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Environmentally Assisted Cracking in Light Water Reactors
Semiannual Report July 1998-December 1998

by

O. K. Chopra, H. M. Chung, E. E. Gruber, T. F. Kassner,
W. E. Ruther, W. J. Shack, J. L. Smith, W. K. Soppet, and R. V. Strain

Abstract

This report summarizes work performed by Argonne National Laboratory on fatigue and
environmentally assisted cracking (EAC) in light water reactors from July 1998 to December
1998. Topics that have been investigated include (a) environmental effects on fatigue S-N
behavior of primary pressure boundary materials, (b) irradiation-assisted stress corrosion
cracking of austenitic stainless steels (SSs), and (c} EAC of Alloys 600 and 690. Fatigue tests
have been conducted to determine the crack initiation and crack growth characteristics of
austenitic SSs in LWR environments. Procedures are presented for incorporating the effects of
reactor coolant environments on the fatigue life of pressure vessel and piping steels. Slow-
strain-rate tensile tests and posttest fractographic analyses were conducted on several model
SS alloys irradiated to =0.3 and 0.9 x 1021 ncm2 (E > 1 MeV) in helium at 289°C in the
Halden reactor. The results have been used to determine the influence of alloying and
impurity elements on the susceptibility of these steels to irradiation—assisted stress corrosion
cracking. Fracture toughness J-R curve tests were also conducted on two heats of Type 304
SS that were irradiated to =0.3 x 1021 n-.cm~2 in the Halden reactor. Crack-growth-rate tests
have been conducted on compact-tension specimens of Alloys 600 and 690 under constant
load to evaluate the resistance of these alloys to stress corrosion cracking in LWR
environments.
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Executive Summary

Environmental Effects on Fatigue Strain-versus-Life (S—N) Behavior of
Primary Pressure Boundary Materials

The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear
power plant components. Appendix I to Section III of the Code specifies design fatigue curves
for structural materials. However, the effects of light water reactor (LWR) coolant
environments are not explicitly addressed by the Code design curves. Recent test data
illustrate potentially significant effects of LWR environments on the fatigue resistance of
carbon and low-alloy steels and austenitic stainless steels (SSs). Under certain loading and
environmental conditions, fatigue lives of carbon and low-alloy steels can be a factor of =70
lower in an LWR environment than in air. These results raise the issue of whether the design
fatigue curves in Section III are appropriate for the intended purpose.

To establish the effects of various material, loading, and environmental parameters on
the fatigue lives of carbon and low-alloy steels and austenitic SSs, existing fatigue S-N data
have been analyzed and summarized. Two approaches have been proposed for incorporating
the effects of LWR environments into ASME Section III fatigue evaluations: (a) develop new
design fatigue curves for LWR applications, and (b) use a fatigue life correction factor to
account for environmental effects. The latter is referred as Fen method. Both methods of
evaluating fatigue lives are based on statistical models that have been developed at Argonne
National Laboratory for estimating fatigue lives of carbon and low-alloy steels and austenitic
SSs in LWR environments. The environmentally adjusted design fatigue curves provide
allowable cycles for fatigue crack initiation in LWR coolant environments. The design curves
for carbon and low-alloy steels, as well as those for austenitic SSs maintain the margin of 20
on life provided in the ASME Code design fatigue curves. However, to be consistent with the
current ASME Code curves, the margin on stress is 2 for carbon and low-alloy steels and 1.5
for austenitic SSs.

In the Fen method, environmental effects on life are estimated from the statistical models
but the correction is applied to fatigue lives estimated from the current Code design curves.
Therefore, estimates of fatigue lives that are based on the two methods may differ because of
differences in the ASME mean curve and the best-fit curve to existing fatigue data. The
existing fatigue S-N data indicate that the current Code design curve for carbon steels (CSs) is
comparable to the statistical-model curve for low-alloy steels (LASs), but it is somewhat
conservative at stress levels <500 Mpa, when compared with the statistical-model curve for
CSs. Consequently, usage factors based on the Fepn method would be comparable to those
based on the environmentally adjusted design fatigue curves for LASs and would be somewhat
higher for CSs.

For austenitic SSs, the ASME mean curve and consequently the current Code design
fatigue curve are nonconservative in air when compared with the statistical-model curve and a
corresponding design curve, i.e., it predicts longer fatigue lives than the best-fit curve to the
existing S-N data. Consequently, before adjusting for the conservatism in the design curves,
usage factors that are based on the Fepn method would be lower than those determined from
design fatigue curves based on the Argonne results.
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Fatigue tests have also been conducted to determine the crack initiation and crack
growth characteristics of austenitic SSs in air and LWR environments. Results of fatigue
tests that examine the influence of reactor environment on the formation and growth of short
cracks in Type 304 SS are presented. Crack lengths as a function of fatigue cycles were
determined in air and water environments. The results indicate that, at the same fraction of
life, the crack lengths are longer in water than in air. The crack growth rates {CGRs) in water
are greater than those in air, and the CGRs in PWR water are greater than those in high-
dissolved oxygen (DO) water. The decrease in fatigue life of austenitic SSs in LWR water is
primarily caused by the effects of environment on the growth of short cracks that are <500 um
deep. The results from the present study are not consistent with the slip dissolution model
for enhanced CGRs in LWR environments. Oxide film rupture strengths and/or Hg evolution
most likely play a greater role than slip dissolution in these environments.

Irradiation-Assisted Stress Corrosion Cracking of Austenitic Stainless Steels

Slow-strain-rate tensile (SSRT) tests in simulated boiling water reactor (BWR)} water (DO
=8 ppm) were conducted on 16 model austenitic SS alloys that were irradiated at 288°C in He
in the Halden boiling heavy-water reactor to a fluence of =0.3 x 1021 ncm2 (E > 1 MeV) and
on nine alloys that were irradiated to a fluence of =0.9 x 1021 ncm—2 (E > 1 MeV).
Fractographic analysis by scanning electron microscopy was conducted to determine the
susceptibility of these alloys to irradiation-assisted stress corrosion cracking (IASCC), as
manifested by the degree of transgranular and intergranular fracture. Heat-to-heat variations
in ductility and susceptibilities to intergranular and transgranular stress corrosion cracking
(IGSCC and TGSCC) were very significant. This finding suggests that heat-to-heat variation
in CGR could also be large.

After irradiation to the lower fluence, a high-purity heat of Type 316L SS with a very low
concentration of Si exhibited the highest susceptibility to IGSCC. A Type 304 SS alloy with a
high concentration of O exhibited very deleterious effects from water after irradiation and even
in the unirradiated state. This observation is consistent with previous studies of an irradiated
BWR neutron absorber tubes and core shroud welds which suggested that high O
concentration in steels is conducive to greater susceptibility to IGSCC. Susceptibilities to
TGSCC of the 16 alloys at =0.3 x 1021 n-.cm=2 (E > 1 MeV) could be correlated well in terms of
N and Si concentrations. All alloys that contained <100 wppm N and <1.0 wt.% Si were
susceptible, whereas all alloys that contained >100 wppm N or >1.0 wt.% Si were relatively
resistant to TGSCC. Because practically all commercial heats of Type 304 or 304L SSs
contain >100 wppm, N this means that, to delay the onset of and increase resistance to
IASCC, it is helpful to ensure a certain minimum concentration of Si in steels. Results of
initial tests on alloys irradiated to a fluence of =0.9 x 102! n.cm2 (E > 1 MeV) were
consistent with the finding that a low level of Si {<0.5 wt.%]) is conducive to relatively higher
susceptibility to IASCC. Silicon atoms exert profound effects on irradiation-induced
hardening. A high concentration of Si is conducive to less hardening and a lower number
density of Frank loops. The beneficial effect of high concentrations of Cr was very significant,
that is, alloys that contained <15.5 wt.% Cr exhibited relatively higher susceptibility to
IASCC, whereas an alloy that contained >21 wt.% Cr exhibited relatively lower susceptibility
than other alloys irradiated under similar conditions.

Susceptibility to IASCC appears to be influenced by many alloying and impurity elements
in a complex manner. More conclusive evidence for the observed effects will be provided by the
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more complete data that will be obtained from the whole test matrix including the materials
irradiated to higher fluences.

Fracture toughness J-R curve tests have been conducted on two heats of Type 304 SS
that were irradiated to a fluence of =0.3 x 1021 n cm-2 (E > 1 MeV) at =288°C in a He
environment in the Halden boiling heavy-water reactor. The tests were performed on 1/4-T
compact tension (CT) specimens in air at 288°C, crack extensions were determined by both DC
potential and elastic unloading compliance techniques. Neutron irradiation at 288°C to 0.3 x
102! n ecm-2 decreased the fracture toughness of both heats. The commercial heat C19
exhibited fracture toughness that is superior to the fracture toughness of the laboratory heat
1.20. The values of fracture toughness Jjc are 2500 kJ/m? for C19 and =60 kJ/ m2 for L20.

Environmentally Assisted Cracking of Alloys 600 and 690 in Simulated LWR Water

To evaluate the resistance of Alloys 600 and 690 to environmentally assisted cracking
(EAC) in LWR coolant environment, fracture-mechanics CGR tests were conducted in air and
water environments on CT specimens of several heats of these alloys in annealed and in
annealed and thermally treated conditions. A statistical analysis of the results was used to
develop correlations for predicting CGRs of the materials as a function of stress intensity,
load ratio, and DO levels. However, because the experimental data were obtained for only a
single rise time, i.e., frequency, alternate forms for the correlations have also been developed
which can be used to extrapolate the results to other rise times. Experiments are planned to
verify the predictions of the correlation for the effect of rise time.

The CGRs in the low—C heat of Alloy 600 do not appear to be sensitive to either heat
treatment or DO level, whereas the CGRs in the high-C heats show a strong environmental
enhancement in high-DO environments. The results are inconclusive for the high-C Alloy 600
in low-DO environments. Alloy 690 shows only a modest environmental enhancement in the
low-DO environments; environmental effects appear to be independent of the loading
conditions as long as CGRyjr 2 10-11 s-1. The CGRs in Alloy 690 in high-DO show some
environmental enhancement for loading conditions that correspond to low CGRs in air.

Constant load crack growth rate tests have also been conducted on CT specimens of
Alloys 600 and 690 in high-DO water at temperatures between 200 and 320°C. The growth
rates for the hot-worked Alloy 600 are a factor of =5 higher than those for the hot-worked +
thermally treated Alloy 600. The addition of sulfate increased the CGRs of both alloys by a
factor of 3-7. The Alloy 690 specimens show little dependence of K on growth rates; the CGRs
range between =2 x 10-12 and 6 x 10-12 m/s, values that may be below the sensitivity of the
crack-monitoring system. The results indicate that for Alloy 800, the CGRs increase slightly
with increasing K.
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1 Introduction

The U.S. Nuclear Regulatory Commission (NRC) and its predecessor, the U.S. Atomic
Energy Commission, have conducted research programs that address the aging of reactor
components. The results of the research have been used to evaluate and establish regulatory
guidelines to ensure acceptable levels of reliability for light water reactor (LWR) components.
The products of this program have been technical reports, methodologies for evaluating
licensee submittals, and other inputs to the regulatory process. The results have led to the
resolution of regulatory issues, as well as to the development, validation, and improvement of
regulations and regulatory guides. The present research on the effects of simulated reactor
coolant environments on cracking of reactor components was initiated to resolve the
remaining critical technical issues related to cracking phenomena in LWR components.
Initially, this project addressed cracking of boiling water reactor (BWR) pipes. Subsequently,
in response to requests from the NRC Division of Nuclear Reactor Regulation (NRR) for
assistance in dealing with developing cracking problems in aging reactors, the focus shifted to
other problems in environmentally assisted cracking (EAC) of LWR components.

The overall objective of this program is to provide data and physical models to be used by
the NRC staff in assessing environmentally assisted degradation of primary pressure boundary
components in LWRs. The research is divided into five tasks:

(a) Environmental effects on fatigue, crack growth, and stress corrosion cracking

Fatigue and EAC of piping, pressure vessels, and core components in LWRs are
important concerns during plant operation and for extended reactor lifetimes. The
degradation processes in U.S. reactors include fatigue, intergranular stress corrosion
cracking (IGSCC), and propagation of fatigue or stress corrosion cracks that initiate
in the weld-sensitized heat-affected zones of stainless steel (SS) components.
Occurrences of mechanical-vibration- and thermal-fluctuation-induced fatigue
failures in LWR plants have also been documented. The objective of this task is to
improve fatigue design curves and assess the additivity of fatigue damage in piping
and vessel steels under load histories that are typical of LWR components. The
results of this work will be used to assess industry fatigue evaluations that are
related to license renewal.

(b) Component vulnerability to irradiation-assisted stress corrosion cracking
Irradiation-assisted stress corrosion cracking (IASCC) of in—core components in both
BWRs and pressurized water reactors (PWRs) is becoming a more common problem
as reactors age. The general pattern of the observed failures indicates that, as
nuclear plants age and neutron fluence increases, many apparently nonsensitized
austenitic materials become susceptible to intergranular failure by IASCC. Some of
these failures have been reported for components that are subjected to relatively low
or negligible stress levels, e.g., control-blade sheaths and handles and instrument
dry tubes of BWRs. Although most failed components can be replaced, it would be
very difficult or impractical to replace some safety-significant structural components,
such as the BWR top guide, core plate, and shroud. The objective of this task is to
provide data and models that are needed to assess industry analyses of the likelihood
of degradation and failure of core internal components that are due to IASCC, and to -
evaluate licensee submissions that are related to inspection and remediation.
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(c} Cracking of nickel alloy components of LWR primary systems

Internal components of reactor vessels are made of Ni-based alloys, e.g., Alloys 600,
X750, and 182, which are susceptible to IGSCC. The causes and mechanisms of this
cracking are not adequately understood, and the uncertainty is increased when
licensee submissions are evaluated for factors such as damage accumulation and
inspection intervals. The objective of this task is to provide technical data on the
effects of cracks in Ni-alloy components on the residual life, inspection, and repair of
the component. The results will be used to support NRR staff assessments of
industry crack-growth models, and potential detection and mitigation measures.

(d) Analysis of postweld heat treatment processes and validation of flaw acceptance criteria
The objective of this task is to evaluate the effect of postweld heat treatment on long-
term resistance to environmental cracking by assessing sensitization and other
microstructural changes. This evaluation will provide the NRC with insights for use in
reviewing licensee submittals.

(e} Assessment of industry crack-growth models
This task has two objectives. The first is to perform an independent evaluation of
industry models that are used to establish inspection intervals and repair criteria.
The second objective is to perform more detailed analyses of flaw acceptance criteria.

Research during this six-month reporting period has focused on fatigue of austenitic SSs,
fracture toughness J-R curve tests in air, and IASCC during slow-strain-rate tensile (SSRT)
tests (in simulated BWR water) of SS specimens that were irradiated to fluence levels of =0.3
and 0.9 x 1021 n.cm~2 (E > 1 MeV) at 288°C in the Halden reactor, and EAC of Alloys 600 and
690 in high-purity (HP) oxygenated water.

2 Environmental Effects on Fatigue Strain-versus-Life (S—N) Behavior
of Primary Pressure Boundary Materials

Experience with operating nuclear power plants worldwide reveals that many failures can
be attributed to fatigue; examples include piping components, nozzles, valves, and pumps.1-3
In most cases, these failures have been associated with thermal loading that is due to thermal
stratification or thermal striping, or with mechanical loading that is due to vibratory loading.
Significant thermal loadings due to flow stratification were not included in the original design
basis analysis. The effects of these loadings may also have been aggravated by corrosion
effects that are due to exposure to high-temperature aqueous environments. Fatigue cracks
have been observed in pressurizer surge lines in PWRs (NRC Bulletin No. 88-11), and in
feedwater lines connected to nozzles of pressure vessels in BWRs and steam generators in
PWRs (NRC IE Bulletin, 79-13; NRC Information Notice 93-20). These cracks have been
attributed to corrosion fatigue (NRC IE Bulletin, 79-13) or strain-induced corrosion cracking?
caused by cyclic loading that is due to thermal stratification during start-up (hot standby)
and shut-down periods.

2.1 Methods for Incorporating Effects of LWR Coolant Environment into ASME
Code Fatigue Evaluations (O. K. Chopra and W. J. Shack)

Cyclic loadings on a structural component occur because of changes in the mechanical
and thermal loadings as the system goes from one set of pressure, temperature, moment, and
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force loading to any other load set. For each pair of load sets, an individual fatigue usage
factor is determined by the ratio of the number of cycles anticipated during the lifetime of the
component to the allowable cycles. Figures I-9.1 through 1-9.6 of Appendix I to Section III of
the ASME Boiler and Pressure Vessel Coded specify fatigue design curves that define the
allowable number of cycles as a function of applied stress amplitude. The cumulative usage
factor (CUF) is the sum of the individual usage factors, and Section III of the ASME Code
requires that the CUF at each location not exceed 1.

The Code design fatigue curves were based on strain—controlled tests of small polished
specimens at room temperature in air. In most studies, the fatigue life of a test specimen is
defined as the number of cycles for the tensile stress to drop 25% from its peak value, which
corresponds to an =3-mm-deep crack. Consequently, fatigue life N represents the number of
cycles required to initiate a crack =3 mm deep. The bestfit curves to the experimental data
were expressed in terms of the Langer equation® of the form

ga = BINJ™® + A, (1)

where ¢, is strain amplitude and A, B, and b are parameters of the model. (Eq. 1 may be
written in terms of stress amplitude S, instead of strain amplitude &,, where stress amplitude
is the product of strain amplitude and elastic modulus, i.e., S, =Ega.) The design fatigue
curves were obtained by decreasing the best-fit curves by a factor of 2 on stress or 20 on
cycles, whichever was more conservative, at each point on the best-fit curve. As described in
the Section III criteria document,? these factors were intended to account for the differences
and uncertainties in relating the fatigue lives of laboratory test specimens to those of actual
reactor components. The factor of 20 on cycles is the product of three subfactors: 2 for scatter
of data (minimum to mean), 2.5 for size effects, and 4 for surface finish, atmosphere, etc.
“Atmosphere” was intended to reflect the effects of an industrial environment rather than the
controlled environment of a laboratory. The factors of 2 and 20 are not safety margins but
rather conversion factors that must be applied to the experimental data to obtain reasonable
estimates of the lives of actual reactor components; in a benign environment, some fraction of
the factor actually represents a safety margin.

Subsection NB-3121 of Section III of the Code states that the data on which the fatigue
design curves (Figs. [-9.1 through 1-9.6) are based did not include tests in the presence of
corrosive environments that might accelerate fatigue failure. Article B-2131 in Appendix B to
Section III states that the owner's design specifications should provide information about any
reductions to fatigue design curves that are required because of environmental conditions.
Recent fatigue strain-vs.-life (S-N) data illustrate the potentially significant effects of LWR
coolant environments on the fatigue resistance of carbon steels (CSs), low-alloy steels
(LASs),8-20 and austenitic SSs,21-31 (Fig. 1).

A program is being conducted at Argonne National Laboratory to develop data and models
for predicting the effects of environment on fatigue design curves of pressure vessel and piping
steels. Fatigue tests are being conducted to obtain data under conditions that are not
included in the existing fatigue data base and to establish the effects of various loading and
environmental variables on the fatigue S-N behavior of pressure-boundary steels. The existing
fatigue S-N data have been analyzed to establish the effects of various material, loading, and
environmental parameters on the fatigue life of carbon and low-alloy steels and austenitic
SSs: the results for carbon and low-alloy steelsl® and austenitic SSs have been
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summarized.3! Under certain environmental and loading conditions, fatigue lives of CSs can
be a factor of 70 lower in the LWR environment than in air.11.18-20 Therefore, the margins in
the ASME Code may be less conservative than originally intended.
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Figure 1. Fatigue S-N data for carbon steels and austenitic stainless steels in water

Two approaches have been proposed for incorporating the effects of LWR environments
into ASME Section III fatigue evaluations: {a) develop new design fatigue curves for LWR
applications, and (b) use a fatigue life correction factor to account for environmental effects.
Both approaches are based on the existing fatigue S-N data in LWR environments, i.e., the
best-fit curves to the experimental fatigue S-N data on LWR environments are used to obtain
the design curves or fatigue life correction factor. As and when more data became available,
the best-fit curves have been modified and updated to include the effects of various material,
loading, and environmental parameters on fatigue life. Interim design fatigue curves that
address environmental effects on fatigue life of carbon and low-alloy steels and austenitic SSs
were first proposed by Majumdar et al.32 Design fatigue curves based on a rigorous statistical
analysis of the fatigue S-N data obtained in LWR environments were developed by Keisler
et al.33.34 Results of the statistical analysis have also been used to estimate the probability
of fatigue cracking in reactor components.33 The design curves and statistical models for
estimating fatigue lives in LWR environments have recently been updated for carbon and low-
alloy steels!8-20 and austenitic $Ss.30.31

The alternative approach, proposed initially by Higuchi and lida,!1 considers the effects of
reactor coolant environments on fatigue life in terms of a fatigue life correction factor Fen,
which is the ratio of the life in air to that in water. To incorporate environmental effects into
the ASME Code fatigue evaluations, a fatigue usage for a specific load pair, based on the
current Code design curves, is multiplied by the correction factor. Specific expressions for
Fen, based on the statistical models18-20.30,31.35 and on the correlations developed by the
Environmental Fatigue Data Committee of Thermal and Nuclear Power Engineering Society of
Japan,” have been proposed.

This report summarizes the data that are available on the effects of various material,
loading, and environmental parameters on the fatigue lives of carbon and low-alloy steels and
austenitic SSs. The two methods for incorporating the effects of LWR coolant environments

* M. Higuchi, presented at the Pressure Vessel Research Council Meeting, April, 1996, Orlando, FL.
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into the ASME Code fatigue evaluations are presented. Differences between the methods and
their significance on the design fatigue curves are discussed.

2.1.1 Fatigue S-N Data in LWR Environments
Carbon and Low-Allov Steels

The fatigue life of both carbon and low-alloy steels is decreased significantly when five
conditions are satisfied simultaneously, viz., strain amplitude, temperature, dissolved oxygen
(DO) level in water, and S content of the steel are above a minimum level, and strain rate is
below a threshold value. Although the microsturctures and cyclic-hardening behavior of CSs
and LASs differ significantly, environmental degradation of fatigue life of these steels is very
similar. For both steels, only moderate decrease in life (by a factor of <2} is observed when
any one of the threshold conditions is not satisfied. The effects of the critical parameters on
fatigue life and their threshold values are summarized below.

(a) Strain. A minimum threshold strain is required for environmentally assisted decrease in
fatigue life of carbon and low-alloy steels.18-20 The threshold value most likely
corresponds to the rupture strain of the surface oxide film. Limited data suggest that the
threshold value is =20% higher than the fatigue limit for the steel.

(b) Strain Rate. Environmental effects on fatigue life occur primarily during the tensile-
loading cycle, and at strain levels greater than the threshold value required to rupture the
surface oxide film. When any one of the threshold conditions is not satisfied, e.g., DO
<0.05 ppm or temperature <150°C, the effects of strain rate are consistent with those in
air, i.e., heats that are sensitive to strain rate in air, also show a decrease in life in water.
When all other threshold conditions are satisfied, fatigue life decreases logarithmically
with decreasing strain rate below 1%/s;11.14 the effect of environment on life saturates at
=0.001%/s.18-20

(¢} Temperature. When other threshold conditions are satisfied, fatigue life decreases linearly
with temperature above 150°C and up to 320°C.10.11.14 Fatigue life is insensitive to
temperatures below 150°C or when any other threshold condition is not satisfied.

(d) Dissolved Oxygen in Water. When other threshold conditions are satisfied, life decreases
logarithmically with DO above 0.05 ppm; the effect saturates at =0.5 ppm DO.10.14

(e) Sulfur Content of Steel. Although S content and morphology are the most important
parameters that determine susceptibility of CSs and LASs to fatigue crack growth in LWR
environments, existing fatigue S-N data are inadequate tc unequivocally establish the
effect of S content on the fatigue life of these steels. When any one of the threshold
conditions is not satisfied, environmental effects on life are minimal and relatively
insensitive to changes in S content. When the threshold conditions are satisfied, i.e.,
high-temperature/high-DO water, the fatigue life of LASs decreases with increasing S
content. Limited data suggest that the effects of environment on life saturate at a S
content above 0.012 wt.%.18 However, the fatigue life of CSs in high-temperature/ high-
DO water seems to be insensitive to S content in the range of 0.002-0.015 wt.%."

* M. Higuchi, presented at the Pressure Vessel Research Council Meeting, June, 1995, Milwaukee, WL
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Austenitic Stainless Steels

The fatigue life of austenitic SSs is decreased in LWR environments; the reduction in life
depends on strain rate, level of DO in water, and temperature.23-25.28-31 The effects of LWR
environments on fatigue life of wrought materials are comparable for Types 304, 316, and
316NG SS. Although the fatigue lives of cast SSs are relatively insensitive to changes in
ferrite content in the range of 12-28%,23 the effects of loading and environmental parameters
on the fatigue life of cast SSs differ somewhat. The significant results and threshold values of
critical parameters are summarized below.

(a2} Strain. A minimum threshold strain is required for environmentally assisted decrease in
fatigue life of austenitic SSs. The threshold value most likely corresponds to the rupture
strain of the surface oxide film. Limited data suggest that the threshold strain range is
between 0.32 and 0.36%.24.30

(b) Dissolved Oxygen in Water. Environmental effects on fatigue life are more pronounced in
low~DO, (<0.01 ppm DO) than in high-DO, (20.1 ppm DO) water.23.30 The reduction in
life is greater by a factor of =2 in a simulated PWR environment than in high-DO water.
The fatigue lives of cast SSs are approximately the same in both high- or low-DO water
and are comparable to those observed for wrought SSs in low-DO water.30 Recent results
indicate that, in high-DO water, the conductivity of water and the nature of the oxide
film strongly affect the fatigue life of austenitic SSs.

(¢) Strain Rate. Fatigue lives decrease with decreasing strain rate; the effect is greater in a
low-DO PWR environment than in high-DO water. The results indicate that the strain
rate below which effects of strain rate on fatigue life saturate may depend on both steel
type and DO level. In low-DO environments, saturation strain rate appears to be at
=0.0004%/s for Type 304 SS and somewhat higher for Type 316 SS.24.30 Existing data are
inadequate to define the saturation strain rate in high-DO water or that for cast SSs.

(d) Temperature. Existing data are inadequate to establish the functional form for the
dependence of life on temperature. Limited data indicate that environmental effects on
fatigue life are significant at temperatures above 250°C and minimal below 200°C.24 At
250-330°C, fatigue life appears to be relatively insensitive to changes in temperature.

2.1.2 Mechanism of Fatigue Crack Initiation

The formation of surface cracks and their growth to an “engineering” size (3 mm deep)
constitute the fatigue life of a material, which is represented by the fatigue S-N curves.
Fatigue life has conventionally been divided into two stages: (a) initiation, expressed as the
cycles needed to form microcracks on the surface; and {b) propagation, expressed as cycles
needed to propagate the surface cracks to engineering size. The reduction in fatigue life in
high-temperature water has often been attributed to easier crack initiation, because surface
micropits that are present in high-temperature water act as stress raisers and provide
preferred sites for the formation of fatigue cracks.l0 However, experimental data do not
support this argument; the fatigue lives of carbon and low-alloy steel specimens that have
been preoxidized at 288°C in high-DO water and then tested in air are identical to those of
unoxidized specimens.18.20 If the presence of micropits was responsible for the reduction in
life, specimens that have been preexposed to high-DO water and tested in air should show a
decrease in life. Also, the fatigue limit of these steels should be lower in water than in air.
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Data obtained from specimens in high-DO water indicate that the fatigue limit is either the
same as or =20% higher in water than in air.18

An alternative way to describe fatigue life considers fatigue life to be entirely composed of
crack propagation.36 In polycrystalline metals and alloys, the period during which surface
cracks form is negligible; surface cracks, 10 um or longer, form quite early in life.37-41 The
growth of these short fatigue cracks may be divided into three regimes: (a) an initial period,
which is very sensitive to microstructure, involves growth of microstructurally small cracks
(MSCs) and is characterized by a decelerating growth rate; (b) a final period of growth that can
be predicted from fracture mechanics methodology and is characterized by an accelerating
crack growth rate (CGR); and (c) a transition period that is controlled by a combination of the
two regimes. Fatigue cracks that have grown so long that they show little or no influence of
microstructure (i.e., greater than the critical length of MSCs) are called mechanically small
cracks. The transition from an MSC to a mechanically small crack has been estimated to
occur at a crack size =8 times the unit size of the microstructure, i.e., 100-150 pm. The
reduction in life in LWR environments may arise from an increase in growth rates of cracks
during the initial stage of MSC foprmation and shear crack growth and/or during the
transition and final stage of tensile~crack growth.

The enhanced growth rates of long cracks in pressure vessel and piping steels in LWR
environments have been attributed to either slip oxidation/dissolution42 or hydrogen—induced
cracking43 mechanisms. Both mechanisms depend on the rates of oxide rupture, passivation,
and liquid diffusion. Therefore, it is often difficult to differentiate between the two processes
or to establish their relative contributions to crack growth in LWR environments.

Studies on crack initiation in smooth fatigue specimens indicate that the decrease in the
fatigue life of carbon and low-alloy steels in LWR environments is caused primarily by the
effects of environment on the growth of cracks that are <100 um deep.18.3% When compared
with crack growth rates in air, growth rates in high-DO water are nearly two orders of
magnitude greater for cracks that are <100 um and one order of magnitude greater for cracks
that are >100 pm. Metallographic examinations of test specimens indicate that, in high-DO
water, surface cracks grow entirely as tensile cracks normal to the stress, whereas, in air or
simulated PWR environments, they are at an angle of 45° to the stress axis.3° Also, in CSs,
cracks propagate across both ferrite and pearlite regions. These results indicate that growth of
MSCs occurs by slip oxidation/dissolution.

In high-DO water, crack initiation in carbon and low-alloy steels may be explained as
follows: (a) surface microcracks form quite early in fatigue life; (b) during cyclic loading, the
protective oxide film is ruptured at strains greater than the fracture strain of surface oxides,
and the microcracks grow by anodic dissolution of the freshly exposed surface to crack depths
greater than the critical length of MSCs; and (c) these mechanically small cracks grow to
engineering size, and their growth, which is characterized by accelerating rates, can be
predicted by fracture mechanics methodology.

As discussed later in Section 2.2, studies on crack initiation in austenitic SSs yield
similar results, i.e., that the decrease in fatigue life in LWR environments is caused primarily
by the effects of environment on the growth of cracks that are <500 pm deep. However, fatigue
lives that are lower in low-DO water than in high-DO water are difficult to reconcile in terms
of the slip oxidation/dissolution mechanism. Also, austenitic SS specimens tested in LWR
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environments show well-defined fatigue striations, indicating that mechanical factors and not
the slip oxidation/dissolution process, are important.30 The results indicate that
environmentally assisted reduction in fatigue life of austenitic SSs is most likely caused by H-
induced cracking.

2.1.3 Incorporating Environmental Effects into ASME Fatigue Evaluations

Two procedures are currently being proposed for incorporating effects of LWR coolant
environments into the ASME Section III fatigue evaluations:; (a) develop a new set of
environmentally adjusted design fatigue curves18.20.30.31 or (b) use fatigue life correction
factor Fep to adjust the current ASME Code fatigue usage values for environmental
effects.20.31.35 For both approaches, the range and bounding values must be defined for key
service parameters that influence fatigue life. It has been demonstrated that both approaches
give similar results for carbon and low-alloy steels18 but the results for austenitic SSs differ31
because the existing ASME mean curve for SS in air is not consistent with the exiting fatigue
SN data.

Design Fatisue Curves

A set of environmentally adjusted design fatigue curves can be developed from the best-fit
curves to the experimental data that were obtained in LWR environments by using the same
procedure that has been used to develop the current ASME Code design fatigue curves. The
best-fit experimental curves are first adjusted for the effect of mean stress by using the
modified Goodman relationship

G, —OC
S =5, | =2—X for S , 2a
a a(cu_saj 0I S5 < Oy (2a)

and

S, =8, forS;> o (2b)

v
where S, = is the adjusted value of stress amplitude, and ¢, and ¢, are yield and ultimate
strengths of the material, respectively. The design fatigue curves are then obtained by
lowering the adjusted best-fit curve by a factor of 2 on stress or 20 on cycles, whichever is
more conservative, to account for differences and uncertainties in fatigue life that are
associated with material and loading conditions.

Statistical models that are based on the existing fatigue S-N data have been developed for
estimating the fatigue lives of pressure vessel and piping steels in air and LWR
environments.18.20.30.31 n air at room temperature, the fatigue data for CSs are best
represented by

In(N) = 6.564 - 1.975 Infe; — 0.113) (3a)

and for LASs, by
In(N) = 6.627 - 1.808 In(e; — 0.151), (3b)
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where N is fatigue life of a smooth test specimen and g, is applied strain amplitude (%). In
LWR environments, the fatigue data for CSs are best represented by

In(N) = 6.010 - 1.975 In{eg - 0.113) + 0.101 S" T O™ ¢~ (4a)
and for LASs, by

In(N) = 5.729 - 1.808 In(ez - 0.151) + 0.101 S* T* O™ ¢, {(4b)

where S*, T, O, and ¢* are transformed S content, temperature, DO, and strain rate,
respectively, defined as follows:

S'=S (0 < $<£0.015 wt.%)

S*=0.015 (S > 0.015 wt.%) (5a)
=0 (T < 150°C)

T =T~ 150 (T = 150-350°C) (5b)
0'=0 (DO < 0.05 ppm)

O* = In(DO/0.04) (0.05 ppm < DO < 0.5 ppm)

O‘ = 1n(12.5) (DO > 0.5 ppm) (5¢)
s = In(¢) (0.001 £ ¢ < 1%/s)

£* = 1n(0.001) {¢ <0.001%/s). {5d)

The discontinuity in the value of O* at 0.05 ppm DO is due to an approximation and does not
represent a physical phenomenon. In air at room temperature, the fatigue data for Types 304
and 316 SS are best represented by

In(N) = 6.703 - 2.030 In(e; - 0.126), (6a)

and for Type 316NG, by
In(N) = 7.422 - 1.671 In(ey — 0.126). (6b)

In LWR environments, the fatigue data for Types 304 and 316 SS are best represented by
In(N) = 5.768 - 2.030 In{e; - 0.126)+ T ¢' O' (7a)

and for Type 316NG, by
In(N) =6.913 - 1.671 In(e, - 0.126) + T' £’ O, (7b)

where T, &', and O' are transformed temperature, strain rate, and DO, respectively, defined as:

T=0 (T < 200°C}

T™=1 (T 2 200°C) (8a)
£'=0 (& >0.4%/s)

£¢'=In(:/0.4) (0.0004 < £ £0.4%/s)

£" = 1n{0.0004/0.4) (€ < 0.0004%/s) (8b)
O'=0.260 (DO < 0.05 ppm)

0'=0.172 (DO = 0.05 ppm). (8¢c)

The models are recommended for predicted fatigue lives of <108 cycles. As discussed in
Section 2.1.1, recent data indicate that in high-DO water the conductivity of water and ‘the
nature of the oxide film have a strong effect on fatigue life of austenitic SSs. Only a moderate
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decrease in fatigue life is observed in high-DO (=0.8 ppm DO) high—purity (€0.08 uS/cm) water
at 288°C when the specimen is presoaked for =5 days to allow a stable surface oxide to develop
and the steel electrochemical potential to stabilize. Consequently, estimates of fatigue life in
High~DO water that are based on Egs. 4-8 may be somewhat conservative. The stress-vs.-life
curves are obtained from the strain-vs.-life curves. e.g., stress amplitude is the product of
strain amplitude and elastic modulus. The room-temperature value for the elastic modulus is
used in converting the curves.

The environmentally adjusted design fatigue curves were obtained by using the procedure
that was used to develop the current ASME Code curves and the statistical models that are
represented by Egs. 3-7. The design fatigue curves for carbon and low-alloy steels and Types
304 and 316 austenitic SS in air and LWR environments are shown in Figs. 2-6. Because the
fatigue life of Type 316NG is superior to that of Types 304 or 316 SS, Figs. 5 and 6 may be
used conservatively for Type 316NG SS.
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Figure 2. Design fatigue curves developed from statistical model for carbon and low-alloy steels
in air at room temperature
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Figure 3. Design fatigue curves developed from statistical model for carbon and low-alloy steels
under service conditions where one or more threshold values are not satisfied
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Figure 4. Design fatigue curves developed from statistical model for carbon and low-alloy steels
under service conditions where dll critical threshold values are satisfied
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Figure 6. Design fatigue curves developed from statistical models for Types 304 and 316 SS in
water with <0.05 and 20.05 ppm DO

The best-fit curves were adjusted for the effect of mean stress by using the modified
Goodman relationships (Egs. 2a and 2b), which assume the maximum possible mean stress
and typically give a conservative adjustment for mean stress, at least when environmental
effects are not significant. To be consistent with the current Code design curves, the mean-
stress—adjusted best-fit curves were decreased by the same margins on stress and cycles that
are present in the current Code curves. The mean-stress-adjusted best-fit curves were
decreased by a factor of 2 on stress for carbon and low-alloy steels and by a factor of 1.5 for
austenitic SSs. A factor of 20 on life was used for all curves, although the actual margin on
life is =10 for austenitic ‘SSs because of the differences between the ASME mean curve and the
best-fit curve to existing fatigue data.

For all of the design curves, we define a minimum threshold strain amplitude, below
which environmental effects either do not occur or are modest. As discussed earlier, the
threshold strain for carbon and low-alloy steels appears to be =20% higher than the fatigue
limit of the steel. This translates into strain amplitudes of 0.140 and 0.185%, respectively, for
CSs and LASs. These values must be adjusted for mean stress effects and variability due to
material and experimental scatter. To account for the effects of mean stress, the threshold
strain amplitudes are decreased by =15% for CSs and by =40% for LASs. These decreases
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produce a threshold strain amplitude of =0.12% for both steels. A factor of 1.7 on strain
provides 90% confidence for the variations in fatigue life that are associated with material
variability and experimental scatter.33 Thus, a threshold strain amplitude of 0.07% (or a
stress amplitude of 145 MPa) was selected for both carbon and low-alloy steels. The existing
fatigue data indicate a threshold strain range of =0.32% for austenitic SSs. This value is
decreased by =10% to account for mean stress effects, and by a factor of 1.5 to account for
uncertainties in fatigue life that are associated with material and loading variability. Thus, a
threshold strain amplitude of 0.097% (stress amplitude of 189 MPa) was selected for austenitic
SSs.

Fatigue Life Correction Factor

The effects of reactor coolant environments on fatigue life have also been expressed in
terms of a fatigue life correction factor Fepn, which is the ratio of the life in air at room
temperature to that in water at the service temperature.ll A similar approach has been
proposed by the Electric Power Research Institute,35 however, they defined Fen as the ratio of
the life in air to that in water, both at service temperature. A nonmandatory appendix, based
on this procedure, is being proposed for inclusion in Section III of the ASME Code. To
incorporate environmental effects into the Section III fatigue evaluation, a fatigue usage factor
for a specific stress cycle, based on the current Code design fatigue curve is multiplied by the
correction factor. A fatigue life correction factor Fen can be obtained from the statistical
model (Egs. 3-8), where

In(Fen) = In(NRrTair) - In(Nwater)- 9

The fatigue life correction factor for CSs is given by

Fen = exp(0.554 — 0.001515T" £* O, (10a)
for LASs, by
Fen = exp(0.898 — 0.001515T" ¢* O7), (10b)

and for austenitic SSs, by
Fen = exp(0.935-T &' O, (10c¢)

where the constants T, ¢* and O* are defined in Egs. 5a-5¢, and T', ¢' and O' are defined in
Egs. 8a-8c. Because the fatigue life of CSs in high-temperature high-DO water seems to be
insensitive to the S content of the steel,” a value of 0.015 wt.% S was assumed in Eq. 5a to
obtain the fatigue life correction factors for carbon and low-alloy steels given by Egs. 10a and
10b.

* M. Higuchi, presented at the Pressure Vessel Research Council Meeting, June, 1995, Milwaukee, WI.
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2.1.4 Conservatism in Design Fatigue Curves

The overall conservatism in ASME Code fatigue evaluations has also been demonstrated
in fatigue tests on piping welds and components.44 In air, the margins on the number of
cycles to failure for elbows and tees were 118-2500 and 123-1700, respectively, for CSs, and
40-310 and 104-510, respectively, for austenitic SSs. The margins for girth butt welds were
significantly lower at 14-128 and 6-77, respectively, for CSs and SSs. In these tests, fatigue
life was expressed as the number of cycles for the crack to penetrate through the wall, which
ranged in thickness from 6 to 18 mm (0.237 to 0.719 in.). The ASME design fatigue curves
represent the number of cycles that are necessary to form a 3-mm-deep crack. Consequently,
depending on wall thickness, the actual ASME margins to failure may be lower by a factor of
>2.

Deardorff and Smith45 have also discussed the types and extent of conservatisms that are
present in the ASME Section III fatigue evaluations and the effects of LWR environments on
fatigue margins. The sources of conservatism include design transients that are considerably
more severe than those experienced in service, grouping of transients, and simplified elastic-
plastic analysis. Environmental effects on two components, the BWR feedwater nozzle/safe
end and the PWR steamn generator feedwater nozzie/safe end, both constructed from LAS and
known to be affected by severe thermal transients, were also investigated during the study.
When environmental effects on fatigue life were not considered, Deardorff and Smith45
estimated that, for the PWR and BWR nozzles, the ratios of the CUFs computed with the
Code design fatigue curve to CUFs computed with the mean experimental curve for test
specimen data were =60 and 90, respectively. To maintain the factor of 20 on life that was
used in the present Code design fatigue curves to account for the uncertainties due to
material and loading variability, the margins for the PWR and BWR nozzles are reduced to 3
and 4.5, respectively. The studies by Mayfield et al.#4 and Deardorff and Smith45 demonstrate
the overall conservatism in the current ASME Section III Code fatigue evaluation procedures.

Table 1. Subfactors that may be used to account for effects of various

variables on fatigue life
Factor on Factor on

Variable Life Strain
Material variability and experimental scatter 2.5 1.4-1.7
Size 1.4 1.25
Surface finish 2.0-3.0 1.3
Loading history 1.5-2.5 1.5
Total adjustment 10.5-26.3 1.5-1.7

Data. available in the literature have been reviewed to evaluate the conservatism in the
ASME Code design fatigue curves. The subfactors that may be used to account for the effects
of various material, loading, and environmental variables on the fatigue life of structural
materials are summarized in Table 1.33 The factors on strain primarily account for the
variation in the fatigue limit of a material that is caused by material variability, component
size and surface finish, and loading history. Because the reduction in fatigue life is
associated with the growth of short cracks (<100 um), the effects of these variables on fatigue
limit are typically not cumulative but rather are controlled by the variable that has the largest
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effect. The values in Table 1 suggest that a factor of at least 1.5 on strain and 10 on cycles is
needed to account for the differences and uncertainties of relating fatigue lives of laboratory
test specimens to those of large components. Because carbon and low-alloy steels and
austenitic SSs develop a corrosion scale in LWR environments, the effect of surface finish may
not be significant, i.e., the effects of surface roughness are included in environmentally
assisted decrease in fatigue life in LWR coolant environments. In water, the subfactor on life
to account for surface finish effects may be as low as 1.5 or may be eliminated completely; a
factor of 1.5 on strain and 7 on cycles is adequate to account for the uncertainties that arise
from material and loading variability. Therefore, the factor of 20 on life that is used in
developing the design fatigue curves includes, as a safety margin, a factor of 3 or 4 on life that
may be used to account for the effects of environment on the fatigue lives of these steels.

These results are consistent with the conclusions of the Pressure Vessel Research Council
(PVRC) working group on fatigue S-N data analysis.46 One of the tasks in the PVRC activity
was to define a set of values for material, loading, and environmental variables that lead to
“moderate” or “acceptable” effects of environment on fatigue life. A factor of 4 on the ASME
mean life was chosen as a working definition of acceptable effects of environunent, i.e., up to a
factor of 4 decrease in fatigue life due to environment is considered acceptable and does not
require further fatigue evaluation. The basis for this criterion is that a factor of 4 on life
constitutes normal data scatter and/or at least that much conservatism is included in the
design fatigue curves.

2.1.5 Fatigue Evaluations in LWR Environments

Section III, NB-3200- or NB-3600-type analyses of components for service in LWR
environments can be performed with either the design fatigue curves or the fatigue life
correction factors. Both of these approaches require information about the service conditions,
e.g., temperature, strain rate, and DO level.

Fatigue Evaluations Based on Environmentally Corrected Design Fatigue Curves

Fatigue evaluations that are based on the design fatigue curves may be performed as
follows:

{(a) For each stress cycle or load pair, determine the alternating stress amplitude according to
the guidelines of NB 3222.4 (design by analysis) or NB 3650 (analysis of piping products),
and the total number of cycles anticipated during the lifetime of the component.

(b) For each stress cycle or load pair, obtain information about the service conditions, e.g.,
temperature, strain rate, and DO level. The procedure for obtaining these parameters
depends on the details of the available information, i.e., whether the elapsed time-vs.—
temperature information for the transient is available. Fatigue tests in oxygenated water
under combined mechanical and thermal cyclingl3.24 indicate that an average
temperature may be used if the time-vs.-temperature information is available; the highest
temperature may be used for a conservative estimate of life. Because environmental
effects on fatigue life are modest at temperatures <150°C and at strains below the
threshold value, average temperature may be determined by taking the average of the
maximum temperature and either 150°C or the temperature at threshold strain,
whichever is higher. An average strain rate is generally used for each load state; it is
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(d)

obtained from the peak strain and elapsed time for the transient. However, fatigue-
monitoring data indicate that actual strain rates may vary significantly during a
transient. The slowest strain rate can be used for a conservative estimate of life.

For each alternating stress amplitude and corresponding service condition, obtain a
partial usage factor from the appropriate design fatigue curve (Figs. 3, 4, and 6). The
design fatigue curves in Fig. 3 are used for carbon and low-alloy steels when any one of
the threshold condition is not satisfied, i.e., when any one of the following conditions is
true:

Temperature: < 150°C
DO: - < 0.05 ppm
Strain Rate: = 1%/s.

The design curves in Fig. 4 are used for carbon and low-alloy steels when all of the
threshold conditions are satisfied, i.e., temperature 2150°C, DO 20.05 ppm, and strain
rate <1%/s; the curves shown in Fig. 4 are for 200, 250, and 288°C; 0.2 ppm DO level;
and 0.1, 0.01, and <£0.001%/s strain rate.

Similarly, the design curves in Fig. 6 are used for austenitic SSs under various service
conditions. The two sets of curves are for <0.05 and 20.05 ppm DO in water. In both
sets, the solid curve represents the service condition when any one of the two threshold
conditions is not satisfied, i.e., when any one of the following conditions is true:

Temperature: < 200°C
Strain Rate: = 0.4%/s.

The design curves shown by the chain dash lines in Fig. 6 are used for austenitic SSs
when both of the threshold conditions are satisfied, i.e., temperature >200°C and strain
rate <0.4%/s; the three curves shown in Fig. 6 are for 0.04, 0.004, and £0.0004%/s strain
rate, and temperatures between 200 and 320°C.

Calculate the CUF for the component; it is the sum of the partial usage factors. As
discussed in the previous section, the design fatigue curves include a factor of 3 or 4 on
life that may be used to account for the effects of environment on the fatigue lives of
these steels. To avoid additional conservatism, the environmentally adjusted CUF for the
component may be decreased by a factor of 3.

Fatigue Evaluations Based on Fatigue Life Correction Factor

Fatigue evaluations that are based on the fatigue life correction factor may be performed

as follows:

(a) and (b) are as described above.

(c)

(d)

For each alternating stress amplitude, obtain a partial usage factor from the current Code
design curves in Figs. [-9.1 through I-8.6 of Appendix I to Section Ill of the Code.

Adjust the partial usage factors for environmental effects by multiplying by Fen, which is
calculated from Egs. 10a-10c and the service condition for the stress cycle. The value of
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Fen is calculated for only those stress cycles that satisfy all of the threshold conditions.
For carbon and low-alloy steels, Fep is calculated when all of the following conditions are
true:

Temperature: 2 150°C
DO: = 0.05 ppm
Strain Rate: < 1%/s.

For austenitic SSs, Fep is calculated when the following two conditions are true:

Temperature: = 200°C
Strain Rate: < 0.4%/s.

Because the design fatigue curves include a margin that may be used to account for the
effects of environment, to avoid additional conservatism, Fen valves calculated from
Egs. 10a-10c are decreased by this amount. For carbon and low-alloy steels, Fep is
decreased by a factor of 3 but not less than 1. For austenitic SSs, Fep, is decreased by a
factor of 1.5 because, as discussed earlier, the actual margin on life is =10 for austenitic
SSs inasmuch as the ASME mean curve and the best-fit curve to existing fatigue data
differ.

{e) Finally, calculate the CUF for the component; it is the sum of the partial usage factors.
2.1.6 Conclusions

The design fatigue curve method and the fatigue life correction factor method of
evaluating fatigue lives are based on statistical models for estimating fatigue lives of carbon
and low-alloy steels and austenitic SSs in LWR environments. The environmentally adjusted
design fatigue curves provide allowable cycles for fatigue crack initiation in LWR coolant
environments. All of the design curves maintain the margin of 20 on life. However, to be
consistent with the current ASME Code curves, the margin on stress is 2 for carbon and low-
alloy steels and 1.5 for austenitic SSs.

In the Fen method, environmental effects on life are estimated from the statistical models
but the correction is applied to fatigue lives estimated from the current Code design curves.
Therefore, estimates of fatigue lives that are based on the two methods may differ because of
differences in the ASME mean curve and the best-fit curve to existing fatigue data. The
current Code design curve for carbon steels (Fig. 2) is comparable to the statistical-model
curve for LASs; however, it is somewhat conservative at stress levels <500 MPa when compared
with the statistical-model curve for CSs. Consequently, usage factors based on the Fen
method would be comparable to those based on the environmentally adjusted design fatigue
curves for LASs and would be somewhat higher for CSs.

Figure 5 indicates that, for austenitic SSs, the current Code design fatigue curve is
nonconservative when compared with the statistical-model curve, i.e., it predicts longer
fatigue lives than the best-fit curve to the existing S-N data. Consequently, usage factors
that are based on the Feyn method would be lower than those determined from the
environmentally corrected design fatigue curves. However, because the usage factors are
decreased by a factor of 1.5 in the Fep method and 3 in the design curve methed, the values
that are obtained from the two methods would be comparable after they are adjusted.
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2.2 Crack Initiation in Smooth Fatigue Specimens of Austenitic Stainless
Steel in LWR Environments (J. L. Smith and O. K. Chopra)

During the current reporting period, fatigue tests have been conducted on Type 304 SS to
determine the crack initiation and crack growth characteristics of this material in air and
LWR environments. The results of fatigue tests that examine the influence of the reactor
environment on the formation and growth of fatigue cracks in polished smooth specimens of
austenitic SSs are presented. The effects of LWR environments on growth of short cracks are
discussed.

2.2.1 Experimental

Low—cycle fatigue tests have been conducted on Type 304 austenitic SSs that had been
solution annealed at 1050°C for 0.5 h. The composition of the material is given in Table 2.
Smooth, cylindrical, 9.5-mm-diam specimens with 19-mm gauge length were used for the
fatigue tests. Before testing, the specimen gauge length was given a 1-um surface finish. The
surface finish was applied in the axial direction to prevent circumferential scratches that
might act as crack initiation sites.

Table 2. Composition (Lwt.%) of Type 304 austenitic stainless steel used for fatigue tests

Material C P S Si Cr Ni Mn Mo Cu N
Type 3042
(Heat 30956) 0.060 0.019 0.007 048 18929 8.00 1.54 044 - 0.100

4 Seolution~annealed at 1050°C for 0.5 h.

All tests were conducted at 288°C with fully reversed axial loading (i.e., R = -1) and a
triangular or sawtooth waveform. The strain rate for the triangular wave and the fast-loading
half of the sawtooth wave was 0.4%/s. The tests in air were strain controlled by an axial
extensometer, and specimen strain was measured at two points outside the gauge region. The
data that were obtained were then used to determine the stroke that was required to maintain
a constant strain in the specimen gauge section for tests in water environments. Tests in
water were conducted in a small autoclave under stroke control, where the specimen strain
was controlled between two locations outside the autoclave. The feedwater for the low-DO
simulated PWR environment contained <0.01 ppm DO, 2 ppm Li, 1000 ppm B, and =2 ppm
dissolved H (=23 cm3/kg); its pH and conductivity were =6.5 and =19.2 uS/cm, respectively.
The feedwater for the high-DO environment contained =0.7 ppm DO; its pH was =6.0,
conductivity =0.09 uS/cm. The chemical analyses of the feed water were conducted at room
temperature, and the fatigue tests were performed in both a once-through and a recirculating
water system. Details of the test facility and procedure are described elsewhere.15.17

Crack growth characteristics during the high-temperature water tests were determined by
block loading. The slow/fast sawtooth loading was interrupted at =500-cycle intervals, and
the specimen was subjected to a block of triangular fast/fast loading cycles at a strain range
that was lower than the test strain range. This method has been used successfully to
characterize crack growth in A333-Gr 6 CS that was tested at 288°C in water that contained
=0.8 ppm DO.12 When carbon and low-alloy steels are tested, the block of fast/fast cycles
leaves distinct beach marks on the fracture surface that can be used to characterize crack size
as a function of fatigue cycles for the slow/fast test. For SSs, the beach marks are less
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prominent, and extensive microscopy is required to reveal the features on the fracture surface
associated with the loading blocks.

After an initial microscopic examination, the oxide film was removed from the fracture
surface by soaking the specimen in a hot solution of potassium permanganate (80 vol.%} and
sodium hydroxide (20 vol.%) for 1 h, rinsing in distilled water, soaking for an additional 1 h in
a hot solution of ammonium citrate (20 vol.%) and water, and finally rinsing in an ultrasconic
bath of acetone. Once the fracture surface was cleaned, the regions of fast/fast loading blocks
could be readily distinguished, as seen in Fig. 7. The regions of fast/fast blocks were then
mapped onto a large composite photomicrograph of the fracture surface. Assuming that each
striation corresponds to one cycle, the number of striations between the last observed
fast/fast block and the onset of ductile (tensile) failure were counted to verify the location of
the last block. The remaining visible fast/fast blocks were numbered sequentially toward the
initiation site. Figure 8 is a schematic representation of the fracture surfaces and the
probable crack fronts as determined by electron microscopy.

Figure 7. Photomicrograph showing difference in striation spacing formed
by fast/fast (top} and slow/fast (bottom) blocks of cycles

Type 304 SS, 288PC

High-DO

1"=primary initiation

i 1mm |=secondary initiation |

Figure 8. Fracture surface and probable crack front (dashed lines) after various
Jast/fast loading cycles for PWR and high-DO water environments
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Table 3. Fatigue results for Type 304 SS in air and water environments

Test Strain Strain Rate {%/s) Stress Range Life Nos
No. Environment Range (%)} Tensile Comp. {MPa) {Cycles)
1801 Air 0.76 0.400 0.40 419.2 24,500
1804 Air 0.50 0.400 0.40 3828 61,680
1825 Air 0.30 0.040 0.40 3944 957,160
1805 Air 0.76 0.004 0.40 467.9 14,410
1817 Air 0.50 0.004 0.40 421.7 42,180
1807 PWR 0.51 0.400 0.40 374.6 25,900
1806 PWR 0.73 0.400 0.40 428.9 11,500
1810 PWR 0.77 0.040 0.40 447.6 5,800
1826 PWR 0.29 0.010 0.40 375.8 131,100
1821 PWR 0.76 0.004 0.40 474.3 2,420
1808 PWR 0.77 0.004 0.40 468.3 2,850
1823 PWR 0.51 0.004 0.40 408.2 6,800
18244 PWR 0.75 0.004 0.40 488.5 2,270
1827 High-DO 0.75 0.004 0.40 475.8 3,650
1841b High-DO 0.75 0.004 0.40 483.3 5,657

2 Every 450 cycles block loaded 500 or 1000 fast/fast cycles at 0.5% strain range and 0.4%/s strain rate.
b Every 445 cycles block loaded 700 fast/fast cycles at 0.5% strain range and 0.4%/s strain rate.

2.2.2 Resulis

Fatigue Life

The fatigue S-N data for Type 304 SS in air and water at 288°C are listed in Table 3; they
are plotted in Fig. 9. The ASME mean data curve and the best-fit curves in air, simulated
PWR, and high-DO water, based on the statistical model, i.e., Egs. 6-8, are also shown in
Fig. 9. The results indicate a significant decrease in fatigue life in water when compared with
fatigue life obtained in air; the reduction in life depends both on strain rate and the DO
content of the water. Fatigue life decreases with decreasing strain rate, and the effect is
greater in a low-DO PWR environment than in a high-DO environment.

Photomicrographs of the fracture surface of Type 304 SS specimens tested by block
loading in water environments are shown in Fig. 10. Both fracture surfaces consist of several
cracks that were initiated at differing axial and circumferential locations and did not merge
into a single primary crack. The fracture surface of specimens tested at constant strain range
typically consist of a single crack or a few cracks that merge to form the final fracture surface.

Fatigue Crack Depth

The depth of the largest crack obtained for the block loading tests in water at 288°C and
=0.75% strain range is plotted as a function of fatigue cycles in Fig. 11 and as a function of
fraction of life in Fig. 12. In these figures, the data for Type 316L SS tested in air at 25°C and
=0.006-0.02% plastic strain range (which corresponds to =0.3-0.32 total strain range) are from
Ref. 40. The curve for the uninterrupted test in air at 0.75% strain range and 0.004/0.4%/s
tensile/compressive strain rate (shown as a dash-dot line in Fig. 6) was calculated from the
best—fit equation of the experimental data for Type 316L SS.40 Studies on carbon and low-
alloy steels38.47.48 indicate that the fatigue crack size at various life fractions is independent
of strain range and strain rate; consequently, the depth of the largest crack at various life
fractions is approximately the same at 0.75 and 0.3% strain ranges. The results from this
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Figure 9. Fatigue strain-vs.-life data for Type 304 SS in air and water environments at 288°C

Figure 10. Photomicrographs of fractured specimens tested with slow/fast and fast/fast block
loading in (@) PWR water and (b} high-DO water at 288°C
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Jor Type 316L SS taken from Orbtlik et al.
(1997).

study show that after 1500 cycles the crack lengths in air, high-DO water, and PWR water are
=40, 300, and 1200 um, respectively. At the same fraction of life, the crack lengths are longer
in water than in air. Furthermore, the crack length in PWR water is greater than in high-DO

water.

Crack Growth Rate

The crack growth rates determined from the crack-depth-vs.-cycles data of Fig. 11 are
plotted as a function of crack depth in Fig. 13. The CGRs in air are less than those in high-
DO water by a factor of 2 and less than those in low~-DO PWR water by a factor of 4. The
average CGRs at a depth of 1000 um are 0.28, 0.70, and 1.1 pm/cycle in air, higsh-DO water,
and PWR water, respectively. In Fig. 14 the measured CGRs are shown with the current ASME
Section XI reference crack growth curve for austenitic SSs. For cylindrical fatigue specimens,
the stress intensity ranges AK were determined from the values of AJ, which for a small half-
circular surface crack4” are given by
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where E is the elastic modulus, ¢,is the nominal plastic strain, and a is the crack depth.
Modification of the stress intensities associated with conventional cylindrical fatigue
specimens was based on rigorous finite-element models.4® The cyclic stress ¢ and strain € are
defined as

n
e=%+(%) , (12)

where the constant A and the exponent n were determined from the experimental data.2® The
growth rates in air, shown by the dashed line, were determined from the estimated crack
depth-vs.—fatigue life data in air, shown as the dashed curve in Fig. 11.

The results show fair agreement with the ASME Code curve for long cracks. The
estimated growth rates in air are greater than those predicted by the Code curve. Fatigue tests
are in progress to determine the crack initiation and growth characteristics of austenitic SSs
in air. The growth rates in PWR water are marginally greater than those in high-DO water;
however, the fatigue life is a factor of =2 lower in PWR water. These findings indicate that the
decrease in fatigue life in LWR environments is primarily due to the effect of environment
during the early stages of crack initiation, i.e., the growth of cracks that are <500 pm deep.
The increases in crack growth that are associated with the environment are not consistent
with current models, which would generally predict higher environmental CGRs in high-DO
environments than in PWR environments.50-51
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2.2.3 Discussion

The results from the present study indicate that the decrease in fatigue life of austenitic
SSs in LWR environments is primarily caused by the effects of the environment on the growth
of short cracks. The number of cycles required to produce a 500-um crack is 300, 8000, and
10,000 for PWR, high-DO, and air, respectively. During the initial stages of fatigue damage
(crack sizes of <500 um), CGRs are more than one order of magnitude higher in low-DO water
than in air. Metallographic examination of austenitic SS test specimens indicates that in
PWR water, surface cracks grow entirely as tensile cracks, normal to the stress axis (Fig. 15a).
In air and high-DO water, surface cracks initially grow as shear cracks that are oriented at an
angle of =45° to the stress axis and then as tensile cracks normal to the stress axis when slip
is no longer confined to shear slip planes (Fig. 15b).

(a) (b)
Figure 15. Photomnicrographs of surface cracks along longitudinal sections of Type 316NG SS
specimens tested at 288°C in (a) PWR and (b} high-DO water envirorunents

For austenitic SSs, it is difficult to reconcile fatigue lives that are lower in PWR water
than in high-DO water in terms of the slip dissolution mechanism despite the absence of
Stage I crack growth in low-DO water. Further contradicting the slip dissolution model is the
presence of well-defined striations, which are more indicative of H-induced cracking. It is
possible that DO has an effect on one of the key elements of corrosion resistance, specifically,
the passive oxide film. If DO affects the tenacity of the oxide film, the lower fatigue lives may
be attributed to a lower rupture strain for surface oxides in low-DO water than in high-DO
water. Work is currently underway to investigate the role of oxide rupture strain in crack
growth.

2.2.4 Conclusions
Fatigue tests have been conducted to determine the crack initiation and crack growth

characteristics of austenitic SSs in air and LWR environments. Results of fatigue tests that
examine the influence of reactor environment on the formation and growth of short cracks in
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Type 304 SS are presented. Crack length as a function of fatigue cycles was determined in air
and water environments. The significant conclusions are summarized below.

e At the same fraction of life, cracks are longer in water than in air. The CGRs in water are
greater than those in air, and the CGRs in PWR water are greater than those in high-DO
water.

o  The decrease in fatigue life of Type 304 austenitic SS in LWR water is primarily caused by
the effects of environment on the growth of short cracks that are <500 um deep.

e  The results from the present study are not consistent with the slip dissolution model for
enhanced CGRs in LWR environments. Oxide film rupture strengths and/or H evolution
may play a greater role in these environments.

3 Irradiation—Assisted Stress Corrosion Cracking of Austenitic SS

3.1 Introduction

In recent years, failures of reactor—-core internal components have increased after
accumulating a fluence of >0.5 x 1021 n.cm—2 (E >1 MeV), or =0.7 dpa, in BWRs and at
approximately one order of magnitude higher fluences in some PWR components. The general
pattern of the observed failures indicates that as nuclear plants age and neutron fluence
increases, various nonsensitized austenitic SSs become susceptible to intergranular (IG}
failure. Some components are known to have cracked under minimal applied stress.
Although most failed components can be replaced (e.g., PWR baffle former bolts}, it would be
very difficult or impractical to replace some safety—significant structural components (e.g., the
BWR top guide, shroud, and core plate). Therefore, the structural integrity of these
components at high fluence has been a subject of concern, and extensive research has been
conducted to provide an understanding of this type of degradation, which is commonly known
as irradiation-assisted stress corrosion cracking (IASCC).52-72

Irradiation profoundly affects local coolant water chemistry and component
microstructure. Primary material effects of irradiation include alteration of local
microchemistry, microstructure, and mechanical properties of the core internal components,
which are usually fabricated from ASTM Type 304, 316, or 348 SS. Irradiation produces
defects, defect clusters, and defect-impurity complexes in grain matrices and alters the
dislocation and dislocation loop structures, leading to radiation-induced hardening, and in
many cases, flow localization: via dislocation channeling. Irradiation also leads to changes in
the stability of second-phase precipitates and the local alloy chermnistry near grain boundaries,
precipitates, and defect clusters. A grain-boundary microchemistry that significantly differs
from the bulk composition can be produced in association with not only radiation-induced
segregation but also thermally driven equilibrium and nonequilibrium segregation of alloying
and impurity elements.

For many years, irradiation-induced grain-boundary depletion of Cr has been considered
to be the primary metallurgical process that causes IASCC. One of the most important factors
that has been considered by many investigators to support the Cr—depletion mechanism is the
observation that the dependence on water chemistry (i.e., oxidizing potential) of IGSCC of
nonirradiated thermally sensitized material and of IASCC of BWR-irradiated solution-
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annealed material is similar.52-54 However, contrary to expectations based on the strong
effect of water chemistry implicated in the Cr-depletion mechanism, cracking of control rod
cladding and baffle plate bolts has been reported at numerous PWRs (i.e., under nonoxidizing
potential). Also, the susceptibility of PWR-irradiated components to IASCC has been shown
clearly from expanding—pellet55 and SSRT5 tests in PWR water55 or PWR-simulated water,56
although PWR water chemistry falls well within the range of the protective electrochemical
potential (ECP).52-54 A direct correlation with grain-boundary Cr concentration and
susceptibility of steels to IASCC under BWR conditions does not, however, provide conclusive
evidence for the grain-boundary Cr—depletion mechanism.65

Other investigators have implicated radiation-induced segregation of ASTM-specified
impurities such as Si, P, and S as the primary process that causes IASCC.55.57.58 The superior
resistance of one heat of Type 348 SS that is substantially low in C, Si, P, and S seemed to
provide evidence for this implication,55 and the same rationale was extended to Type 304 SS.
However, in direct contradiction, many investigators later reported results that indicated that
resistance of high-purity (HP) heats (low in C, Si, S, and P) of Type 304 SS is no better than
that of commercial-purity (CP) Type 304 SSs.59-85 Therefore, it appears that the role of grain-
boundary segregation of Si, P, and S is not well established.

Although C significantly increases the yield strength of irradiated SSs, higher C content
seems to be either benign or conducive to lower susceptibility to intergranular cracking of
irradiated materials.85 Deleterious effects of O in steels have been reported by Chung et al.65
and Cookson et al.66 Indications of the deleterious effect of grain-boundary segregation of N
have been reported for BWR neutron absorber tubes.®5 Similar reports suggest that a higher
concentration of N is deleterious, at least under BWR conditions.57.63.67.68 Indications of the
deleterious role of N have also been reported for Types 304L and 316L SS that contain C
<240 wppm and have been irradiated in BWRs or test reactors at 240-300°C.62 Kasahara
et al.67 also reported that higher N in Type 316L increased the susceptibility to IASCC,
indicating that Type 316LN is a susceptible material. This observation is consistent with the
behavior of 316NG reported by Jacobs et al.57 and Jenssen and Ljungberg.6¢ In contrast to
this, 316NG irradiated at =50°C has been reported to be resistant to intergranular failure at
=288°C in water that contained 32 ppm DO.62 Therefore, the role of N appears to be
unconvincing, and the optimal range of N concentration is not well defined.

In general, IASCC is characterized by strong heat-to-heat variation in susceptibility, in
addition to strong effects of irradiation condition, material type, and grade, even among
materials of virtually identical chemical compositions. This indicates that the traditional
interpretation based on the role of grain-boundary Cr depletion cannot completely explain the
mechanism of IASCC. Thus, although significant grain-boundary Cr depletion is believed by
most investigators to play an important role, it has been suspected that other important
processes may have been overlooked which could be associated with other minor impurity
elements.55 Therefore, we have initiated a new irradiation testing program to investigate
systematically the effects of alloying and impurity elements (Cr, Ni, Si, P, S, Mn, C, and N} on
the susceptibility of austenitic SSs to IASCC at several fluence levels.

A test matrix was constructed according to the optimized method of Taguchi.?3.74 Based
on the optimized test matrix, eight commercial and 19 laboratory heats of model austenitic SS
alloys were, respectively, purchased commercially or fabricated in laboratory.7! Compositions
of the 27 model alloys are given in Table 4. Slow-strain-rate-tensile and 1/4T compact-
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tension {CT) specimens were prepared from the alloys and have been irradiated in the Halden
reactor at 289°C in He gas to three fluence levels (Table 5).71 Susceptibility to IASCC was
determined by SSRT testing of the irradiated specimens in simulated BWR water and post
testing fractographic examination in a scanning electron microscope (SEM). This report
summarizes the results obtained to date on 16 model austenitic SS alloys that were irradiated
at 288°C in He in the Halden reactor to a fluence of =0.3 x 1021 n.cm=2 (E > 1 MeV) and nine
alloys that were irradiated to a fluence of =0.9 x 102! n.cm=2.

Table 4. Elemental composition (wt.%) of 27 commercial and laboratory model austenitic
stainless steel alloys irradiated in Halden reactor.

ANL Source

D2 Heat ID Ni Si P S Mn C N Cr 0 B Mo or Nb
Cl1 DAN-70378 812 050 0.038 0.002 1.00 0.060 0.060 18.11 - <0.001 -
12 BPC-4-111 10.50 0.82 0.080 0.03¢ 1.58 0.074 0.102 17.02 0.0065 <0.001 -
C3 PNL-C-1 891 0486 0.018 0.004 1.81 0.016 0.083 1855 - <0.001 -
14 BPC-4-88 10.20 0.94 0.031 0.010 1.75 0.110 0.002 1580 - <0.001 -
15 BPC-4-104 9.66 0.90 0.113 0.028 0.47 0.006 0.033 21.00 - <0.001 -
16 BPC-4-127 10.00 1.80 0.020 0.005 1.13 0.096 0.087 17.10 0.0058 <0.001 -
L7 BPC-4-112 10.60 0.18 0.040 0.038 1.02 0.007 0.111 1540 0.0274 <0.001 -
18 BPC-4-91 10.20 0.15 0.093 0.010 1.85 0.041 0.001 1830 - <0.001 -
C9 PNL-C-6 875 0.38 0.013 0.013 1.72 0.082 0.065 1848 - <0.001 -
Cl10 DAN-23381 8.13 0.55 0.033 0.002 1.00 0.060 0.086 18.19 - <0.001 -
L1l BPC-4-83 8.15 047 0.097 0.009 1.02 0.014 0.004 17.40 - <0.001 -
Cl12 DAN-23805 823 047 0.018 0.002 1.00 0.060 0.070 1843 - <0.001 -
L13 BPC-4-96 8.18 1.18 0.027 0.022 0.36 0.026 0.001 17.40 <0.001 -

L14 BPC-4-129 7.3 149 0.080 0002 1.76 0.107 0.028 15.00 0.0045 <0.001 -
L15 BPC-4-126 8.00 1.82 0.010 0013 1.07 0.020 0.085 17.80 0.0110 <0.001 -

Cl6 PNL-SS-14 12.90 0.38 0.014 0002 166 0.020 0011 1692 - <0.001 -
L17 BPC-4-128 8.00 0.66 0.090 0.009 0.48 0.061 0.078 15.30 0.0092 <0.001 -
L18 BPC-4-98 8.13 0.14 0.016 0.033 1.13 0.080 0.001 1800 - <0.001 -
C19 DAN-74827 8.08 045 0.031 0.003 092 0.060 0.070 1821 - <0.001 -
120 BPC-4-101 8.21 0.0170.010 0.004 041 0.002 0.002 18.10 - <0.001 -
c21b DAN-12455 10.24 0.51 0.03¢ 0.001 118 0.080 0.020 16.28 - <0.001 Mo 2.08
1L22¢ BPC-4-100 13.30 0.0240.015 0.004 0.40 0.003 0.001 16.10 - <0.001 Mo 2.04

1234 BPC-4-114 12.04 068 0.030 0.047 0.96 0.043 0.092 17.30 0.0083 <0.001 Nb 1.06
1L24¢ BPC-4-105 12.30 0.03 0.007 0.005 048 0.03@ 0.002 1680 0.012¢ <0.001 Nb 1.72

125C3 BPC4-133 893 0.82 0.020 0008 1.54 0.019 0095 17.20 0.0085 0.010 -
L26C19 BPC-4-131 8.09 0.79 0.004 0002 091 0.070 0.08% 17.20 0.0080 <0.001 -
127C21 BPC-4-132 10.30 096 0.040 0.002 0.97 0.057 0.019 15.30 0.0058 0.030 Mo 2.0l
apjrst letters "C" and "L" denote commercial and laboratory heats, respectively.

bcommercial-purity Type 316 SS.

CHigh~purity Type 316 SS.

dCommercial-purity Type 348 SS.

CHigh~purity Type 348 SS.
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Table 5. Summary of specimens per alloy, irradiation fluence, and postirradiation test type.

ANL SSRT Uniaxial Constant J-Ror Crack
Alloy Test Load Test Growth Rate Test

1D high® medium? low2 high  medium low high medium low

C1 1 - - -
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aFluence level in 1021 n-em™2, high = 2.5, medium = 0.9, and low = 0.3.

3.2 Slow-Strain—-Rate Tensile Testing of Model Austenitic SSs Irradiated in
the Halden Reactor (H. M. Chung, W. E. Ruther, and R. V. Strain)

Slow-strain-rate tensile tests and fractographic analysis with a SEM have been completed
for the 16 alloys that were irradiated to a fluence of =0.3 x 1021 n.cm=2 (E > 1 MeV) at =288°C
in a He environment in the Halden reactor. Initial tests were also conducted on nine alloys of
the 24 “medium-fluence” alloy specimens irradiated to =0.9 x 1021 n.cm™2 (E > 1 MeV). In
addition to the irradiated specimens, unirradiated control specimens were also tested under
the same conditions to provide data on baseline properties. Updated test results on
unirradiated specimens are summarized in Tables 6 and 7. All SSRT tests were conducted at
289°C in simulated BWR water that contained =8 ppm DO. Conductivity and pH of the water
were kept at =0.07-0.10 and 6.3-6.8, respectively. Strain rate was held constant at 1.65 x
10-7 s~1. Electrochemical potential was measured at the effluent side at regular intervals.

3.2.1 SSRT Testing and Fractographic Analysis of Low-~Fluence Specimens

Feedwater chemistry (i.e., DO, ECP, conductivity, and pH) and results from SSRT testing
(i.e., 0.2%—offset yield strength, maximum strength, uniform plastic strain, and total plastic
strain} are summarized in Tables 8 and 9, respectively, for “low-fluence” specimens, i.e., the
specimens irradiated to =0.3 x 102! n.cm-2 (E > 1 MeV). Also shown in these tables are
results of SEM fractographic analysis of the failure mode (i.e., ductile, intergranular, and
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Table 6. Results of SSRT¢ tests and SEM fractography of nontrradiated control specimens of
model austenitic stainless steel alloys.

Feedwater Chermistry SSRT Parameters Fracture Behavior
Oxygen Average Cond. Yield Max. Uniform Total TGSCC +
Ident. SSRT Conc. ECP at 25°C pH Stress Stress Elong. Elong. TGSCCP IGSCC IGSCC
No. No. {ppm) (mVSHE} (uS-em-!} at25°C (MPa) [(MPal (%) (%) (%) (%) (%)
L23-4 CHR-1 8.6 +228 0.07 6.65 332 480 15.6 17.0 15 0 15
L7-4 CHR-2 8.0 +217 0.07 7.37 195 370 25 52 20 0 20
L7-B1 CHR-7 282 676 423 43.9 0 0 0
Ll4-4 CHR-3 86 +208 0.07 7.37 240 474 41.8 44.2 0 o] 0]
L17-4 CHR-4 7.5 +262 0.06 7.09 189 412 11.6 13.3 60 0 60
L17-B1 CHR-19 7.8 +166 0.08 671 184 447 30.1 31.2 8 0 8
L6-4 CHR-5 7.9 +256 0.08 6.85 227 545 43.0 44.5 0] 0 0
1274 CHR6 93 +247 0.08 6.96 298 483 206 22.9 0 0 0
1264 CHR-8 94 +223 0.07 665 184 596 38.2 40.2 0 0 0
12-4 CHR-9 8.6 +292 0.06 6.55 193 348 6.6 7.8 57 0 57
1254 CHR-10 82 +289 0.06 642 184 458 25.5 27.0 0] 0 0
1154 CHR-11 82 +195 0.06 6.32 218 512 38.7 37.9 (6] 0o 0
1244 CHR-12 84 +200 0.07 6.20 352 461 104 12.3 10 (¢ 10
Cl-15 CHR-13 8.1 +187 0.07 6.33 179 498 49.4 51.7 0 0 0
C19-Bl1 CHR-14 8.8 +179 0.08 629 178 501 47.4 49.2 0 0 0
C9-Bl CHR-15 85 +166 0.07 6.83 178 408 174 19.4 32 0 32
C12-B1 CHR-16 8.5 +124 0.07 6.18 182 511 46.0 47.6 0 o 0
C10-B1 CHR-17 9.2 +145 0.07 626 174 478 30.6 35.1 0 0 0
C21-9 CHR-18 9.2 +187 0.07 6.41 277 455 48.9 59.5 0 0 0

aTested at 289°C at strain rate of 1.65 x 107 s~! in simulated BWR water containing =8 ppm DO.
PTGSCC = transgranular stress corrosion cracking.

Table 7. Composition of nonirradiated control specimens of model austenitic stainless steel alloys,
with results of SSRT tests@ and SEM fractography

Alloy Composition (wt.%) o YS urs UE TE TGSCC IGSCCTG+IGSCC
D__Ni__ S8 P S Mn_C N Cr Mo/No fwppm) Remarks®  @MPa) (MP ®0) OO 06 Be 00
123 1204 068 0030 0047 096 0043 0092 1730 Nb 106 @ CP348 382 480 156 170 15 0 15
L7 1060 018 0040 0038 102 0007 0111 1540 274 HighN.O:LowSLC 1965 30 25 52 2 o 2
L14 793 149 0080 0002 176 0107 0028 1500 45 HighSi.P.CilowS 240 58 418 442 0 0 0
LI7 800 066 0090 0009 048 006l 0078 1530 0 HighP:LowCr.MnS 189 412 116 133 0 o
L7 800 0866 0090 0008 048 0061 0078 1530 90 HighP:LowCr.Mn. S 18 442 301 312 8 o 8
8 1000 180 0020 0005 113 0096 0087 17.10 58 HighSi.C.CrilowS 227 545 430 445 0 o} 0
127 1030 09 0040 02 097 0057 0019 1530 Mo20l - CP3IGHighB(0.03) 208 488 206 229 0 0 0
126 803 079 0004 0002 081 0070 0082 17.20 8 LowP. S 184 596 382 402 0 o 8]
12 1050 082 0080 0034 158 0074 0102 17.02 8 HighP.S.MaN 193 348 66 78 o7 0o 5
125 893 092 0020 0008 154 0019 0095 1720 8  High B(O.OD) 184 458 255 270 0 0 o
L15 800 182 0010 0013 107 0020 0085 1780 110 HighN: LowC 218 512 367 379 0 0 o]
124 1230 003 0007 0005 048 0031 0002 1690 Nb1.72 - HP348:LowSi. N 352 461 104 123 10 0 10
a 812 050 0038 0002 100 0080 0060 1811 - CP304Low$S 179 498 494 517 0 0 0
Cl19 808 045 0031 0003 099 0060 0070 1821 - CP304:LowSi S 178 301 474 492 ] 0 ]
c9 875 039 0013 0013 172 0062 0065 18348 ~  High Mn: Low Si 178 408 174 194 32 o] 2
Cl2 823 047 0018 0002 100 0060 0070 1843 - LowSi, S P 182 511 460 476 0 0 0
Cl0 813 055 0033 0002 100 0060 0086 1819 -  HighN:Low$S 174 478 306 381 0 0 o4
€21 1024 051 0034 0001 1.19 0060 0020 1628 Mo2.08 ~ __ CP316: LowB {0.01) 277 455 488 885 0 [4] 0

aTested at 289°C at strain rate of 1.65 x 10~/ s~1 in simulated BWR water.
bHP = High purity; CP = Commercial purity.

transgranular fracture surface morphology) of the specimens. In Table 6, the results of SSRT
and SEM fractographic analysis (percent IGSCC, and TGSCC, and combined percent
IGSCC+TGSCC) are correlated with compositional characteristics of the low-fluence
specimens.

Heat-to-heat variations in susceptibility to IGSCC and TGSCC were significant even at
the low fluence of =0.3 x 102! n-cm2 (E > 1 MeV). High-purity Heat L22 of Type 316L SS that
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Table 8. Results of SSRT? test and SEM fractography for model austenitic stainless steels
irradiated in heliurn at 289°C to fluence of =0.3 x 1021 n.em™2 (E > 1 MeV)

Feedwater Chemistry SSRT Parameters Fracture Behavior

Oxygen Average Cond. Yield Max. Uniform Total TGSCC +

Ident. SSRT Conc. ECP at 25°C pH Stress Stress Elong. Elong. TGSCC IGSCC IGSCC
No. No. (ppm} (mV SHE) (uS-cm-1} at25°C (MPa} (MPa) (%) (%) (%) (%) {%)
Cl-1 HR-1 8.3 +184 0.07 7.03 490 680 13.4 16.6 4 0 4
15-1 HR-2 9.7 +208 0.07 6.89 513 539 29.5 32.7 2 2 4
L22-1 HR-3 8.0 +236 0.07 6.80 360 5396 6.6 9.4 50 15 65
C3-1 HR-4 8.7 +161 0.07 668 338 491 27.7 31.6 5 0 5
C16-1 HR-5 8.3 +204 0.08 6.74 370 527 17.6 20.6 2 0 2
L4-1 HR-6 9.0 +202 0.08 6.70 367 542 19.7 22.3 46 0 46
118-1 HR-7 9.0 +203 0.08 6.33 503 572 6.3 8.8 54 0 54
Cl10-1 HR-8 82 +174 0.07 6.35 523 640 17.4 18.9 6 0 6
C21-1 HR-9 8.1 +149 0.08 6.49 480 620 15.9 19.4 4 o 4
L11-1 HR-10 9.0 +157 0.08 6.17 487 599 2.3 3.8 62 0 62
L13-1 HR-11 87 +164 0.08 6.17 248 461 22.1 24.8 8 o 8
120-1 HR-12 84 +174 0.07 6.20 454 552 2.9 5.1 32 2 34
C19-1 HR-13 9.5 +132 0.12 6.36 554 682 10.5 14.7 7 0 7
C2-1 HR-14 8.0 +192 0.11 6.30 522 607 134 14.6 24 0 24
Cl12-1 HR-15 9.0 +195 0.08 640 404 589 204 24.2 5 0 5
L8-1 HR-16 9.0 +215 0.08 660 411 571 15.6 17.9 54 o} 54

aTested at 289°C at strain rate of 1.65 x 107 s~! in simulated BWR water containing =8 ppm DO.

Table 9. Composition of model austenitic stainless steels irradiated to fluence of =0.3 x 102! n.crn2
(E > 1 MeV], with results of SSRT? test and SEM fractography

Alloy Composition (wt.%) YS uTs UE TE TGSCC IGSCCTG+IGSCC
ID N Si P S Mn C N Cr  Mo/Nb Remarks? (MPa) _(MPa) (%) o) () %) ©)
C1 812 050 0038 0002 100 Q060 0060 1811 - Low S, CP 304 490 680 134 166 4 ¢} 4
L5 966 09 0113 0028 047 0006 0033 21.00 - High P. Cr: Low C 513 539 285 327 2 2 4
22 1330 0024 0.015 0.004 040 0003 0001 16.10 Mo2.04 HP316L. lowSi. N 360 596 66 24 50 15 65
3 891 046 0019 0004 181 0016 0083 1855 - CP 304L, Low Si 338 491 277 316 5 [¢] 5
Clé 1290 038 0014 0002 166 0020 0011 1682 - High Ni: Low 8i, 8 370 927 176 206 2 o} 2
14 1020 084 0031 0010 L75 0.110 0002 1580 - High Ni.Mn,C:LowN 367 542 197 223 3 ) 38
LI8 8§13 014 0016 0033 LIS 0080 0001 1800 - Low Si, N 503 572 63 88 54 ) 54
C10 813 055 0033 0002 100 0060 0085 1819 - Low S, CP 304 523 640 174 189 6 0 6
C21 1024 051 0034 0001 118 0060 0020 1628 Mo208 CP316 480 620 159 194 4 0 4
L 815 047 0087 0008 1.02 0014 0004 1740 - High P: Low 81, C, S, N 487 599 23 38 62 V] 62
L13 818 118 0027 0022 038 0026 0001 1740 - High Si: Low Mn, C. N 248 461 221 248 8 0 8
120 891 0.017 0010 0004 041 0002 0002 1810 - HP 304L. Low Si. N 454 552 29 51 ] 2 3
C19 808 045 0031 0003 099 0060 0070 1821 - Low Si. S 554 6582 105 14.7 7 0 7
o 875 032 0013 0013 172 0082 0065 1848 - Low Si: High Mn 522 e07 134 14.6 24 o] 24
Cl2 823 047 0018 0002 100 00680 0070 1843 - Low Si. P. 8 404 589 204 242 5 o 5
18 1020 0.15 0093 0010 1.85 0.041 0001 1830 - High Ni, P. Mn; Low Si. N 411 571 156 17.8 64 0 64

3Tested at 289°C at strain rate of 1.65 x 10-7 s~! in simulated BWR water; DO =8 ppm.
PHP = High purity; CP = Commercial purity.

contains a very low Si concentration (=0.02 wt.%) exhibited relatively low ductility and the
highest susceptibility among the specimens to IGSCC (highest percent IGSCC} during the
SSRT test. At this low fluence, the susceptibility of all of the other heats to IGSCC was
insignificant. Heat L22 also exhibited relatively high susceptibility to IGSCC after irradiation
to =0.9 x 1021n.cm2 (E > 1 MeV) (as explained later).

The relatively higher susceptibility of the HP heat of Type 316L SS (i.e., Heat L22) when
compared with the CP counterpart (i.e., Heat C21), is similar to that observed for BWR
neutron absorber tubes fabricated from HP heats of Type 304 SS,65 and is of particular
interest. In an SSRT experiment similar to the present study, Jenssen and Ljunberg8®
irradiated U-notched rod specimens that had been fabricated from two heats of Type 316 SS,
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Table 10. Composition and relative susceptibility to IASCC of Type 316 stainless steels irradiated
and tested under BWR-like conditions

Heat Steel lrradiated Fluence Type of Relative
D Type® Source Ni Si P S Mn C N B Cr Mo in Reactor 102 n-em™2 SCC Test Susceptibility

22 HP316L ANL 1330 0024 0015 0004 040 0003 0001 <0.001 16.10 2.04 Halden. He 0.3and 0.9 SSRT in hot cell high

c21 CP316 ANL 1024 05! 0034 000! 119 0060 0.020 <0.00! 1628 208 Hazlden. He 03 SSRT in hot cell low

F HP316L ABB 1160 026 0021 0001 144 0009 0062 0001 1662 265 BWR 03-9.0 SSRT in BWR loop  high

K CP316 ABB 1240 064 0016 0006 173 0055 0.029 <0.000416.51 225 BWR 0.3-9.0 SSRT in BWR loop  low

aHP = high purity: CP = commercial purity.

then performed postirradiation SSRT tests in a BWR loop under normal oxidizing-water
chemistry. As shown in Table 10, one CP heat of Type 316 SS (Heat K) was resistant to
IASCC, whereas one HP heat of Type 316L SS (Heat F) was susceptible. Table 10 also presents
the composition, irradiation and test conditions, and test results of two heats of Type 316 SS
that were tested in our laboratory. The two relatively more susceptible heats in the table (i.e.,
Heats L22 and F) are characterized by an unusually low Si concentration of <0.26 wt.%,
whereas the two relatively more resistant heats {i.e., Heats C21 and K) contain a higher
concentration of Si, i.e., >0.5 wt.%.

An observation from a further evaluation of the results in Table 9 was the effect of Si
content on irradiation-induced hardening that is manifested by yield strengths of the alloys
after irradiation. Maximum strengths of the 16 low-fluence alloys tested in =8-ppm~-DO water
were correlated with concentrations of Si, C, and N. Of the 16 alloys listed in Table 9, three
(L22, L11, and L20) contain low concentrations of Si, C, and N, whereas one (L13) contains
low concentrations of C and N but a high concentration of Si. Therefore, these four alloys
were considered an ideal combination that could provide information on the effect of Si on
irradiation-induced hardening. The three alloys that contained low concentrations of Si
(0.17-0.47 wt.%) exhibited consistently higher irradiation-induced hardening than the alloy
that contained the high Si concentration of =1.18 wt.% (see Fig. 16). Consistent with this
hardening behavior, the three low-Si alloys exhibited significantly lower ductility than the
alloy that contained the high concentration of Si, i.e., 3.8-9.4 vs. 24.8%. This is also shown
in Fig. 16.

Susceptibilities of the 16 alloys to TGSCC and IGSCC at the low fluence of =0.3 x 1021
n-cm-2 (E > 1 MeV) are shown in Figs. 17 and 18, respectively. At this relatively low fluence,
susceptibility to IGSCC was insignificant except for Type 316L SS HP Alloy L22. In contrast to
IGSCC, susceptibility to TGSCC was significant for seven alloys, whereas for the other nine
alloys, susceptibility was insignificant. Compositional characteristics of the seven alloys,
given in Fig. 17 and Table 9, indicate that Si and N play a role in TGSCC. In Fig. 19,
susceptibilities of all 16 alloys to TGSCC are classified and replotted in terms of N and Si
concentrations. All alloys that contain <0.01 wt.% N and <1.0 wt.% Si were susceptible,
whereas all alloys that contain >0.01 wt.% N or >1.0 wt.% Si were relatively resistant to
TGSCC. This result indicates that to delay the onset of and reduce the susceptibility to
IASCC, it is helpful to ensure an alloy N concentration >0.01 wt.% and Si concentration
>1.0 wt.%. Because practically all commercial heats of Types 304 or 304L SS contain
>0.01 wt.% N, to delay onset of and increase resistance to IJASCC at low fluence, it seems
helpful to ensure a certain minimum concentration of Si in the steels. However, the optimal
range of Si concentration is not known at this time, and, from the point of view of other
considerations such as welding, corrosion, creep, fatigue, and overall irradiation performance
at high fluence, an expanded data base will be needed to evaluate the integral performance of
steels that contain high concentrations of Si.
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100 fl E> 1 MeV
| 288°C water uence ( : e2 )
=8 ppm DO =0.3x10" nem’
8o~ 30 '
N 0.004 .
E I 304 & 0ot 304 Figure 17.
0N HP 316L N 0.001 - N 0.001 .
 gol- N 0.001 s0s &880 R Percent TGSCC of model stainless
e | © 000 i steel alloys irradiated in He in
= o002 Halden reactor to fluence of =0.3 x
8 o o 3% 1021 n-em-2 (E > 1 MeV) and
o { tested at 288°C in simulated BWR
® 20 water
0C1 L5 122 C3C16 L4 L18C10C21 L11L13L20C19 C9C12 L8
Alloy 1D
507
1 289°C wat fluence (E> 1 MeV)
[ °C water .
40:_ =8 ppm DO =0.3x10%" nem'®
= Figure 18.
! sk Percent IGSCC of model stainless
£ L steel alloys irradiated in He in
= [ Halden reactor to fluence of =0.3 x
§ 201~ HP 316L 1021 n.em2 (E > 1 MeV) and
& tested at 288°C in simulated BWR
R water containing DO =8 ppm
HP 304L
U IPUUN JON U OV DU B e 1 O O

0 G L5 22 03016 L4 L18C10C21 L11L13L20C18 CoC12 L8
Alloy ID

NUREG/CR-4667, Vol. 27 32



80
all alloys SSRT at 289°C

| N < 100 wppm and Si < 1.0 wt.% =
70 more susceptible to TGSCC =8 pom

0.3x10%'n cm®

(E > 1 MeV) in helium Figure 19.
Susceptibility to TGSCC of model

3]
3 stainless steel alloys, irradiated in
e He in Halden reactor to fluence of
£ =0.3 x 1021 n-cnt2 (E > 1 MeV)
g and tested at 288°C in simulated
e , BWR water containing =8 ppm
all alloys . -
N > 100 wppm or éi > 1.0 wt.% Do, ClaSSLﬁed as aﬁmctton OfN
less susceptible to TGSCC and Si contents ofthe alloys
oL AN 1.|.|§|Sf§|ml§|§l§[§t N
L22 L4 L18L11L20 L8 C1 L5 C3C16C10C21L13C19COC12
Heat 1D

Tsukada et al.83 and Miwa et al.70 irradiated sheet SSRT specimens of HP Type 304L SS
(C 0.003, Si 0.01, Mn 1.36, P 0.001, S 0.0014, and N 0.0014 wt.%), one specimen with and the
other without doped =0.69 wt.% Si, in He at 240°C in the JRR-3 reactor to a fluence of =0.67
x 1021 n.cm~2 (E > 1 MeV). After SSRT testing of the specimens at 300°C in HP water that
contained =32 ppm DO, these authors that their high-Si (Si 0.69 wt.%) specimen exhibited
significantly higher ductility than their low-Si (Si 0.01 wt.%) specimen, namely, total
elongation of =21% vs. 11%. At the same time, they observed that the number density of
Frank loops was significantly lower in the high-Si specimen than in the low-Si specimen,
although the number densities of the “black-dot” defect clusters appeared similar.73 Because
the SSRT test temperature was =60°C higher than the irradiation temperature, some fraction
of the defect clusters and loops probably annealed out during the test, and various types of
interaction could have occurred at =240 and =300°C between irradiation-induced defect
clusters and impurities. Susceptibilities to IGSCC of the two specimens were similar, whereas
the high-Si specimen was more susceptible to TGSCC than the low-Si specimen, which is the
opposite of the trend that was observed in this study and is summarized in Fig. 19.

These observations, combined with the results in Fig. 16, are a strong indication that Si
atoms exert profound effects on irradiation-induced hardening in Types 304 and 304L SSs.
That is, Si content <0.5 wt.% is conducive to higher irradiation-induced hardening and lower
ductility in BWR-like water after irradiation. In contrast, Si content >1.0 wt.% is conducive
to lower irradiation-induced hardening and higher ductility in simulated BWR water after
irradiation.

3.2.2 SSRT Testing and Fractographic Analysis of Medium-Fluence Specimens

Initial tests were conducted on nine “medium-fluence” specimens irradiated to =0.9 x
1021 n.cm~2 (E > 1 MeV) (see Tables 11 and 12). For all medium-fluence specimens that were
tested, effects of the higher fluence on yield stress, maximum stress, uniform strain, total
strain, percent IGSCC, and percent TGSCC were significant; this is shown in Figs. 20A-G.
Preliminary results from the tests also indicate that when fluence increased from =0.3 x 1021
nem-2 (£ > 1 MeV) to =0.9 x 1021 n.cm2 in the low-N and low-Si alloys (e.g., Heats L22, L18,
and L11), susceptibility to TGSCC decreased, and at the same time, susceptibility to IGSCC
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increased at the expense of percent TGSCC (Figs. 20E and F). This trend is consistent with
that observed for field-cracked BWR components. However, the threshold fluence for the
transition from TGSCC to IGSCC appears to differ from alloy to alloy. For example,
susceptibility to TGSCC of Alloy C9, a commercial heat of Type 304 SS, still increased when
fluence increased from =0.3 x 1021 n-cm2 (E > 1 MeV) to =0.9 x 102! n.cm—2.

Table 11. Results of SSRT? test and SEM fractography for model austenitic stainless steels
irradiated in He at 289°C to fluence of =0.9 x 1021 n.erm2 (E > 1 MeV)

Feedwater Chemistry SSRT Parameters Fracture Behavior
Oxygen Average Cond. Yield Max. Uniform Total TGSCC +
Ident. SSRT Conc. ECP at 25°C pH Stress Stress Elong. Elong. TGSCC IGSCC IGSCC
No. No. {ppm) (mV SHE) (uS-cm-}) at25°C {(MPa) (MPa) (%) (%) (%) (%) (%)
L22-02 HR-17 8.0 +181 0.08 6.77 475 549 4.20 5.82 30 35 65
L11-02 HR-18 8.0 +191 0.08 6.55 820 856 0.43 1.65 50 14 64
L18-02 HR-19 8.0 +193 0.10 6.07 710 755 3.98 5.05 38 14 52
L20-04 HR-20 8.0 +225 0.07 6.75 515 574 1.85 3.36 erratic press., test invalid
L20-05 HR-26 9.0 +182 0.09 362 670 743 0.37 1.038 o 0 0
C8-02 HR-21 80 +240 0.07 6.47 651 679 1.42 2.50 62 22 84
L17-02 HR-22 80 +198 0.07 6.42 574 654 2.02 3.08 44 41 85
L7-02 HR-23 8.0 +215 0.07 6.03 490 531 0.24 2.44 38 54 92
Cl10-02 HR-24¢ 7.0 +221 0.07 5.26 651 706 6.35 9.25 14 0 14
C3-02 HR-25 8.0 +240 0.07 6.34 632 668 16.72 19.74 9 4 13

aTested at 289°C at strain rate of 1.65 x 10~/ s~! in simulated BWR water containing =8 ppm DO.

Table 12. Composition of model austenitic stainless steels irradiated to fluence of =0.9 x 1021
ncm2 (E > 1 MeV) and results of SSRT? test and SEM fractography

Alloy Composition (wt.%} YS UTsS UE TE TGSCC IGSCCTG+IGSCC
D Ni St P S Mn_ C N Cr__ Mo/Nb RemarksP (MPa) (MPa) 4 (9% @) ) )
L2202 1330 0024 0.015 0004 040 0003 0.001 16.10 Mo2.04 HP316L: LowSi.N 475 49 420 582 30 K] 65
L1102 815 047 0097 0009 102 0014 0.004 1740 high P:low Si, C. S. N &0 856 043 1.65 0 14 &4
L1802 813 014 0016 0033 1.13 0080 0001 1800 - lowSi, N 710 755 388 505 33 14 2
L2004 891 0017 0010 0004 041 0002 0002 1810 - HP 304L: low 8i. N, Mn 515 574 1.85 336 erratic pressure, test invalid
12005 89 0017 0010 0004 041 0002 0002 1810 - HP 304L; low Si, N, Mn 870 743 0.37 103 o] 0 0
o902 875 039 0.013 0013 172 0082 0065 1848 - low Si: high Mn 651 879 142 250 e 2 84
L1702 800 066 0090 0009 048 0061 0078 1530 high P: Iow Cr, Mn, S 574 654 202 308 44 41 8
L7002 1060 0.18 0040 0038 102 0007 0111 1540 00.0274 high N, O:lowSi, C 490 331 024 244 3 s €2
Cl002 8.13 055 0033 0002 1.00 0.080 0085 18.19 - CP 304: low S: high N 851 706 835 925 14 0 14
C302 891 046 0019 0004 181 0016 0083 1855 - CP 304L: high Mn, N: low S 632 638 1672 19.74 9 4 13

a'I‘es'ced at 289°C at strain rate of 1.65 x 10~7 s~1 in simulated BWR water containing =8 ppm DO.
bHP = High purity; CP = Commercial purity.

Susceptibility to IGSCC of all alloys that contain <0.5 wt.% Si (i.e., L22, L18, L11, C9,
and L7) increased significantly when fluence increased from =0.3 x 1021 n.cm=2 (E > 1 MeV) to
=0.9 x 1021 n.cm~2 (Fig. 20F), indicating deleterious effect of low concentration of Si. That is,
under otherwise similar conditions, a low concentration of Si appears to promote
susceptibility to TGSCC and IGSCC at relatively low fluences.

There was also a strong indication that a low concentration of Cr (<15.5 wt.%) promotes
susceptibility of Type 304 SS to IASCC. For the same fluence level of =0.9 x 102! n.cm=2 (E >
1 MeV), the susceptibilities to IGSCC of L17 (Cr =15.3 wt.%) and L7 (Cr =15.4 wt.%) were
significantly higher than those of other alloys that contain normal Cr concentrations of =18
wt.% (Fig. 20F). Consistent with this observation, Alloy L5, which contains an unusually
high Cr concentration of =21.0 wt.% was resistant to both TGSCC and IGSCC at =0.3 x 1021
n-cm—2 (E > 1 MeV) (Figs. 20E and F, respectively). This alloy also contains a relatively high
Si concentration of ~0.90 wt.%. The relatively good performance of alloy L5 is also manifested
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Figure 20. Continued.

by the fact that its ductility is the highest among all of the alloys that were irradiated to =0.3
x 1021 n.cm2 (E > 1 MeV) (Fig. 20D).

Alloy L7, a laboratory heat of Type 304L SS, exhibited significant susceptibility to TGSCC
in the nonirradiated state and the highest susceptibility to IGSCC after irradiation to =0.9 x
1021 n.cm-2 (E > 1 MeV). It appears that the high susceptibility to IASCC of this alloy is
related to several deleterious compositional characteristics, i.e., an unusually low
concentration of Cr (=15.3 wt.%), unusually high concentration of O (=0.027 wt.%),61.65.71.74
unusually low concentration of Si (=0.18 wt.%), and unusually low concentration of C
(=0.007 wt.%). This finding lends support to a view that IASCC is influenced by many alloying
and impurity elements in a complex manner rather than by a single process of grain-boundary
Cr depletion.®5 .

There are also indications that a combination of a high concentration of Mn and a low
concentration of S is beneficial. For example, Alloy C3, a CP heat of Type 304L SS that
contains =1.81 wt.% Mn and =0.004 wt.% S exhibited unusually high ductility (>20%), low
percent TGSCC (<9%), and low percent IGSCC {<4%) after irradiation to =0.3 x 1021 n.cm—2
and =0.9 x 1021 n.cm-2 (E > 1 MeV) (Figs. 20D, E, and F, respectively). However, conclusive
evidences for the effect of Mn and S must be established on the basis of more comprehensive
data that must be obtained on the whole test matrix after it is irradiated to higher fluences of
=0.9 x 1021 n-.cm~2 (E > 1 MeV) and =2.5 x 1021 n.cm2.
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3.3 Fracture Toughness J-R Test of Austenitic Stainless Steels Irradiated
in the Halden Reactor (E. E. Gruber and O. K. Chopra)

Austenitic stainless steels are used extensively as structural alloys in reactor pressure
vessel internal components because of their high strength, ductility, and fracture toughness.
Fracture of these steels occurs by stable tearing at stresses well above the yield stress, and
tearing instabilities require extensive plastic deformation. However, exposure to high levels of
neutron irradiation for extended periods changes the microstructure and degrades the fracture
properties of these steels. Irradiation leads to a significant increase in yield strength and
reduction in ductility and fracture resistance of austenitic $Ss.75-77

Neutron irradiation of austenitic SSs at temperatures below 400°C leads to the formation
of a substructure with very fine defects that consist of small (<5 nm) vacancy and interstitial
loops or “black spots” and larger (>5 nm) fauited interstitial loops.78-80 The latter are
obstacles to dislocation motion and lead to matrix strengthening and increase in tensile
strength. Also, irradiation-induced defects cause loss of ductility and reduced strain
hardening capacity of the material. The effects of radiation on various austenitic SSs vary
significantly and appear to be related to minor differences in the composition of the steels; the
composition can influence the stacking fault energy and/or irradiation-induced
microstructure. As the yield strength approaches ultimate strength, planar slip or dislocation
channeling is promoted and leads to pronounced degradation in the fracture resistance of
these steels.77 In general, higher stacking-fault energy enhances and cold working inhibits
dislocation channeling.

The effect of neutron exposure on the fracture toughness Jjc of austenitic SSs irradiated
at 350-450°C is shown in Fig. 21.81-89 The effects of irradiation may be divided into three
regimes: little or no loss of toughness below a threshold exposure of =1 dpa, substantial
decrease in toughness at exposures of 1-10 dpa, and no effect on toughness above a
saturation exposure of 10 dpa. The effect is largest in high-toughness steels. The degradation
in fracture properties saturates at a Jic value of =30 kJ/m? (or equivalent critical stress
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intensity factor Kjc of 70 MPa m0-5). Also, the failure mechanism changes from dimple
fracture to channel fracture.

The existing fracture toughness test data have been obtained at temperatures above
350°C; fracture toughness results that are relevant to LWRs are very limited.7® This paper
presents fracture toughness J-R curves for several heats of Type 304 SS that were irradiated to
fluence levels of =0.3 x 1021 n.com2 (E > 1 MeV) at =288°C in a He environment in the Halden
boiling heavy-water reactor.

3.3.1 Experimental

Fracture toughness J-R curve tests have been conducted on several heats of Type 304 SS
that were irradiated to fluence levels of =0.3 x 1021 n.cm2 (E > 1 MeV) at =288°C in a He
environment in the Halden boiling heavy—water reactor. The tests were performed on 1/4-T CT
specimens in air at 288°C according to the requirements of ASTM Specification E 1737 for “J-
Integral Characterization of Fracture Toughness.” The composition of the various heats of
Type 304 SS is presented in Table 13. Figure 22 shows the configuration of the CT specimens
that were irradiated in the Halden reactor. Although the Halden specimens are rectangular,
their dimensions are similar to those of disk-shaped compact tension DC(T) specimens.
Calculations of crack length and J-integral were performed with the correlations recommended
for DC(T) specimens in ASTM Specification E 1737.

Table 13. Composition (wt.%) of Type 304 SS alloys irradiated in the Halden Reactor
Alloy Vendor

D2 HeatID  Analysis  Ni Si P s Mn C N Cr ob
L2 BPC—4-111 Vendor 10.50 0.82 0.080 0.034 1.58 0.074 0.102 17.02 66
ANL
Cl6 PNL-SS-14 Vendor 1290 038 0.014 0002 1.66 0.020 0.011 1692 -
ANL 12.32 042 0.026 0.003 1.65 0.029 0.011 16.91 157
Cis DAN-74827 Vendor 8.08 045 0.031 0.003 0.99 0.060 0.070 1821 -
ANL 8.13 051 0.028 0.008 1.00 0.060 0.068 18.05 200
120 BPC—4-101 Vendor 891 017 0.010 0.004 041 0.002 0002 18.10 -
ANL 888 0.10 0.020 0.005 047 0.009 0.036 18.06 940
aFirst letters “C” and “L” denote commercial and laboratory heats, respectively.
bin wppm.
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Figure 22. Configuration of compact-tension specimen for this study. Dimensions inmm.

NUREG/CR-4667, Vol. 27 40



The fracture toughness test facility is designed for in—cell testing, with the hydraulic
actuator, test train, furnace, and other required equipment mounted on top of a portable,
wheeled cart that can be easily rolled into the cell. The detailed description of the test facility
and procedures have been presented elsewhere.®0 Specimen extension is monitored and
controlled outside of the high-temperature zone. The displacement of load points (center of
the loading pins) is determined by subtracting the machine compliance from the measured
extension.

The fatigue precracked specimens were loaded at a constant extension rate and the tests
were interrupted periodically to determine the crack length. The specimen was held at
constant extension to measure crack length by both the DC potential drop and elastic
unloading compliance techniques. For most steels, load relaxation occurs during the hold
period or unloading, which causes a time-dependent nonlinearity in the unloading curve.
Consequently, before unloading, the specimen was held for =1 min to allow load relaxation.

The final crack size was marked by heat tinting and/or by fatigue cycling at room
temperature. The specimens were then fractured and the initial (i.e., fatigue precrack) and
final (test) crack lengths of both halves of the fractured specimen were measured optically.
The crack lengths were determined by the 9/8 averaging technique, i.e., the two near-surface
measurements were averaged and the resultant value was averaged with the remaining seven
measurements.

Several fracture toughness J-R curve tests were conducted at room temperature and
288°C on two heats of thermally aged CF-8M cast SS and on a 50% cold~worked Type 316NG
SS to develop correlations for estimating crack lengths by the two techniques and to validate
the test procedure. For the room-temperature tests, actual displacement of load points was
measured optically and compared with the estimated loadline displacement. The measured
and estimated values of loadline displacement were in very good agreement (Gruber and
Chopra, 1998); for loadline displacements up to 2 mm, the error in the estimated values was
<0.02 mm. The J-integral was calculated from the load-vs.-loadline displacement curves
according to the correlations for DC(T) specimens in ASTM Specification E 1737.

The following correlation, obtained from the bestfit of the experimental data, was used
to determine crack lengths by the unloading compliance method.

a;/W =1.2011-7.1572u, +16.874uZ ~13.527u} (13)
where
uy = 1 , (14)
|(BerBerCar)* +1
By =B-(B-By)? /B, (15a)
Ee =E/(1-v7), | (15b)

W is the specimen width, B is the specimen thickness, By is the net specimen thickness, E is
the elastic modulus, v is Poisson's ratio, and Cg; is the specimen elastic compliance corrected
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for rotation of the crack centerline. The effective elastic modulus Eef was adjusted with the
measured initial crack length aj, i.e., E¢f was determined from Egs. 13 and 14 by using the
measured fatigue precrack length a; and the corresponding corrected specimen elastic
compliance Cg;.

The following correlation, obtained from the best-fit of the experimental data for
normalized crack length and normalized DC potential, was used to determine crack lengths by
the DC potential method.

a r U 0.34775
=L =10.28887| —-0.5 :
W L [Uo j} "

where W is the specimen width, and U and U, are the current and initial potentials.
Equation 16 is comparable to the ASTM E 1737 correlation for a CT specimen with current
inputs at the W/4 position and DC potential lead connections at the W/3 position.

The DC potential data were corrected for the effects of plasticity on the measured
potential, i.e., large crack-tip plasticity can increase measured potentials due to resistivity
increases without crack extension. As per ASTM E 1737, the change in potential before crack
initiation was ignored and the remainder of the potential change was used to establish the J-
R curve. A plot of normalized potential vs. loadline displacement generally remains linear
until the onset of crack extension. For all data within the linear portion of the curve, crack
extension was calculated from the blunting-line relationship Aa = J/{4cf). For high-strain-
hardening materials, e.g., austenitic SSs, a slope that is four times the flow stress (409
represents the blunting line better than a slope of 201, as defined in ASTM E 1737.77

Unlike the elastic unloading compliance measurements, which were adjusted only with
the measured initial crack length, crack length measurements obtained by the DC potential-
drop technique were adjusted with both the initial and final crack lengths. The two-point
pinning method was used to correct the measured potentiais from the test data. The corrected
normalized potentials NP are expressed in terms of the measured normalized potentials NP
{or U/U, in Eq. 16) by the relationship

NP-P,

NP = . 17
P, P, (17)
The variables P; and P, are solutions of the expressions
=5 _ NP;-P
Np; = ——1 18a,
=35 (18a)
and
=5 _ NP;-P
Npf=—*F—-1, 18b
=5, P, (18b)

where NP; and NP: are normalized potentials that correspond to initial and final crack
lengths determined from Eq. 16, and NP; and NP; are the measured values.
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3.3.2 Restlts

Nonirradiated Type 304 Stainless Steel

Fracture toughness J-R curve tests on nonirradiated specimens were conducted on only
one of the model austenitic SS alloys, e.g., Heat L2. The load-vs.-loadline displacement and
fracture toughness J-R curves for the material are shown in Figs. 23 and 24, respectively. The
curve obtained by the unloading compliance method shows good agreement with that obtained
by the DC potential method. However, the fracture toughness of Heat L2 is poor. The J-R
curve is significantly lower than that observed for Type 304 SSs, Fig. 25.86.:92-4 For wrought
austenitic SSs, the Jj. values at temperatures up to 550°C are typically >400 kJ /m2;77
experimental Jjc for Heat L2 is =210 kJ/m?2.

Irradiated Type 304 Stainless Steels

Fracture toughness J-R curve tests were conducted at 288°C on Heats C19 and L20 of
Type 304 SS irradiated in He at 288°C to 0.3 x 1021 n.cm=2 (E > 1 MeV] in the Halden reactor.
The load-vs.-loadline displacement and fracture toughness J-R curves for the steels are shown
in Figs. 26-29. For all tests, the J-R curves obtained by the unloading compliance method
show very good agreement with those obtained by the DC potential method.
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Figure 24. Fracture toughness J-R curve for nonirradiated Type 304 SS specimen of Heat L2 at
288°C determined by DC potential drop and unloading compliance methods
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Figure 27. Fracture toughness J-R cuwrves determined by DC potential drop and unloading
compliance methods for Heat C19 of Type 304 SS irradiated to 0.3 x 1021 n-ecrm2

The fracture toughness of the commercial Heat C19 is superior to that of the laboratory
Heat L20. The values of fracture toughness Jj. are 2500 kJ/m?2 for C19 and =60 kJ/m?2 for
L20. Although J-R curve tests were conducted on these heats in the nonirradiated condition,
the differences between the fracture toughness of the irradiated commercial and laboratory
heats most likely arise from differences in toughness of the nonirradiated steels. Fracture
toughness J-R curve tests are in progress on nonirradiated steels.
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4 Environmentally Assisted Cracking of Alloys 600 and 690 in
Simulated LWR Water
(W. E. Ruther, W. K. Soppet, T. F. Kassner, and W. J. Shack)

The objective of this work is to evaluate the resistance of Alloys 600 and 690 to EAC in
simulated LWR coolant environments. High-Ni alloys have experienced general corrosion
(tube wall thinning), localized IGA, and SCC in LWRs. Secondary-side IGA* and axial and
circumferential SCC™ have occurred in Alloy 600 tubes at tube support plates in many steam
generators. Primary-water SCC of Alloy 600 steam generator tubes in PWRs at roll transitions
and U-bends and in tube plugs™ is a widespread problem that has been studied intensively.

*USNRC Information Notice No. 91-67, “Problems with the Reliable Detection of Intergranular Attack (IG4) of
Steam Generator Tubing,” Oct. 1991.

*JSNRC Information Notice No. 90-49, “Stress Corrosion Cracking in PWR Steam Generator Tubes,” Aug.
1990; Notice No. 91-43, “Recent Incidents Involving Rapid Increases in Primary-to-Secondary Leak Rate,”
July 1991; Notice No. 92-80, “Operation with Steam Generator Tubes Seriously Degraded,” Dec. 1992; Notice
No. 94-05, “Potential Failure of Steam Generator Tubes with Kinetically Welded Sleeves,” Jan. 1994.

=x+{JSNRC Information Notice No. 89-33, “Potential Failure of Westinghouse Steam Generator Tube Mechanical
Plugs,” March 1989; Notice No. 89-65, “Potential for Stress Corrosion Cracking in Steam Generator Tube
Plugs Supplied by Babcock and Wilcox,” Sept. 1989 Notice No. 94-87, “Unanticipated Crack in a Particular
Heat of Alloy 600 Used for Westinghouse Mechanical Plugs for Steam Generator Tubes,” Dec. 1994.
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Cracking has also occurred in Alloy 600 and other high-Ni alloys (e.g., Inconel-82 and —-182
and Alloy X750) that are used in applications such as instrument nozzles and heater thermal
sleeves in the pressurizert and the penetrations for control-rod drive mechanisms in reactor
vessel closure heads in the primary system of PWRs;!f in dissimilar-metal welds between SS
piping and LAS nozzles, in jet pump hold-down beams,ttt and in shroud-support-access-hole
coversS in BWRs. Alloy 600, in general, undergoes differing thermomechanical processing for
applications other than steam generator tubes. Because environmental degradation of the
alloys in many cases is very sensitive to processing, further evaluation of even SCC is needed.
In addition, experience strongly suggests that materials that are susceptible to SCC are also
susceptible to environmental degradation of fatigue life and fatigue-crack growth properties.
In this investigation, we have obtained information on the effect of temperature, load ratio R,
and stress intensity (K) on EAC of Alloys 600 and 690 in simulated BWR and PWR water.
Correlations for the CGRs were developed on the basis of the best fit of the data to equations
that incorporate relevant loading parameters and the DO level in water.

4.1 Crack Growth Rates of Alloys 600 and 690 in Air and Water

Crack growth experiments have been performed on Alloys 600 and 690 to explore the
effects of temperature, load ratio, stress intensity, and water chemistry on CGRs. These data
have been summarized in Ref. 95. Baseline CGR tests were also performed in air at several
temperatures between 35 and 320°C. Correlations for the CGRs of Alloys 600 and 690 as a
function of stress intensity, load ratio, and DO level have also been developed.®5 Although
these correlations provide excellent fits to the available experimental data, because these data
were obtained only for a single rise time, alternate forms for the correlations were also chosen
to extrapolate the results to other rise times, i.e., frequencies.96

The CGRs of Alloys 600 and 690 in air can be expressed by the equation

1 \da 1
CGRyr =['{T—jaﬁ =(:}D(1 - bRPAK™", (19)

where R = Knin/Kmax, AK = Kpax(1-R), t; is the rise time of the loading waveform, and D, b,
P, and n are empirical parameters. The values of these parameters for Alloys 600 and 690 are
listed in Table 14. For temperatures below 289°C, the effect of temperature on the CGR in air
is modest, thus, the values in Table 14 can be used for temperatures between 35 and 289°C.

Ford and Andresen97.98 argue that there are fundamental reasons to expect that the
CGRs for these alloys in LWR environments should be of the form

CGRenv = CGRayr + Alép)m, (20)

tUSNRC Information Notice No. 90-10, “Primary Water Stress Corrosion Cracking (PWSCC) of Inconel 600,”
Feb. 1990.
++USNRC Generic Letter 97-01: “Degradation of Control Rod Drive Mechanism and Other Vessel Closure Head
Penetrations,” Apr. 1, 1997; USNRC Information Notice No. 96-11, “Ingress of Demineralizer Resins
Increases Potential for Stress Corrosion Cracking of Control Rod Drive Mechanism Penetrations,” Feb.
1996; INPO Document SER 20-93 “Intergranular Stress Corrosion Cracking of Control Rod Drive
Mechanism Penetrations,” Sept. 1993. )
t11USNRC Information Notice 93-101, “Jet Pump Hold-Down Beam Failure,” Dec. 1993.
SUSNRC Information Notice 92-57, “Radial Cracking of Shroud Support Access Hole Cover Welds,” Aug. 1992.
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Table 14. Constants in CGR equations in air (T £ 289°C)

Alloy D (ms~Y) b p n
600 1.64x 10713 0.82 -1.74 3.80
690 2.23x 1013 0.83 -1.51 3.80
600 and 690 1.92x 10713 0.83 -1.62 3.80

Table 15. “Best fit” values for parameters A and m in Eq. 21 for Alloys 600 and 690

Alioy Environment A m
600 Low C High and low DO 1.5x 1072 0.48
600 Low DO 2.1x10°8 0.33
600 300 ppb DO 4.4x1077 0.33
600 300 ppb DO + impurities 1.9x 106 0.33
600 6 ppm DO 7.7x 1077 0.33
690 Low DO 2.1x107 0.33
690 6 ppm DO 44x10°7 0.33

where CGR,yy is the CGR in the environment, CGR,;; is the CGR in air {a relatively inert
environment), and &1 is the crack tip strain rate. The parameters A and m depend on the
material and the environment. Shoji has argued that under cyclic loading, ¢ is proportional
to CGR,;-992 Thus, Eq. 20 can be written as

CGRenv = CGRair + A(CGRair)™, (21)

which is a convenient form for comparisons with experimental data and which has been
widely used to correlate CGR data.100-102 The best-fit values of parameters A and m in
Eq. 21 for Alloys 600 and 690 in various environments are suminarized in Table 15.

The CGRs in the low-C heat of Alloy 600 do not appear to be sensitive to either heat
treatment or DO level, and the entire data set was fit with a single set of parameters. The
three heats of Alloy 600 with =0.06 wt.% C in either a solution-annealed or mill-annealed
condition, show strong environmental enhancement in high-DO environments. The situation
is less clear in low-DO environments. Some tests under loading conditions that would
produce CGRs in air of =10-11-10-10 m-.s-! show enhancement, others do not. Fewer tests of
these materials have been performed in low-DO environments at the very low CGRs that
might be expected to show a greater degree of environmental enhancement.

Alloy 690 in either the solution—annealed condition or after thermal treatment, shows
only 2 modest enhancement in low-DO environments (which include both HP water and water
with H3BOg3 and LiOH additions); the enhancement appears to be independent of the loading
conditions as long as CGRair = 10711 s™1. The CGRs in Alloy 690 in high-DO seem to be
consistent with the CGR,;; model, although the data are sparse. Some environmental
enhancement occurs under loading conditions that correspond to low CGRs in air.

The experimental effort during the current reporting period has focused on SCC of Alloys
600 and 690 in simulated LWR environments under constant applied load. Crack growth tests
have been conducted on CT specimens of Alloys 600 and 690 under constant load in high-DO
water at temperatures between 200 and 320°C. Crack growth tests were also conducted on
these alloys under cyclic loading conditions in air at 380°C. The heat numbers, heat and
heat-treatment identification code, product form, and source of materials for fabrication of 1T
CT specimens are presented in Table 16. The composition and tensile properties of the alloys
are listed in Tables 17 and 18, respectively.
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Table 16. Product form and source of Alloys 600 and 690

Heat Material Heat/Heat Product

Alloy No. Condition Treat. Code Form Source
600 NX8197 Mill Annealed 1 1.0-in.-thick plate A. M. Castle & Co.
600 NX8844J-26 Annealed 1038°C/1h 2 1.0~in.-thick plate EPRI®

600 NX8844B-33 Annealed 872°C/1h 8 1.0-in.-thick plate EPRI2

600 NX8844G-3  Hot Worked 882°C, 20% Reduction 9 1.0-in.~thick plate EPRI?

690 NX8244HK-1A Annealed 982°C/1 h 10 1.0-in.-thick plate EPRI2

690 NX8244HK-1B Annealed 1093°C/1 h 11 1.0-in.-thick plate EPRI?

690 NX8244HG-33 Annealed + 715°C/5 h 12 1.34-in.-thick plateINCO Alloys Intl.

2INCO Alloys Intl., Inc. of Huntington, WV, produced numerous heats of Alloys 600 and 690 for the Electric Power
Research Institute, Palo Alto, CA, which provided material for this study.

Table 17. Composition (wt.%) of Alloys 600 and 690 for corrosion fatigue tests

Heat Cr Mo Ni Fe Mn Si C N P S Ca Ti Al Co Nb+Ta
NX8197 1543 0.58 73.82 9.20 0.20 027 0.080 0.010 0.016 0.002 0.11 0.18 024 0.06 0.05
NX8844B-33 15.03 0.17 75.16 7.93 0.24 0.27 0.080 0.015 0.019 0.001 0.22 021 028 0.04 004
NX8844J-26 15.00 0.16 7494 814 0.23 0.32 0.080 0.016 0.014 0.002 0.22 024 0.24 0.03 0.03
NX8844G-3 15.14 0.16 74.78 8.28 0.23 035 0.070 0.015 0.015 0.002 0.22 0.25 025 004 0.04
NX8244HK-1A 30.66 <0.01 59.09 9.22 0.20 0.18 0.024 0.010 0.004 0.002 <0.01 0.20 0.31 <0.01 <0.01
NX8244HK-~1B 30.64 <0.01 59.20 9.19 0.21 0.18 0.023 0.011 0.005 0.002 <0.01 0.19 0.32 <0.01 <0.01
NX8244HG-33 30.46 0.04 5888 922 0.11 016 0.030 0.047 0.017 0.001 0.05 025 0.32 0.02 0.01
Table 18. Tensile properties® of Alloys 600 and 690 in various heat-treated conditions

Material Temp. Oy Cu £t RA Hardness ASTM
Heat No. Condition (°C) (MPa) (MPa) (%) (%) (Re)  Grain Size
Alioy 600
NX8197 Mill Annealed 25b 256.5 683.3 42.0 - 81 -
25 373.6 683.9 42.2 64.4 91 6
25 392.8 685.4 41.6 64.9 - -
280 316.9 668.1 46.8 62.2 - -
NX8844J-26  Annealed 1038°C/1 h 25b 298.6 694.3 41.0 - 86 4
25 245.5 653.5 49.2 61.1 87 4
290 234.0 637.8 45.2 53.3 - -
290 218.0 626.5 48.7 57.2 - -
320 246.8 639.4 458 48.9 - -
NX8844B-33 Annealed 872°C/1 h 2sb 332.9 748.8 355 - 90 7.5
25 333.2 714.9 396 66.9 91 8
290 282.6 686.1 38.6 6l1.1 - -
320 282.6 680.6 39.1 55.5 - -
NX8844G-3 Hot Worked 982°C, 20% 25b 355.1 697.8 38.5 - 85 2.5
25 3353 666.4 43.5 56.9 88 2
290 292.2 630.1 441 53.5 - -
320 297.0 630.3 449 54.9 - -
Alloy 690 ’
NX8244HK-1A Annealed 982°C/1 h 2sb 245.2 665.0 51.0 - 78 -
25 256.3 647.7 56.9 75.2 83 5
290 195.4 569.8 58.5 71.8 - -
320 1864 572.2 58.2 71.7 - -
NX8244HK-1B Annealed 1093°C/1 h 25b 212.3 602.8 59.0 - 70 -
25 215.6 592.2 70.5 71.6 78 2
290 145.2 504.9 70.6 68.1 - -
320 150.9 489.4 67.1 67.3 - -
NX8662HG-33 Annealed + 715°C/5h 25b 291.7 670.2 43.5 - 82 5
25 2921 683.8 48.7 63.2 96 5
280 2371 601.2 49.7 61.6 - -
320 232.3 598.8 50.7 62.8 - -

aTensile tests conducted in air at a strain rate of 1.0 x 104 s-1.
bResults from vendor documents.
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4.1.1 Crack Growth Rates in Air

The results of the CGR tests on Alloys 600 and 690 in air under cyclic loading conditions
at 380°C and data obtained earlier95 at 35-320°C are listed in Table 19. The experimental
CGRs and those predicted from Eq. 19 are plotted in Fig. 30. The results indicate that in the
range of 35-289°C, temperature has little or no apparent effect on CGRs. However, for the
tests at 320 and 380°C, the observed CGRs are greater than those predicted by Eq. 19. Based
on these data, the effect of temperature on CGR, i.e., an increase in growth rate with an
increase in temperature, could be greater than that observed for austenitic SSs in air.103
Because the tests at differing temperatures were conducted on differing heats and under
differing heat-treatment conditions, it is likely that the differences in CGRs of Alloys 600 and
690 are not due to the effect of temperature but rather to differences in material conditions.

Table 19. Crack growth rate data for Alloys 600 and 690 in air

Specimen Temp. Load Kmax AK CGR®
Number °C Ratio MPa.ml/2 MPaml/2 (m/s)
Alloy 600 (Heat NX8844.J-26) Solution Annealed 1038°C/1h
J26-03 35 0.50 30.60 15.30 9.34E-10
J26-03 35 0.45 30.90 17.00 1.14E-09
J26-03 35 0.40 31.30 18.78 1.64E-09
J26-03 35 0.35 31.60 20.54 2.12E-09
J26-03 35 0.30 32.30 22.61 2.84E-09
J26-03 35 0.25 32.80 24.60 3.65E-09
J26-03 35 0.20 33.00 26.40 4.08E-09
J26-03 35 0.55 33.40 15.03 9.97E-10
J26-03 35 0.70 34.10 10.23 3.58E-10
J26-03 35 0.80 34.30 6.86 1.38E-10
J26-03 35 0.65 34.60 12.11 5.68E-10
J26-03 35 0.80 34.70 3.47 1.60E-11
J26-03 35 0.85 34.80 5.22 5.60E-11
J26-03 130 0.60 35.30 14.12 1.06E-09
J26-03 130 0.70 35.50 10.65 4.60E-10
J26-03 130 0.80 35.50 7.10 1.29E-10
J26-03 130 0.80 35.60 3.56 1.10E-11
J26-03 130 0.50 35.80 17.95 1.76E-09
J26-03 130 0.40 36.30 21.78 2.96E-09
Jz2e-03 130 0.30 36.80 25.76 4.88E-09
J26-03 130 0.20 37.20 29.76 6.83E-09
J26-03 130 0.85 37.50 5.63 9.90E-11
Alloy 600 (Heat NX8197) Mill Annealed
197-10 289 0.20 31.40 25.12 5.88E-09
187-10 289 0.80 31.50 6.30 1.99E-10
197-10 289 0.40 32.20 19.32 3.30E-09
197-10 289 0.90 32.30 3.23 5.00E-12
197-10 289 0.60 40.10 16.04 1.86E-09
197-10 289 0.40 41.40 24.84 7.68E-09
197-10 289 0.20 42.60 34.08 1.88E-08
197-10 289 0.90 42.70 4.27 3.40E-11
197-10 289 0.40 46.80 28.08 1.15E-08
197-10 289 0.60 47.70 19.08 3.21E-09
197-10 289 0.20 47.80 4.78 5.20E-11
197-10 289 0.30 55.60 38.92 1.37E-08
197-10 289 0.90 55.80 5.58 1.12E-10
197-10 289 0.95 55.90 2.80 7.00E-12
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Table 19. (Continued)
Specimen Temp. Load Kmax AK CGR2
Number °C Ratio MPa.ml/2 MPaml/2 (m/s)
Alloy 600 (Heat NX8844B-33] Solution Annealed 872°C/1h
B33-01 320 0.20 26.32 21.06 3.68E-09
B33-01 320 0.25 26.80 20.10 4.05E-09
B33-01 320 0.30 27.55 19.29 3.98E-09
B33-01 320 0.35 28.18 18.32 3.37E-09
B33-01 320 0.40 28.53 17.12 2.76E-09
B33-01 320 0.50 28.72 14.36 1.66E-09
B33-01 320 0.60 28.80 11.52 8.44E-10
B33-01 320 0.70 28.99 8.70 4.59E-10
B33-01 320 0.75 29.13 7.28 3.26E-10
B33-01 320 0.80 20.37 5.87 2.76E-10
B33-01 320 0.83 29.59 5.03 1.38E-10
B33-01 320 0.86 29.65 4.15 6.60E-11
B33-01 320 0.90 29.70 2.97 1.60E-11
B33-01 380 0.80 30.78 6.16 7.02E-10
B33-01 380 0.83 31.15 5.29 1.70E-10
B33-01 380 0.86 31.27 4.38 3.50E-11
B33-01 380 0.90 31.52 3.15 3.40E-11
B33-01 380 0.75 31.80 7.98 7.07E-10
B33-01 380 0.70 32.24 2.67 9.22E-10
B33-01 380 0.60 32.77 13.11 1.94E-09
B33-01 380 0.50 34.03 17.02 4.39E-09
B33-01 380 0.40 35.18 21.11 9.03E-09
B33-01 380 030 37.22 26.05 1.52E-08
B33-01 380 0.20 40.07 32.06 2.40E-08
Alloy 690 (Heat NX&8244HK-1B) Solution Annealed 10983°C/1h
KiB-03 35 0.50 30.50 15.25 1.05E-09
K1B-03 35 045 30.90 17.00 1.34E-08
K1B-03 35 0.40 31.30 18.78 1.55E-09
K1B-03 35 0.35 31.60 20.54 2.18E-09
K1B-03 35 0.30 32.50 22.75 3.81E-09
K1B-03 35 0.25 33.30 24.98 5.67E-09
K1B-03 35 0.20 33.70 26.96 8.30E-09
K1B-03 35 0.55 34.50 15.53 1.53E-09
K1B-03 35 0.70 35.40 10.62 4.90E-10
K1B-03 35 0.80 35.60 7.12 2.05E-10
K1B-03 35 0.65 36.10 12.63 8.04E-10
K1B-03 35 0.90 36.10 3.61 1.20E-11
K1B-03 35 0.85 36.80 5.53 6.90E-11
K1B-03 130 0.60 37.80 15.14 1.58E-09
K1B-03 130 0.70 38.10 11.42 7.06E-10
K1B-03 130 0.80 38.20 7.65 2.39E-10
K1B-03 130 0.90 38.30 3.83 1.70E-11
K1B-03 130 0.50 38.70 19.37 1.99E-09
K1B-03 130 0.40 39.40 23.63 4.32E-09
K1B-03 130 0.30 40.40 28.26 8.29E-09
K1B-03 130 0.20 41.20 32.97 1.34E-08
K1B-03 130 0.85 41.80 6.27 1.72E-10
Alloy 690 (Heat NX8662HG-33) MA+ Thermally Treated 715°C/5h
HG-10 289 0.20 31.70 25.36 8.3%E-09
HG-10 289 0.80 31.90 6.38 2.74E-10
HG-10 289 040 32.80 19.74 4.68E-09
HG-10 289 0.90 32.80 3.29 2.00E-12
HG-10 289 0.60 41.30 16.52 2.85E-09
HG-10 289 0.40 43.10 25.86 1.07E-08
HG-10 289 0.20 45.30 36.24 2.81E-08
50
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Table 19. {(Continued)

Specimen Temp. Load Kmax AK CGR2
Number °C Ratio MPa.ml/2 MPaml/2 {m/s)
HG-10 289 0.80 45.40 4.54 5.50E-11
HG-10 289 0.40 53.00 31.80 1.94E-08
HG-10 289 0.60 55.00 22.00 6.16E-09
HG-10 289 0.90 55.20 5.52 1.21E-10
HG-10 289 0.30 67.20 47.53 5.53E-08
HG-10 289 0.90 68.60 6.86 2.02E-10
HG-10 289 0.95 68.60 3.43 8.00E-12
Allov 690 (Heat NX8244HK-1A) Solution Annealed 982°C/1h
K1A-02 320 0.20 26.86 21.49 5.07E-09
K1Aa-02 320 0.25 27.55 20.66 5.75E-09
K1A-02 320 0.30 28.78 20.15 5.70E-09
K1A-02 320 0.35 29.80 19.37 5.58E-09
K1A-02 320 0.40 30.54 18.32 5.07E-09
K1A-02 320 0.50 30.87 15.44 3.21E-09
K1A-02 320 0.60 31.10 12.44 1.69E-09
K1A-02 320 0.70 31.47 9.44 8.82E-10
K1A-02 320 0.75 31.78 7.93 4.86E-10
K1A-02 320 0.80 32.02 6.48 2.93E-10
K1A-02 320 0.83 32.18 5.47 8.90E-11
Kia-02 320 0.86 32.18 4.50 5.00E-12
K1A-02 320 0.90 32.18 3.22 2.00E-12
K1A-02 380 0.80 34.19 6.84 4.45E-10
K1A-02 380 0.83 34.84 5.92 2.39E-10
K1A-02 380 0.86 35.11 4.92 5.30E-11
K1A-02 380 0.80 35.29 3.53 4.20E-11
K1A-02 380 0.75 36.00 9.00 1.10E-09
K1A-02 380 0.70 36.67 11.00 1.64E-09
K1A-02 380 0.60 37.71 15.08 3.06E-09
K1A-02 380 0.50 40.31 20.16 7.00E-09
K1A-02 380 0.40 43.25 25.95 1.35E-08
K1A-02 380 0.30 48.27 33.79 2.62E-08
K1A-02 380 0.20 62.10 49.68 6.83E-08

aCrack length measured by DC potential drop method.
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Figure 30. Predicted vs. experimental values of crack growth rate of Alloys 600 and 690 in air at
temperatures between 35 and 380°C
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4.1.2 Crack Growth Rates under Constant Load in High-DO Water

The crack growth data for Alloy 600 and 690 specimens under constant load in high-DO
water (i.e., =300 ppb DO) between 200 and 320°C are listed in Table 20. The effect of the
stress intensity factor K on growth rates is shown in Fig. 31 for Alloys 600 and 690 at 289°C,
and the effect of temperature is shown in Fig. 32 for Alloy 600 at K values of 27-30 MPa-m! /2,
The results indicate that the CGRs for the hot-worked Alloy 600 are a factor of =5 greater
than those for the hot-worked + thermally treated Alloy 600. For both alloys, growth rates
increase slightly with increasing K; values of the power-law exponent n are 0.40 and 0.54,

Table 20. Crack growth rate data for Alloys 600 and 690 specimens under
constant load in high—purity water between 200 and 320°C

Specimen Test DO Temp. K CGRD
Number Environment2 (ppb) ) MPa.m1/2 (m/s)
Allov 600 {Heat NX8844.J-26) Solution Annealed 1038°C/ 1h
J26-04 HP =300 200 26.70 5.00E-11
J26-04 HP =300 240 26.60 6.50E-11
J26-04 HP =300 289 26.50 9.40E-11
J26-04 HP 6200 289 26.90 3.20E-11
J26-04 HP =300 289 27.20 7.00E-12
J26-04 HP =300 320 29.30 6.20E-11
J26-04  HP + 150 ppb sulfate <300 320 29.80 6.60E-11
J26-04 HP + 1000 ppb sulfate =300 320 39.20 1.22E-10
Alloy 600 {(Heat NX8844B-33) Solution Annealed 872°C/1h
B33-02 HP ‘ =300 200 28.20 2.40E-11
B33-02 HP =300 240 28.20 2.20E-11
B33-02 HP =300 289 28.10 5.40E-11
B33-02 HP =300 289 28.40 2.20E-11
B33-02 HP =300 289 28.60 2.20E-11
B33-02 HP =300 320 30.00 7.00E-12
B33-02 HP + 1000 ppb sulfate =300 320 38.20 5.80E-11
Alloy 600 (NX8844G-3) Hot-Worked 982°C, 20% Reduction
G3-04 HP =300 289 26.50 8.60E-11
G3-04 HP + 1000 ppb sulfate =300 289 28.30 5.70E-10
G3-04 HP + 3000 ppb sulfate =300 289 28.80 5.50E-10
G3-04  HP+100ppbsulfate =300 289 30.60 3.32E-10
G3-04 HP + 30 ppb sulfate =300 289 31.80 8.26E-10
G3-04 HP =300 289 33.40 1.52E-10
G3-04 HP =300 289 42.10 8.20E-11
G3-04 HP =300 288 51.00 1.37E-10
G3-03 HP =300 289 26.70 2.40E-11
G303  HP+1000ppbsulfate =300 289 27.20 1.48E-10
G3-03 HP + 3000 ppb sulfate =300 289 27.30 1.40E-10
G3-03  HP+100ppbsulfate =300 289 27.80 6.70E-11
G3-03 HP + 30 ppb sulfate =300 289 27.80 3.80E-11
G3-03 HP =300 289 28.10 1.60E-11
G3-03 HP =300 289 33.80 2.00E-11
G3-03 HP =300 289 40.60 2.60E-11
G3-02 HP =300 200 27.80 1.95E-10
G3-02 HP =300 240 27.30 1.38E-10
G3-02 HP =300 289 26.90 5.30E-11
G3-02 HP =300 289 28.20 2.25E-10
G3-02 HP =300 289 29.30 4.80E-11
G3-02 HP =300 320 31.30 6.00E-12
G302  HP+150ppbsulfate =300 320 31.80 2.70E-11
G3-02 HP + 1000 ppb sulfate =300 320 40.20 3.40E-11
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Experimental CGR (m/s)

Experimental CGR (m/s)

Table 20. (Continued)

Specimen Test DO Temp. K CGRP
Number Environment? (ppb) 0 MPa.m1/2 (m/s)
Alloy 690 (Heat NX8244HK-1B) Solution Annealed 1093°C/1h
K1B-04 HP =300 289 26.10 2.00E-12
K1B-04 HP + 1000 ppb sulfate =300 289 26.20 4.00E-12
K1B-04 HP + 3000 ppb sulfate =300 289 26.20 2.00E-12
K1B-04 HP + 100 ppb sulfate =300 289 26.20 2.00E-12
K1B-04 HP + 30 ppb sulfate =300 289 26.20 3.00E-12
K1B-04 HP =300 289 26.20 6.00E-12
K1B-04 HP =300 289 31.40 4.00E-12
K1B-04 HP =300 289 40.60 5.00E-12

aHP = High-purity water. Sulfate added as HaSO4.
bCrack length measured by DC potential drop method.
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respectively, for the hot-worked and hot-worked + thermally treated Alloy 600. The addition of
sulfate increased the CGRs of both alloys by a factor of 3-7. The Alloy 690 specimens show
little dependence of K on growth rates. The CGRs for Alloy 690 range between =2 x 10-12 and
6 x 10712 m/s; however, these values may be below the sensitivity of the crack-length
monitoring system. Also, the addition of sulfates exerted no effect on the growth rates of
Alloy 690.

Between 200 and 320°C, the CGRs in solution-annealed Alloy 600 are weakly dependent
on temperature. Although there is considerable uncertainty because the data set is small and
the data are scattered, these CGRs appear to increase slightly with increasing temperature.
However, the growth rates in hot-worked Alloy 600 (20% reduction) decrease significantly with
temperature and become comparable to those in the solution-annealed materials. A decrease
in the CGRs of SCC in simulated BWR environments at temperatures above 288°C has been
observed in austenitic SSs.194:105 n that case, however, the decrease was much greater and
produced CGRs <1071! m/s in the SS.

5 Summary of Resulis

5.1 Environmental Effects on Fatigue S—N Behavior of Primary Pressure
Boundary Materials

The existing fatigue S-N data on the effects of various material, loading, and
environmental parameters on the fatigue lives of carbon and low-alloy steels and austenitic
SSs have been summarized. Two approaches have been proposed for incorporating the effects
of LWR environments into ASME Section III fatigue evaluations: (a) develop new design fatigue
curves for LWR applications, and (b) use a fatigue life correction factor to account for
environmental effects. Both methods of evaluating fatigue lives are based on statistical
models for estimating fatigue lives of carbon and low-alloy steels and austenitic SSs in LWR
environments. The environmentally adjusted design fatigue curves provide allowable cycles for
fatigue crack initiation in LWR coolant environments. The design curves for carbon and low-
alloy steels as well as for austenitic SSs maintain the margin of 20 on life. However, to be
consistent with the current ASME Code curves, the margin on stress is 2 for carbon and low-
alloy steels and 1.5 for austenitic SSs.

In the Fen method, environmental effects on life are estimated from the statistical models
but the correction is applied to fatigue lives estimated from the current Code design curves.
Therefore, estimates of fatigue lives that are based on the two methods may differ because of
differences in the ASME mean curve and the best-fit curve to existing fatigue data. The
existing fatigue S-N data indicate that the current Code design curve for CSs is comparable to
the statistical-model curve for LASs, whereas, it is somewhat conservative at stress levels
<500 MPa when compared with the statistical-model curve for CSs. Consequently, usage
factors based on the Fen, method would be comparable to those based on the environmentally
adjusted design fatigue curves for LASs and would be somewhat higher for CSs.

For austenitic SSs, the ASME mean curve and consequently the current Code design
fatigue curve are nonconservative in air when compared with the statistical-model curve and a
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corresponding design curve, i.e., it predicts longer fatigue lives than the bestfit curve to the
existing S-N data. Consequently, before adjusting for the conservatism in the design curves,
usage factors that are based on the Fepn method would be lower than those determined from
design fatigue curves based on the Argonne results.

Fatigue tests have also been conducted to determine the crack initiation and growth
characteristics of austenitic SSs in air and LWR environments. Results of fatigue tests that
examine the influence of the reactor environment on the formation and growth of short cracks
in Types 304 SS are presented. Crack lengths as a function of fatigue cycles were determined
in air and water environments. The significant conclusions are summarized below.

» At the same fraction of life, the crack lengths are longer in water than in air. The crack
growth rates in water are greater than those in air, and the CGRs in PWR water are
greater than those in high-DO water.

¢ The decrease in fatigue life of Type 304 austenitic SS in LWR water is primarily caused by
the effects of environment on the growth of short cracks that are <500 um deep.

s The results from the present study are not consistent with the slip dissolution model for
enhanced CGRs in LWR environments. Oxide film rupture strengths and/or Hp evolution
may play a greater role in these environments.

5.2 Irradiation—-Assisted Stress Corrosion Cracking of Austenitic Stainless
Steels

Sixteen austenitic SS alloys that were irradiated at 289°C in He to a fluence of =0.3
x 102! n.em~2 (E > 1 MeV) and nine alloys that were irradiated to a fluence of =0.9 x 1021
n-cm—2 (E > 1 MeV) were subjected to SSRT tests and posttest fractographic analyses by SEM.
After irradiation to =0.3 x 102! n.cm2 or =0.9 x 1021 n.cm2 (E > 1 MeV), strong heat-to-heat
variation in irradiation-induced hardening was observed. Heat-to-heat variations in
susceptibilities to IGSCC and TGSCC were very significant among steels of the same grade
that contain nominally similar concentrations of alloying and impurity elements, as defined
in the ASTM specifications. After irradiation to a fluence of =0.3 x 1021 n.cm™2 (E > 1 MeV),
an HP laboratory heat of Type 316L SS that contains a very low concentration of Si exhibited
the highest susceptibility to IGSCC. All of the other 15 alloys exhibited negligible
susceptibility to IGSCC at this low fluence.

Silicon atoms profoundly affect irradiation-induced hardening of and irradiation-induced
microstructural evolution in Type 304 SSs. A high concentration of Si is conducive to less
irradiation-induced hardening and a lower number density of Frank loops. Susceptibilities to
TGSCC of 16 alloys at =0.3 x 1021 n.cm~2 (E > 1 MeV) could be correlated in terms of N and Si
concentrations. All alloys that contained <0.01 wt.% N and <1.0 wt.% Si were susceptible,
whereas all alloys that contained >0.01 wt.% N or >1.0 wt.% Si were relatively resistant.
Because practically all commercial heats of Type 304 or 304L SSs contain >100 wppm N, this
means that, to delay onset of and increase resistance to IASCC, it is helpful to ensure a
certain minimum concentration of Si. Results of initial tests on alloys irradiated to a fluence
of =0.9 x 1021 n.cm2 (E > 1 MeV) were consistent with the finding that a low level of Si {<0.5
wt.%) is conducive to relatively higher susceptibility to IASCC. Consistent with the effect in
Type 304 SSs, a low concentration of Si (e.g., <0.26 wt.%) appears to promote higher
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susceptibility of HP heats of Type 316 SS to IASCC when compared with CP heats that contain
high concentration of Si.

At =0.3 x 1021 n.cm2 to =0.9 x 102 n-cm~2 (E > 1 MeV), the beneficial effect of a high
concentration of Cr was significant. Alloys that contain <15.8 wt.% Cr exhibited higher
susceptibilities to TGSCC and IGSCC, compared to an alloy that contains >21 wt.% Cr.

Fracture toughness J-R curve tests have been conducted on two heats of Type 304 SS
that were irradiated to a fluence of =0.3 x 102! n.cm=2 (E > 1 MeV) at =288°C in a He
environment in the Halden boiling heavy-water reactor. The tests were performed on 1/4-T CT
specimens in air at 288°C; crack extensions were determined by both DC potential and elastic
unloading compliance techniques. Neutron irradiation at 288°C to 0.3 x 1021 n.cm™2
decreased the fracture toughness of both heats. The commercial heat C19 exhibited fracture
toughness that is superior to the fracture toughness of the laboratory heat 120. The values of
fracture toughness Jjc are 2500 kJ/m? for C19 and =60 kJ/ m? for L20.

5.3 Environmentally Assisted Cracking of Low—Carbon Alioys 600 and 690 in
Simulated LWR Water

Fracture-mechanics CGR tests have been conducted on CT specimens of several heats of
Alloys 600 and 690 in annealed, and in annealed and thermally treated, conditions in HP
water with DO levels between 1 and 7500 ppb and in low-DO water that contained boric acid,
lithium hydroxide, and low concentrations of dissolved H at 200-320°C. Fracture-mechanics
CGR tests were also conducted on CT specimens of several of these alloys in air at
temperatures between 35 and 320°C. Correlations have been developed for estimating the
CGRs of Alloys 600 and 690 as a function of stress intensity, load ratio, and DO level.
However, because the experimental data were obtained for only a single rise time, alternate
forms for the correlations have also been developed to extrapolate the results to other rise
times, i.e., frequencies. Experiments are planned to verify the predictions of the correlation
for the effect of rise time/frequency.

The CGRs in the low-C heat of Alloy 600 do not appear to be sensitive to either heat
treatment or DO level, whereas the CGRs in the high-C heats show a strong environmental
enhancement in high-DO environments. The results are inconclusive for the high-C Alloy 600
in low-DO environments. Alloy 690 shows only a modest environmental enhancement in low-
DO environments: environmental effects appear to be independent of the loading conditions
as long as CGRajr 2 10-11 s-1. The CGRs in Alloy 690 in high-DO water show some
environmental enhancement for loading conditions that correspond to low CGRs in air.

During the current reporting period crack growth tests have been performed on Alloys 600
and 690 under cyclic loading conditions in air at 380°C. The results indicate that in the range
of 35-289°C, temperature has little or no apparent effect on CGRs. The observed CGRs at 320
and 380°C are greater than those at 35-289°C. However, because the tests at differing
temperatures were conducted on differing heats and under differing heat-treatment
conditions, it is likely that the differences in CGRs are not due to the effect of temperature
but rather to the differences in material conditions.

Constant load crack growth tests have also been conducted on CT specimens of Alloys
600 and 690 in high-DO water at 200-320°C. The growth rates for the hot-worked Alloy 600
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are a factor of =5 higher than those for the hot-worked + thermally treated Alloy 600. The
addition of sulfate increased the CGRs of both alloys by a factor of 3-7. The Alloy 690
specimens show little dependence of K on growth rates; the CGRs range between =2 X 10-12
and 6 x 10-12 m/s, values that may be below the sensitivity of the crack-monitoring system.
The results indicate that for Alloy 600, the CGRs increase slightly with increasing stress
intensity factor K.
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