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Environmentally Assisted Cracking In Light Water Reactors
Annual Report January-December 2001

by

0. Y. Chopra, H. M. Chung, R W. Clark, E. E. Gruber,
J. M. Hiller, W. J. Shack, W. K. Soppet, R V. Strain

Abstract

This report summarizes work performed by Argonne National Laboratory on fatigue and
environmentally assisted cracking (EAC) in light water reactors (LWRs) from January to
December 2001. Topics that have been investigated Include (a) environmental effects on
fatigue S-N behavior of austenitic stainless steels (SSs), (b) irradiation-assisted stress corrosion
cracking (ASCC) of austenitic SSs, and (c) EAC of Alloy 600.

The effects of key material and loading variables, such as strain amplitude, strain rate,
temperature, dissolved oxygen (DO) level in water, and material heat treatment, on the fatigue
lives of wrought and cast austenitic SSs in air and LWR environments have been evaluated.
The mechanism of fatigue crack initiation in austenitic SSs in LWR environments has also
been examined. The results indicate that the presence of a surface oxide film or difference in
the characteristics of the oxide film has no effect on fatigue crack Initiation in austenitic SSs in
LWR environments.

Slow-strain-rate tensile tests and post-test fractographic analyses were conducted on
several model SS alloys irradiated to -2 x 1021 n-cn 2 (E > 1 MeV) (=3 dpa) In He at 2890C In
the Halden reactor. The results were used to determine the Influence of alloying and Impurity
elements on the susceptibility of these steels to LASCC. Corrosion fatigue tests were conducted
on nonirradiated austenitic SSs in high-purity water at 289°C to establish the test procedure
and conditions that will be used for the tests on irradiated materials. A comprehensive
irradiation experiment was initiated to obtain many tensile and disk specimens irradiated
under simulated pressurlzed water reactor conditions at =3250C to 5, 10, 20, and 40 dpa.

Crack growth tests were completed on 30o cold-worked Alloy 600 in high-purity water
under various environmental and loading conditions. The results are compared with data
obtained earlier on several heats of Alloy 600 tested in high-DO water under several heat
treatment conditions.
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Executive Summary

The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear
power plant components. Appendix I to Section m of the Code specifies fatigue design curves
for structural materials. However, the effects of light water reactor (LWR) coolant environments
are not explicitly addressed by the Code design curves. Test data illustrate potentially
significant effects of LWR environments on the fatigue resistance of carbon and low-alloy steels
and austenitic stainless steels (SSs). The effects of key material and loading variables, such as
strain amplitude, strain rate, temperature, dissolved oxygen (DO) level in water, and material
heat treatment, on the fatigue lives of wrought and cast austenitic SSs in air and LWR
environments have been evaluated. Unlike carbon and low-alloy steels, environmental effects
on the fatigue life of austenitic SSs are significant In low-DO water; effects on life in high-DO
water are either comparable or, for some steels, less pronounced than those in low-DO water.

The mechanism of fatigue crack initiation In austenitic SSs in LWR environments has
also been examined. Crack lengths as a function of fatigue cycles have been determined In air
and LWR environments. The decreases In the fatigue lives of these steels are caused prnarlily
by the effects of environment on the growth of microstructurally small cracks and, to a lesser
extent, on enhanced growth rates of mechanically small cracks. Exploratory fatigue tests were
conducted to gain an understanding of the effects of surface micropits or minor differences in
the surface oxide on fatigue crack initiation. The results indicate that the presence of a surface
oxide film or any difference in the characteristics of the oxide film has no effect on fatigue crack
initiation in austenitic SSs in LWR environments.

Hot-cell tests are being conducted to determine the susceptibility to irradiation-assisted
stress corrosion cracking (tASCC) of model austenitic SSs that were irradiated in the Halden
boiling heavy water reactor in simulation of irradiation-induced degradation of boiling water
reactor (BWR core internal components. Slow-strain-rate tensile tests in BWR-like water were
conducted on 23 model austenitic SS alloys irradiated at 288 0C in He in the Halden reactor to
a fluence of =2 x 1021 n-cm 2 (E > 1 MeV) (=3 dpa). Fractographic analysis by scanning
electron microscopy was conducted to determine the influence of alloying and impurity
elements on the susceptibility of these steels to IASCC. The results were compared with
similar data obtained for 16 alloys irradiated to a fluence of =0.3 x 1021 n-cm-2 (=0.43 dpa).

As fluence was increased from =0.3 x 1021 n cm-2 (E > 1 MeV) to =2.0 x 1021 n cm 2, the
effect of S on the susceptibility of Type 304 and 304L SSs to LASCC became more pronounced.
Heats that contain very low concentrations of S of S0.002 wt.% were not susceptible to IASCC,
whereas heats that contain higher concentrations of S were susceptible. In spite of high
S content, a model austenitic SS alloy that contained a high concentration of Cr (21 wt.%) and
=3 vol.% delta ferrite exhibited excellent resistance to ASCC after irradiatlon up to =2.0 x
1021 n cm 2 (E > 1 MeV). This behavior has been explained on the basis of the effect of delta
ferrite on the distribution of S in the alloy. he solubility limit of S is several times higher in
delta ferrite than in the austenitic phase. Therefore, the delta ferrite globules act as trapping
sites of S atoms. As a consequence, the tendency of S to concentrate on austenite grain
boundaries is greatly reduced, and the susceptibility to IASCC may be suppressed in irradiated
steels that contain small volume fractions of delta ferrite. However, If the volume fraction of
delta ferrite is too great, embrittlement of the ferrite phase could lead to unacceptable
degradation of the fracture toughness of the irradiated steel.
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Fracture toughness J-R curve tests and stress corrosion crack growth tests are also being
conducted on commercial heats of austenitic SSs irradiated to fluence levels up to
2 x 1021 n cm72 (E >1 MeV) at 2880C. During the current reporting period, corrosion fatigue
tests were conducted on nonirradiated austenitic SSs in high-purity water at 2890C to
establish the test procedure and conditions that will be used for the tests on irradiated
materials. Crack growth tests have been completed on 1 /4-T compact tension (Cl) specimens
of two heats of thermally aged CF8M cast SS and a 50% cold-worked Type 316LN SS in
high-purity water at 2890C. The results show good agreement with the data obtained on
1-T CT specimens.

The resistance of Ni alloys to EAC in simulated LWR environments is being evaluated.
Existing crack growth rate (CGR) data for Alloys 600 and 690 under cyclic loads have been
analyzed to establish the effects of alloy chemistry, material heat treatment, cold work,
temperature, load ratio R stress intensity K, and DO level. To obtain a qualitative
understanding of the degree and range of conditions that are necessary for significant
environmental enhancement in growth rates, the experimental CGRs in high-temperature,
high-purity water are compared with CGRs that would be expected in air under the same
mechanical loading conditions. The fatigue CGRs of Alloy 600 are enhanced in high-DO water;
the environmental enhancement of growth rates does not appear to depend on either the
C content or heat treatment of the material. Also, in high-DO water, the CGRs at 3200C are
comparable to those at 2890C. In low-DO water, environmental enhancement of CGRs of
Alloy 600 seems to depend on material conditions such as yield strength and grain boundary
coverage of carbides. The data suggest that materials with high yield strength and/or low
grain boundary coverage of carbides exhibit enhanced CGRs. Correlations have been
developed for estimating the enhancement of CGRs of Alloy 600 in LWR environments relative
to the CGRs in air under the same loading conditions.

During the current reporting period, CGR tests were completed on 30% CW Alloy 600
(Heat NX131031) specimen in high-purity water under various environmental and loading
conditions. The growth rates from these tests are compared with data obtained earlier on
several heats of Alloy 600 tested in high-DO water under several heat treatment conditions.
The environmental enhancement of CGRs of 30% CW Alloy 600 in high-DO water appears to be
a factor of 2-3 lower than that observed earller for the mill-annealed material. Part of this
difference may be due to a change in the CGRs in air for the CW material.
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1 Introduction

Since 1967, the Nuclear Regulatory Commission (NRC) and its predecessor the Atomic
Energy Commission (AEC) have conducted research programs that address aging of reactor
components. The results of this 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, i.e., technical reports, methodologies for evaluating licensee
submittals, and other inputs to the regulatory process, have led to the resolution of regulatory
issues, as well as the development, validation, and improvement of regulations and regulatory
guides. The research on the effects of the environment on component cracking, was initiated in
response to the determination that environmental effects were critical to several important
cracling phenomena In LWR components. A major research program at Argonne National
Laboratory ANL) was initiated In 1979 to address pipe cracking problems in boiling water
reactors (BWRs). Since that time, n response to needs for additional research to support the
Office of Nuclear Reactor Regulation (NRR) in dealing with developing cracking problems in
aging reactors, the focus of the project has shifted to address other problems in environmental
cracking of LWR components. In recent years this activity has been supplemented by NRC
participation in the Cooperative Irradiation Assisted Stress Corrosion Cracking Research (CIR)
Program, a proprietary activity in which groups in several countries contribute money that is
used to support research on irradiation-assisted stress corrosion cracking (IASCC) problems of
common interest

This project consists of several tasks with differing objectives, so the objectives are best
described on a task-by-task basis:

Task 1: Environmental Effects on Fatigue Crack Initiation.

The objective of this task is to provide information on such topics as fatigue crack
initiation in stainless steel (SS), and the synergistic effects of surface finish or loading
sequence and environment on fatigue life. A comprehensive evaluation of SS fatigue
test specimens will be performed to explain why environmental effects are more
pronounced in low-dissolved oxygen (DO) than high-DO water. The contractor will
review and evaluate Issues related to environmental effects on fatigue as required by the
NRC, and participate in ASME Code committees to incorporate the effects of LWR
environments in fatigue life analyses.

Task 2: Evaluation of the Causes and Mechanisms of IASCC in BWRs.

This task will evaluate the susceptibility of austenitic SSs and their welds to IASCC as a
function of fluence level, water chemistry, material chemistry, welding process, and
fabrication history. It will provide data and technical support required for
determination of inspection interval, to help NRC address various issues that arise in
license renewal or other licensee submittals. Crack growth rate (CGR) tests and slow
strain rate tests (SSRTs) will be conducted on high-fluence model SSs from Halden
Phase-I irradiations (carriled out under NRC FIN W6610) to investigate the effects of
material chemistry and irradiation level on the susceptibility of SSs to IASCC. CGR
tests will be conducted on submerged arc (SA) and shielded metal arc (SMA) welds of
Types 304 and 304L SS irradiated to 1.2 x 1021 n/cm2 in the Halden reactor to
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establish the effects of fluence level, material chemistry, and welding process on LASCC.
Also, SSRTs and CGR tests will be carried out on grain boundary optimized (GBO)
model SS alloys to study the effect of grain boundary geometry on IASCC and
investigate the prospect of using grain boundary optimization as a mitigative measure.
Models and codes developed under CIR and from industry sources wll be benchmarked
and used in conjunction with this work.

Industry developed crack growth models wll be analyzed and assessed. Also, the
effectiveness of mitigative water chemistry measures, e.g., hydrogen water chemistry or
noble metal additions, will be assessed. Much of this assessment wll depend on data
provided by industry, data available in the literature, and data developed as part of this
task. However, for CGR models for irradiated materials, It is anticipated that relatively
few data will be available because of the expense and difficulty of testing. Additional
testing on nonirradiated materials will be performed to provide "limiting cases" against
which the models can be tested. These tests will seek to determine the effects of Cr
level in the steel and cold work on CGRs in austenitic SSs in LWR environments. This
wlll be accomplished by procuring material and fabricating and testing compact-tension
(CT] specimens from model SS alloys with lower Cr content and cold-worked (CW)
Types 304L and 304 SS.

Task 3: Evaluation of Causes and Mechanisms of IASCC of Austenitic SS in PWRs.

The task will focus on (a) evaluation of the effects of very high fluence on CGRs,
(b) neutron irradiation embrittlement, e.g., loss of fracture toughness, and (c) void
swelling behavior in austenitic SSs. Tests wll be conducted on material procured from
EBR-II reactor hex cans or irradiated in the BOR-60 reactor in Russia.

Task 4: Cracking of Nickel Alloys and Weldments.

The objective of this task Is to provide the NRC with technical data on the implications
of cracks in Ni-alloy components and weldments for residual life, inspection, and repair.
Many reactor vessel internal components are made of alloys such as Alloy 600,
Alloy X750, and Alloy 182, which are susceptible to intergranular stress corrosion
cracking (IGSCC). The causes and mechanisms of this cracking and the implications of
microstructure, microchemistry, and surface finish for component life are also not
understood, and thus lead to greater uncertainty in licensee submissions that address
issues such as damage accumulation and inspection intervals. The NRC research
program will address these issues and provide data required to support staff
assessment of industry CGR models, and potential detection and mitigation measures.

Task 5: Investigation of Other Modes of Degradation in High-Fluence Materials in PWR Environments.

Research at Saclay has shown that gas generation in high fluence materials can
produce unexpected changes in material behavior. Because studies on materials at
high fluences and at temperatures of interest to LWRs are relatively limited, it is
possible that additional degradation phenomena beyond those studied in detail in the
other tasks could occur. The work in this task would seek to study, in cooperation with
staff at Saclay and others in CR the potential for other degradation phenomena.
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2 Environmental Effects on Fatigue Crack Initiation In Austenitic
Stalnless Steels (0. K. Chopra)

2.1 Introduction

Cyclic loadings on a structural component occur because of changes in mechanical and
thermal loadings as the system goes from one load set (e.g., pressure, temperature, moment,
and force loading) to any other load set For each load set, 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 1-9.1 through 1-9.6 of Appendix I to Section III of
the ASME Boiler and Pressure Vessel Code specify design fatigue 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 ASME Code Section m requires
that the CUF at each location must not exceed 1.

The ASME Code fatigue design curves, given in Appendix I of Section m. are based on
strain-controlled tests of small polished specimens at room temperature in air. The design
curves have been developed from the best-fit curves to the experimental fatlgue-strain-vs.-life
(C-N) data that are expressed in terms of the Langer equationl of the form

ea = B(N)b + A, (1)

where ea is the applied strain amplitude, N is the fatigue life, and A. B, and b are parameters
of the model. Equation 1 may be written in terms of stress amplitude S, instead of ea, in
which case stress amplitude is the product of E. and elastic modulus E, I.e., S, = E ea. The
fatigue design curves were developed from the best-fit experimental curves by first adjusting
for the effects of mean stress on fatigue life and then reducing the fatigue life at each point on
the adjusted curve by a factor of 2 on strain or 20 on cycles. However, because the Code mean
fatigue curve for austenitic SSs does not accurately represent the available experimental
data,2 .3 the current Code design curve for SSs includes a reduction of only =1.5 and 15 from
the mean curve for the SS data, not the 2 and 20 originally intended.

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. Although the Section I criteria document4 states that these factors were
intended to cover such effects as environments size, and scatter of data, Subsection NB-3121 of
Section I of the Code explicitly notes that the data used to develop the fatigue design curves in
Section III did not Include tests subjected to corrosive environments that might accelerate
fatigue failure. Article B-2131 in Appendix B to Section states that the owner's design
specifications should provide information about any reduction to fatigue design curves that has
been necessitated by environmental conditions.

Existing fatigue e-N data illustrate potentially significant effects of LWR coolant
environments on the fatigue resistance of carbon and low-alloy steels,5 1 1 as well as of
austenitic SS3.12-18 (Fig. 1). The key parameters that influence fatigue life In LWR
enviromnents are temperature; DO level in water; strain rate; strain (or stress) amplitude; and,
for carbon and low-alloy steels, S content In the steel. Under certain environmental and
loading conditions, fatigue lives of carbon steels can be a factor of 70 lower in coolant
environments than in air.7-9
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Figure 1. e-N data for (a) carbon steels and (b) austenitic stainless steels in water;

RT = room temperature.

For carbon and low-alloy steels, environmental effects on fatigue life are significant in
high-DO water (>0.04 ppm DO) and only moderate (less than a factor of 2 decrease in life) in
low-DO water. The reduction in fatigue life of carbon and low-alloy steels in LWR
environments has been explained by the slip oxidation/dissolution mechanism for crack
advance. 19 The requirements for the model are that a strain increment occur to rupture the
protective surface oxide film and thereby expose the underlying matrix to the environment;
once the passive oxide film is ruptured, crack extension is controlled by dissolution of freshly
exposed surfaces and their oxidation characteristics. Unlike the case of carbon and low-alloy
steels, environmental effects on the fatigue lives of austenitic SSs are significant in low-DO
(i.e., <0.01 ppm DO) water; in high-DO water, environmental effects appear to be either
comparable15.16 or, in some cases, smaller3 than those in low-DO water. These results are
difficult to reconcile in terms of the slip oxidation/dissolution model.

This report examines the mechanism of fatigue crack initiation in austenitic SSs in LWR
coolant environments. The effects of key material and loading variables on the fatigue lives of
wrought and cast austenitic SSs in air and LWR environments have been evaluated. The
influence of reactor coolant environments on the formation and growth of fatigue cracks in
polished smooth specimens is discussed. Crack length as a function of fatigue cycles was
determined in water by block loading that leaves beach marks on the fracture surface. Fatigue
test specimens were examined to characterize the fracture morphology. Exploratory fatigue
tests were conducted on austenitic SS specimens that were preexposed to either low- or
high-DO water and then tested in air or water environments in an effort to understand the
effects of surface micropits or minor differences in the surface oxide on fatigue crack initiation.

2.2 Fatigue s-N Behavior

2.2.1 Air Environment

The existing fatigue data indicate that, in air, the fatigue lives of Types 304 and 316 SS
are comparable; lives of Type 316NG are slightly higher at high strain amplitudes.3 . 12.13 The
fatigue -N behavior of cast CF-8 and CF-8M SS is similar to that of wrought austenitic SSs.

4



Also, the fatigue 1ife of austenitic SSs in air Is Independent of temperature in the range from
room temperature to 4270C.a2O Although the effect of strain rate on fatigue life seems to be
significant at temperatures above 4000C, variation in strain rate n the range of 0.4-0.008%/s
has no effect on the fatigue lives of SSs at temperatures up to 4000C.21 The cyclic
stress-vs.-strain curves for Types 304, 316, and 316NG SS at room temperature and 288°C
have been presented elsewhere.3 During cyclic loading, austenitic SSs exhibit rapid hardening
within the first 50-100 cycles; the extent of hardening increases with increasing strain
amplitude. and decreasing temperature and strain rate.3 .21 The initial hardening is followed by
softening and a saturation stage at high temperatures, e.g., 288°C, and by continuous
softening at room temperature.

2.2.2 LWR Environments

The fatigue lives of austenitic SSs are decreased in LWR environments; the reduction in
life depends on strain amplitude, strain rate, temperature, and DO level in the water.al 2 -l8
The effects of LWR environments on fatigue lives of wrought materials are comparable for
Types 304, 316, and 316NG SS, whereas the effects on cast materials differ somewhat. The
critical parameters that influence fatigue life and the threshold values that are required for
environmental effects to be significant are summarized below.

Strain Arnptude- A minimum threshold strain is required for an environmentally assisted
decrease in fatigue lives of SSs. he threshold strain Is the minimum total applied strain above
which environmental effects are significant. Even within a given loading cycle, environmental
effects are significant at strain levels greater than the threshold value. The threshold strain
appears to be independent of material type (weld or base metal) and temperature in the range
of 250-325°C, but it tends to decrease as the total applied strain is decreased.17 Also, the
threshold strain does not correspond to rupture strain of the surface oxide film. The fatigue
life of Type 304 SS tested in low-DO water at 2880C with a 2-min hold period at zero strain
during the tensile-rise portion of the cycle was identical with that of tests conducted under
similar loading conditions but without the hold period.22 If this threshold strain corresponds
to the rupture strain of the surface oxide film, a hold period at the middle of each cycle should
allow repassivation of the oxide film, and environmental effects on fatigue life should diminish.

Loading Cycle: Environmental effects on fatigue -life occur primarily during the
tensile-loading cycle and at strain levels greater than the threshold value. Consequently,
loading and environmental conditions, e.g., strain rate, temperature, and DO level, during the
tensile-loading cycle are important for environmentally assisted reduction of fatigue lives of
these steels. Umited data indicate that hold periods during peak tensile or compressive strain
have no effect on the fatigue life of austenitic SSs in high-DO water. The fatigue lives of
Type 304 SS tested with a trapezoidal waveform23 are comparable to those tested with a
triangUlar waveform. 3.1

Strain Rate: Fatigue life decreases with decreasing strain rate. In low-DO pressurized
water reactor PWR) environments, fatigue life decreases logarithmically with decreasing strain
rate below -0.4%/s: the effect of environment on life saturates at -0.0004%/s (Fig. 2).a 12-18 A
decrease in strain rate from 0.4 to 0.0004%/s decreases the fatigue life of austenitic SSs by a
factor of -10. For some SSs, the effect of strain rate may be less pronounced in high-DO water
than In low-DO water. For cast SSs, the effect of strain rate on life Is the same In low- and
high-DO water and comparable to that observed for the wrought SSs in low-DO water. 15 '1 6
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Figure 2. Dependence of fatigue life of austenitic stainless steels on strain rate in low-DO water
(Refs.3,13,1518).

Dissolved Oxygen n Water. 'Me fatigue lives of austenitic SSs are decreased signtificantly
in low-DO (i.e., <0.0 ppm DO) waterS the decrease in ife is greater at low strain rates and
high temperatures. 3.1218 Environmental effects on the fatigue lives of these steels in high-DO
water are not well known; the magnitude of environmental effects in high-DO water may be
influenced by the composition or heat treatment of the steel. The existing fatigue -N data
indicate that the fatigue lives of cast SSs are approximately the same in low- and high-DO
water and comparable to those observed for wrought SSs in low-DO water. 3 '15,16.18 The
fatigue lives of wrought SSs in high-DO water are comparable15 "16 for some steels and higher3

for other steels than those in low-DO water.

Only moderate environmental effects (less than a factor of 2 decrease in life) were
observed for a heat of Type 304 SS when conductivity of the water was maintained
at <0. pS/cm and the electrochemical potential (ECP) of the steel was above 150 mV (Fig. 3).22
During a laboratory test, the time to reach these stable environmental conditions depends on
test parameters such as the autoclave volume, flow rate, etc. In the ANL test facility, fatigue
tests on austenitic SSs in high-DO water required a soaking period of 5-6 days for the ECP of
the steel to stabilize. The steel ECP increased from zero or a negative value to above 150 mV
during this period. The fatigue lives of Type 304 SS specimens soaked for =5 days in high-DO
water before testing in high-DO water at 289-C and =0.38 and 0.25% strain amplitude, are
plotted as a function of strain rate in Fig. 3a. Similar results for Type 316NG specimens that
were soaked for only one day before testing are shown in Fig. 3b. For Type 304 SS, fatigue life
decreases linearly with decreasing strain rate in low-DO water, whereas in high-DO water,
strain rate has no effect on fatigue life. For example, the fatigue life at -0.38% strain
amplitude and 0.0004%/s strain rate is =1500 cycles in low-DO water and >7300 cycles in
high-DO water. At all strain rates, the fatigue life of Type 304 SS is 30% lower in high-DO
water than In air. However, the results obtained at MHI, Japan, on Types 304 and 316 SS
show a different behavior; environmental effects are observed to be the same in high- and
low-DO water. 15.16 As discussed later in this section, the composition or heat treatment of the
steel have an important Impact on the magnitude of environmental effects in high-DO water;
additional tests are in progress to establish the fatigue life of SSs in high-DO environments.

For 316NG, some effect of strain rate s observed in high-DO water, although it is smaller
than that in low-DO water (Fig. 3b). The differing strain rate effect for the two steels has been
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Figure 3. Dependence of fatigue life of Types (a) 304 and (b) 316NG stainless steel on strain rate in
high- and low-DO water at 288°C (Refs. 3,22).

explained on the basis of the shorter soak period for Type 316NG specimens, e.g., 24 h for
Type 316NG and -120 h for Type 304 SS.2 2 Environmental conditions may not have been
stable for the tests on Type 316NG In high-DO water.

The effect of the conductivity of water and the ECP of the steel on the fatigue life of
austenitic SSs is shown in Fig. 4. Environmental effects are significant for the specimens that
were soaked for 24 h. For these tests, the ECP of steel was very low initially and increased
during the test. Also, in high-DO water, fatigue life is decreased by a factor of =2 when
conductivity of water is increased from =0.07 to 0.4 pS/cm.

I I I I I 1111 I I I I 111 -
Type 304 SS 2880C
Strain range *0.77%

Air - -. - - - . - Strain rate 0.00410.4 %Is g
i ~~- -r _-- DO 0.8 pprn

Effects of conductivity of water and soaking
-' ~period on fatigue life of Type 304 SS In
M | * | high-DO water (Ref. 22).

Simulated PWR

Open Symbols: ECP 155 mV (-1 2D h soak)
aosed Symnbots: ECP 30-145 mV (-20 h soak)

103 1 I I I IIII I I 1111
10.2 1a' 100

Conductivity of Water (Sicm)

The effects of water chemistry and soaking period on the fatigue life of austenitic SSs in
low-DO water have also been investigated. In low-DO water, the following have no effect on the
fatigue life of Type 304 SS: the addition of Li and B, low conductivity, soak period of =5 days
before the test, and dissolved H.

These results suggest that the existing fatigue e-N data on austenitic SSs in high-DO
environments should be reevaluated: some of the data may have been obtained under varying
environmental conditions. For example, the ECP of the steel may have been negative at the
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start of the test, and low-DO environment or negative ECP is known to decrease fatigue life of
austenitic SSs. Also, the composltlon or heat treatment of the steel may have an important
impact on the magnitude of environmental effects in high-DO environments. Additional data
are needed to improve our insight into the effect of DO content on the fatigue life of austenitic
SSs in LWR environments.

Temperature. At strain rates above the threshold value of 0.4%/s, fatigue life decreases
linearly with temperature above 1500C and up to 3250C. 18.24 Only a moderate decrease in life
is observed in water at temperatures below the threshold value of 150°C.

Sensitzatton AnnLeat In low-DO water, a sensitization anneal has no effect on the fatigue
life of Types 304 and 316 SS, whereas. In high-DO water, environmental effects are enhanced
in sensitized steel (Fig. 5). For example, the fatigue life of sensitized steel is a factor of =2 lower
than that of solution-annealed material in high-DO water. 15.16 Sensitization has little or no
effect on the fatigue life of Type 316NG SS in low- and high-DO water.

tO.0 : , ., , " I " I , , , , " I , , " I 10.0 - I . . . .11 . . - . .. 1 1
Type 304 SS Open SyffT: Solution Annealad Type 304 SS Open Syfmbols Solution Annealed
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Figure 5. Effect of sensitization anneal on fatigue lives of Type 304 stainless steel in (a) high- and

(b) low-DO water (Refs. 15,16).

Flow Rate: The effects of flow rate on the fatigue life of austenitic SSs have not been
investigated. The data for carbon steels indicate that, under the environmental conditions
typical of operating BWRs, environmental effects on the fatigue life of carbon steels are a factor
of =2 lower at high flow rates (7 m/s) than at 0.3 m/s or ower.25 26 Because the mechanism of
fatigue crack initiation in LWR environments appears to be different in austenitic SSs than in
carbon steels, the effect of flow rate on fatigue life may also be different.

2.3 Mechanism of Fatigue Crack Initiation

2.3.1 Formation of Engineering-Size Cracks

The formation of surface cracks and their growth to an engineering' size (3 mm deep)
constitute the material's fatigue life, which is represented by the fatigue E-N curves. Fatigue
life has conventionally been divided into two stages: initiation, expressed as the cycles required
to form microcracks on the surface: and propagation, expressed as cycles required to propagate
the surface cracks to engineering size. During cyclic loading of smooth test specimens, surface
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cracks 10 un or longer form quite early in life (i.e., <10% of llfe) at surface irregularities or
discontinuities either already in existence or produced by slip bands, grain boundaries,
second-phase particles, etc.7 .27 4 1 Consequently, fatigue life may be considered to be
composed entirely of propagation of cracks from 10 to 3000 ptm long.3 2

A schematic illustration of the two stages, i.e., initiation and propagation, of fatigue life is
shown in Fig. 6. The initiation stage involves growth of microstructurally small cracks (MSCs),
characterized by decelerating crack growth (Region AB in Fig. 6a). The propagation stage
involves growth of mechanically small cracks, characterized by accelerating crack growth
(Region BC in Fig. 6a). The growth of MSCs is very sensitive to microstructure.WX29 Fatigue
cracks greater than the critical length of MSCs show little or no influence of microstructure,
and are termed mechanically small cracks. Mechanically small cracks correspond to Stage 
(tensile) cracks, which are characterized by striated crack growth, with a fracture surface
normal to the maximum principal stress.
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(a) (b)
Figure 6. Schematic illustration of (a) growth of short cracks in smooth specimens as a function of

fatigue life fraction and (b) crack velocity as a function of crack length.
LEFM = linear elastic fracture mechanics; MSC = microstructurally small cracks.

Once a microcrack forms on the surface, it continues to grow along its slip plane as a
Mode II (shear) crack in Stage I growth (orientation of the crack is usually at 450 to the stress
axis). At low strain amplitudes, a Stage I crack may extend across several grain diameters
before the increasing stress intensity of the crack promotes slip on systems other than the
primary slip system. A dislocation cell structure normally forms at the crack tip. Because slip
is no longer confined to planes at 45° to the stress axds, the crack begins to propagate as a
Mode I (tensile) crack, normal to the stress axis in Stage growth. At high strain amplitudes,
the stress intensity is quite large and the crack propagates entirely by the Stage II process.
Stage H continues until the crack reaches engineering size (=3 mm deep).

Various criteria have been used to define the crack length for transition from MSC to
mechanically small crack; they may be related to the plastic zone size,
crack-length-vs.-fatigue-life curve, Welbull distribution of the cumulative probability of
fracture, stress-range-vs.-crack-length curve, or grain size. These criteria, sununarized in
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Ref. 22, indicate that the transition crack length is a function of applied stress and the
microstructure of the material; actual values may range from 150 to 250 PM.

At low stress levels, e.g., Aa in Fig. 6. the transition from MSC growth to accelerating
crack growth does not occur. This circumstance represents the fatigue limit for the smooth
specimen. Although cracks can form below the fatigue limit, they can grow to engineering size
only at stresses greater than the fatigue limit. However, cracks larger than the transition crack
length, either preexisting, e.g., defects in welded samples, or those created by growth of MSCs
at high stresses, can grow at stress levels below the fatigue limit, and their growth can be
estimated from linear-elastic or elastic-plastic fracture mechanics. To accurately estimate the
fatigue lives of structural materials it Is important that both crack initiation and crack
propagation be characterized and understood.

2.3.2 Growth Rates of Small Cracks In LWR Environments

The reduction in fatigue life of structural materials in LWR coolant environments has
often been attributed to easy crack formation. Measurements of crack frequency, i.e., number
of cracks per unit length of the specimen gauge surface, indicate that, under similar loading
conditions, the number of cracks in specimens tested in air and low-DO water are comparable,
although fatigue life is significantly lower in low-DO water. For Type 316NG SS tested at
288°C, =0.75% strain range, and 0.005%/s strain rate, the number of cracks (longer than
20 pm) along a 7-mm gauge length was 16, 14, and 8 in air, simulated PWR (low-DO) water,
and high-DO water, respectively.' 2 If reduction in life is caused by easy crack formation,
specimens tested in water should contain more cracks. Also, as discussed above, several
studies indicate that fatigue cracks that are 10 pm long or longer form quite early in life, i.e.,
<10% of life. Therefore, at most, easy crack formation can decrease fatigue life by 10%. The
reduction in fatigue life in LWR coolant environments most likely arises from an increase in
CGRs during either the initiation stage (i.e., growth of MSCs), and/or the propagation stage
(i.e., growth of mechanically smal cracks).

Studies on crack initiation in smooth fatigue specimens indicate that, although the
growth rates of mechanically small cracks are greater in water than in air, the decrease in
fatigue lives of austenitic SSs in LWR environments is caused predominantly by the effects of
the environment on the growth of MSCs.33 Figure 7 shows the depth of the largest crack
observed in austenitic SSs in air and water environments as a function of fatigue cycles. In the
figure, the crack length for the test in air at 288°C and 0.75% strain range was measured only
near the end of the test. The data obtained by Orbtlik et al.3 0 on Type 316L SS in air at 250C
and =0.2% strain range were used to estimate the crack growth in air at 0.75% strain range.
Studies on carbon and low-alloy steels2 8. 29.34 indicate that the fatigue crack size at various life
fractions is independent of strain range, strain rate, and temperature; consequently, the depth
of the largest crack at various life fractions is approximately the same at the 0.75 and 0.2%
strain ranges. The curve for the test in air at 0.75% (shown as a dash line in Fig. 7) was
calculated from the best-fit equation of the experimental data for Type 316L SS at the 0.2%
strain range; the estimated crack lengths at the 0.75% strain range show very good agreement
with the measured values. The results show that, at the same number of cycles, the crack
length Is longer in low-DO water than in air, e.g., after 1500 cycles the crack length in air,
high-DO (BWR) water, and low-DO (PWR) water is =40, 300, and 1100 pm, respectively (see
Fig. 7). The growth of cracks during the initiation stage, i.e., growth of MSCs, Is enhanced in
water, fatigue cycles needed to form a 500-pm crack are a factor of =12 lower in low-DO water
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than in air. Flgure 7 shows that the number of cycles required to produce a 500-pm crack Is
800, 3000, and 9000 In low-DO PWR, high-DO (BWR, and air environments, respectively;
thus the number of cycles is more than a factor of 10 lower in low-DO water than n air.
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Figure 7.
Depth of largest crack plotted as a function
of fatigue cycles for austenitic stainless
steels In air and water (Refs. 30,33).

The CGRs during the propagation stage, i.e.. growth of mechanically small cracks, in air
and water environments are plotted as a function of crack length in Fig. 8; they were calculated
from the best-fit of the data in Fig. 7. The CGRs in high-DO water for the specimen with a
24-h soak period (closed circles In Fig. 8) were determined from measurements of fatigue
striations on the fracture surface. The CGRs are a factor of 2-6 higher in water than in air.
Growth rates in PWR water or high-DO water with a 24-h soak period are higher than those n
high-DO water with a 120-h soak period. At a crack length of -1000 m, the CGRs in air,
high-DO water, and low-DO PWR environment are 0.30, 0.64, and 1.05 pm/cycle, respectively.
For the 0.75% strain range and 0.004%/s strain rate, these values correspond to growth rates
of =1.6 x 109, 3.4 x 10-9, and 5.6 x 109 m/s in air, high-DO water, and low-DO water,
respectively. Growti rates are a factor of 3.5 greater in low-DO water than In air.
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Figure 8. Crack growth rates plotted as a function of crack length for austenitic stainless steels in air
and water environments (Refs. 30,33).
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The CGR data obtained from fracture-mechanics tests indicate significant enhancement
of growth rates in high-DO water;35 the rates under BWR normal water chemistry (NWC)
exceed the air value in the ASME Code by a factor of -20-30. The CGRs in air, a (m/s), are
determined from the current ASME Section Xl correlation at 288°C given by

a,r = 3.43 x 10-12 S(R) AK3.3 /TR, (2)

where the function S(R) is expressed as

S(R) = 1.0 R cO
S(R) = 1.0 + 1.8R 0 <R <0.79
S(R) = -43.35 + 57.97R 0.79 <R <1.0, (3)

and TR is the rise tme (s) of the loading waveform, R is the load ratio (Kmin/Kmax, and AK is
Kma - Kmin. The CGR in water [de, (m/s)l with 0.2 ppm DO (i.e., BWR NWC) is expressed in
terms of the CGR in air (a) by the relationship

,, = jr + 4.5 x 10-5 (.air)0.5. (4)

The CGR data from fracture-mechanics tests in low-DO PWR environments are sparse,
particularly at rates that are <10-9 m/s. At high CGRs, the observed enhancement in both
low- and high-DO environments is relatively small, and the magnitude of the enhancement
under the same loading conditions is comparable in the two environments. Until further data
become available at low CGRs in simulated PWR water, Shack and Kassner35 recommend that
the environmental enhancement represented by Eq. 4 for 0.2 ppm DO water also be considered
for PWR environments.

The CGRs determined from fatigue -N tests in water and air environments at 289°C are
plotted in Fig. 9. The rates in high-DO and low-DO (PWR) water represent the measured
values shown as open diamonds and circles, respectively, in Fig. 8. The CGRs in air for the
same loading conditions (i.e., the same crack length) were determined from the estimated rates

Type 304 SS
289°C /

108 . .

Figure 9.
_ / Crack growth rate data for Type 304 SS

e _ determined from fatigue e-N tests in PWR
0 o n and high-DO water at 289°C.

-- CGV =CGFR, + 4 5x10 6( CGR 0 5

10-10 0 PWR Water

1-1O to9 104

CGR. (/l/s)
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in air, shown by a solid line In Fig. 8. The CGRs determined from the e-N tests in high-DO
water are consistent with the trend predicted from Eq. 4; the rates in low-DO water are slightly
higher. However, the large reductions In the fatigue life of austenitic SSs in PWR environments
cannot be explained entirely on the basis of enhanced CGRs during the propagation stage, .e.,
growth of mechanically small cracks. For example, the CGRs in low-DO water are a factor of
1.6 greater than those in high-DO water, but the fatigue life is a factor of =4 lower in low-DO
water than in high-DO water. As shown in Fig. 7, the decrease in the fatigue lives of austenitic
SSs in PWR environments is caused predominantly by the effects of environment on the growth
of MSCs.

Equation 4 indicates that environmental effects increase with decreasing CGRs; under
loading conditions that correspond to >lO-8 m/s growth rates in air, mechanical fatigue
controls crack advance, and the contribution of environment or corrosion fatigue is
insignificant. Because CGRs increase with increasing strain range (Fig. 8), the contribution of
corrosion fatigue to crack initiation is likely to decrease with increasing strain range.

It should also be noted that, if enhanced CGRs alone were responsible for the
environmentally assisted decrease in fatigue life of materials in LWR environments,
environmental effects on the fatigue lives of Alloy 600 and austenitic SSs in LWR environments
should be comparable. In air, the fatigue -N behavior of Alloy 600 is comparable to that of
austenitic WOO*2O Fatigue CGR data indicate that the enhancement of CGRs of Alloy 600 and
austenitic SSs in LWR environments Is also comparable.3 6 However, the fatigue e-N behavior
of Alloy 600 and austenitic SSs in water differs significantly; only moderate effects of
environment are observed for Alloy 600 and its weld both in low- and high-DO water. 3 7 .38 For
example, the fatigue life of Alloy 600 weld metal in water with <0.005 ppm DO at 325°C and
0.6% strain amplitude decreased by a factor of -2.5 when the strain rate was decreased from
0.4 to 0.001%/s.3 7 Under similar environmental and loading conditions, the fatigue life of
austenitic SSs decreased by a factor of -10. Additional tests on Alloy 600 in low-DO water
should be conducted to verify these results.

Studies on crack nitiation in carbon and low-alloy steels yield similar results; the
decrease in fatigue life In LWR environments is caused primarily by the effects of the
envirorunent on the growth of cracks that are <100 gm deep.7 29 Metallographic evaluation of
the specimens Indicates that the growth of MSCs in carbon and low-alloy steels occurs
predominantly by the slip oxidation/dissolution process.7 However, for SSs, fatigue lives are
lower in low-DO water than in high-DO water; such results are difficult to reconcile in terms of
the slip oxidation/dissolution mechanism. The reduction in fatigue life of austenitic SSs in
low-DO environments is most likely caused by other mechanisms, such as hydrogen-enhanced
crack growth.

2.3.3 Fracture Morphology

The crack morphology of the specimen surface is somewhat different in air or high-DO
water than In low-DO water. For Type 304 SS, fatigue cracks are always straight and normal
to the stress axis in low-DO water, whereas in air or high-DO water, they follow certain
crystallographic features (Fig. 10). However, the morphology of crack growth into the material
is similar in both air and water. Fatigue cracks appear to grow predominantly as Mode I
tensile cracks normal to the stress axis; only a few small shear cracks were observed in
Type 304 SS specimens. 12
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(b)

Figure 10.
Photomicrographs of fatigue cracks on gauge
surfaces of Type 304 stainless steel tested in
(a) air, (b) high-DO water, and (c) low-DO
simulated PWR environment at 2880C, =0.75%
strain range, and 0.004%//s strain rate.

(c)

The fracture morphology of austenitic SSs in an air or LWR environment does not differ
significantly; during Stage 11 growth, well-defined fatigue striations are observed in air and
water.3 12 Figure 11 shows photomicrographs of the fracture surfaces of Type 316NG SS
specimens tested at 288°C in air, high-DO water, and a low-DO PWR environment after
chenical cleaning and at approximately the same crack length. All specimens show fatigue
striations; the spacing between striations is larger in low-DO water than in air. The presence
of well-defined striations suggests that mechanical factors, and not the slip
dissolution/oxidation process, are important. Fatigue striations should not be observed if
crack growth is enhanced by the slip dissolution/oxidation process.

2.3.4 Surface Oxide Film

The characteristics of the surface oxide ffims that form on austenitic SSs in LWR coolant
environments can influence the mechanism and kinetics of corrosion processes and thereby
influence the Initiation stage, i.e., the growth of MSCs. Photomicrographs of the gauge
surfaces of Type 316NG specimens tested in simulated PWR water and high-DO water are
shown in Fig. 12. Austenitic SSs exposed to LWR environments develop an oxide flm that
consists of two layers; a fine-grained, tightly-adherent, Cr-rich inner layer, and a crystalline.
Ni-rich outer layer composed of large and intermediate-size particles. The inner layer forms by
solid-state growth, whereas the crystalline outer layer forms by precipitation or deposition from
the solution.
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(b)

Photomicrographs of fracture surfaces of
Type 316NG SS specimens tested at 288°C,
-0.75% strain range, and 0.004%/s strain rate in
(a) air, (b) high-DO water, and (c) low-DO
simulated PWR water (Refs. 3,12).

(c)

A schematic representation of the surface oxide film is shown in Fig. 13. Several studies
have characterized the oxide films that form on austenitic SSs in LWR environments. 39 4 5 The
inner layer consists of the Cr-rich spinel NIxCryFe3x 1 O4 with nonstoichiometric composition;
the actual composition of spinels varies with environmental conditions. hn39,40 identified the

(a) (b)
Figure 12. Photomicrographs of oxide films that formed on Type 316NG stainless steel in (a) simulated

PWR water and (b) high-DO water (Ref. 12).
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FeCr2O4 spinel chromite (or FexCr3_O4), along with NiFe2O4, in the inner layer formed on
Types 304 and 316 SS exposed at 2880C under conditions of NWC or hydrogen water chemistry
(HWC). Kim also noted that the inner oxide layer formed in a NWC BWR enviromnent contains
a lower concentration of Cr than that formed in a HWC low-DO enviromment Such differences
have been attributed to Cr oxidation in high-DO water.

The structure and composition of the crystalline outer layer vary with the water
chemistry. In BWR enviromnents, the large particles in the outer layer are primarily composed
of a-Fe2 O3 hematite in NWC, and Fe3O4 magnetite in HWC. 39 .40 The intermediate particles in
the outer layer are composed of a-Fe2 O3 in NWC and FeCr 20 4 in HWC. The structure of the
outer layer varies when the water chemistry is cycled between NWC and HWC. In PWR
environments, the large particles have been identified as the N0.75Fe2.2 504 spinel, and the
intermediate particles, as NiO.7 5Fe2.2 504 + Fe3O4.17 The possible effect of minor differences in
the surface oxide film on fatigue crack initiation is discussed in the next section.

Large-Size Particles Intermediate-Size Particles
Outer Layer Outer Layer

Stainless Steel Substrate Fine-grained Inner Layer

Figure 13. Schematic representation of corrosion oxide film formed on austenitic
stainless steels in LWR environments.

2.3.5 Exploratory Fatigue Tests

The reduction of fatigue life in high-temperature water has often been attributed to the
presence of surface micropits that are formed in high-temperature water and may act as stress
raisers and provide preferred sites for the formation of fatigue cracks. In an effort to
understand the effects of surface micropits or minor differences in the surface oxide im on
fatigue crack initiation, fatigue tests were conducted on Type 316NG (Heat P91576) specimens
that were preexposed to either low- or high-DO water and then tested in air or water
environments. The results of these tests, and data obtained earlier on this heat and
Heat D432804 of Type 316NG SS in air and low-DO water at 2880C, are given in Table 1; the
results are plotted in Fig. 14.

Experimental data given in Table 1 indicate that surface micropits have no effect on the
formation of fatigue cracks; the fatigue lives of specimens preoxidized at 2880C in low-DO
water and then tested in air are identical to those of unoxidized specimens (Fig. 14). If the
presence of micropits was responsible for the reduction in life, the preexposed specimens
should show a decrease in life. Also, the fatigue limit of these steels should be lower in water
than in air. The fatigue limit of austenitic SSs is approximately the same in water and air
environments. The presence of an oxide film is not a sufficient condition for the
environmentally assisted decrease in fatigue lives of materials in LWR environments.
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The results also Indicate that minor differences In the composition or structure of the
surface oxide film also have no effect on the fatigue life of SSs in low-DO water. The fatigue
lives of specimens preoxidlzed In high- or low-DO water and then tested In low-DO water are
Identical.

Table 1. Fatigue test results for Type 316NG austenitic stainless steel at 288°C and -0.5% strain range

Diss. Diss. Conduc- ECP Ten Stress Strain Life
Test Oxygena Hydrogen Li BoDn pH ttyb ssa Rate Range Range N25

No. (ppb) (cc/kg) (ppm) (ppm) at Rr (jLS/cm) mV (SHE) U%/s) (IPa) - (Cycles)
Heat D43280

1409 Air Erv. - - - - - - 5.OE-l 377.2 0.50 53.144

1410 Air Erv. - - - - - - 5.OE-1 377.6 0.50 51.194

1792 Air Env. - - - - - - 5.0E-3 413.4 0.50 35.710

1794 4 23 2 1000 6.4 20.00 -689 5.0E-3 390.9 0.50 7.370

Heat P91576

1872C Atr Enr. - - - - - - 4.OE-1 369.3 0.51 48.100

1878c Air Enr. - - - - - - 4.OE-3 401.1 0.50 58.300

1879C 5 23 - - - 0.06 -591 4.OE-3 380.2 0.50 8.310

1880d 5 23 - - - 0.10 -603 4.0E-3 382.8 0.50 8.420

aMeasured in effluent.
bMeasured n feedwater supply tank.

'Specimen soaked for 10 days in high-purity water vith <5 ppb dissolved oxygen and -23 cc/kg dissolved hydrogen.

dSpecimen saked for 10 days in high-purity water with -500 ppb dissoled oxygen.

10.0

a

I

102 103 le
Fatigue Life (Cycles)

Figure 14.
Effects of environment on formation of
fatigue cracks in Type 316NG SS In air
and low-DO water environments at
2880C. Preoxidized specimens were
exposed for 10 days at 2880C in water
that contained either <5 ppb DO and
-23 cm3/kg dissolved H2 or =500 ppb
DO and no dissolved H2-

S e100
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3 rradiation-Assisted Stress Corrosion Cracking of
Austenitic Stainless Steel In BWRS

The susceptibility of austenitic SSs and their welds to LASCC as a function of the fluence
level, water chemistry, material chemistry, welding process, and fabrication history s being
evaluated. Crack growth rate tests and SSRTs are being conducted on model SSs, irradiated at
-288°C in a He environment in the Halden boiling heavy water reactor, to investigate the effects
of material chemistry and irradiation level on the susceptibility of SSs to IASCC. Crack growth
tests will be conducted on irradiated specimens of submerged arc (SA) and shielded metal arc
(SMA) welds of Types 304 and 304L SS to establish the effects of fluence level, material
chemistry, and welding process on IASCC. Models and codes developed under CIR and from
industry sources will be benchnarked and used in conjunction with this work. However, for
CGR models for irradiated materials it is anticipated that relatively few data will be available
because of the expense and difflculty of testing. Additional testing on nonirradiated materials
will be performed to provide 'limiting cases" against which the models can be tested. Ihese
tests will seek to determine the effects of Cr level in the steel and cold work on CGRs in
austenitic SSs in LWR environments.

During this reporting period, SSRTs were performed on specimens irradiated to a high-
fluence" level of =2.0 x 1021 n c- 2 (E > 1 MeV) and CGR tests were conducted on
nonirradiated materials to establish the procedure and conditions that will be used for the
tests on irradiated materials.

3.1 Slow-Strain-Rate-Tensile Test of Model Austenitic Stalnless Steels Irradiated
In the Halden Reactor (H. M. Chung, R. V. Strain, and R. W. Clark)

3.1.1 Introductlon

Failures of some BWR and PWR core internal components have been observed after
accumulation of fast neutron fluences higher than =0.5 x 1021 n cm-2 (E >1 MeV) (-0.7 dpa) n
BWRs and at fluences approximately an order of magnitude higher in PWRs. The general
pattern of the observed failures indicates that, as nuclear plants age and fluence increases,
various nonsensitized austenitie SSs become susceptible to intergranular IG) failure. Failure
of welded components (such as core shrouds fabricated from Type 304 or 304L SS) has also
been observed In many BWRs, usually at fluence levels significantly lower than the threshold
fluence for the solution-annealed base-metal components.

Although most failed components can be replaced, some safety-significant structural
components (e.g., the BWR top guide, core shroud, and core plate) would be very difficult or
costly to replace. Therefore, the structural integrity of these components 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
(LASCC).46-67

Irradiation produces profound effects on local coolant water chemistry and component
microstructure. Neutron rradiation causes alteration of microchemistry, microstructure, and
mechanical properties of the core internal components, which are usually fabricated from
ASTM Types 304, 304L, 316, or 348 SS. Irradiation produces defects, defect clusters, and
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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 chemistry near grain boundaries, precipitates, and defect
clusters. Grain-boundary microchemistry significantly different from 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.

Irradiation-induced grain-boundary depletion of Cr has been considered for many years
to be the primary metallurgical process that leads to IASCC in BWRs. One of the most
important factors that seems 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-annealed material is
similar.46-48 Many investigators have also implicated radiation-induced segregation of
common impurities such as Si and P and other minor impurities such as S, 0, B, and F.5264

However, the exact mechanism of IASCC remains unknown.

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 composition. These fndings indicate that the
traditional interpretation based on the role of grain-boundary Cr depletion alone cannot
completely explain the IASCC mechanism. In view of this background, an irradiation test
program Is being conducted to systematically investigate the effects of alloying and impurity
elements (Cr, Ni, Si, P, S, Mn, C, N, and 0) on the susceptibflity of austenitic SSs to LASCC at
several fluence levels.

In previous studies, SSRTs and fractographic analyses were conducted on model
austenitic SS alloys irradiated at 289°C to a "low-fluence" level of =0.3 x 1021 n cm-2 (E >
1 MeV) =0.43 dpa), and a "medium-fluence" level of =0.9 x 1021 n cm-2 (E > 1 MeV)
(=1.3 dpa).68 71 This report describes results of initial SSRTs and posttest fractographic
analysis performed on specimens irradiated to a "high-fluence" level of =2.0 x 1021 n cm- 2 (E >
1 MeV) (=3 dpa).

3.1.2 Materials, Irradiation, SSRTs, and Fractographic Analysis

The irradiation test matrix consists of 27 model austenitic SS alloys; the composition of
these alloys is given in Table 2. Of these 27 alloys, 8 were commercially purchased heats of
Types 304. 304L. and 316 SS. The prefix "C" was added to the identification number of these
8 commercial heats, i.e., Heats Cl, C3, C9, CIO, C12, C16, C19, and C21 in Table 2. The
remaining 19 heats were fabricated in the laboratory; all were designated with identification
numbers that began with "L," e.g., L8 and L25C3 (designation L25C3, for example, means a
heat fabricated in laboratory that contains a chemical composition close to that of commercial
heat C3).

The SSRT specimens were irradiated in the Halden boiling heavy-water reactor in He-
filled capsules maintained at 2890C. All SSRTs were conducted in a low-activity-level hot cell
in simulated BWR-like deionized water at 289°C. Dissolved oxygen in the water was
maintained at =8 ppm. Conductivity and pH of the water were kept at =0.07-0.10 pS cm-' and
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6.3-6.8, respectively. Strain rate was held constant at 1.65 x 10-7 s7l in a screw driven load
frame. Electrochemical potential was measured on the effluent side at regular intervals.

After completion of SSRrs, the fracture tip of the specimen was cut and examined In a

shielded scanning electron microscope (SEM) to determine the morphology of the fracture

surface, i.e.. percent transgranular stress corrosion cracking tIGSCC) and percent IGSCC

produced in water at =289°C. Fractographs were obtained at magnifications of 50, 200, and

500 times, and composite fracture surface images were prepared at the medium and high

magnifications. All fractographs were stored in digitized format for permanent record.

Table 2. Elemental composition of 27 commercial and laboratory model
alloys irradiated in the Halden Reactor

austenitic SS

Comnpositio wt.%)

Si
0.50
0.82
0.46
0.94
0.90
1.90
0.18
0.15
0.39
0.55
0.47
0.47
1.18
1.49
1.82
0.38
0.66
0.14
0.45
0.017
0.51
0.024
0.68
0.03
0.92
0.79
0.96

p

0.038
0.080
0.019
0.031
0.113
0.020
0.040
0.093
0.013
0.033
0.097
0.018
0.027
0.080
0.010
0.014
0.090
0.016
0.031
0.010
0.034
0.015
0.030
0.007
0.020
0.004

S

0.002
0.034
0.004
0.010
0.028
0.005
0.038
0.010
0.013
0.002
0.009
0.002
0.022
0.002
0.013
0.002
0.009
0.033
0.003
0.004
0.001
0.004
0.047
0.005
0.008
0.002

Mn

1.00
1.58
1.81
1.75
0.47
1.13
1.02
1.85
1.72
1.00
1.02
1.00
0.36
1.76
1.07
1.66
0.48
1.13
0.99
0.41
1.19
0.40
0.96
0.48
1.54
0.91

0.040 0.002 0.97

c

0.060
0.074
0.016
0.110
0.006
0.096
0.007
0.041
0.062
0.060
0.014
0.060
0.026
0.107
0.020
0.020
0.061
0.080
0.060
0.002
0.060
0.003
0.043
0.031
0.019
0.070
0.057

N

0.060
0.102
0.083
0.002
0.033
0.087
0.111
0.001
0.065
0.086
0.004
0.070
0.001
0.028
0.085
0.011
0.078
0.001
0.070
0.002
0.020
0.001
0.092
0.002
0.095
0.089
0.019

Cr

18.11
17.02
18.55
15.80
21.00
17.10
15.40
18.30
18.48
18.19
17.40
18.43
17.40
15.00
17.80
16.92
15.30
18.00
18.21
18.10
16.28
16.10
17.30
16.90
17.20
17.20

0

0.0065

0.0058
0.0274

0.0045
0.0110
0.0157
0.0090

0.0200
0.0940

0.0093
0.0129
0.0085
0.0080

15.30 0.0058
aThe first letters "C" or "1 denotes, respecttvely, a commercial or laboratory heat.

Some of the SSRT specimens tested in 289°C water were fractured in the shoulder region
(away from the fracture produced in the 289 0C water) by bending in air at =230C. Then, the
morphology of the fracture surface produced in 230C air was examined and compared with the
fracture surface morphology produced In water at 289°C in the same specimen. The objective
of the 230C bending test was to determine the susceptibility to purely mechanical IG fracture in
an inert atmosphere (in the absence of water), thereby providing insight to a better
understanding of the mechanism(s) of IG and IASCC failure of irradiated austenitic SSs.
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Ma
ci
L2
C3
L4
L5
L6
L7
LB
C9
CIO
Lll
C12
L13
L14
L15
C16
L17
LI8
C19
L20
C21
122
L23
L24

L25C3
L26C19
L27C21

Source

Heat ID

DAN-70378
BPC4-ll

PNL-C-1
BPC-4-88

BPC-4- 104
BPC-4-127
BPC-4-112
BPC-4-91
PNL-C-6

DAN-23381
BPC-4-93

DAN-23805
BPC-4-96

BPC-4-129
BPC-4-126
PNL-SS-14
BPC-4-128
BPC-4-98

DAN-74827
BPC-4-101
DAN-12455
BPC-4-100
BPC-4-114
BPC-4-105
BPC-4- 133
BPC-4-131
BPC-4- 132

Ni

8.12
10.50
8.91
10.20
9.66
10.00
10.60
10.20
8.75
8.13
8.15
8.23
8.18
7.93
8.00
12.90
8.00
8.13
8.08
8.91
10.24
13.30
12.04
12.30
8.93
8.09
10.30

B

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.010

<0.001
0.030

Mo or Nb

Mo 2.30

Mo 2.08
Mo 2.04

Nb 1.06
Nb 1.72

Mo 2.01
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3.1.3 Tabulation of Test Results

Results of SSRTs and fractographic analysis, completed for specimens irradiated to =0.9
and =2.0 x 1021 n cm-2 (E > 1 MeV) (=1.3 and 3.0 dpa), are summarized in Tables 3-6. Test
conditions, results of SSRT. and fractographic characteristics (percent IGSCC, percent TGSCC.
and combined percent IGSCC + TGSCC) are listed in Tables 3 and 5, respectively, for
specimens irradiated to =1.3 and 3.0 dpa. These results are correlated with compositional
characteristics of the alloys in Tables 4 and 6.

Of the 27 alloys irradiated to =2.0 x 1021 n cm- 2 (E > 1 MeV), only 13 were subjected to
SSRT during this reporting period. Tests on the other 14 alloys will be completed soon, and
the results will be reported elsewhere. A few alloys irradiated to this high-fluence" level
(=3 dpa) were brittle and failed in the hot cell at 23°C during preparation of the test train, e.g.,
L13-03 and L8-03 (see Table 5).

Table 3. Stress corrosion test conditions, results of SSRTs8 and SEM fractography for model
austenitic SS alloys irradiated to 0.9 x 1021 n cm-2 (E > 1 MeV)

AUoy & Feedwater Chenistry SSRT Parameters Fracture Behavior

Spec. Oxygen Average Cond. Yield Max. Uniform Total TGSCC

Ident. SSRT Conc. ECP at 250C pH Stress Stress Elongation ElongationTGSCC IGSCC IGSCC

No. No. (ppm) (mV SHE) (pScml) at 25CC (MPa) (MPa) (%) (%) (%) N%) ()

L22-02 HR-17 8.0 +181 0.08 6.77 475 549 4.20 5.82 30 35 65

Lll-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

L20-02 HR-28 Test n 2890C Air 826 845 0.31 2.09 Dendritlc structure

L20-O5 HR-26 9.0 +182 0.09 6.32 670 743 0.37 1.03 DendritUc structure

L20-06 HR-27 8.0 +274 0.07 6.05 632 697 0.85 2.72 0 0 0

C9-02 HR-21 8.0 +240 0.07 6.47 651 679 1.42 2.50 62 22 84

L17-02 HR-22 8.0 +198 0.07 6.42 574 654 2.02 3.08 44 41 85

L7-02 HR-23 8.0 +215 0.07 6.03 553 561 0.24 2.44 38 54 92

C10-02 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

C19-02 HR-30 Test n 2890C Air 888 894 6.41 10.21 1 0 1

C19-04 HR-31 8.0 +252 0.07 6.18 750 769 6.06 8.79 1 0 1

L6-02 HR-32 8.0 +250 0.07 6.40 493 546 2.45 3.77 8 27 35

L14-02 HR-33 8.0 +246 0.08 6.07 649 684 1.90 4.67 84 2 86

L13-02 HR-34 7.0 +222 0.09 6.85 602 624 1.67 4.95 55 12 67

L04-02 HR-35 7.0 +259 0.08 6.54 634 680 1.07 2.02 58 12 70

L05-02 HR-36 7.0 +243 0.07 6.85 665 725 3.07 4.57 3 5 8

C16-02 HR-37 7.0 +230 0.07 6.62 562 618 11.99 15.80 7 1 8

L8-02 HR-38 8.0 +242 0.07 6.57 838 838 0.12 3.12 15 22 37

C21-02 HR-39 8.0 +231 0.08 6.21 643 716 15.38 18.30 1 2 3

L2-02 HR-40 7.0 +239 0.07 7.11 839 849 0.88 1.56 31 11 42

L24-02 HR-41 8.0 +239 0.06 6.40 725 725 0.15 2.45 2 1 3

L23-02 HR-42 7.0 +237 0.08 6.60 787 818 0.38 1.24 3 24 27

C12-02 HR-43 7.0 +227 0.07 6.19 747 756 14.96 18.57 4 0 4

C 1-02 HR-44 8.0 +229 0.07 6.30 707 763 13.36 17.04 2 0 2
aTest at 2890C and a strain rate of 1.65 x 10-7 s-1 n simulated BMwR-like water, DO =8 ppnL
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Table 4. Composition characteristics of model austenitic SS alloys Irradiated to 0.9
(E > 1 MeV) correlated with results of SSRTsa and SEM fractography

x 1021 n cm-2

Aloy Mo. Nb. YS UIS UE TE TG IG T+IG

ID Ni St P S Mn C N Cr or O Remarkb (PaIPal) f9N) l(')) (9%)

L22-02 13.30 0.024 0.015 0.004 0.40 0.003 0.001 16.10 Mo 2.04 HP 316.31lw Si. N. S 475 549 4.20 5.82 30 35 65

L11-02 8.15 0.47 0.097 0.009 1.02 0.014 0.004 17.40 - high P low Si. C. S. N 820 856 0.43 1.65 50 14 64

18-02 8.13 0.14 0.016 0.033 1.13 0.080 0.001 18.00 - low SL N 710 755 3.98 5.05 38 14 52

L20-05 8.91 0.017 0.010 0.004 0.41 0.002 0.002 18.10 0 O.0940high 0; low SL N: HP 304L 670 743 0.37 1.03 Dendritic structure

L20-06 8.91 0.017 0.010 0.004 0.41 0.002 0.002 18.10 0 0.094OhighO: low SL N; HP 304L 632 697 0.85 2.72 Dendrttic structure

C9-02 8.75 0.39 0.013 0.013 1.72 0.062 0.065 18.48 - low Si: higthL Mn 651 679 1.42 2.50 62 22 84

L17-02 8.00 0.66 0.090 0.009 0.48 0.061 0.078 15.30 0 0.0090high P. low Cr. bn. S 574 654 2.02 3.08 44 41 85

L7-02 10.60 0.18 0.040 0.038 1.02 0.007 0.111 15.40 0 0.0274hgh S. N. 0: low SL C 553 561 0.24 2.44 38 54 92

C1O-02 8.13 0.55 0.033 0.002 1.00 0.060 0.086 18.19 - CP 304: wS; high N 651 708 6.35 9.25 14 0 14

C3-02 8.91 0.46 0.019 0.004 1.81 0.016 0.083 18.55- CP304L:hgblMn.N:lowE632 668 18.7 19.7 9 4 13

C19-04 8.08 0.45 0.031 0.003 0.99 0.060 0.070 1821 0 0.0200CP 304:w S 750 769 6.06 8.79 1 0 1

L6-02 10.00 1.90 0.020 0.005 1.13 0.096 0.087 17.10 00.0058biga Si; lowS 493 546 2.45 3.77 8 27 35

L14-02 7.93 1.49 0.080 0.002 1.76 0.107 0.028 15.00 00.0045 hgh SL P. btn: lw Cr. S 649 684 1.90 4.67 84 2 86

L13-02 8.18 1.18 0.027 0.022 0.36 0.026 0.001 17.40 - hih Si. S; Low Mn. C. N 602 624 1.67 4.95 55 12 67

L4-2 10.20 0.94 0.031 0.010 1.75 0.110 0.002 15.80 - hIgh Si. C lowN. Cr 634 680 1.07 2.02 58 12 70

L5-02 9.66 0.90 0.113 0.028 0.47 0.006 0.033 21.00 3% ferritehig Si. P. Cr. LowMn. C 665 725 3.07 4.57 3 5 8

C16-02 12.90 0.38 0.014 0.002 1.66 0.020 0.011 16.92 Mo 2.30 CP 316L low P. S. C 562 818 12.0 15.8 7 1 8

00.0157

L8-02 10.20 0.15 0.093 0.010 1.85 0.041 0.001 18.30 - high P. Mn: low SL N 838 838 0.12 3.12 15 22 37

C21-02 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28 Mo 2.08 CP 316, w S 643 716 15.4 18.3 1 2 3

L2-02 10.50 0.82 0.080 0.034 1.58 0.0740.102 17.02 0 0.0066hgh 0. P.S. N 839 849 0.88 1.56 31 11 42

L24-02 12.30 0.03 0.007 0.005 0.48 0.031 0.002 16.90 Nb 1.72 HP 348L: low Si. P. S. C. N 725 725 0.15 2.45 2 1 3

00.0129

L23-02 12.04 0.68 0.030 0.047 0.96 0.043 0.092 17.30 Nb 1.06 CP 348. hIgh S 787 818 0.38 1.24 3 24 27

0 0.0093

C12-02 8.23 0.47 0.018 0.002 1.00 0.060 0.070 18.43 - 304. low S. low P 747 756 15.0 18.6 4 0 4

CI-02 8.12 0.50 0.038 0.002 1.00 0.060 0.060 8.11 - 304.kwS 707 763 13.4 17.0 2 0 2

aTest at 289°C and a strain rate of 1.65 x 1-7 8-1 in simulated BWR-llke water, DO -8 ppm.
bHP = high purity. CP commca purity.

Table 5. Stress corrosion test conditions, results of SSRTs8 and SEM fractography of model
austenitic SS alloys irradiated to 2.0 x 1021 n cm-2 (E > 1 MeV)

Alloy & Feedwater Chemistry SSRT Parameters Fracture Behavior

Spec. Oxygen Average Cond. Yield Max. Uniform Total TGSCC
Ident. SSRr Conc. ECP at 250C pH Stress Stress Elongation ElongationTGSCC IGSCC IGSCC
No. No. (ppm) (mV SHE) (Scxx7 1 ) at 25C (MPa) (IAPa) Nl6) ) (%) A) %)

14-03 HR-45 9.0 +198 0.09 6.52 876 1068 2.49 3.27 5 95 100
C12-03 HR-46 8.0 +208 0.09 6.32 922 966 1.28 2.73 8 2 10
C9-03 HR-47 8.0 +212 0.11 6.47 early failure durng start of loading 6 94 100
L5-03 HR-48 8.0 +204 0.10 6.58 953 985 0.59 2.97 2 4 6

C19-03 HR-49 8.0 +171 0.11 6.68 787 801 0.89 3.32 2 62 64
C16-03 HR-50 7.9 +202 0.10 6.62 766 803 0.83 1.84 2 29 31
C10-03 HR-51 8.0 +167 0.11 6.04 1062 1065 3.15 4.51 3 0 3
L18-03 HR-52 8.0 +169 0.11 6.0 795 779 0.35 1.75 5 86 91
L13-03 HR-53 - - brittle fracture during test preparation - - - -

C1-03 HR-54 7.8 +161 0.10 6.5 802 833 3.38 5.27 2 0 2
C3-03 HR-55 7.8 +160 0.10 6.5 796 826 5.05 7.31 0 26 2

C21-03 HR-56 7.6 +156 0.10 6.5 893 893 1.89 4.85 - - -
L8-03 HR-57 - - britle fracture during test preparation -

aTest at 289°C and a strain rate of 1.65 x 10-7 s-I in simulated BWR-llke water DO -8 ppn.
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Table 6. Composition characteristics of model SS alloys irradiated to 2.0 x 1021 n cm-2 correlated with
SEM fractography after SSRT in 2890C watera

Aloy YS urs UE TE IGSCC
ID Ni Si P S Mn C N Cr 0 Remarkb MIPa3 (MPa) (% M) 

L4-03 10.20 0.94 0.031 0.010 1.75 0.110 0.002 15.80 highN.S:lowCr.N 876 1068 2.49 3.27 95
C12-03 8.23 0.47 0.018 0.002 1.00 0.060 0.070 18.43 - CP 304: low S 922 966 1.28 2.73 2
C9-03 8.75 0.39 0.013 0.013 1.72 0.062 0.065 18.48 - CP 304: lowS, Mn 94
L5-03 9.66 0.90 0.113 0.028 0.47 0.006 0.033 21.00 3% ferritehgh Cr. P, S: Low Mn. C 953 985 0.59 2.97 4
C19-03 8.08 0.45 0.031 0.003 0.99 0.060 0.070 18.21 0 0.0200 CP 304: lowS: high 0 787 801 0.89 3.32 62
C16-03 12.90 0.38 0.014 0.002 1.66 0.020 0.011 16.92 Mo 2.30 CP316L; low S 766 803 0.83 1.84 29

00.0157
C10-03 8.13 0.55 0.033 0.002 1.00 0.060 0.086 18.19 - CP304: lowS 1062 1065 3.15 4.51 0
L18-03 8.13 0.14 0.016 0.033 1.13 0.080 0.001 18.00 - CP304: lowS: hlgh N 795 779 0.35 1.75 86
L13-03 8.18 1.18 0.027 0.022 0.36 0.026 0.001 17.40 - CP 304: lowS - - - - -

C1-03 8.12 0.50 0.038 0.002 1.00 0.060 0.060 18.11 - CP 304: lowS: high Ni 802 833 3.38 5.27 0
C3-03 8.91 0.46 0.019 0.004 1.81 0.016 0.083 18.55 - CP 304: low S 796 826 5.05 7.31 26
C21-03 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28 - CP 304; low S: high Ni 893 924 1.89 4.85 0
L8-03 10.20 0.15 0.093 0.010 1.85 0.041 0.001 18.30 - CP304: lowS - - - - -

arest at 289'C and a strain rate of 1.65 x 10-7 s 1 in simulated BWR-IDke water: DO 8 ppm.
bHp * high purity. CP = commercial purlty.

3.1.4 Effect of Sulfur

Initial results obtained for specimens irradiated to =2.0 x 1021 n cM 2 =3 dpa) indicate
that S is the major culprit impurity that increases the susceptibility of austenitic SSs to IASCC.
As shown in Fig. 15, 'ypes 304 and 304L SS that contain S0.002 wt.% S exhibited negligible
susceptibility to IASCC (i.e., negligible % IGSCC), whereas heats with 20.003 wt.% S exhibited
high susceptibility to LASCC, especially low-C Types 304L or 316L SSs. This observation is
consistent with the results obtained for specimens irradiated to =0.9 x 1021 n cm-2, reported in
Ref. 71. Figure 15 shows a summary plot of the effect of S for three fluence levels. The S
contents in the figure are vendor-supplied bulk contents. Sulfur content is commonly
measured per ASTM Standard E-1019 Standard Test Method for Determination of Carbon,
Sulfur. Nitrogen, and Oxygen in Steel and in Iron, Nickel, and Cobalt Alloys," usually in the
range of 0.002 to 0.035 wt.% using the method of combustion-infrared absorption. Accuracy
of s0.005 wt.% S requires good calibrated standards.

90 304, 304L. or 316 SS Hlgh-S Haat
4 N&131 Figure 15.

Effect of S on susceptibility of
8 70 - z 03t -I a O.3.Types 304, 304L, and 316 SS to

U 3.0 pa IGSCC after irradiation to =0.3, 0.9,
and 2.0 x 1021 n cm- 2 (E > 1 MeV)

4 * O (=0.43,1.3, and 3 dpa); alloys
30 '2" containing low concentrations of S

LowS Hea (S0.002 wt.%) are resistant to IGSCC
Saom Sao=M sOr 01028

10 05 C182 C.3 018AP N.11 M*OZ but alloys containing higherM7 2 M fd813 14812 P4 .05

°L4 C12 C2 . C3 C C concentrations of S are susceptible.

The effects of S content and fluence on the susceptibility to IASCC were examined in more
detail for two commercial heats of Type 304 SS (i.e., Heat C12, S content 0.002 wt.%, and
Heat C9, S content 0.013 wt.%). Other than S, the composition of the solution-annealed and
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water-quenched steels was virtually identical (see Table 7). As fluence increased from =0.3 to
2.0 x 1021 n cm-2 (E > 1 MeV), Heat C12. which contained 0.002 wL% S, exhibited negligible
susceptibfl1ty to IASCC. whereas Heat C9, which contained 0.013 wt.%, exhibited increasingly
high susceptibiity to IASCC (see Fig. 16).

Table 7 IASCC behavior at three fluence levelsa of low- and high-sulfur commercial heats C12 and
C9 of Type 304 SS that are otherwise of virtually identical composition

Heat Composition (wtM) %IGSCC %IGSCC %IGSCC
AD NI Sl P S Mn C N Cr at 0.3e21 at O.9e21 at 2.0e21

C12-03 8.23 0.47 0.018 0.002 1.00 0.060 0.070 18.43 0 0 2
C9-03 8.75 0.39 0.013 0.013 1.72 0.062 0.065 18.48 0 22 94

0.3. 0.9, and 2.0 x 1021 n C1r2 (E > 1 MeV).

100
SSRT

D0-Sm 2.Ox"na& *

Figure 16.
o T carw ssub Effect of fluence on susceptibility to IGSCC

9 ffl : g of commercial heats C12 and C9 of
- so . | Type 304 SS that contain low and high

so z b blevels of S, respectively. Note that low-S
50x id'ncm Heat C12 is resistant to IASCC and that the

20 5 high-S Heat C9 is susceptible to IASCC.
10 03xf1fnan

4
-

Low-S Heat C12 Hlgh-S Heat CS

Following irradiation to =2.5 x 1021 n cmr 2 (E > 1 MeV) in a BWR a result similar to that
in Fig. 16 has also been observed by Kasahara et al.57 for two commercial heats of
'f'pe 316L SS; their results are summarized In Table 8 and Fig. 17.

4.0c 

Type 31e5 SS

Figure 17.
, 3.0 I a BWR S Q035 L% Effect of sulfur on susceptibility to IASCC of

two commercial heats of Type 316L SS that
a2.0 - contain low and high levels of S (Ref. 57).

t2. . X IASCC susceptibility index is defined by the
a W number of crack lines crossing three

S.iOl sas% Sgeometrical lines drawn along the tube
circumference 5 mm apart near the center
of the tube length.

0.0
Low"S Heat 3161. HighS Heat S1L-SH

Table 8. IASCC behaviora of low- and high-sulfur heats of Type 316L SS that are
otherwise of virtually identical composition (Kasahara et al., Ref. 57)

Heat Composition wt.%) IASCC
ID NI Si P S Mn C N Cr Index

316L 12.36 0.48 0.026 0.001 2.20 0.017 0.032 16.90 1.0
316L-SH 12.10 0.49 0.020 0.035 2.10 0.015 0.038 17.11 2.7

arradiated to 2.5 x 121 n cur 2 1E > 1 MeV) in a BWR at 288°C.
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Tsukada and Mlwa. 59 have reported a result similar to those in Figs. 16 and 17 for a
high-purity laboratory heat of Type 304L SS irradiated to =0.7 x 1021 n cm-2 (E > 1 MeV) in He
at =240°C in a material-testing reactor, their results are summarized in Table 9 and Fig. 18.

Table 9. IASCC behaviora of low- and high-sulfur heats of Type 304L SS that are
otherwise of virtually identical composition (Tsukada and Miwa, Ref. 59)

Heat Composition (wt.%)

ID Ni SI P S Mn C N Cr %IGSCC

HP 12.27 0.01 0.001 0.0014 1.36 0.003 0.0014 18.17 51
HP+S 12.47 0.03 0.001 0.0318 1.41 0.002 0.0012 18.32 89

af-radiated to 0.67 x 1021 n cur2 (E > 1 MeV] n JRR-3 in helium at 240°C.

870 

I 6 SOO14I.% Figure 18.
50 - Effect of sulfur on susceptibility to IGSCC of

2 40 B X two high-purity laboratory heats of
30 Type 304L SS that contain low and high
20 _ levels of S (Ref. 59).

10

LowS Hea HP High-S Heat HP+S

The observations summarized in Figs. 15-18 are consistent with each other and indicate
that, for Types 304. 304L, 316, and 316L SS, a high concentration of S is detrimental and that
S impurity in an austenitic SS plays a key role in LASCC.

3.1.5 Effect of Delta Ferrlte

In spite of high S content (=0.028 wt.% S), Laboratory Alloy L5, which contained a high
concentration of Cr (21 wt.%) and 3 vol.% delta ferrite, exhibited excellent resistance to
LASCC after irradiation to z0.9 x 1021 n cm- 2 and =2.0 x 1021 n cm- 2 (E > 1 MeV); this is shown
in Fig. 19. In contrast, other Type 304 SS heats in Fig. 19 that contained high concentrations
of S but no delta ferrite exhibited high susceptibility to ASCC, as reflected in IGSCC data.

As shown in the optical photomicrograph in Fig. 20, the IASCC-resistant Alloy L5
contained small globules of delta ferrite in high number density. It appears that the
mechanism of how the small amount of delta ferrite suppressed the susceptibility to IASCC in
Heat L5 can be explained by the effect of delta ferrite on the distribution of S in the alloy. As
shown in the equilibrium Fe-S diagram in Fig. 21, the solubility limit of S is several times
higher in the ferrite than in the austenitic (y) phase. At =1365°C, the solubility limits in
8 ferrite and austenite are, 0.18 and 0.05 wt.%, respectively. Therefore, during the process of
ingot melting, solidification, and cooling, S atoms will migrate toward and be incorporated in
the delta ferrite globules that act as trapping sites for S atoms. Likewise, segregation of
S atoms to austenite grain boundaries during irradiation may be suppressed because of the
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presence of delta ferrite globules and austenite ferrite phase boundaries. As a consequence,
the oncentration of S on austenite grain boundaries is expected to be low, and the
susceptibility to'IASCC (i.e., IGSCC along austenite grain boundaries) is suppressed in
irrad iated steels that contain delta ferrite even in small volume fraction. If the volume fraction
of delta ferrite is too large, however, signficant embrittlement of the ferrite phase could lead to
unacceptable degrdation of the fracture toughness of irradiated steel. Explanation based on
this model needs, 'however, to be confirmed by further investigations, e.g., AES analysis of S on
grain boundaries and quantitative metallography of.ferrite and MnS inclusions.

SSRT2 C
Cd1&40u1
8O.MMSWt%

0 n* deft 0. (Lxlnii 4n
ea 25° -*.OXlO"nn 4m - Figure 19.

60 - - .- l; D | " 2.0xa0ana -Effects of delta ferrite on susceptibility to
co Q -QQ15K*S IASCC, as reflected in IGSCC data, of

no* I dor heats that contain high concentrations of
8 40 - sulfur. Note that Heat-L5, which contains

-3 vol.% ferrite, is resistant to IASCC but
20 Heats C9 and L18 that contain no delta

:_ Clue WL%ferrite are highly susceptible to IASCC.
dglt fy3 ol.%

0 ce L42 LS

Figure 20.
Optical photomicrograph of

IAC-resistat high-Cr Alloy
L5 (21 wt.% Cr), showing twins

t a~~ind 3- to 15-prrn-diameter
globules of delta ferrite.

1600 .; 
1534 L

1500
8 + L

390 
1400 1365'

1300 /\Figure 21.
1300 _y 0.06 W t% 0.18 Fe-rich side of Fe-S phase diagram,

from M. Hansen, Constitution of
L 1200 + Binary Alloys," McGraw Hill,
E y + LJNew York, NY, 1958, pp. 704-707.
A
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Figure 22 shows a predominantly intergranular-fracture surface morphology in Type 304
SS Heats C9 and L18 that contain high concentrations of S and were irradiated to =3 dpa
(Fig. 19). The figure also shows a predominantly ductile-dimple fracture surface morphology in
Alloy L5 that contains high concentrations of S and =3 vol.% S ferrite.

(b)

Figure 22.
Fracture surface morphology of IASCC-
susceptible high-S Heats (a) C9 (0.013 wt.% S)
and (b) LI 8 (0.033 wt.% S), and (c) IASCC-
resistant Alloy L5 that contains high concentration
of S (0.028 wt.% S) and =3 vol.% ferrite. All
specimens were irradiated to =2 x 1021 n cm-2
(=3 dpa).

(c)
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3.2 Crack Growth Rate Test of Austenitic Stainless Steels Irradiated
In the Halden Reactor (E. E. Gruber and 0. K Chopra)

3.2.1 Introduction

Austenitic SSs 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 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 ductllity
and fracture resistance of austenitic SSs.72-74

The purpose of the tests of Task 2 is to obtain fracture toughness and CGR data that are
applicable to irradiated austenitic SS internal components of BWRs. Tests are being conducted
on several commercial heats of Type 304 SS that were Irradiated to fluence levels of =0.3. 0.9,
and 2.0 x 1021 n cM- 2 (E > 1 MeV) (-0.45, 1.35, and 3.0 dpa) at -2880C in a He enviromnent in
the Halden boiling heavy water reactor. Fracture toughness J-R curve tests have been
completed on irradiated wrought austenitic SSs.7577 The current effort Is focused on CGR
tests on nonirradiated specimens in high-purity water at 2890C to establish the test procedure
and conditions that will be used for the tests on irradiated materials. The Intent of these tests
is to gain a better understanding of environmentally assisted cracking and not to ust
determine CGRs; under certain loading conditions the dominant mechanism Is fatigue. Crack
growth tests have been completed on two heats of thermally aged CF8M cast SS and a 50%
cold-worked () Type 316LN SS in high-purity water at 289°C.

3.2.2 Experimental

Tests were performed in accordance with ASTM E-647 "Standard Test Method for
Measurement of Fatigue Crack Growth Rates' and ASTM E-1681 Standard Test Method for
Determining a Threshold Stress Intensity Factor for Environment-Assisted Cracking of Metallic
Materials under Constant Load.' All tests were conducted under load control by either a
triangular or sawtooth waveform. A mechanical test facility outside the hot cell was used for
the tests. The facility consists of a test frame mounted on a portable wheeled cart, a
recirculating water system, Instron 8500+ electronic control console, hydraulic pump,
temperature-control units, DC potential rig, a PC for data acquisition and DC potential
measurements, and a strip chart recorder. A detailed description of the facility has been
presented earlier.77

The composition and tensile strength of the various materials are presented in Table 10.
The tests were performed on 1/4-T compact tension (CT) specimens; configuration of the
specimens is shown in Fig. 23. The initial crack length of these specimens was smaller than
that of the irradiated specimens, i.e., 4 mm for the nonirradiated and 6 mm for irradiated
specimens. Because the specimens were side grooved, effective thickness BEff was used to
calculate the stress intensity factor range AK. Beff is defined as

Beff = (B BN)0 5, (5)
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where B is the specimen thtckness and BN is net specimen thickness or distance between the
roots of the side grooves. The stress intensity factor range AK was calculated as follows:

(6)AK = 22+ ) (W)
(BBNW)112(I1 )31 2

AP = Pmax - Pmin for R > 0 (7)

f() 0886 464W) - ( ) + (14.72() _5.6)4. (8)

Table 10. Composition (wt.%) of cast and wrought austenitic SSs for crack growth tests

Meas. Yield Ultimate
Alloy Heat Cr Mo Ni Mn Si C N P S Ferrite tressb Stressb
Type IDa - (MPa) (MPa)

CF8M 75 20.86 2.58 9.12 0.53 0.67 0.065 0.052 0.022 0.012 28 208 612
CF8M 4331 20.75 2.58 10.05 0.76 1.17 0.044 0.040 0.022 0.001 21 193 628
316LN 18474 16.10 2.04 10.30 1.80 0.50 0.012 0.120 0.018 0.004 - 825 897
aHeat 75 was aged 10,000 h at 4000C. Heat 4331 aged 700 h at 400°C. and Heat 18474 was cold worked 50%.
bMeasured at 290°C for Heats 75 and 18474 and at 3000C for Heat 4331.

21FLJ
HaES

Figure 23. Configuration of compact-tension specimen for this study (dimensions in mm).

where Pmax and Pmjn are maximum and minimum applied load, a is crack length, and W is the
specimen width. Also, because a modified configuration of a disc-shaped CT specimen was
used in the present study, crack length was calculated from correlations that were developed
from the best-fit of the experimental data for normalized crack length and normalized DC
potential. The normalized crack length a/W is expressed as

(a 28887 U _0 5) 34775

(;~I = 0 UO (9)

where U and Uo are current and reference crack potentials. The final crack size was marked 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

30



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.

The CGR test results were validated in accordance with the specimen size criteria of
ASTM E-1681 and E-647. To ensure that the experimental data obtained under various
specimen geometry, thickness, and loading conditions can be compared with each other and
applied to reactor components, the specimen size criteria require that the plastic zone at the tip
of a fatigue crack be small relative to the specimen geometry. For threshold K measurements,
ASTM E-1681 requires that

Beff a, and (W-a) 22.5 (K/oys)2 (10)

where ay, is the yield strength of the material. For tests on irradiated material, side grooved
specimens are strongly recommended, with a depth for each side groove between 5-10% of the
specimen thickness. The threshold K is the highest value of K at which crack growth is not
observed for a specified combination of material and environmental conditions and where the
specimen size Is sufficient to meet the requirements for plane strain. For valid CGR results,
ASTM 647 requires that

(W-a) Ž(4/ir) (K/ays. (11)

For high-strain-hardening materials, i.e., materials with an ultimate-to-yield-strength ratio
(ulut/cy) 21.3, both criteria allow the use of effective yield strength or flow strength), defined
as f = (ult + ay)/2. For nonirradiated materials, the K/size criteria are generally
conservative, violating them by a small amount, e.g., 20-30% in K. is acceptable.

3.2.3 Results

The crack growth results, as well as the environmental and loading conditions, for
Specimen Y4-09 of CF8M SS Heat 4331, Specimen 75-OgT of CF8M SS Heat 75, and
Specimen 184-46 of lype 316LN SS Heat 18474, are given in Tables 11-13, respectively. he
ECPs of a Pt electrode and a SS electrode were monitored continuously during these tests,

Table 11. Crack growth results for thermally aged CF8M cast SS Heat 4331a in high-purity water at
2890C

Test °2 b Cond. b ECPb Rise Growth
Test Tlime. Conc.. at 25C,. mV (SHE) Load Tlme. Kmma.C AK Rate.

Period h ppb uS/cm Pt Steel Ratio s MPa-m/ 2 MPa ml/2 m/s

24 - - - 0.70 12 22.8 6.8 -

80 164 - 41 74 0.71 60 23.7 7.0 -

la 150 222 - 83 65 0.71 60 27.1 8.0 4.99E-10
lb 230 290 - 106 74 0.71 60 28.6 8.4 7.86E-10
lc 310 328 - 130 86 0.71 60 30.7 9.0 1.03E-09
2a 380 380 0.83 137 81 0.70 300 31.6 9.5 3.83E-10
2b 500 396 - 155 105 0.70 300 33.2 10.0 4.68E-10
3 650 410 - 180 135 0.70 1000 34.4 10.4 2.51E-10
4 1.058 440 0.43 190 171 0.70 5000 35.5 10.8 8.58E-ll

aSpeclmen Y4-09 of Heat 4331 of CF8M cast SS thermally aged for 700 h at 400°C.
bRepresents values In the effluent. Feedwater pH at room temperature was 6.5.
CStress Intensity, K,,. values at the end of the time period.
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Table 12. Crack growth results for thermally aged CF8M cast SS Heat 75a in high-purity water at 289°C

Test °2 b Cond. b ECP b Rise Growth
Test Time. Conc.. at 250C. mV (SHE) Lbad Time. K,..c K. Rate,

Period h ppb AS/cm Pt Steel Ratio s MPa.m1/ 2 MPa-ml/ 2 m/s
2 380 0.77 161 160 0.20 - 20.0 16.0

10 380 0.77 161 160 0.71 - 25.9 7.5 -

la 35 380 0.77 161 160 0.71 60 27.2 8.0 2.04E-09
lb 48 380 0.77 160 165 0.71 60 28.5 8.4 3.47E-09
lc 72 380 0.77 160 165 0.71 60 34.4 10.1 8.11E-09
ld 83 380 0.77 160 165 0.71 60 39.7 11.6 1.04E-08

168 350 0.77 173 163 1.00 - 28.2 - 4.85E-10

2 194 350 0.77 173 163 0.71 60 25.3 7.3 5.06E-09
3 238 380 0.77 169 176 0.70 1000 26.3 7.9 5.35E-10
4a 280 450 0.77 187 192 0.70 5000 21.7 6.6 6.71E-11
4b 408 450 0.67 177 204 0.70 5000 21.8 6.6 1.42E-ll
5a 450 450 0.67 177 204 0.70 1000 25.5 7.7 9.70E-11
5b 480 600 0.59 199 212 0.70 1000 26.1 7.9 6.57E-10
5c 490 600 0.59 199 212 0.70 1000 26.8 8.1 9.02E-10

aSpilmen 75-09r of Heat 75 of CF8M cast SS thermally aged for 10.000 h at 4000C.
bRepresents values In the effluent. Feedwater pH at room temperature was s6.5.
CStress Intensity, Kmax, values at the end of the time period.

Table 13. Crack growth results for 50% cold-worked Type 31 6LN SS Heat 1 8474a in high-purity water at
2890C

Test 0 2 b Cond. b ECpb Rise Growth
Test Time. Conc., at 25°C. mV (SHE) Load Tme, ,ma.x,c A. Rate.

Period h ppb uS/cm Pt Steel Ratio s MPa-ml/ 2 MPa.m1/2 m/s
10 610 - 212 212 0.29 26.1 18.5

0 20 610 - 204 211 0.29 30 31.0 22.0 1.80E-08
1 25 610 - 204 211 0.49 30 31.1 15.8 1.08E-08
2 92 560 0.63 211 211 0.69 1,000 31.2 9.6 6.75E-10
3 140 530 - 215 210 0.69 300 31.8 9.8 1.98E-09
4 149 530 - 215 210 0.69 60 31.8 9.8 4.37E-09
5a 245 480 - 222 212 0.69 5,000 32.5 10.0 5.45E-10
5b 290 480 - 221 213 0.69 5.000 32.6 10.1 6.02E-10
6 430 550 - 226 217 1.00 - 32.4 - 3.17e-10

7a 457 550 - 226 217 0.69 5.000 32.5 10.1 1.44E-09
7b 478 550 - 224 218 0.69 5,000 32.4 10.1 6.88E-10

599 40 - -482 -507 1.00 - 11.5 - -

8a 710 30 - -477 -594 0.69 5,000 33.1 10.3 1.26E-10
8b 840 36 - -483 -604 0.69 5.000 33.1 10.3 7.08E-ll

aSpecimen 184-46 of Heat 18474 of 50% CW Type 316LN SS.
bRepresents values in the effluent. Feedwater pH at room temperature was 6.5.
CStress intensity, Km,,, values at the end of the time period.

whereas the water DO level and conductivity were determined periodically; the values are listed
in the tables. For these specimens, the change in crack length and Kmax with time is shown in
Figs. 24-26 and photomicrographs of the fracture surfaces are shown in Fig. 27. All specimens
were precracked at R = 0.2 and 0.5 or 1 Hz to allow an =1-2-mm crack advance. The CGR
tests were conducted at R = 0.7 and a sawtooth waveform with a 12-5000 s rise time and 1 s
return time. Significant results from these tests are summarized below.
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Figure 24. Crack-Iength-vs.-time plot for Specimen Y4-09 of thermally aged Heat 4331

of cast SS in high-purity water at 289°C: (a) 80-500 h; (b) 500-1000 h.

Test CGR-02 (Heat 4331 of Cast CF8M SS. Specimen Y4-09)

The CGR test was conducted at a constant load; Kmax increased from =23 to 35 MPa Mi/2
during the test. For these loading conditions and a material flow stress of 410.5 MPa. the
constant in Eq. 1 I decreased from 2.0 to 0.8, I.e., the ASTM 647 criterion was not satisfied for
Test Periods 2-4. The optically measured precrack and final crack lengths showed very good
agreement with the values estimated from the DC potential method. The precrack and final
crack lengths, respectively, were 5.08 and 6.42 mm from optical measurements, and 5.04 and
6.40 from DC potential technique. It was necessary to terminate the test because the ceramic
clip used for current leads in the DC potential measurements had degraded in the
high-temperature water. Other methods of attaching current leads to the test specimen were
developed in subsequent tests.
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Test CGR-03 (Heat 75 of Cast CF8M SS. Specimen 75-09T)

Crack growth was quite rapid for this test. During the initial 80 h, Kmax increased from
=25 to 39 MPa ml/2 . The excessive crack growth tripped the system hydraulics and the
specimen was subject to the autoclave internal pressure of 1300 psi (Kmax =28 MPa ml/2).
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Figure 25. Crack-length-vs.-time plot for Specimen 75-09T of thermally aged Heat 75 of
cast SS in high-purity water at 289°C: (a) 0-180 h; (b) 180-320 h; (c) 240-520 h.
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Figure 26. Crack-length-vs.-time plot for Specimen 184-46 of 50% cold worked Type 316LN

SS in high-purihy water at 289°C: (a) 0-200 h; (b) 140-480 h; (c) 420-850 h.
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(b)

Photomicrographs of fracture surface of
specimens (a) Y4-09, (b) 75-09T, and
(c) 184-46, tested in high-purity water at
2890C.

(c)

The load was decreased after the test was restarted; for Test Periods 2-5, Kmax was between 22
and 26 Mpa m 1/2. However, the ligament criterion of Eq. 11 was not satisfied for Kmax values
>25 MPa ml/2, i.e., for most test periods. The CGR data may be affected by the decrease in
Kmax from 39 to 25 MPa ml/ 2. Also, because the grain structure of this material was very
coarse, (Fig. 27b), the final crack front was difficult to define accurately. he final crack length
from optical measurements was 8.16 and 8.00 mm for the two halves of the fractured
specimen: DC potential measurements gave a value of 8.24 mm. A correction of the CGR data
was not deemed necessary. These results indicate that load shedding is needed to prevent a
large increase in K...
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Test CGR-05 (Specimen 184-46

This test was a dry run for in-cell CGR tests on irradiated specimens. An
updated/modified version of computer software for the DC potential system provided a simple
and reliable method for monitoring crack length. Test Periods 1-4 were carried out at constant
load, during which Kmax increased from =25 to 30 MPa ml/2. From Test Period 5 onward, load
shedding was successfuLly used to maintain constant Kmax. Applied load was decreased twice
each day at high growth rates and once every 2 or 3 days at very low rates; load shedding was
<0.5% of the current value for most cases, and up to 1% for some. The constant in Eq. 11 was
>3.6 during the entire test, i.e., the ASTM 647 criterion was satisfied for all test periods.

After =480 h. the DO level in water was decreased from =550 to <40 ppb by sparging the
feedwater tank with pure N cover gas. The change in crack length and ECP of Pt and SS
electrodes during the transition is shown in Fig. 28. The results indicate that the
environmental conditions of the system take several days to reach a stable condition. For
example, although the effluent DO content decreased from 550 to <40 ppb and ECP of the Pt
electrode decreased from 225 to -480 mV in a relatively short time, the ECP of the steel
electrode took several days to stabilize.

6.8 400

-o--- ECPPt

6.7 _4 \ *----- ECPSteel 200
6.7

0 
-6.6

.200 

64 Crcki egh..

6.3 Soo I
*400 450 500 . 550 ... 600 650

nme (h)

Figure 28. Change in crack length and ECP of Pt and SS electrodes after dissolved
oxygen level in feedwater was decreased from -550 to <40 ppb.

The average final crack length measured by SEM and that estimated by the DC potential
method was 6.76 and 6.38, respectively, i.e., the experimental crack extension was =16% lower
than the value obtained from SEM measurements. The CGR data were corrected and the
results are presented in Table 13 and Fig. 26.

Crack Growth Rate Data

The experimental CGRs for thermally aged CF8M cast SSs and 50% CW Type 316LN SS
in water and those predicted in air for the same loading conditions are plotted in Fig. 29. The
results obtained earlier on a -T CT specimen of the same heat of 50% CW ype 316LN SS and
Heat 75 of CF8M cast SS in high-DO water are also included in the figure. The CGRs in air,
a,r (m/s), were determined from the correlations developed by James and Jones;7 8 the CGR is
given by the expression
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Figure 29. Crack growth rate data under gentle cycling for (a) thermally aged cast SS and (b) 50%
cold-worked Type 316LN SS in high-purity water at 2890C.

ai = CSS S(R) AK3 3 /TR, (12)

where R is the load ratio (Km/K, AK is Kma, - Knin in MPa mI/2, TR is the rise time (s) of
the loading waveform, and function S(R) is expressed in terms of the load ratio R as foItows:

S(R) = 1.0 R <0
S(R) = 1.0 + 1.8R 0 <R <0.79
S(R) = -43.35 + 57.97R 0.79 <R <1.0, (13)

and function Css is given by a third-order polynomial of temperature T (C), expressed as

Css = 1.9142 x 10-12 + 6.7911 x 1-15 T- 1.6638 x 10-17 T2 + 3,9616 x 10- 2 0 T3 . (14)

The CGRs of both thermally aged cast SS and 50% CW wrought SS are enhanced in
high-purity high-DO water at 289°C. Figure 29a shows that, for CF8M cast SSs. the
experimental CGRs for the 1/4-T CT specimen of Heat 4331 are in good agreement with the
data obtained on the 1-T CT specimen of Heat 75. The rates for the 1/4-T CT specimen of
Heat 75 are somewhat higher. Please note that the K/size criteria were exceeded for Heat 75,
i.e., the experimental values of Kmax were sgniflcantly higher than those allowed by Eqs. 10
and 11. In high-DO water, the CGRs for thermally aged cast SS are best represented by the
curve for sensitized austenitic SSs in =0.3 ppm DO water,7 9 given by the expression

aenv = + 4.5 x 10-5 (w)0.5. (15)

For the 50% CW Type 316LN SS, environmental enhancement of CGRs for the 1 /4-T CT
specimens appears to be greater than that observed earlier (solid circles in Fig. 29b) for 1-T CT
specimens of the same heat of the material. These differences may be due to high load ratios
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used for the 1-T CT specimens; the two data points with <10m rn/s growth rates were obtained
at R values of 0.9 and 0.95. Under gentle cycling. CGRs for the CW SS are slightly higher than
the CGRs for sensitized austenitic SSs in =8 ppm DO water,79 given by the expression

de=,,= ,,t + 1.5 x 104 (4r)G 5 . (16)

Decreasing the DO level to <40 ppb decreased the CGRs by nearly an order of magnitude.

For the 50% CW Type 316LN SS, the CGR under-constant load conditions in high-DO
water at 289°C is plotted in Fig. 30; the maximum stress intensity for the test was within the
K/size-validity criteria. Data obtained earlier on 1-T CT specimens of several heats of Types
304 and 316 SS are also included in the figure. In -250-ppb-DO water, the CGRs for a 1/4-T
CT specimen of 50% CW Type 316LN SS are higher than those for a 1-T CT specimen of
sensitized Type 304 SS. Rates for the 1/4-T specimen are comparable to those of sensitlzed
Type 304 SS in very high-DO water (>6000 ppb DO).

10 20 30 40

Stress Intensity K (MPam 112)

Figure 30.
Stress corrosion cracking data for austenitic
stainless steels in high-DO water at 2890C.

Fracture Morphology

Fractographs of the 1/4-T CT specimens of thermally aged Heat 4331 of CF-8M cast SS
and 50% CW Heat 18474 of Type 316LN tested in high-purity water at 289°C during various
test periods, are shovn in Figs. 31 and 32, respectively. The fracture mode for the cast SS
specimen is transgranular; austenite phase exhibits only transgranular facets with a river
pattern, whereas the ferrite phase exhibits a faceted river pattern (Fig. 31a) or a rough
appearance (Figs. 31c and d).
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(c) (d)
Figure 31. Fractographs of CF-8M cast SS Heat 4331 tested in high-plurity water at 289°C: (a) Test

Period 1, 80-31 0 h; (b) Test Period 2, 310-500 h; (c) Test Period 3, 500-650 h (d) Test
Period 4, 650-1058 h.

The fracture mode for the 50% CW Type 316LN specimen is also a predominantly
transgranular with a well-defined river pattern. It s completely transgranular during the
precracking test period. The main feature of the fracture mode during corrosion fatigue test
periods, e.g., loading cycles with long rise times, is extensive secondary cracking (Fig. 32b).
Intergranular fracture is also observed in some regions (Fig. 32c). Also, slip offsets and
crystallographic facets on the fracture surface (Fig. 32e and fl suggest enhanced planar slip.
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(e) (1]
Figure 32. Fractographs of 50% cold-worked Type 316LN SS Heat 18474 tested in high-purity water

at 2890C: (a) precracking, 0-20 h; (b) Test Period 1, 10-25 h; (c) Test Periods 6 or 7,
290-480 h; (d) Test Period 7, 430-480 h; (e) and (fl Test Period 5, 150-290 h.
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4 Evaluation of Causes and Mechanisms of Irradiation-Assisted
Cracking of Austenltic Stainless Steel In PWRs

4.1 Introduction

Field failures have been reported in various PWR core internal components fabricated
from austenitic SSs, e.g., baffle bolt, control rod cladding, pins, keys, and bolts. Many of the
failed components were fabricated from cold-worked materials of Types 316, 347, and 304 SS.
Typically, failures of PWR core intenals are ntergranular and are observed at neutron-damage
levels approximately a few orders of magnitude higher (i.e.. >10 dpa) than the threshold
damage level of BWR core internals (i.e., =0.7 dpa). At this time, the database on and the
mechanistic understanding of PWR core internals are very limited, and it is not clear if the
failures should be classified as IASCC or irradiation-assisted cracking (IAC).

The objective of Task 3 of this study is to evaluate the susceptibility of austenitic SS core
internals of PWRs to IASCC as a function of fluence, water chemistry, material chemistry, and
cold-work. The focus wll be on (a) the evaluation of the effects of PWR-like high fluence on
susceptibility to IASCC, b) neutron irradiation embrittlement, e.g., loss of fracture toughness,
(c) void swelling behavior in austenitic SSs, (d) effect of cold-work and solution anneal,
(e) fracture toughness and SCC behavior of cast duplex SSs at high fluence, and
(fl effectiveness of mitigattve measures, such as optimization of ferritte content, grain-boundary
engineering, and minimization of S concentration. Tests will be conducted on material
procured from EBR-II reactor fuel cans and on SS specimens irradiated in the BOR-60 reactor
in Russia.

4.2 Irradiation of Austenitic Stainless Steels In the BOR-60 Reactor under PWR-
Like Conditions (H. M. Chung, W. K Soppet, and J. M. Hiller)

A major experiment has been initiated during this reporting period to irradiate specimens
of various types of materials and geometry under PWR-like conditions. The irradiation
experiment is being conducted jointly In cooperation with the Cooperative Irradiation-Assisted
Stress Corrosion Cracking Research (CIR Program. Irradiation of the specimens is performed
in the BOR-60 reactor, a sodium-cooled breeder reactor located at the Research Institute of
Atomic Reactors (RIAR), Dimitrovgrad, Ulyansk Region, Russian Federation.

Three other parties are participating in the joint irradiation experiment: the CIR-II
Program, EdF-Framatome, and the industrial Joint Baffle Bolt (JoBB) Program. Because of
this arrangement with the CIR-II Program, a close coordination among the participating parties
has been required to optimize available irradiation space, specimen type, specimen size, and
target fluence levels. Capsule design, fabrication, specimen loading, and quality control, are
being provided by the Research Institute of Atomic Reactors.

4.2.1 Specimen Geometry and Material Types

Because of limited irradiation-capsule space in the BOR-60 reactor and in consideration
of the effects of very high radioactivity of the specimens on post irdiation testing and post-
test analyses, miniaturized SSRT and standard transmission electron microscopy pEM) disk
specimens were selected for the irradiation experiment. After several iterations, test materials
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for the irradiation experiment in the BOR-60 reactor were finalized. Table 14 lists the
composition of all materials selected for the experiment. The test matrix includes (a) CW and
solution-annealed heats of Types 304. 304L. 316, 316 LN, 347 SS, (b) CF-3 and CF-8 cast
duplex SSs, (c) grain-boundary-optimized Types 304 and 316 SS and Alloy 690, (d) several
model austenitic SSs. and (e) commercial heats of Types 304 and 304L SS that contain low or
high concentrations of S or 0. The geometry of the SSRT specimens is shown in Fig. 33.

Table 14. Composition (wt.%) of materials selected for irradiation experiment in BOR-60

Material Heat Mat. Other
rypea ID Codeb Ni Si p S Mn C N Cr ElementsC

1 347 SA 316642 Di 10.81 0.29 0.023 0.014 1.56 0.030 0.021 18.06 Nb 0.60. Mo 0.29.
Cu 0.09

2 347 CW 316642CW D2 10.81 0.29 0.023 0.014 1.56 0.030 0.021 18.06 Nb 0.60, Mo 0.29.
Cu 0.09

3 316 SA 2333 BI 8.50 0.65 0.031 0.029 1.38 0.035 0.068 18.30 Mo 0.37
4 316 CW 2333 CW B2 8.50 0.65 0.031 0.029 1.38 0.035 0.068 18.30 Mo 0.37
5 316 LN SA 623 B3 10.33 0.70 0.007 0.002 0.97 0.019 0.103 17.23 Mo 2.38, Cu 0.21
6 316 LN-T SA 625 54 10.31 0.72 0.007 0.002 0.92 0.012 0.064 17.25 Mo 2.39, -n 0.027.

Cu 0.21
7 316 SA C21 B5 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28 Mo 2.08, B <0.001.

0 0.0112
8 316 CW C21 CW B6 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28 Mo 2.08, B <0.001
9 316 WW C21 WW B7 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28 Mo 2.08, B <0.001
10 CF-3 cast SS 52 C1 9.40 0.92 0.012 0.005 0.57 0.009 0.052 19.49 Mo 0.35, 13.5%
11 CF-8 cast SS 59 C2 9.34 1.08 0.008 0.007 0.60 0.062 0.045 20.33 Mo 0.32, 13.5%
12 CF-3 cast SS 69 C3 8.59 1.13 0.015 0.005 0.63 0.023 0.028 20.18 Mo 0.34, 8 23.6%
13 CF-8 cast SS 68 C4 8.08 1.07 0.021 0.014 0.64 0.063 0.062 20.64 Mo 0.31, 5 23.4%
14 304 SA C1 Al 8.12 0.50 0.038 0.002 1.00 0.060 0.060 18.11 B 0.001, 00.0102
15 304 SA C9 A2 8.75 0.39 0.013 0.013 1.72 0.062 0.065 18.48 B <0.001 0 0.0101
16 304 SA C12 A3 8.23 0.47 0.018 0.002 1.00 0.060 0.070 18.43 B <0.001
17 304CW C1 CW A4 8.12 0.50 0.038 0.002 1.00 0.060 0.060 18.11 B<0.001
18 304 CW C12 CW A5 8.23 0.47 0.018 0.002 1.00 0.060 0.070 18.43 B <0.001
19 304 GBE 304 GBE A6 8.43 0.46 0.014 0.003 1.54 0.065 0.088 18.38 Mo 0.51, Co 0.22
20 316 GBE 316 GBE B8 11.12 0.57 0.011 0.022 1.85 0.070 0.056 16.57 Mo 2.27, Co 0.10
21 690 GBE 690 GBE El 59.40 0.30 - 0.003 0.42 0.010 - 29.10 Fe 10.26
22 304 BASE 304 BASE A7 8.46 0.41 0.013 0.014 1.56 0.065 0.086 18.32 Mo 0.36, Co 0.12
23 316 BASE 316 BASE B9 10.30 0.43 0.013 0.020 1.53 0.055 0.054 16.42 Mo 2.19, Co 0.10
24 690 BASE 690 BASE E2 61.49 0.05 - <0.01 0.15 0.030 - 29.24 Fe 9.02
25 HP 304L SA 945 A8 9.03 0.03 <0.005 0.005 1.11 0.005 0.003 19.21 0 0.047, Mo <0.005
26 HP 304LSA 1327 A9 9.54 0.01 0.001 0.002 1.12 0.006 <0.001 19.71 0 0.008. Mo 0.02
27 304L SA C3 AIO 8.91 0.46 0.019 0.004 1.81 0.016 0.083 18.55 B <0.001
28 304L CW C3 CW All 8.91 0.46 0.019 0.004 1.81 0.016 0.083 18.55 B <0.001
29 304-like L5 A12 9.66 0.90 0.113 0.028 0.47 0.006 0.033 21.00 B <0.001, 8 3%,

0 0.0068
aSA = solution-annealed: CW = cold-worked at room temperature; WW = warm-worked at 400°C; SS = stainless steel;

GBE = grain-boundaly-engineered: BASE = base heat for GBE modification; HP = high-purity.
bA = Type 304 SS. B = Type 316 SS, C = cast SS, and D = Type 347 SS; E = Alloy 690.
c5 = Ferrite content.

4.2.2 Test Matrix and Irradiation Plan

A total of 109 SSRT specimens and 222 TEM disks were selected for irradiation in the
BOR-60 reactor. The plan calls for irradiation of these specimnens to four dose levels, i.e., 5, 10,
20, and 40 dpa. Table 15 summarizes the irradiation plan for the 109 SSRT specimens.
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Figure 33. Geometry of SSRT specimen for PWR-like irradiation experiment in the BOR-60 reactor.

Table 15. Summary of material states and target dose of SSRT specimens from BOR-60 experiment

Material Descritplon of Heat Mat SSRr SSRT SSR SSRr Mat SS}r
1 Typ4A Materala ID Codeb 5 dpa 10 dpa 20 dpa 40 dpa Codeb Total

1 347 SA commercial heat 347, SA 316642 D1I 1 2 - 2 D 1 5
2 347 CW comeri-al heat 347. CW 316642CW D2 2 2 - 2 D2 6
3 316 SA 316, Heat B, SA 2333 B1 - 2 - B 2
4 316 CW 316. Heat B, CW 2333 CW B2 - 2 - 1 B2 3
5 316LN SA 316LN, SA 623 B3 1 2 - B3 3
6 316LN-1 SA 316LN, T-doped. SA 625 B4 1 2 2 1 B4 6
7 316 SA 316 SA C21 B5 1 3 - 2 B5 6
8 316 CW 316. CW C21 CW B6 2 3 - 1 B6 6
9 316WW 316, warm-worked C21 WW B7 - 2 - 2 B7 4
10 CF-3cast castkeelblock 13.5%ferrlte 52 C1 - 2 - - C1 2
11 CF-8 cast cast keel block. 13.5% felte 59 C2 - 2 - - C2 2
12 CF-3 cast cast steeL 23% ferrite 69 C3 - - 2 - C3 2
13 CF-8 cast cast steeL 23% ferrlte 68 C4 - - 2 - C4 2
14 304 SA commemial heat 304. SA. low S C1 Al 1 2 - - Al 3
15 304 SA commercial heat 304, SA. high S C9 A2 1 2 - - A2 3
16 304 SA commerclal heat 304. SA. low S C12 A3 1 2 - - A3 3
17 304 CW commercial heat 304. CW Cl CW A4 1 2 - - A4 3
18 304 CW commercial heat 304. CW C12 CW A5 1 2 1 - A5 4
19 304 GBE grain-boundary-optlmlzed 304 SS 304 GBE A6 1 2 1 - A6 4
20 316 GBE grain-bounday-optmized 316 SS 316 GBE BS 1 2 1 - BS 4
21 690 GBE graln-boundary-optmlzed Alloy 690 690 GBE El 1 2 1 - El 4
22 304 BASE 304 SS. base heat of 304 GBE 304 BASE A7 1 2 - - A7 3
23 316 BASE 316 SS. base heat of 316 GBE 316 BASE B9 1 2 - - B9 3
24 690BASE AUoy690, base heatof690 GBE 690BASE E2 1 2 - - E2 3
25 HP 304LSA HP 304L, hgh O, SA 945 AS 1 2 1 - AB 4
26 HP 304L SA HP 304L, low O, SA 1327 A9 1 2 2 1 A9 6
27 304L SA commerclal heat 304L, SA C3 AIO 1 2 - - A10 3
28 304L CW connerclal heat 304L, CW C3 CW All 1 2 - I Al 4
29 304-like alloy lab alloy. 2lwt% Cr, -2% ferrite. SA L5 A12 1 2 3 - A12 6

Total SSRr Specimens 109 24 56 16 13 109
aSA -solution-annealed; CW = cold-worked at room temperature; WW - warm-worked at 400°C;

GBE = grain-boundary-engineered; BASE = base heat for GBE modification: HP = high-purity.
bA = Type 304 SS; B = Type 316 SS: C = cast austenitic SS; D = Type 347 SS: E - AUoy 690.
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The material type, target dose, and identification codes for material state and heats are listed in
the table. Ninety-six SSRT specimens were arranged In 24 bundles (of four specimens each)
for convenience of loading in the irradiation capsules. Table 16 summarizes the target dose
and identification codes of the bundles and specimens contained in the bundles. The other
13 SSRT specimens were loosely loaded in the 40-dpa capsule.

Table 16. Summary of bundles of tensile specimens and system used to identify each bundle (SSRT
specimens to be irradiated in the BOR-60 experiment; 1 bundle = 4 tensile specimens)

Engraved Mark on Front Tensile
Specimen

to Identify Bundle
D1-1
A5-1
B4-1
A7-1
Al-1
A9-1

D1-2
B1-1
B3-2
B5-2
B6-4
c1-i
Al-2
A3-2
A5-2
13-2
A7-2
E2-2
A9-2

A11-2

B4-4
A5-4
C3-1
A8-4

Engraved Mark on Back Tensile
Specimen

to Identify Bundle
33-1
El-i
B6-2
AS-1
A4-1

A12-1

D2-4
B2-2

B4-3
B6-3
B7-2
C2-2
A2-3
A4-3
A6-3
E1-3
B9-3
A8-3

A10-3
A12-3

C4-2
A12-4
B8-4

A12-5

40 13 loose
tensiles

D1-4. DI-5, D2-5, D2-6, B2-3. B4-6. 55-5, 55-6,
B6-6, B7-3. B7-4, Ag-6. Al 1-4

The 3-mm-diameter disk specimens were encapsulated in one He-filled and sealed
capsule and four "weeper" capsules that are open to flowing sodium through machined holes.
All capsules were fabricated from Type 316 SS. Table 17 describes the flve capsules that
contain the disk specimens. Table 18 describes the disk specimens, i.e., material type,
material state, source heat number, target dose, and identification codes.

4.2.3 Status of BOR-60 Irradiation Experiment

Fabrication of the tensile and disk specimens was completed. The specimens were
cleaned, packaged, transported, and encapsulated at the BOR-60 reactor site. Irradiation
started May 2001. Irradiation to 5.7 dpa was completed in October 2001 in two cycles
(lst cycle 2.8 dpa, 2nd cycle 2.9 dpa). Sodium inlet and outlet temperatures were, respectively,
312.7°C and 322.1-322.6°C during the irradiation of 24 tensile and 56 disk specimens.
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Target
dpa
5
5
5
5
5
5

10
10
10
10
10
10
10
10
10

10

10
10
10
10

20
20
20
20

Bundle
Code
5-1
5-2
5-3
5-4
5-5
5-6

10-1
10-2
10-3
10-4
10-5
10-6
10-7
10-8
10-9

10-10

10-11
10-12
10-13
10-14

20-1
20-2
20-3
20-4

-

---



Table 17. Description of five capsules that contain disk specimens (all capsules fabricated from
Type 316 stainless steel)

Capsule Target
Identification radiation TEM Disks

Number (dpa) Descrption of Capsule in Contact with
1 AN05 5 Perforated to allow sodium flow, weeper lAqutd sodium
2 ANIO 10 Perforated to allow sodium flow, weeper lAquid sodium
3 AN20 20 Perforated to allow sodium flow weeper Liquid sodium
4 AN40 40 Perforated to allow sodium flow. weeper lquld sodium
5 HElO 10 Solid tube filled with helium and weld-sealed Gaseous helium

Table 18. Disk specimens sealed in four perforated sodium capsules and one helium-filled capsule
(see Table 17 for capsule Identification numbers AN05, AN10, HEl0, AN20, and AN40)

Matenal Desrtpion of Heat Mat AN05 ANIO HEIO AN20 AN40 Disk
Type5 Material5 D Codeb 5dpa lOdpa lOdpa 20dpa 40dpa btal

1 347 SA commercial heat 347. SA 316642 D1 2 1 1 1 2 7
2 347 CW commercial heat 347. CW 316642CW D2 2 1 1 2 2 a
3 316 SA 316. Heat B. SA 2333 Bl 2 1 1 2 2 8
4 316 CW 316, Heat B. CW 2333 CW B2 2 1 1 2 2 8
5 316LN SA 316LN, SA 623 B3 2 1 1 2 2 8
6 316LN-ll SA 316LN, 1-doped, SA 625 B4 2 1 1 2 2 8
7 316SA 316, SA C21 B5 2 1 1 2 2 8
8 316 CW 316. CW C21 CW B6 2 1 1 1 2 8
9 316 WW 316, WW C21 WW B7 2 2 - 2 2 8
10 CF-3cast castkeelblock. 13.5% ferite 52 C1 2 1 1 2 2 8
11 CF-8 cast cast keel block. f13.5% ferrlte 59 C2 2 2 - 2 2 8
12 CF-3 cast cast steel. 23% ferrlte 69 C3 2 1 - 1 2 6
13 CF-8 cast cast steel, f23% ferrite 68 C4 2 2 - 2 2 8
14 304SA commercial304.SA,lowS C1 Al 2 1 1 2 2 8
15 304SA conmeral 304, SA. high S C9 A2 2 1 1 2 2 8
16 304 SA commercial 304, SA. low S C12 A3 2 1 1 2 2 8
17 304 CW commerclal 304, CW C1c W A4 2 1 1 2 2 8
18 304 CW commercal 304 CW C12 CW A5 2 1 1 2 2 8
19 304 GBE grain-boundary-optmized 304 GBE A6 2 1 1 2 2 8

304 SS
20 316 GBE gran-boundary-optimized 316 GBE B8 2 1 1 2 2 8

316SS
21 690 GBE grain-boundary-optImized 690 GBE E1 2 1 1 2 2 8

Alloy 690
22 304 BASE 304 SS, GBE 304 base heat 304 BASE A7 2 1 1 2 2 8
23 316 BASE 316 SS. GBE 316 base heat 316 BASE B9 2 2 - 2 2 8
24 690 BASE A 690, GBE 690 base heat 690 BASE E2 2 2 - 2 2 8
25 HP 304LSA HP304L hlgh 0, SA 945 A8 2 1 1 2 2 8
26 HP 304L SA HP 304L, low 0. SA 1327 A9 2 2 2 2 2 10
27 304L SA commercial heat 304L, SA C3 10 - - - - - 0
28 304L CW commerci heat 304L. CW C3 CW 11 2 1 1 2 2 8
29 304-like laballoy,21wt%Cr. L5 12 2 1 1 2 2 8

alloy -2% ferrite. SA
rotal TEM Disk Specimens: 222 56 34 23 222

aSA = solution-annealed; CW - cold-worked at room temperature: WW = warm-worked at 400°C; GBE = grain-
boundary-engineered; BASE - base heat for GBE modlflcatlort HP - high-purity.

bA - Type 304. B = Type 316, C = cast, and D = Type 347 stainless steels; E = Alloy 690.
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5 Cracking of Nickel Alloys and Weldments
(W. K. Soppet, 0. K. Chopra, and W. J. Shack)

5.1 Introduction

lhis part of the study consists primarily of establishing CGRs under constant and cyclic
loading and evaluating Ni alloys and weld metals metallographically to develop comprehensive
and statistically significant analyses that could be used to determine the dependence of the
SCC of these materials on alloy composition, microstructure, water chemistry, temperature,
and other factors. High-Ni alloys have experienced general corrosion (tube wall thinning),
localized intergranular attack (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.
hi the primary system of PWRs, cracking has occurred in Alloy 600 and other high-Ni alloys
that are used in applications such as instrument nozzles and heater thermal sleeves in the
pressurlzer,t and penetrations for the control-rod drive mechanism in the closure heads of
reactor vessels.tt In BWRs, cracklng has occurred in dissimilar-metal welds between SS piping
and low-alloy steel nozzles,ttt in jet pump hold-down beams,§ and in
shroud-support-access-hole covers.0§ Alloy 690, with a higher Cr content and greater
resistance to SCC, has been proposed as an alternate to Alloy 600.

A program s being conducted at ANL to evaluate the resistance of Alloys 600 and 690
and their welds to EAC in simulated LWR coolant environments. Fracture mechanics CGR
tests are being conducted on CT specimens of Alloys 600 and 690 in either oxygenated
high-purity water or deaerated water that contained B, Li, and low concentrations of dissolved
H at 289-320oC; the results have been presented elsewhere.80-" 6 Because environmental
degradation of the alloys in many cases is very sensitive to processing, the effects of various
thermomechanical treatments are also being evaluated.

NRC Information Notice No. 91-67, 'Problems with the Reliable Detection of Intergranular Attack (IGA) of Steam
Generator Tubing." Oct. 1991.
NRC Information NoUce No. 90-49. Stress Corrosion Cracking in PWR Steam Generator Tubes.' Aug. 1990: Notice
No. 96-38, 'Results of Steam Generator Tube Examinations.' June 1996; Notice No. 2001-16. 'Recent Foreign and
Domestic Experience with Degradation of Steam Generator Tubes and Internals.' Oct. 2001.
NRC Regulatory Issue Summary 00-022, Issues Stemming from NRC Staff Review of Recent Difficulties
Experienced In Maintaining Steam Generator Tube Integrity,' Nov. 2000; Information Notice No. 97-26.
'Degradation In Small-Radius U-bend Regions of Steam Generator Tubes.' May 1997; Notice No. 94-87,
'Unanticlpated Crack In a Particular Heat of Alloy 600 Used for Westinghouse Mechanical Plugs for Steam
Generator Tubes.' Dec. 1994.

tNRC Informatlon Notice No. 90- 10, "Pimary Water Stress Corrosion Cracking (PWSCC) of Inconel 600.' Feb. 1990.
ttNRC Generic Letter 97-01: 'Degradation of Control Rod Drive Mechanism and Other Vessel Closure Head

Penetrations." Apr. 1, 1997; USNRC Bulletin 01-01, Circumferential Cracking of Reactor Pressure Vessel Head
Penetration Nozzles.' Aug. 2001; Bulletin 02-01. 'Reactor Pressure Vessel Head Degradation and Reactor Coolant
Pressure Boundary Integrity," March 2002.

tttNRC nformation Notice 2000-17. Crack in Weld Area of Reactor Coolant System Hot Leg Piping at V. C. Summer.'
Oct 2000; Supp. 1 Nov. 2000; Supp. 2. Feb. 2001.

§NRC Iformation Notice 93-101, Jet Pump Hold-Down Beam Failure, Dec. 1993.
§§NRC Information Notice 92-57, Radial Cracking of Shroud Support Access Hole Cover Welds," Aug. 1992.
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The existing CGR data obtained at ANL and elsewhere for Alloys 600 and 690 under
cyclic loading conditions have been compiled and evaluated to establish the effects of aloy
type, temperature, load ratio R. stress intensity K. and DO level. To obtain a qualitative
understanding of the degree and range of conditions that are necessary for significant
environmental enhancement of growth rates in LWR environments, the experimental CGRs
have been compared with CGRs that would be expected in air under the same mechanical
loading conditions. In air, fatigue CGRs are generally represented by the equation

da/dN = CM F(fl S(R) (n, (17)

where the functions C, F, and S express the dependence of temperature, frequency, and stress
ratio, and n is the exponent for the power-law dependence of growth rates on the stress
intensity factor range AK. The effect of temperature, stress ratio R, cyclic frequency, and stress
intensity factor range AK on the CGRs was established from an analysis of the existing fatigue
CGR data.8 4 The CGR (m/cycle) of Alloy 600 in air is expressed as

da/dN = CA600 (1 - 0.82 R) 2 .2 (K)4- 1, (18)

where AK is in MPa-ml/2, and the constant CA600 is given by a third-order polynomial of
temperature T (C) expressed as

CA600 = 4.835 x 10-14 + (1.622 x 10-16)T- (1.490 x 10-18)T2 + (4.355 x 10- 21)T3. (19)

The CGR (m/cycle) of Alloy 690 in air is expressed as

da/dN = CA690 (1 - 0.82 R) 2 .2 (AK)4 1, (20)

where AK is in MPa m 1/ 2 and the constant CA690 is given by a third-order polynomial of
temperature T (C) expressed as

CA690 = 5.423 x 114 + (1.83 x 10-16)T- (1.725 x 10-8)12 + (5.490 x 10-21 )T3. (21)

For both alloys, the estimated values show good agreement with the experimental results.
Under similar loading conditions, the CGRs of Alloy 690 appear to be slightly higher than the
CGR of Alloy 600. This difference most likely is an artifact of a smaller database for Alloy 690.

The fatigue CGRs of Alloy 600 are enhanced in high-DO water; the environmental
enhancement of growth rates does not appear to depend on either the C content or heat
treatment of the material. Also, in high-DO water, the CGRs at 320°C are comparable to those
at 2890C. In contrast to the behavior in high-DO water, environmental enhancement of CGRs
of Alloy 600 in low-DO water seems to depend on material conditions such as yield strength
and grain boundary coverage of carbides. Materials with high yield strength and/or low grain
boundary coverage of carbides exhibit enhanced CGRs. Correlations have been developed for
estimating the enhancement of CGRs of Alloy 600 in LWR environments relative to the CGRs in
air under the same loading conditions.

During the current reporting period, CGR tests have been completed on 30% CW Alloy
600 (Heat NX131031) specimen In high-purity water under various environmental and loading
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conditions. The results from these tests are compared with data obtained earlier on several
heats of Alloy 600 tested in high-DO water.

5.2 Experimental

The facility for conducting corrosion-fatigue tests in water at elevated temperature and
pressure consists of a closed-loop electro hydraulic material test system equipped with an extra
high load frame rated at 89 kN (20,000 bs) maximum, and a commercial autoclave with a
recirculating or once-through water system. The autoclave, mounted within the load frame,
has been modified to permit an -19-mm (0.75-In.) shaft to load the test specimen through a
wBal-Seal" gland In the top of the autoclave cover.

1. COVER GAS SUPPLY CYLINDER 17. CHECK VALVE
2. TWO-STAGE HIGH-PRESSURE 18. AIR INJECTION PORT

REGULATOR 19. SYSTEM BLEED PORT
3. FLASHARRESTORWITH 20. RUPTURE DISK

HYDROGEN CYIJDR ONLY) 2t. PRESWURE TRANSDUCER
4. LOW-PRESSURE REGULATOR 22. HIGH-PRESSURE GAUGE
8. RLOW METER 23. HEAT EXCHANGER
6. GAS PURIFIER 24. AUTOCLAVE PREHEATER
7. COMPOUND VACtJM & 25. COMMERCIAL AUTOCLAVE

PRESSURE GAUGE 26. THERMOWELL
8. PRESSURE REUEF VALVE 27. ALSEAL RETAINER
9. VENT TO AIR WITH FLASH ARRESTOR 28. ECP CELL

10. FEEDWATER STORAGE TANK 29. ECP CELL BYPASS INE
11. SPARGE TUBE 30. IBACK-PRESSURE REGULATOR
12. FEEDWATER FILL PORT 31. PRESSURE REUEF VALVE
13. WATER SAMPLE PORT 3Z. CONDUCTIVTY METER
14. SOLENOID VALVE 33. DISSOLVED-OXYGEN METER
15. 02-MICRON FILTER 34. RECIRCULATG PUMP
16. HIGH-PRESSURE PUJMP 35. ION EXCHANGE BED

36. ION EXCHANGE BED BYPASS UNE

V20 ~ ~ ~ ~ ~ ~ ~ ~ 2925

42 I 0tt~ ~ ~ ~~ t VI 

36 24 v {V3 2921 

V5~~~~D 19tr 1 V17

V14O V

Figure 34. Schematic diagram of recirculating autoclave system used for crack growth rate tests on 1-T
compact tension specimens.

Figure 34 is a schematic diagram of the recirculating water system. The water system
consists of a closed feedwater storage tank, 0.2 micron filter, high-pressure pump, regenerative
heat exchanger, autoclave preheater, test autoclave, ECP cell, regenerative heat exchanger,
back-pressure regulator, a 0.2-micron filter, an ion exchange bed, another 0.2-micron filter,
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and a return line to the tank. The system uses Types 316 and 304 stainless steel tubing. For
tests in simulated BWR environments, water quality is maintained by recirculating the supply
tank feedwater through a cleanup system that consists of a recirculating pump (Item 33). on
exchange bed (Item 34), and 0.2-micron filter (Item 15). For tests In simulated PWR
environments, the feedwater cleanup system is omitted; also, to avoid contamination, the ECP
cell in the return line from the autoclave to the water supply tank is bypassed during
recirculation. Water from the back-pressure regulator is released in the once-through water
system to the drain, and, in the recirculating system, to the ion-exchange cleanup system. In
some systems, a conductivity meter and a DO meter (Items 31 and 32) are included
downstream from the back-pressure regulator to monitor the effluent water chemistry. Water
is recirculated at relatively low flow rates of =10 mL/min.

The 130-L feedwater storage tank. manufactured by Filpaco Industries, is constructed of
Types 304 and 316 SS. The tank is designed for vacuum, or positive pressure to 60 psig. The
storage tank contains either a mixture of N2 /0 2 or pure H2 cover gas to maintain a desired DO
or dissolved H concentration in the water.

The BWR environment consists of high-purity deionized water that typically contains
=300 ppb DO. The simulated PWR feedwater contains <0.01 ppm DO but contains small
additions of Li and B. The defonized water is prepared by passing building deionized water
through a local set of fiters that comprise a C ilter, an Organex-g fiter, two ion exchangers,
and a 0.2-mm capsule filter. The DO level in water is established by bubbling N2 that contains
1-2% 02 through deionized water in the supply tank. Water samples are taken periodically to
measure pH, resistivity, and DO concentration.

The corrosion fatigue tests were conducted according to ASTM Designation E 647
'Standard Test Method for Measurement of Fatigue Crack Growth Rates." The crack length of
each specimen is monitored by DC potential measurements. The composition of Alloy 600
(Heat NX131031) used for the present CGR tests is given in Table 19.

Table 19. Composition (wt.%) of Alloy 600 Heat NX131031 base metal as determined by the
vendor and by ANL

Analyst C Mn Fe S P St Cu Ni Cr T Nb Co

Vendor 0.07 0.22 7.39 0.002 0.006 0.12 0.05 76.00 15.55 0.24 0.07 0.058
ANL 0.07 0.22 7.73 0.001 - 0.18 0.06 75.34 - - - -

5.3 Results

The environmental and loading conditions, and the CGRs measured by the DC potential
method are given in Table 20. The water DO level and conductivity were monitored
continuously during the test, whereas the ECPs of a Pt and SS electrode were determined
periodically; the values are listed in the table. The change in crack length and Kn= during the
various test periods is shown in Fig. 35. The specimen was precracked at R = 0.2 or 0.4 to
allow a crack advance of at least 2 mm. The corrosion fatigue tests were conducted at R = 0.7
and a sawtooth waveform with a 300- or 1000-s rise time and 2-s return time. The maximum
stress intensity factor was increased from 28 to 32 MPa mi1 2 and then to 37 MPa ml/2 (Test
Periods 10 and 12, respectively) by cycling at R = 0.2- and 10-s rise time.
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Figure. 35. Crack-length-vs.-time plot for 30% cold-worked Alloy 600 specimen in
high-purity water at 289°C: (a) 100-700 h, (b) 600-1500 h, (c) 1500-2500 h.
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Table 20. Crack growth results for 30% cold-worked Alloy 600a in high-purity water at 2900C

Test Q2 b EleCtrode Potentlalb Rise Growth Crack
Test Time, Conc. mV(SHE) at 2890C Load Time Kmaxc. AK. Rate. Length.

Period h ppb SS Pt Ratio s MPam/ 2 MPa.ml/2 m/s mm
Precrack 283 266 47 200 0.2 12 20.63 16.50 8.33E- 10 13.15

1 336 253 - - 0.4 12 22.89 13.73 5.50E-10 13.29
2 355 266 - 168 0.4 12 25.03 15.02 7.96E- 10 13.34
3 430 200 48 176 0.2 12 25.63 20.50 1.70E-09 13.79
4a 495 250 53 172 0.2 10 26.28 21.02 2.03E-09 14.27
4b 560 245 - - 0.2 10 27.05 21.64 2.40E-09 14.83
4c 624 245 - - 0.2 10 27.96 22.36 2.82E-09 15.48
5 834 239 - - 0.7 300 28.02 8.41 5.61E-11 15.60
6 1127 231 - - 0.7 1000 28.02 8.41 2.37E-11 15.62
7 1344 241 - - 0.7 300 28.02 8.41 5.03E-11 15.65
8 1433 243 - - 1.0 - 11.79 -
9 1506 242 - - 0.4 60 28.17 16.90 4.57E-10 15.76

lOa 1570 233 - - 0.2 10 29.00 23.20 2.60E-09 16.34
lOb 1645 224 - - 0.2 10 30.57 24.46 3.82E-09 17.38
lOc 1695 221 - - 0.2 10 31.91 25.53 4.66E-09 18.22
11 2032 203 43 187 0.7 300 32.14 9.64 6.45E-11 18.37
12a 2076 177 - - 0.2 10 34.13 27.30 8.01E-09 19.54
12b 2107 184 - - 0.2 10 36.55 29.24 1.16E-08 20.86
13 2441 185 - - 0.7 300 37.54 11.26 1.05E-10 21.37

aCompact tension specimen (T CI1 of Alloy 600 (Heat NX13103 1) mtll annealed + 30% cold worked.
bEffluent dissolved oxygen concentration and ECP. Effluent conductivity was 0.2-0.3 uS/cm. Feedwater conductivity

at 25°C 0.06 gS/cm and pH at 25°C 6.0.
cStress intensity, Kmax values at the end of the tme period.

After the test, the specimen was fractured, and a detailed metallographic examination of
the specimen was performed to validate the measurements of crack length by the DC potential
method. A photograph of the broken top half of the T-CT specimen is shown in Fig. 36.
Three distinct eliptical crack fronts can be seen on the fracture surface; these correspond to
the flnal crack and start of Test Periods 10 and 12, in which a load ratio of 0.2 was used. The
average crack lengths were determined by (a) measuring the area under each of the crack
fronts, and (b) the 9/8 averaging technique, i.e., the two-near-surface measurements were

Figure 36.
Fracture surface of 30% cold worked
Alloy 600 specimen tested at 2890C in
high-purity water with =250 ppb
dissolved oxygen.
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averaged and the resultant value was averaged with the remaining seven measurements. The
average crack lengths from area measurements and 9/8 averaging were 16.46, 19.02, and
21.45 mm, and 16.71, 19.12; and 21.55 mm. respectively. The; measured value of the final
crack length is In good agreement with the value of 21.37 mm estimated from the DC potential
method; the difference between the measured and estimated values is <1%. For the other two
crack fronts, measured values are somewhat greater than the values of 15.76 and 18.37 mm
estimated from the DC potential method. These differences most likely are due to poor
definition of the two intermediate crack fronts near the edge of the specimen: the crack front
cannot be clearly defined near the specimen edge. Based on these results, a correction was
considered unnecessaxy for the crack lengths estimated from the DC potential method.
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The measured CGRs in water and those predicted in air for 30% CW Alloy 600 for the
same loading conditions are plotted in Fig. 37. The results obtained earlier on the same heat of
Alloy 600 in the mil annealed (MA) condition and several other heats of Alloy 600 in = 0.3 or
6 ppm DO are also included in the figure. The CGRs (da/dN in m/cycle) in air were
determined from Eqs. 18 and 19. In high-DO water, nearly all of the heats and heat treatment
conditions that have been investigated show enhanced growth rates. The growth rates for MA
Heat NX131031 are slightly higher than those for several other heats of Alloy 600 either in the
solution annealed (SA) condition or SA plus thermally treated condition.

The environmental enhancement of CGRs of 30% CW Heat NX131031 in high-DO water
appears to be a factor of 2-5 lower than that observed earlier for MA material. This difference
may be partially due to a change in the CGRs in air for the CW material, e.g., the CGRs of 30%
CW Alloy 600 in air may be somewhat lower that those for the MA material. For example,
under loading conditions that correspond to >1 x 10 9 m/s CGRs in air, the rates for the 30%
CW material are a factor of =2 lower than those predicted for SA or MA Alloy 600 in air. Under
these loading conditions mechanical fatigue dominates crack propagation and environmental
effects on growth rates are inslgnificant; the CGRs in water should be comparable to those in
air. After accounting for the lower CGRs of the CW alloy in air (i.e., shifting the solid inverted
trlangles in Fig. 37 to the left by a factor of 2), the growth rates of the 30% CW Alloy 600 are
comparable to those for the MA material.
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These results appear to be consistent with the very limited data available for the effect of
cold work on the CGRs of Alloy 600 in high-DO environments.8 7 Although several studies have
established the effect of cold-work on the susceptibility of Aloy 600 to IGSCC in low-DO PWR
environments, 8 8 90 limited data in high-DO water show comparable growth rates for annealed
and CW Alloy 600.87 In low-DO water, the CGRs for the same two materials, i.e., annealed and
CW Alloy 600, differed by nearly one order of magnitude. Additional tests will be conducted on
CW Alloy 600 to investigate the effects of cold-work on CGRs in low- and high-DO
environments.

Figure 37 shows that the CGRs of 30% CW Heat NX131031 are slightly lower and those
of MA Heat NX131031 are slightly higher than the rates predicted by the best-flt curve for
Alloy 600 in high-DO water, given by the expression

CGRem =CGRa, +4.4xl0-7(CGRajr) 0 . (22)

The elliptical shape of the crack front seems to be consistent with these results, i.e., in
high-DO water, CGRs of CW material are lower than those of MA material. The amount of
cold-work is not uniform across the thickness of the specimen; it is greater near the surface.
Consequently, CGR is likely to be lower near the edge of the CT specimen. Fractographic
examination of the specimen indicates a mixed-fracture mode, i.e., predominantly
intergranular fracture, with isolated regions of transgranular fracture, Fig. 38.

Figure 38.
Fracture morphology of 30% cold-worked
Alloy 600 specimen tested at 2890C in
high-purity water with =250 ppb dissolved
oxygen.
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6 Summary

-6.1 Environmental Effects on Fatigue e-N Behavior

This study has evaluated the effects of key material and loading variables, such as strain
amplitude. strain rate, temperature, DO level in water, and material heat treatment, on the
fatigue lives of wrought and cast austenitic SSs in air and LWR environments. Unlike carbon
and low-alloy steels, environmental effects on the fatigue life of austenitic SSs are significant in
low-DO water; effects on life in high-DO water are either comparable or, for some steels, less
pronounced than those in low-DO water.

The mechanism of fatigue crack iniftiation in austenitic SSs in LWR environments has
been exanined. Fatigue crack initiation has been divided into two stages: an initiation stage
that involves the growth of MSCs (i.e., cracks smaller than =200 pm), and a propagation stage
that involves the growth of mechanically small cracks. Crack lengths as a function of fatigue
cycles have been deterined in air and LWR environments. The results indicate' that decreases
in' the fatigue lives of these steels are caused primarily by the effects of environment on the
growth of MSCs and, to a lesser extent, on enhanced growth rates of mechanically small
cracks.

To characterize fracture morphology, fatigue test specimens were examined in detail by
metallography. The crack morphology of the specimen surface is different in low-DO water
than in air or high-DO water; cracks are always straight and normal to the stress axis in
low-DO water, whereas, in air or high-DO water, they follow certain crystallographic features.
However, the morphology of crack growth into the material is similar in air and water
environments; during the propagation stage, well-defined fatigue striations are observed in
both air and water environments. The differing crack morphology of the surface of the
specimens tested in low-DO water indicates that the mechanism of crack Initiation is different
in the low-DO PWR environment than in air or high-DO water. The presence of well-defined
striations indicates that mechanical factors are important; environmentally assisted reduction
in the fatigue life of austenitic SSs is most likely caused by mechanisms such as H-enhanced
track growth.

Austenitic SSs exposed to LWR environments develop a dark, fine-grained,
tightly-adherent, Cr-rich inner layer that forms by solid-state growth, and a cystalline Ni-rich
outer layer composed of large- and intermediate-size particles that form by precipitation or
deposition from the solution. The characteristics of the surface oxide flms can influence the
mechanism and Inetics of corrosion processes and thereby influence fatigue crack initiation.
Exploratory fatigue tests were conducted on austenitic SS specimens that were preexposed to
either low- or high-DO water and then tested in air or water environments in an effort to
understand the effects of surface micropits or minor differences in the surface oxide on fatigue
crack initiation. The results indicate that the presence of a surface oxide film or any difference
in the characteristics of the oxide film have no effect on fatigue crack initiation in austenitic
SSs in LWR environments.
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6.2 Irradiation-Assisted Stress Corrosion Cracking of Austenitic Stainless Steel
In BWRs

As neutron fluence increased to =2.0 x 1021 n cm-2 (E > 1 MeV), the effect of S on the
susceptibility of Types 304 and 304L SS to IASCC was more pronounced than at lower fluence
levels. Heats that contain very low concentrations of S of <0.002 wt.% were not susceptible to
IASCC, whereas heats that contain higher concentrations of S were susceptible.

In spite of high S content, a model austenitic SS alloy that contained a high
concentration of Cr (21 wt.%) and =3 vol.% delta fenrite exhibited excellent resistance to
IASCC after irradiation of up to =2.0 x 1021 n cm- 2 (E > 1 MeV). This flnding can be explained
well on the basis of the effect of delta ferrite on the distribution of S in the alloy. The solubility
limit of S is several times higher in delta ferrite than in the austenitic phase. Therefore, during
the process of ingot melting, solidification, and cooling, S atoms will migrate toward and be
incorporated in the delta ferrite globules that act as trapping sites for S atoms. As a
consequence, the tendency for S to concentrate on austenite grain boundaries is greatly
reduced, and the susceptibility to IASCC (in the form of IGSCC along austenite grain
boundaries) may be suppressed in irradiated steels that contain delta ferrite even in small
volume fraction. However, if the volume fraction of delta ferrite is too great, significant
embrittlement of the ferrite phase could lead to unacceptable degradation of the fracture
toughness of the irradiated steel.

Fracture toughness J-R curve tests and stress corrosion crack growth tests are also being
conducted on commercial heats of austenitic SSs that were irradiated to fluence levels of up to
2 x 1021 n cm-2 (E >1 MeV) at 2880C. The current effort is focused on corrosion fatigue tests
on nonirradiated specimens in high-purity water at 2890C to establish the test procedure and
conditions that will be used for the tests on irradiated materials. Crack growth tests have been
completed on 1/4-T CT specimens of two heats of thermaly aged CF8M cast SS and a 50% CW
Type 316LN SS in high-purity water at 2890C. The results show good agreement with the data
obtained on 1-T CT specimens.

6.3 Irradiation-Assisted Cracking of Austenitic Stainless Steel in PWRs

A comprehensive irradiation experiment was initiated to obtain a large number of tensile
and disk specimens irradiated under PWR-like conditions at =325°C to 5, 10, 20. and 40 dpa.
Design of the experiment, fabrication of the specimens, and loading of the capsules, have been
accomplished successfully. Irradiation in a fast breeder reactor BOR-60 is currently in
progress, and 5-dpa irradiation is expected to be completed by October 2001.

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

The resistance of Ni alloys to environmentaly assisted cracking (EAC) in simulated LWR
environments is being evaluated. Corrosion fatigue tests are being conducted to establish the
effects of alloy chemistry, material heat treatment, cold work, temperature, load ratio R, stress
intensity K, and DO level on the CGRs of Ni alloys. The experimental CGRs in
high-temperature, high-purity water are compared with CGRs that would be expected in air
under the same mechanical loading conditions to obtain a qualitative understanding of the
degree and range of conditions that are necessary for significant environmental enhancement
in growth rates. The fatigue CGRs of Alloy 600 are enhanced in high-DO water; the
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environmental enhancement of growth rates does not appear to depend on either the C content
or heat treatment of the material. In high-DO water nearly all of the heats and heat treatment
conditions that have been investigated show enhanced growth rates.

During the current reporting period, CGR tests were completed on 30% CW Alloy 600
(Heat NX131031) specimen in high-purity water under various environmental and loading
conditions. The growth rates from these tests are compared with data obtained earlier on
several heats of Alloy 600 tested In high-DO water under several heat treatment conditions.
The environmental enhancement of CGRs of 30% CW Alloy 600 in high-DO water appears to be
a factor of 2-3 lower than that observed earlier for MA material. Part of this difference may be
due to a change in the CGRs in air for the CW material. Fractographic examination of the
specimen indicate a mixed fracture mode, i.e., predominantly intergranular fracture with
regions of transgranular fracture.
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