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Abstract

The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear
power plant components. Appendix | to Section Il 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 Ill, 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 | to Section Il specify the Code design fatigue curves for applicable structural
materials. However, Section Ill, 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-IIl 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 um 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 um deep. For carbon and low-alloy steels
in high-DO water, the growth rates of cracks <100 um 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 288°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 <150°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 427°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 uS/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 F., to incorporate the effects of environment into
the ASME Code fatigue evaluations is also discussed. In the Fo, 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., Fg, 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 | to Section Ill 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 Il requires
that the CUF at each location must not exceed 1.

The ASME Code fatigue design curves, given in Appendix | of Section Ill, 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 Il 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 Ill of the Code, the data used to
develop the design fatigue curves (Figs. 1-9.1 through 1-9.6 of Appendix | to Section I1l1) did not
include tests in the presence of corrosive environments that might accelerate fatigue failure.
Article B-2131 in Appendix B to Section Il 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),3-1> 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 11l 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



were first proposed by Majumdar et al.26 Design fatigue curves based on a rigorous statistical
analysis of the fatigue S-N data in LWR environments were developed by Keisler et al.27.28
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.29 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 B31.1
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 steels12-15 and austenitic SSs.2:15.25
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Figure 1. S-N data for (a) carbon steels and (b) austenitic stainless steels in water;
RT = room temperature

The alternative approach, proposed initially by Higuchi and lida,4 considers the effects of
reactor coolant environments on fatigue life in terms of a fatigue life correction factor Fgp,
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 F,, based
on the statistical models2:12-15.30.31 gnd on the correlations developed by the Environmental
Fatigue Data Committee of Thermal and Nuclear Power Engineering Society of Japan,32 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
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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.






2 Mechanism of Fatigue Crack Initiation

The formation of surface cracks and their growth as shear (Stage ) and tensile (Stage 1)
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 um 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 Il, 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.
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Figure 2. Schematic illustration of (a) growth of short cracks in smooth specimens as a function of
fatigue life fraction and (b) crack velocity as a function of crack length

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.® 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) ] I A533-Gr B Steel Strain Rates (%/s)

I 288°C Water S:0.004 &F: 04 1 | 288°C Water S:0.004 & F: 0.4

g | osospmpo o FIF ® | 0508ppmDO Air o FF
g . o SIF < . o SIF
4 ‘\\ / Preoxidized < S / Preoxidized
g 1.01 ¥ A FFinair - g 1.0 A FlFinair |
S F o X vV F/Fin<10ppb DO g F © . v F/Fin<10ppb DO
3 . % S/Fin <10 ppb DO & EE ]
£ il c
g K]
17} 177}
IS ]
© ’ °

[0 ] S Y Y1 T A WY TT] E A AR RTT] B I WUHIT] AT 0.1 vl v v e

101 10 103 104 105 106 107 10! 102 103 104 105 108 107
Fatigue Life, Nog Fatigue Life, Npg
@) (b)

Figure 3.  Effects of environment on formation of fatigue cracks in (a) carbon and (b) low—alloy steels.
Preoxidized specimens were exposed at 288°C 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 um long, along longitudinal sections of the gauge length of A106-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® or hydrogen-induced
cracking.4? 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.
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Figure 4. Number of cracks >10 um 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 specimens3® 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 um 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 um
deep and one order of magnitude higher for cracks that are >100 um deep. Metallographic
examination of test specimens indicates that in high-DO water, surface cracks <100 um deep
grow entirely as tensile cracks normal to the stress, whereas in air or simulated PWR
environments, they are at an angle of 45° to the stress axis (Fig. 5).3°> Also, for CSs, cracks
<100 um 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 | crack
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Photomicrographs of fatigue cracks along gauge sections of A106—Gr B carbon
steel in (a) air and (b) high—-DO water at 288°C

Figure 5.
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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°C

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 pum deep.4l 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® 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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Air
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Figure 7.  Photomicrographs of fracture surfaces of Types 304 and 316NG 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 A1-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.

(@ Strain: A minimum threshold strain is required for environmentally assisted
decrease in fatigue lives of CSs and LASs.12-15 |imited 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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Figure 8. Fatigue life of (a) A106—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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Fatigue Life (Cycle

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 <150°C, 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;48:42 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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Figure 9. Dependence of fatigue lives of (a) carbon steels and (b) low—alloy steels on strain rate
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Temperature: When other threshold conditions are satisfied, fatigue life decreases
linearly with temperature above 150°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.

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.

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.%.43 When any one of the
threshold conditions is not satisfied, environmental effects on life are minimal and
relatively insensitive to changes in S content.

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
289°C 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 289°C, 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 steel44 In high-DO
water (i.e., 0.2 ppm or higher) at 289°C, 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>

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.1°.19.23-25 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.

(@) 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., 20.1 ppm DO, water.19:25 |n high-DO water, environmental effects are
moderate (less than a factor of 2 decrease in life) when conductivity is maintained at
<0.1 uS/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 uS/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).
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Table 1. Fatigue test? results for Type 304 austenitic SS at 288°C

Dis. Dis. Pre- Conduc- ECP Ten. Stress Strain Life
Test Oxygenb Hydrogen Li Boron soak pH tivity© ssb Rate Range Range N2s
No. (ppb) (cc/kg) (ppm) (ppm) (days) at RT (uS/cm) mV (SHE) (%/s) (MPa) (%) (Cycles)
1805 - - - - - 4.0E-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 4.0E-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 4.0E-3 463.0 0.79 2,620
1862 2 23 - - 5 6.2 0.06 -607 4.0E-3 466.1 0.78 2,450
1863 1 - - - 5 6.3 0.06 -540 4.0E-3 476.5 0.77 2,250
18714 5 — - — 7 6.1 0.09 -609 4.0E-3 477.9 0.77 2,180

afFully reversed axial fatigue tests at 288°C, =0.77% strain range, sawtooth waveform with 0.004/0.4%/s strain rates.
PDO and ECPs measured in effluent.

c¢Conductivity 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
288°C 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.
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Strain Rate: In high-DO water (conductivity <0.1 uS/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.20.25

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 200°C 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 (PVRC) steering committee for cyclic life and
environmental effects (CLEE) has proposed a ramp function to describe temperature
effects on the fatigue lives of austenitic SSs; environmental effects are moderate at
temperatures below 180°C, significant above 220°C, and increase linearly from 180
to 220°C.46

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.

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> 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,49 and in feedwater lines connected to nozzles of pressure vessels in
boiling water reactors (BWRs) and steam generators in PWRs.50.51 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;52 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.50.51.53  The mechanism of cracking has been
attributed to corrosion fatigue®*55 or strain-induced corrosion cracking (SICC).56 Case
histories and identification of conditions that lead to SICC of LASs in LWR systems have been
summarized by Hickling and Blind.>7

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 durin