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REPORT SUMMARY

The BWR Vessel and Internals Project (BWRVIP) has developed methodologies to evaluate
crack growth in internal components of stainless steel and nickel-base alloys in the BWR vessel.
One BWRVIP report-BWRVIP- 14-developed an approach to evaluate crack growth by
intergranular stress corrosion cracking in austenitic stainless steel core shrouds exposed to a
limited amount of neutron irradiation. Subsequently another report-BWRVIP-99-was
prepared to provide a crack growth methodology applicable to irradiated BWR stainless steel
internal components for fluence levels from 5 x 1020 n/cm 2 to 3 x 1021 n/cm 2, serving as an
extension of BWRVIP-14 for this irradiation regime. This report (BWRVIP-99-A) incorporates
changes proposed by BWRVIP in response to U.S. Nuclear Regulatory Commission (NRC),
Requests for Additional Information, recommendations in the NRC Safety Evaluation, and other
necessary revisions identified since the previous publication of the report. All changes are
marked with margin bars. In accordance with the NRC request, the Safety Evaluation is included
here as an appendix: and the report number includes an "A" indicating the version of the report
accepted by the NRC staff.

Background
The NRC has accepted the approach proposed in BWRVIP-14 (EPRI report TR-105873), as
documented in the NRC initial and final safety evaluation reports. However, the NRC limited the
application of the BWRVIP-14 crack growth correlation to fluences of less than 5 x 10211 n/cm 2.
As plants age, certain locations in the mid-plane of the core shroud experience fluence levels
exceeding this limit. With increasing fluence, the materials become susceptible to irradiation
assisted stress corrosion cracking (IASCC). Consequently, there is a need to develop a method to
evaluate crack growth in irradiated stainless steels at fluence levels above 5 x 1020 n/cm 2.

Objective
To provide crack growth rates that are applicable to BWR internal components of stainless steel
irradiated to fluence levels of 5 x 1020 n/cm 2 to 3 x 102 n/cm2.

Approach
Investigators first reviewed the mechanistic basis for the effects of irradiation on crack growth
behavior. Next, they assembled and analyzed data from crack growth measurements on core
shrouds in several BWRs. They also summarized the available laboratory data on crack growth
in irradiated stainless steels in BWR environments. Their third step was to discuss the significant
role of irradiation-induced stress relaxation, which tends to counteract the effect of irradiation on
IASCC susceptibility. Based on this collective understanding, investigators developed crack
growth curves that can be applied under normal water chemistry (NWC) and hydrogen water
chemistry (HWC) conditions in the fluence range of 5 x 1020 n/cm 2 to 3 x 1021 n/cm 2.
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Results
A review of the field data indicates that crack growth rates decrease as a function of core shroud
thickness. This is consistent with the shape of the stress intensity (K) distribution developed for
BWRVIP-14, where the K first increases and then decreases as a function of thickness. This
finding supports the decreasing stress intensity distribution currently recommended for use in
evaluating shroud welds that experience fluence levels below 5 x 1020 n/cm 2.

Screening of the laboratory crack growth data eliminated data not applicable to stress and
chemistry conditions relevant to BWR core shrouds. The K-dependent crack growth curves
developed for this project provide a reasonable bound to laboratory data under NWC and HWC
conditions. It should be noted that the HWC curve was a factor of three lower than the NWC
curve. This report includes significant discussion of the basis for data screening as well as
additional crack growth rate data from unirradiated materials that further strengthen the proposed
curves. The report recommends the most appropriate K-distribution consistent with the field
crack growth data. The report concludes with an example evaluation of flaw growth in a core
shroud under NWC and HWC conditions.

EPRI Perspective
This BWRVIP report provides the technical basis for evaluation of flaw growth in core shroud
welds in the fluence range of 5 x 1020 n/cm 2 to 3 x 102 n/cm 2. Such information will be valuable
for plants where core shroud welds have exceeded a fluence of 5 x 1020 n/cm 2, or may do so in
the future as they extend operation from 40 to 60 years.

Keywords
BWR Vessel and Internals Project
Crack growth rates
Irradiated stainless steel
BWR
Core shroud welds

vi



ACKNOWLEDGMENTS

The members of the BWRVIP Focus Group on Irradiated Crack Growth, listed below, are
gratefully acknowledged for their efforts which led to the successful completion of the original
version of this document.

Robin Dyle, SNOC
George Inch, NIMO
Lew Willertz, PP&L
Guy Deboo, Exelon
Larry Yemma, CP&L
John Wilson, Amergen
Jai Brihmadesam, Entergy
Bob Carter, EPRI,
Raj Pathania, EPRI,
Larry Steinert, EPRI

General Electric Nuclear Energy Principal Investigators:

R. B. Davis
R. M. Horn

General Electric Corporate Research and Development Laboratory Principal Investigators:

P. L. Andresen
J. L. Nelson

vii



RECORD OF REVISIONS

Revision Number Revisions

BWRVIP-99 Original Report (1003018)

BWRVIP-99-A This report (BWRVIP-99-A) is based on a previous report (BWRVIP-99) that was
reviewed by U.S. Nuclear Regulatory Commission (NRC). It the incorporates
changes proposed by BWRVIP in response to NRC Requests for Additional
Information, recommendations in the NRC Safety Evaluation, and other necessary
revisions identified since the previous publication of the report. All changes, except
corrections to typographical errors, are marked with margin bars. Non-essential
format changes were made to comply with current EPRI publication Guidelines.

Appendix A added: NRC Safety Evaluation.

Appendix B added: Details of revisions.

ix



EXECUTIVE SUMMARY

The purpose of this report is to provide a crack growth methodology that is applicable to
irradiated BWR stainless steel internal components for fluence levels from 5 x 1020 to
3 x 102' n/cm 2. It serves as an extension of BWRVIP-14 to this regime of irradiation. This report
(BWRVIP-99-A) is based on a previous report (BWRVIP-99) that was reviewed by U.S. Nuclear
Regulatory Commission (NRC). It incorporates changes proposed by BWRVIP in response to
NRC Requests for Additional Information, recommendations in the NRC Safety Evaluation, and
other necessary revisions identified since the previous publication of the report. All changes are
marked with margin bars. The basis for these rates requires significant background and
understanding of the effects of irradiation on stainless steel. It also requires information on
measured crack growth behavior of irradiated materials tested in laboratories and of actual core
components in operating plants. To convey this understanding and to provide the disposition
crack growth rates, the report covers several topics in detail.

The report first reviews the understanding of the irradiation assisted stress corrosion cracking
phenomena along with it direct relationship to stress corrosion cracking of austenitic structural
materials. All structural materials exhibit an inherent SCC susceptibility in high temperature
water. Specifically, for stainless steels, cold work, sensitization, neutron fluence, corrosion
potential, water purity, temperature, and loading all affect crack growth rates. Additionally, there
is a large benefit of changing to low potential conditions, which leads to a significant reduction
in crack growth rate.

Content Deleted -
EPRI Proprietary Information

The next sections present the existing proprietary crack growth rate data that has been
measured in irradiated materials, tested in BWR-type high temperature water environments by
GENE or in the Halden Research Test Reactor. The data, screened to remove non-representative
measurements, are later used as the basis for two disposition curves, one for NWC environments
and one for HWC environments. These curves are based on bounding the data while maintaining
a stress intensity dependence that is consistent with the crack growth behavior of other austenitic
materials. The report includes significant discussion on the basis for data screening as well as
additional crack growth rate data from un-irradiated materials that provide further strength to the
proposed curves. The report also provides the basis for incorporating radiation-induced stress
relaxation into the evaluation methodology. The factor is validated through comparison with the
field data. The report concludes with an example evaluation.
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1
INTRODUCTION AND BACKGROUND

In earlier efforts, the BWR Vessels and Internals Project (BWRVIP) has developed crack
growth disposition methodologies for evaluating intergranular stress corrosion cracking (IGSCC)
in the internal components of BWRs [ 1-1, 1-2]. The focus of these efforts have been the primary
austenitic materials used in the core region. Specifically, these methodologies have been directed
at the stainless steel core shroud [ 1-1 ] and the Alloy 600/Alloy 182 materials used in the
construction of the shroud support and the reactor pressure vessel attachment welds[1-2].
The first of these efforts resulted in the issuance of BWRVIP- 14 [1-1], which developed the
methodology for evaluating IGSCC crack indications in the core shroud. The report addressed all
the different elements of the disposition methodology including the appropriate crack growth
rates, the stresses that provided the driving force for crack advance and the role of environmental
parameters on crack advance. The approach proposed in BWRVIP-14 [1-I] has been accepted by
the NRC. The NRC initial and final safety evaluation reports (SERs) documents this acceptance
[1-3, 1-4]. However, the specific relationships to be used for material and environmental
condition are dependent on many parameters.
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Introduction and Background

The purpose of this report is to provide new crack growth rates that can be used for irradiated
stainless steel that has been exposed to a fluence greater than 5x 102

' n/cm 2. The proposed crack
growth rates will be developed based on several inputs which are presented in this report. First,
the report provides an overview of the fundamental basis for the effects of irradiation on crack
growth behavior. This is directly tied to the fundamental understanding of stress corrosion
cracking processes in austenitic structural materials. With this understanding as the primary
building block, the report presents supporting data from crack growth measurements made on
core shrouds through ultrasonic inspections. The report next summarizes the useful laboratory
crack growth rate data that have been measured in irradiated stainless steel. These data,
developed by GENE and Halden in test facilities with BWR water environments, establish the
effects of stress and environment on the measured rates. The summary data is based on detailed
evaluation of the proprietary testing efforts that are reported in supporting EPRI/GE Report
[ 1-6]. The report also provides a summary of other relevant data on un-irradiated stainless steel
that have provided valuable insights into crack growth rate behavior of stainless steel following
irradiation. The final topic discussed is the very important role of irradiation-induced stress
relaxation. This factor will significantly reduce crack growth rates in irradiated components
where the residual stresses adjacent to welds account for the majority of
the driving force through the thickness.

Based on this understanding and these data, the report will propose disposition crack growth
rate curves for use with stainless steel core components such as the beltline H4 core shroud weld
irradiated in the range of 5 x 1020 to 3 x 102 n/cm 2. These curves will be capable of being applied
to both normal water chemistry (NWC) and hydrogen water chemistry (HWC) conditions. They
also will be shown to produce predictions that bound the existing field shroud crack growth
database.

Implementation Requirements

In accordance with the implementation requirements of Nuclear Energy Institute (NEI) 03-08,
Guideline for the Management of Materials Issues, the crack growth rate curves described in
Sections 8.3.1 and 8.3.2 along with the stress intensity factor distribution described in Section
9.1 are considered "needed" when performing flaw evaluations for core shroud welds in the
fluence range of 5 x10 20 to 3 x 1021 n/cm 2. For evaluations of flaws in other irradiated
components in this fluence range the crack growth rate disposition curves in Section 8.3.1 and
8.3.2 are considered "needed" when used with stress intensity factor distributions appropriate to
the component to be evaluated. The remaining sections of the report are provided for
information only.
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2
UNDERSTANDING OF IRRADIATED CRACK GROWTH

Irradiation assisted stress corrosion cracking (IASCC) is the sub-critical intergranular cracking of
materials exposed to ionizing irradiation [2-1 through 2-8], although it sometimes is viewed more
restrictively to represent environmentally assisted cracking of irradiated materials (not unirradiated
materials exposed to radiolytic environments). IASCC is most often associated with light water reactor
(LWR) environments involving high temperature water and neutron irradiation exposure, which alters
many material properties and causes radiolysis of water. While initially viewed as a unique and very
complex form of cracking, IASCC is now broadly interpreted as a radiation accelerated process within
the spectrum of environmental cracking [2-1 through 2-3] (Figure 2-1).

Content Deleted -
EPRI Proprietary Information

Among the various factors that alter IGSCC (and IASCC) susceptibility, corrosion potential is among
the most potent and most important, because it can be controlled in existing plants. The strong
contribution of the oxidizing water chemistry produced by radiolysis is indicated in the inset of Figure
2-3 by the effect of corrosion potential on cracking of irradiated stainless steel at a fluence of ;2x 1021

n/cm2, in Figure 2-6 for unirradiated, sensitized stainless steel, and in Figure 2-5 for unirradiated,
unsensitized, cold worked stainless steel.

IASCC has been extensively observed, despite the use, e.g., of solution annealed materials and low
design stresses. As summarized in several references [2-1 through 2-9], initial reports of IASCC
occurred in the early 1960s in fuel elements, where high stresses associated with fuel swelling were
considered an essential and unusual ingredient. However, IASCC was subsequently reported in a variety
of high and low stress core components and in-situ test specimens in boiling water reactors (BWR),
commercial pressurized water reactors (PWR), U.S. Navy test PWRs, and steam generating heavy water
reactors (SGHWR). Evaluation of IGSCC in cold worked, irradiated stainless steel baffle bolts in PWRs
has shown that low corrosion potential does not provide immunity to IASCC, although the higher
temperature in PWRs is the key parameter responsible for the significant increase in SCC susceptibility
and corresponding growth rates.
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IASCC concerns also exist in applications such as high level radioactive waste containers and fusion
reactors. In all cases, IASCC poses special concerns related to difficulties in inspection, and repair or
replacement. In 1986 an International Cooperative Group on IASCC was formed [2-4] with the primary
objective of developing fundamental understanding and life prediction capability for IASCC, which is
crucial to LWR plant management and life extension.

2.1 Major Findings of the Last Fifteen Years of IASCC Research

Even though there is a very large amount of literature on the effects of irradiation on SCC behavior,
the critical findings can be summarized. Based on both laboratory and field experience, these critical
findings of the last 15 years of research into IASCC are as follows:

I. There is inherent SCC susceptibility in high temperature water of all structural materials and alloy
types under almost all conditions, although very dramatic differences in kinetics also occur.

2. Major contributing factors to SCC susceptibility include neutron fluence, cold work, corrosion
potential, water purity, temperature, and loading.

3. The interactive nature of the influential parameters makes their individual contribution to SCC
appear complex, and changes the apparent threshold in any one parameter. This, coupled with the
obvious importance of test/exposure time on the appearance of IASCC makes any "threshold"
uncertain and even of dubious significance. A reasonable "working threshold" fluence of about 2 x
1020 n/cm 2 can be used for annealed components in high purity oxidizing environments, but some
radiation enhancement (esp. in sensitized stainless steels) can be expected at lower fluences.
Conversely, under low potential conditions (e.g., BWR NobleChemTM, HWC or PWR primary water
chemistry), the kinetics of SCC are dramatically reduced and the "working threshold" is •3 x 1021

n/cm 2 at 288°C (;1021 n/cm 2 at 325 °C).

4. The quality and reproducibility of most IASCC (indeed, all SCC) measurements is not consistently
high, and data must be carefully compared and verified against other observations. The origins of
these problems include the complexity of the experiments and number of disciplines that must be
mastered, as well as the nature of SCC.

5. Radiation promotes SCC via several phenomena:

* Radiolysis can produce an oxidizing environment that increases the corrosion potential (this is
suppressed by the high H2 fugacity in PWRs)

* Radiation induced segregation (RIS, or RS) produces compositional differences very near to grain
boundaries (Figure 2-7). While into the mid-1990s there was a heavy preoccupation with the
possible effects of impurities like P, S, Si, N, and B, there is now a broader acceptance of the
primary importance of Cr depletion. Cr depletion is most important in oxidizing environments (that
produce a pH-shifted crevice and crack chemistry); in low potential BWR and PWR environments,
its role is secondary.

* Radiation hardening (RH) causes dramatic increases in yield strength by generating point defect
damage and small diameter vacancy and interstitial loops. These are very strong barriers to initial
dislocation motion, but once a few dislocations move along a slip plane, they clear the point defects
and most of these very fine obstacles. This creates a "dislocation channel" of softened material in
which subsequent dislocation motion readily occurs. Thus, in almost all cases, highly irradiated
materials are not brittle, but highly ductile on a local scale. This also results in strain softening
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(not strain hardening), and necking often develops at low strains, leading to low uniform elongation
but high reduction in area near the fracture. Because strain softening occurs, ASTM fracture
mechanics stress intensity, K,/size criteria [2-14] must be interpreted and applied with caution. It is
believed that radiation hardening acts in a similar fashion to cold work, as both processes increase
the yield strength and enhance SCC growth rates at high and low corrosion potential [2-1 through
2-3, 2-12, 2-13].

* Radiation creep/relaxation is a relatively well behaved, consistent process that tends to enhance SCC
by promoting dislocation motion. Under constant displacement conditions (e.g., for weld residual
stresses or baffle bolts), radiation creep produces substantial stress relaxation within a few dpa,
which is an important factor in understanding and predicting the behavior of core components.

2.2 The Beneficial Effect of Reduced Corrosion Potential on the Stress Corrosion
Crack Growth Rates of Irradiated Stainless Steel

Early investigators suggested that IASCC was a unique phenomenon, largely because of its supposedly
unusual characteristics (e.g., its occurrence in solution annealed stainless steel) and the myriad of
hypothetical radiation effects on cracking. However, as new data have been generated and critical
experiments performed, the basis for viewing IASCC as a radiation-enhanced form of environmental
cracking have increased and become very compelling. A summary of these findings that support these
ties follows:

" There are consistent observations of similar dependencies among cracking of unirradiated materials
in the laboratory, and irradiated materials in the laboratory, test reactor, and in-plant [2-1, 2-2, 2-8,
2-9, 2-16 through 2-18], including effects of corrosion potential (Figures 2-5 and 2-6 vs. Figures 2-3,
2-6, and 2-8 - with other examples to be given later) and water purity (Figure 2-9 vs. Figure 2-10).

* There is a recognition that radiation segregation produces significant chromium depletion near grain
boundaries in initially solution annealed materials. These chromium profiles are broadly
characteristic of thermal sensitization (Figure 2-7), although they are much narrower and generally
not as deep. The similarity in SCC response was demonstrated by comparing normal thermal
sensitization profiles with narrow profiles produced by multi-step heat treatments [2-20, 2-21 ] of
unirradiated stainless steel.

* There are observations that increasing yield strength by cold work enhances SCC growth rates in
both aerated and deaerated (pure) water, in the absence or presence of sensitization. This is a strong
parallel to the response of irradiated stainless steels, which show increased crack growth rates with
fluence. In deaerated water, there should be little effect of sensitization, so the enhancement in
growth rate is primarily attributable to the increase in yield strength from irradiation.

* The fact that IASCC increases with test temperature in deaerated water from 288°C to 340'C in a
similar fashion to unirradiated materials is observed. While better quantification is needed for both
unirradiated and irradiated SCC response, Figures 2-11 and 2-12 show strong similarities.

* There is the observation that the corrosion potential inside cracks is always low, even for oxygen-
containing water and under both unirradiated and irradiated conditions (except for non-relevant,
3-side open cracks and properly oriented high fluid flow rate [2-22, 2-23]). Thus, the possibility that
radiolysis could produce a net oxidizing environment within the crack (and thereby reverse the
direction of the potential gradient from the crack mouth to tip) was dispelled by potential
measurements in 288°C water [2-1, 2-2] in which no consequential increase in the crack-tip potential
occurred at total (gamma and particle) radiation levels even above peak LWR levels.
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* Little or no intergranular cracking occurs in inert environments under similar temperature and
loading conditions. Also, cracks are generally observed to initiate from the water side of
components.

A broader case can be made for the commonality of many high temperature water SCC systems,
including the spectrum of iron and nickel weld and base metals [2-18, 2-19]. For example, the tip of
propagating cracks in both BWRs and PWRs is always deaerated, with the corrosion potential controlled
by the H, - H2O line, and the difference in pH at temperature for various water chemistries is typically
limited to about 3 units. Some special factors must be accounted for. Higher H, (and lower temperature)
increases the stability of Ni metal [2-17, 2-23]. The presence of oxidizing species and the lack of a
buffering chemistry provides an opportunity for shifts in crack chemistry.

Both phenomenological interpretation and predictive modeling relies on this evidence in support of a
"radiation-enhanced" view of IASCC as a basis to extend our existing understanding and predictive
modeling for unirradiated stainless steels to include irradiated effects. This approach does not dismiss
the prospect of other contributions but it does relegate them to a secondary role. Therefore it is very
appropriate to emphasize the important relationship between water chemistry and the magnitude of the
crack growth rate in both unirradiated and irradiated stainless steel.

2.3 Status of Current Understanding of Irradiated Crack Growth Rate Behavior

As stated earlier, all structural materials exhibit an inherent SCC susceptibility in high temperature
water. Austenitic materials manifest this susceptibility in the form of IGSCC. Each of the major factors,
material susceptibility, stress and environmental parameters control the level of cracking and the growth
rates of cracks. Specifically, for stainless steels, cold work, sensitization, neutron fluence, corrosion
potential, water purity, temperature, and loading all affect those rates. In that the easiest parameters to
control is the coolant environment, it is also important to recognize that the resultant stress corrosion
crack growth rates of all BWR structural materials, including unirradiated or irradiated stainless steel,
are very strongly affected by corrosion potential. For all of these materials, there is a large benefit of
changing to low potential conditions, which can lead to an order of magnitude or more reduction in
crack growth rate. This is achieved through the implementation of effective hydrogen water chemistry.

2-4



Understanding of Irradiated Crack Growth

SOLUTION RENEWAL
RATE TO CRACK-TIP

a
OXIDE RUPTURE

)-FIELD\, 

-
CRACK TIP S6 A)- ,pH

PASSIVATION RATE
AT CRACK-TIP

GB. DENUDATION-•-"S'EGREGATION

Figure 2-1
Illustration of engineering factors (stress, environment, and microstructure), underlying
fundamental phenomena (mass transport, oxide rupture, and repassivation), and primary effects
of radiation on crack advance processes
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Figure 2-2
Dependence of IASCC on fast neutron fluence for creviced control blade sheath in high
conductivity BWRs [2-10]
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type 304 stainless steel in 2880C water [2-12]. The inset shows the effect of corrosion potential via
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Figure 2-6
Observed and predicted relationships of crack growth rate vs. Corrosion potential for furnace
sensitized type 304 stainless steel at a constant K of =27.5 MPa/m. The observed data were
obtained in water of conductivity between 0.1 to 0.3 psS/cm. The predicted relationships show the
sensitivity of the crack growth rate to changes in combinations of corrosion potential and water
purity (0.1 to 0.5 ipS/cm) [2-9, 2-10, 2-11]. The circled points above 0.1 V.,. (and at -0.42 V.,h) were
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Figure 2-7
Compositional profiles across grain boundaries obtained by dedicated STEM from a low strain,
high purity 348 stainless steel swelling tube specimen irradiated to 3.4 x 1021 n/cm2 at 2880C in a
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Figure 2-8
Comparison of predicted and observed crack length vs. time for fracture mechanics
specimens of furnace sensitized type 304 stainless steel in the peak flux region of the
core and in the recirculation line of a commercial BWR [2-1 through 2-3]. The high corrosion
potential in core caused significantly higher crack growth rates than in the specimen exposed in
the recirculation system (neutron fluence did not reach consequential levels early in core
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Comparison between observed and predicted crack growth rate vs. solution conductivity for
statically loaded type 316L and sensitized type 304 stainless steels in 2880C water containing 200
ppb 0, [2-16 through 2-18]
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Figure 2-10
The similarity in the effects of solution conductivity for unirradiated and irradiated BWR
components is shown in the field correlations of the core component cracking behavior vs.
average plant water purity for (a) stainless steel IRM/SRM instrumentation dry tubes, (b) creviced
stainless steel safe ends, and (c) creviced inconel 600 shroud head bolts, which also shows the
predicted response vs. conductivity [2-11, 2-26]
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Figure 2-11
Effect of temperature on stress corrosion crack growth rate of stainless steel cool worked by 20%
at +140 0C and tested in H2-deaerated, near-theoretical purity water [2-13, 2-14]
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Figure 2-12
Effect of temperature on SCC of irradiated stainless steel in PWR water [2-27]
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3
FIELD EVALUATIONS OF CRACK GROWTH RATES IN
HIGH FLUENCE STAINLESS STEEL WELDMENTS
BASED ON ULTRASONIC MEASUREMENTS

In previous BWRVIP crack growth reports, efforts were undertaken to examine the information
available from the field components themselves [1-1, 1-2]. For these earlier efforts and this
effort, the only field data that is available must be derived from ultrasonic inspection data. These
data can be used to ascertain the depth of cracking at any one inspection period. The data are
available from much of the circumference of the shroud. If repeat inspections have been made
of the same areas and with similar techniques, the change in depth can be used to determine the
amount of growth that occurred between inspections. An average rate can be estimated by
dividing the crack growth, delta a, by the hot operating hours. For irradiated stainless steel, the
weld locations that are of the greatest interest are those that have been exposed to a high fluence;
in particular, the H4 weld. While the number of plants that have performed repeat inspections is
limited due to the large number of plants that have installed shroud repairs, there are still several
plants that do have this important data. These data are presented in the next sections, along with
the overview information regarding the operation of each plant, with the intention of validating
the proposed disposition curves and methods given later in this report.

3.1 Background of Field Data Approach
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3.2 Actual Plant Data

3.2.1 KKM Weld 11 (H4): 1994 through 1995 (from BWRVIP-14)
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Measurements
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3.2.2 Susquehanna Unit 1 and Unit 2 Weld H4: 1995 through 2000
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Field Evaluations of Crack Growth Rates in High Fluence Stainless Steel Weldments Based on Ultrasonic
Measurements
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3.2.3 Peach Bottom Unit 3 Weld H4: 1995 through 1999
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3.2.4 Brunswick Unit 2 Weld H4: 1995 through 1999
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3.3 Summary of Field Data
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Figure 3-1
Comparison of the 1994 and 1995 KKM UT determined crack depths of the different ID
indications in weld 11 (H4). (shroud thickness of 31.2 mm equivalent to 1.25 inches)
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Measurements
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Figure 3-2
Average crack growth rates plotted as a function of azimuthal location along with the
predicted fluence levels for KKM weld 11
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Figure 3-3
Average crack growth rates determined from 1994/95 inspections of KKM weld 11 plotted
as a function of initial 1994 depth
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Measurements
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Figure 3-4
UT scans for the 1995/96 and 2000 inspections of the lower ID H-4 weld in plant
susquehanna unit 1 with relative location and growth shown
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Figure 3-5
Average crack growth rates as a function of azimuthal position are shown along with
fluence estimates for the H4 weld in susquehanna unit 1
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igure 3-6
UT scans for the 1995 and 1999 inspections of the lower ID of H-4 weld in susquehanna
unit 2 with relative location and growth shown
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Figure 3-7
Average crack growth rates as a function of azimuthal position are shown along with
fluence estimates for susquehanna unit 2
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Figure 3-8
Average crack growth rates determined based on UT inspection data for susquehanna
units 1 and 2, plotted as a function of initial depth
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Measurements
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Figure 3-9
UT scans for the 1995 and 1999 inspections of the upper and lower ID of H-4 weld in peach
bottom unit 3 with relative location and growth shown
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Field Evaluations of Crack Growth Rates in High Fluence Stainless Steel Weldments Based on Ultrasonic
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Figure 3-10
Average crack growth rates as a function of azimuthal position for peach bottom unit 3
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Figure 3-11
UT scans for the 1996 and 1999 inspections of the ID of H-4 weld in brunswick unit 2 along
with relative location and growth shown
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Figure 3-12
Average crack growth rates as a function of azimuthal position for brunswick unit 2
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Figure 3-13
The field derived crack growth rate data is re-plotted based on the average normalized
depth crack growth rates decrease with increasing depth
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4
SUMMARY OF IRRADIATED CRACK GROWTH RATE
DATA FROM LABORATORY TESTING OF IRRADIATED
STAINLESS STEEL MATERIALS

The amount of available data developed on LWR neutron irradiated materials is very limited.
First, the availability of candidate irradiated materials has been limited by difficulty and cost
of removal from operating BWRs or BWR components. This is further complicated by the
costs and special requirements associated with the manufacturing of the actual test specimens.
Secondly, the ability to perform testing remotely in a hot cell facility, with proper load, crack
growth monitoring and water chemistry is limited to a handful of facilities. Therefore, the data
that is available has been developed primarily by two testing organizations: GE Nuclear Energy
at their Vallecitos Nuclear Center (VNC) and at the Halden Test Reactor in Norway.

Since crack growth rate data on irradiated stainless steel is critical to this effort, the available
data must be scrutinized in terms of testing approach, the actual results and the material and test
pedigree. The results of these tests and the testing details are proprietary to participating
organizations. Therefore the detailed data will be presented in a second and a third supporting
report. The second report, designated as the "EPRI/GE Irradiated Crack Growth Data Report," is
a joint proprietary EPRI/GE report [1-6]. This report will contain the top level crack growth rate
data at Halden and GE. This report will also include the screening and analysis summaries that
served as the basis for the proposed disposition curves. The third data report, designated as the
"GE Proprietary Data Report" contains more detailed information on all of the actual laboratory
tests such as the crack length versus time plots for reference proprietary studies, the water
chemistry data and the material pedigree background as well as the source data from GE
proprietary efforts [1-6]. This information will support all of the conclusions that are contained
in either this BWRVIP document or in the EPRI/GE report. Since this level of detailed
evaluation has been necessary to assign crack growth rates and to support the technical
foundation for many of the screening decisions, the additional two reference reports provide the
important proprietary underpinning of the disposition curves given in this report. Although the
details are contained in these other reports, a comprehensive summary of the test efforts and
relevant data are given in the next sections.

4.1 GE/JAPEIC Irradiated Crack Growth Testing (GENE-VNC)

As part of a Japan Power Engineering and Inspection Corporation (JAPEIC) sponsored research
project defined and conducted by General Electric Nuclear Energy, crack growth testing was
performed at GE's Vallecitos Nuclear Center. Two major tasks were performed on highly
irradiated Type 304 stainless steel; (i) crack growth tests using CT specimens, and (ii) crack
growth tests using slotted 4-point bend specimens that simulated the configuration of the top
guide beam in operating BWRs.
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Summary of Irradiated Crack Growth Rate Data From LaboratorY Testing of Irradiated Stainless Steel Materials

The irradiated material crack growth test facility at the General Electric Vallecitos Nuclear
Center (GE-VNC) included crack growth data acquisition using the reversing D.C. potential drop
method, and a high purity water loop capable of supplying BWR-type environments with various
dissolved oxygen and hydrogen levels, and controlled levels of H2S04 impurity additions. Each
specimen was subjected to environmental crack growth rate testing at several stress intensity
levels in 288°C water containing various concentrations of dissolved oxygen, hydrogen and/or
HS04 impurity.

4.1.1 CT Tests-Specimens

For the CT testing, three specimens were fabricated from control rod blade handle material from
a domestic operating BWR that had a fluence of -3 x 102' n/cm 2. The specimens were 0.3 inch
thickness 0.5T-CTs with the following nominal geometry:

B = 7.62 mm [0.30. inch]

B = 6.10 mm [0.24 inch]

W = 25.4 mm [1.00 inch]

Initial Notch Depth = 10.16 mm [0.40 inch] (measured from the load line)

Figure 4-1 shows the details of the CT specimen used at GE.

The irradiated crack growth test facility included (1) a test autoclave and tensile test machine
installed in a hot cell of the GE-VNC irradiated materials laboratory, (2) environmental water
loop in the hot cell corridor, and (3) computer data acquisition and control instrumentation in the
hot cell operating area. The test autoclave and associated load frame was mounted in an MTS
Model 810 Materials Testing System servo-hydraulic test machine that was equipped with a
Wave Function Generator with computer interface. For each crack growth test a CT specimen
was mounted in a load chain that passed through the autoclave head through friction seals. The
crack growth tests were conducted under load control, with the load continually monitored
by the data acquisition system and controlled to maintain the desired stress intensity level.

After machining of the CT specimens from the control rod material, they were air fatigue
precracked, and side grooves were added to better control the crack plane. The precracking was
performed at a maximum stress intensity of about 25 MPa-m° 5 [22.7 ksi-in° 5], and R-Ratio = 0. 1.
Crack extension (and the corresponding applied stress intensity) was estimated using specimen
compliance measurements. While the nominal crack length after precracking was to be 12.2 mm
[0.480 inch], examination of the specimens after environmental testing revealed that the actual
precrack lengths were 11.48, 11.35 and 10.72 mm [0.452, 0.447 and 0.422 inch].

The CT specimens were instrumented with platinum wires for reversing D.C. potential data
acquisition to monitor crack growth. Duplicate potential probes were installed on each test
specimen to provide redundancy in an effort to minimize test interruptions due to data
acquisition problems. The crack growth result was estimated from the most stable set
of probes, and was adjusted to the actual observed final crack length as determined by
post-test fractography by SEM. In all cases, the actual crack growth matched the potential
drop measurements within 5-10%.
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Summan' of Irradiated Crack Growth Rate Data From Laboratory Testing of Irradiated Stainless Steel Materials

4.1.2 CT Tests-Experimental

Environmental crack growth tests were conducted on three irradiated specimens over a large
range of stress and water chemistry conditions. Three load phases were used during the testing:

1. SCL-Slow Cyclic Load
R-Ratio = 0.75, 90 min/cycle saw tooth.

2. CL,-Constant Load with Small Cyclic Component
R-Ratio = 0.70, 100 sec/cycle saw tooth every 1000 seconds.

3. CL,-Constant Load
No Cycling.

The different load phases were used to encourage stable, well-behaved crack growth, but most
crack growth results were obtained at constant load (CL2) or slow cyclic load (SCL).
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4.1.3 Notched 4-Point Bend Tests-Specimens

The notched 4-point bend test specimen was designed to simulate the core top guide cross beam
for testing against model predictions of crack growth. Highly irradiated control blade handle
material was obtained to fabricate two test specimens. The specimen overall dimensions were
4 inch x 1 inch x 0.3 inch [101.6 mm long by 25.4 mm high by 7.62 mm thick]. A rectangular
slot was machined in the specimen to accommodate a simulated crossbeam that produced a
crevice region 0.002 inch (0.05 mm) wide in the slot area similar to the top guide beam
configuration. A small starter notch was machined at one corner of the slot to facilitate
crack initiation. Figure 4-2 shows the details of the notched 4-point bend used at GE.
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The stress intensity versus crack length relationship was derived for the 4-point bend specimen
geometry using a finite element code. The nodal displacements determined from linear-elastic
fracture mechanics (LEFM) was compared to the results predicted by finite element analysis.
The analysis technique was first validated using a finite element model for a standard 3-point
bend specimen. When the predicted stress intensity factor was found to compare well with the
published solution for the three-point bend specimen, the finite element model was modified to
accommodate the unique JAPEIC 4-point bend specimen geometry.

Crack growth during environmental testing was monitored using the reversing D.C. potential
drop method. Platinum probe wires were welded on the specimen faces using the remote
handlers in the hot cell facility prior to specimen installation in the test autoclave. The 4-point
bend load fixturing in the autoclave was designed with ceramic insulators that assured electrical
isolation of the specimens necessary for reversing D.C. data acquisition. At the completion of
each environmental test, the specimen was loaded to final fracture in room temperature air in a
3-point bend assembly so that the fracture surface could be examined by SEM.

4.1.4 Notched 4-Point Bend Tests-Experimental

During crack growth testing the specimen was loaded by the piston of an air actuator mounted on
top of the test autoclave head. This piston applied a compressive force to the push rod that passed
through low friction seals in the autoclave head, and extended a load on the specimen. The load
was usually removed and reapplied manually by the test operator two times a day to facilitate
well-behaved crack propagation. The environmental loop was identical to that described in the
previous section.
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4.2 HALDEN Irradiated Crack Growth Tests

The focus of the study in the IASCC program at the Halden Project was to use irradiated
materials retrieved from commercial reactors for in-core measurement of crack growth rates in
representative BWR conditions. Miniature CT specimens were instrumented for monitoring
crack growth in-core and on-line variations in applied stress intensity level (by means of
pressurized bellows assemblies). Test program IFA 639 focused on generating long term crack
growth rate data in four small compact tension specimens prepared from irradiated 304, 347 and
316NG stainless steels with fluences of 9.0, 1.5 and 0.9 x 1021 n/cm 2. Crack growth rates were
computed over time intervals as long as possible during exposure to a "high ECP" environment,
created by operating the loop with a high (5-6 ppm) oxygen content. The benefits of hydrogen as
an IASCC mitigation method were also studied by exposing the specimens to a "low ECP"
environment (i.e., HWC with 2 ppm hydrogen).

The main experimental results from IFA 639, obtained over four irradiation cycles are used in
this report.

4.2.1 CT Specimens

Four reconstituted bellows loaded CTs were installed in IFA 639. Each CT was prepared by
electron beam welding pieces of irradiated material into an unirradiated "host"specimen carrying
the external wiring (one current and two probe pairs) for the reversing DC potential drop
measurements. The CTs have overall dimensions of 20 x 19.2 x 5 mm, plus unirradiated arm
extensions that result in a total length of 55 mm. In order to ensure a straight crack path, the
specimens used 10% side grooves, resulting in an effective thickness, Bef, of 4.47 mm, and the
critical dimensions are

B = 5 mm [0.204 inch]

Bn= 4 mm [0.167 inch]

W = 16 mm [0.630 inch]

Figure 4-3 shows the details of the CT specimen used at Halden.

Two of the CTs in the test matrix were prepared from Wurgassen NPP 347SS top guide material,
with reported fluence of 1.5 x 102' n/cm 2. One specimen was prepared from an Oskarshamn 2
304SS control blade handle material with a reported fluence of 9 x 1021 n/cm 2, and the fourth CT
was prepared from irradiated 316 NG (reported fluence of 0.9 x 1021 n/cm 2 ) from a DCB used in
an earlier study at Halden. The matrix enabled evaluation of reproducibility in the cracking
behavior of the two duplicate 347SS. The CT prepared from 316NG allowed evaluation of the
behavior of two different materials (347SS vs. 316NG stainless steel) with similar fluences,
while the cracking behavior of the highest fluence 304SS could be compared with that of the
lower dose materials.

Prior to environmental testing, the CTs were fatigue pre-cracked in air, and the crack length
estimated using the compliance method. The pre-crack length in all the specimens was estimated
to be 8.1 mm.
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Stress intensity was applied to the CTs by means of individually calibrated loading units fitted
with bellows assemblies that were pressurized with helium gas through an outer system. During
irradiation, the specimens were either subjected to static (constant) load or to load cycling that
was implemented to encourage crack advance. The cyclic loading, with R=0.7, comprised a
fairly rapid unloading and reloading (0.5 MPa-m0 5/s) with a 900 s hold time, and was
implemented every 12 hours.

4.2.2 Experimental

The four CTs were located within the high fast neutron flux (booster) region of the test rig in IFA
639. Coolant thermocouples were installed at the inlet and outlet of the in-core test section and
in-core pressure sensors were used to monitor the system pressure in close proximity to the CTs.
Neutron detectors positioned at two elevations within the booster region enabled the fast neutron
flux (and fluence accumulation in the specimens) to be computed. For measuring the ECP of the
stainless steel pressure flask, two Pt electrodes (Pt 1 and Pt 2) from a commercial supplier were
also installed in the in-core region of IFA 639 with Pt 1 at the inlet to the test section and Pt 2
immediately above the booster rods.

The test rig was connected to a water loop operating under representative BWR conditions. The
loop normally operated at -1320 psi (90 bar) with a coolant temperature of 536'F (280'C).
Normal flow through the loop is 50 liter/hr. On exiting from the in-core region, the coolant was
cooled, flowed through a purification system and returned to the feed water tank where the
dissolved gas content was controlled (or changed) by sparging the tank with oxygen or hydrogen,
depending on the experimental requirements. Both inlet and outlet oxygen and hydrogen were
measured continuously with Orbisphere sensors. Inlet and outlet solution conductivity was also
monitored on-line, as were system temperatures, pressures and flow rates. Grab samples of inlet
and outlet water were collected at regular intervals to measure the concentration of ionic species.

During the investigation in IFA 639, the water loop was either operated with Normal Water
Chemistry (NWC) (5-6 ppm 02 measured at the inlet), or with Hydrogen Water Chemistry
(HWC) (1-2 ppm H2 measured at the inlet). IFA 639 was irradiated for four reactor cycles, from

March 1999 to October 2000.

During the first irradiation cycle (March to May 1999) crack growth rates were measured in the
CTs under static (constant) load conditions over a total of 1150 full power hours (fph) with two
interruptions due to reactor shutdowns.
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4.3 Overview of Other Data

There have been other testing programs directed at determining the crack growth behavior of
irradiated material. A significant effort was performed at Nine Mile Point Unit I where both
annealed and sensitized stainless steel DCB specimens were loaded in an LPRM in-core [4-1].
These data have proven very useful in evaluating the effects of irradiation on crack growth.
They have also provided benchmark data on the role of material sensitization on crack growth
response in irradiated material. Other laboratory and in-reactor efforts have also been conducted,
including earlier work at the Halden test reactor. These data, while not as important as the other
summarized, are also addressed in Section 5 as well as in the EPRI/GE Report [1-6].
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4.4 Summary of Relevant Data

The crack growth rate data from GE and Halden was evaluated considering the following factors:
(1) testing approach; (2) actual results; (3) material pedigree; and (4) test pedigree. For the
GENE data the evaluation included examination of the original data acquisition results and test
logs. In the case of the Halden crack growth results, some specifics (such as crack length versus
time plots) about each test condition were obtained from interim reports and presentations, as
well as the final report [3]. However, periods of test operation that did not yield crack growth
results, and may have influenced subsequent crack growth behavior were not clearly discussed in
the reports.

Each specific test segment of the GE tests (and where possible the Halden tests) was examined to
determine if the test design and specimen condition were reasonable for proper crack growth
behavior. The segments were examined for steady, well-behaved crack growth as well as
constant environmental test conditions. In the case of the GE crack growth data, the specific
crack length versus time data points were re-plotted, and re-analyzed for the average crack
growth rate and statistical acceptance. This served as a verification of the reported rates
originally determined from the laboratory's data acquisition system, and in a few cases improved
the data quality.

Other elements that were considered when evaluating the data quality included specimen K-
validity (high K or long crack concerns), memory effects due to environmental exposure in the
prior test segment, transgranular-to-intergranular transition effects after precracking or during
mid-test fatigue bench marking, and potential drop instrumentation problems.

The quality of each crack growth data segment was evaluated, and defined as follows:

The data for the JAPEIC material were derived from measurements on the material taken from

end-of-life control rod blades. (Note: The initial fluence data values are listed in Table 4-3).
The available data is insufficient to quantify the effect of fluence on crack growth rates.

(1) "A" - High/Medium Confidence Level
e.g., reasonable design/execution, steady well defined CG, etc.

(2) "B" - Inconsistent/Missing Information
e.g., in need of supporting fractography, poor comparison with similar data or
with itself, crack growth stagnation, etc.

(3) "C" - Known Bad Data - Flawed Test Execution
e.g., high K late in the test, noisy potential drop measurements, TG/IG transition
issues, adverse memory effects from previous conditions etc.

(4) "D" - Known Bad Data - Flawed Test Design
e.g., high initial K, specimen invalid, etc.

The screening levels for each data segment are shown in Tables 4-1 to 4-4. Only crack growth
data that was evaluated as high quality ("A" or "B" data) was used to develop crack growth
disposition curves in BWRVIP-99-A.
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Table 4-1
GENE/JAPEIC NWC data measured in type 304 stainless steel irradiated to a fluence of 2.7-3.0 x 10, n/cm2
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Table 4-2
Initial and updated Halden NWC data measured in types 304, 316 and 347 stainless steel irradiated to a starting fluence of 8 x 10o to
1.5 x 102' n/cm'
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Table 4-2
Initial and updated Halden NWC data measured in types 304, 316 and 347 stainless steel irradiated to a starting fluence of 8 x 10o to 1.5
x 10"2 nrcm'(continued)
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Table 4-3
GENE/JAPEIC HWC data measured in type 304 stainless steel irradiated to a fluence of 2.7-3.0 x 10" n/cm'
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Table 4-4
Initial and updated Halden HWC data measured in type 316 and 347 stainless steel irradiated to a starting fluence of 8x 1020 to 1.0 x
1021 n/cm

2
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Figure 4-1
0.3 X 0.5T - CT specimen used is crack growth tests conducted by GE
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Figure 4-2
Notched 4-point bend specimen used in crack growth tests conducted by GE
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Figure 4-3
CT specimen (with unirradiated arm extensions) used in crack growth tests conducted by Halden

4-17



Sumnary of Irradiated Crack Growth Rate Data From Laboratory Testing of Irradiated Stainless Steel Materials

Content Deleted -
EPRI Proprietary Information

Figure 4-4
Updated valid Halden data and the BWRVIP-99 NWC disposition curve (a corrected version of figure 8-2) displayed with the data
binned by fluence. The curve also details the position of the data points with respect to the curve. (fluence values in Halden Tests
are starting values)
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Figure 4-5
Updated Halden data and the BWRVIP-99 HWC disposition curve displayed with the data binned by fluence. The curve also details
the position of the data points with respect to the curve. (fluence values in Halden tests are starting values)
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Figure 4-6
Effect of HWC environment (leading to reduction of oxygen levels to -0 ppb) on crack growth rates. The rates are reduced by a
factor greater than 20
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5
IMPORTANCE OF PLASTICITY AND OTHER TESTING
FACTORS ON LABORATORY TEST DATA

5.1 Background

The applicability and transferability of cracking behavior (fracture toughness, and fatigue,
corrosion fatigue, and stress corrosion crack growth rate) from one situation to another relies on
the concept of stress intensity factor similitude in linear elastic fracture mechanics. Similitude
means that the behavior of a crack of a specific geometry in a component or specimen of a given
thickness under a specific stressing condition can be related to a crack associated with a different
geometry, thickness, and/or stressing condition. Similitude permits SCC growth rates measured
in laboratory specimens to be compared with each other and applied to plant components. To
maintain stress intensity factor similitude, linear elastic conditions must be maintained.

Linear elastic criteria recognize that a plastic zone always forms at the tip of a sharp crack under
load, but are designed to ensure "predominantly elastic" conditions with the intention that the
observed cracking behavior not vary consequentially with specimen size. In simple terms, the
plastic zone must be small relative to the specimen dimensions, particularly the thickness and
remaining crack ligament.

Linear elastic criteria can be formulated in many ways, but the ASTM standards [5-1 through
5-4] provide the most widely recognized criteria. The boundary between "linear elastic" and
"plastic" is a soft one, since a sharp crack under load has an associated plastic zone. The intent
of the various critiera/standards is to limit plasticity to acceptable levels, so that the underlying
crack behavior is not consequentially altered. The allowable stress intensity K depends on
specimen size, and thus the criteria are not fixed for all specimen/crack geometries - and are
referred to as K/size criteria.

The original K/size criteria were obtained for fracture toughness testing (ASTM E399 [5-1]), and
extended to fatigue (E647 [5-2]), primarily by taking into account the effect of cyclic hardening
on plastic zone size. While an ASTM K/size criteria has been written for SCC testing (E1681
[5-4]), it is based on very limited data regarding at what point the SCC behavior becomes
different as K increases or size decreases. Interestingly, these most-critical data are probably as
comprehensive for irradiated as unirradiated stainless steels in light water environments.

The ASTM specimen K/size criteria are addressed (sometimes differently) in various standards.
The most relevant standards for SCC testing are E399, E647, E813, and E1681 [5-1 through
5-4]. The latter specifically addresses "Threshold K for Environmentally Assisted Cracking of
Metallic Materials at Constant Load", and is substantially an amalgam of E399 and E647.
Several important elements are addressed in the standards, including the concepts of "effective
thickness" and "flow stress."
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In Section7. 1.1 on specimen size, ASTM E399 identifies an "effective thickness" for specimens
that are side grooved as a root mean square, or <(B x Bs9). It specifies that both the effective
width "W" and crack length "a" (not the remaining ligament (W-a) ) exceed 2.5 (K1c/G s)2;
Kic is used in this toughness testing standard because it is the maximum K of the test. It later
addresses remaining ligament by saying that the crack length "shall be between 0.45 and 0.55W'
(Section 7.3.2.1 on fatigue cracking), so "a" and (W-a) are about equal. For a IT CT specimen,
"W' is the 2-inch distance from the center of the loading holes to the back of the specimen, and
"a" is the crack length (also measured from the center of the loading holes).

E647 focuses more on the remaining ligament: (W-a) > (4/1r) (K/I s)2 (Section 7.2.1 on specimen
size). In Section 7.2.2.1 it also introduces the concept of "flow stress" - the average of the yield
and ultimate tensile strength (cys + cuTs)/2 , and permits the flow stress to be substituted for
the yield strength for ductile, work hardening materials. Note that this is somewhat relaxed
compared to E399 because the (4/7) term is close to half of the 2.5 term in E399 (perhaps for
cyclic work hardening), and E647 permits the use of flow stress. It does not very directly address
specimen thickness criteria, and Section 7.1.3.1 only indicates a recommended remaining
ligament between W/20 and W/4. This appears to be an oversight, especially since the standard
recognizes the need for "the specimen to be predominantly elastic at all values of applied load"
(Section 7.2 on specimen size). This same section acknowledges that the origin of the
requirements "are empirical results and are specific to specimen configuration".

E813 addresses the effect of side grooves, and references E399 in proposing the use of <(B x Bs)
for the "effective thickness" (Section A2.5.2). This is expressed indirectly in the equation for K(0,
which uses (B BN W )½, which is equivalent to (B x B,,) ,, x (W .

E1681 addresses threshold K measurements, and specifies (Section 7.2.1.1 on specimen size)
that "B, ao and (W-ao) equal or exceed the quantity 2.5 (KEAc /ay )2",. It thus succeeds in
"equating" all three size/dimension issues. E1681 also permits the use of a flow stress
(Section 7.2.1.2). This standard uses the more stringent requirements in E399 involving the
factor of 2.5, but allows the (4/r) factor for non-threshold measurements.

In summary, the various K/size standards differ somewhat in their completeness, but all share
very common themes, including an acknowledgement that the underlying empirical objective is
to help ensure identical crack response. These include, with some editorial insertions:

* Both the thickness B and remaining ligament (W-a) should exceed 2.5 (K/cy s)2 or (4/7c)
(K/cy -)2.

SCYs can be replaced by the flow stress (the average of the yield and ultimate tensile strength
(GTs + eys)/2) for ductile, work hardening materials (see later discussion on irradiated
materials).

* The effective thickness B e of side-grooved specimens should be calculated as a root mean
square, i.e., <(B x Bs9). The use side grooves are strongly recommended, with a depth for
each side groove of between 5% and 10% of specimen thickness.

* The criteria are generally conservative, so that violating them by a small amount (e.g.,
20 - 30% in K) is acceptable (i.e., it should have relatively little effect on the SCC data), but
violation by 50 - 100% is very likely to be a problem. Again, the objective is solely to help
ensure that K/size effects do not influence the observed SCC growth rate response.
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* The K/size standards apply to work hardening materials, and therefore break down markedly
for materials irradiated to sufficient fluence so that on a local scale, they don't work harden.
This certainly occurs with the onset of dislocation channeling, but may occur at lower
fluences.

5.2 Application to Unirradiated Materials

The application of the ASTM K/size criteria to unirradiated materials - or, more specifically, to
ductile, work hardening materials - is straightforward. The minimum effective thickness or
remaining ligament should, more conservatively, be greater than 2.5 (K/as)2 where flow stress,
GFS, is the average of the yield and ultimate tensile strength (acs + cyTS)/ 2. (E1681 allows the use
of (4/7r) (K/ays)2). For stainless steel at 300'C with yield strength of 25 ksi and an ultimate tensile
strength of 75 ksi, the flow stress is 50 ksi. For testing at 30 ksi~in, the size should be greater
than 2.5 (30/50)2 = 0.9 inch. Thus, a IT CT specimen of crack length <1.1 inch (a/W <0.55) and
an effective thickness of > 0.9 inch (i.e., with 5% side grooves per side, the effective thickness is
the square root of I x 0.9 = 0.949 inch) would be satisfactory. A IT CT specimen of a material of
this strength is not appropriate for testing at 40 ksi/in (size > 1.6 inch).

In practice, there is typically little evidence of problems if this K/size criterion is exceeded by
perhaps 30%; i.e., testing at &40 ksi/in does not result in a large increase in crack growth rate.
Testing at > 50 ksi•in will likely produce altered SCC growth rate behavior (note that using the
(4/n) (K/c7) 2 criterion, the allowable K is 43.2 ksi/in). However, materials like Alloy 182 weld
metal can be tested at these K levels because their yield strength is considerably higher (typically
50 to 60 ksi). Depending on the heat treatment, a IT CT specimen of Alloy 182 weld metal is
K/size valid at 50 - 55 ksi/in rather than 30 ksi•/in. Because of the square root dependency,
using a 2T CT specimen only increases the valid K by a factor of 1.4.

5.3 Application to Irradiated Materials

The application of these K/size criteria to irradiated materials is not straightforward because
the response of irradiated materials is so different. While some investigators blindly apply the
ASTM standards to their irradiated crack growth testing, the shortcomings are evident both
fundamentally (local work softening occurs) and empirically (there is an onset of excessively
high rates as K is increased). These shortcomings are not resolved simply by abandoning the
flow stress substitution for yield strength (which makes little difference, because by several dpa
of irradiation the yield strength approaches the ultimate tensile strength, so there is minimal
benefit of averaging these two values).

Above several dpa (depending on the material composition and its level of prior cold work),
deformation does not occur nearly as homogeneously as in unirradiated materials. Radiation
produces a very high density of barriers to dislocation motion (e.g., vacancy loops and interstitial
loops) that are responsible for the increase in yield strength. As the first dislocation begins to
move through a sufficiently highly irradiated material, the very fine-scale barriers are removed,
creating a slip band that is a highly preferential "channel" for continued dislocation motion.
Channels obviously become wider than a few atomic planes, but remain narrow bands of high
localized dislocation activity. On a local scale, as well as on a macroscopic scale, this represents
marked work softening. Dislocations pile up at grain boundaries and other large obstacles to
dislocation motion, with grain boundary slip accommodation and increased dislocation densities.
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The transition from an annealed state to a highly irradiated (pronounced dislocation channeling)
state does not occur at a single value of fluence, even for a given material. Thus, it is not yet
possible to define a specific fluence above which work softening must be accounted for. This is
especially true for cold worked materials, which retain residual dislocation structure to at least
several dpa (5 dpa is a reasonable estimate for LWR irradiation).

The preliminary guidelines proposed for moderate to highly irradiated material is to discount the
irradiation-induced increase in yield strength by 2X, and to not employ the concept of a flow
stress. Thus, a moderate to highly irradiated stainless steel of 125 ksi yield strength would be
treated as though is had an effective yield strength of 75 ksi = (125 + 25 ksi)/2. This guideline
was developed following the first SCC growth rate tests performed on LWR irradiated materials
in high temperature water [5-5] in 1986. At that time the potential concern for work softening of
irradiated materials was recognized, but contact with the experts revealed that this had never
considered in toughness, fatigue, or SCC testing.
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Unlike the more gradual deviations in response that develop in unirradiated materials, irradiated
materials tend to show a more abrupt deviation as K is increased. This is probably associated
with the nature of the plastic zone in a cracked body - on initial formation in an irradiated
material, plasticity in the plastic zone near the crack tip work softens that material and causes an
increase in the plastic zone dimensions. However, the plastic zone is still constrained by the
surrounding elastic material. As the K is increased, the plastic zone continues to grow, but as the
dimensions of the plastic zone approach the dimensions of the specimen, work softening coupled
with the absence of surrounding constraint in the elastic material produce a rapid expansion of
the plastic zone. Thus, the transition from adequately elastic to grossly plastic occurs somewhat
auto-catalytically. However, SCC testing has shown itself to be a very complex and subtle
process to do reproducibly and accurately, so not all "empirical" observations of behavior
can be taken at face value.
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5.4 IASCC Data from Halden Test Reactor
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5.5 Nine Mile Point Unit 1 In-Core IASCC Growth Rate Data

In some cases, IASCC data may be too quickly dismissed. An example is the earliest in-reactor
IASCC growth rate data obtained at the Nine Mile Point Unit 1 BWR [5-10, 5-11] in 1986. The
specimens placed in the recirculation system were a 7.25-inch long, 1-inch square geometry
whose thickness at the base of the side grooves is 0.15 inches. The in-core specimens were a
7.125-inch long, complex geometry whose nominal thickness at the crack plane was • 0.52 inch
and whose thickness at the base of the side grooves is 0.092 inches. These geometries yield
effective thicknesses of 0.387-inch and 0.219-inch, respectively - but for such deep, narrow
side grooves relative to a much more substantial specimen cross-section, this is an overly
conservative figure, as discussed earlier in this section. For the recirculation specimens, the
allowable K value is about 22 ksi•1in, somewhat below the 25 ksi•/in value used for testing.
However, these specimens were well behaved and exhibited reasonable growth rates
(Figures 5-8 through 5-10), consistent with the broad international experience that the
unirradiated K/size criteria can be stretched before having a strong effect on crack behavior.
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Figure 5-1
Example from GE/JAPEIC data of rapid increase in crack growth rate for type 304 stainless
steel BWR irradiated to 3 x 1021 n/cm2 as the specimen exceeded the K/Size criteria for
IASCC testing
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Figure 5-2
The DCB specimen design used in early Halden tests. This GE CRD design was about
4.2 inches long and 0.8 inch nominal thickness, and used a tapered ligament (the side
grooves varied with crack depth) and tapered height (1 inch near the initial crack depth) to
produce a constant K crack depth on a wedge loaded specimen
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Figure 5-3
Example of crack length vs. time for the wedge-loaded DCB design used in the early
Halden test reactor program. The specimens were loaded to about 35 ksi4in, which is a
severe violation of the K/Size validity criteria
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Figure 5-4
Example of crack length vs. time for the wedge-loaded DCB design used in the early
Halden test reactor program. The specimens were loaded to about 35 ksiq1in, which is a
severe violation of the K/Size validity criteria
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Figure 5-5
Crack growth rate vs. corrosion potential for the wedge-loaded DCB design used in the
early Halden test reactor program. The specimens were loaded to about 35 ksi/in, which is
a severe violation of the K/Size validity criteria
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Figure 5-6
SCC growth rate vs. corrosion potential of sensitized and cold worked stainless steel and
alloy 600 tested under linear elastic K/Size conditions
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Figure 5-7
Response of irradiated stainless steel tested under valid linear elastic K/Size conditions, as evaluated elsewhere in this report.
data cover a range of fluences from 1 - 4 dpa, and differ markedly from irradiated crack growth data where the K/Size criteria are
violated
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Figure 5-8
Crack length vs. time response for in-core, wedge-loaded DCB specimens installed in the
nine mile point unit 1 BWR
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Figure 5-9
Crack length vs. time response for recirculation, wedge-loaded DCB specimens installed
in the nine mile point unit 1 BWR
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Figure 5-10
Crack growth rate vs. corrosion potential for sensitized stainless steel tested in 2880C
water at 25 - 30 ksi4in. The solid lines are the predicted response. most data are from
laboratory specimens of thermally sensitized CT specimens, but the "Asterisk" points (at
about 3.3 x 10' and 1.4 x 10" mm/s) are shown that represent the nine mile point unit 1
DCB specimens exposed in the recirculation system and in-core
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6
SUMMARY OF UN-IRRADIATED STAINLESS STEEL
DATA RELEVANT TO IRRADIATED BEHAVIOR

6.1 Introduction

The objective of this section is to show that the qualitative effect on stress corrosion cracking
(SCC) of corrosion potential is similar among all iron and nickel alloys in high temperature
water and, more specifically, that the benefit of low corrosion potential remains strong on cold
worked stainless steel, which simulates the detrimental effects of radiation hardening. This
section will summarize and provide detailed examples from studies by General Electric's CR&D
of these effects, focusing primarily on sensitized and/or cold worked stainless steel, as well as
provide some examples of irradiated stainless steel. The case for a strong effect of corrosion
potential is very compelling, and the few isolated cases where a very limited benefit has been
observed can be questioned in the light of the overwhelming and compelling evidence of a strong
effect. Addressing the mechanistic issues associated with stress corrosion crack advance is also
useful in providing confidence that SCC in unirradiated and irradiated materials follows a
well-behaved continuum.

The tendency to fragment SCC into small, unique modes with individualized mechanisms
and dependencies lives on despite the relative narrowness in alloy compositions and similarity
in the environments used in light water reactor systems and many common SCC characteristics
[6-1 through 6-7]. Similar stainless steel, nickel alloy and weld metal structural materials as well
as RPV steel are used in boiling water reactors (BWR) and pressurized water reactors (PWR) -
even across many companies and designs. Since it is now being acknowledged [6-8] that the
crack tip is deaerated and at low potential in all cases, the environmental conditions under which
crack advance occurs in BWR and PWR primary systems should be considered similar [6-1, 6-2,
6-4 through 6-7], especially with the increasing adoption of hydrogen water chemistry in BWRs.
Thus, BWRs and PWRs differ primarily in: coolant additives that shift the pH at temperature
from 5.6 to t7.0; H, fugacity (z50 vs 3000 ppb H,); and temperature (most structural materials
in a BWR are exposed to 274°C water, whereas PWR primary water is up to 50'C hotter, and
65°C hotter in the PWR pressurizer). Of these factors, temperature has the most pronounced
and universal effect on SCC.

The underlying mechanism of SCC advance in closely related systems has also been
subjected to subdivisions, with unique interpretations applied. By any view, SCC is a complex
phenomenological process which responds to 20 or more important engineering parameters
whose inter-dependencies cause the effect of any given parameter to shift from strong to subtle
as the other parameters change. These shifts - combined with a wide distribution in the adequacy
of SCC measurements - are largely responsible for the fragmentation of SCC into multiple sub-
modes. Underlying the complex phenomenology and the fragmented view of SCC is residual
ambiguity in the causal, mechanistic underpinnings of SCC. Hypotheses of stress corrosion crack
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advance range from brittle film cleavage [6-9, 6-10], to internal oxidation [6-11 ], to adsorption -
decohesion [6-12], to enhanced surface mobility [6-13], to creep rupture, to film rupture/slip
oxidation [6-1 to 6-7, 6-14], to hydrogen assisted cracking [6-12, 6-15 to 6-17], and beyond. Of
these, the latter two are widely regarded as the most promising general descriptions of SCC in
hot water environments, and one objective of this section is to evaluate hydrogen assisted crack
advance mechanisms by evaluating several factors (martensite, yield strength, hydrogen fugacity,
temperature) and phenomena (crack growth rate, hydrogen permeation) that should be strongly
influential.

6.2 Experiments

Tests were performed to better understand the SCC process, particularly the role of increased
yield strength. Compact type (0.5T for cold worked materials, and IT for the annealed materials)
crack growth specimens were machined with 5% side grooves on each side. Linear elastic
fracture mechanics criteria were fully satisfied for the stress intensity - specimen size - yield
strength conditions employed. Solution annealing was typically performed at 1050'C (1 100°C
for alloy 600) for 30 minutes followed by a water quench. Deformation was typically introduced
by heating the plate material to +140'C (or cooling to -55°C; alloy 600 was rolled at 25°C) and
rolling about half of the total reduction in each direction. Rolling at +140'C (termed "cool
work") produces much less deformation-induced martensite in these stainless steels than rolling
at -55°C (termed "cold work"). Some materials were worked by forging. No deformation-
induced martensite forms in alloy 600. Optical metallography of etched or ferrofluid stained
structures was used to evaluate martensite levels.

CT specimens were instrumented with platinum current and potential probe leads for dc
potential drop measurements of crack length. In this technique, current flow through the sample
is reversed about once per second primarily to reduce measurement errors associated with
thermocouple effects and amplifier offsets. The computer control of current reversal, data
acquisition, data averaging techniques, and the relationship between measured potential and
crack length have been presented previously [6-18 to 6-22]. Data are typically stored in a
permanent disk file typically once every 1.5 hours. In addition to the data record number, total
elapsed and incremental time, and crack length, the system measures and stores the temperature,
current, corrosion potential, dissolved gases, influent and effluent conductivity, load and
time/date. Additionally, both operator and automated program messages describing changes
in test conditions and test status are a permanent part of the data record.

Hydrogen permeation measurements were made using closed-end 0.25-inch (6.4 mm) outside
diameter (0.1 8-inch ID) stainless steel tubes inserted into the autoclave through a Swagelock
fitting. The tubes were abraded on the inside and outside; the inside was exposed only to vacuum
and hydrogen after heating. Hydrogen permeation into the tube was recorded by monitoring the
increase in pressure to a maximum of 10 torr (10,000 microns) using an MKS Baratron Model
660 with a Model 622A1 1TCE pressure transducer. He leak checking was used to confirm
the absence of leaks, and the system was operated at 150°C and 288°C under N, deaerated
conditions to confirm its leak-tightness under system operating conditions. These measurements
were similar to those performed on Alloy 600 [6-23], although the former had an equivalent gage
length about 1.5 times longer, but a total gas volume of: 19 cc vs. 24.8 cc for the Alloy 600
data.
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6.3 Results and Discussion

Among the many areas of misunderstanding of SCC in stainless steels is the belief in immunity
and thresholds, which are addressed in some detail elsewhere [6-24]. While it is not possible to
refute all variants of immunity and threshold behavior, it is instructive to address the issue of
sensitization, corrosion potential, and water purity. Figure 6-1 shows data (and predictions) for
sensitized and unsensitized stainless steel in moderate to high purity 288°C water. Figures 6-lb
and 6-1c shows the data from the SKI/EPRI round robin [6-25] (the smaller symbols at about
+ 150 to +200 mVh,); Figure 6-1 b also includes data (larger symbols) under carefully controlled
changes in potential and at low potential. Figures 6-1 c and 6-2 show that unsensitized (annealed)
stainless steel is not immune to SCC - rather, the figures emphasize that if significant care is
used transitioning from a transgranular fatigue crack to intergranular SCC, crack growth will
occur. Figures 6-1c and 6-3 show that SCC readily occurs in unsensitized stainless steels in ultra
high purity deaerated water. Cracks in all cases are intergranular [6-26, 6-27]. These are a few of
many examples that show that unsensitized (i.e., zero fluence) stainless steels of many grades are
not immune to SCC, even in theoretical purity deaerated water - thus, there can be no meaning
to a threshold in sensitization, neutron fluence, water purity, corrosion potential, etc. Disproving
that a threshold stress intensity factor, K (K1, s) exists is a challenge, because testing at very low
stress intensity levels (i.e., approaching zero) is impractical. However, real cracks grow from
smooth surfaces, and therefore must traverse the low K regime. The lack of a K-threshold is
supported by recent data on crack growth in unsensitized stainless steel at 10 ksi•/in (Figure 6-4).

The technique by which the transition is made from the transgranular fatigue pre-crack to
intergranular SCC is critical, as are a host of other testing controls and techniques [6-28].
The net result is the ability to reproducibly and accurately measure SCC growth rates under a
wide variety of conditions, even at quite low rates. Reproducibility is a key consideration, and
returning to identical test conditions to establish similar rates is an important measure of data
quality (Figure 6-2).

Other key examples of the environmental crack growth rate response of worked stainless steels
are shown in Figures 6-5 through 6-9. Figure 6-5 shows the response of a type 316L stainless
steel that was more heavily worked than that shown in Figure 6-2, which leads to somewhat high
crack growth rates, both at high and low corrosion potentials. While this specimen shows very
well behaved response as loading conditions are changed in 288 'C water containing 2000 ppb
0,, it exhibits an initially lower growth rate at low potential, which slowly rises by 2.5X with
time. (Note that this "constant K" testing is done by (only) load shedding after every 0.001
change in a/W. Typically this represents a slow load shed of about 5 pounds (out of 1400 pounds
total) every 20 hours (in the high potential regime)).

Crack growth rate data in Figure 6-6 on Type 347 stainless steel with 20% cold work shows the
transition to static K response as increasingly gentle cyclic loading conditions are used. The
growth rates are essentially identical to those observed on similarly worked types 304L and 316L
stainless steel, indicating that the subtle changes in composition associated with ,0.5% Nb or
•2.5% Mo do not have a consequential effect on SCC behavior, although they can have a
significant effect on sensitization behavior (which would produce differences in SCC).
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Figure 6-7 shows a different heat of Type 304 stainless steel tested under similar conditions to
prior heats. This material exhibited a factor of &2X higher crack growth rate at high potential
than other materials (e.g., Figure 6-5), but was only slightly higher in growth rate at low
potential. Nonetheless, the growth rates at low potential are relatively high, roughly equivalent to
the historical rates on sensitized stainless steel piping (Figure 6-1 a, at moderate potential). A
repeat test on this material is showing similar response at high potential of 6.7 x 10-' mm/s under
constant K conditions. Figure 6-8 shows the response of another heat of type 316L stainless steel
also tested under conditions similar to prior tests. It showed a well-behaved transition from
gentle cycling to constant K conditions (although a somewhat higher growth rate was observed),
as well as a sudden reduction in rate on shifting to low potential. In this heat, both high and low
potential growth rates are somewhat lower than observed in 304 stainless steel (Figure 6-7),
although this is not a general pattern - among all observations made to date, there is no
consistent difference between the common grades of stainless steel for a given condition
(sensitized, cold worked, etc.)

For comparison purposes, Figure 6-9 shows the response of 20% cold worked (by cross-rolling
at 25°C) alloy 600 under similar test conditions. The growth rate at both high and low corrosion
potential is very similar to the observations on stainless steels. The fractography on all stainless
steel and alloy 600 specimens tested is intergranular (Figure 6-10).

The crack growth rate response in 288°C water of stainless steels and alloy 600 (and alloy
182 weld metal) is quite similar when comparisons are separately made for the sensitized,
the unsensitized, or the cold worked (Figure 6-1) conditions [6-26, 6-29, 6-30]. There is clearly a
strong effect of elevated corrosion potential (200 or 2000 ppb dissolved 0,) under all conditions.
However, at low potential, there is no evidence of any difference in crack growth rate of
stainless steel with smaller changes in potential associated with variations in the dissolved H,
concentration. Here the changes in potential are limited to ;56 mV per decade change in H, at
288'C; as the H, level is changed from 95 ppb (about 1.06 cc/kg) to 1580 ppb (17.7 cc/kg), the
change in potential is only about 68 mV (vs. a 600 - 700 mV potential change for 2000 ppb 02).
The important distinction is that, unlike 0_, H, is not consumed in the crack, so no potential
gradient is formed. However, such small changes in potential can be important for nickel alloys,
because (unlike iron alloys) the transition from NiO (or spinel) stability to Ni metal stability
occurs in this potential regime [6-31, 6-32].

Hydrogen permeation data were obtained for stainless steel and for alloy 600 [6-23]. All data
were very linear and highly reproducible (Figure 6-11), and show that hydrogen permeation is
primarily controlled by the coolant H, fugacity (Figure 6-12), temperature, and material (alloy
600 is about twice as permeable to hydrogen at a given temperature). Thus, the H, fugacity in the
coolant (not corrosion reactions, transmutation, radiolytic proton injection into the metal, etc.)
dominates hydrogen permeation through the metal, following (as expected) a square root
dependency on H, fugacity over the temperature range studied (, 200 to 360'C). Also interesting
is that the effective surface fugacity of H, becomes very low in 0,-containing solutions, as
reflected in a rapid drop in H, partial pressure in the tube [6-27]. Clearly the H, gas in the tube
readily dissociates to adsorbed hydrogen on the tube ID.
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The crack growth rate data obtained on unsensitized, cold worked stainless steels and alloy 600
are remarkably similar, and inconsistent with a hydrogen dominated crack advance mechanism
in high temperature water. Considering only the crack growth rate data, the similarity in crack
growth rates for Types 304L and 316L stainless steel and alloy 600 under both aerated and
deaerated 288°C water (Figure 6-1) conditions show that martensite per se does not influence
crack growth rates. This is reinforced in Figures 6-13 and 6-14 which plot SCC growth rate vs.
yield strength for high potential and low potential conditions, respectively (specimens with
extremely high or low martensite are identified). Martensite is present only Type 304L stainless
steel that was cold worked at -55°C. Prior studies [6-12, 6-15, 6-16] have shown a large effect of
martensite on SCC of stainless steels at temperatures below about 125°C.

The data also show no correlation between stress corrosion crack growth rates and hydrogen
permeation rate (Figure 6-12). Very high hydrogen permeation rates occur as the coolant H,
level is increased, but the growth rate is unchanged whether deaeration (low corrosion potential
conditions) is achieved using N,, 95 ppb H,, or 1580 ppb H, - a range which produces more than
200X change in hydrogen permeation rate at 288°C. It is also important to note that the fairly
thick oxides (typically 0.1 - 0.5 ptm) of varying structure that form under high and low potential
conditions seem to have little effect on hydrogen permeation, and that permeation both in and out
of the tube occurs readily (Figure 6-11).

The role of H in irradiation assisted SCC of stainless steels can also be addressed, including
under conditions where H is formed by transmutation. The H concentration in irradiated stainless
steels typically saturates in the vicinity of 15 - 25 wppm [6-33, 6-34], although the formation
of voids (which occurs readily above 320'C, and can occur to a limited extent at < 300'C)
correlates with dramatically higher concentrations of H [6-35]. However, the rate of formation of
H by transmutation (or the rate of proton injection from radiolysis) is many orders of magnitude
lower than the permeation rates measured in this study. Note that BWR and PWR primary
coolants always have hydrogen present, from as low as 10 ppb H, in BWRs under "normal water
chemistry", to 50 - 100 ppb H, under "hydrogen water chemistry" or NobleChemTM operation, to
about 3000 ppb in PWR primary systems. In turn, these studies have shown that H2 is not readily
"trapped" in a void (or tube), but readily dissociates and diffuses. Thus, the fugacity of H in
the metal remains in equilibrium with the coolant H_, except perhaps in the rare case of rapid
temperature changes. In turn, it is hard to imagine that the highly elevated (e.g., 50 wppm, or
2800 appm) H concentrations measured in irradiated stainless steel [6-35] are anything but a
reflection of additional "storage" sites in the microstructure (i.e., it is not hydrogen that is
microstructurally active). Such H cannot be attributed to transmutation or corrosion reactions
when the permeability of H from the coolant is orders of magnitude higher. In turn, the effect
of lowering the potential by decreasing the dissolved 02 has a pronounced beneficial effect on
IASCC of even highly irradiated stainless steel, just as in unirradiated materials.

A pronounced role of H on higher strength iron and nickel base alloys is well accepted for tests
below z 130'C. The importance of martensite in exacerbating hydrogen effects is highlighted in
reference [6-16], where the correlation between severe hydrogen embrittlement (that induced
highly intergranular fracture) and martensite content of Type 304 stainless steel was very strong,
in contrast to these results. It is certainly possible that some effects of H on dislocation mobility
in metals persist to higher temperatures, although thermally activated dislocation motion
increases with temperature. Also, the ubiquitous nature of H in metals exposed to hot water
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(most achieve 2 - 5 wppm levels within days of exposure) raises the question of whether there
is a unique/distinguishable contribution of hydrogen that varies from differences in coolant
fugacity that pragmatically vary by <300X (10 ppb to 3000 ppb) - especially since high
hydrogen permeation rates are recorded even at the lowest fugacity levels. Other findings such
as the absence of detrimental effects of applying Pt-group catalysts to the surface, high crack
propagation rates (only) at low temperature of high strength nickel alloys [6-36, 6-37], and other
evidence against a causal role for hydrogen in SCC in hot water is discussed in reference [6-34].
However, it should also be noted that there is evidence in the corrosion fatigue literature that
reduced life is observed when high coolant H, fugacity conditions exist [6-38]. This may be
related to some "residual" effect of H on the reversed slip processes at 290'C, although it may
also be caused by the differences in film properties and general corrosion rate (about lOX higher
in deaerated water). It is interesting that some strong effects of gentle cyclic loading have been
observed on high yield strength materials (Figure 6-15), although similar effects are observed
both at high and low potential, indicating that H is most unlikely not a major factor.

The PLEDGE predicted responses of yield strength, corrosion potential, and sensitization
effects are shown in Figures 6-1, 6-13 and 6-14. These include the effects of corrosion potential,
sensitization, stress intensity, and water purity (specific anion concentrations) that have long
been well understood along with the effects of yield strength from cold work and irradiation
(as well as other irradiation effects) that has been more recently modeled. There is a strong
equivalence of cold work and irradiation contributions to yield strength in terms of enhancing
SCC. The amount of published crack growth data on irradiated stainless steel at low corrosion
potential (where radiation induced Cr depletion plays a small role) is limited, but growth rates
(at somewhat lower K values of 20 - 25 MPalm, the limit of the LEFM K/size validity for the
specimen sizes tested) are in the vicinity of I - 3 x 108' mm/s at 288°C for irradiation doses that
produce a yield strength of 700 - 850 MPa. Higher growth rates will be observed at higher
temperatures (e.g., Figure 6-3). (Note that the K/size validity is not well treated by the ASTM
standards because irradiated materials undergo local and macroscopic work softening as the first
dislocations sweep out the "point" defect damage, thereby creating localized "channels" of high
dislocation activity.) Experience with SCC of irradiated materials suggests that when increased
yield strength occurs by irradiation (vs. from initially cold worked materials that slowly convert
to a purely irradiated microstructure), the average of the annealed and irradiated yield strengths
should be used as effective yield strength.

A major factor in assimilating the role of increased yield strength in SCC is the recognition
that it comes not only from bulk cold work or irradiation, but also from surface cold work and
from residual strain adjacent to weld heat affected zones (HAZ). While there has been much
recognition that weld residual stresses are important (and sensitization from welding), the role of
weld residual strain has only recently surfaced [6-26, 6-29, 6-39]. New techniques for measuring
strains reveal that most weld HAZs have 8 - 20% equivalent room temperature tensile strain, and
SCC measurements show enhanced growth rates in the unsensitized HAZ region.
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6.4 Relevance to IASCC and Supporting Evidence for Corrosion Potential
Benefits

There is a growing recognition that irradiation by the first neutron (or first 102' neutrons/cm 2)
does not transform the SCC into an entirely new phenomenon with no link to its "past". Indeed,
most investigators accept that the dominant contributions of light water reactor irradiation fall
into four categories:

* Increased corrosion potential (on the surface, not in the crack) from radiolysis, at least for
dissolved H2 levels below about 500 ppb.

* Radiation induced segregation (RIS) at grain boundaries, leading to Cr and Fe depletion, and
enrichment in Ni, Si, P, etc.

* Radiation hardening (RH), which produces a pronounced increase in yield and ultimate
tensile strength, typically exceeding 100 ksi within a few dpa.

* Radiation creep relaxation, which produces dynamic strain under load and relaxes constant
displacement stresses, e.g., associated with weld residual stresses.

It is therefore not surprising that factors that have a significant effect on SCC growth rate of
unirradiated materials also have a significant effect on irradiated materials. Of such factors, the
effect of corrosion potential is of the greatest pragmatic importance, because it has a large effect
on growth rates and can be reduced on almost all wetted surfaces in a BWR.

The many examples of the effect of corrosion potential that have been shown on unirradiated
materials of many types and conditions represent a small fraction of the total available data.
These effects observed on unirradiated stainless steel show excellent consistency and continuity
with the behavior of irradiated stainless steels, as summarized in Section 2. While some partly
contradictory data do exist, the benefit in reducing SCC growth rate by lowering the corrosion
potential is very consistently observed over a wide range of fluence, materials, and testing
techniques. The benefit remains even under conditions that are very aggressive, including slow
strain rate testing and crack growth testing where the stress intensity employed is significantly
in excess of that allowed for a given specimen size.

6.5 Summary

Many stress corrosion crack growth rate studies have been performed in high temperature, ultra
high purity water on unsensitized stainless steels and alloy 600 as a function of type and heat of
material, yield strength, martensite, corrosion potential, temperature, and hydrogen fugacity.
SCC is strongly influenced by yield strength, corrosion potential, and temperature, and was
essentially independent of the martensite content per se, the type and heat of material, the
hydrogen fugacity, the hydrogen permeation rate (which was controlled by the H, fugacity
in the coolant). These observations are inconsistent with a hydrogen-controlled mechanism of
crack advance, and erode the argument that corrosion-based sources of hydrogen can play a
consequential role. The behaviors of various grades of stainless steel and Alloy 600 at 20% cold
work are essentially identical at both low and high corrosion potential. The SCC response was
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similar for cold worked and irradiated materials of similar YS levels tested at low potential
(where radiation induced Cr depletion plays a minimal role). Finally, the effect on SCC growth
rates of yield strength, corrosion potential, alloy type/heat, sensitization, and other factors are
accurately predicted by the GE PLEDGE model as well.

These effects observed on unirradiated stainless steel show excellent consistency and continuity
with the behavior of irradiated stainless steels. The effects of radiation hardening (increased yield
strength) on crack growth are well simulated by cold work, and the effects of radiation induced
segregation by Cr depletion. While some partly contradictory data do exist, the benefit in
reducing SCC growth rate by lowering the corrosion potential is very consistently observed over
a wide range of fluence, materials, and testing techniques. The benefit remains even under
conditions that are very aggressive, including slow strain rate testing and crack growth testing
where the stress intensity employed is significantly in excess of that allowed for a given
specimen size.

It should always be recognized that the factor of improvement in crack growth rate associated
with any change in material, stress / stress intensity, water chemistry, temperature, etc. will
depend (sometimes very markedly) on every other condition. For example, at moderate to high
potential, small levels of impurities make a big difference while at low potentials, even lOX
higher levels in impurities make no difference whatsoever. Sensitization has a big effect at high
potential, but little or no effect at low potential - etc. For sensitized materials, a large benefit in
growth rate is commonly observed on shifting from high to low potential, but these observations
are typically at a fairly high stress intensity of typically 30 ksiin. As the K is decreased the
benefit rises.
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Figure 6-1
SCC growth rate vs. corrosion potential for stainless steels tested in 2880C high purity
water containing 2000 ppb O0 and 95 - 3000 ppb H,

6-8



Summaon of Un-Irradiated Stainless Steel Data Relevant to Irradiated Behavior

12.75 I I I• . • I 0.4

316L SS 20% Cold Work
25 ksi'4in, 2000 ppb 02, Pure Water .O03

n -- •0.2
Cq~t E

10.1 ~

12.45
EOutlet Conductivity

I06

_2.51.9X 10.8 mm/s mm/s -0.1

J9 0
o -0.2o0 42

()12.35-"•/i•

-0.3
0

0. -0.4
12.25-

" CT Potential oq -0.5

12.15 ' -0.6
1000 1200 1400 1600 1800 2000 2200 2400

Time, hours

Figure 6-2
Crack length vs. time for a 0.5TCT specimen of unsensitized type 316L stainless steel
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Figure 6-3
Crack length vs. time for a 0.5TCT specimen of unsensitized type 316L stainless steel
"Cool" worked at +140 0 C to 20% reduction in area

6-9



Summary of Un-Irradiated Stainless Steel Data Relevant to Irradiated Behavior

1 45k 1 I I . . I

11.4-

E
E

o')
C
_e

U.

U3

11.35-

11.3-

11.25-

Pt potential

CT potential 7x1O mm/s

Outlet conductivity U).. .. . .. ...... . .......... .................. .. ... I = - - .®1 ... . ... ... .... .. ... ........ ... .. .... .. ... .. ..ý ... .. ...... .. . . . . .

0 C -f o

1 ,0 0 e

•. 0 T C of 16LS, 20YGC
J ~ ~ L 10 ki/n 00pb0,Pr ae

0.4

-0.3

-0.2

-0.1 >

0
0

-- 0.1 1

E
-- 0.2 t.

--0.3 3

-- 0.4 cc

- -0.5

-- 0.6

11.2

11.15
30 0 400 500 600 700 800 900 1000 1100 1200

Time, hours

Figure 6-4
Crack length vs. time for a 0.5TCT specimen of unsensitized type 316L stainless steel
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Crack length vs. time for a 0.5TCT specimen of unsensitized type 316L stainless steel
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Crack length vs. time for a 0.5TCT specimen of unsensitized type 347 stainless steel
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Figure 6-10
IG morphology observed in cold worked materials. (a) annealed + 20% cold work (-55°C)
type 304L SS. (b) annealed + 20% cold work alloy 600
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Figure 6-11
Hydrogen permeation vs. time and coolant H2 fugacity unsensitized type 304L stainless
steel
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Effect of gentle unloading cycles on environmental crack advance on stainless steel
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7
DEPENDENCY OF SCC ON STRESS INTENSITY AND
THE ROLE OF RADIATION CREEP RELAXATION

7.1 Background

To interpret the historical trajectory by which cracks developed, or to project their future growth,
the nature of the residual stress profile and the associated change in stress intensity factor with
crack advance is important. This section will address the importance of residual stress profiles,
their relaxation by radiation creep, and the effect of stress intensity on SCC growth rate.

Content Deleted -
EPRI Proprietary Information

Radiation produces a number of simultaneous and related displacement damage effects in
materials. When high energy particles interact with materials, atoms are displaced from their
original lattice locations to relatively distant locations, generally producing a cascade of
secondary displacement damage. While the efficiency of generating displacement damage is
much less than 100% (vacancies and interstitials recombine), a large number of new interstitial
atoms (i.e., the displaced atoms) and vacancies are created, and these coalesce to form interstitial
and vacancy loops, or migrate to grain boundaries. Thus, the processes that produce radiation
segregation (a product of the vacancy and interstitial flux to the grain boundary), radiation
hardening (e.g., the development of the interstitial and vacancy loops), and radiation creep
relaxation (migration and interaction of the continuously generated interstitials and vacancies
with dislocations under stress) occur in concert - it is not possible to have the damaging elements
(segregation and hardening) without the beneficial elements.

There are relatively few studies where the effect of stress intensity has been evaluated in high
quality, definitive experiments. Probably the most voluminous studies have been performed by
Speidel [7-2 to 7-3], but the quality of this data is widely called into question for many reasons,
including the use of wedge-loaded specimens; uncertain precision in the wedge loading
procedures; lack of side grooves and associated out-of-plane cracking and extensive crack
branching; use of thin specimens that often severely violate ASTM K/size validity criteria; very
poor control of testing conditions exemplified by the nearly consistent use of static autoclaves;
absence of continuous crack measurement capability (depth is determined destructively after the
test); poor reproducibility of much of the data; etc.
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In other work, the SCC growth rate response is sufficiently noisy and irreproducible (e.g., Figure
7-3) that determining a stress intensity response is impossible. A primary source of the scatter in
such data is the use of poor testing procedures [7-4 to 7-7], especially the assumption that a
transgranular fatigue precrack can be treated as though it were an intergranular stress corrosion
crack, so that subsequent behavior on loading will be representative of "SCC". Additionally,
highly uneven crack fronts often develop for this and other reasons which complicate the
reporting, correction and interpretation of data.

It has been proposed [7-7 to 7-11] that environmentally assisted crack advance in hot water
occurs by a slip oxidation mechanism, which attributes primary importance to the protective
oxide film that forms on engineering materials. As dynamic strain produces slip offsets that
cause rupture of this protective film, rapid corrosion and film reformation occurs - that is, the
environmental component of crack advance is "Faradaically" linked to the oxidation / corrosion
process. The intergranular path is preferred either because there is a chemical preference
(associated, e.g., with Cr depletion) or because deformation occurs preferentially along the grain
boundary (e.g., from slip accommodation from the adjacent grains).

The conceptual framework of this model has been embodied in a simple expression that relates
the crack velocity, V, with the deformation (crack tip strain) rate, _,ý, and the rate at which the

film reforms (the repassivation rate, -n): V = f(n) (c, )". [2-16] It is accepted that ý,, has a

dependence on K and "n" which varies with the water chemistry and material chemistry at the
crack tip, but typically varies between 0.3 and 1.0. For modern BWR operating conditions
models as well as field data [1-1] predict a K dependence of between K2to K-25 (for normal water
chemistry conditions) and K3 to K"5 (for low potential conditions).

7.2 Observed K Dependencies in Unirradiated and Irradiated Data

This range of predicted K dependence is observed in many categories of data. In early BWR
operation, represented by sensitized stainless steel and higher conductivity (impurity levels), the
NRC disposition line and associated supporting data were close to a K2 dependency (Figure 7-4).
However, this dependency (the slope) varies with material and water chemistry conditions, as
shown in Figures 7-4 and 7-5. The effect of very aggressive water chemistry conditions in
creating a shallow dependency on stress intensity is also evident in Figure 7-6, which shows the
predicted and observed response for Alloy 182 weld metal with 100 ppb sulfate as H2SO 4.

The effect of stress intensity on unsensitized, 20% cold worked 316L stainless steel in pure water
at high corrosion potential is shown in Figure 7-7 a dependency of K23 is shown. The quality of
the supporting crack length vs. time data for each of the low stress intensity data is also shown in
Figure 7-7. Well-behaved SCC growth data has not been that difficult to obtain provided careful
transitioning phases are used to shift from transgranular fatigue precracking to static load
intergranular stress corrosion cracking.

A very similar stress intensity dependency is observed in well behaved data on irradiated
stainless steel of various types (e.g., Figures 7-8 and 7-9). In these figures, some of the crack
growth data obtained early or late in the test are differentiated. The problems of obtaining
reliable data early in the test are complicated by the need to transition from TG to IG
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morphology along the entire crack front, which was not done in these tests. The subsequent data
with increasing K appears to be very well behaved. This is not the case in Figure 7-10. At low K
values the apparent K dependency is astronomically high at &K6 . This can be attributed to testing
where the specimen probably did not transition to a fully IG crack front and had an uneven crack
front, both of which would lead to anomalously low crack growth rates. The subsequent
straightening of the crack front produced very high growth rates later in the test.

7.3 Summary of Stress Intensity Dependency

The stress intensity dependency is controlled by material properties (esp. Cr depletion),
water purity, corrosion potential, etc. While there is no shortage of confusing and somewhat
contradictory data, there is a compelling case to be made for a stress intensity dependency on
stress corrosion crack growth rate of zK 2 0 to K25 under high purity water conditions at high
corrosion potential. Under low corrosion potential conditions in reasonable purity water, a
stress intensity dependency of ;K 3 2 to K36 is appropriate.

7.4 Radiation Creep Relaxation

High energy radiation produces a number of simultaneous effects in materials, most originating
with the displacement of atoms from their original lattice position to relatively distant locations,
usually as an interstitial. The interstitial atoms and the associated vacancies group into interstitial
and vacancy clusters (hardening), migrate, to grain boundaries (producing changes in grain
boundary chemistry), and relax constant displacement (e.g., weld residual) stresses with
interaction with and absorption by dislocations.
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7.5 Proposed Stress Intensity Dependency and Weld Residual Stress
Relaxation Levels
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Figure 7-1
Calculated default residual stress profile for BWR core shroud belt-line weld based on
alternate side welding passes (a = 0.5 ksi stress from differential pressure also exists).
some local shifts in this average residual stress profile must exist because of fit-up
stresses, location of the last welding pass, statistical deviations in residual stresses, etc.

7-5



Dependency of SCC on Stress Intensity and the Role of Radiation Creep Relaxation
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Figure 7-2
Measured residual stress data for large diameter BWR pipe weld. variations about the
average may be associated with fit-up stresses, location of the last welding pass,
statistical deviations in residual stresses, etc.
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Figure 7-3
Stress corrosion crack growth rate data for alloy 182 weld metal from the literature
[7-4, 7-7]. Similar examples of irreproducible SCC data exist for stainless steel, low alloy

steel, and irradiated stainless steel, and are due primarily to flaws in testing
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Figure 7-4
Crack growth rate vs. stress intensity for sensitized stainless steel in water of varying
purity and corrosion potential. These variations change the K dependency from about K2

to over K3
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Figure 7-5

Crack growth rate vs. crack tip strain rate (proportional to K4) for sensitized stainless steel
in water of varying purity. This variation changes the dependency on crack tip strain Rate
(i.e., stress intensity) markedly

7-9



Dependency of SCC on Stress Intensity and the Role of Radiation Creep Relaxation

Stress Intensity, MPaVm
0 10 20 30 40 50

25C~cm 2,0.15Vshe -

10-4 10

a"~ * Predicted Curves:
, , \,15C/cm2. O.O5Vshe CO

i! 0*-• -' 1OC/cm',-.O5Vshe E0 E

CC 8
10" • '10. 7

0

* ConstantK H
cc 0 R=0.8, Hz

No difference in data for
S / 5 alloys, N=5,7,10,13&15 8

10/
10.6 / Alloy 182 Data of Ljungberg

2880C, 1T-CT, 200 ppb 02

1 0.1 ppm H2 S04, 0.9 9•S/cm

0 10 20 30 40 50

Stress Intensity, ksiV/in

Figure 7-6
The effect of stress intensity on SCC growth rate of alloy 182 weld metal in 2880C water
containing 100 ppb sulfate as H2SO4 [7-12]

7-10



Dependency of SCC on Stress IntensitY and the Role of Radiation Creep Relaxation

SCC#6 - c172 - 316L + 20% Cool Work, A14128
13.

^_
21~~~~~~~ ~ ~ ~ ~ ~ . ....... .. .................. i.. i .. i03

13.26 -1-

13.25+

E
E

M)
0)

13 24+

13.23+

co

It'I.

1.8 x 10-' mm/s

Pt potential

CT potential

CO

0 0

3.6 x 10-8.,/
... .. .......S ... ... .. ... ..... . ..... ...........mm/

Outlet co y c172 - 0.5T CT of 3k6LSS, 2P0%CW
17 ksiqin, 2000 ppb 02, PureWae

-0.3

,0.25

20

0
.0.2 ,

0
E

.0.15 =L

0.1 z
r
0

0.05

13.22+

13.21 +

13.2+

13.19+

13.
4100 4200 4300 4400 4500 4600 4700 4800 4900

Time, hours

5000 5100

1.E-06

SCC of 20% Cold Worked Stainless Steel
288 "C, 2000 ppb 02, Pure Water

-4
E
E

0) CGR cx K2 .3

1.E-07 -

1.E-08

0 5 10 15 20 25 30

Stress Intensity, ksi•lin

Figure 7-7
Crack length vs. time and the effect of stress intensity on SCC growth rate of
cold worked 316L stainless steel in 288 0C pure water at high corrosion potential
[7-7, 7-13,7-14]
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Figure 7-8
The effect of stress intensity on SCC growth rate of 316NG stainless steel irradiated to 0.9
x 102' n/cm2 in 2880C pure water at high corrosion potential [7-15, 7-16]
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Figure 7-9
The effect of stress intensity on SCC growth rate of 347 stainless steel irradiated to 1.5 x
1021 n/cm 2 in 2880C pure water at high corrosion potential [7-15, 7-16]
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Figure 7-10
The effect of stress intensity on SCC growth rate of 304 stainless steel irradiated to 9 x 1021

n/cm 2 in 288°C pure water at high corrosion potential [7-15,7-16]
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Figure 7-11
Creep strain of 20% cold worked 316 stainless steel with and without radiation (about 101"
n/cm 2-s, E >0.1 MeV) [7-8, 7-19]. Following a short-term transient, the creep strain at
constant load is very linear with fluence (integrated flux over time)
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Figure 7-12
Stress relaxation in bolts of 20% cold worked 316 stainless steel initially stressed to 250
MPa and exposed at temperatures between 60 and 4000C [7-19, 7-20]
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Figure 7-13
Radiation creep relaxation of shear stresses in springs of 20% cold worked 316 stainless
steel, along with modeling curves [7-21]
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stress relaxation in 20% cold worked 316 stainless steel four-point bend beams at
3700C in EBR-11 ranging from 4 to 54 ksi and up to 1 dpa. relaxation is independent of
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Figure 7-17
Stress relaxation in wedge-loaded DCB specimens at Halden that exhibited minimal or no
crack growth [7-22]
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8
PROPOSED DISPOSITION RATES AS A FUNCTION OF
FLUENCE AND WATER CHEMISTRY

Beginning in the late 1970s and continuing to the present, General Electric Nuclear Energy
(GENE) and the industry have performed crack growth rate studies on the behavior of Type 304
stainless steels. While the majority of these studies were directed at un-irradiated materials,
efforts in the 1980s were also conducted in hot cells using irradiated material taken for actual
BWR components. These tests were initiated with the objective of developing the ability to
disposition crack indications in irradiated BWR in-core components. The previous sections of
the report have been focused on presenting the understanding of IGSCC in irradiated materials
along with supporting crack growth and field data to provide the underpinnings for the crack
growth rates to be used to predict the behavior of materials irradiated above 5 x 102" n/cm2 . The
report has also provided key field data and laboratory test data to be used in validating the
growth rates. Finally, the report has presented technical discussion to support the important role
of corrosion potential (ECP), K and stress relaxation in reducing the magnitude of residual
stresses that were induced by welding during fabrication. The formulation of the crack growth
rate disposition curves that will be used is given in this section along with comparison to the
different available data. These curves will be used to predict the rate of crack deepening through
the shroud thickness. This section will first describe the approach used in developing the curves.
It will then compare the curves to the data, establishing that they bound the large majority of
them. Finally, it will define the range of fluence over which these curves are to be used.

8.1 Review of Approach to Disposition Curves

In all previous GENE and BWRVIP efforts to quantify stress corrosion crack growth rates for
BWR structural materials, the proposed curves have been related to the stress state, the water
chemistry parameters and the material susceptibility. The bases for these dependencies have been
discussed in detail by Andresen and Ford in conjunction with others [2-1, 2-9, 2-16, 2-17] in the
technical community. These bases, importantly, are broadly accepted. As discussed in Section 2,
the behavior of irradiated stainless steel is a natural extension of IGSCC of un-irradiated stainless
steel. Therefore, the approach will necessarily include water chemistry and stress dependencies.
While it is known that there are material changes that occur with fluence, these are hard to
quantify or verify given the very limited set of crack growth rate data on irradiated material.
There is also evidence that the levels of sensitization and radiation hardening (the parameters that
influence the material susceptibility) will saturate at fluences in the range of 3 x 1021 n/cm 2 (other
factors may surface at or above ý- 1022 n/cm2 or at higher temperature). The approach in this report
follows that used in BWRVIP-59 for austenitic nickel base alloys. The proposed rates focus on
each of the two main environments: (1) the high corrosion potential NWC environment present
under normal operating conditions and (2) the low corrosion potential HWC environment,
applicable to plants with adequate hydrogen injection levels to reduce core oxidizing species so
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that the corrosion potential is below -230 mV, SHE (best ensured by using NMCA). Discussion
of these curves follow.

8.2 Applicable Range of Fluence
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8.3 Proposed Disposition Curves
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8.3.1 Normal Water Chemistry (NWC)
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8.3.2 Hydrogen Water Chemistry (HWC)
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8.4 Comparison with Field derived data
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8.5 Summary
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Figure 8-1
Proposed NWC curve for stainless steel irradiated between 5 x 100 to 3 x 102' nrcm'. Applicable to normal operation at or below
action level 1 parameters limits
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Figure 8-2
Proposed HWC curve for stainless steel irradiated between 5 x 1Wo to 3 x 102 n/cm2 . Applicable to normal operation with verified
reduction in corrosion potential at or below action level 1 parameter limit
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Figure 8-3
Comparison of calculated K-dependent rates as a function of average normalized depth with the field data plotted against
average depth. Note that the K level varies based on the actual shroud thickness. The legend indicates the core shroud
thickness
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9
EXAMPLE EVALUATIONS OF CRACK GROWTH
ASSESSMENT: CORE SHROUD MATERIAL
IRRADIATED TO A FLUENCE BETWEEN
5 X 1020 N/CM 2 AND 3 X 1021 N/CM2

The information developed in the prior sections of this report along with the data from the earlier
assessments of crack growth assessment in core shrouds [1-1, 1-2] is utilized in this section to
illustrate the manner in which a crack growth analysis will be performed in an H4 weld in a
typical BWR core shroud that has been irradiated in a range of 5 x 102' n/cm2 to 3 x 1021 n/cm2.

This section describes evaluation examples for each of the two key environments: NWC and
HWC. The procedures for core shroud crack growth analysis follow those used throughout the
industry and presented in BWRVIP-14. Section 9.1 reviews the procedures for determining the
amount of through-wall deepening and Sections 9.2 and 9.3 provide examples that illustrate the
predicted trajectory of crack deepening with time.

9.1 Evaluation Procedure Review
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Example Evaluations of Crack Growth Assessment: Core Shroud Material Irradiated to a Fluence Between 5 X 10"2
N/CM2 and 3 X 1021 N/CM2

9.2 Examples of Crack Growth Depth Predictions in a Irradiated Core
Shroud H4 Weld for NWC, Action Level 1 Operating Conditions

The first example employs the NWC curve (Figure 8-1). The parameters used in this example are
as follows: the shroud thickness is set at 1.5 inches and a full 360 degrees circumferential, ID
flaw is assumed. The initial depth is 0.05 inches, thus allowing one to determine the times
required to reach any range of depths. Table 9-1 along with Figure 9-3 present the results for the
recommended stress intensity factor (K) distribution shown in Figure 9-1.

9.3 Examples of Crack Growth Depth Predictions in a Irradiated Core
Shroud H4 Weld for HWC, Action Level 1 Operating Conditions

The second example employs the proposed HWC curve (Figure 8-2), which is based on a FOI of
three reduction in growth rate from the NWC curve. Again, the initial depth is 0.05 inches, thus
allowing one to determine times required to reach any range of depths. Tables 9-2 along with
Figure 9-3 present the results for this evaluation for the recommended stress intensity factor (K)
distribution shown in Figure 9-1.
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Example Evaluations of Crack Growth Assessment: Core Shroud Material Irradiated to a Fluence Between 5 X 40°
N/CM` and 3 X 102j N/CM2

Table 9-1
Depth versus time for NWC crack growth rates and recommended K conditions for 1.5
inch thick shroud
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Example Evaluations of Crack Growth Assessment: Core Shroud Material Irradiated to a Fluence Between 5 X 1020
N/CM2 and 3 X l20 N/CM2

Table 9-1
Depth versus time for NWC crack growth rates and recommended K conditions for 1.5
inch thick shroud (continued)
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Example Evaluations of Crack Growth Assessment. Core Shroud Material'Irradiated to a Fluence Between 5 X 1020
N/CM2 and 3 X 1021 N/CM2

Table 9-2
Depth versus time for HWC (FOI=3) crack growth rates and recommended K conditions for
1.5 inch thick shroud
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Example Evaluations of Crack Growth Assessment: Core Shroud Material Irradiated to a Fluence Between 5 X IV0
N/CM2 and 3 X 1021 N/CM2
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Figure 9-1
Stress intensity profile for a 1.5 in thick core shroud based on combined stress
distribution which serves as the basis for the crack growth rate determination in example
evaluations shown in figure 9-2

II
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Figure 9-2
Normalized stress intensity profile for a core shroud versus normalized crack depth
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Figure 9-3
Predictions for crack deepening under NWC and HWC conditions. Calculations made for recommended stress intensity
distributions based on (1) combination of 1.6 ksi membrane and BWRVIP-NRC agreed upon weld residual stresses which are
relaxed 30%. Predictions are applicable over 5 x 104 to 3 x 10" n/cm2 fluence range
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SUMMARY AND CONCLUSIONS

This report achieves its objective of providing new crack growth rates that can be used for
irradiated stainless steel that has been subjected to a fluence greater than 5x 1020 n/cm 2. In support
of that objective, the report provides technical and engineering data as well as specific proposed
disposition curves. Key outputs from the report are as follows.

* The report provides an overview of the fundamental basis for the effects of irradiation on
crack growth behavior and the benefits of reducing the corrosion potential of the core
environment. This is directly tied to the fundamental understanding of stress corrosion
cracking processes in austenitic structural materials.

" The report presents supporting data from crack growth measurements made on H4 core
shrouds through ultrasonic inspections.

" A summary of relevant laboratory crack growth rate data measured in irradiated stainless
steel is given. This data is used as the basis for the proposed disposition curves. These data,
developed by GENE and Halden test facilities in BWR-type environments, establish the
effects of stress and environment on the measured rates.

* The report also provides a discussion of the importance of plasticity effects on measured
crack growth rates. This understanding is needed to effectively screen the existing test data
on irradiated stainless steel.

" The report provides a summary of other test data conducted on unirradiated stainless steel.
These data strong evidence for the benefits of HWC.

* The report also provides important data and discussion in support of defining the K
dependence of the proposed disposition curves.

* The final technical topic discussed is the very important role of irradiation-induced stress
relaxation. This factor significantly reduces the driving force for crack growth in irradiated
components where the residual stresses make up the main stress component.

" The report proposes two disposition crack growth rate curves for use with stainless steel core
components such as the beltline H4 core shroud weld irradiated in the range of 5 x 1020 to
3 x 102' n/cm 2. One curve is applicable to NWC conditions (Figure 8-1) and one is applicable
to effective HWC condition (Figure 8-2).

" The field data is also used to benchmark the stress distribution that is proposed for use in
evaluation efforts of irradiated crack growth.

The disposition curves are used in example calculations to predict crack depth versus time in a
H4 core shroud weld for both NWC and HWC environments.
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B
RECORD OF REVISIONS

BWRVIP-99-A Information from the following documents was used in preparing the changes
included in this report:

1. BWRVIP-99: BWR Vessel and Internals Project, Crack Growth Rates in
Irradiated Stainless Steels in BWR Internal Components. EPRI, Palo
Alto, CA: 2001. 1003018.

2. Letter from Carl Terry (BWRVIP Chairman) to Meena Khanna (NRC),
Project 704- Errata Sheet and Revised Figures for BWRVIP-99 dated
August 6, 2002 (BWRVIP Correspondence File Number 2002-219)

3. Letter from Meena Khanna (NRC) to Carl Terry (BWRVIP Chairman),
"Proprietary Request for Additional Information - Review of BWR Vessel
and Internals Project Reports, BWRVIP-96, -97, -99, and -100 (TAC
NOS. MB3947, MD3948, MB3951, and MB3946)," dated January 8, 2003
(BWRVIP Correspondence File Number 2003-022)

4. Letter from William A. Eaton to Meena Khanna, PROJECT NO.
704 - BWRVIP Response to NRC Request for Additional Information on
BWRVIP-99 dated September 21, 2004 (BWRVIP Correspondence File
Number 2004-410).

5. Letter from William H. Bateman (NRC) to Bill Eaton (BWRVIP Chairman),
"Proprietary Safety Evaluation of EPRI Report, BWR Vessel and
Internals Project, Growth Rates in Irradiated Stainless Steels in BWR
Internal Components (BWRVIP-99)" (TAC NO. MB3951)", dated August
5, 2005, (BWRVIP Correspondence File Number 2005-295A).

Details of the revisions can be found in Table B-I.
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Record of Revisions

Table B-1
Revision details

Required Revision Source of Requirement Description of Revision Implementation
for Revision

Revised Report Editorial Revised lead paragraph and referenced NRC
Summary Safety Evaluation and edited Results section.

Revised Executive Editorial Revised lead paragraph and referenced NRC
Summary Safety Evaluation

Revised text in RAI 99-4 Data in Figure 3-13 were repotted based on
Section 3.3 and average normalized depth instead of initial
revised Figure 3-13 normalized depth as requested in the RAI.

Revised text in RAI 99-1 Added discussion of criteria used to screen
Section 4.4, added data.
data Tables 4-1, 4-2,
4-3 and 4-4 and As noted in the RAI response (BWRVIP
revised Figures 4-4 Correspondence File Number 2004-410) the
and 4-5. data include corrections that were transmitted

via BWRVIP Correspondence File Number
2002-219 as well as post test corrections
based on fractography performed on Halden
specimens.

Added data tables summarizing the fluence
levels, material, environmental and loading
conditions used in the crack growth tests on
irradiated materials.

Provided the fluence levels for the corrected
data shown in Figures 4-4 and 4-5.

Revised Figure 5-7 RAI 99-1 Provided the fluence levels for the
corrected data shown in Figure 5-7.
(same as Figure 4-4).

Revised text in RAI 99-3 Revised text to explain the basis for the
Section 8.3 proposed step function response of crack

growth rates to fluence levels below 5.0 x 1020

n/cm 2 and in the range of 5 - 30 x 1020 n/cm2

Revised text in RAI 99-2 Revised text to compare the corrected crack
Section 8.3.1 growth rate data with the proposed disposition

curve.

Revised text in RAI 99-2 Revised text to compare the corrected crack
Section 8.3.2 growth rate data with the proposed disposition

curve.

B-2



Record of Revisions

Table B-1
Revision details (continued)

Required Revision Source of Requirement Description of Revision Implementation
for Revision

Revised text in 99-4 Figures 8-1 and 8-2 are identical to
Section 8.4, revised Figures 4-4 and 4-5 and include the fluence
Figures 8-1,8-2 and levels and data corrections discussed in the
8-3. RAI response 2004-410.

Content Deleted -

EPRI Proprietary Information

Revised text in 99-5 Added new Figure 9-1a to show the stress
Section 9.1 and added intensity (K) profile for a 1.5 in thick core
Figure 9-1a. shroud which was the basis for the crack

growth rate determination in the example
shown in Figure 9-3 (which is the same as
Figure 9-2 in the original report).

Revised Table 9-1. 99-5 The revised Table 9-1 shows the K
distribution and crack depths for a 1.5 inch
thick core shroud and is consistent with
Figure 9-3. It corrects Table 9-1 in the original
report. Table 9-2 and Figure 9-2 of the original
report are unchanged.

Revised text in Editorial Referenced new Figure 9-1.
Section 9.2

Revised text in Editorial Referenced new Figure 9-1.
Section 9.2
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