
(5 x 107 in/h) would. be required.

General Discussion
Residual Stresses and K distributions:for shell~to—-shell.welds

BWRVIP-14 contains a substantial amount of information on residual stresses in the shell-
to-shell and ring-to-shell welds that comprise the H1-H6 welds in most BWR core .shroud
designs. Most of these results are based on finite~element calculations of welding residual
stress. For the. shell-to-shell welds, independent calculations of the residual stresses are
available from work done by Battelle under siibcontract to ANL as part of the ‘work on
environmentally assisted .cracking supported by the USNRC Office of Research.

Rather than compare the .residual stress distributions for the welds presented in BWRVIP=
14 with the Battelle: results, it is more ,_meanmgful to dompare the resulting th'roughwal]
distributions of the stress intensity factor K’ since it is K that actually governs the crack
growth. In Figure 1, the K distributions detérmined from the computed residual stresses. for
shell-to-shells welds given by BWRVIP-14 are compared with the K distributions determined.
from the residual stresses .computed by Battelle. The BWRVIP-14 results are given for two
-values of the yleld stress, 40 and 67 ksi.. Although the modeling assumptions and computation.
approaches used for the BWRVIP-14 calculations aré significantly different than those used in
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the Battelle calculations, the K distributions are quite similar in ¢haracter. The differences
between the various solutions reflect in some cases a variation in a significant parameter (the
vield stress) -and in others model uncertainty. Bounding K .solutions were obtained by
determining the maximum and minimum values for K at each depth from the six computed
solutions.

Also shown in Fig. 1 is the proposed BWRVIP generic K distribution. Compared to the
actual K distributions for the shell-to-shell welds, it is nonconservative for shallow flows, but
more conservative for-deeper flaws.

In addition to .calculated values of residual stresses, BWRVIP-14 has measurements of
residual stresses for a shell-to-shell weld from a core shroud from a cancelled plant. The
measured residual stresses are compared with the computed residual stresses in Fig. 2.
BWRVIP-14 states (pg. 4-10) “in general, the analytical predictions have the same through-wall
shape as the experimentally measured distributions; with tensile stresses on the inside and
outside surfaces and compressive stresses in the middle half of the shroud wall.”

The corresponding K distributions shown in Fig. 3, however, are very different in character.
The K distributions based on either the BWRVIP or the Battelle analytical predictions of the
weld residual stresses suggest that there is a high likelihood that cracks will arrest
approximately half way through the wall. The K-distribution corresponding to the measured
residual stresses suggests rapid throughwall growth.
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Figure 2.

Computed (40 and 67 ksi yield) and
measured axial residual stress in the
HAZ of an HS5 weld (cf. Figure 4-4
BWRVIP-14.)

Figure 3.
K. distributions for the computed and
méasured residual stresses ifi H5.welds

The residual stresses measured-on the H5 weld consist of a self equilibrating portion and -a.
portion corresponding to the net moment relieved when the spectmen for the throughwall
analysis ‘was removed from the shroud. The total residual stress is the sum:.of these two
stresses.  The different cortribiitions to the residual stress are shown in Fig. 4a -and the
corresponding K.distributions are shown in Fig: 4b. ‘
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Figure 4. (a) Total, parting out, and self—equilibrating axial residual stress H5 weld; (b} K distributions
corresponding to the total, parting—out, and self-equilibrating residual stresses.

The question of which K distributions are appropriate for the shell-to-shell welds. ie.,
those in Fig. 1 based on the analytical predictions of the residual siress or that in Fig. 4b based
on the experimentally measured stresses, obviously has a strong impact on the disposition of
cracks in shell-to-shell welds. The distributions in Fig. 1 seem more consistent with field
experience. Cracks seem to have high aspect ratios as described in Appendix I of BWRVIP-14,
suggesting a retardation of throughwall growth. The K distribution of Fig. 4b would tend to
lead to much smaller aspect ratios

In a flat plate, the net force and moment due to the residual stresses must vanish. This is
not the case for a cylinder which can sustain a net moment. However, the shroud is relatively
thin-walled and flexible, and one would expect the net moments to be fairly small. This is the
case for the analytical solutions. The residual stress distributions have non-zero moment
resuitants, but they are small in magnitude, and the K distribution is largely determined by the
seif-equilibrating portion of the stresses. The parting out siresses depend on a single reading
from a single gage during the parting out process.

For these reasons. it is assumed that the K distributions in Fig. 1 are indeed representative
of those in the H5 weld and that there are unidentifiable problems with the reported residual
stress measurements,

Residual Stresses and K distributions for ring-to—-shell welds

BWRVIP-14 also describes residual stress calculations and measurements on ring-to-shell
welds. No caleulations are explicitly made for these stress distributions and weld geometries.
instead the argument is made the generic residual stress distribution i8 a reasonable
representation of axial though-wall residual stress distribution for ail the shroud welds for
safety evalunation purposes. However, as shown in Figs. ba and 5b, “reasonable” agreement
between stress profiles is not a guarantee of reasonable agreement between K distributions.
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Figure 5. (a) Comparison of the BWRVIP generic weld profile and the reported measured profile for an
H5 weld; (b) Comparison of the corresponding K distributions.

It is much better to compute the K distributions corresponding to ‘the different residual
stress distributions and then to determuine a hounding K or a range of K values as was done in
Fig. 1 for the H4 and H5 welds. It is easy to compute K for shell-to-shell welds using the
Cheng-Finnie solution. The applicability of this solution to ring-to-shell welds has not been
established and no other applicable type of solution for this geometry is presented in BWRVIP-
14.

It seems plausible that the stiffer ring-to-shell weld is equivalent to a shell-to-shell
configuration for some appropriate -value of R/t. It also can be shown that for a stress
distribution like those-expected in the welds, a stiffer shell (smialler R/t) results in less severe K.
distribution, e.g., the depth at which K becomes negative, decreases. Thus. it seems likely that
using the Cheng-Finnie approach with R/t = 60 to compute K-distributions (i.e., ignoring the
added stiffness of the ring) should give conservative results for the K distributions for ring-to-
shell welds.

Estimates of the K distributions for these welds computed using the Cheng—'F-innie: solution
with R/t = 60 are shown in Figs. 6 and 7. To get some idea of the potential effect of the ring-
to-shell geométry, the results for the H2, H3, and H6b welds were also computed for R/t = 10.
Conclusions about the applicability of the BWRVIP results were based on comparisons with the
more. conservative of the two Cheng—Finnie solutions.

Although the VIP: generic solution is conservative (i.e.. becomes negative at.a deeper depth
and has a- shallower minimum) compared to most of the distributions, it is not always
conservative. These ‘welds also sliow a fairly strong dependence on weld seguence -and _v_ield
strength. There is no indication in BWRVIP-14 which of the welding sequences were actually
used for shroud construction. It would appear that knowledge of the welding sequence could
have a significant impact on the assessment of the adequacy of the BWRVIP generic residual
stress or K solution. However, except. for one case, a H6b weld with weld ‘sequence 3b, a
constant throughwall K of 27.5 MPa-m!/? (25 ksi-in!/?) would give.conservative estimates of the
throughwall crack growth.

N-8



USNRC Technical Evaluation Report on BWRVIP-14-A Dated July 30, 2004

40 . 1 i H k] H ‘ H € ¥ i i ¥ k) 3 T k) g 40 ¥ o
o Estimated K Distributions ; 3
20 for HBa welds 20 3
) o -
o o 3
g0 & 20 ,, :
5 b B : e ;
T .40 P ) e, e~ RBBH40 82
2 o 1 2 - RN RBBb40s3h
x  © , 1= ¢ Taeooo- RBBb 40 538 -
X 80 oo - RBADSR B & .- RB 6D ring 67 8T
-~ --~RB67s1 ™. _ . S o -ViP generic: 7]
80 - -c-ovo-- RB measured - . .80 I-Estimated K Distributions for 2
o ViP generic N K 3 o H6b weld 7
. L FOUR R TOUCTIE SRRV SO NOE SUE TS ST TN ot oAt o8 00 WY WO R ok S i PRS0 SO TS T fodtta
100 0 0.2 G4 08 0.8 1 1ea 0 0.2 0.4 0.6 08 1
Normalized Crack Depth {aft) Normalized Crack Depth (aft)
(&) (B)
Figure 8. Estimated K distributions with Rit.= 60 for {(a) H8a and (b) HBb welds.
50 T LA S B R B MR E T T
ol SN e e Tepoo H2:67
- ; % e - Tepeo H3.67 E
o 30.;“{- \ - REH340
= - . : . -
& 20 —VIPgeneric 3 Figure 7.
- 4 Estimated K distributions with Rit =60
;.; 10 |4 . - for H2 -and H3 welds.
£ N
- N, RO
e . . . . ‘bl,‘ . \ ] .M
1 E.Estimated K Distributions fog = “‘*\:, e
- H2,H3 welds . 3
B [s LS I SR W FON TR AT S WO S W P PYR W T W
0 02 04 0.6 08 1
Normalized Crack Depth (a/t)
40 x.} 5;;-:;1;-»:x> 50 i E [N S S AT N R A
Estimated K Distributions for O 5
: LT HBb weld RI=10 WE o~ <= Tepco H2B7 7
20 > .. - \,\ - a0 ,, \‘ o Tepc_o H3 67 “;
& s 1w - —----RBH340 ]
=0 - g % ' VIP generic
g g ]
= 1 W .
;n; .20 . R e . g _ e g 5
w s R Bl 40 32 ) v . ) \ (_i B3
S N RB 6b 40 s3b 10 F g ' &
S gg gg 32;2% oy .20 E.Estimated K Distributions for e
i VIP generic R i . H2,H3 welds Rit =10 3
*60 - P s o s b i _~3‘0 i PR TN WO T TN RO S el 103,
] 02 0.4 0.6 0.8 k| 0 8.2 0.4 G5 0.8 3
Normalized Cr‘ackDemh(_alt} Normalized Crack Depth {aft)
(a) {b)

Figure'8, Estimated K distributions with R/t = 10 for {a) H8b and () H2 and H3 welds.

N-9




USNRC Technical Evaluation Report on BWRVIP-14-A Dated July 30, 2004

Total Throughwall Distribution of K for H4/H5 welds

The distribution of K shown in Fig. 1 includes only the contribution from the weld residual
stresses.  In addition in the BWRVIP-14 approach, there are additional surface residual
stresses. an applied load of 1.6 ksi. and an additional applied load of 1.6 ksl intended to
address additional siresses that may be present due weld repairs.

The additional surface stress (shown in Fig. 4-12 of BWRVIP-14] is not sufficient to account
for all the discrepancies between the predicted residual stresses due to welding and the
measured surface stresses, but it remains tensile over a depth greater than 10% of the wall.
Although it may not be conservative in terms of estimating initiation times, it should give a
conservative estimate of the effect of such stresses on crack growth. Similarly the use of a
constant 1.6 ksi stress may not give a conservative estimate of the local increase in K at some
depths do to weld repairs. but this choice of non-self-equilibrating stress should give a
conservative estimate of the potential increase in K for deep cracks, i.e., for the potential for the
crack to go throughwall rather than arrest.

The K distribution corresponding to the bounding value of K due to weld residual stresses
shown in Fig. 1 and the added surface, applied. and weld repair loads is shown in Fig. ¢ along
with the generic BWRVIP-14 K distribution for the total stress. In the critical region in the
midsection of the wall, the BWRVIP distribution is more conservative than the total K based on
the bounding K solution for residual stresses in the H4/HS welds. The VIP solution does not
bound the shell-to-shell K distributions at every depth. Thus for very shallow cracks, The
BWRVIP solution may underpredict the growth of shallow flaws for some period of time.
However. it is more conscrvative than these distributions in the sense that it predicts complete
throughwall growth of an initial a/t ='0,25 depth, ‘while the bgunding solution for the shell-to-
shell welds predicts arrest of an Initial ‘a/t’= 0.25 crack in every case. The depths for arrest
based ona range of assumptions about the residual and applied stresses are: shmvn in Table 1.
The results mggest that cracks in shell-to-shell- welds would e expected 1o arrest at depths
ranging from-0.37to 0:56 of the wall thickness, Of the teported depths for H4/HS welds in
‘BWRVIP-14. only oneexceeds 0.56 a/, in depth. and that reported depth is only 0.57 so within
measurements errors it is also consigtent with the results-in Table 1.
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Table 1. Nondimensional arrest depth for H4/H5 welds for different-assumptions
about residual stresses, surface stresses, and added constant stresses

Residual Added Constant VIP Surface Arrest

Stress Stress ‘Stress Depth (x/t)
High 3.2 Yes ‘0.56
‘High 1.6 Yes 0.50
Low 3.2 Yes 0.46
Low 1.6 Yes 0.41
Mean 1.6 Yes 0.47
‘High - No 0.47
Low - No 0.37

For the ring-to-shell ‘welds, the BWRVIP K solution is not bounding in every case (again in
the sense of predicting the subsequent growth of an a/t = 0.25 crack), although in many cases,
arrest would be expected. In two cases, for an applied stress of 3.2 ksi, even the assumption 6f
a constant throughwall. stress intensity of 25 ksi-in!/? does not bound the growth due to the
actual K distributions. Since the assumption of the constant 3.2 ksi stress in addition to the
welding residual stresses and the surface residual stress is probably conservative, the growth
under an applied constant stress of 1.6 ksi was also considered. The results for the different
welding residual stress profiles, .applied loads, and surface stresses associated with the H2, H3.
H6a, and H6b.ring—to-shell welds are summarized in Table 2.

Table 2 Comparison of specific stress profiles for ring—to—welds with the BWRVIP generic profile:
including residual stresses, surface stresses, and either a 3.2 or 1.6 ksi constant load.

Applied stress 3.2 kst Applied stress. 1.6 ksi
VIP  25ksiin!/? VIP 25 ksiin!/?
Weld Arrest bounds bounds Arrest bounds. ‘bounds

TEPCO H2 67 no no ves ves ves yes
TEPCO H3 67 no ves yes. yes yes yes
River Bend H3 40 yes yes ves ves ves ves
River Bend H6a 40 HAZ seq 2 yes yes ves ves yes yves
River Bend H6a 67 HAZ seq 1 yes yes ves ves ves yes
River Bend H6a measured no yes yes yes ves yes
River Bend H6b 40 HAZ seq 3b no no no no no no
River}iBe,nd_ HGb 40 HAZ seq 3a no no no no no yes

No field data are reported in BWRVIP-14 for H6 welds. There are seven measurements on
H2 and H3 welds. The BWRVIP -sohition bounds the measured crack extension in all but one
case. In that. case the measured extension was 0.3 in., the predicted extension 0.17 in. The
Chinsan-2 H3 weld had a total crack length of 209 in., but the maximum throughwall
penetration was 0.50 a/;. Clearly. the throughwall growth had to be retarded by the residual
stress field.
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Although the BWRVIP generic K solution and the even the-constant 25 ksi-in!/? solution do
not bound the K solutions for all the ring-to-shell welds, it is the conservatism of the ‘overall
crack growth prediction that must be assessed. Thus far only the conservatism in the K
solutions has been addressed. The degree of conservatism in the BWRVIP crack growth model
must also be considered.

Crack Growth Models.

As discussed in our previous technical letter report on BWRVIP-14, the BWRVIP model for
crack growth in unirradiated’ materials ‘provides a reasonable description. of crack growth in
sensitized austenitic' stainless steels. It does not explicitly address ‘cold work or irradiation
effects. Because the model does nat include sensitization as a wvarlable, it appears to.
adequately address cracking in cold-worked materials, at least to the level .of cold work that
would be encountered in an actual fabricated components; even though the data base fromi
which is was developed did not include cold-worked materials.

It is now well established that crack growth rates in.irradiated materials can substantially
exceed those in unirradiated materials. The combined effects of the radiation-induced
segregation-and hardening appear to severely degrade the material.

Data on crack growth rates for irradiated base metal are shown in Fig. 10. The BWRVIP-14
95th percentile curve for a conductivity of 0.15 uS/cm les slightly below the NUREG-0313
curve.(see Figure 3-9, pg. 3-81 of BWRVIP-14). In Figure 10. it would lie just below the data for
the irradiated 304 SS with a fluence of 0.3 x 10% n/cm?. Most of the available data are. for
fluences of 10°! .n/em?. In these case crack growth rates are about five times higher than the
NUREG-0313 curve. Although the base metal data for a fluence of 0.3'x 10%! n/cm? in Fig. 10
lies. below the'NUREG-0313 curve, the HAZ crack growth rates in Fig. 11 are a factor of five or
more above the NUREG-0313 curve.

Altheugh the data are limited, it would seem that it would be reasonable to assume that the
distribution (i.e.,both the median and the 95th percentile) for unirradiated stainless steel crack
growth rates shifts a factor of five higher for a fluence: of 5 x 102° n/cm?. This wotild be
conservative for lower fluences. The 95th percentile of unirradiated distribution {i.e., the
BWRVIP- 14 disposition curve) then lies 0.509 standard deviations above the median of the
frradiated distribution, This makes it the 70th percentile of the irradiated distribution for a
fluence of 5 x 102% n/cm?®.
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BWRVIP Response to Draft Technical Evaluation Report on
BWRVIP-14-A, BWR Vessels and Internals Project, Evaluation of Crack Growth in BWR
Stainless Steel RPV Internals

INTRODUCTION

The BWRVIP has reviewed the Draft Technical Evaluation Report (TER) prepared by Argonne
National Laboratory (W. I. Shack.and S. W. Tam) on the BWRVIP-14-A report. This document
summarizes the major conclusions and recommendations of the TER and provides the BWRVIP
responses to.each item.

ITEM 1 - TER CONCLUSION REGARDING K-DISTRIBUTION IN SHELL-TO-RING
WELDS

The TER states that the three approaches provided in the BWRVIP-14-A model are. acceptable
for materials with fluence < SE20 n/em? for H4/H5 shell-to-shell welds. The BWRVIP model for
throughwall residual stresses and the corresponding K distribution is judged to be sufficiently
conservative. Also, the residual stress distributions for other types of shell-to-ring welds (H1,
H2. H3, Hé6a, H6b) in BWRVIP-14-A appear to be reasonable. However; BWRVIP-14-A
assumes that the generic throughwall-K solution derived for shell-to-shell geometry is also
applicable to shell-to-ring welds. Althoughthe BWRVIP K-distribution is not conservative in all
cases for shell-to-ring welds, they are conservative in most cases. ANL believes that
confirmatory finite ¢lement calculations to determine the K-distributions in shell-to-ring welds
would be helpful

BWRVIP RESPONSE TO ITEM'1

The BWRVIP agrees with the conclusion that any of the three approaches described in
BWRVIP-14-A report for the evaluation of cracking in the BWR shroud can be applied to the
shell-to-shell welds (Welds H4 and HS5). The BWRVIP however believes that.the three
approaches can also be applied to the shell-to-ring welds (Weld H2, H3, Héa and H6b) without
the limitations proposed.in the TER. The reasoiis for this conclusion are providéd below.

The main issue raised in the TER with respect to the shell-to-ring welds-is the fact that the
Cheng-Finnie K solution which is:more applicable to the cylindrical shell-to-shell welds was also
used for the shell-to-ring welds The complex geometry of the shell-to-ring welds does not lend
itself to closed form solutions such as the Cheng-Finnie formulation for the K distribution. As.
such, the BWRVIP has performed additional evaluations to determine the K distributions for the
shell-to-ring welds using finite element analysis (FEA) techniques.-
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Residual Stress Distributions for Shell-to-Ring Welds

The stress distributions for the shell-to-ring weld from Figures 4-8, 4-9 and 4-10 of
BWRVIP-14-A are reproduced in Figures 1, 2 and 3. As ¢an be seen from these figures, there is
a wide variation in the distribution but the general trend is that the inside and outside portions are
in tension while the middle portion is in compression. The wide variation in stress distribution
poses a.challenge in deriving a representative curve to use for evaluation purposes. Another
complicating factor is that, as can be seen from Figures 1, 2 and 3, the stress distributions are
non-symmetric and therefore the resulting K distributions will be different depending on-whether
a crack initiates from the inside diameter (ID) or the outside diameteér (OD) of the shroud. The
mean values for these stress distributions ‘are also shown in Figures 1, 2 and 3 and their
comparison to the BWRVIP-14-A generic stress distribution and the experimentally measured
distributions are shown in Figures 4, and 5 for Welds H6a and H6b respectively. It can be seen
‘that these mean curves have the same general trend as the experimental and BWRVIP-14-A
generic residual stress curves. It should be noted in Figure 2 that the stress distribution for 67 ksi
cases look distinctively different than the rest of the distributions shown in Figures 1, 2 and 3.in
that they appear to be more of a through-wall bending stress distribution typically associated
with small diameter thin wall piping. In addition, the 67 ksi yield strength is:not very-typical for
Type 304 stainless steel material. As such, the mean curves for Welds H6a and H6b were
calculated both with and without the 67 ksi cases included in the population. The comparisori of
all the-average distributions for the three configurations and the overall average for all the
distributions with BWRVIP-14-A generic residual stress distribution is shown in Figure 6. It is
observed that the shape of the-overall average curve matches the. BWRVIP-14-A generic stress
distribution fairly well even though the two curves are displaced with respect to each other.
Hence, the BWRVIP-14-A generic residual stress distribution is believed to be an adequate and
reasonable representation for the shell-to-ring welds.

The philosophy used in BWRVIP-14-A in determining the representative generic residual stréss
distribution to be used for evaluation of the shell-to-shell as well as the shell-to-ring welds
followed that used by the NRC in NUREG-0313, Rev. 2 (Figure-4-1 of BWRVIP-14-A). Tt
should be noted that in NUREG-0313, Rev. 2, the NRC did not choose the most bounding stress
distribution but rather, a reasonable representation that of the data. The BWRVIP addressed the
uncertairities in the generic stress distributions by adding two additional distributions (3.2 ksi
membrane and 10 ksi surface residual stress conservatisms).

K Distributions for:the Shell-to-Ring Welds:

Several of the calculated stress distributions for Welds H2/H3, Héa and H6b including the mean
distributions shown in Figures 1 through 6 were used to determine the K distributions for the
shell-to-ring welds. Because of the complex geometry of the shell-to-ring welds, the K
distributions were determined using FEA techniques. Two models were used forthe evaluation.
The firstis a shell-to-shell model which served as abenchmark case. The second is a shell:to-
ring model for determination of the K distribution for the shell-to-ring welds. The geometrical
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configurations used to develop these models are shown in Figures 7 and 8. Both configurations
were axi-symmetric models, with cracks initiating on the inside surface of the shroud wall. The
axi:symmetric feature implies that the crack is a 360° circumferential flaw. These models are
shown in Figures'9 and 10. The shell-to-shell model is based on the Weld H4 déscribed in
Figure H-2b of BWRVIP-14-A and the shell-to-ring configuration.is based on Figure H-2d of
BWRVIP-14-A. ' ’

The finite element models were developed using the ANSYS finite element sottware and
selection of ‘axi-symmetric PLANES2 element with mid-sidé nodes. The crack tip region is
sufficiently detailed for the stress intensity factor calculation. In order to closely represent thie
singularity at the crack tip, the mid-side nodes of the crack front elements are re-located to the
quarter point. The ends of the models are sufficiently far:such that boundary effects on the
cracked regions are negligible. For the shell-to-shell model (Figure 9), symmetric boundary
conditions are applied at the flawed section, such that only one face of the crack needed to be
included in‘the model. The far end of the model was unrestrained. For the shell-to-ring model
(Figure 10), the lower far end of the model was fixed vertically and horizontally in order to
simulate the restraining effects of the shroud support plate and the fixed base of the shroud. The
upper far end of the model was unrestrained. ‘Since there was no symmetrv across the flawed
section in this case, both faces of the crack are included in the model. To obtainthe K
distribution across the thickness for either model, the ‘depth of the crack was varied from
depth-to-thickness (a/t) ratio of 0.1 to 0.8.

The BWRVIP-14-A generic residual stréss distribution was superimposed on the shell-to-shell
model to determine the K distribution. The result of this evaluation is shown in Figure 11a.
Also shown in this figure is the BWRVIP-14-A generic residual K distribution, As can be seen
from this figure, The K distribution determined from the finite element analysis matched the
BWRVIP-14-A generic distribution determined using the closed form solution of Cheng and
Finnie. Another benchmark casé was performed using one of the K distributions determined in
the TER. This is shown in Figure 11b. This figure-also shows that the FEA technique is
consistent with the results of the closed form analytical results from the TER providing
confidence in the FEA technique for determining the K distributions.

Having benchmarked the FEA techniques: against the closed form solutions for the shell-to-shell
welds, the shell-to-ring model was used to determine the K distributions for the BWRVIP-14-A
generic stress distribution and its comparison to:the Cheng-Finnie closed form solution. This K
distribution comparison-is-shown.in Figure 12. It.can be seen that the closed form K distribution
for a shell-to-shell weld (with R/t ratio of 60) bounds the FEA K distribution for the shell-to-ring
welds. This demonstrates that the use of the Cheng-Finnie closed form solution to détermine the
K distribution for the shell-to-ring welds (as:was done in BWRVIP-14-A) is reasonable.

The shell-to-ring model was also used to determine the K distributions for selected stress
distributions for the shell-to-ring welds in Figure 1,.2 and 3. The results of these K
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determinations are shown in Figures 13, 14 and. 15 for Welds H2/H3, H6a and H6b respectively.
Also shown in these figures is the K distribution assuming the BWRVIP-14-A generic
(recommended) weld residual stress profile as well as the: BWRVIP-14-A total K distribution
(including the contributions from the surface residual stress and the 3.2 ksi membrane stress:
distributions). Comparisons of the BWRVIP-14-A K distributions to the K distributions for the
average stress distributions for the three shell-to-ring configurations are shown in Figure 16..
Figure 17 provides the comparison of'the BWRVIP-14-A K distributions to the average K
distribution for Weld H2/H3, H6a and H6b using the average stress distributions for all the
distributions shown in Figures: 1, 2 and 3.

As can be seen in Figure 13, for Welds H2/H3, the total BWRVIP-14-A K distribution
essentially: bounds all the calculated K distributions except for a small portion of TEPCO H3

(67 ks1) stress distribution. This curve however falls significantly below the BWRVIP curve for
a/t values greater than 0.22 indicating that from a crack growth point of view,; the BWRVIP curve
is bounding. Equally as important, the BWRVIP curve bounds the average K distribution curve
for cracks initiating from both the ID and the OD. The results of the K distributions for Weld
Hé6a are shown in Figures 14. It can be seen that other than the distribution labeled “H6a
Average OD to ID”, the total BWRVIP-14-A distribution is a réasonable representation of the K
distribution for this weld. This anomalous K distribution includes the total population of the
stress distributions shown in Figure 2 including the two.67 ksi curves with very unusual stress
distributions. It will be shown later in the crack growth-discussion section-that this K.
distribution is not representative of field experience. The K distributions for Weld Hé6b are
shown in Figure 15. This figure indicates that even though one of the individual stress
distributions resulted in .a K distribution that was above the BWRVIP-14-A total distribution, the
average curves are very comparable to if not below the BWRVIP K distribution, This is
demonstrated very clearly in Figure 16 in which the.average K distributions for all three shell-to-
ring weld configurations are compared to the BWRVIP-14-A distributions. Finally, the overall
average K distribution for all the three configurations is compared with the BWRVIP
distributions in Figure 17. It can be seen from this figure that, the BWRVIP-14-A total K.
distribution represents a reasonable upper limit representation for these K distributions.

The above comparisons and discussions indicate that the BWRVIP-14-A total K distribution
bounds most of the average stress distribution for the shéll-to-ring welds and as such itis a
reasonable:representat-ion not only for the shell-to-shell welds but also for the shell-to ring welds.

ITEM 2 - TER CONCLUSION REGARDING CRACK GROWTH EVALUATION IN
RING TO SHELL WELDS

The TER states that the crack growth predicted by BWRVIP-14-A models will be non-
conservative for a relatively small fraction of cases. It further states that if the total length of
cracks in a given shell-to-ring weld that could be addressed by the generic-results were limited to
one half of the total circumferernce the consequences - of underestimating crack growth would.
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be limited. The structural margins for gross failure of the shrouds would still be large. For
longer cracks more specific analyses for shell-to-ring welds or a more conservative bounding
crack growth rate of 5E-5 in/h would be required.

BWRVIP RESPONSE TO ITEM 2
Crack Growth Evaluation of Ring to Shell Welds

Crack growth evaluations in the depth direction forthe average K distributions and comparisons
‘to the BWRVIP-14-A K distribution were performed using the crack growth model in
BWRVIP-14-A. The evaluation was conservatively performed considering the K distributions
that:.exceed the BWRVIP-14-A total K distribution in Figure 4-16. All other K distributions will
be bounded by the BWRVIP-14-A total generic K predictions. The evaluation was performed
for both nermal water-chemistry (NWC) with ECP of 200m'V and conductivity of 0.15uS/cm as
well as hydrogen water (HWC) conditions, with ECP of -230mV and conductivity of
0.15pS/cm.

The crack growth results are:shown in Figures 18, 19 and 20. Under NWC conditions shown in
Figure 18, it can be seen that the crack growth rate forthe average K distribution (green curve)
of Weld Héa for a crack initiating from the OD is relatively fast. The analysis indicates that an
initial 10% through-wall flaw will grow to 90% in about 24 months. This prediction is not’
consistent with field experience since such rapid crack growth rates have not been observed. To:
date, no through-wall flaws have been observed in the core shroud welds. This indicates that
both the stress distribution and the resulting K distribution for this case are extremely
conservative. The importance of reconciling the calculated K and crack growth predictions with
field experience to determine the most reasonable distribution to use in safety assessment was
recognized in the TER (page 5, first paragraph). All the other K distributions considered in the
crack growth analysis as shown in Figure 18 produce crack growth rates which are comparable
to the BWRVIP-14-A total K distribution prediction. Under HWC conditions as shown in
Figure 19, even the worst average K distribution for Weld H6a indicated that an initial 10%
through-wall flaw will take.at least ten years to reach 90% of wall thickness. Finally, Figure 20
presents the comparison of the BWRVIP-14-A total K crack growth predictions with the overall
average K distribution under both NWC and HWC conditions. As can be seen from this figure,
the BWRVIP-14-A predictions are very-comparable to the:crack growth prediction of the
average K distributions.

Field Measurements Versus BWRVIP-14-A Model
In BWRVIP-14-A, comparisons were made of the actual field crack growth measurements in the
depth direction and the model predictions. This included both shell-to-shell welds as well as

shell-to-ring welds. It was noted that the BWRVIP-14-A crack growth model and K distribution
reasonably predicts field experience in both the shell-to-shell and shell-to-ring welds (Figure 2 of
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Appendix K in BWRVIP-14-A). The comparison between the model predictions and the field
measurements for the shell-to-ring welds show that in most cases the predictions are either
conservative or are within the inspection uncertainty band. This is yet.another-confirmation of
the reasonableness of the BWRVIP-14- A K distribution to represent both the shell-to-shell and
shell-to-ring models.

Inspection Intervals for the BWR-Shroud Welds

The inspection intervals for the shroud welds are typically between 6 to 10 years, as specified in
BWRVIP-76. Considering the crack growth results for the overall average K distribution shown
in Figure 20, this re-inspection interval is adequate to allow appropriate actions to be taken by
plant owners to address cracking:in the shroud. Hence, the combination of the analytical
evaluations presented above and the inspection intervals.ensure that cracking in all the shroud
welds, including the shell-to-ring welds ¢an be appropriately managed.

Monitoring of Future Inspection Results

In spite of the adequacy of the model in comparison to the field measurements in core shroud
welds. as discussed in the preceding sections and in BWRVIP-14-A, it is the intention of the
BWRVIP to continue to monitor and collect future ingpection data when they become available
and compare the data with the BWRVIP-14-A model. The BWRVIP will be prepared to update
the analytical model presented in BWRVIP-14-A. if future field data indicates the need for'such
an action.

ITEM 3 - TER CONCLUSION REGARDING THE EFFECT OF FLUENCE ON CRACK
GROWTH RATES IN WELD HAZ

For fluence levels up to SE20 n/cm’, the BWRVIP-14-A 95™ percentile disposition curve may
bound the crack growth rate only about 70% of the time. ANL has.observed a significant.
increase in crack growth rate in irradiated weld HAZ material at a fluence of ~5E20 n/cm’.
BWRVIP RESPONSE TO ITEM 3

BWRVIP-14-A is applicable to fluences <5E20 n/cm?. For fluences in the range of SE20 n/cm?
to 3E21 n/em?2 the approach described in. BWRVIP-99 will be used.
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CONCLUSION

From the evaluations presented above coupled with the field data on core shroud welds obtained
to date, the BWRVIP believes that the model presented in BWRVIP-14-A is equally applicable
to both the shell-to-shell and shell-to-ring welds and that there should be no further limitations
imposed on the use of the BWRVIP-14-A model to.the shell-to-ring welds. The BWRVIP will
continue to.evaluate future field datain comparison with the model predictions to determine the
need to update the model in the future.
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Figure 1. Calculated Axial Residual Stress Distributions for Welds H2/H3
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Figure 2. Calculated Axial Residual Stress Distributions for Weld H6a
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Figure 3. Calculated Axial Residual Stress Distributions for Weld H6b
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Figure 4. Welds H6a Average Residual Stress Distribution with Comparison to BWRVIP-14-A Generic Curve and Experimentally Measured Curve
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Figure 5. Welds H6b Average Residusl Stress Distribution with Comparison to BWRVIP-14-A Generic Curve and Experimentally Measured Curve
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Figuré 6. Average Residual Stress Distribution for Welds H2/H3, H6a and Héb and Comparison to BWRVIP-14-A Generic Curve
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Figure 9: Shell-to-Shell Finite Element Model (Typical)
(Note: Right window shows detail at crack face)
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Figure 10. Shell-to-Ring Finite Element Model (Typicat)
(Note: Right window shows detail at crack face)
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Figure 11a. River Bend. H4 ‘Shell-to-Shell Weld K Distribution
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Figure 11b: Shell-to-Shell Weld, River Bend H4 — 40 ksi'Loading, TER vs. Finite Element Model
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Figure 13. Normalized K Distributions for Weld H2/H3
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Figure 14. Normalized K Distribution for Weld Héa
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Figure 15. Normalized K Distribution for Weld Hob
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Figure 16, Normalized K Distribution for Average Stress Distribution for Welds H2/H3, Héa, and H6b in Comparison with BWRVIP-14-A K Distribution
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Figure 17. Normalized K Distribution for Overall Average Stress Distribution for Shell-to Ring Welds in Comparison with BWRVIP-14-A K Distribution
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Figure 18. Crack Growth Prediction Under NWC
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Figure 19. Crack Growth Prediction Under HWC
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Figure 20. Crack Growth Predictions for Overali Average K Distribution for Ring-to-Shell Welds and Comparison to BWRVIP-14-A K Distribution Prediction
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UNITED STATES

NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

, Aug'ust» 22, 2007

Rick Libra, BWRVIP Chairman

DTE Energy

Fermi NuclearPlant: (M/S 280 OBA)
6400 N. Dixie Highway

Newport, Mi 48166-9726

SUBJECT:  STAFF EVALUATION OF BWRVIP' RESPONSE TO NUCLEAR REGULATORY
COMMISSION SAFETY EVALUATION OF “BWR VESSEL AND INTERNALS.
PROJECT, EVALUATION OF CRACK GROWTH IN BWR STAINLESS STEEL
 RPV.INTERNALS (BWRVIP-14-A)" (TAC NO. MC2738)

Dear Mr. Libra:

The Nuclear Regulatory Commission (NRC) staff provided comments during a.BWRVIP-NRC
staff meeting at NRC headquarters on August 24-25; 2004, regarding the Electric Power
Research Institute’s. (EPRI’s) draft proprietary report, “BWR Vessel and intemals Project,
Evaluation of Crack Growth in BWR Stainless Steel RPY internals (BWRVIP-14-A),".dated
November 2003. By letter dated September 12, 2005, the Boiling Water Reactor Vessel and

Internals Project (BWRVIP) submitted their response to the NRC staff's.comments by providing

additional information addressing each of the issues identified by the NRC staff durmg the
meeting on August 24-25, 2004.

There were three issues that the NRC staff requested that the BWRVIP address. The first
issue was the need for confirmatory finite-element analysis (FEA) to determine the stress

_intensity (K)-distributions in the core shroud ring-to-shell welds since the BWRVIP-14-A report.
- .assumes that the generic through-wall K-distribution derived for the core shroud shell-to-shelf

(H4 and H5) weld geometry is also applicable to the core shroud ring-to-shell (H1, H2, H3, H6a
and H6b) welds. ‘By letter dated September 12, 2005, theé BWRVIP provided additional
evaluations to deétermine the K-distributions for the core shroud ring-to-shell welds using FEA
techniques. - The FEA techniques:were benchmarked against the Cheng-Finnie analytical
solutions forthe core shroud shell-to-shell welds and show excellent agreement. Therefore, the
additional finite element analyses provided in the BWRVIP response to the NRC comments on
the draft BWRVIP-14-A report provide .a necessary basis cf comparing the BWRVIP generic

K-distributions to the core shroud ring-to-shell weld K-distributions.. These FEA results should
be incorporated into the revised version of BWRVIP-14-A.

The second issue'Was:in regards to requiring a more conservative bounding crack growth raté
or the need to perform a more specific analysis for the core shroud ring-to-shell weids. For
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some weld geometries and some material conditions the generic BWRVIP-14-A K-distributions
are.not conservative in all:.cases for the core shroud ring-to-shell welds. Similarly, the
BWRVIP-14 -A 95th percentile crack growth rate curve is expected to bound most of the crack
growth rates. The K-distribution and the crack growth rates are uncorrelated variables. This
suggests that the crack growth predicted by the BWRVIP-14-A guidelines will be
non-conservative for:a relatively small fraction of cases. If the total length of cracks in a given
weld that cauld be addressed by these generic BWRVIP-14-A crack growth models were
arbitrarily limited {0 a maximum of one-half of the total circumference; the consequences of
underestimating the crack growth would be limited, With the low applled loads that are present
on shrouds, crack opening areas will be small. The structural margins for gross failure of the
core.shrouds would still be large. For longer cracks, more specific analysis for core shroud
ring-to-shell welds ora more conservatlve bounding crack growth rate-of 5 x 10' in/hi would be
required. .

Based on the combination of the K-distribution developed by the BWRVIP for H6a welds and-
the BWRVIP-14-A crack growth rate model (denoted as “H6a Avg OD to ID NWC” in Figure 1),
an outside diameter (OD) to inside diameter (ID) crack in the H6a weld takes approximately 22
months to grow from 10 percent to 80 percent through-wall. The combination of the
BWRVIiP-14-A generic K-distribution and the BWRVIP-14-A crack growth rate model. (denoted
as the "VIP-14A Total (NWC)" crack growth curve) predicts that it will take approximately 214
months to grow from 10 percent to 80 percent through-wall under normal water chemistry. it
" should bé noted that the generic K-distribution (used to calculate the "VIP-14A Total (NWC)”
crack growth curve)includes operational loads and contributions intended to represent the.
effect of local stresses. The other projected crack growth curves shown in Figure 1 (i.e., “HBa.
- Avg OD to ID NWC") based on other, specified K-distributions do not include any contrlbutlon
from operating stresses.. Including these operating stresses would further increase the :
difference between the growth predicted by the BWRVIP-14-A generic K-distribution and the
H6a (core shroud ring-to-shell weld) K-distribution.
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Figure 1. Predicted Crack GrOWth in Core Shroud Ring-to-Shell Welds

To date, no through-wan cracking has been’ found in-core shroud welds despite the extensive
cracking that has been observed. There are seven measurements on H2 and H3 welds.

The “VIP-14A Total (NWC)” crack growth curve bounds the measured crack extension in all but
one case. In that case the measured extension was 0.3 inches, the predicted extension 0.17
inches, The BWRVIP response states that the results for the H6a K-distribution contradicts this
field experience, that such K-distributions are unlikely to actuatly occur, and that the generic
BWRVIP-14-A K-distribution together with the BWRVIP-14-A crack growth rate correlation
provides an adequate descrlptlon of through-wall crack growth in: ring-to-shell welds.

Although it is clear that field experience does show that K-distributions such as that postulated
for the H6a weld are unlikely to occur in practice, it is difficult to quantify just how unlikely they
are. A semi-quantitative argument to justify the low likelihood can be developed. According to
information supplied by the BWRVIP,” cracking has occurred in at least 26 core shroud welds.

* Personal comminication, Bob Carter (EPRI) to Meena Khanna (USNRC), May 16, 20086..
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Let the probability of that a crack'in a weld has grown through-wall be F(t) where t is-the time
since the crack initiated. The probability that the crack has not grown through-wali is1-=F().
The probability, P, that no crack has grown through-wan in any of the 26 core shroud welds that
have cracked is: : o

26
p= E(l-—fF(ti))

where tj is the time since initiation available for crack growth for-each crack. This should
include only time during which no mitigating measure such as hydrogen water chemistry (HWC)
was applied. These times are not actually known.- It is‘assumed that 10 years (120 months) is
a conservative estimate of this time. This case simplifie es o

P={1-F)26

where F is the probability of through-wall growth after 120 months.. The question is how large
can F be before P is so low that it contradicts the field observation that no. cracking has
occurred. If we take P = 0.05, a typical statistical threshold for likeliness, then the field
observations imply that F must less than 0.11. .

To compute F, the distribution of stress mtensﬂy factors-is assumed to be characterized in
terms of the distribution of times required to grow a flaw from 0.1h to 0.8h (whére h is the wall
thickness) for a given crack growth rate, which is taken as the BWRVIP “95th percentile” growth
rate. This distribution is assumed to be log-normal with the time corresponding to the
BWRVIP-14-A generic K-distribution as the median, and the time corresponding to the HEa
K-distribution as a high percentile. This percentile value is chosen to make the likefihood of
through-wall growth consistent with:field .experience. The crack growth rate is also assumed to
be distributed normally with a 95th percentile value similar to the BWRVIP-14-A crack growth.
rate-model and the 5th percentile value an order of magnitude lower.

Monte Carlo calculations were performed by taking a sample from the failure time distribution
-and a:sample from the crack growth rate distribution, and using the crack growth rate value to
scale the time sample {(which was computed using the BWRVIP crack growth rate 95th
percentile correlation). The Monte Carlo samples can then be rank ordered to estimate the
probability of failure, i.e., growth to 0.8h, by a given time. Calculations are shown in Figure 2
for cases where the time for growth to 0.8h corresponding to the H6a stress. intensity
distribution is taken as the 95th, 99th, and 99.8th percentile vaiue of the distribution. For the
95th percentile case, the probability that the crack has grown to 0.8h through-wall is 0.17 and
the probability that no cracking this deep would have occurred in any of the 26 cases is 0:007.
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This is too fow to be statlstlcally plausible. Forthe 99th percentile case, the probablllty that the
crack has. grown to 0.8h through-wall is 0.11 and the probability that no cracking this deep has-
occurred is 0.05. While low, this is considered statistically possible and the conclusion is that

‘the HBa K-distribution represents the 99th or higher percentile of the K-distributions observed in -

service. The value of 214 months for the BWRVIP-14-A generic K-distribution’ and 95th
percentile crack growth rate corresponds to the 25th percentile of the F89 distribution. Thus it
would give conservative answers greater than 75 percent of thetime. The crack depth would
exceed .0.8h less than 11 percent of the time.
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Figure 2. Times for Growth to 0.8h for Three Different Distributions of Stress. Intensity Factor.

These results support the assertion in the BWRVIP letter dated September 12, 2005, that the
combination of the BWRVIP-14-A generic K-distribution and the BWRVIP 85th percentile crack
growth rate curve will provide reasonably conservative estimates of through-walt growth of

cracks even though they may not be bounding in all cases.

The operating experience reported in BWRVIP-14-A should be updated to better reflect the
number or instances of core shroud cracking that have occurred without through-wall growth.
The extensive field experience on cracking is critical to the demanstration of the adequacy of
the BWRVIP-14-A K-dependent approach for crack growth.
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The third issue was in regards to the' effects of neutron fluence on crack growth rates in the
weld heat affected zones. For neutron fluence values up to 5 x 10% nfcm? (E > 1 MeV), the
BWRVIP- -14-A 95th percentile crack growth rate curve may bound the crack growth rate only »
about 70 percent of the. time. The NRC has observed a significant increase in crack growth
rate in irradiated weld heat affected zone material ata neutron fluence value of approx&mately
5x.100 nfem? (E > 1 MeV)..

The BWRVIP proposes to use the BWRVIP-14-A "95th percentile” crack growth rate curve, for
unirradiated materials up to a-neutron fluence value of 5.x 10%° n/cm? (E > 1 MeV) and to use a
correlation presented in the BWRVIP-99 report, "Crack Growth Rates in irradiated Stainless
Steel in BWR Internal Components,” for higher neutron fluencevalues, This results in a large -
jump in pestulated crack growth rates at a neutron fluence value of 5 x 10%° nfcm? (E > 1 MeV).
In reality, the transition is continuous, and the proposed crack growth rate correlation will be
somewhat nhon-conservative for neutron fluence values less than but hear 5 x 10%° n/em? (E > 1
MeV) and.quite conservative for the portions of the core shroud with neutron fluence values
greater than 5x10% n/em? (E > 1 MeV). The potential non-conservatism is relatively smail.
The BWRVIP-14-A "95th percentile" crack growth rate curve may be expected to:bound 70
-percent of the crack growth rates for neutron fluence values somewhat below 5 x 10% nfecm?
(E > 1 MeV) instead of the 95 percent expected for unlrradlated materials.

In its letter dated September 12, 2005, the BWRVIP provided addmonal mformatlon on the
neutron fluence values associated with core shrouds. The neutron fiuence varies significantly
around the core shroud an,d through the thickness for the various ring-to-shell (horizontal)
welds. In general the peak neutron fluence locations occur where the core is:closest to the
-core shroud at the 45, 135, 225-and 315 degree locations (+/- 5.degrees). Thus only a limited
region of the core shroud circumference and thickness will expenence the peak neutron
fluence.

This variability strongly mitigates the effect of any potential non-conservatism in the
BWRVIP-14-A report at neutron fluence values just below the threshold value of 5 x 10%° nfcm?
(E > 1 MeV). The portions of the core shroud for which the crack growth rate might be
non-conservative is limited in extent both azimuthally and through-thickness.

Tagether with the conservatism inherent in the K-distribution in most cases, this level of
conservatism in the crack growth rate model should assure conservative predictions of
through-wall crack growth in almost all cases.

Therefore, the proposal to use the unirradiated crack growth rate curve for neutron fluence

values less than 5 x 16% n/cm? (E > 1 MeV) and the BWRVIP-99 crack growth rate cofrelation
for neutron fluence values greater than 5 x 10%° n/cm?® (E > 1 MeV) is considered acceptable.
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The NRC staff has reviewed the BWRVIP's responses prowded in your letter dated

September 12, 2005, and finds that the BWRVIP has adequately addressed the issues ralsed
during the August 24-25, 2004, meeting. The NRC staff requests that the BWRVIP incorporate
the staff's recommendations, as stated above, as well as the responses to the NRC staff's
issues in your letter dated September 12, 2005, into the -A version of the BWRVIP-14 report.

‘The NRC staff also requests that the BWRVIP- submit to the NRC the -A version of the

BWRVIP-14 report within 180 days of receipt of this letter. Please contact John Honcharik of
my staff at (301) 415-1157, if you have any further questions regarding this subject.

Al

‘Matthew' A. Mitchell, Chief

Vessel$ & Intemals. Integrity Branch
Division of Component Integrity
Office of Nuclear Reactor Regulation

Project No. 704

"cc;. BWRVIP Service List-
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Plants With Shroud Cracking
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RECORD OF REVISONS

BWRVIP-14-A

Information from the following documents was used in preparing the changes included
in this revision of the report. These documents are also listed as References 21 through
32 in Section 8.0.

1.

10.

BWR Vessels and Internals Project, Evaluation of Crack Growth in BWR Stainless
Steel RPV Internals (BWRVIP-14). March 1996. EPRI Report TR-105873.

Letter from C. E. Carpenter (NRC) to J. T. Beckham Jr. (BWRVIP Chairman),
“Proprietary Request for Additional Information — Review of BWR Vessel and
Internals Project Proprietary Report, BWR Vessel and Internals Project, Evaluation
of Crack Growth in BWR Stainless RPV Internals (BWRVIP-14),” December 9,
1996. (BWRVIP Correspondence File Number 96-746)

Letter from V. Wagoner (BWRVIP) to C. E. Carpenter (NRC), “BWRVIP Response
to NRC Reguest for Additional Information on BWRVIP-14,” July 28, 1997.
(BWRVIP Correspondence File Number 97-651)

Letter from G. C. Lucas (NRC) to C. Terry (BWRVIP Chairman), “Safety Evaluation
of the BWR Vessel and Internals Project BWRVIP-14 Report (TAC No. M94975)”
and enclosure, June 8, 1998. (BWRVIP Correspondence File Number 98-260)

W. J. Shack (Argonne National Laboratory) “Technical Evaluation Report on EPRI
TR-105873, BWR Vessels and Internals Project, Evaluation of Crack Growth in
BWR Stainless Steel RPV Internals,” January 27, 1998. (BWRVIP Correspondence
File Number 98-260)

Letter from C. Terry (BWRVIP Chairman) to C. E. Carpenter (NRC), “BWRVIP
Response to NRC Safety Evaluation of BWRVIP-14,” November 24, 1998.
(BWRVIP Correspondence File Number 98-458) :

Letter from J. Strosnider (NRC) to C. Terry (BWRVIP Chairman), “Final Safety
Evaluation of the BWR Vesse! and Internals Project BWRVIP-14 Report

(TAC No. M94975),” December 3, 1999 (with enclosure TER on Project 704).
(BWRVIP Correspondence File Number 99-496)

W. J. Shack, O. K. Chopra, S. Majumdar, (Argonne Nationai Laboratory),
“Technical Evaluation Report on Project No. 704 - BWRVIP Response to NRC
Safety Evaluation of BWRVIP-14,” August 5, 1999. (BWRVIP Correspondence
File Number 99-496)

“Summary of February 17, 2000 BWRVIP/NRC Meeting,” February 29, 2000.
(BWRVIP Correspondence File Number 2000-049)

Letter from C. Terry (BWRVIP Chairman) to C. E. Carpenter (NRC), BWRVIP
Document 200-198, “Project No. 704 — BWRVIP Response to NRC Final Safety
Evaluation of BWRVIP-14,” July 11, 2000. (BWRVIP Correspondence File Number
2000-193)
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11.

12.

13.

14,

15.

Letter from J. R. Strosnider (NRC) to C. Terry (BWRVIP Chairman), “BWRVIP
Response to NRC Final Safety Evaluation of BWRVIP-14 (TAC No. M94975),”
May 13, 2001. (BWRVIP Correspondence File Number 2001-163)

Letter from W. H. Bateman (NRC) to C. Terry (BWRVIP Chairman), “Clarification to
NRC Letter Regarding BWRVIP Response to BWRVIP-14 Final Safety Evaluation
(TAC No. M94975),” July 20, 2001. (BWRVIP Correspondence File Number 2001-
243A)

W. J. Shack and S. W. Tam (Argonne National Laboratory), “Technical Evaluation
Report on BWRVIP-14-A, BWR Vessels and Internals Project, Evaluation of Crack
Growth in BWR Stainless Steel RPV Internal,” Draft, July 30, 2004.

Letter from W. A. Eaton (BWRVIP Chairman) to M. Khana (NRC), “PROJECT NO.
704 — BWRVIP Response to Draft Technical Evaluation Report on BWRVIP-14-A
(Evaluation of Crack Growth in BWR Stainless Steel RPV Internals),” September
12, 2005, (BWRVIP Correspondence File Number 2005-364)

Letter from M. A. Mitchell (NRC) to R. Libra (BWRVIP Chairman), “Staff Evaluation
of BWRVIP Response to Nuclear Regulatory Commission Safety Evaluation of
“BWR Vessel and Internals project, Evaluation of Crack Growth in BWR Stainless
Steel RPV Internals,” (TAC NO. MC2738),” August 22, 2007, (BWRVIP
Correspondence File Number 2007-261)

Details of the revisions can be found in Table R-1.
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Table R-1
Revision Details

Record of Revisons

Required Revision

Source of Requirement for
Revision

Description of Revision Implementation

Revise text in Sections 1.1 and 3.5 to
document the operating experience to
better reflect the number of instances
of core shroud cracking that have

occurred without through-wall growth.

NRC Staff Evaluation of
BWRVIP Response to NRC
SE (2007-261)

Sections 1.1 and 3.5 revised to provide Appendix Q which contains
instances of crack shroud cracking that have occurred in the US without
through-wall growth.

updated Figure 3-9.

Revise text in Section 1.2 to indicate | Editorial Section 1.2 revised to indicate that the crack growth model is in the

that the crack growth model is for the “through-wall” depth direction. The limitation of the model for fluence <5 x

depth direction and also emphasize 10* n/cm’ (E > 1.0 MeV) was emphasized

the fluence limitation of the model.

Revise text in Section 2.0 to indicate | Editorial Section 2.0 revised to indicate that the second database was based on

the source of the second database. laboratory work as well as crack arrest verification systems (CAVS) data
developed by GE.

Revise text in Section 3.3 to provide Editorial Equations 2-2 and 2-3 provided to provide the best fit and the 95"

the best fit correlation model as wel! percentile models respectively.

the 95" percentile model

Revise text in Section 3.5 to reflect Editorial Section 3.5 revised to reflect changes made to Figure 3-9. Figure 3-9

updated to reflect revised K distribution in Section 5. Additional plant data
was added to Figure 3-9 for completeness. The source of the data in
Figure3-9 was tied to Section 6.3.

Revise text in Section 4.1 to indicate
maximum axial operating stress in the
shroud.

BWRVIP Response to Initial
SE (98-458)
(page 8)

Section 4.1 revised to indicate that maximum operating membrane stress
in the core shroud is on the order of 1.6 ksi. As a result of this change,
Tables 4-1 and 4-2 were also modified accordingly by reporting only the
membrane stresses.

Revise Section 4.6 to incorporate the
FEA results to provide justification
that the BWRVIP generic residual
stress distribution is applicable to
both the shell-to-shell and shell-to-
ring welds.

NRC Staff Evaluation of
BWRVIP Response to NRC
SE (2007-261)

Section 4.6 revised to incorporate Appendix O which contains the FEA
results providing justification that the BWRVIP residual stress distribution
is applicable to both the shell-to-shell and shell-to-ring welds.
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R-4

Table R-1
Revision Details (Continued)

Required Revision

Source of Requirement for

Description of Revision Implementation

weld during fabrication.

(page 6)

BWRVIP Response to TER
item 3.2 (99-443)

Revision
Insert Section 4.7 to address BWRVIP Response to Initial | Section 4.7 inserted in report to address localized stresses per BWRVIP
localized stresses developed in the SE (98-458) Document 98-458 as follows.

1. Addition of a very conservative membrane stress of 3.2 ksi to account
for operating and local stresses on the shroud.

2. A surface residuai stress distribution to account for local surface
effects resulting from weld repairs and other local phenomena.

As a result of the new text in Section 4.7, Table 4-3 was modified and
Figures 4-12, 4-13 and 4-14 were added.

Revise text in Section 5.1 deleting
reference to Bamford and Buchalet
stress intensity factor (K) formulation
per response to ltem 2 of RAI
Response.

RAI Response (97-651)

Section 5.1 revised deleting reference to Bamford and Buchalet stress
intensity factor (K) formulation, since an alternate fracture mechanics
model was proposed as discussed below in Section 5.2.

Revise Section 5.1 to indicate that the
Cheng and Finnie K solution was
used also for the applied stresses.

Editorial

Section 5.1 modified to indicate that the Cheng and Finnie K solution was
used also for the applied stresses.

Revise text in Section 5.2 to present
new stress intensity factor (K)
formulation per response to ltem 2 of
RAIl Response.

RALl Response (97-651)

Section 5.2 revised to show new stress intensity factor (K) formulation by
Cheng and Finnie and presented in Appendix B of RAI response.

Revise Section 5.2 to incorporate the
FEA results to provide justification
that the BWRVIP generic K
distribution is applicabte to both the
shell-to-shell and shell-to-ring welds.

NRC Staff Evaluation of
BWRVIP Response to NRC
SE (2007-261)

Section 4.7 revised to incorporate Appendix O which contains the FEA
results providing justification that the BWRVIP K distribution is applicable
to both the shell-to-shell and shell-to-ring welds.

Revise text in Section 5.3 to be
consistent with newly inserted
Section 4.7 and newly revised
Section 5.2.

RAI Response (97-651)

Section 5.2 revised such that the discussion of localized stresses and
their effect on K distribution is consistent with newly inserted Section 4.7
and newly revised Section 5.2.
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Table R-1
Revision Details (Continued)

Required Revision

Source of Requirement for
Revision

Description of Revision Implementation

Revise text in Section 6.1
incorporating BWRVIP response to
Final SE which was accepted by
USNRC on May 13, 2001.

BWRVIP Response to NRC
Final SE (2000-198)

Section 6.1 revised incorporating BWRVIP Response to Final SE by
incorporating three evaluation approaches.

1. Stress Intensity Factor (K) Independent Approach.
2. Stress Intensity Factor (K) Dependent Approach.

3. Stress Intensity Factor (K) and Environment (ECP and Conductivity)
Dependent Approach.

Revise text in Section 6.1.1, 6.1.2
and 6.1.3 to indicate that the
maximum conductivity level with the
three evaluation approaches is 0.3
uS/em.

Editorial

Sections 6.1.1, 6.1.2 and 6.1.3 modified to indicate that the three
evaluation approaches are applicable up to 0.3 pS/cm corresponding to
Action Level 1 limit defined in the 2004 BWR Water Chemistry Guidelines
(BWRVIP-130).

Revise text in Section 6.1 to indicate
that fluence level of 5 x 10% n/cm?® (E
> 1 MeV) requires plant specific
analysis

BWRVIP Response to Initial
SE, Page 2, Item 5 (98-458)

Textin Section 6.1 revised to indicate that K-independent crack growth
rates are only applicable to components with fluences less than 5 x 10
n/cm’ (E > 1 MeV) since the database is presently based only on
unirradiated materials.

Revise the Analysis in Chapter 6
(Section 6.2) to inciude the effects of
circumferential crack growth

RAIl Response, ltem 5
(97-651)

This revision was not incorporated because as explained below, Section
6.2 was revised to include a new plant specific example.

Revise text in Section 6.2 to reflect
new plant specific example provided
in Initial SE response.

BWRVIP Response to Initial
SE (98-458)

Revise Section 6.2 to indicate new plant specific example provided in
initial SE response, considering the revised K distribution presented in
Section 5.2 for the various stresses.

Insert Section 6.3 to compare
analytical crack growth prediction with
field data

BWRVIP Response to NRC
Final SE (2000-198)

Section 6.3 was inserted to provide comparison between analytical crack
growth predictions with field data and to demonstrate that the analytical
approach reasonably accounts for the effects of localized stresses
resulting from weld repairs.

Revised text in Appendix H, page
H-25 per response to ltem 2 of RAI
Response.

RAI Response (97-651)

Text on page H-25 of Appendix H modified per proposed revision in
Appendix A of RAI Response.
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Table R-1
Revision Details (Continued)

Required Revision

Source of Requirement for
Revision

Description of Revision Implementation

changes made to the report.

Revise Section 7.0 to be consistent Editorial Revise Section 7.0 (Summary and Conclusion) consistent with all the
with all changes made in revised changes made in the revised document.

document.

Revise Section 8.0 to be consistent Editorial Revise Section 8.0 (References) consistent with new References added
with new References added to ' to the report.

revised report.

Revise Appendices to include new Editorial Appendix J replaced, New Appendices K, L and M added.

Appendices J, K, L, M, N, O, P, Q

and R.

Revise Executive Summary to reflect | Editorial Revised Executive Summary to reftect changes made to report.

Restrict applicability of CGR
evaluations at high conductivities.

BWRVIP review

Section 6 revised to limit the use of 5E-05 in/hr as well as the use of
Equations 6-5 and 6-6 to conductivities less than or equal to 0.3 micro-
Siemens/cm.

Clarify that crack growth rates for
HWC are also applicable when Noble
Metal Chemical Application is used.

BWRVIP review

Text revised in Sections 1 and 6.

End of Revisions
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