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Environmental Effects on Fatigue Crack Initiation 
in Piping and Pressure Vessel Steels 

by 

0. K. Chopra and W. J. Shack 

Abstract 

The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear 
power plant components. Appendix I to Section III of the Code specifies fatigue design curves 
for structural materials. However, the effects of light water reactor (LWR) coolant environments 
are not explicitly addressed by the Code design curves. Test data illustrate potentially 
significant effects of LWR environments on the fatigue resistance of carbon and low-alloy steels 
and austenitic stainless steels. This report summarizes the work performed at Argonne 
National Laboratory on the fatigue of piping and pressure vessel steels in LWR coolant 
environments. The existing fatigue S-N data have been evaluated to establish the effects of 
various material and loading variables, such as steel type, strain range, strain rate, 
temperature, and dissolved-oxygen level in water, on the fatigue lives of these steels.  
Statistical models are presented for estimating the fatigue S-N curves for carbon and low-alloy 
steels and austenitic stainless steels as a function of material, loading, and environmental 
variables. The influence of reactor environments on the mechanism of fatigue crack initiation 
are discussed. Decreased fatigue lives of carbon and low-alloy steels and austenitic stainless 
steels in water are caused primarily by the effects of environment on the growth of short 
cracks. The results suggest that for carbon and low-alloy steels, the growth of these small 
cracks in high-purity oxygenated water occurs by a slip oxidation/dissolution process. A 
fracture mechanics approach has been used to evaluate the effects of environment on fatigue 
crack initiation in carbon and low-alloy steels. Environmentally assisted reduction in fatigue 
life of austenitic stainless steels is most likely caused by other mechanisms such as 
hydrogen-enhanced crack growth. Two methods for incorporating environmental effects into 
the ASME Code fatigue evaluations are discussed. Differences between the methods and their 
impact on the design fatigue curves are also discussed.
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Executive Summary 

Section III, Subsection NB of the ASME Boiler and Pressure Vessel Code contains rules 

for the design of Class 1 components of nuclear power plants. Figures 1-9.1 through 1-9.6 of 

Appendix I to Section III specify the Code design fatigue curves for applicable structural 
materials. However, Section III, Subsection NB-3121 of the Code states that effects of the 
coolant environment on fatigue resistance of a material were not intended to be addressed in 

these design curves. Therefore, the effects of environment on fatigue resistance of materials 
used in operating pressurized water reactor (PWR) and boiling water reactor (BWR) plants, 
whose primary-coolant-pressure-boundary components were designed in accordance with the 
Code are uncertain.  

The current Section-Ill design fatigue curves of the ASME Code were based primarily on 

strain-controlled fatigue tests of small polished specimens at room temperature in air. Best-fit 
curves to the experimental test data, were first adjusted to account for the effects of mean 

stress and then lowered by a factor of 2 on stress and 20 on cycles, whichever was more 
conservative, to obtain the design fatigue curves. These factors are not safety margins but 
rather adjustment factors that must be applied to experimental data to obtain estimates of the 
lives of components. They were not intended to address the effects of the coolant environment 
on fatigue life. Recent fatigue-strain-vs.-life (S-N) data obtained in the U.S. and Japan 

demonstrate that light water reactor (LWR) environments can have potentially significant 
effects on the fatigue resistance of materials. Specimen lives obtained from tests in simulated 
LWR environments can be much shorter than those obtained from corresponding tests in air.  

This report summarizes work performed at Argonne National Laboratory on fatigue of 

carbon and low-alloy steels and wrought and cast austenitic stainless steels (SSs) in simulated 
LWR environments. The existing fatigue S-N data, foreign and domestic, have been evaluated 

to establish the effects of various material and loading variables, such as steel type, strain 
range, strain rate, temperature, and dissolved-oxygen (DO) level in water, on the fatigue lives of 

these steels. Statistical models are presented for estimating the fatigue S-N curves for carbon 

and low-alloy steels and austenitic SSs as a function of material, loading, and environmental 
variables. Two methods for incorporating the effects of LWR coolant environments into the 
ASME Code fatigue evaluations are presented.  

Mechanism of Fatigue Crack Initiation 

The fatigue life of a material is defined as the number of cycles necessary to form an 
"engineering" crack, i.e., a 3-mm-deep crack. During cyclic loading, surface cracks, 10 jtm or 

more in length, form quite early in life, i.e., <10% of life, even at low strain amplitudes. The 
fatigue life may be considered to be composed entirely of the growth of these short cracks. The 
growth of surface cracks may be divided into two regimes; an initial period that involves growth 

of microstructurally small cracks in which the crack growth behavior is very sensitive to 
microstructure and is characterized by decelerating crack growth, and a propagation period 

that involves growth of mechanically small cracks that can be predicted by fracture mechanics 

methodology and is characterized by accelerating crack growth.  

Tests have been conducted to characterize the formation and growth of short cracks in 

carbon and low-alloy steels and austenitic SSs in LWR environments. The results indicate that
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the decrease in fatigue life of these steels in LWR environments is primarily caused by the 
effects of environment on the growth of cracks <500 gim deep. For carbon and low-alloy steels 
in high-DO water, the growth rates of cracks <100 jim in size are nearly two orders of 
magnitude higher than those in air. In high-DO water, surface cracks in carbon and low-alloy 
steels grow entirely as tensile cracks normal to the stress axis; in air and low-DO water, 
surface cracks grow initially as shear cracks at =45' to the stress axis, and then as tensile 
cracks normal to the stress axis when slip is no longer confined to planes at 45' to the stress 
axis. The results indicate that in LWR environments, the growth of short fatigue cracks in 
carbon and low-alloy steels occurs by a slip oxidation/dissolution mechanism.  

Environmental effects on the mechanism of fatigue crack initiation in austenitic SSs is 
not well understood. 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. The results suggest 
that environmentally assisted reduction in fatigue life of austenitic SSs is most likely caused by 
mechanisms other than slip oxidation/dissolution, such as hydrogen-enhanced crack growth.  

Overview of Fatigue S-N Data 

In air, the fatigue life of carbon and low-alloy steels depends on steel type, temperature, 
orientation, and strain rate. The fatigue life of carbon steels is a factor of =1.5 lower than that 
of low-alloy steels. For both steels, fatigue life decreases with increase in temperature. Some 
heats of carbon and low-alloy steels exhibit effects of strain rate and orientation. For these 
heats, fatigue life decreases with decreasing strain rate. Also, based on the distribution and 
morphology of sulfides, the fatigue properties in transverse orientation may be inferior to those 
in the rolling orientation. The data indicate significant heat-to-heat variation; at 2880 C, 
fatigue life of carbon and low-alloy steels may vary by up to a factor of 3 above or below the 
mean value. The results also indicate that in room-temperature air, the ASME mean curve for 
low-alloy steels is still in good agreement with the available experimental data and that for 
carbon steels is somewhat conservative.  

The fatigue lives of both carbon and low-alloy steels are decreased in LWR environments; 
the reduction depends on temperature, strain rate, DO level in water, and S content of the 
steel. The fatigue life is decreased significantly when four conditions are satisfied 
simultaneously, viz., the strain amplitude, temperature, and DO in water are above certain 
minimum levels, and the 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 carbon and low-alloy 
steels differ significantly, environmental degradation of the fatigue life 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, e.g., low-DO PWR environment, or 
temperatures < 1500 C, or vibratory fatigue. The existing fatigue S-N data have been reviewed to 
establish the critical parameters that influence fatigue life and define their threshold and 
limiting values within which environmental effects are significant.  

In air, the fatigue lives of Types 304 and 316 SS are comparable; those of Type 316NG are 
superior to those of Types 304 and 316 SS. The fatigue S-N behavior of cast CF-8 and CF-8M 
SSs is similar to that of wrought austenitic SSs. The fatigue life of all steels is independent of
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temperature in the range from room temperature to 4270 C; at temperatures above 260'C, it 
may decrease with decreasing strain rate. The ASME mean curve for austenitic SSs is 
nonconservative with respect to the existing fatigue S-N data; at strain amplitudes <0.5%, the 
mean curve predicts significantly longer fatigue lives than those observed experimentally.  

The existing fatigue S-N data have been reviewed to establish the critical parameters that 
influence fatigue life and define their threshold and limiting values within which environmental 
effects are significant. The fatigue lives of cast and wrought austenitic SSs are decreased in 
LWR environments. The reduction in life depends on strain rate, DO level in water, and 
temperature. The effects of LWR environments on fatigue life of wrought materials are 
comparable for Types 304, 316, and 316NG SSs. However, unlike ferritic steels, where 
environmental effects are greater in high-DO environments, environmental effects on fatigue 
life of SSs are more pronounced in low- than in high-DO water. In high-DO water when 
conductivity is maintained at <0.1 pS/cm and electrochemical potential of the steel has 
reached a stable value, environmental effects are moderate (less than a factor of 2 decrease in 
life). Although the fatigue lives of cast SSs are relatively insensitive to changes in ferrite content 
in the range of 12-28%, the effects of loading and environmental parameters on the fatigue life 
of cast SSs differ somewhat. The fatigue lives of cast SSs are approximately the same in both 
high- and low-DO water and are comparable to those observed for wrought SSs in low-DO 
water.  

Incorporating Environmental Effects into ASME Code Fatigue Evaluations 

Statistical models have been developed to predict fatigue lives of small smooth specimens 
of carbon and low-alloy steels and wrought and cast austenitic SSs as a function of material, 
loading, and environmental parameters. The functional form and bounding values of these 
parameters were based on experimental observations and data trends. The statistical models 
were obtained by minimizing the squared Cartesian distances from the data point to the 
predicted curve instead of minimizing the sum of the square of the residual errors for either 
strain amplitude or fatigue life. The models are applicable for predicted fatigue lives •106 

cycles. The results indicate that the ASME mean curve for SSs is not consistent with the 
experimental data at strain amplitudes <0.5% or stress amplitudes <975 MPa (<141 ksi); the 
ASME mean curve is nonconservative.  

The design fatigue curves for these steels in LWR environments were obtained by the 
procedure that has been used to develop the current ASME Code design fatigue curves, i.e., by 
adjusting the best-fit experimental curve for the effect of mean stress and setting margins of 20 
on cycles and 2 on strain to account for the uncertainties in life that are associated with 
material and loading conditions. However, for austenitic SSs, the margin on strain for the 
current ASME Code design fatigue curve is closer to 1.5 than 2.  

The use of a fatigue life correction factor Fen to incorporate the effects of environment into 
the ASME Code fatigue evaluations is also discussed. In the Fen method, environmental effects 
on life are estimated from the statistical models but the correction is applied to fatigue lives 
estimated from the current Code design curves. Therefore, estimates of fatigue lives that are 
based on the two methods, i.e., Fen method and environmentally adjusted design curves, 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, although estimates of fatigue lives based on the two methods may
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differ, either of these methods provides an acceptable approach to account for environmental 
effects. Data available in the literature have been reviewed to evaluate the conservatism in the 
existing Code fatigue design curves.
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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 develop the current Code 
design curve for austenitic SSs does not accurately represent the available experimental 
data, 1.2 the current Code design curve for stainless steels (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 used to 
develop the design fatigue curves (Figs. 1-9.1 through 1-9.6 of Appendix I to Section III) did not 
include tests in the presence of corrosive environments that might accelerate fatigue failure.  
Article B-2131 in Appendix B to Section III states that the owner's design specifications should 
provide information about any 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- 15 as well as of austenitic SSs,2.15-25 (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 have been modified and updated to include the effects of various material, 
loading, and environmental parameters on fatigue life. Interim design fatigue curves that 
address environmental effects on fatigue life of carbon and low-alloy steels and austenitic SSs

1



were first proposed by Majumdar et al. 2 6 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 7,2 8 

Results of the statistical analysis have also been used to estimate the probability of fatigue 
cracking in reactor components. The Idaho National Engineering Laboratory 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 9 In all, components from six 
locations at facilities designed by each of the four U.S. nuclear steam supply system vendors 
were evaluated. Selected components from older vintage plants designed under 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 12 - 15 and austenitic SSs.2,15,25 

Carbon Steel 0 A Austenitic o A 
Temp. (*C) <150 150-250 <250 Stainless Steels Temp. ('0) :100-200 250-325 260-325 
DO (ppm) :50.05 0.05-0.2 >0.2 DO (ppm) :,0.005 =0.005 Ž0.2 

SRate ()/W/s) .04 0.01-0.4 <0.01 '-• Rate ( °ds) -0.01 •0.01 >0.4 

01 S (Wl. >a oso Ž0.006 Ž.0 

~0 N ) 'KMean Curve 
-1.0 A Mean Curve • 1.0 RT Air "•.• iil~•O" RT Air 0.  

E E 
< £0. C < 

/ 0 6 
0.1 - ASME Design Curve 0.1 

ASME Design Curve - r ..... -...... i .... 1 . 1..... I . ,....  

10' 102 103 104 105 106 101 ' (C2 103 104 105 106 

Fatigue Ufe (Cycles) Fatigue Life (Cycles) 

(a) (b) 

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 lida,4 considers the effects of 
reactor coolant environments on fatigue life in terms of a fatigue life correction factor Fe, 
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 models2, 12-15,30,31 and on the correlations developed by the Environmental 
Fatigue Data Committee of Thermal and Nuclear Power Engineering Society of Japan, 3 2 have 
been proposed.  

This report 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. The fatigue S-N behavior of carbon and low-alloy steels in 
air and LWR environments has also been examined by using a fracture mechanics approach 
and crack growth data. Fatigue life is considered to be composed of the growth of

2



microstructurally small cracks (MSCs) and mechanically small cracks. The growth of the latter 

has been characterized in terms of the J-integral range AJ and crack-growth-rate (CGR) data 
in air and LWR environments.

3



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. During fatigue loading 
of smooth test specimens, surface cracks 10 gim or longer form quite early in life (i.e., <10% of 
life) at surface irregularities or discontinuities either already in existence or produced by slip 
bands, grain boundaries, second-phase particles, etc. 12,33-37 Consequently, fatigue life may be 
considered to be composed entirely of crack propagation.38 

Growth of these surface cracks may be divided into two regimes, an initial period, which 
involves growth of MSCs, that is very sensitive to microstructure and is characterized by 
decelerating crack growth (Region AB in Fig. 2), and a propagation period that involves growth 
of mechanically small cracks that can be predicted by fracture mechanics methodology and is 
characterized by accelerating crack growth (Region BC in Fig. 2). Mechanically small cracks, 
which correspond to Stage II, or tensile, cracks are characterized by striated crack growth and 
a fracture surface normal to the maximum principal stress. Conventionally, the former has 
been defined as the initiation stage and is considered sensitive to stress or strain amplitude, 
and the latter has been defined as the propagation stage and is less sensitive to strain 
amplitude. The characterization and understanding of both the crack initiation and crack 
propagation stage are important for accurate estimates of the fatigue lives of structural 
materials.  

Short 
Cracks 
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(a) (b) 
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 

2.1 Carbon and Low-Alloy Steels 

Reduction of fatigue life in high-temperature water has often been attributed to easier 
crack initiation, because surface micropits that are formed in high-temperature water act as
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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 288°C in high-dissolved-oxygen (DO) water and then 
tested in air are identical to those of unoxidized specimens (Fig. 3). 12 If the presence of 
micropits was 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 obtained from specimens in high-DO water indicate that the 
fatigue limit is either the same as, or =20% higher, in water than in air. 12,13 

A106-Gr B Steel Strain Rates (%/s) A533-Gr B Steel Strain Rates (%/s) 
288°C Water S: 0.004 & F: 0.4 288°C Water S: 0.004 & F: 0.4 

S 0.5-0.8 ppm DO 0 F/F 0 0.5-0.8 ppm DO 0 F/F 
Air SFAirS/ 

Preoxidized </" Preoxidized 
I 1.0 , A F/Finair - 1.0, A F/Finair 

V F/F in <10 ppb DO - V F/F in <10 ppb DO
ca X X S/F in <10 ppb DO 

.C C 00" 

a,~"7 0'0i a 

0.1 0.1-

1 01 1 02 1 03 1 04 1 05 1 06 107 1 01 1 02 1 03 1 04 1 0
5  

1 06 107 

Fatigue Life, N 2 5  Fatigue Life, N25 

(a) (b) 

Figure 3. Effects of environment on formation of fatigue cracks in (a) carbon and (b) low-alloy steels.  
Preoxidized specimens were exposed at 2880C for 30-100 h in water with 0.6-0.8 ppm 
dissolved oxygen.  

Furthermore, if reduction in life is caused by easier formation of cracks, the specimens 
tested in high-DO water should show more cracks. Figure 4 shows plots of the number of 
cracks > 10 g~m long, along longitudinal sections of the gauge length of Al 06-Gr B and 
A533-Gr B specimens as a function of strain range in air, simulated PWR environment, and 
high-DO water at two strain rates. The results show that, with the exception of the LAS tested 
in simulated pressurized water reactor (PWR) water, environment has no effect on the 
frequency (number per unit gauge length) of cracks. For similar loading conditions, the 
number of cracks in the specimens tested in air and high-DO water is identical, although 
fatigue life is lower by a factor of =8 in water. Detailed metallographic evaluation of the fatigue 
test specimens indicates that the water environment has little or no effect on the formation of 
surface microcracks. Irrespective of environment, cracks in carbon and low-alloy steels initiate 
along slip bands, carbide particles, or at the ferrite/pearlite phase boundaries.  

The enhanced growth rates of long cracks in pressure vessel and piping steels in LWR 
environments have been attributed to either slip oxidation/dissolution3 9 or hydrogen-induced 
cracking. 4 0 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.

6



120120 

100 100 

a80 

c 60 

W40 
E 
Z 20 

0 

-20
2.0

A533 Gr-B Low-Alloy Steel 
0 Air .... A.. . .  
A PWR 
0 >0.6 ppm DO 

Open Symbols: fast/fast test 
Closed Symbols: slow/fast or . . .  

fast/slow test 

............ (... ---------- ...... 1 0 .. 2.0....  

02 0 .4 0.6 0.8 1.0 2.0

A106 Gr-B carbo-n Steel 

0 Air ...... . ..............  

A PWR 
o >0.6 ppm DO " . ..... ...................  

Open Symbols: fast/fast test 
Closed Symbols: slow/fast or.. ...............  

fast/slow testfl 

S............. 
.......... •.. .... ... . . .-i ......... i .............. ... .  

......... ...............  

0.2 0.4 0.6 0.8 1.0 

Strain Range (%) 

(a)

Figure 4. Number of cracks >10 #rm long along longitudinal section of fatigue specimens of 

(a) A106 Gr B carbon steel and (b) A533 Gr B low-alloy steel tested in LWR environments.  

Number of cracks represents the average value along a 7-mm gauge length.  

Studies on crack initiation in smooth fatigue specimens 35 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 jim deep. When compared with CGRs in air, growth 

rates in high-DO water are nearly two orders of magnitude higher for cracks that are <100 jIm 

deep and one order of magnitude higher for cracks that are >100 jim deep. Metallographic 

examination of test specimens indicates that in high-DO water, surface cracks <100 jim deep 

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 (Fig. 5).35 Also, for CSs, cracks 

<100 jim deep propagate across both the soft ferrite and hard pearlite regions, whereas in air, 

they propagate along soft ferrite regions. The crack morphology on the specimen surface also 

differs in air and water environments (Fig. 6); surface cracks in high-DO water are always 

straight and normal to the stress axis, whereas in air or simulated PWR environments, they are 

mostly at 45' to the stress axis. The differing crack morphology, absence of Stage I crack

(a) (b) 

Figure 5. Photomicrographs of fatigue cracks along gauge sections of A106-Gr B carbon 

steel in (a) air and (b) high-DO water at 288°C
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(a) (b) 
Figure 6. Photomicrographs of fatigue cracks on gauge surfaces of A106-Gr B low-alloy steel 

in (a) air and (b) high-DO water at 288 0C 

growth, and propagation of near-surface cracks across pearlite regions indicate that in high
DO water, growth of MSCs occurs predominantly by the slip oxidation/dissolution process.  

In high-DO water, crack initiation in CSs and LASs may be explained as follows: surface 
microcracks form quite early in fatigue life. 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 lengths greater than the critical 
length of MSCs. These mechanically small cracks grow to engineering size, and their growth, 
which is characterized by accelerating rates, can be predicted by fracture mechanics 
methodology.  

2.2 Austenitic Stainless Steels 

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 9m deep. 4 1 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. Figure 7 shows 
photomicrographs of fracture surfaces of Type 304 and 316NG SS specimens, after chemical 
cleaning and at approximately the same crack length; specimens were tested at 288°C and 
=0.75% strain range in air, high-DO water, and a low-DO simulated PWR water. All of the 
specimens show fatigue striations; the spacing between striations is larger in low-DO water 
than in air. The presence of well-defined striations suggests that mechanical factors and not 
the slip dissolution/oxidation process are important. 2 5  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.
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Figure 7. Photomicrographs of fracture surfaces of Types 304 and 31 6NG SS specimens tested in air, 

high-DO water, and low-DO simulated PWR water
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3 Overview of Fatigue S-N Data 

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. The fatigue 
S-N data obtained at ANL on carbon and low-alloy steels are summarized in Appendix A, 
Tables Al-A4. 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) Strain: A minimum threshold strain is required for environmentally assisted 
decrease in fatigue lives of CSs and LASs. 12-15 Limited data suggest that the 
threshold value is =20% higher than the fatigue limit for the steel. The results from 
fatigue tests conducted at constant strain range and from exploratory tests that 
have been conducted with waveforms in which the slow strain rate is applied during 
only a fraction of the tensile loading cycle (Fig. 8) yield similar values for threshold 
strain. 12 The data from exploratory tests indicate that loading histories with slow 
strain rate applied near maximum compressive strain produce no damage (line AD 
in Fig. 8) until the fraction of the strain is sufficiently large that slow strain rates 
are occurring for strain amplitudes greater than the threshold. The relative damage 
due to slow strain rate is independent of strain amplitude once the amplitude 
exceeds a threshold value. However, it is not known whether the threshold strain 
corresponds to the rupture strain of the surface oxide film.  
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(a) (b) 
Figure 8. Fatigue life of (a) AI06-Gr B and (b) A333-Gr 6 carbon steels tested with loading 

waveforms where slow strain rate is applied during fraction of tensile loading cycle.  
IHI = Ishikawajima-Harima Heavy Industries Co., Japan.
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(b) Strain Rate: Environmental effects on fatigue life occur primarily during the 
tensile-loading cycle, and at strain levels greater than the threshold value. 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;4,8.42 the effect of 
environment on life saturates at =0.001%/s. 12-15 The dependence of fatigue life on 
strain rate for A106-Gr B CS and A533-Gr B LAS is shown in Fig. 9. 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 it is in air.
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(a) (b) 
Figure 9. Dependence of fatigue lives of (a) carbon steels and (b) low-alloy steels on strain rate 

(c) Temperature: When other threshold conditions are satisfied, fatigue life decreases 
linearly with temperature above 1500 C and up to 320'C.4.5,8 Fatigue life is 
insensitive to temperatures below 150'C or when any other threshold condition is 
not satisfied.  

(d) Dissolved Oxygen in Water. When other threshold conditions are satisfied, fatigue 
life decreases logarithmically with DO above 0.05 ppm; the effect saturates at 
=0.5 ppm DO. 5 .8 Fatigue life is insensitive to DO level below 0.05 ppm or when any 
other threshold condition is not satisfied.  

(e) S Content of Steel: The effect of the S content of steel 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 a 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.%. 4 3 When any one of the 
threshold conditions is not satisfied, environmental effects on life are minimal and 
relatively insensitive to changes in S content.  

(f) Flow Rate: It has long been recognized that the flow rate may have a strong effect on 
the fatigue life of materials because it may cause differences in the local 
environmental conditions at the crack tip. However, information about the effects of
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flow rate has been very limited. Recent results indicate that under the 

environmental conditions typical of operating BWRs, e.g., high-purity water at 

2890C with =0.2 ppm DO, environmental effects on the fatigue life of CSs and LASs 

are a factor of =2 lower at high flow rates than the environmental effects under 

semistagnant conditions or very low flow rates. Data on A333-Gr 6 CS indicate that 
at 2890C, relatively slow strain rate (0.01%/s), and under all DO conditions, a high 

flow rate has an appreciable effect on the fatigue life of the steel.4 4 In high-DO 

water (i.e., 0.2 ppm or higher) at 2890C, environmental effects on the fatigue life are 

a factor of =2 lower at a flow rate of 7 m/s than at 0.3 m/s. The results also 
indicate that flow rate has little or no effect at high strain rates (0.4%/s). Similar 

effects have also been observed in another study at Kraftwerk Union (KWU) 

laboratories on A508 carbon steel pipe; environmental effects on fatigue life were a 

factor of =2 lower at a flow rate of 0.6 m/s than those at very low flow.4 5 

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. 15 , 19 ,2 3 -2 5 The fatigue S-N data 

obtained at ANL on austenitic SSs and cast austenitic SSs are summarized in Appendix A, 

Tables A5-A7. 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%,19 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) 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., >0.1 ppm DO, water. 19 ,2 5 In high-DO water, environmental effects are 

moderate (less than a factor of 2 decrease in life) when conductivity is maintained at 

<0.1 pS/cm and electrochemical potential (ECP) of the steel has reached a stable 
value (Fig. 10). For fatigue tests in high-DO water, the SS specimens must be 

soaked for 5-6 days for the ECP of the steel to stabilize. Figure 10 shows that 

although fatigue life is decreased by a factor of =2 when conductivity of water is 

increased from =0.07 to 0.4 RS/cm, presoaking period appears to have a greater 

effect on life than does the conductivity of water. In low-DO water, the addition of 
lithium and boron, low conductivity, preexposing for =5 days prior to the test, or 

dissolved hydrogen have no effect on fatigue life of Type 304 SS (Table 1).  

Type 304 SS 
288*C, A•• -0.75% 
Strain Rate 0.004/0.4 %/s 

a) DO -0.84 ppm 

Figure 10.  
Effects of conductivity of water and soak 

* period on fatigue lives of Type 304 SS in 
ECP Steel Electrode mV(SHE) high-DO water 
Open Symbols: 145-165 (-120 h soak) 
Closed Symbols: 30-145 (-20 h soak) 

10-2 10-1 100 
Conductivity of Water (i. S/cm)
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Table 1. Fatigue testa results for Type 304 austenitic SS at 2880C 

Dis. Dis. Pre- Conduc- ECP Ten. Stress Strain Life 
Test Oxygenb Hydrogen Li Boron soak pH tivityc ssb Rate Range Range N25 
No. (ppb) (cc/kg) (ppm) (ppm) (days) at RT ([S/cm) mV (SHE) (%/s) (MPa) (%) (Cycles) 

1805 . ... 4.OE-3 467.9 0.76 14,410 
1808 4 23 2 1000 1 6.4 18.87 -690 4.0E-3 468.3 0.77 2.850 
1821 2 23 2 1000 1 6.5 22.22 -697 4.OE-3 474.3 0.76 2,420 
1859 2 23 2 1000 1 6.5 18.69 -696 4.0E-3 471.7 0.77 2,420 
1861 1 23 - - 1 6.2 0.06 -614 4.OE-3 463.0 0.79 2,620 
1862 2 23 - - 5 6.2 0.06 -607 4.OE-3 466.1 0.78 2.450 
1863 1 - - - 5 6.3 0.06 -540 4.OE-3 476.5 0.77 2,250 

18 7 1d 5 - - - 7 6.1 0.09 -609 4.OE-3 477.9 0.77 2,180

14

aFully reversed axial fatigue tests at 288°C, -0.77% strain range, sawtooth waveform with 0.004/0.4%/s strain rates.  
bDO and ECPs measured in effluent.  
cConductivity of water measured in feedwater supply tank.  
dTest conducted with a 2 min hold period at zero strain.  

(b) Strain: Nearly all of the existing fatigue S-N data have been obtained under loading 
histories with constant strain rate, temperature, and strain amplitude. Actual 
loading histories encountered during service of nuclear power plants are far more 
complex. Exploratory fatigue tests have been conducted with waveforms in which 
the slow strain rate is applied during only a fraction of the tensile loading cycle. 20 

The results indicate that a minimum threshold strain is required for 
environmentally assisted decrease in fatigue lives of SSs (Fig. 11). Limited data 
suggest that the threshold strain range is between 0.32 and 0.36%.20.25 
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During each fatigue cycle, relative damage due to slow strain rate is the same once 
the strain amplitude exceeds a threshold value. However, data also indicate that 
threshold strain does not correspond to rupture strain of the surface oxide film.  
The fatigue life of a fully-reversed (R = -1) axial fatigue test on Type 304 SS at 
2880C in high-purity water with <3 ppb DO, 0.75% strain range, sawtooth waveform 
with 0.004%/s tensile strain rate, and a two-min hold period at zero strain during 
the tensile rise portion was identical to that of tests conducted under similar 
loading conditions but without the hold period (Table 1). If this threshold strain 
corresponds to the rupture strain of the surface oxide film, a hold period at the 
middle of each cycle should allow repassivation of the oxide film, and environmental 
effects on fatigue life should diminish.



(c) Strain Rate: In high-DO water (conductivity <0. I 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.2 0 ' 2 5 

(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 2000C and significant above 250'C;20 life appears to be 
relatively insensitive to changes in temperature in the range of 250-330'C. The 
Pressure Vessel Research Council (PVRG) 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 180'C, significant above 220GC, and increase linearly from 180 
to 2200C.

4 6 

(e) Flow Rate: It is generally recognized that the flow rate most likely has a significant 
effect on the fatigue life of materials. However, fatigue S-N data that evaluate the 
effects of flow rate on the fatigue life of austenitic SSs are not available.  

(f) Cast Austenitic Stainless Steel: The effects of loading and environmental parameters 
on the fatigue life of cast SSs differ somewhat from those for wrought SSs. For cast 
SSs, 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 5 Existing 
data are too sparse to define the saturation strain rate for cast SSs or to establish 
the dependence of temperature on the fatigue life in LWR environments; the effects 
of strain rate and temperature are assumed to be similar to those for wrought SSs.
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4 Operating Experience in Nuclear Power Industry 

Experience with operating nuclear power plants worldwide reveals that many failures may 
be attributed to fatigue; examples include piping components, nozzles, valves, and pumps.47' 48 

In most cases, these failures have been associated with thermal loading due to thermal 
stratification and striping, or mechanical loading due to vibratory loading. Significant thermal 
loadings due to flow stratification were not included in the original design basis analysis. The 
effect of these loadings may also have been aggravated by corrosion effects due to a 
high-temperature aqueous environment. Fatigue cracks have been observed in pressurizer 
surge lines in PWRs, 4 9 and in feedwater lines connected to nozzles of pressure vessels in 
boiling water reactors (BWRs) and steam generators in PWRs. 50 ,5 1 A review of significant 
occurrences of corrosion fatigue damage and failures in various nuclear power plant systems 
has been presented in an Electric Power Research Institute report; 5 2 the results are 
summarized below.  

4.1 Cracking in Feedwater Nozzle and Piping 

Fatigue cracks have been observed in feedwater piping and nozzles of the pressure vessel 
in BWRs and steam generators in PWRs. 5 0 ,5 1,5 3 The mechanism of cracking has been 

attributed to corrosion fatigue 54 ,55 or strain-induced corrosion cracking (SICC).5 6 Case 
histories and identification of conditions that lead to SICC of LASs in LWR systems have been 
summarized by Hickling and Blind. 57 

In BWR nozzle cracking, initiation has been attributed to high-cycle fatigue caused by the 
leakage of cold water around the junction area of the thermal sleeve, and crack propagation 
has been attributed to low-cycle fatigue due to plant transients such as startups/shutdowns 
and any feedwater on/off transients. The frequency of the high-cycle fatigue phenomenon due 
to leakage around the sleeve is =0.5-1 Hz; therefore, it is not expected to be influenced by the 
reactor coolant environment. Estimates of strain range and strain rates for typical transients 
associated with low-cycle fatigue are given in Table 2.58 Under these loading and 
environmental conditions, significant reduction in fatigue life has been observed for carbon and 
low-alloy steels. 12,14 

In PWR feedwater systems, cracking has been attributed to a combination of thermal 
stratification and thermal striping.52 Environmental factors, such as high DO in the feedwater, 
are believed to also have played a significant role in crack initiation. The thermal stratification 
is caused by the injection of low-flow, relatively cold feedwater during plant startup, hot 
standby, and variations below 20% of full power, whereas thermal striping is caused by rapid, 
localized fluctuations of the interface between hot and cold feedwater.  

Table 2. Typical chemical and cyclic strain transients 

DO Temp. Strain Strain Rate 

Component Operation (ppb) (0C) Range (%) (%/s) 
FW Nozzle Startup 20/200 216/38 0.2-0.4 10-2 

FW Piping Startup 20/200 216/38 0.2-0.5 10-3-10-2 

FW Piping Startup 20/200 288/38 0.07-0.1 4-8x10-6 

FW Piping Turbine Roll <200 288/80 0.4 3-6x10-3 

FW Piping Hot Standby <200 288/90 0.26 4xlO-4 

FW Piping Cool Down <20 288/RT 0.2 6x10-4 
FW Piping Stratifica-tlon 200 250/50 0.2-0.7 10-4-10-3

17



Lenz et al. 56 showed that in feedwater lines, the strain rates are 10- 3-10-5/o/s due to 
thermal stratification and 10-1%/s due to thermal shock and that thermal stratification is the 
primary cause of crack initiation due to SICC. Also, the results from small-size specimens, 
medium-size components (model vessels), and full-size thermal-shock experiments suggest an 
influence of oxygen content in pressurized water on crack initiation behavior. 53 

Several studies have been conducted at Electricit6 de France (EdF) to investigate the 
thermal and mechanical effects of stratification in pipes. Stephan and Masson 59 subjected a 
full-scale mock-up of the steam generator feedwater system to various regimes of stratification.  
After 4000 cycles of fatigue, destructive examination performed between two stable states of 
stratification revealed small cracks, 1.4-4.0 mm deep, in the weld region. The fatigue usage 
factors calculated with elastic and cyclic elastic-plastic computations gave values of 1.3-1.9.  
However, because the average DO level in water was =5 ppb, which corresponds to the 
maximum admissible value under normal operating conditions in French PWRs, environmental 
effects on life are expected to be minimal and environmental correction factors were not applied 
in the computations of the fatigue usage factor.  

A detailed examination of cracking in a CS elbow adjacent to the steam generator nozzle 
weld6 0 indicates crack morphologies that are identical to those observed in smooth specimens 
tested in high-DO water. For example, the deepest crack was straight, nonbranching, 
transgranular through both the ferrite and pearlite regions without any preference, and showed 
significant oxidation and some pitting at the crack origin. In fatigue test specimens, 
near-surface cracks grow entirely as tensile cracks normal to the stress and across both the 
soft ferrite and hard pearlite regions, whereas in air, cracks grow at an angle of 450 to the 
stress axis and only along the ferrite regions (see Fig. 5). The identical crack morphologies 
indicate that environment played a dominant role in crack initiation. Similar characteristics of 
transgranular crack propagation through both weld and base metal, without regard to 
microstructural features, have also been identified in German reactors.57 

Tests have also been conducted on components to validate the calculation procedures 
and the applicability of the test results from specimen to actual reactor component. Tests on 
pipes, plates, and nozzles, under cyclic thermal loading in aqueous environment 47 indicate that 
crack initiation in simulated LWR environments may occur earlier than indicated by the values 
of the ASME Section III fatigue design curve; environmental effects are more pronounced in the 
ferritic steel than in the austenitic cladding. Tests performed at the reactor pressure vessel of 
the decommissioned HDR (Heissdampfreaktor)6 1 have also shown good agreement between the 
fatigue lives applicable to specimens and components, e.g., first incipient crack on pipes 
appeared in 1200 cycles, compared with 1400 cycles for a test specimen made of the same 
material and tested under comparable conditions (8 ppm DO).  

4.2 Steam Generator Girth Weld Cracking 

Another instance of thermal-fatigue-induced cracking where environmental effects are 
believed to have played a role in crack initiation has been observed at the weld joint between 
the two shells of a steam generator. 62 The feedwater temperature in this region is nominally 
204-227°C (440-440'F), compared with the steam generator temperature of 288°C (550'C).  
The primary mechanism of cracking has been considered corrosion fatigue, with possible slow 
crack growth due to stress corrosion cracking. A detailed analysis of girth-weld cracking
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indicates that crack initiation was dominated by environmental influences, particularly under 

relatively high-DO content and/or oxidizing potential. 6 3 

4.3 PWR Primary System Leaks 

Significant cracking has also occurred in unisolable pipe sections in the safety injection 

system piping connected to the PWR coolant system. 6 4 ,6 5 This phenomenon, which is similar 

to the nozzle cracking discussed above, is caused by thermal stratification. Also, regulatory 

evaluation has indicated that thermal stratification can occur in all PWR surge lines. 4 9 In 

PWRs, the pressurizer water is heated to -227°C (440'F). The hot water, flowing at a very slow 

rate from the pressurizer through the surge line to the hot-leg piping, rides on a cooler water 

layer. The thermal gradients between the upper and lower parts of the pipe can be as high as 

1490 C (3000 F). Unisolable leaks due to thermal-stratification cycling have occurred in reactor 

coolant loop drain lines and excess letdown lines at Three Mile Island, Oconee, Mihama, and 

Loviisa plants. 6 6 Thermal fatigue has caused leakage in the CVCS (chemical and volume 

control system) pipe of the regenerative heat exchanger at Tsuruga 2,67 and in the residual 

heat removal system of the Civaux 1 plant.6 8 

Full-scale mock-up tests to generate thermal stratification in a pipe in a laboratory have 

confirmed the applicability of laboratory data to component behavior. 6 9 The material, loading, 

and environmental conditions were simulated on a 1:1 scale, using only thermohydraulic 

effects. Under the loading conditions, i.e., strain rate and strain range typical of thermal 

stratification in these piping systems, the coolant environment is known to have a significant 

effect on fatigue crack initiation. 14 , 19 ,2 0
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5 Incorporating Environmental Effects into Fatigue Evaluations 

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

environments into the ASME Section III fatigue evaluations: (a) develop a new set of 
environmentally adjusted design fatigue curves 2 , 12' 14 ,15 ,2 5 or (b) use a fatigue life correction 
factor Fen to adjust the current ASME Code fatigue usage values for environmental 
effects.2, 14 ,1 5 ,3 0 ,3 1 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 life 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 that are used to develop the environmentally adjusted curves. However, either of these 
methods provides an acceptable approach to account for environmental effects.  

5.1 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 S-N 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 

Sa=Sa(au-y " for Sa<y, (1) 
s osa ) a 

and 

Sa = Sa for Sa>yy, (2) 

where S' is the adjusted value of stress amplitude, and cy and a. are yield and ultimate 
strengths of the material, respectively. Equations I 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 ,1 5 ,2 5 In room-temperature air, the fatigue life N of CSs is represented by 

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

and of LASs by 

In(N) = 6.627 - 1.808 ln(sa - 0. 151), (4)
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where Ca is applied strain amplitude (%). In LWR environments, the fatigue life of CSs is 
represented by 

In(N) = 6.010 - 1.975 ln(ca - 0.113) + 0.101 S* T* 0* ** (5) 

and of LASs, by 

In(N) = 5.729 - 1.808 ln(•a - 0.151) + 0. 101 S* TV* O *, (6) 

where S*, T*, 0*, and E* are transformed S content, temperature, DO, and strain rate, 
respectively, defined as follows: 

S* = 0.015 (DO> 1.0 ppm) 
S* = S (DO <1.0 ppm and 0 < S •0.015 wt.%) 
S* = 0.015 (DO •1.0 ppm and S > 0.015 wt.%) (7) 

T* = 0 (T < 150'C) 
T*= T- 150 (T = 150-3500 C) (8) 

O* = 0 (DO < 0.04 ppm) 
0* = In(DO/0.04) (0.04 ppm < DO < 0.5 ppm) 
0* = ln(12.5) (DO > 0.5 ppm) (9) 

8*= 0 (e > 1%/s) 
t* = ln(8) (0.0015 ! < 1%/s) 
t* = ln(0.001) (e < 0.001%/s). (10) 

In air at room temperature, the fatigue data for Types 304 and 316 SS are best 

represented by 

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

and for Type 316NG, by 

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

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

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

and for Type 316NG, by 

In(N) = 6.913- 1.671 ln(Ea- 0. 12 6 ) + T' 0', (14) 

where T', C', and 0' are transformed temperature, strain rate, and DO, respectively, defined as 
follows:
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T'= 0 

T = (T"- 180)/40 
T= I 

'= 0 
C = In(t/0.4) 
C= ln(O.0004/0.4)

O' = 0.260 
0' = 0

(T < 1801C) 
(180 5 T < 220'C) 
(T > 220-C) 

(s > 0.4%/s) 
(0.0004 < e < 0.4%/s) 
(t < 0.0004%/s)

(15)

(16) 

(17)
(DO < 0.05 ppm) 
(DO > 0.05 ppm).

The models are recommended for predicted fatigue lives •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 ASME Code 

philosophy, the best-fit curves were first adjusted for the effect of mean stress by using the 

modified Goodman relationship, and the mean-stress-adjusted curves were then decreased by 

a factor of 2 on stress and 20 on cycles to obtain the design fatigue curves.  

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

Fig. 12, those in LWR coolant environments are shown in Figs. 13-16; only the portions of the 

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

Figs. 13-16. Because the fatigue life of Type 316NG is superior to that of Types 304 or 316 SS,
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the design curves in Figs. 12 and 16 will be somewhat conservative for Type 316NG SS. For 
CSs and LASs, a set of design curves similar to those shown in Figs. 14 and 15 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 curve for CSs and LASs is somewhat 
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cycles for CSs and LASs, and less than 2 on stress and 20 on cycles for austenitic SSs. For 
SSs, actual margins are =-1.5 on stress and 10-16 on cycles.  

For environmentally adjusted design fatigue curves (Figs. 13-16), 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. 2 7 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 CLEE4 6 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 to develop Figs. 14-16.  

5.2 Extension of Design Curves from 106 to 1011 Cycles 
(Carbon and Low-Alloy Steels) 

The experimental fatigue S-N curves that were used to develop the current Code fatigue 
design curves were based on low-cycle fatigue data for fatigue lives of < -2 x 105 cycles. The 
design curves developed from more rigorous statistical models are based on a larger data base 
that includes fatigue lives up to 108 cycles. Both the ASME mean curves and statistical models 
use the modified Langer equation to express fatigue S-N curves and are not recommended for 
estimating lives beyond the range of the experimental data, i.e., in the high-cycle fatigue 
regime.  

Manjoine and Johnson70 ,7 1 have developed fatigue design curves up to 1011 cycles for 
carbon and low-alloy steels from inelastic and elastic strain relationships. The log-log plots of 
both inelastic and elastic strain amplitudes vs. fatigue life data for CSs and LASs are best 
represented by a bilinear curve. In the high-cycle regime, the slope of the 
inelastic-strain-vs.-life curve does not change significantly with either temperature or strain 
rate.70 .7 1 The high-cycle curve can be used to extend the fatigue design curves beyond 106 
cycles; the design curve will exhibit a small negative slope instead of a fatigue limit predicted in 
the modified Langer equation.  

For fatigue lives >105 cycles, the existing elastic-strain-vs.-life data at room temperature 
yield a fatigue life exponent <0.007 for both CSs and LASs. A value of 0.01, proposed by 
Manjoine and Johnson, 7 1 may be used conservatively. For fatigue lives up to 107 cycles, the 
fatigue design curves can be obtained from the statistical model (Eqs. 3 and 4), and from the 
elastic-strain-vs.-life correlation for lives between 107 and 1011 cycles. In the high-cycle 
regime, applied stress amplitude Sa is given by the relationship
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Sa = E-a = CN-0(01,

where Ea is applied strain amplitude, E is the elastic modulus, N is the fatigue life, and C is a 

constant that is determined by pinning the lower end of the curve at the value of stress 
amplitude at 107 cycles obtained from either Eq. 3 or 4. The best-fit experimental curves, 
given by either Eqs. 3 and 18 or 4 and 18, are first adjusted for mean stress effects by using 
the modified Goodman relationship (Eqs. 1 and 2), and then lowered by factors of 20 on cycles 

and 2 on stress to account for the uncertainties in life associated with material and loading 
conditions. The design curves based on the statistical models and elastic-strain-vs.-life data 
for carbon and low-alloy steels in air are shown in Fig. 17. Because the high-cycle curve is 
below the threshold stress of 145 MPa, it is also applicable to LWR environments.
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Figure 17.  
Extension of fatigue design curves for carbon 
and low-alloy steels from 105 to 1011 cycles
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5.3 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 

ln(Fenj = ln(NRTair) - ln(Nwater). (19) 

The fatigue life correction factor for CSs is given by

(20)Fen = exp(0.554 - 0. 101 S* TV 0 t*) 

for LASs, by 

Fen= exp(0.898 - 0.101 ST*O* V ), 

and for austenitic SSs, by

Fen = exp(0.935 -T e' 0'),

(21)

(22)

where the constants S*, T*, t*, and 0* are defined in Eqs. 7-10, and T, C, and 0' are defined in 

Eqs. 15-17. A strain threshold is also defined, below which environmental effects are modest.
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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. 20-22 are scaled from zero to their actual values between the two strain 
thresholds. 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 LWR environments and Fen, are presented with the best-fit S-N curve in 
room-temperature air in Fig. 18.  
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A similar approach has been proposed by Mehta and Gosselin;3 0 ,31 however, they defined 
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 evaluating environmental fatigue. 7 2 An 
"effective" fatigue life correction factor, expressed as Feneff = Fen/Z, is defined, where Z is a 
factor that represents the perceived conservatism in the ASME Code design curves. The Feneff 
approach presumes that all uncertainties have been anticipated and accounted for. The 
possible conservatism in the ASME Code design curves is discussed in Section 6.
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5.4 Fracture Mechanics Approach to Estimate Fatigue S-N Curves 
for Carbon and Low-Alloy Steels 

The fatigue S-N behavior of carbon and low-alloy steels in air and LWR environments has 

been examined from the stand point of fracture mechanics and crack growth data. As 

discussed in Section 2, fatigue life is considered composed of the growth of MSCs and 

mechanically small cracks. Studies on crack initiation in smooth fatigue specimens indicate 

that surface cracks form quite early in life. Smith et al. 7 3 detected 10-%tm-deep surface cracks 

at temperatures up to 7000 C in Waspalloy. Hussain et al. 7 4 examined the growth of 

=20-gm-deep surface cracks through four or more grains. Tokaji et al.3 4 ,7 5 - 7 7 defined crack 

initiation as the formation of a 10-gim-deep crack. Gavenda et al.3 5 reported that in 

room-temperature air, 10-pn-deep cracks form early during fatigue life, i.e., <10% of fatigue 

life. Suh et al. 7 8 ' 7 9 reported that a crack is said to have initiated when any cracklike mark 

grows across a grain boundary, or when the separation of grain boundaries becomes clear.  

Based on these results, it is reasonable to assume the initial depth of MSCs to be =10 inm.  

5.4.1 Transition from Microstructurally Small to Mechanically Small Crack 

Various criteria may be used to define the crack length for transition from MSC to 

mechanically small crack; they may be related to the plastic zone size, 

crack-length-vs.-fatigue-life (a-N) curve, Weibull distribution of the cumulative probability of 

fracture, stress-range-vs.-crack-length curve, or grain size. The results indicate that the crack 

length for transition from MSC to mechanically small crack depends on applied stress and 

microstructure of the material.  

Plastic Zone: de los Rios et al., 80,81 and Lankford 8 2 -8 4 defined the transition from small to large 

cracks as the crack length at which the size of the linear elastic fracture mechanics plastic 

zone exceeds a grain diameter.  

Crack-Length-vs.-Fatigue-Life Curve: Obrtlik et al. 3 6 divided the fatigue-crack-length-vs.

fatigue-life (a-vs.-N) curves into two regimes: MSCs, in which the dependence of crack length 

on fatigue life can be represented by a straight line; and mechanically small cracks, in which 

fatigue crack growth is represented by an exponential function fit of the experimental data.  

WeibuU Distribution of the Cumulative Probability of Fracture: Suh et al. 7 8 .7 9 used the knee in 

the Weibull distribution of the cumulative probability of fracture to define the transition from 

shear crack growth to tensile crack growth. The knee occurred in the range of 3-5 grain 

diameters.  

Stress-Range-vs.-Crack-Length Curve: Kitagawa and Takahashi8 5 and Taylor and Knott8 6 used 

the stress-range-vs.-crack-length curve to discriminate a MSC from a mechanically small 

crack. For crack lengths >500 jim, plots of the threshold stress range for fatigue crack growth 

(AYth) vs. crack length yield a straight line, i.e., the threshold stress intensity factor (AKth) is 

constant. For crack lengths <500 gim, Aoth deviates from the linear relationship and 

approaches a constant value as the crack length becomes smaller. The constant value of Auth 

is approximately equal to the fatigue limit of a smooth specimen of the material. The crack 

length at which the Aoth-vs.-crack-length curve changes from a linear relationship to a 

constant value is used to define the transition from MSC to mechanically small cracks.
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Grain Size: Tokaji et al.3 4 ,7 5 .7 6 estimated the transition crack length to be approximately eight 
times the microstructural unit size. Ravichandran 8 7 reported that large fluctuations in crack 
shape or aspect ratio occur at crack lengths of approximately a few grain diameters (typically 
five or fewer grain diameters). Hussain et al. 7 4 observed that fatigue CGRs decreased 
systematically at microstructural heterogeneities up to a length of three or four grain 
diameters. Dowling8 8 reported that the J-integral correlation is not valid for surface crack 
lengths <10 crystallographic grain diameters.  

The above studies indicate that the crack length for transition from MSC to mechanically 
small crack is a function of applied stress and microstucture of the material; actual values may 
range from 150 to 250 jim. A constant value of =200 gm was assumed for convenience, for 
both carbon and low-alloy steels; it is the initial size for mechanically small cracks.  

5.4.2 Fatigue Crack Growth Rates 

Air Environment 

The growth rates da/dN (mm/cycle) of MSCs, i.e., from 10 to 200 gim, in air can be 
represented by the Hobson relationship 33 ,8 9 - 9 1 

da/dN = Al (A,)"' (d - a), (23) 

where a is the length (mm) of the predominant crack, Au is the stress range (MPa), constant Al 
and exponent nj are determined from existing fatigue S-N data, and d is the material constant 
related to grain size. The values of Al and nj for carbon and low-alloy steels at room 
temperature and reactor operating temperatures are given in Table 3. A value of 0.3 mm was 
used for the material constant d. Also, because growth rates increase significantly with 
decreasing crack length, a constant growth rate was assumed for crack lengths smaller than 
0.075 mm. The applied stress range Au is determined from Ramberg-Osgood relationships 
given by Eqs. B 1-135 of Appendix B; it represents the value at fatigue half-life.  

Table 3. Values of the constants Al and nl in Equation 23 

Steel Type Temperature A1  ni 
Carbon Room 3.33 x 10-4 1  13.13 

Operating 9.54 x 10- 3 4  10.03 
Low-Alloy Room 1.45 x 10- 3 6  11.10 

Operating 1.07 x 10-43 13.43 

The growth rates of mechanically small cracks in air are estimated from Eq. B8 of 
Appendix B. A factor of 1.22 enhancement in growth rates was used at reactor operating 
temperatures.  

LWR Environment 

A model based on oxide film rupture and anodic dissolution (or slip dissolution/oxidation 
model) was proposed by Ford et al., 58 to incorporate the effects of LWR environments on fatigue 
lives of CSs and LASs. The model considers that a thermodynamically stable protective oxide 
film forms on the surface to ensure that the crack will propagate with a high aspect ratio 
without degrading into a blunt pit, and that a strain increment is required to rupture the oxide
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film, thereby exposing the underlying matrix to the environment. Once the passive oxide film 
is ruptured, crack extension is controlled by dissolution of freshly exposed surfaces and by 
oxidation characteristics. Ford and Andresen 92 proposed that the average crack growth rate 
da/dt (cm/s) is related to the crack tip strain rate ýct (s-') by the relationship 

da/dt = A 2 (ýct)n2, (24) 

where the constant A2 and exponent n2 depend on the material and environmental conditions 
at the crack tip. A lower limit of crack propagation rate is associated with blunting when the 
crack tip cannot keep up with the general corrosion rate of the crack sides or when a critical 
level of sulfide ions cannot be maintained at the crack tip. The crack propagation rate at which 
this transition occurs may depend on the DO level, flow rate, etc. Based on these factors, the 
maximum and minimum environmentally assisted crack propagation rates have been defined 
by Ford et al., 58 Ford and Andresen, 92 and Ford. 93 For crack-tip sulfide ion concentrations 
above the critical level, CGR is expressed as 

da/dt = 2.25 x l0-4 (ýct)°0 3 5 ; (25) 

for crack-tip sulfide ion concentrations below the critical level, it is expressed as 

da/dt = 1 x 10-2(kct)I-O. (26) 

However, the growth rates predicted by Eqs. 25 and 26 are somewhat higher than those 
observed experimentally. 3 5 To be consistent with the experimental data, the constants in 
Eqs. 25 and 26 were decreased by factors of 3.2 and 2.5, respectively. Assuming that ý, is 
approximately the same as the applied strain rate v,,p, and crack advance due to mechanical 
fatigue is insignificant during the initial stages of fatigue damage, crack advance per cycle from 
Eq. 25 for significant environmental effects is given by 

da/dN = 7.03 x 10-5 (Ae - 8f)(ýap)-°. 6 5 , (27) 

and from Eq. 26, for moderate environmental effects, is given by 

da/dN = 4.00 x 10-3 (As - ef), (28) 

where kapp is the applied strain rate (s-1) and ef is the threshold strain range needed to rupture 
the oxide film; ef was assumed to be 0.0023 and 0.0029, respectively, for CSs and LASs. For 
strain rates >=0.3%/s, da/dN is lower from Eq. 27 than from Eq. 28. Also, existing fatigue S-N 
data indicate that strain rate effects on life saturate at =0.001%/s.12 Therefore, Eq. 27 can be 
applied at rates between 0.003 and 0.00001 s-5; kop, is assumed to be 0.003 s-1 for higher 
values, and 0.00001 s-1 for lower values. Equations 27 and 28 assume that the stress-free 
state for the surface oxide film is at peak compressive stress.  

Studies on crack initiation and crack growth in smooth fatigue specimens indicate that 
the reference fatigue CGR curves (Fig. B1 in Appendix B) for carbon and low-alloy steels in 
LWR environments are somewhat higher than those determined experimentally from the 
growth of mechanically small cracks in LWR environments. 3 5 Furthermore, when reference 
CGR curves and fracture mechanics analyses are used to examine the fatigue S-N behavior of 
these steels in LWR environments, the results are conservative. Therefore, the reference
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fatigue CGR curves were modified to estimate the growth rates of mechanically small cracks; 
the modified curves are shown in Fig. 19. The threshold values of AK (MPa.ml/ 2) are given by 

AKb = 10.11 00-326, (29) 

and 

AK, = 32.03 00.326, (30) 

where rise time 0 is in seconds.  
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Environmental effects on fatigue life are moderate when any one of the threshold 
environmental conditions is not satisfied, e.g., temperature <150'C, DO <0.05 ppm, strain rate 
>1%/s, or strain range is below the critical value. For moderate environmental effects, the 
growth rates of mechanically small cracks are represented by the curves for materials not 
susceptible to environmentally assisted cracking (EAC), and those of MSCs, by either Eq. 28 or 
23, whichever yields the higher value. For example, at high strain ranges, growth rates 
determined from Eq. 23 can be higher than those determined from Eq. 28, i.e., mechanical 
factors control crack growth and environmental effects are insignificant.  

Environmental effects on fatigue life are significant when all of the threshold conditions 
are satisfied, e.g., temperature >1500 C, DO Ž0.05 ppm, strain rate <1%/s, and strain range is 
above the critical value. A minimum threshold S content of 0.005 wt.% was also considered, 
i.e., S content must also be >0.005 wt.% for significant environmental effects on fatigue life.  
When all five threshold conditions are satisfied, the growth rates of mechanically small cracks 
are represented by the curve for materials susceptible to EAC for AK values below AKb, by the 
curve for materials not susceptible to EAC at AK values above AKc, and by the transition curve 
for in-between values of AK. The growth rates of MSCs are represented by either Eq. 27 or 23, 
whichever yields the higher value.

32



5.4.3 Estimates of Fatigue Life 

The existing fatigue S-N data for carbon and low-alloy steels in air and LWR 

environments were examined with the present model, in which fatigue life consists of the 

growth of MSCs and mechanically small cracks. The former may be defined as the initiation 

stage and represents the growth of MSCs from 10 to 200 rim. The growth of mechanically 

small cracks may be defined as the propagation stage and represents the growth of fatigue 

cracks from 200 to 3000 lam. During the initiation stage, the growth of MSCs is expressed by a 

modified Hobson relationship in air (Eq. 23) and by the slip dissolution/oxidation process in 

water (Eqs. 27 or 28). During the propagation stage, the growth of mechanically small cracks 

is characterized in terms of the J-integral range AJ and CGR data in air and LWR 

environments (Fig. 19). The correlations for calculating the stress range, stress intensity range 

AK, J-integral range AJ, and the CGRs for long cracks in air are given in Appendix B. For the 

cylindrical fatigue specimens, the stress intensity ranges AK were determined from the values 

of the J-integral range AJ. Although AJ is often computed only for that portion of the loading 

cycle during which the crack is open, in the present study, the entire hysteresis loop was used 

when we estimated AJ.8 8 The stress intensities associated with conventional cylindrical fatigue 

specimens were modified according to the correlations developed by O'Donnell and 

O'Donnell. 9 4 Typical CGRs and crack growth behavior during fatigue crack initiation in air and 

simulated PWR and BWR water environments are shown in Figs. 20 and 21.  
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Experimental values of fatigue life and those predicted from the present model in air and 

low- and high-DO water are plotted in Fig. 22. The predicted fatigue lives in air show excellent 

agreement with the experimental data; the predicted values in LWR environments, particularly 

in high-DO water, are slightly lower than the experimental values. The differences in predicted 

and experimental fatigue lives in LWR environments are most likely due to crack closure effects 

that are expected to be significant at low strain amplitudes. The fatigue S-N curves developed 

from the present model and those obtained from the statistical models in air and in PWR and 

BWR environments are shown in Figs. 23 and 24.
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6 Conservatism in Design Fatigue Curves 

A PVRC working group has been compiling and evaluating fatigue S-N data related to the 
effects of LWR coolant environments on the fatigue lives of pressure boundary materials. 95 

One of the tasks in the PVRC activity consisted of defining a set of values for material, loading, 
and environmental variables that lead to moderate or acceptable effects of environment on 
fatigue life. A factor of 4 on the ASME mean life was chosen as a working definition of 
"moderate" or "acceptable" effects of environment, i.e., up to a factor of 4 decrease in fatigue life 
due to environment is considered acceptable and does not require further fatigue evaluation.  
The basis for this criterion is that a factor of up to 4 on life constitutes normal data scatter 
and/or there is at least that much conservatism in the fatigue design curves. The concept of 
"acceptable" environmental effects has been incorporated in the Fen approach for including 
environmental effects on fatigue life through the."effective" fatigue life correction factor, Fen,eff = 
Fen/Z, where as noted in Section 5.3, Z is a factor that represents the perceived conservatism 
in the ASME Code design curves. 72 

The conservatism in the ASME Code fatigue evaluations may arise from the fatigue 
evaluation procedures and the Code design curves. The overall conservatism in ASME Code 
fatigue evaluation procedures has been demonstrated in fatigue tests on piping welds and 
components. 96 In air, the margins on the number of cycles to failure for CS elbows and tees 
were 118-2500 and 123-1700, respectively. The margins for girth butt welds were significantly 
lower at 14-128. In these tests, fatigue life was expressed as the number of cycles for the 
crack to penetrate through the wall, which ranged in thickness from 6 to 18 mm (0.237 to 
0.719 in.). The fatigue design curves represent the number of cycles to form a 3-mm-deep 
crack. Consequently, depending on wall thickness, the actual margins to failure may be lower 
by a factor of >2.  

Deardorff and Smith 97 have discussed the types and extent of conservatisms present in 
the ASME Section III fatigue evaluation procedures and the effects of LWR environments on 
fatigue margins. The sources of conservatism include design transients considerably more 
severe than those experienced in service, grouping of transients, and simplified elastic-plastic 
analysis. Environmental effects on two components, the BWR feedwater nozzle/safe end and 
PWR steam generator feedwater nozzle/safe end, which are known to be affected by severe 
thermal transients, were also investigated in the study. When environmental effects on fatigue 
life were not considered, they estimated that the ratio of the CUFs for the PWR and BWR 
nozzles computed with the mean experimental curve for test specimen data to CUFs computed 
with the Code fatigue design curve were =60 and 90, respectively. They estimated the 
reductions in these margins due to environmental effects to be factors of 5.2 and 4.6 for PWR 
and BWR nozzles, respectively. Deardorff and Smith argue that after accounting for 
environmental effects there is a factor of 12 and 20 on life, respectively, for PWR and BWR 
nozzles, to account for uncertainties due to material variability, surface finish, size, mean 
stress, and loading history.  

As noted previously, to account for the various uncertainties, the mean experimental 
curve for test specimen data must be adjusted by a factor of 20 on life as well as by a factor of 
2 on stress (or strain). Deardorff and Smith 97 have ignored the contributions of the latter to 
fatigue life. In the high-cycle regime, the factor of 2 on stress would also lead to further 
decrease in life or fatigue usage factor; it is needed to account for material variability, mean
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stress effects, or loading history. The mean experimental curve for test specimen data used by 
Deardorff and Smith does not include these effects. As discussed below, factors of 2.5 on life 
and 1.7 on strain provide a 90% confidence for the variations in fatigue life associated with 
compositional and metallurgical differences, material processing, and experimental scatter.  

Much of the margin arises from the calculation of the stresses with the conventional Code 
procedures which, as discussed by Deardorff and Smith,9 7 are quite conservative. Fatigue 
tests conducted on vessels at Southwest Research Institute for the PVRC9 8 show that =5-mm
deep cracks can form in carbon and low-alloy steels very close to the values predicted by the 
ASME Code design curve (Fig. 25). The tests were performed on 0.914-m (36 in.)-diameter 
vessels with 19-mm (0.75 in.) walls in room-temperature water. These results demonstrate 
clearly that the Code fatigue design curves do not ensure large margins of safety.  
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The ASME Code design fatigue curves were obtained by first adjusting the best-fit S-N 
curve for mean stress effects and then lowering the adjusted curve by a factor of 2 on strain 
and 20 on cycles to account for the differences and uncertainties in relating the fatigue lives of 
laboratory test specimens to those of actual reactor components. These factors were intended 
to cover several variables that can influence fatigue life. The actual contribution of these 
variables is not well documented. Although the factors of 2 and 20 were intended to be 
somewhat conservative, they should not be considered safety margins. The variables that can 
affect fatigue life in air and LWR environments can be broadly classified into three groups: 

(a) Material 
(i) Composition: S content 
(ii) Metallurgy: grain size, inclusions, orientation within a forging or plate 
(iii) Processing: cold work, heat treatment 
(iv) Size and geometry 
(v) Surface finish: fabrication surface condition 
(vi) Surface preparation: surface work hardening 

(b) Loading 
(i) Strain rate: rise time 
(ii) History: linear damage summation or Miner's rule 
(iii) Mean stress 
(iv) Biaxial effects: constraints
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(c) Environment 
(i) Water chemistry: DO, lithium hydroxide, boric acid concentrations 
(ii) Temperature 
(iii) Flow rate 

The existing fatigue S-N data base covers an adequate range of material parameters 

(i)-(iii), loading parameter (i), and environment parameters (i) and (ii); therefore, the variability 

and uncertainty in fatigue life due to these parameters have been incorporated into the model.  
The results of a rigorous statistical analysis of the fatigue S-N data2 7 indicate that relative to 
the mean curve, the curve that represents a 5% probability of fatigue cracking is a factor of 
=2.5 lower in life and a factor of 1.4-1.7 lower in strain. Therefore, factors of 2.5 on life and 1.7 
on strain provide a 90% confidence for the variations in fatigue life associated with 

compositional and metallurgical differences, material processing, and experimental scatter.  

The factor of 1.7 on strain has been estimated from the standard deviation on cycles and, 
therefore may be a conservative value.  

Biaxial effects are covered by design procedures and need not be considered in the design 

fatigue curves. The existing data are conservative with respect to the effects of surface 

preparation because the fatigue S-N data are obtained for specimens that are free of surface 
cold work; specimens with surface cold work typically give longer fatigue lives. Fabrication 
procedures for fatigue test specimens generally follow ASTM guidelines, which require that the 

final polishing of the specimens avoid surface work hardening. Insufficient data are available 
to evaluate the contributions of flow rate on fatigue life; most of the tests in water have been 

conducted at relatively low flow rates. As discussed in Section 3. 1, recent results indicate that 

under the environmental conditions typical of operating BWRs, environmental effects on the 

fatigue life of carbon and low-alloy steels is a factor of =2 lower at high flow rates than those at 
semistagnant conditions or very low flow rates.  

Because the effects of the environment can be included in mean S-N curves for test 

specimens, only the contributions of size, geometry, surface finish, and loading history (Miner's 

rule) need to be considered in developing the design fatigue curves that are applicable to 

components. The effect of specimen size on the fatigue life of CSs and LASs has been 

investigated for smooth specimens of various diameters in the range of 2-60 mm. 9 9 - 10 2 No 
intrinsic size effect has been observed for smooth specimens tested in axial loading or plain 

bending. However, a size effect does occur in specimens tested in rotating bending; the fatigue 

endurance limit decreases by =25% by increasing the specimen size from 2 to 16 mm but does 
not decrease further with larger sizes. 10 2 In addition, some effect of size and geometry has 

been observed on small-scale vessel tests conducted at the Ecole Polytechnique in conjunction 
with the large-size pressure vessel tests carried out by the Southwest Research Institute. 9 8 

The tests at the Ecole Polytechnique were conducted in room-temperature water on 

=305-mm-inner-diameter, 19-mm-thick shells with nozzles made of machined bar stock. The 
results indicate that the number of cycles to form a 3-mm-deep crack in a 19-mm-thick shell 

may be 30-50% lower than those in a small test specimen.2 7 Thus, a factor of =1.4 on cycles 

and a factor of =1.25 on strain can be used to account for size and geometry.  

Fatigue life is sensitive to surface finish; cracks can initiate at surface irregularities that 

are normal to the stress axis. The height, spacing, shape, and distribution of surface 
irregularities are important for crack initiation. The most common measure of roughness is 

average surface roughness Ra, which is a measure of the height of the irregularities.
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Investigations of the effects of surface roughness on the low-cycle fatigue of Type 304 SS in air 
at 593'C indicate that fatigue life decreases as surface roughness increases. 103,104 The effect 
of roughness on crack initiation Ni(R) is given by 

Ni(Rq) = 1012 Rq-0.21, (31) 

where the RMS value of surface roughness Rq is in micrometers. Typical values of Ra for 
surfaces finished by various metalworking processes in the automotive industry' 0 5 indicate 
that an Ra of 3 pim (or an Rq of 4 jim) represents the maximum surface roughness for 
drawing/extrusion, grinding, honing, and polishing processes and a mean value for the 
roughness range for milling or turning processes. For carbon or low-alloy steel, an Rq of 4 jim 
in Eq. 31 (Rq of a smooth polished specimen is =0.0075 4im) would decrease fatigue life by a 
factor of =3.,1o3 No information is available on the effect of surface finish on fatigue limit of 
carbon and low-alloy steels. A factor of 3 decrease in life corresponds to a factor of =1.3 on 
strain. A study of the effect of surface finish on fatigue life of CS in room-temperature air 
showed a factor of 2 decrease in life when Ra is increased from 0.3 to 5.3 4m. 1 0 6 These results 
are consistent with Eq. 31. Fatigue test data on rectangular bars of austenitic SSs under 
compressive load with differing surface finish indicate a factor of =1.6 decrease in stress (or 
strain) in the high-cycle fatigue regime (i.e., >105 cycles). 6 8 In the same study, the effect of 
grinding on the fatigue limit of welds was very large, e.g., a factor of 3-4 decrease in fatigue 
limit. Thus, a factor of 2-3 on cycles and 1.6 on strain may be used to account for the effects 
of surface finish.  

The effects of load history during variable amplitude fatigue of smooth specimens is well 
known. 107-110 The presence of a few cycles at high strain amplitude in a load history causes 
the fatigue life at a smaller strain amplitude to be significantly lower than that at constant 
amplitude loading. Furthermore, fatigue damage and crack growth in smooth specimens occur 
at strain levels below the fatigue limit of the material. The results also indicate that the fatigue 
limit of medium CSs is lowered even after low-stress high-cycle fatigue; the higher the stress, 
the greater the decrease in fatigue threshold. 111 In general, the mean fatigue S-N curves are 
lowered to account for damaging cycles that occur below the constant-amplitude fatigue limit 
of the material.1 12 , 1 13 A factor of 1.5-2.5 on cycles and 1.3-1.6 on strain may be used to 
incorporate the effects of load histories on fatigue life.  

The subfactors that may be used to account for the effects of various material, loading, 
and environmental variables on fatigue life are summarized in Table 4. A factor of at least 10 
on cycles is needed to account for the differences and uncertainties in relating the fatigue lives 
of laboratory test specimens to those of actual reactor components. The factors on strain 
primarily account for the variation in threshold strain (i.e., fatigue limit of the material) caused 
by material variability, component size and surface finish, and load history. Because the 
effects of these parameters are associated with the growth of short cracks (<100 gim), the 
adjustments on strain to account for the effects of material variability, component size, surface 
finish, and loading history, are typically not cumulative but rather are controlled by the 

The factor applied on strain (Ks) is obtained from the factor applied on cycles (KN) by using the relationship 
Ks = (KN)0.2326.
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Table 4. Factors on cycles and on strain to be applied to mean S-N curve 

Factor on Factor on 

Parameter Life Strain 

Material variability & 2.5 1.4-1.7 
experimental scatter 

Size effect 1.4 1.25 

Surface finish 2.0-3.0 1.6 

Loading history 1.5-2.5 1.3-1.6 

Total adjustment: 10.0-26.0 1.6-1.7

parameter that has the largest effect on life. Thus, a factor of at least 1.6 on strain is needed to 

account for the differences and uncertainties in relating the fatigue lives of laboratory test 

specimens to those of actual reactor components. These results suggest that the current 

ASME Code requirements of a factor of 2 on stress and 20 on cycle to account for differences 

and uncertainties in fatigue life that are associated with material and loading conditions are 

quite reasonable.
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7 Summary 

The work performed at Argonne National Laboratory on fatigue of carbon and low-alloy 

steels and austenitic SSs in LWR environments is summarized. The existing fatigue S-N data 

have been evaluated to establish the effects of various material and loading variables such as 

steel type, strain range, strain rate, temperature, S content in carbon and low-alloy steels, 

orientation, and DO level in water on the fatigue life of these steels. Statistical models are 

presented for estimating the fatigue S-N curves as a function of material, loading, and 

environmental variables. Case studies of fatigue failures in nuclear power plants are presented 

and the contribution of environmental effects on crack initiation is discussed.  

The influence of reactor environments on the mechanism of fatigue crack initiation is 

discussed. Decreased fatigue lives of carbon and low-alloy steels in high-DO water are caused 

primarily by the effects of environment on the growth of small cracks <100 pm deep. In LWR 

environments, the growth of these small fatigue cracks in carbon and low-alloy steels occurs 

by a slip oxidation/dissolution process. The reduction in fatigue life of austenitic SSs in LWR 

environments is most likely caused by other mechanisms, such as hydrogen-enhanced crack 

growth.  

A fracture mechanics approach is used to predict the fatigue lives of carbon and low-alloy 

steels in air and LWR environments. Fatigue life is considered to be composed of the growth of 

microstructurally and mechanically small cracks. The growth of the former cracks is very 

sensitive to microstructure and is characterized by decelerating crack growth, that of the latter, 

which can be predicted by fracture mechanics methodology, is characterized by accelerating 

crack growth, and has been characterized in terms of the J-integral range AJ and CGR data in 

air and LWR environments. Fatigue lives estimated from the present model show good 

agreement with the experimental data for carbon and low-alloy steels in air and LWR 

environments. At low strain amplitudes, i.e., fatigue lives of > 10 4 cycles, the predicted lives in 

water are slightly lower than those observed experimentally, most likely because of the effects 

of crack closure.  

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

the ASME Code fatigue evaluations, i.e., the design fatigue curve method and the fatigue life 

correction factor method, are presented. Both methods 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 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 environmentally adjusted design fatigue curves provide allowable cycles for fatigue 

crack initiation in LWR coolant environments. The new design curves maintain the margins of 

2 on stress and 20 on life.  

In the Fen method, environmental effects on life are estimated from the statistical models 

but the correction is applied to fatigue lives estimated from the current Code design curves.  

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

For austenitic SSs, the 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. Therefore, usage factors that are based on the Fen method 
would be lower than those determined from the environmentally corrected design fatigue 
curves. The environmentally adjusted design curves account for the effects of both LWR 
environment and the difference in the mean fatigue curve used to develop the current Code 
design curve and the best-fit curve of available experimental data.
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Table Al. Fatigue test results for Al 06-Gr B carbon steel at 2880C 

Dissolved pH Conduc- ECPb ECPb Tensile Compres- Stress Strain Life 
Test Specimen Environ Oxygenb at tivity Pt mV Steel mV Rate sive Rate Range Range N2 5 

Number Number -menta (ppb) RT (gS/cm) (SHE) (SHE) (%/s) (%/s) (MPa) (%) (Cycles)

1498 
1546 
1553 
1554 
16 7 4 c 
1686c 
1731 
1615 
1609 
1612 
1673 
1548 
1543 
1619 

1 63 6 d 

1621 
1550 
1552 
1555 
1644 
1744d 
1738d 

1547 
1564 
1676 
1679 
1681 
1549 
1560 
1556 
1632 
1705 
1680c 
1690c 
1687e 
1757 
1693 
1694f 

1614 
1682 
1725 
1733 
1836 

16 9 6 f 
1623 
1616 
1620 
1706 
1634 
1624 
1639 
1643

J7-02 Air 
J7-05 Air 
J7-12 Air 
J7-13 Air 
J7-41 Air 
J7-58 Air 
J7-74 Air 
J7-19 Air 
J7-09 Air 
J7-17 Air 
J7-40 Air 
J7-07 Air 
J7-03 Air 
J7-21 Air 
J7-29 Air 
J7-24 Air 
J7-08 Air 
J7-11 Air 
J7-18 Air 
J7-37 Air 
J7-81 DI 
J7-76 DI 
J7-04 PWR 
J7-14 PWR 
J7-36 PWR 
J7-44 PWR 
J7-53 PWR 
J7-06 PWR 
J7-20 PWR 
J7-10 PWR 
J7-27 Hi DO 
J7-68 Hi DO 
J7-45 Hi DO 
J7-60 Hi DO 
J7-55 Hi DO 
J7-85 Hi DO 
J7-57 Hi DO 
J7-61 Hi DO 
J7-16 HI DO 
J7-54 Hi DO 
J7-72 DI 
J7-75 DI 
J7-97 Hi DO 
J7-62 Hi DO 
J7-25 Hi DO 
J7-22 Hi DO 
J7-23 Hi DO 
J7--69 Hi DO 
J7-28 Hi DO 
J7-26 Hi DO 
J7-32 Hi DO 
J7-33 Hi DO

<1 
1 

8 
12 

2 
3 
1 

8 
12 

8 
800 
650 
700 
700 
700 
670 
650 
650 
400 
700 
20 

2 
880 
610 
800 
800 
900 
600 
800 
800 
800 
800

6.5 
6.5 
6.7 
6.6 
6.5 
6.5 
6.5 
6.7 
6.6 
6.6 
5.8 
5.9 
6.0 
6.0 
6.0 
5.9 
6.0 
6.0 
5.9 
6.0 
5.8 
6.4 
6.0 
5.9 
5.9 
5.8 
5.9 
5.9 
5.8 
5.9 
5.9 
6.0

- 0.4 
- 0.4 
- 0.4 
- 0.4 
- 0.4 
- 0.4 
- 0.4 
- 0.04 
- 0.004 
- 0.004 
- 0.004 
- 0.4 
- 0.4 
- 0.4 
- 0.4 
- 0.01 
- 0.4 
- 0.4 
- 0.4 
- 0.004 

-597 0.4 
-592 0.004 
-761 0.4 
-720 0.4 
-667 0.4 
-694 0.004 
-714 0.0004 
-725 0.4 
-721 0.4 
-711 0.4 
193 0.4 
178 0.4 
175 0.4 
165 0.4 
186 0.4 
156 0.4 
193 0.04 
175 0.04 

80 0.004 
181 0.004 

54 0.004 
-573 0.004 
197 0.004 
186 0.004 
156 0.004 
155 0.0004

0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.004 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.0 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.004 
0.4

0.082 -452 
0.092 -441 

23.260 -676 
21.740 -630 
20.830 -703 
20.410 -687 
20.000 -705 
25.640 -681 
23.730 -645 
22.730 -605 

0.110 230 
0.150 195 
0.080 183 
0.080 185 
0.100 207 
0.072 264 
0.100 210 
0.080 183 
0.110 155 
0.090 190 
0.150 -235 
0.106 -388 
0.061 232 
0.070 185 
0.080 209 
0.080 195 
0.110 225 
0.070 212 
0.160 232 
0.100 210 
0.090 230 
0.110 195

aDI = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron.  
bRepresent DO levels and ECP values in effluent water.  
cTested with 5-min hold period at peak tensile strain.  
dSpecimen preoxidized in water with 600 ppb DO for 100 h at 2880C.  
eTested with 30-min hold period at peak tensile strain.  

fTested with sine waveform.
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160 0.00004 0.004 
197 0.4 0.4 
197 0.4 0.4 
185 0.004 0.4 
210 0.004 0.4 
177 0.004 0.4

1001.4 1.00 
975.7 0.92 
921.1 0.76 
896.8 0.73 

1003.6 0.76 
1017.2 0.80 
1005.5 0.76 
959.8 0.76 

1026.0 0.76 
1008.2 0.78 
1003.6 0.76 
831.9 0.55 
818.2 0.50 
741.7 0.40 
749.6 0.40 
787.1 0.40 
681.7 0.35 
680.6 0.35 
676.3 0.34 
702.0 0.36 
760.5 0.41 
976.2 0.78 

1010.9 0.99 
942.0 0.77 
926.7 0.74 

1005.8 0.76 
1015.7 0.76 
827.0 0.53 
701.3 0.36 
710.9 0.36 
913.3 0.74 
947.9 0.77 
999.6 0.82 

1002.2 0.82 
1020.0 0.81 
942.2 0.74 
920.0 0.74 
935.7 0.75 
930.4 0.79 
921.1 0.75 
926.3 0.74 

1020.7 0-80 
903.1 0.77 
923.3 0.75 
943.8 0.79 
912.8 0.80 
943.1 0.79 
825.2 0-53 
733.2 0.40 
775.7 0.46 
751.6 0.42 
698.5 0.36

1,048 
1.365 
3,253 
3,753 
6,275 
2.592 
3,485 
3,873 
3.721 
3,424 
6,275 

10,632 
14,525 
37,142 
34,829 
38.128 
66.768 
93.322 
98,456 

>94,657 
19,860 
1,350 

692 
1,525 
2,230 
2.141 
2,672 
9.396 

35,190 
38,632 
2,077 
1,756 
1,007 
1,092 

840 
1,195 
1,125 

980 
303 
469 
548 

2,415 
470 
363 
338 
153 
161 

7.858 
19,318 
2,276 
2,951 

>65.000



Table A2. Fatigue test results for A533-Gr B low-alloy steel at 2880C 

Dissolved pH Conduc- ECPb ECPb Tensile Compres- Stress Strain Life 

Test Specimen Environ Oxygenb at tivity Pt mV Steel mV Rate sive Rate Range Range N2 5 

Number Number -mento (ppb) RT (gS/cm) (SHE) (SHE) (%/s) (%/s) (MPa) (%o) (Cycles)

1508 
1524 
1523 
1521 
1522 
1515 
1749c 
1717 
1625 
1865 

1 6 29 d 

1590 
1576 
1505 
1525 
1640 
1798 
1538 
1517 
1659 
1526 
1527 
1528 
1743c 
1530 
1545 
1533 
1529 
1605 
1588 
1539 
1542 
1645 
1768 
1626 
1715 
1864 
1866 
1867 
1718 
1720 
1735 
1723 
1730 
1736 
1711 
1707 
1709 
1627 
1641 
1665 
1666 
1647 
1660 
1649 
1652 
1655

44-02 Air 
44-09 Air 
44-08 Air 
44-06 Air 
44-07 Air 
44-03 Air 
44-61 Air 
44-51 Air 
44-25 Air 
44-82 Air 
44-28 Air 
44-24 Air 
44-19 Air 
44-01 Air 
44-10 Air 
44-29 Air 
44-73 Air 
44-17 Air 
44-05 Air 
44-46 Air 
44-11 DI 
44-12 DI 
44-13 DI 
44-59 DI 
44-15 PWR 
44-21 PWR 
44-16 PWR 
44-14 PWR 
44-22 PWR 
44-23 PWR 
44-18 PWR 
44-20 PWR 
44-31 Hi DO 
44-63 Hi DO 
44-26 Hi DO 
44-41 Hi DO 
44-81 HiDO 
44-83 Hi DO 
44-84 Hi DO 
44-47 Hi DO 
44-52 HI DO 
44-56 Hi DO 
44-53 Hi DO 
44-55 HI DO 
44-58 Hi DO 
44-45 Hi DO 
44-42 Hi DO 
44-44 Hi DO 

44-27 Hi DO 
44-30 HiDO 
44-38 Hi DO 
44-40 Hi DO 
44-32 Hi DO 
44-37 Hi DO 
44-33 Hi DO 
44-34 Hi DO 

44-36 Hi DO

5 
<1 

3 
8 
4 
3 
9 
6 
6 
6 

800 
600 
900 
600 
630 
730 
780 
240 
45 
25 
20 

5 
1 

630 
650 
650 
800 
800 
800 
750 
800 
750 
700 
700 
750

6.0 
5.8 
6.5 
6.9 
6.9 
6.9 
6.9 
6.5 
6.5 
6.8 
6.6 
6.1 
6.0 
5.9 
5.9 
6.5 
6.3 
6.5 
6.1 
5.8 
6.1 
5.9 
6.6 
6.1 
5.8 
5.9 
5.9 
5.9 
5.9 
6.1 
6.1 
6.1 
6.1 
6.3 
6.1 
6.1

0.08 -405 
41.67 -716 
22.73 -684 
45.45 -722 
45.45 -718 
23.81 -678 
23.26 -675 
38.46 -645 
27.03 -700 

0.07 -697 
0.07 248 
0.13 225 
0.08 198 
0.083 343 
0.063 361 
0.061 337 
0.390 124 
0.095 -58 
0.188 25 
0.080 -249 
0.088 -368 
0.073 -381 
0.31 234 
0.08 155 
0.11 195 
0.10 229 
0.09 176 
0.08 200 
0.09 195 
0.09 215 
0.11 200 
0.08 208 
0.09 214 
0.10 191

-465 
-730 
-729 
-764 
-737 
-689 
-668 
-670 
-740 
-697 

206 
200 
182 
202 
263 
229 
127 
116 
212 
82 

-551 
-151 
220 
140 
180 
210 
160 
189 
187 
201 
185 
196 
202 
179

0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.004 
0.0004 
0.4 
0.4 
0.004 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.004 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.004 
0.4 
0.4 
0.004 
0.4 
0.4 
0.4 
0.4 
0.004 
0.004 
0.004 
0.0004 
0.00004 
0.004 
0.004 
0.004 
0.004 
0.004 
0.004 
0.4 
0.4 
0.4 
0.004 
0.4 
0.004 
0.0004 
0.4 
0.004 
0.4 
0.4 
0.4

0.4 910.9 
0.4 892.3 
0.4 898.6 
0.4 889.4 
0.4 905.4 
0.4 866.1 
0.4 
0.004 884.6 
0.4 887.7 
0.4 907.5 
0.4 782.9 
0.004 821.1 
0.4 805.8 
0.4 767.6 
0.4 743.6 
0.4 710.9 
0.4 715.6 
0.4 708.0 
0.4 692.5 
0.4 656.2 
0.4 876.4 
0.4 752.8 
0.4 744.1 
0.4 712.6 
0.4 885.5 
0.4 889.7 
0.4 916.0 
0.4 743.4 
0.004 785.2 
0.4 828.7 
0.4 690.9 
0.4 631.8 
0.4 831.1 
0.004 907.3 
0.4 910.1 
0.4 904.1 
0.4 895.8 
0.4 889.9 
0.4 897.0 
0.4 904.3 
0.4 905.9 
0.4 909.7 
0.4 907.2 
0.4 911.7 
0.4 934.2 
0.4 772.1 
0.004 803.0 
0.004 805.1 
0.4 826.8 
0.4 693.0 
0.4 717.0 
0.4 729.6 
0.4 688.0 
0.4 689.6 
0.4 673.4 
0.4 638.1 
0.4 567.6
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1.002 3,305 
0.950 3,714 
0.917 2,206 
0.910 3,219 
0.899 3,398 
0.752 6,792 
- 6,372 
0.758 6,217 
0.757 4.592 
0.749 5,930 
0.503 31,243 
0.503 24,471 
0.503 28,129 
0.501 31.200 
0.452 65,758 
0.402 65.880 
0.399 115,119 
0.387 >1,000,000 
0.353 2,053.295 
0.343 >114,294 
0.873 3,332 
0.493 10,292 
0.488 25,815 
0.386 84,700 
0.894 1,355 
0.886 3,273 
0.774 3,416 
0.484 31,676 
0.460 >57,443 
0.514 15,321 
0.373 136,570 
0.354 >1.154.892 
0.721 2,736 
0.755 1,350 
0.788 247 
0.813 381 
0.746 340 
0.748 137 
0.738 123 
0.807 346 
0.806 330 
0.812 502 
0.807 371 
0.803 1,900 
0.810 1,447 
0.542 5,850 
0.488 3,942 
0.501 3,510 
0.534 769 
0.385 17,367 
0.376 3,455 
0.376 >7,380 
0.380 26,165 
0.360 >83,024 
0.352 28.710 
0.328 56.923 
0.289 >1,673,954

aDI = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron.  

bRepresent DO levels and ECP values in effluent water.  
cTested with 5-min hold period at peak tensile strain.  

dSpecimen preoxidized in water with 600 ppb DO for 100 h at 2880C.  
eSpecimen preoxidized in water with 600 ppb DO for 30 h at 288°C.
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Table A3. Fatigue test results for A106-Gr B and A533-Gr B steels at room temperature 

Dissolved pH Conduc- ECPb ECPb Tensile Compres- Stress Strain Life 
Test Specimen Environ Oxygenb at tivity Pt mV Steel mV Rate sive Rate Range Range N25 

Number Number -menta (ppb) RT (uiS/cm) (SHE) (SHE) (%/sI (%/sM (MPa) (%k) (Cycles) 

A106 Gr 
1700 J7-67 Air .- 0.4 0.4 715.2 0.76 6,574 
1766 J7-86 Air .- - 0.4 0.4 719.7 0.76 7,120 
1770 J7-92 Air - - - - - 0.4 0.4 608.5 0.40 37,379 
1699 J7--66 Hi DO 850 6.0 0.070 - - 0.4 0.4 728.7 0.75 4,794 
1772 J7-89 Hi DO 745 6.2 0.074 - - 0.4 0.4 618.7 0.40 23.300 
A533 Gr R 
1727 44-54 Air - - - - - 0.4 0.4 766.7 0.76 9,145 
1785 44-68 Air - - - - - 0.4 0.4 763.7 0.76 8.840 
1779 44-67 Air - - - - - 0.004 0.4 759.8 0.76 5,960 
1729 44-57 Air - - - - - 0.4 0.4 677.5 0.41 77,759 
1786 44-71 Air - - - - - 0.4 0.4 687.7 0.40 61,100 
1795 44-54 Air - - - - - 0.4 0.4 694.6 0.40 82,050 
1759 44-60 Hi DO 610 6.1 0.068 - - 0.4 0.4 774.7 0.75 6,250 
1761 44-62 Hi DO 770 6.1 0.080 - - 0.4 0.4 694.5 0.40 46,500 
aDI = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron.  
bRepresent DO levels and ECP values in effluent water.  

Table A4. Fatigue test results for A302-Gr B low-alloy steel at 2880C 

Dissolved pH Conduc- ECPc ECPc Tensile Compres- Stress Strain Life 
Test Specimen Environ Oxygene at tivity Pt mV Steel mV Rate sive Rate Range Range N 25 

Number Number" -mentb (ppb) RT (WS/cm) (SHE) (SHE) (%/s) (%/s) (MPa) (%) (Cycles) 

1697 214-COl Air - - - - - 0.4 0.4 944.5 0.76 8.070 
1780 214-R03 Air - - - - - 0.4 0.4 908.6 0.76 1,598 
1809 214-A03 Air - - - - - 0.4 0.4 938.8 0.76 7,220 
1701 214-002 Air - - - - - 0.004 0.4 1021.4 0.76 4,936 
1828 214-C15 Air - - - - - 0.004 0.4 1019.5 0.76 3,945 
1781 214-R04 Air - - - - - 0.004 0.4 952.4 0.76 375 
1830 214-A08 Air - - - - - 0.004 0.4 1014.2 0.76 4,650 
17 12 d 214-C07 Air - - - - - 0.0004 0.4 1041.9 0.76 5,350 
1789 214-C09 Air - - - - - 0.4 0.4 859.5 0.51 46,405 
1783 214-C08 Air - - - - - 0.4 0.4 796.1 0.41 1,044,000 
1782 214-R05 Air - - - - - 0.4 0.4 752.8 0.40 33,650 
1811 214-A04 Air - - - - - 0.4 0.4 770.1 0.40 1.300,000 
1787 214-R07 Air - - - - - 0.4 0.4 667.5 0.34 431,150 
1702 214-C03 PWR 3 6.5 20.0 -682 -700 0.4 0.4 921.2 0.74 6,212 
1776 214-R02 PWR 1 6.4 18.4 -707 -625 0.4 0.4 887.1 0.77 1,244 
1777 214-A02 PWR 1 6.4 19.2 -701 -735 0.4 0.4 913.8 0.77 4,366 
1704 214-C04 PWR 3 6.5 19.2 -695 -710 0.004 0.4 1022.6 0.75 3,860 
1774 214-ROl PWR 2 6.4 19.4 -747 -774 0.004 0.4 949.7 0.76 348 
1775 214-AO1 PWR 1 6.5 19.4 -722 -752 0.004 0.4 995.6 0.75 1.458 
1837 214-A09 PWR 3 6.5 18.2 -654 -644 0.004 0.4 1005.7 0.75 4,070 
17 16 d 214-C05 PWR 5 6.5 19.2 -693 -717 0.0004 0.4 1042.3 0.74 3,718 
1833 214-C12 Hi DO 345 6.4 0.06 - - 0.004 0.4 959.8 0.75 330 
1788 214-C06 Hi DO 650 5.9 0.10 -97 197 0.004 0.4 957.0 0.75 317 
1784 214-1R06 Hi DO 510 6.0 0.07 257 214 0.004 0.4 937.6 0.75 111 
1813 214-A05 Hi DO 880 6.0 0.12 250 209 0.004 0.4 963.4 0.76 238 
1822 214-C10 Hi DO 600 5.9 0.07 207 192 0.004 0.4 848.6 0.49 550 
1820 214-R08 Hi DO 660 6.0 0.07 240 196 0.004 0.4 847.3 0.48 360 
1819 214-A06 Hi DO 700 6.0 0.08 259 178 0.004 0.4 868.0 0.48 755 
aSpecimen ID numbers with C = rolling direction, R = radial direction, and A = transverse direction.  
bDI = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron.  
CRepresent DO levels and ECP values in effluent water.  
dSlow strain rate applied only during 1/8 cycle near peak tensile strain.
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Table A5. Fatigue test results for Type 316NG austenitic stainless steel 

Dissolved pH Conduc- ECPb ECPb Tensile Compres- Stress Strain Life 

Test Specimen Environ Oxygenb at tivityc Pt mV Steel mV Rate sive Rate Range Range N25 

Number Number -menta (ppb) RT (gS/cm) (SHE) (SHE) (O/s] (%/0/s) (MPa) (%/) (Cycles)

S-12 
S-08 
S-01 
S-07 
S-30 
S-09 
S-10 
S-13 
S-21 
S-15 
S-16 
S-17 

S-22 
S-46 
S-23 
S-25 
S-49 
S-24 
S-36 
S-38 
S-40 
S-41

Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 

Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air

0.99 
0.66 
0.50 
0.50 
0.49 
0.33 
0.27 
0.23 
0.20 
0.18 
0.17 
0.17 

0.50 
0.005 
0.50 
0.50.  
0.005 
0.27 
0.20 
0.17 
0.16 
0.17

0.99 694.7 1.51 
0.66 554.8 1.00 
0.50 518.1 0.75 
0.50 506.7 0.76 
0.49 495.3 0.49 
0.33 475.9 0.51 
0.27 464.7 0.41 
0.23 456.7 0.35 
0.20 446.0 0.30 
0.18 436.7 0.27 
0.17 431.8 0.25 
0.17 427.4 0.25 

0.50 416.6 0.76 
0.50 452.8 0.75 
0.50 377.2 0.50 
0.50 377.6 0.50 
0.50 413.4 0.51 
0.27 364.4 0.40 
0.20 348.3 0.30 
0.17 342.0 0.25 
0.16 340.1 0.25 
0.17 340.4 0.25

25oc 
1394 
1391 
1390 
1396 
1420 
1392 
1393 
1395 
1397 
1398 
1399 
1400 
288*C 

1408 
1790 
1409 
1410 
1792 
1407 
1430 
1435 
1480 
1485 
3202C 
1405 
1404 
1406 
288*C 

1796 
1812 
1791 
1793 
1794 
1814 
1426 
1427 
1428 
1797 
1414 
1418 
1423 
1425 
1431 
1434 
1436 
1512

20.202 -681 
20.000 -693 
19.230 -701 
19.230 -703 
20.000 -694 
20.000 -698 

-- -8 

- -8 

- -4 

0.076 195 

- -63 
- -37 
- -26 
-- -5 

- -5 

- 35

-677 
-690 
-701 
-704 
-693 
-695 

-18 

-18 
60 

25 
-15 
-22 
-18 
-13 
90

0.50 
0.05 
0.005 
0.005 
0.005 
0.05 
0.80 
0.08 
0.007 
0.005 
0.50 
0.50 
0.05 
0.00 
0.29 
0.03 
0.25 
0.24

0.50 403.6 0.80 
0.50 413.9 0.80 
0.50 441.9 0.77 
0.50 434.3 0.80 
0.50 390.9 0.50 
0.50 348.7 0.29 

0.80 405.1 0.80 
0.08 421.7 0.82 
0.007 441.4 0.74 
0.50 437.3 0.78 
0.50 375.3 0.50 
0.50 375.5 0.50 
0.05 378.8 0.50 
0.00 393.2 0.49 
0.29 356.5 0.29 
0.03 350.0 0.29 
0.25 354.0 0.25 
0.24 361.2 0.24

4,649 
13,561 
25,736 
30,000 
54,249 
60,741 

127.386 
183,979 
347,991 
666,000 

>1.900,000 
1,775.000 

21,548 
16,765 
53,144 
51,194 
35.710 
82.691 

168.852 
314,352 
319,308 
369,206 

20,425 
47.011 
82,691 

12,500 
6,375 
3,040 
3.020 
7.370 

33.200 
12,069 
6,679 
5.897 
4,520 

26,230 
25.714 
17,812 
13,684 

116,754 
40,643 

>1.719,851 
2.633,954
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-20.3 -20.3

0.50 0.50 426.0 0.75 
0.50 0.50 387.4 0.50 
0.50 0.50 371.6 0.40

S-19 Air 
S-18 Air 
S-20 Air

6.40 
6.48 
6.45 
6.41 
6.40 
6.50 

5.90

S-47 
S-45 
S-51 
S-50 
S-48 
S-44 
S-32 
S-33 
S-34 
S-43 
S-26 
S-28 
S-29 
S-31 
S-35 
S-37 
S-39 
S-42

PWR 
PWR 
PWR 
PWR 
PWR 
PWR 
Hi DO 
Hi DO 
Hi DO 
Hi DO 
Hi DO 
Hi DO 
Hi DO 
Hi DO 
Hi DO 
Hi DO 
Hi DO 
Hi DO

5 
2 
4 
4 
4 

1 
>200 
>200 
>200 

750 

>200 
>200 
>200 
>200 
>200 
>200 
>200 
>200

aDI = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron. Specimens tested in 

high DO water were soaked only for 24 h, the ECP values had not stabilized at the start of the test.  
bRepresent DO levels and ECP values in effluent water.  
cConductivity of water measured in feedwater supply tank.



Table A6. Fatigue test results for Type 304 austenitic stainless steel at 2880C 

Dissolved pH Conduc- ECPb ECPb Tensile Compres- Stress Strain Life 
Test Specimen Environ Oxygenb at tivityc Pt mV Steel mV Rate sive Rate Range Range N2 5 

Number Number -menta (ppb) Rr (ýS/cm) (SHE) (SHE) (%/sN (%/s) (MPa) (%) (Cycles) 

1801 309-01 Air - - - - - 0.4 0.4 419.2 0.76 24,500 
1805 309-03 Air - - - - - 0.004 0.4 467.9 0.76 14.410 
1804 309-02 Air - - - - 0.4 0.4 382.8 0.51 61,680 
1817 309-12 Air - - - - - 0.004 0.4 421.7 0.51 42,180 
1825 309-08 Air - - - - - 0.04 0.4 394.4 0.30 >625,860d 
1846 309-16 Air - - - - - 0.04 0.4 396.4 0.32 >316,000 

1806 309-04 PWR 4 6.0 18.867 -682 -679 0.4 0.4 428.9 0.73 11,500 
1810 309-07 PWR 5 6.4 18.887 -688 -685 0.04 0.4 447.6 0.77 5,800 
1808 309-06 PWR 4 6.4 18.868 -693 -690 0.004 0.4 468.3 0.77 2,850 
1821 309-09 PWR 2 6.5 22.222 -700 -697 0.004 0.4 474.3 0.76 2,420 
1859 309-28 PWR 2 6.5 18.692 -699 -696 0.004 0.4 471.7 0-77 2,420 
1861 309-36 DI 1 6.2 0.059 -601 -614 0.004 0.4 463.0 0-79 2,620 
1862 309-27 DI 2 6.2 0.058 -608 -607 0.004 0.4 466.1 0 78 2,450 
1863 309-31 Di 1 6.3 0.061 -446 -540 0.004 0.4 476.5 0.77 2,250 
1829 309-15 PWR 2 6.5 18.182 -705 -705 0.0004 0.4 493.6 0.73 1,560 
1834 309-19 PWR 2 6.5 18.182 -711 -712 0.0001 0.4 535.9 0.69 1.415 
1807 309-05 PWR 4 6.5 18.868 -685 -682 0.4 0.4 374.6 0.51 25.900 
1823 309-10 PWR 3 6.6 23.055 -701 -699 0.004 0.4 408.2 0.51 6,900 
1826 309-13 PWR 2 6.5 18.762 -711 -710 0.01 0.4 375.8 0.29 >89,860t 
1847 309-17 PWR 5 6.5 18.868 -700 -696 0.01 0.4 388.9 0.32 >165,300f 

18279 309-14 HI DO 850 6.0 0.086 254 76 0.004 0.4 475.8 0.75 3,650 
18609 309-29 Hi DO 810 6.1 0.560 273 125 0.004 0.4 468.3 0.77 3,050 
1852 309-18 Hi DO 790 6.1 0.061 235 149 0.4 0.4 429.1 0.74 10,800 
1853 309-22 Hi DO 880 6.1 0.059 248 155 0.004 0.4 466.5 0.76 12,300 
1855 309-23 Hi DO 890 6.0 0.115 275 150 0.004 0.4 464.4 0.77 8,080 
1856 309-24 Hi DO 870 6.2 0.074 272 163 0.004 0.4 473.6 0.75 10,450 
1857 309-30 Hi DO 790 6.1 0.420 254 143 0.004 0.4 461.9 0.78 5,300 
1845 309-21 Hi DO 870 6.0 0.063 270 181 0.0004 0.4 488.7 0.71 >7,310 
1869 309-33 Hi DO 720 6.1 0.059 253 201 0.4 0.4 375.0 0.51 24,100 
1868 309-32 Hi DO 760 6.1 0.059 261 126 0.004 0.4 419.4 0.50 33,900 
aDI = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron. Specimens tested in 

high DO water were soaked for -120 h for the ECP values to stabilize.  
bRepresent DO levels and ECP values in effluent water.  
cConductivity of water measured in feedwater supply tank.  
dSpecimen failed after additional 331,300 cycles at 0.322% strain range.  
eSpecimen failed after additional 41,240 cycles at 0.315% strain range.  

fSpecimen failed after additional 50,700 cycles at 0.343% strain range.  
gSpecimens were soaked only for 24 h, the ECP values had not stabilized at the start of the test.
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Table A7. Fatigue test results for CF-8M cast stainless steels at 2880C 

Dissolved pH Conduc- ECPb ECPb Tensile Compres- Stress Strain Life 

Test Specimen Environ Oxygenb at tivityc Pt mV Steel mV Rate sive Rate Range Range N25 

Number Number -menta (ppb) RT (11S/cm) (SHE) (SHE) (M/O) (%/s) (MPa) (%) (Cycles) 

Unaged Heat #74 
1831 U74-01 Air .- 0.4 0.4 429.7 0.76 26,500 
1832 U74-05 Air .-. 0.004 0.4 534.0 0.76 9,050 
1848 U74-06 Air - .- - - - 0.004 0.4 440.7 0.76 17,900 
1850 U74-02 PWR 5 6.5 17.241 -695 -693 0.004 0.4 419.5 0.76 10,700 
1854 U74-03 PWR 2 6.5 18.692 -699 -695 0.004 0.4 448.4 0.75 4,720 

Aged Heat #74 
1839 A74-01 Air - - - - - 0.4 0.4 474.2 0.76 15,293 
1840 A74-05 Air - - - - - 0.004 0.4 534.8 0.75 19,800 
1851 A74-04 PWR 4 6.5 18.182 -700 -699 0.4 0.4 482.1 0.75 6,420 
1844 A74-03 PWR 2 6.5 18.182 -671 -690 0.004 0.4 527.7 0.72 2,180 
1842 A74-02 BWR 820 6.1 0.063 267 141 0.004 0.4 508.5 0.75 1,375 

Aged Heat #75 
1835 A75-01 Air - - - - -. 0.004 0.4 631.2 0.76 7,200 
1843 A75-03 PWR 2 6.5 18.182 -572 -580 0.004 0.4 625.3 0.80 1,464 
1838 A75-02 BWR 870 6.5 0.061 257 109 0.004 0.4 636.1 0.78 1,320 

aDI = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron.  
bRepresent DO levels and ECP values in effluent water.  

cConductivity of water measured in feedwater supply tank.
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Appendix B: 
Correlation for Calculating Stress Range, Stress Intensity Range, 
and Crack Growth Rates
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Cyclic Stress Range

The cyclic stress-strain response of carbon and low-alloy steels varies with steel type, 
temperature, and strain rate. In general, these steels exhibit initial cyclic hardening, followed 
by cyclic softening or a saturation stage. The CSs, with a pearlite and ferrite structure and low 
yield stress, show significant initial hardening. The LASs, which consist of tempered ferrite 
and a bainite structure, exhibit a relatively high yield stress, and show little or no initial 
hardening, may exhibit cyclic softening at high strain ranges. At 200-370'C, these steels 
exhibit dynamic strain aging, which leads to enhanced cyclic hardening, a secondary 
hardening stage, and negative strain rate sensitivity. Under the conditions of dynamic strain 
aging, cyclic stress increases with decreases in strain rate.  

The relationship of cyclic stress range vs. strain range is expressed by the modified 
Ramberg-Osgood relationship given by 

AE = (Aa/E) + (Aa/A 3 )n3, (B I) 

where E is Young's modulus, constant A3 and exponent n3 are determined from the 
experimental data, and cyclic stress range corresponds to the value at half-life. At room 
temperature, the relationship of cyclic stress range Ac (MPa) to strain range AE (%) for CSs may 
be represented by 

Az = (Ac/2010) + (Ao/766. 1)(1/0.207), (B2) 

and for LASs, by 

As = (Ao/2010) + (Ac/847.4)1/0 '17 3). (B3) 

The effect of strain rate on the cyclic stress-strain curve is not considered at room temperature.  
At 288°C, the cyclic stress-strain curves may be represented by the correlations developed by 
Chopra and Shack. B I For CSs, the curve is given by the relationship 

As = (Ac/ 1965) + (Ac/Asig)(1 /0.1 2 9 ), (B4a) 

where Asig varies with the strain rate s (%/s) expressed as 

Asig = 1079.7 - 50.9 log(s). (B4b) 

For LASs, the curve is given by the relationship 

As = (Aa/ 1965) + (Aa/Bsig)(1/°- 1 10), (B5a) 

where Bsig is expressed as 

Bsig = 961.8 - 30.3 log(s). (B5b)
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Stress Intensity Factor Range

For cylindrical fatigue specimens, the range of stress intensity factor AK was determined 

from the value of the J-integral range AJ, which, for a small semicircular surface crack, is 

given by DowlingB2 as 

AJ = 3.2 (Ao2 /2E) a + 5 [AY Aep/(S + 1)] a, (B6a) 

where Aep is the plastic strain range (%) (second term in the Ramberg Osgood relationship) and 

S is the reciprocal of the strain hardening exponent n in Eq. B 1. The stress intensity factor 

range AK is obtained from 

AK = (E AJ)/2, (B6b) 

where E is the elastic modulus. Equation B6a incorporates a combined surface and flaw shape 

correction factor Fs of 0.714, which is derived from equivalent linear elastic solutions; Eq. B6a 

is valid as long as the crack size is very small when compared with the specimen diameter. For 

conventional fatigue tests, life is defined as the number of cycles for the tensile stress to 

decrease 25% from the peak or steady-state value, i.e., the crack-depth-to-specimen-diameter 

ratio can be as high as 0.4. Therefore, the geometrical correction factor F, for a small 

semicircular surface crack was modified according to the correlation developed by O'Donnell 

and O'Donnell:B3 

F- = 0.6911 + 1.2685 (a/D) - 5.6638 (a/D)2 + 21.511 (a/D)3 , (B7) 

where D is specimen diameter. For conventional fatigue tests on cylindrical specimens, F. may 

increase up to 1.7.  

The J-integral range AJ is calculated from the ranges of cyclic stress and plastic strain, 

determined from stable hysteresis loops, i.e., at fatigue half-life. In general, AJ is computed 

only for that portion of the loading cycle during which the crack is open. For fully reversed 

cyclic loading, the crack opening point can be identified as the point where the curvature of the 

load-vs.-displacement line changed before the peak compressive load. In the present study, 

evidence of a crack opening point was observed for cracks that had grown relatively large, i.e., 

near the end of fatigue life. Therefore, as recommended by Dowling,B2 the entire hysteresis 

loop was used in estimating AJ.  

Crack Growth Rate 

The fatigue CGRs da/dN of structural materials are characterized in terms of the range of 

applied stress intensity factor AK and are given in Article A-4300 of Section XI of the ASME 

Boiler and Pressure Vessel Code. For a stress ratio R in the range of -2 <R <0, the reference 

fatigue CGRs da/dN (mm/cycle) of carbon and low-alloys steels exposed to air environments 

are given by 

da/dN = 3.78 x 10-9 (AK)3 .07 , (B8) 

where AK = 1ma, the maximum stress intensity factor (MPa.ml/ 2 ). However, the effect of 

temperature is not considered in Eq. B8; Logsdon and LiawB4 have shown that CGRs are
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generally higher at 2881C than at room temperature. The results of Logsdon and Liaw indicate 
that for both CSs and LASs, CGRs are =22% higher at 2880 C than at room temperature.  

Section XI of the ASME Code also includes CGR curves for these steels exposed to LWR 
environments. The growth rates are represented by two curves for low and high values of AK.  
However, the curves do not consider the effects of loading rate. Recent experimental results 
have shown the importance of key variables of material, environment, and loading rate on 
CGRs in LWR environments. Fatigue CGR correlations have been developed to explicitly 
consider the effects of loading rate, stress ratio R, AK, and sulfur content in the steel.B5 The 
new correlations, shown in Fig. B1, are divided into two categories: (a) for materials not 
susceptible to environmental effects, e.g., when S content in the steel is low, CGRs are a factor 
of 2.8 higher than those in air; and (b) for materials susceptible to environmental effects, e.g., 
when S content in the steel is high, CGRs are defined in terms of rise time 0, stress ratio R, and 
AK.  

Carbon & Low-Alloy Steels 
R=0 

10", e=loos . ./ 
.1. da/dN 1.18 x 10`" s06 DK - -..;-

1 0-2 Susceptible to EAC 1 0 2 ... .. .I ........ ...... 
E daidN=1-56x10 - 7 K3"0 7  Figure BI.  

Proposed reference fatigue crack growth = 1-3', ' rate curves for carbon and low-alloy steels c-• 10-3 1 ......................... ...... ...... .......... "... ............. u v s o a b n n o - ll y s e l 

in LWR environments for a rise time of 100 
s and R =-1 

da/dN =3.78 x 10- 9 AK3"q 

"r' • Not susceptible to EAC 
10-5 ........... ... ..... ....... .... da/dN = 1.07 x 10-8 A K.0;.-O 

/ A A 

10o0 10o2 

AK (MPa.m 1/2) 

The correlations in Fig. B 1 correspond to a rise time of 100 s and Kmin <0, e.g., fully 
reversed cyclic loading; R is set to zero. The various threshold values of AK (MPa.ml/2 are 
given by 

AKa = 14.156 90.125, (B9a) 

AKb = 7.691 00.326, (B9b) 

AKc = 27.186 00.326, (B9c) 

AKd = 44.308 00.326, (B9d) 

where rise time 0 is in seconds.
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