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by 

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

Abstract 

This report summarizes work performed by Argonne National Laboratory on fatigue and 

environmentally assisted cracking (EAC) in light water reactors (LWRs) from July 1999 to 

December 1999. Topics that have been investigated include (a) environmental effects on 

fatigue S-N behavior of primary pressure boundary materials, (b) irradiation-assisted stress 

corrosion cracking (IASCC) of austenitic stainless steels (SSs), (c) EAC of Alloys 600 and 690, 

and (d) assessment of industry crack-growth models. The fatigue strain-vs.-life data that are 

available on the effects of various material, loading, and environmental parameters on the 

fatigue lives of carbon and low-alloy steels and austenitic SSs are summarized. Effects of 

reactor coolant environment on the mechanism of fatigue crack initiation are discussed. Two 

methods for incorporating the effects of LWR coolant environments into the ASME Code fatigue 

evaluations are presented. Slow-strain-rate tensile tests and posttest fractographic analyses 

were conducted on several model SS alloys irradiated to =0.9 x 1021 n-cm-2 (E > 1 MeV) in He 

at 2890C in the Halden reactor. The results have been used to determine the influence of 

alloying and impurity elements on the susceptibility of these steels to IASCC. Fracture 

toughness J-R curve tests were also conducted on two heats of Type 304 SS that were 

irradiated to =0.3 and 0.9 x 1021 n-cm- 2 in the Halden reactor. Crack-growth-rate tests have 

been conducted on compact-tension specimens of Alloy 690 under cyclic loading to evaluate 

the enhancement of crack growth rates of these alloys in LWR environments. The existing 

fatigue crack growth data on Alloys 600 and 690 have been analyzed to establish the effects of 

temperature, load ratio, frequency, and stress intensity range AK on crack growth rates in air.  
Predictions of the PLEDGE code for environmentally assisted cracking in stainless steels have 

been compared with experimental data collected by the BWRVIP, developed at ANL, provided by 

P. L. Andresen of GE, used to develop the original USNRC disposition curve, and gathered from 

other sources in the literature. The results indicate that PLEDGE code provides conservative 

predictions of crack growth rates in unirradiated sensitized materials provided that an 

appropriate value is chosen for the parameter used to characterize the sensitization denoted by 
EPR.
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Executive Summary 

The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear 

power plant components. Figure 1-9.0 of Appendix I to Section III of the Code specifies fatigue 

design curves for structural materials. Although effects of light water reactor (LWR) coolant 

environments are not explicitly addressed by the design curves, test data suggest that the Code 

fatigue curves may not be adequate in coolant environments. The two methods have been 

proposed for incorporating the effects of LWR coolant environments into the ASME Code fatigue 

evaluations: (a) develop new design fatigue curves for LWR applications, and (b) use a fatigue 

life correction factor to account for environmental effects. Both methods of evaluating fatigue 

lives are based on the statistical models for estimating fatigue lives of carbon and low-alloy 

steels and austenitic SSs in LWR environments. Although estimates of fatigue lives based on 

the two methods may differ because of differences between the ASME mean curves used to 

develop the current design curves and the best-fit curves to the existing data used to develop 

the environmentally adjusted curves, either of these methods provides an acceptable approach 

to account for environmental effects. The mechanisms of fatigue crack initiation in carbon and 

low-alloy steels and austenitic SSs in LWR environments are discussed.  

Hot-cell tests were conducted to determine the susceptibility to irradiation-assisted stress 

corrosion cracking of model austenitic stainless steels 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 simulated BWR-like 

water were conducted on 23 model austenitic stainless steel alloys that were irradiated at 

2880 C in helium in the Halden reactor to a fluence of =0.9 x 1021 n-cm- 2 (E > 1 MeV).  

Fractographic analysis by scanning electron microscopy was conducted to determine the 

susceptibility to irradiation-assisted stress corrosion cracking as manifested by the degree of 

intergranular and transgranular fracture surface morphology. These results were compared 

with similar test results obtained for 16 alloys that were irradiated to a fluence of -0.3 x 1021 

n-cm-2 (E > 1 MeV).  

At -0.3 x 1021 n-cm-2 (E > 1 MeV), many alloys were susceptible to transgranular stress 

corrosion cracking, but only one alloy of Type 316L stainless steel that contains a very low 

concentration of Si (0.024 wt.% Si) was susceptible to intergranular stress corrosion cracking.  

Alloy-to-alloy variations in susceptibility to transgranular stress corrosion cracking were 

significant at =0.3 x 1021 n-cm- 2 . As fluence was increased from =0.3 x 1021 n-cm- 2 to =0.9 x 

1021 n-cm-2 , intergranular fracture surfaces emerged in many alloys, usually in the middle of 

and surrounded by transgranular fracture surfaces. This indicates that for many alloys, high 

susceptibility to transgranular stress corrosion cracking is a precursor to susceptibility to 

intergranular stress corrosion cracking (IGSCC) at a higher fluence. Alloy-to-alloy variations in 

susceptibility to transgranular and intergranular stress corrosion cracking were significant at 

_0.9 x 1021 n-cm-2 . Susceptibility to transgranular and intergranular stress corrosion cracking 

was influenced by more than one alloying and impurity element in a complex manner.  

Yield strength of unirradiated model alloys, measured in BWR-like water at 2890 C, was 

nearly constant at =200 MPa and was more or less independent of Si concentration. However, 

as the alloys were irradiated to =0.3 x 1021 n-cm-2 and =0.9 x 1021 n-cm-2 , the increase in yield 

strength was significantly lower in alloys that contain >0.9 wt.% Si than in alloys that contain 

<0.8 wt.% Si. This observation indicates that the nature of irradiation-induced hardening
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centers and the degree of irradiation hardening is significantly influenced by the Si content of 

the alloy. A similar influence was not observed for C and N. Among laboratory heats of Types 

304 and 304L stainless steel, alloys that contain <0.67 wt.% Si exhibited significant 

susceptibility to intergranular stress corrosion cracking, whereas heats with 0.8-1.5 wt.% Si 

exhibited negligible susceptibility to intergranular stress corrosion cracking. However, an alloy 

with -1.9 wt.% Si exhibited some degree of susceptibility to intergranular stress corrosion 

cracking. These observations indicate that an Si content between =0.8 and =1.5 wt.% is 

beneficial in delaying the onset of, or suppressing, susceptibility to irradiation-assisted stress 

corrosion cracking.  

Fracture toughness J-R curve tests have been conducted on four heats of Type 304 

stainless steel that were irradiated to fluence levels of =0.3 and 0.9 x 1021 n-cm-2 (E > 1 MeV) 

(=0.45 and 1.35 dpa) at =2880C in a helium environment in the Halden boiling heavy water 

reactor. The tests were performed on 1/4-T compact tension specimens in air at 2880C; crack 

extensions were determined by both DC potential and elastic unloading compliance techniques.  

Neutron irradiation at 2880C to 0.9 x 1021 n-cm- 2 (E > 1 MeV) (1.35 dpa) decreased the fracture 

toughness of all of the steels. For these materials, minor differences in the chemical 

composition of the steels, e.g., differences in nickel content or silicon content, have little or no 

effect on the fracture toughness of irradiated steels. The commercial heats exhibited fracture 

toughness that is superior to the fracture toughness of laboratory heats. For steels irradiated 
to 0.9 x 1021 n.cm-2 (E > 1 MeV) (1.35 dpa), the JIc values are =300 kJ/m 2 for the commercial 

heats and =38 kJ/m 2 for laboratory heats. The data from commercial heats fall within the 

scatter band for the data obtained at higher temperatures.  

The resistance of Alloys 600 and 690 to EAC in simulated LWR coolant environments is 

being evaluated. Fatigue CGR tests are being conducted in air and LWR coolant environments 

on CT specimens of several heats of Alloys 600 and 690 in annealed and in annealed and 

thermally treated conditions. During the current reporting period, the existing fatigue crack 

growth data on Alloys 600 and 690 have been analyzed to establish the effects of temperature, 

load ratio, frequency, and stress intensity range AK on crack growth rates in air. Correlations 

have been developed for estimating the CGRs of Alloys 600 and 690 as a function of stress 

intensity range AK, load ratio R, and temperature. The results indicate that the CGRs of Alloys 

600 and 690 in air are relatively insensitive to changes in frequency.  

Comparison with the available experimental data shows that the PLEDGE code provides 

conservative predictions of crack growth rates in unirradiated sensitized materials if an 

appropriate value is chosen for the parameter used to characterize the sensitization denoted by 

electropotentiokinetic reactivation (EPR). For applications to unirradiated weldments, a value 

of EPR = 15 C/cm2 appears appropriate and yields a moderate degree of conservatism. With 

this value for EPR, PLEDGE should give somewhat conservative predictions for IGSCC under 

constant and cyclic loads and provide a conservative estimate for environmentally assisted 

fatigue, i.e., transgranular crack growth, under cyclic loading. The choice of EPR = 15 C/cm2 

ought to provide sufficient conservatism in application to weldments that the predictions can 

also be applied to irradiated components with fluence < 5 x 1020 n/cm 2 . For environmentally 

assisted fatigue in unsensitized materials, the choice of EPR = 0 C/cm2 may not give 

conservative estimates in the low-conductivity water chemistries characteristic of current BWR 

operation. Some additional margin appears appropriate. This could be provided again by 

assuming EPR = 15 C/cm2 , but while other approaches (e.g., an appropriate multiplier) could 

be used, they would have to be justified by comparison with appropriate data.
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PLEDGE appears to overestimate the deleterious effect of impurity additions, and its 

predictions become more conservative for conductivities > 0.2 PS/cm. It also appears to 

overestimate the deleterious effect of sensitization as characterized by EPR, at least for EPR 

values > 20 C/cm2 . Because current BWRs generally operate with conductivities much lower 

than 0.2 pS/cm2 and most weldments will have sensitization levels < 15 C/cm2 , these 

shortcomings of the model are of limited importance. However, it is important to recognize that 

comparing PLEDGE predictions with data for high conductivities or high EPR could give a 

misleading picture of the degree of conservatism in PLEDGE predictions. Appropriate 

estimates of the mean error, i.e., the mean value of the ratio of the predicted crack growth rate 

to the observed crack growth rate, for PLEDGE predictions are provided by the results for low

conductivity data given in Table 17 of this report.
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1 Introduction 

The U.S. Nuclear Regulatory Commission (NRC) and its predecessor, the U.S. Atomic 

Energy Commission, have conducted research programs that address the aging of reactor 

components. The results of the research have been used to evaluate and establish regulatory 

guidelines to ensure acceptable levels of reliability for light water reactor (LWR) components.  

The products of this program have been technical reports, methodologies for evaluating 

licensee submittals, and other inputs to the regulatory process. Results have led to the 

resolution of regulatory issues, as well as to the development, validation, and improvement of 

regulations and regulatory guides. The present research on the effects of simulated reactor 

coolant environments on cracking of reactor components was initiated to resolve the remaining 

critical technical issues related to cracking phenomena in LWR components. Initially, this 

project addressed cracking of boiling water reactor (BWR) pipes. Subsequently, in response to 

requests from the NRC Division of Nuclear Reactor Regulation (NRR) for assistance in dealing 

with developing cracking problems in aging reactors, the focus shifted to other problems in 

environmentally assisted cracking (EAC) of LWR components.  

The overall objective of this program is to provide data and physical models to be used by 

the NRC staff in assessing environmentally assisted degradation of primary pressure boundary 

components in LWRs. The research is divided into five tasks: 

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

Fatigue and EAC of piping, pressure vessels, and core components in LWRs are 

important concerns during plant operation and extended reactor lifetimes. The 

degradation processes in U.S. reactors include fatigue, intergranular stress 

corrosion cracking (IGSCC), and propagation of fatigue or stress corrosion cracks 

that initiate in the weld-sensitized heat-affected zones of stainless steel (SS) 

components. Occurrences of mechanical-vibration- and thermal-fluctuation

induced fatigue failures in LWR plants have also been documented. The objective of 

this task is to improve fatigue design curves and assess the additivity of fatigue 

damage in piping and vessel steels under load histories that are typical of LWR 

components. Results of this work will be used to assess industry fatigue 

evaluations that are related to license renewal.  

(b) Component vulnerability to irradiation-assisted stress corrosion cracking 

Irradiation-assisted stress corrosion cracking (IASCC) of in-core components in 

both BWRs and pressurized water reactors (PWRs) is becoming a more common 

problem as reactors age. The general pattern of the observed failures indicates that 

as nuclear plants age and neutron fluence increases, many apparently 

nonsensitized austenitic materials become susceptible to intergranular failure by 

IASCC. Some of these failures have been reported for components that are 

subjected to relatively low or negligible stress levels, e.g., control-blade sheaths and 

handles and instrument dry tubes of BWRs. Although most failed components can 

be replaced, it would be very difficult or impractical to replace some 

safety-significant structural components, such as the BWR top guide, core plate, 

and shroud. The objective of this task is to provide data and models that are 

needed to assess industry analyses of the likelihood of degradation and failure of
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core internal components that are due to IASCC, and to evaluate licensee 
submissions related to inspection and remediation.  

(c) Cracking of nickel alloy components of LWR primary systems 
Internal components of reactor vessels are made of Ni-based alloys, e.g., Alloys 600, 
X750, and 182, which are susceptible to IGSCC. The causes and mechanisms of 
this cracking are not adequately understood, and the uncertainty is increased when 
licensee submissions are evaluated for factors such as damage accumulation and 
inspection intervals. The objective of this task is to provide technical data on the 

effects of cracks in Ni-alloy components on the residual life, inspection, and repair 
of the component. The results will be used to support NRR staff assessments of 
industry crack-growth models, and potential detection and mitigation measures.  

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

(e) Assessment of industry crack-growth models 
This task has two objectives. The first is to perform an independent evaluation of 

industry models that are used to establish inspection intervals and repair criteria.  
The second objective is to perform more detailed analyses of flaw acceptance 
criteria.
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2 Environmental Effects on Fatigue Strain-versus-Life (S-N) 
Behavior of Primary Pressure Boundary Materials 
(0. K. Chopra and W. J. Shack) 

Experience with operating nuclear power plants worldwide reveals that many failures can 

be attributed to fatigue; examples include piping components, nozzles, valves, and pumps. 1-3 
In most cases, these failures have been associated with thermal loading that is due to thermal 
stratification or thermal striping, or with mechanical loading that is due to vibratory loading.  
Significant thermal loadings due to flow stratification were not included in the original design 
basis analysis. The effects of these loadings may also have been aggravated by corrosion 
effects that are due to exposure to high-temperature aqueous environments. Fatigue cracks 
have been observed in pressurizer surge lines in PWRs (NRC Bulletin No. 88-11), and in 

feedwater lines connected to nozzles of pressure vessels in BWRs and steam generators in 
PWRs (NRC IE Bulletin, 79-13; NRC Information Notice 93-20). These cracks have been 

attributed to corrosion fatigue (NRC IE Bulletin, 79-13) or strain-induced corrosion cracking4 

caused by cyclic loading that is due to thermal stratification during start-up (hot standby) and 
shut-down periods.  

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 the ASME Code Section III requires 
that the CUF at each location must not exceed 1.  

The ASME Code fatigue design curves, given in Appendix I of Section III, are based on 
strain-controlled tests of small polished specimens at room temperature in air. The fatigue 

design curves were developed from the best-fit curves of the experimental data 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, whichever was more 

conservative. As described in the Section III criteria document, these factors were intended to 

account for data scatter (heat-to-heat variability), effects of mean stress or loading history, and 

differences in surface condition and size between the test specimens and actual components.  
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. However, because the mean fatigue curve used to development the current Code 

design curve for austenitic SSs does not accurately represent the available experimental 
data, 1,2 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.  

As explicitly noted in Subsection NB-3121 of Section III of the Code, the data on which 

the design fatigue curves (Figs. 1-9.1 through 1-9.6) are based did not include tests in the 

presence of corrosive environments that might accelerate fatigue failure. Article B-2131 in
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Appendix B to Section III states that the owner's design specifications should provide 

information about any reduction to design fatigue curves that has been necessitated by 

environmental conditions. Existing fatigue strain-vs.-life (S-N) data illustrate potentially 

significant effects of light water reactor (LWR) coolant environments on the fatigue resistance of 

carbon steels (CSs) and low-alloy steels (LASs),3- 14 as well as of austenitic stainless steels 
(SSs) 2,15-24 (Fig. 1). Under certain environmental and loading conditions, fatigue lives of CSs 

can be a factor of 70 lower in the environment than in air. 4 , 12 Therefore, the margins in the 

ASME Code may be less conservative than originally intended.  

Two approaches have been proposed for incorporating the effects of LWR environments 

into ASME Section III fatigue evaluations: (a) develop new design fatigue curves for LWR 

applications, and (b) use a fatigue life correction factor to account for environmental effects.  

Both approaches are based on the existing fatigue S-N data in LWR environments, i.e., the 

best-fit curves to the experimental fatigue S-N data in LWR environments are used to obtain 

the design curves or fatigue life correction factor. As and when more data became available, 

the best-fit curves were modified and updated to include the effects of various material, 

loading, and environmental parameters on fatigue life. Interim design fatigue curves that 

address environmental effects on fatigue life of carbon and low-alloy steels and austenitic SSs 

were first proposed by Majumdar et al.2 5 Design fatigue curves based on a rigorous statistical 

analysis of the fatigue S-N data in LWR environments were developed by Keisler et al.2 6,2 7 

Results of the statistical analysis have also been used to estimate the probability of fatigue 

cracking in reactor components. The Idaho National Engineering Laboratory (INEL) assessed 

the significance of the interim fatigue design curves by performing fatigue evaluations of a 

sample of components in the reactor coolant pressure boundary.2 8 In all, six locations were 

evaluated from facilities designed by each of the four U.S. nuclear steam supply system 

vendors. Selected components from older vintage plants designed using the B3 1.1 Code were 

also included in the evaluation. The design curves and statistical models for estimating fatigue 

lives in LWR environments have recently been updated for carbon and low-alloy steels 1 2- 14 and 

austenitic SSs.2,2 4 

Carbon Steel 0 1>250 Stainless Steels Tern. (°C) :100-200 250-325 260-325 ~~D rep (°):<5 5-5 20D pm 0.005 =0.005 _:>0.2 

00 ýppm) :<0.05 0.05-0.2 >0.2 D0 /rn :0.010 
__ Rate (%/s) :;Ž0.4 0.01-0.4 <0.01 Rate_(%/s) -0.01 •0.01 !0.04 

O,, S (wt°/) >0.006 Ž>0.006 ->0.006 
W . A %<e Mean Curve 
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< 0 A0S " 
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Figure 1. S-N data for (a) carbon steels and (b) austenitic stainless steels in water; 

RT = room temperature 

The alternative approach, proposed initially by Higuchi and Iida,4 considers the effects of 

reactor coolant environments on fatigue life in terms of a fatigue life correction factor Fen,
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which is the ratio of the life in air to that in water. To incorporate environmental effects into 

the ASME Code fatigue evaluations, a fatigue usage for a specific load set, based on the current 

Code design curves, is multiplied by the correction factor. Specific expressions for Fen, based 

on the statistical models 2 ,12-14,29,30 and on the correlations developed by the Environmental 

Fatigue Data Committee of Thermal and Nuclear Power Engineering Society of Japan,3 1 have 

been proposed.  

This paper summarizes the data available on the effects of various material, loading, and 

environmental parameters on the fatigue lives of carbon and low-alloy steels and austenitic 

SSs. Effects of reactor coolant environment on the mechanism of fatigue crack initiation are 

discussed. The two methods for incorporating the effects of LWR coolant environments into the 

ASME Code fatigue evaluations are presented. Although estimates of fatigue lives based on the 

two methods may vary because of differences between the ASME mean curves used to develop 

the current design curves and the best-fit curves to the existing data used to develop the 

environmentally adjusted curves, either of these methods provides an acceptable approach to 

account for environmental effects.  

2.2 Mechanism of Fatigue Crack Initiation 

The formation of surface cracks and their growth as shear (stage I) and tensile (stage II) 

cracks to an "engineering" size (3 mm deep) constitute the fatigue life of a material, which is 

represented by the fatigue S-N curves. The curves specify, for a given stress or strain 

amplitude, the number of cycles needed to form an engineering crack. In polycrystalline 

metals and alloys, the period for the formation of surface cracks is negligible; surface cracks, 

10 pLm or longer, form quite early in life. 11 ,3 2 - 3 6 Consequently, fatigue life is considered to be 

composed entirely of crack propagation. 3 7 

The growth of fatigue cracks may be divided into three regimes: (a) an initial period, 

which is very sensitive to microstructure, involves growth of microstructurally small cracks 

(MSCs) and is characterized by decelerating growth rate (region AB in Fig. 2); (b) a final period 

of growth that can be predicted from fracture mechanics methodology and is characterized by 

accelerating crack growth rate (region CD); and (c) a transition period that is controlled by a 

combination of the two regimes (region BC). Fatigue cracks greater than the critical length of 

MSCs show little or no influence from microstructure and are called mechanically small cracks.  

The transition from an MSC to a mechanically small crack has been estimated to occur at a 

crack size approximately eight times the unit size of the microstructure, i.e., 100-150 gm crack 

size. Conventionally, the number of cycles needed to form mechanically small cracks has been 

defined as the "initiation" stage (region ABC in Fig. 2), and growth of the mechanically small 

cracks to engineering size as the "propagation" stage. The reduction in life in LWR 

environments may arise from an increase in growth rates of cracks during the initial stage of 

MSC and shear crack growth and/or during the transition and final stage of tensile-crack 

growth.  

The reduction in fatigue life in high-temperature water has often been attributed to easier 

crack initiation because surface micropits that occur in high-temperature water environments 

are thought to act as stress raisers and provide preferred sites for the formation of fatigue 

cracks. 5 However, experimental data do not support this argument; the fatigue lives of carbon 

and low-alloy steel specimens that have been preoxidized at 2881C in high-dissolved-oxygen 

(high-DO) water and then tested in air are identical to those of unoxidized specimens. 12 If the
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micropits were responsible for the reduction in life, specimens preexposed to high-DO water 

and tested in air should show a decrease in life. Also, the fatigue limit of these steels should be 

lower in water than in air. Data from specimens in high-DO water indicate that the fatigue 

limit is either the same as, or =20% higher, in water than in air. 12 

The enhanced growth rates of long cracks in pressure vessel and piping steels in LWR 

environments have been attributed to either slip oxidation/dissolution 3 8 or hydrogen-induced 

cracking3 9 mechanisms. Both mechanisms depend on the rates of oxide rupture, passivation, 

and liquid diffusion. Therefore, it is often difficult to differentiate between the two processes or 

to establish their relative contributions to crack growth in LWR environments.  

Studies on crack initiation in smooth fatigue specimens indicate that the decrease in 

fatigue life of CSs and LASs in LWR environments is caused primarily by the effects of 

environment on the growth of cracks <100 jtm deep. 12 .3 4 When compared with crack growth 

rates in air, growth rates in high-DO water are nearly two orders of magnitude higher for 

cracks that are <100 Rm and one order of magnitude higher for cracks that are >100 gim.  

Metallographic examinations of test specimens indicate that in high-DO water, <100-Rm 

surface cracks grow entirely as tensile cracks normal to the stress, whereas in air or simulated 

PWR environments, they are at an angle of 450 to the stress axis.34 Also, for CSs, <100--m 

cracks propagate across both ferrite and pearlite regions, whereas in air they propagate only 

along ferrite regions. These results indicate that in high-Do water, growth of MSCs occurs by 

processes other than mechanical loading, e.g., by slip oxidation/dissolution process.  

D-Acr 3 >Ao 2 > Act 

Short Li Cracks 

<" >1C- A 03 " 
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Figure 2. 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 

In high-DO water, crack initiation in CSs and LASs may be explained as follows: 

(a) surface microcracks form quite early in fatigue life; (b) during cyclic loading, the protective 

oxide film is ruptured at strains greater than the fracture strain of surface oxides, and the 

microcracks grow by anodic dissolution of the freshly exposed surface to crack depths greater 

than the critical length of MSCs; and (c) these mechanically small cracks grow to engineering 

size, and their growth, which is characterized by accelerating rates, can be predicted by 

fracture mechanics methodology.
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Studies on crack initiation in austenitic SSs yield similar results; the decrease in fatigue 
life in LWR environments is caused primarily by the effects of environment on the growth of 
cracks that are <500 pm deep. 40 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. Also, SS specimens tested in water show well-defined 
fatigue striations, indicating that mechanical factors and not the slip dissolution/oxidation 
process are important.24 The results indicate that environmentally assisted reduction in 
fatigue life of austenitic SSs is most likely caused by other mechanisms such as 
hydrogen-enhanced crack growth.  

2.3 Fatigue S-N Data in LWR Environments 

2.3.1 Carbon and Low-Alloy Steels 

The fatigue lives of both CSs and LASs are decreased in LWR environments; the reduction 
depends on temperature, strain rate, DO level in water, and S content of the steel. Fatigue life 

is decreased significantly when four conditions are satisfied simultaneously, viz., strain 
amplitude, temperature, and DO in water are above a minimum level, and strain rate is below 
a threshold value. The S content in the steel is also important; its effect on life depends on the 
DO level in water. Although the microstructures and cyclic-hardening behavior of CSs and 

LASs differ significantly, environmental degradation of fatigue lives of these steels is very 

similar. For both steels, only a moderate decrease in life (by a factor of <2) is observed when 

any one of the threshold conditions is not satisfied. The effects of the critical parameters on 
fatigue life and their threshold values are summarized below.  

(a) Strairn A minimum threshold strain is required for environmentally assisted decrease in 

fatigue lives of CSs and LASs. 12-14 The threshold value most likely corresponds to the 
rupture strain of the surface oxide film. Limited data suggest that the threshold value is 
-20% higher than the fatigue limit for the steel.  

(b) Strain Rate: Environmental effects on fatigue life occur primarily during the 
tensile-loading cycle, and at strain levels greater than the threshold value required to 

rupture the surface oxide film. When any one of the threshold conditions is not satisfied, 

e.g., DO <0.05 ppm or temperature <1500C, the effects of strain rate are consistent with 

those in air, i.e., only the heats that are sensitive to strain rate in air show a decrease in 

life in water. When all other threshold conditions are satisfied, fatigue life decreases 
logarithmically with decreasing strain rate below 1%/s;4.8.41 the effect of environment on 

life saturates at --0.001%/s.12-14 The dependence of fatigue life on strain rate for 

A106-Gr B CS and A533-Gr B LAS is shown in Fig. 3. For A533-Gr B steel, the fatigue 

life at a strain rate of 0.0004%/s in high-DO water (-=0.7 ppm DO) is lower by more than 

a factor of 40 than that in air.  

(c) Temperature: When other threshold conditions are satisfied, fatigue life decreases linearly 

with temperature above 1500C and up to 320'C.4,s,8 Fatigue life is insensitive to 

temperatures below 1500C or when any other threshold condition is not satisfied.  

(d) Dissolved Oxygen in Water. When other threshold conditions are satisfied, fatigue life 

decreases logarithmically with DO above 0.05 ppm; the effect saturates at -0.5 ppm
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DO.5,8 Fatigue life is insensitive to DO level below 0.05 ppm or when any other threshold 
condition is not satisfied.
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Figure 3. Dependence of fatigue lives of (a) carbon steels and (b) low-alloy steels on strain rate 

(e) S Content of Steel: The effect of S content on fatigue life depends on the DO content in 
water. When the threshold conditions are satisfied and for DO contents •1.0 ppm, the 

fatigue life decreases with increasing S content. Limited data suggest that the effects of 

environment on life saturate at an S content of =0.015 wt.%. 12 At high DO levels, e.g., 

>1.0 ppm, fatigue life seems to be insensitive to S content in the range of 

0.002-0.015 wt.%. 42 When any one of the threshold conditions is not satisfied, 

environmental effects on life are minimal and relatively insensitive to changes in S 

content.  

2.3.2 Austenitic Stainless Steels 

The fatigue lives of austenitic SSs are decreased in LWR environments; the reduction 

depends on strain rate, level of DO in water, and temperature. 18.22-24 The effects of LWR 

environments on fatigue life of wrought materials are comparable for Types 304, 316, and 

316NG SSs. Although the fatigue lives of cast SSs are relatively insensitive to changes in 

ferrite content in the range of 12-28%, 18 the effects of loading and environmental parameters 

on the fatigue life of cast SSs differ somewhat. The significant results and threshold values of 

critical parameters are summarized below.  

(a) Strain: A minimum threshold strain is required for environmentally assisted decrease in 

fatigue lives of austenitic SSs. Limited data suggest that the threshold strain range is 

between 0.32 and 0.36%.19,24 

(b) Dissolved Oxygen in Water. For wrought austenitic SSs, environmental effects on fatigue 

life are more pronounced in low-DO, i.e., <0.01 ppm DO, than in high-DO, i.e., Ž0.1 ppm 

DO, water. 18 ,2 4 In high-DO water, environmental effects are moderate (less than a factor 

of 2 decrease in life) when conductivity is maintained at <0.1 p.S/cm and electrochemical 

potential (ECP) of the steel has reached a stable value (Fig. 4). For fatigue tests in 

high-DO water, the SS specimens must be soaked for 5 to 6 days for the ECP of the steel 

to reach a stable value. Figure 4 shows that although fatigue life is decreased by a factor
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of =2 when conductivity of water is increased from =0.07 to 0.4 gS/cm, the period for 

presoaking appears to have a greater effect on life than does the conductivity of water. In 

low-DO water, the additions of lithium and boron, or low conductivity, or preexposing the 

specimen for =5 days prior to the test, or dissolved hydrogen, have no effect on fatigue life 

of Type 304 SS (Table 1 Also, for cast austenitic SSs, the effect of DO content is 

somewhat different; the fatigue lives are approximately the same in both high- or low-DO 

water and are comparable to those observed for wrought SSs in low-DO water.2 4 

Type 304 SS 
288°C, As -0.75% 

Strain Rate 0.004/0.4 */.Is 
"DO -0.84 ppm 

o 1 04 Figure 4.  
£0Effects 

of conductivity of water and soak 

-I period on fatigue lives of Type 304 SS in 
Shigh-DO water 

LL.  

ECP Steel Electrode mV(SHE) 
Open Symbols: 145-165 (-120 h soak) 
Closed Symbols: 30-145 (-20 h soak) 

1 0 : 1 I I , ' 'I t l 

10-2 10.1 1 0° 

Conductivity of Water (p±S/cm) 

Table 1. Fatigue test results for Type 304 austenitic SS at 2880C

Diss. Diss. Pre- Conduc- ECP Ten. Stress Strain Life 

Test Oxygena Hydrogen Li Boron soak pH tivityb SS mV Rate Range Range N2 5 

No. (ppb) (cc/kg) (ppm) (ppm) (days) at RT (gS/cm) (SHE) (%/s) (MPa) (%) (Cycles) 

1805 - - - - - 4.OE-3 467.9 0.76 14,410 

1808 4 23 2 1000 1 6.4 18.87 -686 4.0E-3 468.3 0.77 2,850 

1821 2 23 2 1000 1 6.5 22.22 -693 4.OE-3 474.3 0.76 2.420 

1859 2 23 2 1000 1 6.5 18.69 -692 4.OE-3 471.7 0.77 2,420 

1861 1 23 - - 1 6.2 0.06 -610 4.OE-3 463.0 0.79 2,620 

1862 2 23 - - 5 6.2 0.06 -603 4.OE-3 466.1 0.78 2,450 

1863 1 - - - 5 6.3 0.06 -520 4.OE-3 476.5 0.77 2,250 

aDO and ECPs measured in effluent.  
bConductivity of water measured in feedwater supply tank.  

(c) Strain Rate: In high-DO water (conductivity <0.1 RS/cm and stable ECP of the steel), 

fatigue life is insensitive to changes in strain rate. In low-DO water, fatigue life decreases 

logarithmically with decreasing strain rate below -0.4%/s; the effect of environment on 

life saturates at =0.0004%/s for wrought SSs. 19 .2 4 Existing data are too sparse to define 

the saturation strain rate for cast austenitic SSs.  

(d) Temperature: Existing data are also too sparse to establish the effects of temperature on 

fatigue life over the entire range from room temperature to reactor operating 

temperatures. Limited data indicate that environmental effects on fatigue life are minimal 

below 2000 C and significant above 2500C; 1 9 life appears to be relatively insensitive to 

changes in temperature in the range of 250-3300 C. The Pressure Vessel Research 

Council (PVRC) steering committee for cyclic life and environmental effects (CLEE) has 

proposed a ramp function to describe temperature effects on the fatigue lives of austenitic 

SSs; environmental effects are moderate at temperatures below 1800 C, significant above 

2201C, and increase linearly from 180 to 2200C. 4 3
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2.4 Incorporating Environmental Effects into ASME Fatigue Evaluations 

Two procedures are currently being proposed for incorporating effects of LWR coolant 

environments into the ASME Section III fatigue evaluations: (a) develop a new set of 

environmentally adjusted design fatigue curves2 .12,14,24 or (b) use fatigue life correction factors, 

Fen, to adjust the current ASME Code fatigue usage values for environmental effects.2 14 .2 9' 3 0 

For both approaches, the range and bounding values must be defined for key service 

parameters that influence fatigue life. It has been demonstrated that estimates of fatigue lives 

based on the two methods may differ because of differences between the ASME mean curves 

used to develop the current design curves and the best-fit curves to the existing data used to 

develop the environmentally adjusted curves. However, either of these methods provides an 

acceptable approach to account for environmental effects.  

2.4.1 Design Fatigue Curves 

A set of environmentally adjusted design fatigue curves can be developed from the best-fit 

stress-vs.-life curves to the experimental data in LWR environments by using the same 

procedure that was used to develop the current ASME Code design fatigue curves. The 

stress-vs.-life curves are obtained from the strain-vs.-life curves, e.g., stress amplitude is the 

product of strain amplitude and elastic modulus. The best-fit experimental curves are first 

adjusted for the effect of mean stress by using the modified Goodman relationship 

S (a -. 1 for Sa<0,, (1) Sa =S.%-Sa 

and 

S= Sa for Sa> y, (2) 

where Sa is the adjusted value of stress amplitude, and oy and au are yield and ultimate 
strengths of the material, respectively. Equations 1 and 2 assume the maximum possible 
mean stress and typically give a conservative adjustment for mean stress, at least when 

environmental effects are not significant. The design fatigue curves are then obtained by 
lowering the adjusted best-fit curve by a factor of 2 on stress or 20 on cycles, whichever is 
more conservative, to account for differences and uncertainties in fatigue life that are 
associated with material and loading conditions.  

Statistical models based on the existing fatigue S-N data have been developed for 

estimating the fatigue lives of pressure vessel and piping steels in air and LWR 
environments.12.14,24 In air at room temperature, the fatigue life N of CSs is represented by 

In(N) = 6.564 - 1.975 ln(ea - 0.113) (3) 

and of LASs by 

In(N) = 6.627 - 1.808 ln(Pa - 0.151), (4)
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where Ea is applied strain amplitude (%). In LWR environments, the fatigue life of CSs is 

represented by

ln(N) = 6.010 - 1.975 In{(a - 0.1 13) + 0.101 S*V 0* C 

and of LASs by 

In(N) = 5.729 - 1.808 ln(sa - 0.151) + 0.101 S T 0* C,

(5)

(6)

where S*, T*, O, and C are transformed 
respectively, defined as follows:

S content, temperature, DO, and strain rate,

(DO > 1.0 ppm) 
(DO <1.0 ppm & 0 < S <0.015 wt.%) 
(DO <1.0 ppm & S > 0.015 wt.%)

S= 0.015 
S* = 

S= 0.015 

T' 0 
T' =T- 150

(T < 1500C) 
(T = 150-3500 C)

0= 0 
0* = In(DO/0.04) 

0* = ln(12.5)

=0 

I" = In(0) 
S*= n(O.O01)

(DO < 0.05 ppm) 
(0.05 ppm < DO •0.5 ppm) 
(DO > 0.5 ppm)

(R > 1%/s) 
(0.001 i : 5 1%/s) 
(i < 0.001%/s).

The discontinuity in the value of 0* at 0.05 ppm DO is due to an approximation and does not 

represent a physical phenomenon. In air at room temperature, the fatigue data for Types 304 

and 316 SS are best represented by 

In(N) = 6.703 - 2.030 In(sa - 0.126) (11) 

and for Type 316NG, by

(12)ln(N) = 7.422 - 1.671 In(e, - 0.126).  

In LWR environments, fatigue data for Types 304 and 316 SS are best represented by

(13)ln(N) = 5.768 - 2.030 hi(ea - 0.126) + T' C 0' 

and for Type 316NG, by 

ln(N) = 6.913 - 1.671 In(e, - 0.126) + T i' 0',

where T', t', and 0' are transformed temperature, strain rate, and DO, respectively, defined as 
follows:
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T' = 0 (T < 180'C) 
T= (T- 180)/40 (180 < T < 2200 C) 
T= 1 (T > 220°C) (15) 

C = 0 (s > 0.4%/s) 
C= In(A/0.4) (0.0004 < ! < 0.4%/s) 
ý'= ln(0.0004/0.4) (ý < 0.0004%/s) (16) 

O' = 0.260 (DO < 0.05 ppm) 
0' = 0 (DO Ž 0.05 ppm). (17) 

The models are recommended for predicted fatigue lives of •106 cycles. The design 

fatigue curves were obtained from the best-fit curves, represented by Eqs. 3-6 for CSs and 

LASs, and by Eqs. 11 and 13 for austenitic SSs. To be consistent with the current Code design 

curves, the mean-stress-adjusted best-fit curves were decreased by the same margins on 

stress and cycles that are present in the current Code curves, e.g., the adjusted best-fit curves 

were decreased by a factor of 2 on stress for CSs and LASs and by a factor of 1.5 for austenitic 

SSs. A factor of 20 on life was used for all curves, although the actual margin on life is 10-16 

for SSs because of the differences between the ASME mean curve and the best-fit curve to 

existing fatigue data.  

The new design fatigue curves for CSs and LASs and austenitic SS in air are shown in 

Fig. 5, those in LWR coolant environments are shown in Figs. 6-8; only the portions of the 
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Figure 6. Design fatigue curves developed from statistical model for carbon and low-alloy steels 

under service conditions where one or more critical threshold values are not satisfied 

environmentally adjusted curves that fall below the current ASME Code curve are shown in 

Figs. 6-8. Because the fatigue life of Type 316NG is superior to that of Types 304 or 316 SS, 

the design curves in Figs. 5 and 8 will be somewhat conservative for Type 316NG SS. For CSs 

and LASs, a set of design curves similar to those shown in Fig. 7 can be developed for low-S 

steels, i.e., steels with <0.007 wt.% S. The results indicate that in room-temperature air, the 

current ASME Code design curves for CSs and LASs are conservative with respect to the curves 

based on the statistical models, and those for austenitic SSs are nonconservative at stress 

levels above 300 MPa.  

For environmentally adjusted design fatigue curves (Figs. 6-8), a minimum threshold 

strain is defined, below which environmental effects are modest. The threshold strain for CSs 

and LASs appears to be =20% higher than the fatigue limit of the steel. This translates into 

strain amplitudes of 0.140 and 0.185%, respectively, for CSs and LASs. These values must be 

adjusted for mean stress effects and variability due to material and experimental scatter. The 

threshold strain amplitudes are decreased by =15% for CSs and by --40% for LASs to account 

for the effects of mean stress, and by a factor of 1.7 on strain to provide 90% confidence for the 

variations in fatigue life associated with material variability and experimental scatter. 26 Thus, 

a threshold strain amplitude of 0.07% (or a stress amplitude of 145 MPa) is obtained for both 

CSs and LASs. The existing fatigue data indicate a threshold strain range of =0.32% for 

austenitic SSs. This value is decreased by =10% to account for mean stress effects and by a 

factor of 1.5 to account for uncertainties in fatigue life that are associated with material and 

loading variability. Thus, a threshold strain amplitude of 0.097% (stress amplitude of 

189 MPa) is obtained for austenitic SSs. The PVRC steering committee for CLEE 4 3 has 

proposed a ramp for the threshold strain; a lower strain amplitude below which environmental 

effects are insignificant, a slightly higher strain amplitude above which environmental effects 

decrease fatigue life, and a ramp between the two values. The two strain amplitudes are 0.07 

and 0.08% for carbon and low-alloy steels, and 0.10 and 0.11% for austenitic SSs (both 

wrought and cast SS). These threshold values have been used in developing Figs. 7 and 8.
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Figure 7. Design fatigue curves developed from statistical model for carbon and low-alloy steels 
under service conditions where one or more critical threshold values are not satisfied 

2.4.2 Fatigue Life Correction Factor 

The effects of reactor coolant environments on fatigue life have also been expressed in 

terms of a fatigue life correction factor Fen, which is the ratio of life in air at room temperature 
to that in water at the service temperature. 4 A fatigue life correction factor Fen can be obtained 
from the statistical model (Eqs. 3-17), where
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Figure 8. Design fatigue curves developed from statistical models for Types 304 and 316 SS in water 

with <0.05 and >0.05 ppm DO 

In(Fe.n) = ln(NRTai) -- lnt'Nwat,). (18) 

The fatigue life correction factor for CSs is given by 

Fen = exp(0. 554 - 0. 101 S* T' O* i• (19) 

for LASS, by 

Fen = exp(0.898 - 0. 101 S* T* 0* •,(20) 

and for austenitic SSs, by 

Fen = exp(0.935 - 7 ý' 0'), (21) 

where the constants S*, TV, C* and 0* are defined in Eqs. 7-10, and 7, C' and 0' are defined in 

Eqs. 15-17. A strain threshold is also defined, below which environmental effects are modest.  

The strain threshold is represented by a ramp, i.e., a lower strain amplitude below which 

environmental effects are insignificant, a slightly higher strain amplitude above which 

environmental effects are significant, and a ramp between the two values. Thus, the negative 

terms in Eqs. 19-21 are scaled from zero to their actual values between the two strain 

threshold. The two strain amplitudes are 0.07 and 0.08% for CSs and LASs, and 0. 10 and 

0. 11% for austenitic SSs (both wrought and cast SS). To incorporate environmental effects into 

the Section III fatigue evaluation, a fatigue usage for a specific stress cycle, based on the 

current Code design fatigue curve, is multiplied by the correction factor. The experimental 

data adjusted for environmental effects, i.e., the product of experimentally observed 

fatigue life in LWVR environments and Fen, are compared with the best-fit S-N curve in 

room-temperature air in Fig. 9.  

A similar approach has been proposed by Mehta and Gosselin; 29,30 however, they definied 

Fen as the ratio of the life in air to that in water, both at service temperature. The Fen 

approach, also known as the EPRI/GE approach, has recently been updated to include the 

revised statistical models and the PVRC discussions on environmental fatigue evaluations.44
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An "effective" fatigue life correction factor, expressed as Feneff = Fen/Z, is defined where Z is a 

factor that constitutes the perceived conservatism in the ASME Code design curves. A 

nonmandatory appendix, based on this procedure, is being proposed for inclusion in Section III 

of the ASME Code. The Feneff approach presumes that all uncertainties have been anticipated 

and accounted for.
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3 Irradiation-Assisted Stress Corrosion Cracking of Austenitic SS 

3.1 Introduction 

Failures of reactor-core internal components have been observed after accumulating 

fluence of >0.5 x 1021 n-cm-2 (E >1 MeV), or =0.7 dpa, in BWRs and at approximately one order 

of magnitude or higher fluences in some PWR components. The general pattern of the 

observed failures indicates that as nuclear plants age and neutron fluence increases, various 

nonsensitized austenitic SSs become susceptible to IG failure. Some components have cracked 

under minimal applied stress. Although most failed components can be replaced (e.g., PWR 

baffle-former bolts), some safety-significant structural components (e.g., the BWR top guide, 

shroud, and core plate) would be very difficult or costly to replace. Therefore, the structural 

integrity of these components at high fluence has been a subject of concern, and extensive 

research has been conducted to provide an understanding of this type of degradation, which is 

commonly known as irradiation-assisted stress corrosion cracking (IASCC).4 5- 7 8 

Irradiation produces profound effects on local coolant water chemistry and component 

microstructure. Neutron irradiation causes alteration of local 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 

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 causes IASCC. One of the most important factors 

that has been considered by many investigators to support the Cr-depletion mechanism is the 

observation that dependence on water chemistry (i.e., oxidizing potential) of intergranular 

stress corrosion cracking (IGSCC) of nonirradiated thermally sensitized material and of IASCC 

of BWR-irradiated solution-annealed material is similar. Other investigators have implicated 

radiation-induced segregation of ASTM-specified impurities such as Si, P, S, and other minor 

impurities not specified in the ASTM specification. However, the exact mechanism of IASCC 

still 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 compositions. This indicates that the 

traditional interpretation based on the role of grain-boundary Cr depletion cannot completely 

explain the IASCC mechanism.  

Therefore, an irradiation testing program has been conducted at ANL to investigate 

systematically the effects of alloying and impurity elements (Cr, Ni, Si, P, S, Mn, C, and N) on 

the susceptibility of austenitic stainless steels to IASCC at several fluence levels. In a previous 

study,7 9 SSRT tests and fractographic analysis were conducted on model austenitic SS 

specimens irradiated at 2890 C in helium in the Halden reactor to a "low-fluence" level of -0.3 x 

1021 n-cm-2 (E > 1 MeV), or =0.43 dpa. Results of initial tests conducted on specimens that
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were irradiated to a "medium-fluence" level of =0.9 x 1021 n-cm-2 (E > 1 MeV), or =1.3 dpa, have 

been reported in Ref. 80. This report describes complete test results that were obtained for all 
of the 23 "medium-fluence" specimens irradiated to =0.9 x 1021 n-cm- 2 (E > 1 MeV). Initial 
results of correlation of the SSRT behavior with the compositional characteristics of the model 

alloys are also reported.  

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

3.2.1 Test Matrix, Specimen Fabrication, and Irradiation 

Test Matrix 

The irradiation test matrix was constructed according to the method of Taguchi, as 
described in Ref. 81. The base matrix followed Taguchi's standard orthogonal array L 18 (21 x 
37), which is an optimized matrix designed to determine systematically the effects of seven 

variables (i.e., bulk material concentrations of Cr, Si, P, S, Mn, C, and N) at three concentration 

levels, and one variable (Ni concentration) at two levels. A possible synergistic interaction was 
assumed only between Ni and Si. In this way, 18 statistically optimized alloys were designed 

and fabricated in the laboratory. In addition to the 18 statistically optimized alloys, 6 

supplementary heats of commercial- and high-purity (CP and HP) grade Types 304, 316, and 
348 SS were included in the test matrix.  

Of these 24 alloys, 8 were replaced by commercially fabricated and purchased heats.  

Compositions of major impurities (i.e., Si, P, C, and N) of each of the 8 commercial heats 
matched closely those of each corresponding alloy designed according to the Taguchi's 

standard array L18 (21 x 37). The prefix "C" was added to the identification number of these 8 
commercial heats, i.e., Heats C1, C3, C9, C10, C12, C16, C19, and C21 in Table 2.  

The remaining 16 heats were fabricated in the laboratory; all were designated with 
identification numbers that began with "U. To this matrix of 24 alloys3 laboratory heats were 
added to test the effects of the fabrication procedure. Compositions of these 3 laboratory heats 

(i.e., Heats L25C3, L26C19, and L27C21 in Table 2) closely match those of the corresponding 
commercial heats (Heats C3, C19, and C21), respectively. Elemental compositions of the 

complete test matrix, comprising 27 model austenitic SS alloys, are given in Table 2.  

Fabrication of Test Specimens 

Slow-strain-rate tensile specimens were machined from solution-annealed and water

quenched plates or sheets that were fabricated from the 27 model austenitic SS alloys. The 

geometry of the SSRT specimens was 0.76 mm thick, 57.2 mm long, and 12.7 mm wide; and 

the gauge section of was 19.1 mm long and 3.1 mm wide. Gauge lengths and planes of the 

specimens were parallel to the rolling direction and plane of the sheets, respectively. Subsize 

compact-tension (1/4TCT) specimens were also irradiated in tandem in the same capsules with 
the SSRT specimens to determine J-R fracture toughness properties and crack growth rates 
(CGRs) after irradiation. Together, 96 SSRT and 24 CT specimens were prepared and 

irradiated in this study. After these specimens were mechanically machined in the shop, no 

additional heat-treatment was applied to any of the specimens. The machined specimens were
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degreased in acetone and cleaned ultrasonically in alcohol before encapsulation in Type 304 SS 
capsules filled with research-grade He for irradiation in the Halden reactor.  

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

ANL Source Composition (wt.%) 

IDa Heat ID Ni Si P S Mn C N Cr 0 B Mo or Nb 

C1 DAN-70378 8.12 0.50 0.038 0.002 1.00 0.060 0.060 18.11 - <0.001 

L2 BPC-4-111 10.50 0.82 0.080 0.034 1.58 0.074 0.102 17.02 0.0065 <0.001 

C3 PNL-C-1 8.91 0.46 0.019 0.004 1.81 0.016 0.083 18.55 - <0.001 

L4 BPC-4-88 10.20 0.94 0.031 0.010 1.75 0.110 0.002 15.80 - <0.001 

L5 BPC-4-104 9.66 0.90 0.113 0.028 0.47 0.006 0.033 21.00 - <0.001 

L6 BPC-4-127 10.00 1.90 0.020 0.005 1.13 0.096 0.087 17.10 0.0058 <0.001 

L7 BPC-4-112 10.60 0.18 0.040 0.038 1.02 0.007 0.111 15.40 0.0274 <0.001 

L8 BPC-4-91 10.20 0.15 0.093 0.010 1.85 0.041 0.001 18.30 - <0.001 

C9 PNL-C-6 8.75 0.39 0.013 0.013 1.72 0.062 0.065 18.48 - <0.001 

C10 DAN-23381 8.13 0.55 0.033 0.002 1.00 0.060 0.086 18.19 - <0.001 

Lll BPC-4-93 8.15 0.47 0.097 0.009 1.02 0.014 0.004 17.40 - <0.001 

C12 DAN-23805 8.23 0.47 0.018 0.002 1.00 0.060 0.070 18.43 - <0.001 

L13 BPC-4-96 8.18 1.18 0.027 0.022 0.36 0.026 0.001 17.40 - <0.001 

L14 BPC-4-129 7.93 1.49 0.080 0.002 1.76 0.107 0.028 15.00 0.0045 <0.001 

L15 BPC-4-126 8.00 1.82 0.010 0.013 1.07 0.020 0.085 17.80 0.0110 <0.001 

C16 PNL-SS-14 12.90 0.38 0.014 0.002 1.66 0.020 0.011 16.92 - <0.001 

L17 BPC-4-128 8.00 0.66 0.090 0.009 0.48 0.061 0.078 15.30 0.0092 <0.001 

L18 BPC-4-98 8.13 0.14 0.016 0.033 1.13 0.080 0.001 18.00 - <0.001 

C19 DAN-74827 8.08 0.45 0.031 0.003 0.99 0.060 0.070 18.21 - <0.001 

L20 BPC-4-101 8.91 0.017 0.010 0.004 0.41 0.002 0.002 18.10 - <0.001 

C2 1 b DAN-12455 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28 - <0.001 Mo 2.08 

L22c BPC-4-100 13.30 0.024 0.015 0.004 0.40 0.003 0.001 16.10 - <0.001 Mo 2.04 

L23d BPC-4-114 12.04 0.68 0.030 0.047 0.96 0.043 0.092 17.30 0.0093 <0.001 Nb 1.06 

L24e BPC-4-105 12.30 0.03 0.007 0.005 0.48 0.031 0.002 16.90 0.0129 <0.001 Nb 1.72 

L25C3 BPC-4-133 8.93 0.92 0.020 0.008 1.54 0.019 0.095 17.20 0.0085 0.010 

L26C19 BPC-4-131 8.09 0.79 0.004 0.002 0.91 0.070 0.089 17.20 0.0080 <0.001 

L27C21 BPC-4-132 10.30 0.96 0.040 0.002 0.97 0.057 0.019 15.30 0.0058 0.030 Mo 2.01 

aFirst letters "C" and 'L" denote commercial and laboratory heats, respectively.  
bCommercial-purity Type 316 SS.  
cHigh-purity Type 316 SS.  
dCommercial-purity Type 348 SS.  
eIigh-purity Type 348 SS.  

Specimen Irradiation 

A total of 96 SSRT and 24 CT specimens were encapsulated into six capsules, each 

capsule containing 16 SSRT and 4 CT specimens. A fixed 0.5-mm gap was allowed between 

the inner wall of the Type 304 SS capsule and specimen edges. The gap was filled with 

research-grade He. The gap size of 0.5 mm was selected to maintain specimen temperature at 

2880C during irradiation in He. To prevent capsule wall creepdown and possible changes in 

gap size, spacers in the form of Type 304 SS wires (0.5-mm diameter) were placed between the 

specimens and the capsule inner wall. Type 304 SS filler bodies were inserted on both sides of
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the SSRT specimen stack to avoid overheating the thin gauge section. The six capsules were 

irradiated in the Halden boiling heavy water reactor starting April 8, 1992. Fast neutron (E > 1 

MeV) flux during the various irradiation cycles ranged from 1.80 x 1013 n cm-2 s-1 to 3.31 x 

1013 n cm- 2 S-1. Irradiation history of the six capsules is summarized in Table 3.  

Table 3. Summary of discharge fluence of model austenitic stainless steel alloys irradiated in Halden 

Reactor 

Target 

Capsule Fluence Fluencea Irradiation Discharge Target Fluence 

ID Level (1021 n cm- 2 ) Cycle Date (1021 n cm- 2 ) 

1 Medium 1.0 IFA 530-3 to -6; D-07-004-2 Nov. 96 0.9 

4 Low 0.4 IFA 530-3 Oct. 92 0.3 

5 High 2.5 IFA 530-4 to -6; D-07-004-1 to-3 Nov. 99 2.0 

6 High 2.5 IFA 530-4 to -6; D-07-004-1 to-3 Nov. 99 2.0 

7 Medium 1.0 IFA 530-4 to -6; D-07-004-1 May 96 0.9 

8 High 2.5 IFA 530-4 to -6; D-07-004-1 to-3 Nov. 99 2.0 
aFor neutron energy E >1 MeV.  

3.2.2 Slow-Strain-Rate Tensile Test and Fractographic Analysis of Medium-Fluence Specimens 

Procedure for SSRT Test 

All SSRT tests were conducted in a low-activity-level hot cell in simulated BWR-like water 

at 289°C. Dissolved oxygen (DO) in the water was maintained at =8 ppm. Conductivity and pH 

of the water were kept at =0.07-0.10 and 6.3-6.8, respectively. Strain rate was held constant at 

1.65 x 10-7 s-1. Electrochemical potential (ECP) was measured on the effluent side at regular 

intervals. Results of slow-strain-rate tensile tests and fractographic analysis, completed for 

the 16 alloys that were irradiated to a fluence of =0.3 x 1021 n-cm- 2 (E > 1 MeV), have been 

reported in Ref. 79. In this reporting period, tests were completed on 23 medium-fluence alloy 

specimens irradiated to =0.9 x 1021 n-cm- 2 (E > 1 MeV). In addition to the irradiated 

specimens, unirradiated control specimens were tested under the same conditions.  

Tabulation of Results of SSRT Test and Fractographic Analysis 

Results obtained to date on specimens irradiated to fluences of zero, =0.3 x 1021 n-cm- 2 

(E > 1 MeV), and =0.9 x 1021 n-cm- 2 are tabulated in Tables 4-9. Feedwater chemistry (i.e., 

DO, ECP, conductivity, and pH) and results from SSRT testing (i.e., 0.2%-offset yield strength, 

maximum strength, uniform plastic strain, and total plastic strain) are summarized in Tables 

3, 5, and 7, respectively, for nonirradiated control specimens and specimens irradiated to =0.3 

x 1021 n-cm- 2 (E > 1 MeV) and =0.9 x 1021 n-cm- 2 . Also shown in these tables are results of 

SEM fractographic analysis of the failure mode (i.e., ductile, intergranular, and transgranular 

fracture surface morphology) of the specimens. In Table 5, the results of SSRT and SEM 

fractographic analysis (percent IGSCC, percent TGSCC, and combined percent IGSCC+TGSCC) 

are correlated with compositional characteristics of the unirradiated specimens. Similar 

correlations for alloys irradiated to =0.3 x 1021 n-cm- 2 (E > I MeV) and =0.9 x 1021 n-cm-2 are 

given in Tables 7 and 9, respectively.
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Table 4. Results of SSRTa tests and SEM fractography for nonirradiated control specimens of model 

austenitic stainless steel alloys 

Alloy & Feedwater Chemistry SSRT Parameters Fracture Behavior 

Spec. Oxygen Average Cond. Yield Max. Uniform Total oGSCC + 

Ident. SSRT Conc. ECP at 250C pH Stress Stress Elong. Elong. -TGSCCb IGSCC IGSCC 

No. No. (ppm) (mV SHE) (RiS'cm-I} at 25°C (MPa) (MPa) (%) (0/0) (%) (oA) (%) 

L23-4 CHR-I 8.6 +228 0.07 6.65 332 480 15.6 17.0 15 0 15 

L7-4 CHR-2 8.0 +217 0.07 7.37 195 370 2.5 5.2 20 0 20 

L7-B1 CHR-7 Tested in Air 282 676 42.3 43.9 0 0 0 

L14-4 CHR-3 8.6 +208 0.07 7.37 240 474 41.8 44.2 0 0 0 

L17-4 CHR-4 7.5 +262 0.06 7.09 189 412 11.6 13.3 60 0 60 

L17-Bl CHR-19 7.8 +166 0.08 6.71 184 447 30.1 31.2 8 0 8 

L6-4 CHR-5 7.9 +256 0.08 6.85 227 545 43.0 44.5 0 0 0 

L27-4 CHR-6 9.3 +247 0.08 6.96 298 483 20.6 22.9 0 0 0 

L26-4 CHR-8 9.4 +223 0.07 6.65 184 596 38.2 40.2 0 0 0 

L2-4 CHR-9 8.6 +292 0.06 6.55 193 348 6.6 7.8 57 0 57 

L25-4 CHR-10 8.2 +239 0.06 6.42 184 458 25.5 27.0 0 0 0 

L15-4 CHR-11 8.2 +195 0.06 6.32 218 512 36.7 37.9 0 0 0 

L24-4 CHR- 12 8.4 +200 0.07 6.20 352 461 10.4 12.3 10 0 10 

C1-15 CHR- 13 8.1 +187 0.07 6.33 179 498 49.4 51.7 0 0 0 

C19-B1 CHR-14 8.8 +179 0.08 6.29 178 501 47.4 49.2 0 0 0 

C9-B1 CHR-15 8.5 +166 0.07 6.83 178 408 17.4 19.4 32 0 32 

C12-B1 CHR-16 8.5 +124 0.07 6.18 182 511 46.0 47.6 0 0 0 

C10-BI CHR-17 9.2 +145 0.07 6.26 174 478 30.6 35.1 0 0 0 

C21-9 CHR-18 9.2 +187 0.07 6.41 277 455 48.9 59.5 0 0 0 

=Tested at 2890C at strain rate of 1.65 x 10-7 s-1 in simulated BWR water containing =8 ppm DO.

Table 5. Compositional characteristics (composition in wt.%) of nonirradiated control specimens of 
model austenitic stainless steel alloys correlated with results of SSRTa tests and SEM 

fractography (HP = high purity, CP = commercial purity)

0 

Ni Si P S Mn C N Cr Mo/Nbwppm) 

12.04 0.68 0.030 0.047 0.96 0.0430.092 17.30Nb 1.06 93 

10.60 0.18 0.040 0.038 1.02 0.0070.111 15.40- 274 

7.92 1.49 0.0800.002 1.76 0.1070.028 15.00- 45 

8.0C 0.66 0.090 0.009 0.48 0.061 0.078 15.30- 90 

8.OC 0.66 0.090 0.009 0.48 0.061 0.078 15.30- 90 

10.00 1.90 0.020 0.005 1.13 0.0960.087 17.10- 58 

10.30 0.96 0.040 0.002 0.97 0.0570.019 15.30 Mo 2.01 

8.06 0.79 0.004 0.002 0.91 0.0700.089 17.20- 80 

10.50 0.82 0.080 0.034 1.58 0.0740.102 17.02- 66 

8.92 0.92 0.0200.008 1.54 0.0190.095 17.20- 85 

8.OC 1.82 0.010 0.013 1.07 0.0200.085 17.80- 110 

12.30 0.03 0.007 0.005 0.48 0.0310.002 16.901Nb 1.72 

8.12 0.50 0.038 0.002 1.00 0.0600.060 18.11- 

8.08 0.45 0.031 0.003 0.99 0.0600.070 18.21 -

8.7, 0.39 0.013 0.013 1.72 0.0620.065 18.48- 

8.22 0.47 0.018 0.002 1.00 0.0600.070 18.43- -

C10 8.1, 0.55 0.033 0.002 1.00 0.0600.086 18.19

C21 10.24 0.51 0.0340.001 1.19 0.0600.020 16.28Mo 2.08

YS UTS UE TE E'GSCCIGSC( TG+IG 

Remarkb (MPa) (MPa] (%) (%) (%) (%) SCC (%)

CP 348 
High N, 0; Low Si. C 

High Si. P. C; Low S 

High P; Low Cr. Mn, S 

High P; Low Cr, Mn. S 

High Si, C, Cr, LowS 

CP 316: high B (0.030) 

LowP, S 

High P. S. Mn. N 

high B (0.010) 

High N: Low C 

HP 348; Low Si. N 

Low S. CP 304 

Low Si, S, CP 304 

Low Si, High Mn 

Low Si. S. P 

Low S, high N 

CP 316: low B (0.001)

332 
195 

240 

189 

184 

227 

298 

184 

193 

184 

218 

352 

179 

178 

178 

182 

174 

277

480 15.6 17.0 
370 2.5 5.2 

474 41.8 44.2 

412 11.6 13.3 

447 30.1 31.2 

515 43.0 44.5 

483 20.6 22.9 

506 38.2 40.2 

348 6.6 7.8 

458 25.5 27.0 

512 36.7 37.9 

461 10.4 12.3 

498 49.4 51.7 

501 47.4 49.2 

408 17.4 19.4 

511 46.0 47.6 

478 30.6 35.1 

455 48.9 59.5

1515 
20 
0 
60 
8 
0 
0 
0 

57 

0 
0 
10 

0 
0 
32 

0 
0 
0

0 15
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 

0 
0 
0 
0 
0
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Alloy 

ID 

L23 

L7 

L14 

L17 

L17 

L6 

L27 

L26 

L2 

L25 

L15 

L24 

Cl 

C19 

C9 

C12

15 
20 
0 
60 
8 
0 
0 
0 
57 
0 
0 
10 
0 
0 
32 
0 
0 
0

aTest at 2890C at a strain rate of 1.65 x 10-7 s-1 in simulated BWR water that contained -'8 ppm DO.  
bHp = high purity, CP = commercial purity.
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Table 6. Results of SSRTa test and SEM fractography for model austenitic stainless steels irradiated 
in He at 2890C to fluence of =0.3 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. SSRT Conc. ECP at 25*C pH Stress Stress Elongation Elongation TGSCC IGSCC IGSCC 

No. No. (ppm) (mV SHE) (j±S-cmn 1 ) at 250C (MPa) (MPaI (%) (%) (%) (%N (%) 

CI-i HR-1 8.3 +184 0.07 7.03 490 680 13.4 16.6 4 0 4 

L5-1 HR-2 9.7 +208 0.07 6.89 413 539 29.5 32.7 2 2 4 

L22-1 HR-3 8.0 +236 0.07 6.80 360 596 6.6 9.4 50 15 65 

C3-1 HR-4 8.7 +161 0.07 6.68 338 491 27.7 31.6 5 0 5 

C16-1 HR-5 8.3 +204 0.08 6.74 370 527 17.6 20.6 2 0 2 

L4-1 HR-6 9.0 +202 0.08 6.70 367 542 19.7 22.3 46 0 46 

L18-1 HR-7 9.0 +203 0.08 6.33 503 572 6.3 8.8 54 0 54 

C10-1 HR-8 8.2 +174 0.07 6.35 523 640 17.4 18.9 6 0 6 

C21-1 HR-9 8.1 +149 0.08 6.49 480 620 15.9 19.4 4 0 4 

L11-1 HR-10 9.0 +157 0.08 6.17 487 599 2.3 3.8 62 0 62 

L13-1 HR-11 8.7 +164 0.08 6.17 248 461 22.1 24.8 8 0 8 

L20-1 HR-12 8.4 +174 0.07 6.20 454 552 2.9 5.1 32 2 34 

C19-1 HR-13 9.5 +132 0.12 6.36 554 682 10.5 14.7 7 0 7 

C9-1 HR-14 8.0 +192 0.11 6.30 522 607 13.4 14.6 24 0 24 

C12-1 HR-15 9.0 +195 0.08 6.40 404 589 20.4 24.2 5 0 5 

LS-1 HR-16 9.0 +215 0.08 6.60 411 571 15.6 17.9 54 0 54 

aTest at 2890C at a strain rate of 1.65 x 10.7 s-I in simulated BWR water that contained =8 ppm DO.  

Table 7. Compositional characteristics (composition in wt.%) of model austenitic stainless steels 

irradiated to fluence of =0.3 x 1021 n-cm-2 (E > 1 MeV) correlated with results of SSRTa tests 

and SEM fractography (HP = high purity, CP = commercial purity) 

Alloy YS UTS UE TE roGSCCIGSCC TG+IG 

ID Ni Si P S Mn C N Cr Mo/Nb Remarkb (MPa) (MPa) (%0 / %) (%0 (l% SCC (%) 

C1 8.12 0.50 0.038 0.002 1.00 0.060 0.060 18.11 - Low S. CP 304 490 680 13.4 16.6 4 0 4 

L5 9.66 0.90 0.113 0.028 0.47 0.006 0.03321.00 - High P. Cr: Low C 413 539 29.5 32.7 2 2 4 

L22 13.30 0.0240.015 0.004 0.40 0.003 0.001 16.10 Mo 2.04 HP 316L. low Si, N 360 596 6.6 9.4 50 15 65 

C3 8.91 0.46 0.019 0.004 1.81 0.016 0.083 18.55 - CP 304L. LowSi 338 491 27.7 31.6 5 0 5 

C16 12.90 0.38 0.014 0.002 1.66 0.020 0.011 16.92- High Ni: Low Si, S 370 527 17.6 20.6 2 0 2 

IA 10.20 0.94 0.031 0.010 1.75 0.110 0.00215.80- High Ni. Mn. C: Low N 367 542 19.722.3 38 0 38 

L18 8.13 0.14 0.016 0.033 1.13 0.080 0.001 18.00 - Low Si. N 503 572 6.3 8.8 54 0 54 

010 8.13 0.55 0.033 0.002 1.00 0.060 0.086 18.19 - Low S. CP 304 523 640 17.4 18.9 6 0 6 

021 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28 Mo 2.08 CP 316 480 620 15.9 19.4 4 0 4 

L11 8.15 0.47 0.097 0.009 1.02 0.014 0.004 17.40 - High P: LowSi, CO S, N 487 599 2.3 3.8 62 0 62 

L13 8.18 1.18 0.027 0.022 0.36 0.026 0.001 17.40 - High Si; Low Mn. C. N 248 461 22.1 24.8 8 0 8 

L20 8.91 0.0170.010 0.004 0.41 0.002 0.002 18.10 0 0.0940 highO: low Si. N: HP 304L 454 552 2.9 5.1 32 2 34 

C19 8.08 0.45 0.031 0.0030.99 0.060 0.070 18.21 - Low Si. S 554 682 10.5 14.7 7 0 7 

C9 8.75 0.39 0.013 0.013 1.72 0.062 0.065 18.48 - Low Si: High Mn 522 607 13.4 14.6 24 0 24 

C12 8.23 0.47 0.018 0.002 1.00 0.060 0.070 18.43 - Low Si, P. S 404 589 20.4 24.2 5 0 5 

L8 10.20 0.15 0.093 0.010 1.85 0.041 0.001 18.30 - High Ni. P. Mn: Low Si. N 411 571 15.6 17.8 64 0 64 

aTest at 2890C at a strain rate of 1.65 x 10-7 s-I in BWR-simulated water: DO --8 ppm, effluent ECP +140 to +236 mV 

SHE, conductivity at 250C 0.07-0.11 gS cm-1 , and pH 6.2-7.0.  
bHP = high purity, CP = commercial purity.
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Table 8. Results of SSRTa tests and SEM fractography for model austenitic stainless steels irradiated 
in He at 2890C to fluence of =0.9 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. SSRT Conc. ECP at 25°C pH Stress Stress Elongation Elongation TGSCC IGSCC IGSCC 

No. No. (ppm) (mV SHE) (AS'cm-I) at 25-C (MPa) (MPa) (%o) (%) (%) (%) (%) 

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

Ll1-02 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 in 2890C Air 826 845 0.31 2.09 0 0 0 

L20-05 HR-26 9.0 +182 0.09 6.32 670 743 0.37 1.03 0 0 0 

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 

CI0-02 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 in 2890 C 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 2 57 

L04-02 HR-35 7.0 +259 0.08 6.54 634 680 1.07 2.02 68 2 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 38 4 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 

C1-02 HR-44 8.0 +229 0.07 6.30 707 763 13.36 17.04 2 0 2 

aTest at 289°C at a strain rate of 1.65 x 10-7 s-1 in simulated BWR water that contained =8 ppm DO.  

Alloy-to-Alloy Variation in Stress Corrosion Behavior at Medium Fluence 

When compared with the properties of the unirradiated and low-fluence specimens, the 

effects of the increased fluence on yield strength, ultimate tensile strength, uniform elongation, 

total elongation, and fracture behavior of the medium-fluence specimens were significant. For 

example, the effects of fluence and test environment (i.e., air vs. water) on load elongation 

behavior are shown in Fig. 10 for Heat C19, a commercially purchased heat of Type 304 SS.  

For this commercial alloy, a significant effect of fluence on load-elongation behavior in water is 

evident as fluence increases from 0 to =0.3 x 1021 n-cm-2 and =0.9 x 1021 n-cm-2. A similar 

effect of fluence was significantly more pronounced in most laboratory alloys than in 

commercial alloys. The results obtained from the SSRT tests and SEM fractography of the 

medium-fluence specimens, i.e., yield strength, ultimate tensile strength, uniform elongation, 

total elongation, percent TGSCC, percent IGSCC, and percent TGSCC+IGSCC, are plotted for 

each alloy in Figs. 11-17, respectively.
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Table 9. Compositional characteristics (composition in wt.%) of model austenitic stainless steels 
irradiated to fluence of =0.9 x 1021 n-cm- 2 (E > 1 MeV) correlated with results of SSRTa tests 
and SEM fractography (HP = high purity, CP = commercial purity) 

Alloy YS UTS UE TE [GSCC IGSCC TG+IG 

ID Ni Si P S Mn C N Cr Mo/Nb Remarkb (MPa (MPa) (%) (%) (%) (0/) SCC (% 

L22-02 13.30 0.024 0.015 0.004 0.40 0.0030.001 16.10 Mo 2.04 HP 316L: low Si. N. S 475 549 4.20 5.82 30 35 65 

LI1-02 8.15 0.47 0.097 0.009 1.02 0.0140.004 17.40 - high P: low Si, C. S. N 820 856 0.43 1.65 50 14 64 

L18-02 8.13 0.14 0.0160.033 1.13 0.0800.001 18.00- low Si. N 710 755 3.985.05 38 14 52 

L20-05 8.91 0.017 0.0100.004 0.41 0.0020.002 18.10 0 0.0940 high 0: low Si. N: HP304L 670 743 0.37 1.03 

L20-06 8.91 0.017 0.010 0.004 0.41 0.0020.002 18.10 0 0.0940 highO: low Si. N; HP 304L 632 697 0.85 2.72 

C9-02 8.75 0.39 0.0130.013 1.72 0.0620.065 18.48- low Si: high Mn 651 679 1.42 2.50 62 22 84 

L17-02 8.00 0.66 0.090 0.009 0.48 0.0610.078 15.30 0 0.0090 high P: low Cr. Mn. S 574 654 2.02 3.08 44 41 85 

L7-02 10.60 0.18 0.040 0.038 1.02 0.0070.111 15.40 0 0.0274 high S, N. 0: lowSi. C 553 561 0.24 2.44 38 54 92 

C10-02 8.13 0.55 0.033 0.002 1.00 0.0600.086 18.19- CP304: lowS: high N 651 706 6.35 9.25 14 0 14 

C3-02 8.91 0.46 0.019 0.004 1.81 0.0160.083 18.55- CP 304L: high Mn. N: low S 632 668 16.7 19.7 9 4 13 

C19-04 8.08 0.45 0.031 0.003 0.99 0.0600.070 18.21 0 0.0200 CP 304: lowS 750 769 6.06 8.79 1 0 1 

L6-02 10.00 1.90 0.020 0.005 1.13 0.0960.087 17.10 0 0.0058 high Si; lowS 493 546 2.45 3.77 8 27 35 

L14-02 7.93 1.49 0.080 0.002 1.76 0.1070.028 15.00 0 0.0045 high Si. P, Mn; low Cr, S 649 684 1.90 4.67 84 2 86 

L13-02 8.18 1.18 0.0270.022 0.36 0.0260.001 17.40- high Si. S: Low Mn. C. N 602 624 1.674.95 55 2 57 

L4-02 10.20 0.94 0.031 0.010 1.75 0.1100.002 15.80- high Si, C; low N, Cr 634 680 1.07 2.02 68 2 70 

L.5-02 9.66 0.90 0.113 0.028 0.47 0.0060.033 21.00 - high Si. P. Cr: Low Mn. C 665 725 3.07 4.57 3 5 8 

C16-02 12.90 0.38 0.014 0.002 1.66 0.0200.011 16.92 0.0157 high Ni; low P. S. C 562 618 12.0 15.8 7 1 8 

L8-02 10.20 0.15 0.0930.010 1.85 0.0410.001 18.30 - high P. Mn: lowSi. N 838 838 0.12 3.12 15 22 37 

C21-02 10.24 0.51 0.0340.001 1.19 0.060 0.020 16.28 Mo2.08 CP 316. lowS 643 716 15.4 18.3 1 2 3 

L2-02 10.50 0.82 0.0800.034 1.58 0.0740.102 17.02 0 0.0066 highO. P. S. N 839 849 0.88 1.56 38 4 42 

124-02 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 

C1-02 8.12 0.50 0.0380.002 1.00 0.0600.060 18.11 - 304. lowS 707 763 13.4 17.0 2 0 2 
aTest at 2891C at a strain rate of 1.65 x 10-7 s- 1 in BWR-simulated water: DO =8 ppm, effluent ECP +140 to +236 mV 

SHE, conductivity at 25'C 0.07-0.11 gS cm-1, and pH 6.2-7.0.  
bHP = high purity, CP = commercial purity.
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a.  
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0 
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Figure 10. Effects of fluence and test environment on load elongation behavior 
of Type 304 SS commercial heat C1 9
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Figure 11. Effects of fluence on yield strength measured in 2890C water 
containing --8 ppm DO
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Figure 12. Effects of fluence on maximum strength measured in 289°C water 
containing --8 ppm DO
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Figure 13. Effects of fluence on uniform elongation measured in 289 0C water 
containing =8 ppm DO
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Figure 14. Effects of fluence on total elongation measured in 2890C water 

containing =8 ppm DO
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Figure 15. Effects of fluence on percent TGSCC measured in 2890C water 

containing --8 ppm DO
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Figure 16. Effects of fluence on percent IGSCC measured in 2890C water 
containing -8 ppm DO
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Figure 17. Effects of fluence on percent TGSCC + IGSCC measured in 2890C 
water containing =8 ppm DO 

Effect of Silicon 

Yield strength of the model alloys, measured in BWR-like water at 289°C, was nearly 

constant at =200 MPa in the unirradiated state and was more or less independent of Si 

concentration (see Fig. 18). However, as fluence was increased to =0.3 x 1021 n-cm- 2 and =0.9 

x 1021 n-cm-2 , the degree of increase in yield strength was significantly lower for alloys that 

contain >0.9 wt.% Si than for alloys that contain <0.8 wt.% Si. This finding indicates that 

nature of irradiation-induced hardening centers and the degree of irradiation hardening are 

significantly influenced by alloy Si content. Silicon atoms in austenitic stainless steels occupy 

substitutional sites. Therefore, Si atoms are likely to interact preferentially with irradiation

induced vacancy sites in the steel. This effect is likely to inhibit the formation of vacancy 

clusters or vacancy-impurity complexes, and is therefore conducive to a less significant 

irradiation-induced hardening. An effect similar to that of Si was, however, not observed for C 

and N.  

Among laboratory heats of Types 304 and 304L SS, alloys that contain <0.67 wt.% Si 

exhibited significant susceptibility to IGSCC, whereas alloys with 0.8-1.5 wt.% Si exhibited 

negligible susceptibility to IGSCC (see Fig. 19). However, an alloy with =1.9 wt.% Si exhibited 

some degree of susceptibility to IGSCC (percent IGSCC = 27, see Alloy L6 in Table 9). These 

observations indicate that an Si concentration of =0.8 to = 1.5 wt.% is beneficial in delaying the 

onset of or suppressing the susceptibility to IASCC. To determine if similar effects are evident 

at higher fluence levels would require testing of the high-fluence specimens that will be 

discharged after irradiation to =2.0 x 1021 n-cm- 2 (E > 1 MeV).  

Of the 23 alloys irradiated to =0.9 x 1021 n-cm- 2 , Alloy L7 (which contains unusually low 

concentrations of Cr [15.4 wt.%] and Si 10.18 wt.%] and an unusually high concentration of S
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[0.038 wt.%], exhibited the worst susceptibility to IASCC (i.e., =54% IGSCC, =92% TGSCC + 

IGSCC). Alloy L7 also contained an unusually high concentration of 0 (0.027 wt.%).  

Considering deleterious effect of 0,72,78 the unusually high concentration of 0 is believed to be 

one of the important factors that led to the poor performance of the alloy. Alloy L7 exhibited 

significant susceptibility to TGSCC (-20% TGSCC) in water even in the unirradiated state 

(Table 5).
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Figure 18. Effect of Si concentration on yield strength of Types 304 and 304L 
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Figure 19. Effect of Si on susceptibility to IGSCC of laboratory alloys of Types 304 and 304L SS 
measured after irradiation to =0.9 x 1021 n-cm- 2 (E > 1 MeV); alloys susceptible to 

IASCC contain relatively low concentrations of Si (<0.67 wt.%); alloys resistant to 
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3.3 Fracture Toughness J-R Test of Austenitic Stainless Steels Irradiated 

in the Halden Reactor (E. E. Gruber and 0. K. Chopra) 

3.3.1 Introduction 

Austenitic stainless steels (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 ductility and fracture resistance of austenitic SSs. 8 2 - 8 4 

Neutron irradiation of austenitic SSs at temperatures below 4000C leads to the formation 

of a substructure with very fine defects that consist of small (<5 nm) vacancy and interstitial 

loops or "black spots" and larger (>5 nm) faulted interstitial loops.8 5- 8 7 The latter are obstacles 

to dislocation motion and lead to matrix strengthening and increase in tensile strength. Also, 

irradiation-induced defects cause loss of ductility and reduced strain-hardening capacity of the 

material. The effects of radiation on various austenitic SSs vary significantly and appear to be 

related to minor differences in the chemical composition of the steels;8 2 the chemical 

composition can influence the stacking fault energy and/or irradiation-induced 

microstructure. As the yield strength approaches ultimate strength, planar slip or dislocation 

channeling is promoted and leads to pronounced degradation in the fracture resistance of 

these steels. 8 4 In general, higher stacking-fault energy enhances and cold working inhibits 

dislocation channeling. 8 2 

The effect of neutron exposure on the fracture toughness Jic of austenitic SSs irradiated 

at 350-4500C is shown in Fig. 20.8&-96 The effects of irradiation may be divided into three 

regimes: little or no loss of toughness below a threshold exposure of =1 dpa, substantial 

decrease in toughness at exposures of 1-10 dpa, and no further reduction in toughness above 

a saturation exposure of 10 dpa. The effect is largest in high-toughness steels. The 

degradation in fracture properties saturates at a Jic value of =30 kJ/m 2 (or equivalent critical 

stress intensity factor Kjc of 70 MPa m 0 -5 ). Also, the failure mode changes from dimple 

fracture to channel fracture.  

Most of the existing fracture toughness test data have been obtained at temperatures 

above 3500C; fracture toughness results that are relevant to LWRs are very limited. 8 3 This 

paper presents fracture toughness J-R curves for four heats of Type 304 SS that were 

irradiated to fluence levels of =0.3 and 0.9 x 1021 n cm- 2 (E > 1 MeV) (=0.45 and 1.35 dpa) at 

=2881C in an He environment in the Halden heavy water boiling reactor. The results are 

compared with data obtained from irradiated reactor internal components removed from 

operating plants.  

3.3.2 Experimental 

Fracture toughness J-R curve tests were performed on 1/4-T compact tension (CT) 

specimens in air at 2880C according to the requirements of ASTM Specification E 1737 for 

"J-Integral Characterization of Fracture Toughness." Crack extensions were determined by
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both DC potential and elastic unloading compliance techniques. The composition of the 

various heats of Type 304 SS is presented in Table 10. Figure 21 shows the configuration of 

the CT specimens. Crack length and J-integral were calculated with the correlations 

recommended for disk-shaped compact tension DC(T] specimens in ASTM Specification 

E 1737.

0 5 10 15 
Neutron Exposure (dpa)

Figure 20.  
Fracture toughness JIc as a function of 

neutron exposure for austenitic Types 304 
and 316 SS

20 25

Table 10. Composition (wt.%) of model Type 304 SS alloys irradiated in the Halden reactor 

Alloy Vendor 
IDa Heat ID Analysis Ni Si P S Mn C N Cr Ob 

L2 BPC-4-111 Vendor 10.50 0.82 0.080 0.034 1.58 0.074 0.102 17.02 66 

ANL - - - - - - - -

C16 PNL-SS-14 Vendor 12.90 0.38 0.014 0.002 1.66 0.020 0.011 16.92 

ANL 12.32 0.42 0.026 0.003 1.65 0.029 0.011 16.91 157 

C19 DAN-74827 Vendor 8.08 0.45 0.031 0.003 0.99 0.060 0.070 18.21 

ANL 8.13 0.51 0.028 0.008 1.00 0.060 0.068 18.05 200 

L20 BPC-4-101 Vendor 8.91 0.17 0.010 0.004 0.41 0.002 0.002 18.10 

ANL 8.88 0.10 0.020 0.005 0.47 0.009 0.036 18.06 940 

aFirst letters "C" and "L denote commercial and laboratory heats, respectively.  
bIn wppm.

Figure 21. Configuration of compact-tension specimen for this study (dimensions in mm)
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The fracture toughness test facility is designed for in-cell testing, with the hydraulic 

actuator, test train, furnace, and other required equipment mounted on a portable, wheeled 

cart that can be easily rolled into the cell. Detailed descriptions of the test facility and 

procedures are given in Refs. 97 and 98.  

Before testing, the specimens were fatigue-precracked at room temperature. The 

precracked specimens were then tested at 288°C at a constant extension rate; tests were 

interrupted periodically to determine the crack length. Specimens were held at constant 

extension to measure crack length by both the DC potential drop and elastic unloading 

compliance techniques. For most steels, load relaxation occurs during the hold period or 

unloading, which causes a time-dependent nonlinearity in the unloading curve. Consequently, 

before unloading, the specimen was held for =1 min to allow load relaxation.  

Specimen extension was monitored and controlled outside the high-temperature zone.  

The displacement of load points (center of the loading pins) was determined by subtracting the 

machine compliance from the measured extension. Examples of load-vs.-loadline displacement 

curves for irradiated Type 304 SS are shown in Fig. 22.  

4 .0 Tm .... !. 4.0 .. . .I ... ! . . . .  

Test JRI-21 Specimen C19-A Test JR1-22 Specimen L20-A 

3 .0o ............... ... .. .......................................... ............ ....3..--.-------- ------..---- -------------...........------------ -.-.-- -----------.  
3 .5 _ . . . 2 .. ... . . ..... . . .... ......... .... . . . . . . .... ........ . ... 3-0 .3.1.  

2 - '2.5g----------p--------- ----------.......... ...................... -- L a ig P n D s lc m t 

M .0........................0.r, , . .. . . .. . . . . . . . .. . " 

0 30 

Ds Loadimng-Pinm Displacement ( 

Measurspecedmension (mm) Dispc Memasued Emen 

(a) (b) 

Figure 22. Examples of load-vs.-loadline displacement curves for irradiated specimens of Heats 
(a) 01 9 and (b) L20 of Type 304 SS tested at 28800 

The final crack size was marked by heat tinting and/or by fatigue cycling at room 
temperature. The specimens were then fractured and the initial (i.e., fatigue precrack) and 
final (test) crack lengths of both halves of the fractured specimen were measured optically. The 

crack lengths were determined by the 9/8 averaging technique, i.e., the two near-surface 

measurements were averaged and the resultant value was averaged with the remaining seven 

measurements.  

The crack length measurements obtained by the elastic unloading compliance method 

were adjusted only with the measured initial crack length, whereas those obtained by the DC 

potential-drop technique were adjusted with both the initial and final crack lengths. The two

point pinning method was used to correct the measured potentials. The DC potential data were 

also corrected for the effects of plasticity on the measured potential, i.e., large crack-tip 

plasticity can increase measured potentials without crack extension because of resistivity 

increases. As per ASTM E 1737, the change in potential before crack initiation was ignored 

and the remainder of the potential change was used to establish the J-R curve. Plots of
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normalized potential vs. loadline displacement generally remain linear until the onset of crack 
extension. For all data within the linear portion of the curve, crack extension was calculated 
from the blunting line relationship Aa = J/(4af). For high-strain-hardening materials, e.g., 

austenitic SSs, a slope that is four times the flow stress (4ao represents the blunting line better 

than a slope of 2af, as defined in ASTM E 1737.84 

For materials with relatively low fracture toughness, e.g., Jic <300 kJ/m 2 , the 

measurements of crack extension by the elastic unloading compliance method showed 
excellent agreement with those obtained by DC potential methods, whereas measurements 
obtained by elastic unloading compliance showed significant scatter for materials with high 

fracture toughness. The fracture toughness J-R curves for a relatively low- and high-fracture 
toughness material, obtained by the unloading compliance and DC potential methods, are 
shown in Figs. 23 and 24, respectively.  

200 -,r I . . . I . . .r' ' . . -. . r. . 2 00 . . . . . . . . i . . . . . .  

"288°C Specimen 120-A 28800 i Specimen L20-A 
DC Potential Method '0.3 x 1021 n crn-2 -Unloading Compliance 0.3X10 21ncm- 2 
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010 .......... ..... .... ..... i .... I .... ....... ,... 0 1 0t ............- ...........  

Crack Extension (mmn) Crack Extension (mm) 

(a) 0O) 
Figure 23. Fracture toughness J-R curves determined by DC (a) potential drop and (b) unloading 

compliance methods for Heat L20 irradiated to 0.3 x 1021 n-cm-2 (0.45 dpa) at 288°C.  
Dashed lines represent blunting line and 0.2- and 1 .5-mm offset lines.  
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Figure 24. Fracture toughness J-R curves determined by (a) DC potential drop and (b) unloading 

compliance methods for Heat 019 irradiated to 0.3 x 1021 n-cm-2 (0.45 dpa) at 2880C.  
Dashed lines represent blunting line and 0.2- and 1.5-mm offset lines.
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3.3.3 Results 

Nonirradiated Type 304 Stainless Steel 

The fracture toughness J-R curves for nonirradiated specimens of Heats L2, L20, C16, 

and C19, obtained by the DC potential method, are shown in Figs. 25-28; duplicate tests were 

conducted for Heats L2 and C16. The results indicate that the fracture toughness of the 

laboratory Heats L2 and L20 is very low. The J-R curves are significantly lower than those 

typically observed for Type 304 SSs, Fig. 29.93.99-102 The Jic values at temperatures up to 

5501C are typically >400 kJ/m 2 for wrought austenitic SSs;s 4 experimental Jic for Heats L2 

and L20 is =170 and 80 kJ/m 2 , respectively. The commercial Heats C16 and C19 show very 

high fracture toughness. For both steels, the entire J-R curve is composed of the blunting line; 

fracture toughness Jic could not be determined for Heat C 16.

288*C Specimen L
0 •- 'D C P oten tila l M ethod ' --- ................ --........ N onir rad iated 

30 ..iiiiiil!L...... ." ....... "................... ................... I ......... ". . ................. _
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400 

S300 

0 
,200 

010

0 0.5
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1 1.5 
Crack Extension (mm) 

(b)

2 2.5

Figure 25. Fracture toughness J-R curve obtained by DC potential method for nonirradiated 

specimens (a) L2-C and (b) L2-E of Heat L2 of Type 304 SS at 2880C
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Figure 26.  
Fracture toughness J-R curve obtained by DC 
potential method for nonirradiated specimen 
of Heat L20 of Type 304 SS at 288°C
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Figure 27.  
Fracture toughness J-R curve obtained by DC 
potential method for nonirradiated specimen 
of Heat C 16 of Type 304 SS at 2880C 

Figure 28.  
Fracture toughness J-R curve obtained by DC 
potential method for nonirradiated specimen 
of Heat C19 of Type 304 SS at 2880C
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Figure 29.  
Fracture toughness J-R curves for Type 304 
stainless steels at 2880C

4 5

Fracture toughness J-R curve tests were conducted at 2880C on Heats C19, L20, C16, 

and L2 of Type 304 SS irradiated in helium at 2880C to 0.9 x 1021 n-cm- 2 (E > 1 MeV} 

(1.35 dpa) in the Halden reactor. Heats C19 and L20 were also tested after a fluence of 0.3 x 

1021 n-cm-2 (E > 1 MeV) (0.45 dpa). The J-R curves obtained by the DC potential method for 

the various steels are shown in Figs. 30-33.
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Figure 31. Fracture toughness J-R curves at 2880C for Heat L20 
1021 n-cm- 2 (E > 1 Me) (0.45 and 1.35 dpa) at 2880C
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Fracture toughness J-R curve at 2880C for 
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Figure 33. Fracture toughness J-R curve at 28800 for Heat C19 irradiated to (a) 0.3 and (b) 0.9 x 

1021 n~cm-2 (E > 1 Me) (0.45 and 1.35 dpa) at 28800 

Neutron irradiation at 28800 decreases the fracture toughness of all steels. In general, 

fracture toughness of the commercial Heats 016 and 019 is superior to that of the 

laboratory Heats L20 and L2. The values of fracture toughness Jic for the specimens irradiated 

to 0.9 x 1021 n-cm-2 (1.35 dpa) are 299 and 304 kJ/m 2 for Heats 016 and C19, respectively.  

and 38 and 39 kJ/m 2 for Heats L2 and L20, respectively. The differences between the fracture 

toughness of the irradiated commercial and laboratory heats arise primarily from differences mn 

toughness of the nonirradiated steels, i.e., the fracture toughness of the laboratory heats is 

significantly lower than that of the commercial heats. For these materials, minor differences mn 

the chemical composition of the steels, e.g., differences in nickel content for Heats 016 and 

019 or silicon content for Heats L2 and L20, appear to have little or no effect on the fracture 

toughness of irradiated steels.  

The differences in the fracture toughness of laboratory and commercial heats is reflected 

in their fracture behavior. Photomicrographs of the fracture surfaces of broken nonirradiated 

specimens of Heats L2, L20, and 019 are shown in Fig. 34. Heat L2 contains relatively high S 

and P contents and many clusters of MnS inclusions. Failure occurs primarily by grain 

boundary separation, which is accompanied by some plastic deformation and decohesion along 

the M~nS clusters (Fig. 34d). Heat L20 exhibits a dimple fracture; failure occurs by nucleation 

and growth of microvoids and rupture of remaining ligaments. Heat L20 contains relatively 

high oxygen and many oxide particle inclusions. In Fig. 34b, nearly every dimple appears to 

have been initiated by decohesion of an oxide inclusion. An identical fracture behavior was 

observed for Heat L20 irradiated to 0.9 x 1021 n~cm-2 (1.35 dpa). In contrast, commercial 

heats exhibit ductile failure with some dimple fracture, as shown for Heat 0 19 in Fig. 34c.  

The experimental Jic values for the four heats are plotted as a function of neutron 

exposure in Fig. 35. Results from tests on Type 304 SS reactor internal materials from 

operating BWRs 8 3 are also included in the figure. All of the CT specimen data from commercial 

heats fall within the scatter band for the data obtained at higher temperatures.
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Figure 34. Photomicrographs of fracture surfaces of nonirradiated specimens of Heats (a) L2, (b) L20, 

and (c) 019 tested at 2880C, and (d) MnS inclusions in Heat L2
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4 Environmentally Assisted Cracking of Alloys 600 and 690 in 
Simulated LWR Water 
(W. K. Soppet, 0. K. Chopra, and W. J. Shack) 

The objective of this work is to evaluate the resistance of Alloys 600 and 690 to EAC in 

simulated LWR coolant environments. High-Ni alloys have experienced general corrosion (tube 

wall thinning), localized IGA, and SCC in LWRs. Secondary-side IGA* and axial and 

circumferential SCC** have occurred in Alloy 600 tubes at tube support plates in many steam 

generators. Primary-water SCC of Alloy 600 steam generator tubes in PWRs at roll transitions 

and U-bends and in tube plugs*** is a widespread problem that has been studied intensively.  

Cracking has also occurred in Alloy 600 and other high-Ni alloys (e.g., Inconel-82 and -182 

and Alloy X750) that are used in applications such as instrument nozzles and heater thermal 

sleeves in the pressurizert and the penetrations for control-rod drive mechanisms in reactor 

vessel closure heads in the primary system of PWRs;tt in dissimilar-metal welds between SS 

piping and LAS nozzles, in jet pump hold-down beams,ttt and in shroud-support-access-hole 

covers§ in BWRs. Alloy 600, in general, undergoes differing thermomechanical processing for 

applications other than steam generator tubes. Because environmental degradation of the 

alloys in many cases is very sensitive to processing, further evaluation of even SCC is needed.  

In addition, experience strongly suggests that materials that are susceptible to SCC are also 

susceptible to environmental degradation of fatigue life and fatigue-crack growth properties. In 

this investigation, we have obtained information on the effect of temperature, load ratio R, and 

stress intensity (K) on EAC of Alloys 600 and 690 in simulated BWR and PWR water. The 

experimental details and results from this study are presented elsewhere. 104-107 

4.1 Fatigue Crack Growth Rates in Air 

4.1.1 Alloy 600 

The existing fatigue crack growth (da/dN) data on Alloy 600 have been analyzed to 

establish the effects of temperature, load ratio, frequency, and stress intensity range AK on 

crack growth rates in air. The relevant fatigue CGR (da/dN) data on Alloy 600 have been 

compiled by Kharshafdjian and Park.1 0 3 The data base is composed of 465 tests in airI0 4 - 1 1 2 

at temperatures up to 5380C; the number of tests at various temperatures are as follows: 166 

USNRC Information Notice No. 91-67, "Problems with the Reliable Detection of Intergranular Attack (IGA) of Steam 

Generator Tubing," Oct. 1991.  

*USNRC Information Notice No. 90-49, "Stress Corrosion Cracking in PWR Steam Generator Tubes," Aug. 1990; 

Notice No. 91-43, "Recent Incidents Involving Rapid Increases in Primary-to-Secondary Leak Rate," July 1991; 

Notice No. 92-80, "Operation with Steam Generator Tubes Seriously Degraded," Dec. 1992; Notice No. 94-05, 

"Potential Failure of Steam Generator Tubes with Kinetically Welded Sleeves," Jan. 1994.  
***USNRC Information Notice No. 89-33, -Potential Failure of Westinghouse Steam Generator Tube Mechanical Plugs," 

March 1989; Notice No. 89-65, "Potential for Stress Corrosion Cracking in Steam Generator Tube Plugs Supplied by 

Babcock and Wilcox," Sept. 1989; Notice No. 94-87, "Unanticipated Crack in a Particular Heat of Alloy 600 Used for 

Westinghouse Mechanical Plugs for Steam Generator Tubes," Dec. 1994.  
tUSNRC Information Notice No. 90-10. "Primary Water Stress Corrosion Cracking (PWSCC) of Inconel 600." Feb. 1990.  

ttUSNRC Generic Letter 97-01: "Degradation of Control Rod Drive Mechanism and Other Vessel Closure Head 

Penetrations," Apr. 1, 1997; USNRC Information Notice No. 96-11, "Ingress of Demineralizer Resins Increases 

Potential for Stress Corrosion Cracking of Control Rod Drive Mechanism Penetrations," Feb. 1996: INPO Document 

SER 20-93 "Intergranular Stress Corrosion Cracking of Control Rod Drive Mechanism Penetrations," Sept. 1993.  
tttUSNRC Information Notice 93-101, "Jet Pump Hold-Down Beam Failure," Dec. 1993.  

§USNRC Information Notice 92-57, "Radial Cracking of Shroud Support Access Hole Cover Welds," Aug. 1992.
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at room temperature, 13 at 350C, 9 at 1300C, 14 at 2890C, 26 at 3160 C, 20 at 320'C, 11 at 
380'C, 76 at 427°C, and 130 at 5380C. The composition of the various heats of Alloy 600 used 

in these studies are given in Table 11 and their heat treatment conditions and mechanical 

properties are given in Table 12.  

The EDEAC (EPRI Database for Environmentally Assisted Cracking) fatigue crack growth 

data base for SSs indicate that in addition to material considerations, the temperature, stress 

ratio R, and cyclic frequency have a significant effect on CGRs. 1 13 Growth rates are best 

represented by

da/dN = C F S (AK)n, (22)

where the coefficients C, F, and S provide the dependence of temperature, frequency, and 

stress ratio, and n is the exponent for the power-law dependence of growth rates on stress 

intensity factor range AK.  

Table 11. Composition of Alloy 600 heats used for fatigue crack growth studies in air 

Source Heat C Si Ni Cr Fe Mn P S Cu Mo Ti Al Co Nb+Ta 

EPRI NX0922 0.032 0.24 77.50 14.73 6.99 0.18 0.003 0.003 0.006 0.03 0.30 0.12 0.01 

James NX9929 0.050 0.28 77.38 15.24 6.69 0.32 - 0.007 0.010 - 0.17 0.06 0.07 

Amzallag et al - 0.060 0.33 73.29 16.50 9.49 0.31 0.009 0.003 0.001 - - - 0.01 

Nagano et al. - 0.026 0.37 73.45 15.97 - 0.38 0.009 0.001 - - 0.21 0.13 -

ANL NX8197 0.080 0.27 73.82 15.43 9.20 0.20 0.016 0.002 0.110 0.58 0.18 0.24 0.06 0.07 

ANL NX8844B 0.080 0.27 75.16 15.03 7.93 0.24 0.019 0.001 0.220 0.17 0.21 0.28 0.04 0.04 

ANL NX8844J 0.060 0.32 74.94 15.00 8.14 0.23 0.014 0.002 0.220 0.16 0.24 0.24 0.03 0.03 

Table 12. Heat treatment conditions and tensile propertiesa of Alloy 600 heats used for 

fatigue crack growth studies in air 

Yield Tensile Red. in 

Heat Treatment Stress Stress Area 

Source Heat Condition (MPa) (MPa) (%) 

EPRI NX0922 Mill-Annealed, 8 min at 1050°C Water-Quenched 310 640 

Was & Ballinger - As Received 

Was & Ballinger - Annealed 30 min at 1 100°C 

James NX9929 Annealed 45 min at 863°C Air-Cooled 244 651 67.2 

Amzallag et al. - Wrought Material, 9500C Air-Quenched 252 665 47.0 

Nagano et al. - 20 min at 1025*C WQ, 30% CW. 1 h at 700oC 

Nagano et al. - 45 min at 1025-C WQ, 30% CW, 156 523 67.9 

1 h at 900°C WQ, 15 h at 700°C 

ANL NX8197 Mill-Annealed 383 684 41.9 

ANL NX8844B Solution-Annealed 1 h at 872°C 337 732 37.6 

ANL NX8844J Solution-Annealed 1 h at 1038°C 272 674 45.1 

aAt room temperature.  

The existing fatigue CGR data on Alloy 600 were analyzed by using Eq. 22 to establish 

the effects of temperature, stress ratio R, cyclic frequency, and stress intensity factor range AK 

on the CGRs in air. First, the exponent n was determined from individual data sets in which 

only AK was varied and the temperature, frequency, and R were all constant. Plots of CGR vs.
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AK from several data sets (Figs. 36 and 37) yield values of n in the range of 3.5-5.5; a value of 

4.1 was selected for further analysis.
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Figure 36. Effect of temperature on fatigue crack growth rate of Alloy 600 in air. Data at 21 °C from 
Ref. 112 (Was and Ballinger) and at higher temperatures from Ref. 108 (James).
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The results also indicate that the effects of temperature on growth rates are significant, 

whereas rise time or frequency has little effect on CGRs, i.e., coefficient F = 1 in Eq. 22.  

Because the cyclic stress ratio R has a significant influence on CGRs in association with Kma, 
various forms of coefficient S have been used by different investigators to treat stress-ratio 

effects on CGRs. For example, S has been expressed as (a + b R) for different regions of R < 
0.79 and 0.70 < R < 1.0 (James and Jones), 1 13 (a - R)P (Bamford et al.),114 1/(1 - R)n/(1-P) 

(Walker),1 15 11 6 [11/(1 - 0.05 R 2 )14 (Bernard and Slama), 17 and (a - R)P (Rabbe and 

Lieurade), 1 18 where a, b, and p are constants. The following form of coefficient S yielded the 
best fit to the experimental data in air

S = (1 - b R)-P, (23)

where R is the stress ratio and b and p are constants. Best fits to individual data sets at 

constant temperature yield values of 0.82 and -2.2 for constants b and p, respectively. Finally, 

the temperature dependence of coefficient C was determined from data sets that were 
normalized for the effects of load ratio R (Fig. 38). The results indicate significant variation in 

coefficient C from either heat-to-heat differences or differences in heat treatment, e.g., at room 

temperature, C varies by a factor of 2 for the different heats and heat treatment conditions 

(Fig. 38). Two forms of the temperature dependence of coefficient C, an exponential or a third
order polynomial of temperature, were used to represent the experimental data; the latter gave 

a better fit of the data. Thus, the CGR (m/cycle) of Alloy 600 in air is expressed as

Alloy 600 

C C=4,.8354e-14+1.6216e-16 T 

-1.4896e-18 T2 +4.3546e-21 TV j 
10-13 ............... ................. !...... .......... :%/...... .......... ..............J ............... -I 

- x" 

0:: 

I 0 ANL 

o Lee James 
x Amzallag et al.  
a Nagano et al.  

10-141I 
0 100 200 300 400 500 600 

Temperature (0C) 

da/dN = CA600 (1 - 0.82 R)- 2 -2 (AK)4 -1,

Figure 38.  
Variation of constant C for Alloy 600 with 

temperature. Data obtained at ANL 
(Refs. 104-107) and by James (Ref. 108), 
Amzallag et al. (Ref. 110), and Nagano et al.  
(Ref. 111).

(24)

where AK is in MPa-m 1 /2, and 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 T 2 + 4.355 x 10-21 T 3 . (25)

The residual errors for each variable are plotted in Fig. 39. Most data subsets and plots 

do not show significant patterns, such as changing variance or a nonzero slope. In general, 

Eqs. 24 and 25 represent the existing CGR data very well; biases seem to be traceable to either
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heat-to-heat variation or changes in heat treatment condition. The predicted vs. experimental 

CGRs for Alloy 600 at different temperatures are shown in Fig. 40.  
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Figure 39. Residual error for CGRs of Alloy 600 in air as a function of (a) load ratio, (b) rise time, 
(c) stress intensity range AK, (d) Kmax, (e) temperature, and (f) crack growth rate
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Figure 40. Predicted vs. experimental values of fatigue crack growth rate of Alloy 600 in air at (a) room 
temperature and (b) temperatures between 35 and 4270C. Data obtained at ANL 
(Refs. 104-107) and by James (Ref. 108), EPRI (Ref. 109), and Amzallag et al. (Ref. 110).  

4.1.2 Alloy 690 

The fatigue CGR (da/dN) data on Alloy 690 in air are very limited.104-10 7 The data base 

is composed of -60 tests at temperatures between 35 and 380'C. The composition of the 
various heats of Alloy 690 used in these studies are given in Table 13 and their heat treatment 

conditions and mechanical properties are given in Table 14.  

Table 13. Composition of Alloy 690 heats used for fatigue crack growth studies in air 

Source Heat C Si Ni Cr Fe Mn P S Cu Mo Ti Al Co Nb+Ta 

ANL NX8244HK-1A 0.024 0.18 59.09 30.66 9.22 0.20 0.004 0.002 <0.01 <0.01 0.20 0.31 <0.01 <0.01 

ANL NX8244HK-lB 0.023 0.18 59.20 30.64 9.19 0.21 0.005 0.002 <0.01 <0.01 0.19 0.32<0.01 <0.01 

ANL NX8662HG-33 0.030 0.16 58.88 30.46 9.22 0.11 0.017 0.001 0.05 0.04 0.25 0.32 0.02 0.01 

Table 14. Heat treatment conditions and tensile properties of Alloy 690 heats used for 
fatigue crack growth studies in air 

Yield Tensile Red. in 

Heat Treatment Stress Stress Area 

Source Heat Condition MPa MPa % 

ANL NX8244HK-1A Annealed 1 h at 982°C 251 656 54.0 

ANL NX8244HK-1B Annealed 1 h at 1093°C 214 598 64.8 

ANL NX8662HG-33 Annealed + Heat Treated 5 h at 7151C 292 677 46.1
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The existing fatigue CGR data on Alloy 690 in air are inadequate to establish the effects of 

stress ratio R, cyclic frequency, and stress intensity factor range AK on the CGRs in Eq. 22.  

The functional forms for coefficients F and S and the value of n in Eq. 22 were assumed to be 

the same as those for Alloy 600. The temperature dependence of coefficient C was determined 

from data sets that were normalized for the effects of load ratio R (Fig. 41). Thus, the CGR 

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

da/dN = CA690 (1 - 0.82 R)-2 .2 (AM)4.1, (26)

where AK is in MPa-m1 / 2 and constant CA690 is given by a third-order polynomial of 

temperature T (°C) expressed as

CA690 = 5.423 x 10-14 + 1.83 x 10-16 T - 1.725 x 10-18 T2 + 5.490 x 10-21 T3 . (27)

The predicted vs. experimental CGRs for Alloy 600 at different temperatures are shown in 

Fig. 42. The estimated values show good agreement with the experimental results.  
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10-13 

0 Figure 41.  
Variation of constant C for Alloy 690 with 

C 5423e-14+1.583e-16T temperature. Data obtained at ANL 
1.725e-18T 2 + 5.49e-21 T3  (Refs. 104-107).  
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5 Assessment of Industry Crack-Growth Models (W. J. Shack) 

5.1 Introduction 

The PLEDGE code is based on the work done by Ford and Andresen and their colleagues 

at General Electric (GE) on environmentally assisted cracking. This work has been described 

in many papers and presentations, and a recent survey paper by Ford1 1 9 contains many 

references. More details of the supporting experiments and the model are given in Ref. 120.  

The Ford-Andresen model assumes that the CGR can be correlated with the oxidation 

that occurs when the protective film at the crack tip is ruptured. 119 Faraday's law can be used 

to relate the oxidation charge density (Q) to the amount of metal transformed from the metallic 

state to the oxidized state or dissolved. In reactor systems, the protective oxide reforms rapidly 

at the bared surface, and crack advance can be maintained only if the crack tip is being 

strained so that the film rupture process can be repeated. The frequency of rupture is &ct/ef, 
where ef is the fracture strain of the oxide and kct is the crack tip strain rate. The average CGR 

is then 

M Q. ', (28) V=zpF Ef Et 

where M and p are the atomic weight and density of the crack-tip metal, F is Faraday's 

constant, and z is the number of electrons involved in the overall oxidation of an atom of metal.  

The oxidation charge can be obtained by integrating over time the oxidation current that occurs 

after the rupture event, which is assumed to follow a power law relationship of the form: 

ii= io t (29) 

where io and to are constants that depend on the material, potential, and environment.  

Integrating Eq. (and eliminating Q from Eq. 28 gives: 

M iot0o in (30) 
zpF (1 - n)n Ct' 

To use Eq. 30 to obtain quantitative predictions of CGR, Ford and Andresen have carried 

out three types of experiments and calculations: 

1. Definition of the crack tip alloy/environment in terms of material composition, 

electrochemical potential (ECPK, anion content, and pH.  

These are related to the corresponding bulk water chemistry parameters through 

modeling of potential-driven transport and experiments on simulated crevices. The 

models and experiments suggest that the potentials at the crack tip are low and that the 

impurity concentrations (SO4 ) at the crack tip are 100-200 times greater than those in 

the bulk solution. The crack tip material is characterized in terms of the degree of 

chromium depletion. For example, solution-annealed material corresponds to Fe-18Cr-
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8Ni, sensitized material corresponds to a lower chromium content such as Fel2CrlONi or 

Fe-8Cr-1ONi, and highly sensitized material is bounded by assuming that the grain 

boundary is chromium-free, i.e., Fe.  

2. Measurement of the oxidation current that is produced when the protective film on a 

material corresponding to crack tip material is ruptured in an environment corresponding 
to the crack tip environment.  

Ford and Andresen made these measurements through experiments in which the 

protective film on a thin wire specimen is removed by first applying a reducing potential 

and then quickly pulsing the specimen to the potential of interest and measuring the 

current flow as a function of time. The parameters io, to, and n are determined as 

functions of the material, potential, and environment by fitting the resulting current 

decay curves with a power law of the form Eq. 29.  

3. Definition of the crack tip strain rate ýct, which controls the rate of rupture of the 

protective film at the crack tip in terms of parameters such as crack tip stress intensity 

factor K and frequency.  

Under constant load, ýct is usually assumed to be proportional to Km. The proportionality 
constant and m are determined empirically. For cyclic loading, Shoji showed that kct is 

proportional to the CGR in an inert environment (air).12 1 The proportionality constant is 

determined empirically. The crack growth contributions from the cyclic and constant 

loads are summed, 

v = vai + A(cteyclc)m + A(ýctconst)m (31) 

rather than summing the crack tip strain rates, i.e., 

v = Vair + A( Ctcyclic + Ctconst ) (32) 

The general description of the stress corrosion cracking process that underlies PLEDGE is 

now widely accepted. It provides the conceptual framework in which most workers in this area 

discuss their results or refine models for certain aspects of problem,'12 1-123 although some of 

assumptions related to crevice electrochemistry have been a matter of discussion.124- 12 7 A 

comprehensive independent survey of some related studies has been provided by Turnbull and 

Psaila-Dombrowski. 
12 5 

The actual implementation and development of the model is considered proprietary by 

GE. It is clear that the processes involved are complex and that a number of assumptions and 

approximations must be introduced. In addition to the experiments necessary to determine the 

oxidation current, etc., PLEDGE also requires purely empirical calibration to determine, e.g., 

the constants needed to define tct. Tto use this code for regulatory purposes, the uncertainties 

in these predictions due to uncertainties in the assumptions of the models used to develop the 

code and the uncertainties in the quantitative parameters used in the code must be addressed.  

It appears unrealistic to do this on a "first principles" basis by identifying the uncertainties in
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each part of the model and then propagating those uncertainties through the model. The only 
practical approach is through comparison with relevant experimental measurements of CGRs.  

In this report, PLEDGE predictions are compared with experimental data collected by the 
BWRVIP, 128 data developed at ANL as part of USNRC-sponsored research, data provided by 
P. L. Andresen of GE,* data used to develop the original USNRC disposition curve, and other 
data gathered from the literature. 129-136 Some of the data provided by Andresen were 
developed at GE, while other data were developed at ABB and VVT as part of an SCC CGR 
round-robin sponsored by the Swedish nuclear regulatory authority SKI.1 3 7 The BWRVIP-14 
database is proprietary. For some of the older ANL data at high dissolved oxygen (DO) levels 
(7-8 ppm) and for some of the data from the literature (such as that used to develop the 
original USNRC disposition curve), ECP measurements were not available. These data were 
included by using assumed values for the ECP; this was felt to be reasonable because at these 

oxygen levels, the ECP is only a weak function of the DO level.  

5.2 Overall Comparisons with Experimental Data 

A database of experimentally determined CGRs under conditions considered more 

representative of BWR conditions was developed from data reported in BWRVIP- 14128 and from 

data developed at ANL as part of USNRC-funded research on environmentally assisted cracking 
and from the data supplied by P. L. Andresen. About 40% of the data are from constant load 

tests; the remainder are from cyclic load tests with load ratios R between 0.9 and 0.95 and 
frequencies of 0.08 Hz or less. The tests cover a wide range of sensitization conditions, 
conductivities, electrochemical potentials, and stress intensity factors. The BWRVIP database 
contains data for temperatures from 240-2890C. Only the data with temperatures greater than 

2620C were compared with PLEDGE, because PLEDGE does not include temperature as a 
variable. None of the materials are from actual weldments. The materials were sensitized by 
furnace heat treatment.  

The comparison was limited to tests with 20 < K < 40 MPa-m 1/ 2. The upper limit on K 

was introduced to ensure validity of the CGR measurements from a fracture mechanics 
standpoint. The lower limit on K was introduced to minimize confounding of data for active 
crack growth with data that show anomalously low crack growth velocities. As Andresen 

observed, 137 there are many reasons for anomalously low crack growth rates in stress 

corrosion tests: incomplete transition from the transgranular fatigue starter crack to 

intergranular cracking, residual stresses from fabrication, machining, or fatigue precracking, 

test perturbations in load, temperature, or water chemistry. Although these problems can 

affect results at any K value, they become more acute for lower values of K. Experience 

suggests that it is easier to achieve more consistent results at stress intensities of 20

25 MPa-m 1/2 . Inclusion of data at lower K values will contribute to scatter; models will tend to 

overpredict CGRs in these cases.  

All of the data in the BWRVIP-14 and Andresen databases were assumed to represent 

intergranular cracking. Many of the data in the ANL represent transgranular cracking under 

cyclic loading. For comparison with PLEDGE, the ANL data were split into two groups, one in 

which the cracking was intergranular, and the other in which the cracking was transgranular.  

*Personal Communication, P. L. Andresen (GE) to W. J. Shack (ANL), October 1998.
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There is considerable scatter in all the data sets. This reflects the experimental 

difficulties in measuring the low crack growth rates of practical interest and in measuring and 

controlling all the test parameters that can affect stress corrosion crack growth rates. The 

crack tip strain rates are also sensitive to thermomechanical loading history and the detailed 

microstructure. There is considerably more scatter for the BWRVIP data than for the ANL data 

or SKI round-robin data. This is not unexpected. The BWRVIP data were obtained under 

constant-load conditions, which tend to produce more scatter than the low-amplitude "ripple" 

loading used to develop most of the ANL data or the long-rise-time cyclic loading in the SKI 
tests. In addition, the SKI round-robin showed that the "normal" testing procedures used by 

the round-robin laboratories, which contributed heavily to the BWRVIP database, led to a wide 
range of scatter and uncertainty in the CGRs and ECPs. 13 7 The Andresen data were developed 

after the procedures at the round-robin laboratories were revised to provide more consistent 

and reproducible results. The requirements for "good" SCC data identified by Andresen include 

comparison of inlet and outlet conductivities, identification of the species responsible for the 
measured conductivity, relation of inlet and outlet DO, position of the reference electrode, and 

verification of the measured CG by posttest fractography. It is difficult to assess the validity of 

the BWRVIP data in these terms on the basis of the information available. The ANL data meet 
most of these requirements except for direct measurement of ECP on the specimen. Scatter in 
SCC testing is undoubtedly significant and greater than in mechanical fatigue testing.  

An important input to PLEDGE is the electropotentiokinetic reactivation (EPR), a measure 

of the degree of sensitization of the material. Variations in EPR value over the range of 

0-30 C/cm2 result in a factor of = 50 change in the crack growth rates predicted by PLEDGE at 

high ECP. EPR provides a characterization of the grain boundary chromium level. However, 

the correlation between EPR and grain boundary chromium content is subject to significant 

uncertainty. Because EPR depends on both width and depth of the chromium-depleted zone, 

the EPR value depends strongly on the overall thermal history and not just on the grain 

boundary chromium content. For example, low-temperature aging tends to produce narrower 

depleted zones than high-temperature aging treatments, so that an EPR value for a low

temperature-aged material corresponds to a lower grain boundary chromium concentration 
than that corresponding to the same EPR value for a high-temperature-aged material. The 

calculations with PLEDGE used reported values of the EPR except for the ANL data, which 
used a two-step sensitization process containing a low-temperature-aging step. In this case, 

the value reported by ANL was 2 C/cm2 . Because this would underestimate the EPR value 

that would be observed for the same grain boundary chromium level in a material with a high

temperature treatment, a value of 15 C/cm2 was initially assumed in the calculations.  
Because EPR, as used in PLEDGE, is not truly a measured quantity (it really reflects the 

analyst's judgment as to the degree of chromium depletion at the grain boundary), the strong 

dependence on EPR makes it a potent "adjustable" parameter. Post-hoc adjustments of the 

EPR value would permit PLEDGE predictions to be "tuned" to experimental data.  

The PLEDGE predictions are compared in Fig. 43 with the Andresen, ANL IGSCC, and 

BWRVIP databases. Although there is considerable scatter in the results, in almost all cases 

the PLEDGE prediction is conservative. PLEDGE predictions are compared with ANL TGSCC in 

Fig. 44. In this case, the appropriate EPR value is 0 and there is no particular bias to the 

predictions. The number of conservative predictions are about the same as the number of 

nonconservative predictions.
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Figure 43.  

(a) Comparison of PLEDGE model predictions with 
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Figure 44.  
Comparison of PLEDGE model predictions with 
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The predictions of PLEDGE and the BWRVIP models with data for high-DO levels from 

ANL and Refs. 129 and 130 are shown in Fig. 45. Both the PLEDGE and BWRVIP models are 

conservative in most cases. In Fig. 46, comparisons are shown with cyclic CGR data from ANL 

and Refs. 131-136. With an EPR value of 15 C/cm2 the PLEDGE predictions are conservative 

for both sensitized and nonsensitized materials. When the EPR value is set to 0, as would be 

appropriate for nonsensitized materials, the results are not necessarily conservative.
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PLEDGE appears to provide conservative predictions of crack growth rates in sensitized 

materials if an appropriate value is used for EPR. For applications to weldments, a value of 

15 C/cm2 appears appropriate and yields a moderate degree of conservatism. For 

environmentally assisted fatigue for which the growth is expected to be transgranular, the 

choice of EPR = 0 gives reasonable values for the mean behavior, but does not bound much of 

the data. Some additional margin appears appropriate. This could again be provided by 

assuming EPR = 15 C/cm2 .  

Tablle 15. Mean error (ME) difference between PLEDGE predictions of CGR and 

experimental measurements for the four data sets 

BWRVIP ANL IGSCC Andresen ANL TGSCC 

Upper 95% ME 10.5 6.3 1.8 0.8 

ME 8.3 5.2 1.6 0.7 

Lower 95% #15 ME 6.5 4.4 1.4 0.6 

Table 15 shows the mean error (ME) expressed as the mean value of the ratio of the 

predicted crack growth rate to the observed crack growth rate so that perfect agreement would 

give ME = 1 for the four data sets. An ME > 1 implies the PLEDGE predictions are 

conservative. As noted previously from examination of Figs. 43-46, PLEDGE is generally 

conservative for all the data sets with intergranular cracking and slightly nonconservative for 

the transgranular cracking data.  

The predictions are poorest in terms of both mean error and scatter for the BWRVIP data 

set. This set, which is based on constant-load tests, appears to be biased toward low crack 

growth rates. As discussed previously, Andresen 13 7 noted an inherent bias in experimental 

data on SCC toward low crack growth rates-there are more reasons for crack growth to be 

retarded than accelerated. Even in the SKI round-robin, the observed scatter in the data under 

conditions that were supposedly tightly controlled covered three orders in magnitude, and 

many tests were reported as giving no SCC under material, environmental, and loading 

conditions for which SCC would be expected and had been observed in other tests. 137 In an 

attempt to remove some of this bias, the BWRVIP data base was screened to eliminate data 

where the CGR seemed unreasonably (low less than one order of magnitude) for the nominal 

conditions of the test. No CGR data were screened out because they were too high. The results 

for the screened set are summarized in Table 16 and shown in Fig. 47(a). The mean error for 

the screened set is a factor of 2 smaller than that for the original BWRVIP data set.  

Table 16. Mean error difference between PLEDGE predictions of CGR and 

experimental measurements for screened BWRVIP data set and 
ANL IGSCC data set using reported EPR values 

BWRVIP ANL IGSCC 
screened No EPR adjustment 

Upper 95% ME 5.3 1.3 

ME 4.2 1.0 

Lower 95% ME 3.2 0.8
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Figure 47. (a) Comparison of PLEDGE model predictions with screened BWRVIP data set; 

(b) Comparison of PLEDGE model predictions with ANL IGSCC data set with no 

adjustment to reported EPR values 

As discussed previously, because the ANL specimens with EPR = 2 C/cm2 were sensitized 

with a low-temperature heat treatment that would be expected to give narrower and deeper Cr 

depletion zones than the higher-temperature heat treatments used to obtain most of the other 

reported data, an EPR of 15 C/cm2 was used in the initial PLEDGE calculations instead of the 

value of 2 to make the ANL results more consistent with other reported results. If instead the 

actual reported values are used, the mean error decreases, as shown in Table 16 and Fig. 47 

(b). This again emphasizes the sensitivity of PLEDGE predictions to the choice of EPR value.  

In most cases, EPR values will not be available, and even if they are it may be difficult to 

identify the appropriate correspondence with the values used by PLEDGE, which depend on 

the time/temperature histories used by Ford and Andresen to determine the EPR/Cr 

depletion/CGR correlation. Although the use of the reported EPR gives better agreement with 

the PLEDGE predictions, the fundamental meaning of EPR in PLEDGE says that the EPR value 

obtained with the ANL low-temperature heat treatment should be increased when making 

comparisons with PLEDGE calculations. The choice of the appropriate value is a matter of 

engineering judgment. An EPR of 15 C/cm 2 should be conservative for most welds and the 

ANL heat treatment. All references to comparisons of the ANL IG data with PLEDGE outside of 

Table 16 are based on EPR = 15 C/cm2 for the low-temperature heat treatments.  

5.3 Comparison of Specific Dependencies on EPR, Conductivity, and ECP 

The errors were plotted as a function of the conductivity, ECP, EPR, and K to determine 

whether there was any correlation between these variables and the magnitude of the errors in 

the PLEDGE predictions. Examples of these graphs are shown in Figs. 48-51. These results 

suggest that errors are most strongly correlated to conductivity. To examine this more 

rigorously, the data were sorted into two categories: low-conductivity data with 

conductivities < 0.2 !S/cm, and high-conductivity data with conductivities _> 0.2 uS/cm. As 

shown in Table 17, the PLEDGE predictions for the high- and low-conductivity data are 

significantly different for all the data sets. In each case, the PLEDGE predictions are more 

conservative for the high-conductivity data than for the low-conductivity data, i.e., PLEDGE 

overestimates the effect of increases in conductivity on increases in CGRs.
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Table 17. Effect of conductivity on mean error difference between PLEDGE predictions of CGR and 

experimental measurements for the four data sets 

Andresen Andresen ANL IG ANL IG 
Low Conductivity High Conductivity Low Conductivity High Conductivity 

Upper 95% ME 1.1 4.6 4.3 10.4 

ME 1.0 4.1 3.2 9.3 

Lower 95% ME 0.9 3.6 2.5 8.4 

BWRVIP BWRVIP ANL TG ANL TG 

Low Conductivity High Conductivity Low Conductivity High Conductivity 

Upper 95% ME 3.4 10.4 0.3 5.0 

ME 2.6 6.9 0.3 3.9 

Lower 95% ME 2.0 4.6 0.2 3.1
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This has a significant effect when assessing the degree of conservatism associated with 

PLEDGE predictions. For modem BWRs, only the low-conductivity data are really relevant, 

and Table 17 shows that the conservatism of the PLEDGE predictions is lower by a factor of -2 

than would be implied from the results for the complete data sets shown in Table 15.  

Because of the fairly large effect of the conductivity on the errors associated with the 

PLEDGE predictions, attempts were made to examine effects of other variables based on 

examination of the data sets for either low or high conductivity rather than on the combined 

databases. However, too few data are generally available to obtain statistically significant 

comparisons. The screened BWRVIP database does contain enough low-conductivity data with 

differing degrees of sensitization to obtain some information on the effect of EPR, as shown in 

Table 18, which indicates that the PLEDGE calculations are more conservative for the more 

highly sensitized specimens, i.e., PLEDGE appears to overestimate the effect of EPR.
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Table 18. Effect of EPR on mean difference between PLEDGE predictions of CGR and 
experimental measurements for screened BWRVIP data sets 

EPR 13-15 C/cm2  EPR 20-30 C/cm2 

Upper 95% ME 2.3 6.3 

ME 1.5 4.6 

Lower 95% ME 0.9 3.4 

Estimates of the effect of ECP were made by using the low-conductivity portions of the 

ANL TG and Andresen databases. These results are summarized in Table 19. No significant 

effect of ECP could be seen in the ANL TG data, but the results from the Andresen data suggest 

that the PLEDGE calculations are somewhat more conservative for very low and very high ECP.  

Table 19. Effect of ECP on mean difference between PLEDGE predictions of CGR and experimental 

measurements for low-conductivity data in Andresen and ANL TG data sets 

Andresen Andresen Andresen ANL TG ANL TG 

ECP<-400 53<ECP<140 ECP> 140 75<ECP<140 ECP> 140 

Upper 95% ME 1.6 0.8 1.5 0.3 0.4 

ME 1.2 0.7 1.3 0.3 0.3 

Lower 95% ME 0.9 0.6 1.2 0.2 0.3 

Data from other sources were also examined to determine dependence on conductivity, 

sensitization, and ECP. The data of Kawakubo et al. 12 9 comparing crack growth rates in 

materials with EPR = 0 and 15 C/cm2 are shown in Fig. 52(a), along with the corresponding 

PLEDGE predictions in Fig. 52(b). The prediction is about three times that observed at a stress 

intensity of K = 27 MPa-m1 / 2 . Data with EPR of 10-15 and 30 C/cm 2 used to develop the NRC 

disposition curvel 3 ° are shown in Fig. 53(a), along with the corresponding PLEDGE predictions 

in Fig. 53(b). There is large scatter in the data, but nominally the difference is again about a 

factor of 3 at a stress intensity K = 27 MPa-m 1/ 2 . These results are consistent with the results 

determined from the BWRVIP data, as shown in Table 18.  
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Figure 52. (a) Effect of sensitization on CGR observed in cyclic load tests of Kawakubo et al. 12 9 ; 

(b) PLEDGE prediction of change in CGR due to change in sensitization
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Figure 53. (a) Effect of sensitization on CGR observed in cyclic load tests used for NRC disposition 
curve;130 (b) PLEDGE prediction of change in CGR due to change in sensitization 

Part of the reason that PLEDGE may overestimate the effect of sensitization might be 
found in the experimental models it uses to represent the material at the crack tip. In 
solution-annealed material, the crack tip is Fe-18Cr-8Ni, in weld-sensitized material it is Fe

8Cr- 1ONi, and in furnace-sensitized material it is pure Fe. ' 20 The actual relation between the 
oxidation current densities measured on these materials and the dependency on EPR built into 
PLEDGE is part of the proprietary "black box," but such assumptions could well result in an 

overestimate of the effect of sensitization.  

As noted from the examination of the databases, at high conductivities PLEDGE appears 

to predict a stronger dependence on conductivity than is observed. This is consistent with the 

results from a "controlled" experiment in which conductivity was systematically varied while 

keeping all other experimental parameters constant, as shown in Fig. 54. In application to 

operating reactors, conductivity as defined by PLEDGE should be a conservative representation 
of impurity effects. "Conductivity" is really used as a surrogate measure for harmful anions 

2
such as SO4 and Cl-; other anions may be much more benign. PLEDGE assumes that the 

conductivity is due to the "worst-case" impurity, i.e., sulfate.  

The predicted dependence of CGR on ECP is shown in Figs. 55 and 56. In this case, the 

dependency is quite sensitive to the loading condition. Under R = 1 loading, the CGR 

essentially vanishes; under the R = 0.95 loading, the mechanically driven CGR places a floor on 

how low the rate can go and so the relative change is smaller. The reductions predicted by 

PLEDGE are difficult to verify experimentally because the CGRs so low that they are extremely 

difficult to measure. The much more modest reductions predicted by the BWRVIP model are 

probably skewed by unavailability and scatter in CGRs at such low levels. Many of the ANL 

tests in hydrogen water chemistries are not reported as CGRs, simply because they were so low 

that it would take an inordinate amount of time to obtain a valid CGR. However, Ruther and 

Kassner carried out a series of tests on a thermally aged cast SS, 141 which showed a high 

susceptibility to environmentally assisted cracking; these tests were continued until the CGRs 

could be measured with some confidence. Their measurements are shown in Fig. 55 and 

suggest that the BWRVIP model is very conservative at low ECPs, but that the PLEDGE model
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predicts the overall trends reasonably well. These results, together with the results in Table 19 

suggest that the PLEDGE model predicts the variation of the CGR with ECP fairly well overall, 

although it may overestimate somewhat the increases in CGR associated with increase in ECP 

above 140 mV.
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6 Summary of Results 

6.1 Environmental Effects on Fatigue S-N Behavior of Primary Pressure 

Boundary Materials 

Both the design fatigue curve method and the fatigue life correction factor (Fen) method of 

evaluating fatigue lives are based on statistical models for estimating fatigue lives of carbon 

and low-alloy steels and austenitic SSs in LWR environments. Although estimates of fatigue 

lives based on these two methods may differ because of differences between the ASME mean 

curves used to develop the current design curves and the best-fit curves to the existing data 

used to develop the environmentally adjusted curves, either method provides an acceptable 

approach to account for environmental effects.  

The environmentally adjusted design fatigue curves provide allowable cycles for fatigue 

crack initiation in LWR coolant environments. The new design curves maintain the margin of 

20 on life. However, to be consistent with the current ASME Code curves, the margin on stress 

is 2 for carbon and low-alloy steels and 1.5 for austenitic SSs.  

In the Fen method, environmental effects on life are estimated from the statistical models 

but the correction is applied to fatigue lives estimated from the current Code design curves.  

Therefore, fatigue life estimates based on the two methods may differ because of differences in 

the ASME mean curve and the best-fit curve to existing fatigue data. The current Code design 

curve for carbon steels is comparable to the statistical-model curve for LASs, whereas it is 

somewhat conservative at stress levels of <500 MPa when compared with the statistical-model 

curve for CSs. Consequently, usage factors based on the Fen method would be comparable to 

those based on the environmentally adjusted design fatigue curves for LASs and would be 

somewhat higher for CSs.  

Figure 5 indicates that for austenitic SSs, the current Code design fatigue curve is 

nonconservative when compared with the statistical-model curve, i.e., it predicts longer fatigue 

lives than the best-fit curve to the existing S-N data. Consequently, usage factors that are 

based on the Fen method would be lower than those determined from the environmentally 

corrected design fatigue curves.  

6.2 Irradiation-Assisted Stress Corrosion Cracking 

of Austenitic Stainless Steels 

1. As fluence was increased from -0.3 x 1021 n-cm-2 to =0.9 x 1021 n-cm-2, IGSCC fracture 

surfaces emerged in many alloys, usually in the middle of and surrounded by TGSCC 

fracture surfaces. This finding indicates that high susceptibility to TGSCC is a precursor 

to susceptibility to IGSCC at a higher fluence.  

2. Alloy-to-alloy variations in susceptibility to TGSCC and IGSCC were significant at =0.9 x 

1021 n-cm-2 . Susceptibility to TGSCC and IGSCC was influenced by more than one 

alloying and impurity element in a complex manner.
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3. Yield strength of the model alloys, measured in BWR-like water at 289°C, was nearly 
constant at =200 MPa in the unirradiated state and was more or less independent of Si 

concentration. However, as the alloys were irradiated to =0.3 x 1021 n-cm-2 and =0.9 x 
1021 n-cm- 2 , the degree of increase in yield strength was significantly lower for alloys that 

contain >0.9 wt.% Si than for alloys that contain <0.8 wt.% Si. This observation indicates 

that the nature of irradiation-induced hardening centers and the degree of irradiation 

hardening are significantly influenced by alloy Si content. Similar influence of C and N 

was not observed.  

4. Among laboratory heats of Types 304 and 304L SS, alloys that contain <0.67 wt.% Si 

exhibited significant susceptibility to IGSCC, whereas heats with 0.8-1.5 wt.% Si 

exhibited negligible susceptibility to IGSCC. However, an alloy with =1.9 wt.% Si 

exhibited some degree of susceptibility to IGSCC. These observations indicate that an Si 

content between =0.8 and =1.5 wt.% is beneficial in delaying the onset of or suppressing 

susceptibility to IASCC.  

6.3 Fracture Toughness J-R Test of Austenitic Stainless Steels Irradiated in the 

Halden Reactor 

Fracture toughness J-R curve tests have been conducted on four heats of Type 304 

stainless steel that were irradiated to fluence levels of =0.3 and 0.9 x 1021 n-cm-2 (E > 1 MeV) 

(=0.45 and 1.35 dpa) at =2880C in an He environment in the Halden boiling heavy water 

reactor. The tests were performed on 1/4-T compact tension specimens in air at 2880 C; crack 

extensions were determined by both DC potential and elastic unloading compliance techniques.  

Neutron irradiation at 2880 C to 0.9 x 1021 n-cm- 2 (E > 1 MeV) (1.35 dpa) decreased the fracture 

toughness of all of the steels. For these materials, minor differences in the chemical 

composition of the steels, e.g., differences in nickel content for Heats C16 and C19 or silicon 

content for heats L2 and L20, have little or no effect on the fracture toughness of irradiated 

steels. The commercial Heats C 16 and C 19 exhibited fracture toughness that is superior to the 

fracture toughness of laboratory Heats L20 and L2. For steels irradiated to 0.9 x 1021 n-cm- 2 

(E > 1 MeV) (1.35 dpa), the Jic values are 299 and 304 kJ/m 2, respectively, for Heats C16 and 

C19, and 38 and 39 kJ/m 2 , respectively, for Heats L2 and L20. The data from commercial 

heats fall within the scatter band for the data obtained at higher temperatures.  

6.4 Environmentally Assisted Cracking of Low-Carbon Alloys 600 and 690 in 

Simulated LWR Water 

To evaluate the resistance of Alloys 600 and 690 to EAC in LWR coolant environments, 

fracture mechanics CGR tests are being conducted in air and water environments on CT 

specimens of several heats of these alloys in annealed and in annealed and thermally treated 

conditions. During the current reporting period, existing fatigue crack growth data on Alloys 

600 and 690 have been analyzed to establish the effects of temperature, load ratio, frequency, 

and stress intensity range AK on crack growth rates in air. Correlations have been developed 

for estimating the CGRs of Alloys 600 and 690 as a function of stress intensity range AK, load 

ratio R, and temperature. The results indicate that the CGRs of Alloys 600 and 690 in air are 

relatively insensitive to changes in frequency.
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6.5 Assessment of Industry Crack-Growth Models

The basic physical description of stress corrosion cracking that underlies the PLEDGE 

model is consistent with the basic anodic dissolution model of SCC developed by Parkins and 

his colleagues for several decades. The detailed mathematical description of the model and the 

experimental data used to develop the correlations used in PLEDGE are proprietary. However, 

the acceptability of PLEDGE for modeling stress corrosion cracking behavior can be established 

by comparison with the extensive data on SCC in BWR environments available in the literature.  

Based on this comparison, it can be stated that PLEDGE provides conservative predictions of 

CGRs in unirradiated sensitized materials if an appropriate value is chosen for the EPR. For 

applications to unirradiated weldments, a value of 15 C/cm2 appears appropriate and yields a 

moderate degree of conservatism. With this value for EPR, PLEDGE should give somewhat 

conservative predictions for IGSCC under constant and cyclic loads and should provide a 

conservative estimate for environmentally assisted fatigue, i.e., transgranular crack growth, 

that may occur under cyclic loading. For environmentally assisted fatigue in unsensitized 

materials, the choice of EPR = 0 C/cm2 may not give conservative estimates in the low

conductivity water chemistries characteristic of current BWR operation. Some additional 

margin appears appropriate; this could be provided again by assuming EPR = 15 C/cm2 , 

although other approaches (e.g., an appropriate multiplier) could be used, but would have to be 

justified by comparison with appropriate data.  

PLEDGE appears to overestimate the deleterious effect of impurity additions, and its 

predictions become more conservative for conductivities > 0.2 pS/cm. It also appears to 

overestimate the deleterious effect of sensitization as characterized by EPR, at least for EPR 

values > 20 C/cm2 . Because current BWRs generally operate with conductivities much lower 

than 0.2 pS/cm2 and most weldments will have sensitization levels < 15 C/cm2 , these 

shortcomings of the model are of limited importance. However, it is important to recognize that 

comparing PLEDGE predictions with data for high conductivities or high EPR would give a 

misleading picture of the degree of conservatism in PLEDGE predictions. Thus, the implied 

conservatism in the values of the mean errors in Table 15 is misleading, and a more 

appropriate comparison with experimental data is provided by the results for the low

conductivity data given in Table 17.  

The choice of an appropriate degree of conservatism in the development of a disposition 

curve is to some extent not a technical question. However, we believe that the use of a 95% 

confidence limit on the predictions is overly conservative. There is inevitable scatter in SCC 

measurements, and the focus should be on the main trends, not the scatter in the tails. The 

James and Jones approach of adopting a 95% confidence limit on the mean 13 9 has been 

adopted here as an appropriate method for comparing the model predictions with the 

experimental data.
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