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EFFECTS OF LWR COOLANT ENVIRONMENTS
ON FATIGUE DESIGN CURVES OF CARBON AND LOW-ALLOY STEELS

by

O. K. Chopra and W. J. Shack

Abstract

The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear
power plant components. Figures 1-9.1 through 1-9.6 of Appendix | to Section Il of the Code
specify fatigue design curves for structural materials. While effects of reactor coolant
environments are not explicitly addressed by the design curves, test data indicate that the
Code fatigue curves may not always be adequate in coolant environments. This report
summarizes work performed by Argonne National Laboratory on fatigue of carbon and
low-alloy steels in light water reactor (LWR) environments. The existing fatigue S-N data have
been evaluated to establish the effects of various material and loading variables such as steel
type, dissolved oxygen level, strain range, strain rate, temperature, orientation, and sulfur
content on the fatigue life of these steels. Statistical models have been developed for
estimating the fatigue S-N curves as a function of material, loading, and environmental
variables. The results have been used to estimate the probability of fatigue cracking of reactor
components. The different methods for incorporating the effects of LWR coolant environments
on the ASME Code fatigue design curves are presented.
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Executive Summary

The ASME Boiler and Pressure Vessel Code Section I, Subsection NB, contains rules for
the design of Class 1 components. Figures I-9.1 through 1-9.6 of Appendix | to Section Il
specify the Code design fatigue curves for the 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, there is uncertainty about the effects of environment on fatigue resistance of
materials for operating pressurized water reactor (PWR) and boiling water reactor (BWR)
plants, whose primary-coolant-pressure-boundary components were designed in accordance
with the Code.

The current ASME Code Section Ill design fatigue curves 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 lowered by a factor of 2 on stress or a factor
of 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 on specimens 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 in simulated LWR environments can be much shorter
than those for corresponding tests in air. Under certain conditions of loading and
environment, fatigue lives in water can be up to a factor of 70 shorter than those for the tests
in air.

This report summarizes work performed by Argonne National Laboratory on fatigue of
carbon and low-alloy ferritic steels in simulated LWR environments. The existing fatigue S-N
data, foreign and domestic, for these steels have been evaluated to establish the effects of
various material and loading variables on the fatigue life. The influence of reactor
environments on the formation and growth of short fatigue cracks is discussed. Statistical
methods have been used to develop fatigue S-N curves that include the effects of material,
loading, and environmental variables. The results have also been used to estimate the
probability of fatigue cracking of reactor components associated with a particular choice of
design curve. Several methods for incorporating the effects of LWR coolant environments on
the ASME Code fatigue design curves are presented.

Mechanism of Fatigue Crack Initiation

Fatigue life of a material is defined as the number of cycles to form an “engineering”
crack, e.g., 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. Fatigue
damage in a material is the current size of the fatigue crack, and damage accumulation is the
rate of crack growth. Growth of short fatigue cracks may be divided into three regimes: (a) an
initial period that involves growth of microstructurally small cracks that is very sensitive to
microstructure and is characterized by a decelerating growth rate, (b) a final period of growth
that can be predicted from fracture mechanics methodology and is characterized by
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accelerating crack growth rate, and (c) a transition period controlled by a combination of the
two regimes.

Tests have been conducted to characterize the formation and growth of short cracks in
carbon and low-alloy steels in LWR environments. The results indicate that the decrease in
fatigue life of these steels in high-dissolved-oxygen (DO) water is primarily caused by the
effects of environment on the growth of short cracks < 100 um deep. The growth rates of
cracks <100 um in size in high-DO water are nearly two orders of magnitude higher than
those in air. In high-DO water, surface cracks grow entirely as tensile cracks normal to the
stress. In air and low-DO water, surface cracks grow initially as shear cracks =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 also suggest that in LWR
environments, the growth of short fatigue cracks occurs by anodic dissolution; the growth
rates depend on DO level in water and possibly on sulfur content in steel.

Overview of Fatigue S—N Data

In air, the fatigue life of carbon and low-alloy steels depends on steel type, temperature,
orientation (rolling or transverse), 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 may vary by up to a factor of 5 above or below the mean value.
The results also indicate that the ASME mean curve for low-alloy steels is in good agreement
with the experimental data and that for carbon steels is somewhat conservative.

Environmental effects on fatigue life are significant only when five conditions are satisfied
simultaneously, viz., applied strain range, temperature, DO level in water, and sulfur content
in steel are above a minimum threshold level, and strain rate is below a critical value. There is
little or no difference in susceptibility to environmental degradation of fatigue life of carbon
and low-alloy steels. The fatigue life of these steels in air and LWR environments can be
estimated from the statistical models presented in this report.

For both steels, the fatigue data indicate threshold values of 150°C for temperature and
0.05 ppm for DO, above which fatigue life may be decreased in LWR environments. The effect
of DO content on life saturates at 0.5 ppm. The data also indicate a threshold strain rate of
1%/s, below which fatigue life is decreased in LWR environments; the effect saturates at
~0.001%/s. Limited data suggest that the threshold strain is either equal to or slightly greater
than the fatigue limit of the material. When the threshold conditions for all five parameters
are satisfied, fatigue life decreases logarithmically with decreasing strain rate and DO level.
Only a moderate decrease in fatigue life is observed in LWR environments when any one of the
threshold condition is not satisfied, e.g., at temperatures <150°C or in low-DO PWR
environments (£0.05 ppm DO). Under these conditions, life in water is 30-50% lower than
that in air.
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Statistical Model

The fatigue S—-N curves are generally expressed in terms of the Langer equation, which
may be used to represent either strain amplitude in terms of life or life in terms of strain
amplitude. The parameters of the equation are commonly established through least-squares
curve-fitting of the data to minimize the sum of the square of the residual errors for either
strain amplitude or fatigue life. A predictive model based on least-squares fit on life is biased
for low strain amplitude. The model leads to probability curves that converge to a single value
of strain, but the model fails to address the fact that at low strain values, most of the error in
life is due to uncertainty associated with either measurement of strain or variation in fatigue
limit caused by material variability. On the other hand, a least-squares fit on strain does not
work well for higher strain amplitudes. In the present study, statistical models have been
developed by combining the two approaches and minimizing the sum of the squared Cartesian
distances from the data point to the predicted curve.

The statistical models predict fatigue life of small smooth specimens of carbon and
low-alloy steels as a function of various material, loading, and environmental parameters. The
functional form and bounding values of these parameters were based upon experimental
observations and data trends. The models are recommended for predicted fatigue lives of <106
cycles. The results indicate that the ASME mean curve for carbon steels is not consistent with
the experimental data at strain amplitudes of <0.2%; the mean curve predicts significantly
lower fatigue lives than those observed experimentally. The estimated curve for low-alloy
steels is comparable with the ASME mean curve. An alternative model, proposed by the
Environmental Fatigue Data (EFD) Committee of Japan, for incorporating the effects of LWR
environments on fatigue life of carbon and low-alloy steels is also discussed.

The results of a rigorous statistical analysis have been used to estimate the probability of
fatigue cracking in smooth fatigue specimens. The results indicate that relative to the mean or
50% probability curve, the 5% probability curve is a factor of =2.5 lower in life at strain
amplitudes >0.3% and a factor of 1.4-1.7 lower in strain at <0.2% strain amplitudes.
Similarly, the 1% probability curve is a factor of =3.7 lower in life and a factor of 1.7-2.2 lower
in strain.

Fatigue S—N Curves for Components

The design fatigue curves for components have been determined by adjusting the best-fit
experimental curve for the effect of mean stress and setting margins of 20 on cycles and 2 on
strain. The factor of 20 on cycles is intended to account for the uncertainties in fatigue life
associated with material and loading conditions, and the factor of 2 on strain to account for
uncertainties in threshold strain caused by material variability. Data available in the
literature were reviewed to evaluate the effects of various material, loading, and environmental
variables on fatigue life. The results indicate that a factor of at least 10 on cycles and 1.5 on
strain is needed to account for the differences and uncertainties in relating the fatigue lives of
laboratory test specimens to those of actual components. Design fatigue curves are presented
for various LWR service conditions.

The statistical models have been used to interpret the significance of the ASME Code
design curves in terms of the implicit probability of initiation associated with the curve. The

estimated S-N curves representing 5 and 1% probabilities of fatigue cracking in carbon and
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low-alloy steel components in room-temperature air are compared with the ASME Code design
fatigue curve. The results indicate that the current design fatigue curve results in a <5%
probability of fatigue cracking in LAS components and <1% probability in CS components.
The probabilities of fatigue cracking in carbon and low-alloy steel components have also been
estimated as a function of cumulative usage factor (CUF) for various service conditions. As
expected, the probability of fatigue cracking increases with increasing CUF. For a specific
CUF, the probability also depends on the applied stress amplitude. The dependence on stress
is relatively weak for high stress levels, but at low stresses the probability is quite sensitive to
the stress amplitude. At low stresses, the probability of fatigue cracking is not well
characterized by cycle counting, i.e., CUF. Rather, it is controlled by the uncertainty in
defining fatigue limit for the material.

Fatigue Evaluations in LWR Environments

Fatigue evaluations are presented for a carbon steel feedwater nozzle safe end and
feedwater line piping for a BWR, and for a low-alloy steel outlet nozzle for a PWR vessel. The
values of CUF were determined either from the design fatigue curves developed from the
statistical model or by applying a fatigue life correction factor that was obtained from the
statistical model or the EFD correlations.

The correction factor approach yields higher values of CUF than those obtained from the
design fatigue curves. The difference arises because the design curves not only account for
the effect of environment but also for the difference between the ASME mean air curve and the
statistical model air curve, which better represents the data. For carbon steels, this difference
can be significant at stress amplitudes of <180 MPa (<26 ksi). The results also show that for
the feedwater nozzle safe end and the feedwater line piping, the BWR environment increases
the fatigue usage by a factor of =2. For the low-alloy steel outlet nozzle for a PWR, the effect of
environment on fatigue usage is insignificant.
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1 Introduction

The ASME Boiler and Pressure Vessel Code Section Ill, Subsection NB,1 which contains
rules for the construction of Class 1 components for nuclear power plant, recognizes fatigue as
a possible mode of failure in pressure vessel steels and piping materials. Cyclic loadings on a
structural component occur because of changes in the 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 pair of load sets, an individual fatigue usage factor is determined
by the ratio of the number of cycles anticipated during the lifetime of the component to the
allowable cycles. Figures 1-9.1 through 1-9.6 of Appendix | to Section Il of the Code specify
fatigue design curves which define the allowable number of cycles as a function of applied
stress amplitude. The cumulative usage factor (CUF) is sum of the individual usage factors.
The ASME Code Section Il requires that the CUF at each location must not exceed 1.

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

ga = B(N)™D + A, (1.1)

where A, B, and b are parameters of the model (Eq. 1.1 may be written in terms of stress
amplitude S, instead of strain amplitude €5, where stress amplitude is the product of strain
amplitude and elastic modulus, i.e., S, = E g). The design fatigue curves were obtained by
decreasing the best-fit curves by a factor of 2 on stress or 20 on cycles, whichever was more
conservative, at each point on the best-fit curve. As described in the Section Ill criteria
document, these factors were intended to account for the differences and uncertainties in
relating the fatigue lives of laboratory test specimens to those of actual reactor components.
The factor of 20 on cycles is the product of three separate subfactors: 2 for scatter of data
(minimum to mean), 2.5 for size effects, and 4 for surface finish, atmosphere, etc.3
“Atmosphere” was intended to reflect the effects of an industrial environment rather than the
controlled environment of a laboratory. The factors of 2 and 20 are not safety margins but
rather conversion factors that must be applied to the experimental data to obtain reasonable
estimates of the lives of actual reactor components. They were not intended to address the
effects of the coolant environment on fatigue life.

Subsection NB-3121, of Section Ill of the Code states that the data on which the fatigue
design curves (Figs. 1-9.1 through 1-9.6) are based did not include tests in the presence of
corrosive environments that might accelerate fatigue failure. Article B-2131 in Appendix B to
Section 11l states that the owner's design specifications should provide information regarding
any reduction to fatigue design curves necessitated by environmental conditions. Recent
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),4-14 as well as of austenitic stainless steels (SSs).15.16 Under certain conditions
of loading and environment, fatigue lives of carbon steels can be a factor of 70 lower in the
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Figure 1. Fatigue S-N data for carbon steels in water

environment than those in air (Fig. 1). Therefore, the margins in the ASME Code may be less
conservative than originally intended.

Experience with operating nuclear plants worldwide reveals that many failures may be
attributed to fatigue. Examples of such failures include emergency core cooling system (ECCS)
or residual heat removal (RHR) system (USNRC Bulletin No. 88-08), pressurizer surge lines
(USNRC Bulletin No. 88-11), pressurized water reactor (PWR) feedwater lines (USNRC
Information Notice No. 79-13), boiling water reactor (BWR) pressure vessels (USNRC
Information Notice No. 90-29), PWR steam generator vessels (USNRC Information Notice
No. 90-04), and steam generator feedwater distribution piping (USNRC Information Notice
No. 91-19 and No. 93-20). These failures may be classified into three categories: thermal
fatigue caused by thermal stratification, cycling, and striping loadings; mechanical fatigue due
to vibratory loading; and corrosion fatigue resulting from the exposure to corrosive
environment. Significant thermal loadings due to stratification were not included in the
original design basis analysis. Some fatigue sensitive locations are routinely monitored in
nuclear power plants worldwide to better define the transients and assess CUF more
accurately. Occurrences of mechanical-vibration- and thermal-fluctuation-induced fatigue
failures in LWR plants in Japan have also been documented.1?

In 1991, the U. S. Nuclear Regulatory Commission (NRC) issued a draft Branch Technical
Position (BTP) for fatigue evaluation of nuclear plant components for license renewal. The BTP
raised the concern regarding adequacy of the ASME Code in addressing environmental effects
on fatigue resistance of materials for operating PWRs and BWRs, whose
primary-coolant-pressure-boundary components are constructed as specified in Section Il of
the Code. A program was initiated at Argonne National Laboratory (ANL) to provide data and
models for predicting environmental effects on fatigue design curves and an assessment of the
validity of fatigue damage summation in piping and vessel steels under load histories typical of
LWR components. The results have been presented in several progress reports.18-25 Based
on the S-N data available at that time, interim fatigue design curves that address
environmental effects on fatigue life of carbon and low-alloy steels and austenitic stainless
steels (SSs) have been proposed.26 More rigorous statistical models have been developed27.28
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based on a larger data base than that which was available when the interim design curves
were developed. Results of the statistical analysis have been used to interpret S-N curves in
terms of the probability of fatigue cracking. The Pressure Vessel Research Council (PVRC) has
also been compiling and evaluating fatigue S-N data related to the effects of LWR coolant
environments on the fatigue life of pressure boundary materials; these results have been
summarized by Van Der Sluys and Yukawa.29

In 1993, the Commission directed the NRC staff to treat fatigue as potential safety issue
within the existing regulatory process for operating reactors. The staff developed a Fatigue
Action Plan (FAP) to resolve three principal issues: (a) adequacy of fatigue resistance of older
vintage plants designed to the United States of America Standard (USAS) B31.1 Code that did
not require an explicit fatigue analysis of components, (b) the effect of LWR environments on
the fatigue resistance of primary pressure boundary materials, and (c) the appropriate
corrective action required when the Code fatigue allowable limits have been exceeded, i.e., CUF
is >1. The Idaho National Engineering Laboratory (INEL) assessed the significance of the
interim fatigue design curves by performing fatigue evaluations of a sample of components in
the reactor coolant pressure boundary.30 In all, six locations were evaluated from facilities
designed by each of the four U.S. nuclear steam supply system (NSSS) vendors. Selected
components from older vintage plants designed using the B31.1 Code were also included in
the evaluation. An assessment of risk to reactor coolant pressure boundary components from
failure due to fatigue was performed under Generic Safety Issue (GSI) 78, “Monitoring of
Fatigue Transient Limits for the Reactor Coolant System.” On the basis of these studies, it
was concluded” that no immediate action is necessary to deal with fatigue issues addressed in
the FAP. The risk study indicated that a fatigue failure of piping is not a significant
contributor to the core-melt frequency. While fatigue cracks may occur, they may not
propagate to failure and, even if failure did occur, safety systems, such as emergency core
cooling system (ECCS), mitigate the consequences. On the basis of the risk assessment, a
backfit to incorporate environmental effects in the analysis of fatigue in operating plants could
not be justified.

The types and extent of conservatisms present in the ASME Section Ill fatigue evaluations
and the effects of LWR environments on fatigue margins were assessed in a study by the
Structural Integrity Associates, Inc., under contract to Sandia National Laboratories for the
U.S. Department of Energy and in cooperation with the Electric Power Research Institute
(EPRI).31 A review of numerous stress reports indicated a substantial amount of conservatism
in many existing component fatigue evaluations. The sources of conservatism include design
transients considerably more severe than those experienced in service, grouping of transients,
bounding heat transfer and stress analysis, and simplified elastic-plastic analysis.
Environmental effects on two components, the BWR feedwater nozzle/safe end and PWR steam
generator feedwater nozzle/safe end, known to be affected by severe thermal transients, were
also investigated in the study. It was concluded that the reductions in fatigue life due to
environmental effects (factors of up to 40 and 22 for PWR and BWR nozzles, respectively) are
more than offset by the margins in fatigue life (=60 and 90, respectively, for PWR and BWR
nozzles) associated with typical ASME Code fatigue evaluations. These margins were defined
as the ratio of CUFs based on the mean experimental S-N curve and the Code design fatigue
curve, i.e., no allowance was made for any difference between the fatigue life of laboratory
specimens and components due to the effects of mean stress, loading history, or component

* Policy Issue, SECY-95-245, Completion of the Fatigue Action Plan, Sept. 25, 1995.
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size and geometry. As discussed earlier, the factors of 2 on stress and 20 on cycles should not
be considered as safety margins but rather conversion factors that are required to obtain
reasonable estimates of the lives of actual reactor components.

The overall conservatism in ASME Code fatigue evaluation procedures have also been
demonstrated in fatigue tests on piping welds and components.32 In air, the margins on the
number of cycles to failure for elbows and tees were 118-2500 and 123-1700, respectively, for
carbon steels, and 47-170 and 25-322, respectively, for stainless steels. The margins for girth
butt welds were significantly lower, e.g., 14-128 and 6-76, respectively, for carbon steels and
stainless steels. In these tests on welds and components, the fatigue life was expressed as the
number of cycles for the crack to penetrate through the wall, which ranged from 6-18 mm
(0.237-0.719 in.). The fatigue design curves represent number of cycles to form a 3-mm-deep
crack. Consequently, depending on the wall thickness, the actual margins to failure may be
lower by more than a factor of 2.

In addition, fatigue tests conducted on vessels at Southwest Research Institute for the
PVRC33 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. 2. The tests were performed on
0.914 m (36 in.)-diameter vessels with a 19 mm (0.75 in.) wall in room-temperature water.
These results demonstrate clearly that the current Code design curves do not necessarily
guarantee any margin of safety. However, a new nonmandatory Appendix to Section Xl has
been developed to account for environmental effects.
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Figure 2. Fatigue data for carbon and low-alloy steel vessels
tested in room-temperature water

This report summarizes work performed by ANL on fatigue of carbon and low-alloy ferritic
steels in simulated LWR environments. The existing fatigue S-N data, foreign and domestic,
for these steels have been evaluated to establish the effects of various material and loading
variables on the fatigue life. The influence of reactor environments on the formation and
growth of short fatigue cracks is discussed. Correlations have been developed for estimating
the fatigue S-N curves as a function of material, loading, and environmental variables. Several
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methods for incorporating the effects of LWR coolant environments in fatigue design and
analysis are presented.

2 Experimental

Low-cycle fatigue tests have been conducted on A106-Gr B and A333-Gr 6 carbon steels
and A533-Gr B and A302-Gr B low-alloy steels with MTS closed-loop electrohydraulic
machines. The A106-Gr B material was obtained from a 508-mm-diameter, schedule 140
pipe fabricated by the Cameron Iron Works of Houston, TX. The A333-Gr 6 material was
supplied by the Ishikawajima-Harima Heavy Industries Co. (IHI) of Japan and was obtained
from a 436-mm-diameter x 36-mm-wall pipe fabricated by Sumitomo Metal Industries, Ltd.
The A533-Gr B material was obtained from the lower head of the Midland reactor vessel,
which was scrapped before the plant was completed. The A302-Gr B low-alloy steel had been
used in a previous study of the effect of temperature and cyclic frequency on fatigue crack
growth behavior in a high-temperature aqueous environment at the Bettis Atomic Power
Laboratory.34 The material showed increased crack growth rates (CGRs) in simulated PWR
water at 243°C. The chemical compositions and heat treatments of the materials are given in
Table 1, and the average room-temperature tensile properties are given in Table 2.

Microstructures of the A106-Gr B carbon steel and A533-Gr B low-alloy steel are shown
in Fig. 3. The A106-Gr B carbon steel consists of pearlite and ferrite, and A533-Gr B
low-alloy steel contains tempered bainite plus ferrite. Figure 4 shows microstructures of the
A302-Gr B steel along three orientations, e.g., rolling (R), transverse (T), and radial (T2)
directions.” The structure consists primarily of tempered bainite and ferrite. However, the
morphology of sulfides in the three orientations is significantly different.

Table 1. Chemical composition (wt.%) of ferritic steels for fatigue tests

Material Source C P S Si Cr Ni Mn Mo
Carbon Steel
A106-Gr B2 ANL 0.29 0.013 0.015 0.25 0.19 0.09 0.88 0.05
Supplier 0.29 0.016 0.015 0.24 - - 0.93 -
A333-Gr 6P IHI (Ref. 8) 0.21 0.016 0.012 0.31 - - 1.14 -

Low-Alloy Steel

A533-Gr BC  ANL 0.22 0.010 0.012 0.19 0.18 0.51 1.30 0.48
Supplier 0.20 0.014 0.016 0.17 0.19 0.50 1.28 0.47
A302-Gr Bd  Bettis (Ref. 34) 0.21 0.021 0.027 0.22 0.14 0.23 1.34 0.51
Supplier 0.19 0.015 0.027 0.21 - - 1.17 0.48

a 508-mm O.D. schedule 140 pipe fabricated by Cameron Iron Works, Heat J-7201. Actual heat
treatment not known.

b 436-mm O.D. 36-mm wall pipe fabricated by Sumitomo Metal Industries, Ltd. Austenitized at 900°C
for 1/2 h and air cooled.

€ 162-mm thick hot-pressed plate from Midland reactor lower head. Austenitized at 871-899°C for 5.5
h and brine quenched; then tempered at 649-663°C for 5.5 h and brine quenched. The plate was
machined to a final thickness of 127 mm. The inside surface was inlaid with 4.8-mm weld cladding
and stress relieved at 607°C for 23.8 h.

d 102-mm thick plate. Austenitized at 899-927°C for 4 h, water quenched to 538°C, and air cooled:;
tempered at 649-677°C; then stress relieved 621-649°C for 6 h (6 cycles).

*The three orientations are represented by the direction that is perpendicular to the fracture plane. Both
transverse and radial directions are perpendicular to the rolling direction but the fracture plane is across the
thickness of the plate in transverse orientation, and parallel to the plate surface in radial orientation.
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Table 2. Average room-temperature tensile properties of steels

Yield Stress Ultimate Elongation Reduction in

Material Reference? (MPa) Stress (MPa) %) Area (%)
Carbon Steel
A106-Gr B ANL 301 572 23.5 44.0
A333-Gr 6 IHI (8) 383 549 35.0 -
Low-Alloy Steel
A533-Gr B ANL 431 602 27.8 66.6
A302-Gr B Bettis (34) 389 552 - -

a Reference number given within parentheses.

@ (b)

@) (b) (€)
Figure 4. Microstructures along fracture planes of A302-Gr B steel specimens with orientations
in (a) rolling, (b) transverse, and (c) radial direction
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Smooth cylindrical specimens with 9.5-mm diameter and 19-mm gauge length were used
for the fatigue tests (Fig. 5). Unless otherwise specified, the gauge section of the specimens
was oriented along the axial directions of the carbon steel pipes and along the rolling direction
for low-alloy steel plates. The test specimens for A302-Gr B steel were machined from a
composite bar fabricated by electron-beam welding two 19.8-mm-diameter, 137-mm-long
bars of A533-Gr B steel on each side of an 18.8-mm-diameter, 56-mm-long section of
A302-Gr B steel (Fig. 6). Thus, the gauge length and shoulders of the specimen were
A302-Gr B and the grip region was A533-Gr B steel. After welding, the composite bar was
stress relieved at 650°C for 6 h. Specimens of A302-Gr B steel were also fabricated in the
transverse and radial orientations. The gauge length of all specimens was given a 1-um
surface finish in the axial direction to prevent circumferential scratches that might act as sites
for crack initiation.
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Figure 5. Configuration of fatigue test specimen (all dimensions in inches)
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Figure 6. Schematic diagram of electron-beam-welded bar for
machining A302-Gr B fatigue test specimens
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Figure 7.
Autoclave system for fatigue tests in water

Tests in water were conducted in a small autoclave (shown schematically in Fig. 8) with
an annular volume of 12 mL (Fig. 7). The once-through system consists of a 132-L supply
tank, Pulsafeeder™ pump, heat exchanger, preheater, and autoclave. Water is circulated at a
rate of =10 mL/min and a system pressure of 9 MPa. The autoclave is constructed of
Type 316 SS and contains a titanium liner. The supply tank and most of the low-temperature
piping are Type 304 SS; titanium tubing is used in the heat exchanger and for connections to
the autoclave and electrochemical potential (ECP) cell. An Orbisphere meter and
CHEMetrics™ ampules were used to measure the DO concentrations in the supply and
effluent water. The redox and open-circuit corrosion potentials were monitored at the
autoclave outlet by measuring ECPs of platinum and an electrode of the test material,
respectively, against a 0.1 M KCI/AgCI/Ag external (cold) reference electrode. The measured
ECPs, E(meas) (MV), were converted to the standard hydrogen electrode (SHE) scale, EsHE)
(mV), by the polynomial expression3%

E(SHE) = E(meas) + 286.637 — 1.0032(AT) + 1.7447x10-4(AT)2 - 3.03004x10-6(AT)3, (2.1)

where AT(°C) is the temperature difference of the salt bridge in a 0.1 M KCI/AgCI/Ag external
reference electrode (i.e., the test temperature minus ambient temperature).

The DO level in water was established by bubbling nitrogen that contains 1-2% oxygen
through deionized water in the supply tank. The deionized water was prepared by passing
purified water through a set of filters that comprise a carbon filter, an Organex-Q filter, two
ion exchangers, and a 0.2-mm capsule filter. Water samples were taken periodically to
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Figure 8. Schematic diagram of autoclave system for fatigue tests in water environment

measure pH, resistivity, and DO concentration. After the desired concentration of DO was
achieved, the nitrogen/oxygen gas mixture in the supply tank was maintained at a 20-kPa
overpressure. After an initial transition period during which an oxide film develops on the
fatigue specimen, both the DO level and the ECP in the effluent water remained constant
during the test. Although the difference in the DO levels between the feedwater and the
effluent water was 0.10-0.35 ppm, most of the decrease in DO occurred across the preheater,
i.e., item 6 in Fig. 8. The difference between the inlet and outlet of the autoclave was
=~0.02 ppm. Test conditions were described in terms of the DO in effluent water.

Simulated PWR water was obtained by dissolving boric acid and lithium hydroxide in 20 L
of deionized water before adding the solution to the supply tank. The DO in the deionized
water was reduced to <10 ppb by bubbling nitrogen through the water. A vacuum was drawn
on the tank cover gas to speed deoxygenation. After the DO was reduced to the desired level, a
34-kPa overpressure of hydrogen was maintained to provide =2 ppm dissolved hydrogen (or
=23 cc/kg) in the feedwater.

The tests were conducted with fully reversed axial loading (i.e., strain ratio R =-1) and a
triangular or sawtooth waveform. The strain rate for the triangular wave and fast-loading half
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of the sawtooth wave was 0.4%/s. Tests were also conducted with a hold period at peak
tensile strain and with variable strain rate. The loading waveform for the variable strain rate
tests is shown in Fig. 9. Tests were conducted with up to three different strain rates during
the tensile-loading cycle. The strain ranges at which the strain rates were changed are
designated as e11 and e712 (measured from peak compressive strain). The strain rates for the
three segments are designated €14, €15, and €r3, respectively.

A

Erg
J_,_/—/-/J . - Figure 9.

E Efg . . .
: ,'f ' £t ,I"-_ Loading waveform for variable strain rate
.I"I 1 ,."'Ir tests

The tests in water were performed under stroke control, where the specimen strain was
controlled between two locations outside the autoclave. Tests in air were performed under
strain control with an axial extensometer; the stroke at the location used for control in the
water tests was also recorded. Information from the air tests was used to determine the
stroke required to maintain constant strain in the specimen gauge length. To account for
cyclic hardening of the material, the stroke needed to maintain constant strain was gradually
increased during the test. The accuracy of the procedure was checked by conducting
stroke—controlled tests in air and monitoring the strain in the gauge section of the specimen.
The relative errors between the estimated and measured values of the strain range were
typically £2%.

/ Figure 10.
; Loading strain applied to specimen gauge
i section (solid line) during stroke—controlled
/ tests with a sawtooth waveform (dashed line)

Strain in speciman gage saction
Applied displacement

The actual strain in the specimen gauge section during a stroke—controlled tests with a
sawtooth waveform is shown in Fig. 10. The fraction of applied displacement that goes to the
specimen gauge section is not constant but varies with the loading strain. Consequently, the
loading rate also varies during the fatigue cycle; it is lower than the applied strain rate at
strain levels below the elastic limit and higher at larger strains.
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The fatigue results obtained for A106-Gr B, A333-Gr 6, A533-Gr B, and A302-Gr B steels
are summarized in Appendix A. The fatigue life is defined as the number of cycles N5 for
tensile stress to drop 25% from its peak value; this corresponds to an =3-mm-deep crack in
the test specimen. Fatigue lives defined by other criteria, e.g., a 50% decrease in peak tensile
stress or complete failure, may be converted to Nos value according to

N2s = Nx 7 (0.947 + 0.00212 X), (2.2)

where X is the failure criteria, i.e., 25, 50, or 100% decrease in peak tensile stress. For stroke
controlled tests, the reported strain rates represent target values, the actual values are within
+5% of the reported rates. Because the strain rate varies during the loading cycle (Fig. 10), the
reported strain rates for tests in water are average values over the tensile or compressive
portion of the cycle. Similarly, the strain rates for the tests conducted with a sine waveform
are also average values.

For the tests in water, the DO levels in feedwater and the effluent, and the ECPs of
platinum and steel electrodes are included in the fatigue data tabulated in Appendix A. The
DO levels for the tests were represented by the values in effluent water. The ECPs of platinum
and carbon or low-alloy steel measured during the various tests are plotted as a function of
DO levels in the effluent in Figs. 11 and 12, respectively. For both electrodes, the ECP values
varied from approximately —=700 mV at low DO levels (<10 ppb DO) to =200 mV at high DO
levels (>200 ppb DO); the ECPs of platinum at low- and high-DO levels were =16 mV higher
than those of carbon or low-alloy steel. In the transition region between =10 and 200 ppb DO,
the ECPs of platinum follow the typical sigmoidal curve. For the few tests conducted at
10-200 ppb DO levels, the ECPs of the steel were either above 100 mV or below -600 mV. The
results from the present study are compared in Fig. 13 with the ECP vs. DO data from other
studies.36-40
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Figure 11. ECP of platinum during fatigue tests at 288°C as a function of
dissolved oxygen in effluent
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Figure 13. ECP vs. dissolved-oxygen data for carbon and low-alloy steels at 250-290°C

3 Mechanism of Fatigue Crack Initiation

3.1  Formation of Engineering Crack

Deformation and microstructural changes in the surface grains are responsible for fatigue
cracking. During cyclic straining, the irreversibility of dislocation glide leads to the
development of surface roughness. Strain localization in persistent slip bands (PSBs) results
in the formation of extrusions and intrusions. With continued cycling, microcracks ultimately
form in PSBs or at the edges of slip—-band extrusions. At high strain amplitudes, microcracks
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form in notches that develop at grain, twin, or phase boundaries (e.g., ferrite/pearlite) or by
cracking of second-phase particles (e.g., sulfide or oxide inclusions).

Once a microcrack forms, it continues to grow along its slip plane or a PSB as a Mode I
(shear) crack in Stage | growth (orientation of the crack is usually at 45° to the stress axis). At
low strain amplitudes, a Stage | crack may extend across several grain diameters before the
increasing stress intensity of the crack promotes slip on systems other than the primary slip.
A dislocation cell structure normally forms at the crack tip. Because slip is no longer confined
to planes at 45° to the stress axis, the crack begins to propagate as a Mode | (tensile) crack,
normal to the stress axis in Stage Il growth. At high strain amplitudes, the stress intensity is
quite large and the crack propagates entirely by the Stage Il process. Stage Il crack
propagation continues until the crack reaches an engineering size (=3 mm deep). The two
stages of fatigue crack growth in smooth specimens are shown in Fig. 14.

In air or mildly corrosive environments, Stage Il cracking is characterized by fatigue
striations. The process of Stage |l fatigue crack growth and formation of fatigue striations41 is
illustrated in Fig. 15. As tensile load is applied, slip bands form at the double notch or “ears”
of the crack tip (Fig. 15b). The slip bands widen with further straining, causing blunting of
the crack tip (Fig. 15c). Crack surfaces close during compressive loading and slip is reversed,
producing ears at the edges of the blunt crack tip (Figs. 15d and 15e). The ears are observed
as fatigue striations on the fracture surface. However, there is not necessarily a 1:1
correlation between striation spacing and fatigue cycles. At high strain amplitudes, several
striations may be created during one cycle, whereas at low strain amplitudes one striation may
represent several cycles.

Ao Ao

Intense Shear
Band

e

Stage || Crack

Mon Propagating
Cracks

Ao Ao

Figure 14. Two stages of fatigue crack growth in smooth test specimens
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Figure 15. Schematic illustration of plastic blunting process of fatigue crack growth in Stage II:
(@) zero load; (b) small tensile load; (c) maximum tensile load, widening of slip bands;
(d) crack closure, and formation of “ears” at crack tip; (e) maximum compressive load;
(f) small tensile load in next cycle

The formation of surface cracks and their growth as shear and tensile cracks (Stage | and
Il growth) to an “engineering” size (e.g., a 3-mm-deep crack) 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. Fatigue life
has conventionally been represented by two stages: (a) initiation, which represents the cycles
N; for formation of microcracks on the surface; and (b) propagation, which represents cycles
Np for propagation of the surface cracks to an engineering size. Thus, fatigue life N is the sum
of the two stages, N = Nj + Np. The increase in length of cracks greater than “engineering” size
is usually described in terms of fracture mechanics models rather than in terms of S-N
behavior. Nj is considered to be sensitive to the stress or strain amplitude, e.g., at low strain
amplitudes, most of the life may be spent in initiating a crack whereas, at high strain
amplitudes, cracks initiate easily.

An alternative approach considers fatigue life of engineering structures and components
to be entirely composed of the growth of short fatigue cracks, i.e., cracks less than
“engineering ” size.42.43 For polycrystalline materials, the period for the formation of surface
cracks is negligible (Fig. 16). Fatigue damage in a material is the current size of the fatigue
crack, and damage accumulation is the rate of crack growth.43 However, the growth rates of
short cracks can not be predicted accurately from fracture mechanics methodology on the
basis of range of stress intensity factor (AK). Under cyclic loading and the same AK, short
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fatigue cracks (i.e., having lengths comparable to the unit size of the microstructure) grow at a
faster rate than long fatigue cracks.44 Also, short cracks can grow at AK values below those
predicted from linear elastic fracture mechanics (LEFM). The differences between the growth
rates of short and long cracks have been attributed to interactions with microstructural
features, contributions of crack closure with increasing crack length, effects of mixed mode
crack propagation, and an inadequate characterization of the crack tip stress/strain fields
associated with short cracks.
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Recent studies indicate that during fatigue loading of smooth test specimens, surface
cracks 10 um or longer form quite early in life, i.e., <10% of life even at low strain amplitudes
(Fig. 17).45-47 These cracks form at surface irregularities/discontinuities either already in
existence or produced by slip bands, grain boundaries, second-phase particles, etc. Growth of
these surface cracks may be divided into three regimes: (a) initial period that involves growth
of microstructurally small cracks (MSCs) below a critical length, characterized by decelerating
crack growth rate, seen in region AB of Fig. 16; (b) final period of growth, characterized by
accelerating crack growth rate, region CD; and (c) a transition period controlled, by a
combination of the two regimes, region BC. The crack growth rates as a function of crack
length during the three regimes of fatigue life are shown in Fig. 18.
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Figure 17. Crack depth plotted as a function of fractional life for carbon and low-alloy steels
tested in room-temperature air
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along longitudinal section of
A106-Gr B steel tested in air

The growth of MSCs is very sensitive to microstructure.47-53 The MSCs correspond to
Stage | cracks and grow along slip planes as shear cracks in the early stage of growth. For
MSCs, microstructural effects are strong because of Stage | growth, i.e., crystallographic
growth. The growth rates are markedly decreased by grain boundaries, triple points, and
phase boundaries. In ferritic-pearlitic steels, fatigue cracks initiate and propagate
preferentially in the ferrite phase that forms as long allotriomorphs at prior austenite phase
boundaries.47:52,53 An example of surface cracking in an A106-Gr B specimen tested in air is
shown in Fig. 19. The ferrite/pearlite phase boundaries act as strong barriers to crack
propagation, and growth rates decrease significantly when small cracks grow into the pearlite
from the ferrite.47 Limited data suggest that microstructural effects are more pronounced at
negative stress ratios; the compressive component of the applied load plays an important role
in the formation of Stage | facets and as a driving force during the formation of cracks.50
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Fatigue cracks greater than the critical length of MSCs show little or no influence of
microstructure and are termed mechanically small cracks.49:50 For a stress ratio of -1, the
transition from MSC to a mechanically small crack for several materials has been estimated to
be =8 times the unit size of the microstructure.®0 Mechanically small cracks correspond to
Stage Il, or tensile, cracks characterized by striated crack growth, with a fracture surface
normal to the maximum principal stress. Their growth rates tend to decrease as the cracks
grow because crack closure becomes more significant for larger cracks. For ferritic—pearlitic
steels, Stage Il crack propagation occurs when stress intensity and mode of growth attain a
critical level and break through the pearlite and join other ferrite cracks.52

At low stress levels, e.g., Acy in Figs. 16 and 18, the transition from MSC growth to
accelerating crack growth does not occur and the cracks are nonpropagating. This
circumstance represents the fatigue limit for the smooth specimen. Although cracks can form
below the fatigue limit, they can grow to engineering size only at stresses greater than the
fatigue limit. Note that possible preexisting large cracks in the material, e.g., defects in welded
samples, or those created by growth of microcracks at high stresses, can grow at stress levels
below the fatigue limit, and their growth can be estimated from AK-based LEFM.

3.2 Environmental Effects

The available fatigue S-N data indicate a significant decrease in fatigue life of CSs and
LASs in LWR environments when five conditions are satisfied simultaneously, viz., the applied
strain range, temperature, DO in water, and sulfur content in steel are above a minimum
threshold level, and strain rate is below a critical value. Although the structure and cyclic
hardening behavior of carbon and low-alloy steels are distinctly different, there is little or no
difference in susceptibility to environmental degradation of fatigue life of these steels.
Reduction in life in LWR coolant environments may arise from easy formation of surface
microcracks and/or an increase in growth rates of cracks, during either the initial stage of
MSC and shear crack growth or the transition and final stage of tensile crack growth. Carbon
and low-alloy steel specimens tested in water show surface micropitting and cavities that form
either by corrosion of the material in oxygenated water or by selective dissolution of MnS or
other inclusions. These micropits can act as sites for the formation of fatigue cracks.

Photomicrographs of the gauge surfaces20 of A106-Gr B CS and A533-Gr B LAS
specimens tested at 288°C in air, simulated PWR, and high-DO water (=0.7 ppm DO) are
shown in Fig. 20. The specimens tested in air show slight discoloration, while those tested in
water develop a gray/black corrosion scale and are covered with magnetite (Fe3Oy4) at all DO
levels and hematite (a—FeoO3) forms at DO levels >200 ppb.10.20,36 The amount of hematite
increases with increasing DO levels in water36 (Fig. 21). The pitting behavior of CSs®4 and
LASs39 in high-purity water at different temperatures and DO levels is shown in Fig. 22. The
results indicate that pitting corrosion does not occur in these steels at all temperatures in
low-DO PWR environments (typically <0.01 ppm DO), and at temperatures >200°C in water
that contains 0.1-0.2 ppm DO, which represents normal BWR water chemistry. However,
even under these conditions, micropits form in both carbon and low-alloy steels due to
dissolution of MnS inclusions® or by anodic reaction in the S contaminated matrix®° close to
sulfide inclusions. However, micropits formed by these processes stop growing when either
the MnS inclusion dissolves completely or falls off. Typical examples of micropits on
A106-Gr B and A533-Gr B steel specimens are shown in Fig. 23.
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The reduction in fatigue life in high-temperature water has been attributed to the
presence of micropits® that act as stress raisers and provide preferred sites for the formation
of fatigue cracks. The strain rate effects in water, i.e., fatigue life decreases with decreasing
strain rate, have been explained on the basis of higher density of micropits at lower strain
rates (Fig. 24). It has been argued that the longer test durations for slow strain rate tests
result in higher density of micropits and hence shorter periods for formation of surface

A106-Gr B Carbon Steel A533-Gr B Low-Alloy Steel

Air

Simulated PWR

Water with =0.8 ppm Dissolved Oxygen

Figure 20.  SEM photomicrographs of gauge surface of A106-Gr B and A533-Gr B steels
tested in different environments at 288°C
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Figure 22. Pitting behavior of (a) A106-Gr B carbon steel (0.025 wt.% S) and (b) A508-CI 2
low-alloy steel (0.015 wt.% S) tested in high—purity water. A: no pits ductile fracture,
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@ (b)
Figure 23. Micropits on surface of (a) A106-Gr B carbon steel and
(b) A533-Gr B low-alloy steel tested in oxygenated water at 288°C
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Figure 25. Environmental effects on formation of fatigue cracks in carbon and low-alloy
steels. Preoxidized specimens were exposed at 288°C for 30-100 h in water with
06-0.8 ppm dissolved oxygen.

microcracks.® If the presence of micropits was responsible for reduction in fatigue lives of
carbon and low-alloy steels in LWR environments, then specimens preexposed to high-DO
water and then tested in air should also show a decrease in fatigue life.

The fatigue lives of A106-Gr B CS and A533-Gr B LAS specimens preexposed at 288°C for
30-100 h in water with 0.6-0.8 ppm DO and then tested in air or low-DO water (<0.01 ppm
DO), are shown in Fig. 25.11-14,21 Fatigue lives of the preoxidized specimens are identical to
those of unoxidized specimens; life would be expected to decrease if surface micropits facilitate
the formation of fatigue cracks. Only a moderate decrease in life is observed for both
preoxidized and unoxidized specimens tested in low-DO water. Furthermore, if micropits were
responsible for the decrease in fatigue life in LWR environments, then fatigue limit of these
steels should be lower in water than in air. Fatigue data in high-DO water11-14.21 indicate
that the fatigue limit in water is either the same or =20% higher than in air (Fig. 25).
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Figure 26. Number of cracks along longitudinal section of fatigue specimens tested in different
environments

Figure 27. Nucleation of cracks along slip bands, carbide particles, and
ferrite/pearlite phase boundaries of carbon steel fatigue specimen

Figure 26 shows plots of the number of cracks, greater than 10 um, 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, and high-DO water at two different strain rates.21 In all cases,
the number of cracks represents the average value along a 7 mm gauge length. The results
show that with the exception of the LAS tested in simulated 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 are
identical, although fatigue life is lower by a factor of =8 in water. If the reduction in life is
caused by enhanced crack nucleation, the specimens tested in high-DO water should show
more cracks. Detailed metallographic evaluations of the fatigue test specimens?l also indicate
that water environment has little or no effect on the formation of surface microcracks.
Irrespective of environment, cracks in carbon and low-alloy steels nucleate along slip bands,
carbide particles, or at the ferrite/pearlite phase boundaries (Fig. 27).21,45

The environmental enhancement of fatigue crack growth in pressure vessel steels in
high-temperature oxygenated water and the effects of sulfur content, loading rate, and flow
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velocities are well known.34.56-72 The enhanced growth rates in LWR environments have been
attributed to either slip oxidation/dissolution’3-76 or hydrogen-induced cracking?7-79
mechanisms. A critical concentration of sulfide (S2-) or hydrosulfide (HS-) ions, which are
produced by the dissolution of sulfide inclusions in the steel, is required at the crack tip for
environmental effects to occur. The crack tip is supplied with S2- and HS- ions as the
advancing crack intersects the sulfide inclusions, and the inclusions dissolve in the
high-temperature water environment. Sulfide ions are removed from the crack tip by one or
more of the following processes: (a) diffusion due to concentration gradient, (b) ion transport
due to ECP gradient, (c) pumping action due to cyclic loading on the crack, and (d) fluid flow
induced within the crack due to the flow of coolant outside the crack. The morphology, size,
and distribution of sulfide inclusions and the probability of advancing crack to intercept
sulfide inclusions are important parameters affecting growth rates of CSs and LASs in LWR
environments.57,60,67-70 The main electrochemical and chemical reactions in the crack cavity
are given below.

Dissolution of sulfide:
MNS +2H" = H,S + Mn?* (3.1)
Anodic reactions:
Fe = Fe?" +2e~ (3.2)
S2” +4H,0 =8H" +8e~ +S03~ (3.3)

Hydrolysis reactions:

Fe?* +2H,0 = Fe(OH )5 +2H" +e~ (3.4)
Mn2* +2H,0 = Mn(OH)} + 2H" +e~ (3.5)
3Fe2" + 4H,0 = Feg0, +8H* +2e” (3.6)

Cathodic reactions:

2H* +2e” = H, (3.7)
2H,0 +2e”~ =20H™ +H, (3.8)
SOZ" +H,0 +2e~ =S03™ +20H" (3.9)
O, +4H" +4e~ =2H,0 (3.10)
2H,0 +0, +4e™ =40H"~ (3.11)

Reactions 3.10 and 3.11 occur in high-DO water.
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The requirements for a slip dissolution model are that a protective oxide film is
thermodynamically stable to ensure that a crack will propagate with a high aspect ratio
without degrading into a blunt pit, and that a strain increment occurs to rupture that film and
thereby expose the underlying matrix to the environment, Fig. 28. Once the passive oxide film
is ruptured, crack extension is controlled by dissolution of freshly exposed surfaces and by the
oxidation characteristics. Ford and Andresen40.74 have proposed that the average
environmentally assisted crack growth rate V, (cm s-1) for slip dissolution is related to the
crack tip strain rate ¢ (s1) by the relationship

Vi =A(éy)", (3.12)

where the constants A and n depend on the material and environmental conditions at the
crack tip. There is a lower limit of crack propagation rate associated either with blunting
when the crack tip cannot keep up with general corrosion rate of the crack sides, or with the
fact that a critical level of sulfide ions cannot be maintained at the crack tip. For example, the
latter condition may occur when crack growth rate falls below a critical value so that a high
concentration of sulfide ions can not be maintained at the crack tip. The critical crack growth
rate at which this transition occurs will depend on DO level, flow rate, and S content in steel.
Based on these factors, the maximum and minimum environmentally controlled growth rates
have been estimated.40.74 For crack-tip sulfide ion concentrations above the critical level,

Vi = 2.25x107% £, 03° (3.13a)
and for crack-tip sulfide ion concentrations below the critical level,

Vi =1072¢,%0. (3.13b)
In Egs. 3.13a and 3.13b, the crack tip strain rate g is a function of applied stress, stress
intensity, applied strain rate, as well as the crack growth rate V,. Empirical correlations have

been developed to estimate the crack tip strain rate under various loading conditions.40,74,76
For LASs, the crack tip strain rate ¢, (s~1) under constant slow strain rates is given by

€t =10é5p, (3.14a)

23 NUREG/CR-6583



and under cyclic loading (for stress ratio R <0.42) by

£ =1.335x107 1 vAK 4, (3.14b)

where AK is the stress intensity range (MPay m) and v is the frequency of cyclic loading (s-1).
For cyclic loads, the crack tip strain rate estimated from Eq. 3.14b is typically 10-100 times
the growth rate in an inert environment.40,73 The latter has been expressed in terms of R
ratio and AK in Eq. 3.14b; it can also be obtained from experimental data.

It is assumed that there is no environmental enhancement of crack propagation during
the compressive load cycle, because during that period the water does not have access to the
crack tip. The total crack advance per cycle Aayy, is given by the summation of crack
advance in air Aag, due to mechanical factors, and crack advance from a slip—dissolution
mechanism Aa,, once the tensile strain increment exceeds the fracture strain of the oxide &5 .
If the fatigue life is considered to represent the number of cycles required to form a 0.3 cm
crack, the crack advance per loading cycle in air is given by 0.3/N,,. Thus, assuming that
environmental conditions are such as to maintain a high sulfide ion concentrations at the
crack tip (Eg. 3.13a) and that for short cracks, the crack-tip strain rate ¢ is the same as the
applied strain rate éapp (s71), the environmental increment in crack growth is given by
integrating Eq. 3.13a

0.35

a, t, _
Aa, = [da= | 2.25x107%(éyp) dt (3.15)
0 Sf/é
or
. 0.3 £
A8y = 2.25X10(igpp |0 25— S0 | (3.16)
€app  €app

where the relevant time for integration is the rise time t, (s) minus the time taken for the
strain increment to exceed the fracture strain of the oxide (ef/éapp), and Ae is the applied
strain range. Similarly, increment in crack growth when the concentration of sulfide ions at
the crack tip is low, can be obtained by integrating Eq. 3.13b

Aa, =107%(Ae— gy ). (3.17)
Crack growth under low crack-tip sulfide ion concentration is independent of éapp.

In the case of a high sulfide ion concentration, from Eq. 3.16, the total crack advance per
cycle Aay, (cm) is given by

)—0.65 (318)

Ayorg = Ay + A8, = 03 + 2.25X10_4(Ag— €5 )(

air

€app

The fatigue life in water N, .., IS given by the initiation crack depth (0.3 cm) divided by the
total crack advance per cycle Aa;y, Hence, Ford et al. estimate the fatigue life in water as

)—0.65

Nwater = 0.3/{ 0.3, 2.25x107*(Ae - £ )(€app (3.19)

air
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The fatigue lives estimated from Eq. 3.19 show fair agreement with those observed
experimentally for high-sulfur steels tested in high-DO water.74.75.80

Hydrogen-induced cracking of LASs is explained as follows (Fig. 29): hydrogen produced
by the oxidation reaction at or near the crack tip is partly absorbed into the metal; the
absorbed hydrogen diffuses ahead of the crack tip and interacts with MnS inclusions and
leads to the formation of cleavage cracks at the inclusion matrix interface; and linkage of the
cleavage cracks results in discontinuous crack extension in addition to extension caused by
mechanical fatigue. For hydrogen-induced cracking, the average environmentally assisted
growth rate V; (cm s-1) may be expressed as

\7".:5

C

(3.20)

~+

where X is the distance from the crack tip to the region of cleavage cracks and t; is the time
for the concentration of absorbed hydrogen to reach a critical level to cause cleavage cracks.

Other hydrogen-induced fracture processes may also enhance crack growth rates in LWR
environments. According to the decohesion mechanism, significant accumulation of hydrogen
at or near the crack tip decreases the cohesive interatomic strength of the lattice.81
Hydrogen-induced bond rupture ahead of the crack tip link up with the main crack resulting
in discontinuous but enhanced crack growth. The hydrogen adsorption mechanism states
that adsorbed hydrogen lowers the surface energy of the metal, thus facilitating crack growth
at a lower fracture stress level. Also, hydrogen can cause localized crack tip plasticity by
reducing the stress required for dislocation motion.82

Both slip-oxidation/dissolution and hydrogen-induced cracking mechanisms are
dependent on oxide rupture rates, passivation rates, and liquid diffusion rates. Therefore, it is
often difficult to differentiate between the two mechanism or to establish their relative
contribution to crack growth rates in LWR environments. Dissolution of MnS inclusions
changes the water chemistry near the crack tip, making it more aggressive. This results in
enhanced crack growth rates because either (a) the dissolved sulfides decrease the
repassivation rate, which increases the amount of metal dissolution for a given oxide rupture
rate;”2 or (b) the dissolved sulfide poisons the recombination of H atoms liberated by
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corrosion, which enhances H uptake by the steel at the crack tip.83 A change in fracture
appearance from ductile striations in air to brittle facets or cleavage-like fracture in LWR
environments lend the greatest support for hydrogen-induced cracking.67,70,78,79

In crack growth studies in long cracks, brittle fracture is generally associated with MnS
inclusions and spreads like a fan from these inclusions,”8.79 which is reminiscent of the
quasi-cleavage facets produced in hydrogen-charged specimens. In LWR environments,
fracture surface often has a terraced appearance produced by linkage of main crack with the
hydrogen-induced cracks ahead of the crack tip at inclusion matrix interface. However, such
fracture morphologies are not observed for short cracks produced in cylindrical fatigue test
specimens used for obtaining fatigue S-N data. Fracture morphologies of A106-Gr B CS and
A533-Gr B LAS specimens tested at 288°C in high-DO water and simulated PWR environment
are shown in Figs. 30-33. High-magnification photomicrographs of select regions of the
specimens before and after they were descaled (with an electroyte of 2 g hexamethylene
tetramine in 1000 cm3 of 1 N HCI) are also shown in the figures. The specimens tested in
water show the following salient features.

(@ All specimen exhibit a ductile fatigue fracture; quasi-cleavage facets or fan-like features
extending from MnS inclusions are not observed. Examples of cleavage fracture in
A106-Gr B CS fatigue specimen pulled apart at room temperature after the fatigue test at
288°C in water, are shown in Fig. 34. Note that in CSs, cleavage fracture occurs entirely
along the ferrite matrix, with ductile tearing of the pearlite regions. In LWR environments,
although some regions of the fracture surface resemble a fan-like fracture morphology
before chemical cleaning (e.g., Fig. 30), examination of the specimens after chemical
cleaning indicates that cracks propagate across phase boundaries through both ferrite
and pearlite regions.

(b) A terraced morphology which is generally produced by linkage of hydrogen-induced
cracks at the sulfide/matrix interface ahead of the main crack, was not observed in any of
the specimens. The number of sulfide inclusions observed on the fracture surface of
specimens tested in water is similar to that observed for tests in air. Also, as seen in
Fig. 35, the sulfide inclusions that are observed on the surface do not appear to change
the fracture morphology. As discussed later in Section 4.2.5, the existing fatigue S-N
data indicate that in high-DO water (>0.05 ppm DO), environmental effects on fatigue life
of carbon steels seem to be independent of sulfur content in the range of
0.002-0.015 wt.%.

(c) Faint fatigue striations are observed for crack depths greater than =0.8 mm. Further
examination of the specimens after chemical cleaning suggests that these striations are
most likely produced by rupture of the surface oxide film rather than the formation of
double notches or “ears” at the crack tip. Also, note that in CS specimens, the striations
extend across both ferrite and pearlite regions.

Studies on the formation and growth characteristics of short cracks in carbon and
low-alloy steels in LWR environments indicate that environmentally assisted reduction in
fatigue life of these steels is caused primarily by slip dissolution/oxidation mechanism and is
discussed later in this section.
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Figure 30. Fracture morphology of A106-Gr B carbon steel tested in high-dissolved oxygen
water at 288°C and =0.4% strain range
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After Chemical Cleaning After Chemical Cleaning

Figure 31. Fracture morphology of A106-Gr B carbon steel tested in simulated PWR water at
288°C and =0.75% strain range
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Figure 32. Fracture morphology of A533-Gr B low-alloy steel tested in high-dissolved oxygen
water at 288°C and =0.75% strain range
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Figure 33. Fracture morphology of A533-Gr B low-alloy steel tested in simulated PWR water at
288°C and =0.75% strain range
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Figure 34. Examples of cleavage fracture in A106-Gr B specimen pulled apart
at room temperature after the fatigue test

Figure 35.

Sulfide inclusions on fracture surface of

A106-Gr B carbon steel tested in

! high-dissolved oxygen water at 288°C and
W ~0.4% strain range

Estimates of the average critical velocity V;, (mm/s) for initiation of environmentally
assisted enhancement of crack growth based on a balance between sulfide supply rate and
mass transport away from the crack tip62.63 give

— 1.27x107°
Vin = = (3.21)

where a is the crack depth (mm). However, nearly all of the studies that support Eq. 3.21 have
been conducted in low-DO environments, i.e., <0.05 ppm DO. For a 2.54 mm crack depth, a
minimum average crack velocity of 5 x 10-7 mm/s is required to produce the sulfide ion
concentration for environmental effects on crack growth.62 In addition, the critical velocity
must be maintained for a minimum crack extension of 0.33 mm before environmental effects
can occur.63 Equation 3.21 indicates that the minimum crack velocity to initiate
environmental effects on crack growth increases with decreasing crack depth. For crack
depths of 0.01-3 mm, crack velocities in the range of 1.27 x 10-4 to 4.23 x 10-7 mm/s are
required for environmentally assisted reduction in fatigue life of CSs and LASs in low-DO
water. For smooth cylindrical fatigue specimens, these growth rates are not achieved under
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the loading conditions typically used for fatigue S-N data, which suggests that environmental
effects on fatigue life in low-DO environments will not be significant. This result is consistent
with the existing fatigue S-N data; for most compositions of CSs and LASs, only moderate
reductions in fatigue life (less than a factor of 2) are observed in 288°C water containing
<0.01 ppm DO.

Recent studies that characterize the influence of reactor environment on the formation
and growth of fatigue cracks in polished smooth specimens of CSs and LASs indicate that the
decrease in fatigue life of these steels in high—-DO water is primarily caused by the effects of
environment on the growth of short crack.4> Measured crack lengths as a function of fatigue
cycles for smooth cylindrical specimens of A533-Gr B LAS and A106-Gr B CS tested in air,
simulated PWR, and high-DO water are shown in Fig. 36. The corresponding crack growth
rates for A533-Gr B steel are plotted as a function of crack length in Fig. 37. The results
indicate that at =0.8% strain range, only 30-50 cycles are needed to form a 100-um crack in
high-DO water, whereas =450 cycles are required to form a 100-um crack in low-DO PWR
environment and more than 3000 cycles in air. These values correspond to average growth
rates of =2.5, 0.22, and 0.033 um/cycle in high-DO water, low-DO PWR environment, and air,
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respectively. The results also indicate that relative to air, crack growth rates in high-DO water
are nearly two orders of magnitude higher during the initial stages of fatigue life (i.e., for crack
sizes <100 um), and are one order of magnitude higher for crack sizes >100 pum.

Metallographic examination of the test specimens indicates that in high-DO water, the
surface cracks appear to grow entirely in Stage Il growth as Mode | tensile cracks normal to
the stress axis (Fig. 38).45 In air as well as in low-DO PWR environments, both Stage | and
Stage Il growth is observed, i.e., surface cracks grow initially as Mode |l (shear) crack along
planes 45° to the stress axis and, when the stress intensities are large enough to promote slip
on systems other than the primary slip, they grow as Mode | (tensile) crack normal to the
stress axis. Also, for CSs, Stage | crack growth in air and low-DO water occurs entirely along
the soft ferrite grains, whereas in high—-DO water, cracks propagate across both ferrite and
pearlite regions. A similar crack morphology is also observed on gauge surfaces (Fig. 39);
surface cracks in high-DO water are always straight and normal to stress axis, whereas in air
or simulated PWR environments, they are 45° to the stress axis. The different crack
morphology, absence of Stage | crack growth, and propagation of cracks across pearlite
regions suggest that factors other than mechanical fatigue are important for growth of surface
cracks in high-DO water.

These results are consistent with the slip oxidation/dissolution mechanism of crack
growth, i.e., in LWR environments, the growth of MSCs probably occurs by anodic dissolution.
The growth rates depend on DO level in water and S content in the steel. In LWR
environments, the formation of engineering cracks may be explained as follows: (a) surface
microcracks form quite early in fatigue life at PSBs, edges of slip-band extrusions, notches
that develop at grain or phase boundaries, or second-phase particles, (b) during cyclic loading,
the protective oxide film is ruptured at strains greater than the fracture strain of surface
oxides, and the microcracks or MSCs grow by anodic dissolution of the freshly exposed surface
to sizes larger than the critical length of MSCs, and (c) growth of these large cracks
characterized by accelerating growth rates. The growth rates during the final stage are
controlled by both environmental and mechanical factors, and may be represented by the
proposed ASME Section Xl reference curves for CSs and LASs in water environments.84
Growth rates during the initial stage are controlled primarily by the environment but
mechanical fatigue is required for film rupture. For A533-Gr B steel tested in water at 288°C,
0.8% strain range, and 0.004% strain rate, the initial growth rates, from Egs. 3.18 and 3.17,
are =7 and 0.4 um/cycle, respectively, for high—- and low-DO levels in water. These values are
a factor of =2 higher than the measured growth rates (Fig. 37).

4 Overview of Fatigue S—N Data

The primary sources of relevant S-N data for CSs and LASs are the tests performed by
General Electric Co. (GE) in a test loop at the Dresden 1 reactor;85.86 work sponsored by EPRI
at GE;4.87 the work of Terrell at Mechanical Engineering Associates (MEA);88-90 the present
work at ANL on fatigue of pressure vessel and piping steels;11-14,20-25 the large JNUFAD" data
base for “Fatigue Strength of Nuclear Plant Component” and recent studies at IHI, Hitachi,
and Mitsubishi Heavy Industries in Japan.6-10 The data base is composed of =1200 tests,

*Private communication from M. Higuchi, Ishikawajima-Harima Heavy Industries Co., Japan, to M. Prager of the
Pressure Vessel Research Council, 1992. The old data base “FADAL” has been revised and renamed “JNUFAD.”
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A106-Gr B Carbon Steel

Water with =0.7 ppm Dissolved Oxygen

Figure 38. Photomicrographs of surface cracks along longitudinal sections of A533-Gr B low-
alloy steel and A106-Gr B carbon steel in air, simulated PWR environment, and high-
dissolved-oxygen water.
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Water with =0.7 ppm Dissolved Oxygen

Figure 39. Photomicrographs of cracks on gauge surfaces of A533-Gr B low-alloy steel and
A106-Gr B carbon steel specimens tested in air, simulated PWR environment, and
high-dissolved-oxygen water.
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=600 each in air and water environments. Carbon steels include =10 heats of A533-Grade 6,
A106-Grade B, A516-Grade 70, and A508-Class 1 steel, while LASs include =15 heats of
A533-Grade B, A302-Grade B, and A508-Class 2 and 3 steels.

41 Air Environment

41.1  Steel Type

In air, the fatigue life of carbon and low-alloy steels depends on steel type, temperature,
orientation (i.e., rolling or transverse) and for some comparisons on applied strain rate.
Fatigue S-N data from various investigations#.6.7,11-14,88 on CSs and LASs are shown in Fig.
40. The ASME Section Il mean-data curves (at room temperature) are also included in the
figures. The results indicate that although there is significant scatter due to material
variability, the fatigue lives of LASs are a factor of =1.5 greater than those of CSs. Also, the
fatigue limit of LASs is slightly higher than that of CSs. The data for CSs are inconsistent with
the ASME mean data curve; the data are above the mean curve at strain amplitudes >0.2%
and below the curve at <0.2% strain. The data for LASs show good agreement with the ASME
mean data curve.
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Figure 40. Strain amplitude vs. fatigue life data for carbon and low-alloy steels in air at 288°C

41.2 Temperature

For both carbon and low-alloy steels, fatigue life decreases as temperature increases from
room temperature to 320°C. Fatigue S-N data from the JNUFAD data base and other
investigations4.11-14.88 in air at room temperature and =288°C are shown in Fig. 41. For each
grade of steel, the data represent several heats of material. The results indicate a factor of
=1.5 decrease in fatigue life of both CSs and LASs with increasing temperature.

4.1.3  Orientation

Some steels show very poor fatigue properties in the transverse orientation, e.g., the
fatigue life as well as the fatigue limit may be lower in the transverse orientation than in the
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rolling orientation.13.14  The fatigue lives of A302-Gr B steel in three orientations” in air at
288°C are shown in Fig. 42. The results indicate that fatigue lives for the R and T1
orientations are approximately the same, but for T2 orientation both fatigue life and fatigue
limit are lower than those in the other orientations. At slow strain rates, fatigue life in the T2
orientation is nearly one order of magnitude lower than in the R orientation. Metallographic
examination indicates that structural factors, such as distribution and morphology of sulfides,
are responsible for the poor fatigue resistance in transverse orientations, in which a fatigue
crack propagates preferentially along the sulfide stringers.

4.1.4  Strain Rate

The existing fatigue S-N data indicate that in the temperature range of dynamic strain
aging (200-370°C), some heats of CS and LAS are sensitive to strain rate even in an inert
environment; with decreasing strain rate, the fatigue life may be either unaffected,11-14
decrease for some heats,%1 or increase for others.92 At 288°C, a decrease in strain rate by 2

*Both transverse and radial directions are perpendicular to the rolling direction but the fracture plane is across
the thickness of the plate in transverse orientation and parallel to the plate surface in radial orientation.
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orders of magnitude has little or no effect on fatigue lives of the ANL heats of A106-Gr B and
A533-Gr B steel (Fig. 40), whereas fatigue lives of A302-Gr B steel in radial orientation
(Fig. 42) decreased by a factor of =5. A decrease in life with decreasing strain rate is observed
for the A333-Gr 6 CS, see Table A2 of the Appendix. Inhomogeneous plastic deformation can
result in localized plastic strains, this localization retards blunting of propagating cracks that
is usually expected when plastic deformation occurs and can result in higher crack growth
rates.90 The increases in fatigue life have been attributed to retardation of crack growth rates
due to crack branching and suppression of plastic zone. Formation of cracks is easy in the
presence of dynamic strain aging.92

4.1.5 Cyclic Stress—versus—Strain Behavior

The cyclic stress-strain response of carbon and low-alloy steels varies with steel type,
temperature, and strain rate. In general, these steels show initial cyclic hardening, followed by
cyclic softening or a saturation stage at all strain rates. The CSs, with a pearlite and ferrite
structure and low yield stress, exhibit significant initial hardening. The LASs, which consist of
tempered ferrite and a bainitic structure, have a relatively high yield stress, and show little or
no initial hardening, may exhibit cyclic softening during testing. For both steels, maximum
stress increases as applied strain increases and generally decreases as temperature increases.
However, at 200-370°C, these steels exhibit dynamic strain aging, which results in enhanced
cyclic hardening, a secondary hardening stage, and negative strain rate sensitivity.91.92 The
temperature range and extent of dynamic strain aging vary with composition and structure.
Under conditions of dynamic strain aging, cyclic stress increases with decreases in strain rate.

The effect of strain rate and temperature on the cyclic stress response of A106-Gr B,
A333-Gr 6, A533-Gr B, and A302-Gr B steels is shown in Fig. 43. For both carbon and
low-alloy steels, cyclic stresses are higher at 288°C than at room temperature. At 288°C, all
steels exhibit greater cyclic and secondary hardening because of dynamic strain aging. The
extent of hardening increases as applied strain rate decreases.

During cyclic loading, the stress response is essentially controlled by microstructural
changes that occur in the material during the test. In the temperature regime of dynamic
strain aging, the microstructural changes are significantly altered because of the interactions
between mobile dislocations and interstitial carbon or nitrogen atoms. Such interactions are
strongly dependent on temperature and strain rate. The microstructures that developed in
A106-Gr B carbon steel specimens tested at 288°C, =0.75% strain range, and three different
strain rates are shown in Figs. 44-47.* The results indicate that the dislocation structure
varies significantly with strain rate; the lower the strain rate the more mature the dislocation
structure. At 0.4 %/s strain rate, there is no well-established dislocation structure, although
immature dislocation walls can be observed (Figs. 44 and 45). A mature microstructure
consisting of dislocation cells, walls, and/or veins with high dislocation density is observed in
both the ferrite and pearlite grains at 0.04 and 0.004 %/s strain rates (Figs. 46 and 47). The
dislocation walls may cross individual cementite plates or particles within a pearlite grain to
keep a consistent crystallographic structure.

* Work performed by Ms. Gordana Avramovic-Cingara and Prof. Zhirui Wang, Department of Metallurgy and
Materials Science, University of Toronto, November 1994.
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Figure 43. Effect of strain rate and temperature on cyclic stress of carbon and low-alloy steels
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Figure 44. Typical microstructure in A106-Gr B specimen tested at 0.4 %/s
strain rate showing immature dislocation walls in three pearlite
grains consisting of Fe3C plates in the ferrite matrix
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Figure 45. Ferrite grain between two pearlite grains in A106-Gr B specimen
tested at 0.4 %/s strain rate

Figure 46. Typical microstructure in A106-Gr B specimen tested at 0.04 %/s
strain rate showing a cell structure in ferrite (C) and two pearlite
grains (A and B)
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Figure 47. Formation of dislocation walls in two pearlite grains (A and B) in
A106-Gr B specimen tested at 0.004 %/s strain rate
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Figure 48. Cyclic stress-strain curve for carbon and low-alloy steels at 288°C in air

The cyclic-stress—-vs.—strain curves for carbon and low-alloy steels at 288°C are shown in
Fig. 48; cyclic stress corresponds to the value at half life. The stress-strain curve for carbon

steels can be represented with the equation

AG (Aa)”“
Agg = ——+| — ,
1965 C

where the constant C is expressed as
C =1080-50.9Lo0g(¢);

and for low-alloy steels, with the equation

41

(4.1a)

(4.1b)
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9.09
A, = AC +(M) , (4.2a)
1965 D
where the constant D is expressed as
D =962 -30.3Log(¢), (4.2b)

where Ac is the cyclic stress range (MPa), and ¢ is applied total strain rate (%/s). The cyclic
stress response is lower at room temperature than at 288°C.

4.2 LWR Environments

The fatigue data in LWR environments indicate a significant decrease in fatigue life of CSs
and LASs when five conditions are satisfied simultaneously, viz., applied strain range, service
temperature, DO in the water, and sulfur content of the steel are above a minimum threshold
level, and the loading strain rate is below a threshold value. Although the microstructures
and cyclic-hardening behavior of CSs and LASs are significantly different, environmental
degradation of fatigue life of these steels is identical. Also, studies on fatigue crack growth
behavior of CSs and LASs indicate that flow rate is an important parameter for environmental
effects on crack growth rate in water.39,58,59,64 However, experimental data to establish either
the dependence of fatigue life on flow rate or the threshold flow rate for environmental effects
to occur are not available. For both steels, environmental effects on fatigue life are minimal if
any one of these conditions is not satisfied. The effects of these parameters on fatigue life are
discussed below in greater detail to define the threshold values.

4.21  Strain Amplitude

A minimum threshold strain is required for environmentally assisted decrease in fatigue
life. This behavior is consistent with the slip-dissolution model for crack propagation;”4.76 the
applied strain must exceed a threshold value to rupture the passive surface film in order for
environmental effects to occur. This threshold value most likely depends both on material
parameters such as amount and distribution of sulfides, and on parameters such as
temperature, strain rate, and DO level in water. The fatigue lives of A533-Gr B and
A106-Gr B steels in high-DO water at 288°C and various strain rates13.14 are shown in
Fig. 49. For these heats of carbon and low-alloy steels, the threshold strain amplitude
appears to be at =0.18%, i.e., a value =20% higher than the fatigue limit of these specific heats
of steel.

4.2.2 Strain Rate

The effects of strain rate on fatigue life of CSs and LASs in LWR environments depend on
whether or not all threshold conditions are satisfied. When any one of the threshold
conditions is not satisfied, e.g., low—-DO PWR environment, the effects of strain rate are similar
to those in air; heats of steel that are sensitive to strain rate in air also show a decrease in
fatigue life in water with decreasing strain rate (discussed further in Section 4.2.7). Effects of
strain rate are much greater when all threshold conditions are satisfied. The existing data
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indicate that a slow strain rate applied during the tensile-loading cycle is primarily responsible
for environmentally assisted reduction in fatigue life. A slow strain rate applied during both
tensile- and compressive-load cycles does not cause further decrease in fatigue life, e.g., solid
diamonds and square in Fig. 49 for A106-Gr B steel. These results are consistent with a slip
oxidation/dissolution mechanism?4-76 discussed in Section 3.2. During tensile load cycle, the
protective oxide film is ruptured at strains greater than the fracture strain of surface oxides,
and growth rates are enhanced because of anodic dissolution of the freshly exposed surface.
The effect of environment increases with decreasing strain rate. The mechanism assumes that
environmental effects do not occur during the compressive load cycle, because during that
period water does not have access to the crack tip.

1 F— | . . T rr—r—r Ty 1
| ABTI-GP B Law-Alloy Stasal Sirain Rate %ais | | A10E=Gr B Carbon Steal Stram Aete %us |
2BE"0 Q 040D 4 2E8°C Q D484
ey L ® 00404 7 r &  [O00404 A
@ P Basi-Fil Cuirve ) E;,‘_ D{.:Id- E&EI—EII Gl ""; T 045004
= a A s o 484is Strain Aal
Siol s, OYeaGEEn Rata & 0O0D4M4 | L5 i on 4 DO0OMD4
p e e L | 00040 004 3
= *3 BastFii Curve Alr E o Biest-Fit Curva Alr ]
= L ] H + : ﬂ},:i'-..‘ -
b v '-..d. 3 - & w iy ..Lﬁ T
g T ] Ty o
c | R
[ | | L To
o Best-Fi Curve e Best-Fit Curva
w 0.004%'s Strein Rate = TR 0.004%:k% Strain Rate
oA F Dpan Symbobs, Air 3 I Cpan Bymbols. Air E
- . - " r [ Llosad Symbcis: HIigh—O0) Watsr 3
o L!DEEUI?I{F'ID?IEI l-":-!:-IL'U I':‘IE'E.r | bl LR Lni ||||r|| L ||E sl L -Th‘ TR i i dusin
16¥ 107 0t 405 10 qp7 ¢ 107 a0t et q0% q07

Faligua Life, Mo Faligue Lifa, Nyg

Figure 49. Strain amplitude vs. fatigue life data for A533-Gr B and A106-Gr B steels in
high-dissolved-oxygen water at 288°C

However, limited data indicate that a slow strain rate during the compressive load cycle
also decreases fatigue life, although the decrease in life is small. For example, the fatigue life
of A533-Gr B steel at 288°C, 0.7 ppm DO, and =0.5% strain range decreased by factors of 5, 8,
and 35 for the fast/fast, fast/slow, and slow/fast tests, respectively, i.e., solid circles,
diamonds, and inverted triangles in Fig. 49. Similar results have been observed for A333-Gr 6
carbon steel;8 relative to the fast/fast test, fatigue life for slow/fast and fast/slow tests at
288°C, 8 ppm DO, and 1.2% strain range decreased by factors of 7.4 and 3.4, respectively.
For fast/slow tests, reduction in life is most likely caused by enhanced growth rates due to
anodic dissolution of freshly exposed surface during the period starting from film rupture
during the fast tensile load cycle, to repassivation of the surface during the slow compressive
load cycle. The major contribution of environment occurs during slow compressive loading
near peak tensile load.

The S-N data indicate that strain rates above 1 %/s have little or no effect on fatigue life
of CSs and LASs in LWR environments. For strain rates <1 %/s, fatigue life decreases rapidly
with decreasing strain rate. The fatigue lives of several heats of CSs and LASs5-14 are plotted
as a function of strain rate in Fig. 50. The results indicate that when the five threshold
conditions are satisfied, fatigue life decreases with decreasing strain rate and increasing levels
of DO in water. Only a moderate decrease in fatigue life is observed in low-DO water, e.g., at
DO levels of <0.05 ppm. For two heats of steel, e.g., A106-Gr B CS and A533-Gr B LAS, the
effect of strain rate on fatigue life appears to saturate at =0.001%/s strain rate. This is

43 NUREG/CR-6583



104 N ELLELL RN LR R L R AL L BN L L B B L

E Carbon Stesl N i £
o I ‘“’----l------g-----l-. Sirain Ampiude: DE% ..o .. M b i B
" . Sullr 0015 w3
e I FWA Water—h - - e e 1 — e e
o
& 103}
: Bo )]
i 5 et A N,
- |
o = = g o7
3 102 |- ] ] 1 ¥ 80 __ o
% E amper ! AllE=0r B E [m]
1 L Strain Ampiude =038% & 001 ] o
= Sullur: AXI-Gr § = 0012 W% o 070 e a0
A10E-Gr B = 0015 Wi % gy X ar
1']' i I I i |||||| - ||||||I i |I|||| It |I|'|||| Ll
1078 104 103 102 101 100 103 10-4 103 10-E 101 108
Strain Rate (%) Strain Hate [a/s)
-I:Id: T IIIIIIII ¥ -rllrlll L] II"'II'I ] IIIIIIII 1] IIIIII._I. E | I IIIIIII T IIIII!I L] lIIIIIII T IIIIIIII L] I'IIII._I.
F Carthen Shasl 3 E Low—Alloy  Sheal 3
[ 288-C = Alr 7 [ ppReC
- " Strain Amplmsde: 0 5% e L R ——i:-' " Sfrain Ampltude. 06%
5 righenedls e ORI BT = i ;
H Subfr 0.015 wi % .- | AT _:}II:II Wl % PWH Wisker
S 103 = = e - b
[} E 3 3 =
= e muppm' m b 4
i F A3EA-Gra 4 ]
- | o 0.1 i & 0 [ppmy
o o o010 ARDS-C| 2
2 108 a  p2o 3 E ]_ a O oobd 3
= L & BoO E ==
[} o 3 ey
I - x Bdr ] _ﬂ- ASEA-Gr B
T BiDe-Gr B b ¥ 02
[ v BoO i e 44
101 tobwvemel 3 o swwpmnl s sosemsl 5 ogswssml 4 s aenm tia L | T MR ETT T B s
Tk Tk 103 1o2 TR T 14 jo-E 102 11 100
Strain Rate [945) Strain Rate (%)

Figure 50. Dependence of fatigue life of carbon and low-alloy steels on strain rate

consistent with the predictions of a crack growth model.26 However, a heat of A333-Gr 6
carbon steel did not show saturation at this strain rate at 250°C and 8 ppm DO. Saturation
strain rates are likely to depend both on material and environmental variables.

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.8:11-14 The results of such tests provide guidance for developing
procedures and rules for fatigue evaluation of components under complex loading histories.

Results for A106-Gr B steel tested in air and low- and high-DO environments at 288°C
and =0.75% strain range are summarized in Fig. 51. The waveforms consist of segments of
loading and unloading at fast and slow strain rates. The variation in fatigue life of A106-Gr B
and A333-Gr 6 carbon steels and A533-Gr B low-alloy steel8:13,14 js plotted as a function of
the fraction of loading strain at slow strain rate in Fig. 52. Open symbols indicate tests where
the slow portions occurred near the maximum tensile strain. Closed symbols indicate tests
where the slow portions occurred near the maximum compressive strain. In Fig. 52, if the
relative damage were independent of strain amplitude, fatigue life should decrease linearly
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Figure 51. Fatigue life of A106-Gr B carbon steel at 288°C and 0.75% strain range
in air and water environments under different loading waveforms
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Figure 52. Fatigue life of carbon and low-alloy steels tested with loading waveforms where
slow strain rate is applied during a fraction of tensile loading cycle

from A to C along the chain-dot line. Instead, the results indicate that the relative damage
due to slow strain rate is independent of strain amplitude once the amplitude exceeds a
threshold value to rupture the passive surface film. The threshold strain range is 0.36 % for
A106-Gr B steel; a value of 0.25% was assumed for A333-Gr 6 steel.

Loading histories with slow strain rate applied near maximum compressive strain (i.e.,
waveforms D, F, H, or K) produce no damage (line AD) until the fraction of the strain is
sufficiently large that slow strain rates are occurring for strain amplitudes greater than the
threshold. In contrast, loading histories with slow strain rate applied near the maximum
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tensile strain (i.e., waveforms C, E, G, or J) show continuous decreases in life (line AB) and
then saturation when a portion of the slow strain rate occurs at amplitudes below the
threshold value (line BC). For A106-Gr B steel, the decrease in fatigue life follows line ABC
when a slow rate occurs near the maximum tensile strain and line ADC when it occurs near
maximum compressive strain. The results for A106-Gr B and A533-Gr B carbon steels follow
this trend.

The A333-Gr 6 steel exhibits a somewhat different trend. A slow strain rate near peak
compressive strain appears to cause a significant reduction in fatigue life, while as discussed
previously, slow strain rate had a significant effect on fatigue life of A106-Gr B steel only when
it occurred at strains greater than the threshold strain. For this heat of A333-Gr 6 CS, a
threshold strain for environmental effects has not been observed for tests in high-DO water at
288°C and 0.6% strain amplitude, i.e., fatigue damage was independent of strain amplitude.8
The apparent disagreement may be attributed to the effect of strain rate on fatigue life. This
heat exhibits a strain rate effect in air, e.g., fatigue life in air decreased =20% when the strain
rate decreases from 0.4 to 0.004 %/s (Table A4 of Appendix A). The cyclic hardening behavior
of the steel is also quite different than that of the A106-Gr B steel, Fig. 41. The A333-Gr 6
steel has a very low yield stress and shows significant cyclic hardening during the entire test.
The A106-Gr B steel has a higher yield stress and exhibits cyclic hardening only during the
initial 100 cycles. In Fig. 52, the decrease in fatigue life from A to A’ is most likely caused by a
strain rate effect that is independent of the environment. If the hypothesis that each portion of
the loading cycle above the threshold strain is equally damaging is valid, the decrease in
fatigue life due to environmental effects should follow line A'BC when a slow rate is applied
near peak tensile strain, and line A'DC when it is applied near peak compressive strain. This
behavior is consistent with the slip—oxidation/dissolution mechanism.74.76
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Figure 53. Change in fatigue life of A333-Gr 6 carbon steel with temperature and DO

42.3 Temperature

The change in fatigue life of two heats of A333-Gr 6 carbon steel6.7,10 with test
temperature at different levels of DO is shown in Fig. 53. Other parameters, e.g., strain
amplitude and strain rate, were kept constant; the applied strain amplitude was above and
strain rate was below the critical threshold value. In air, the two heats have a fatigue life of
=3300 cycles. The results indicate a threshold temperature of 150°C, above which
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environment decreases fatigue life if DO in water is also above the critical level. In the
temperature range of 150-320°C, fatigue life decreases linearly with temperature; the decrease
in life is greater at high temperatures and DO levels. Only a moderate decrease in fatigue life
is observed in water at temperatures below the threshold value of 150°C or at DO levels <0.05
ppm. Under these conditions, fatigue life in water is 30-50% lower than in air; Fig. 53 shows
an average life of =2100 cycles for the heat with 0.015 wt.% sulfur and =1200 cycles for the
0.012 wt.% sulfur steel. For the latter, the larger decrease in fatigue life in low-DO water
relative to room temperature air, is most likely due to strain rate effects. As discussed in the
preceding section, the A333-Gr 6 steel with 0.012 wt.% sulfur is sensitive to strain rate even
in air; life decreases with a decrease in strain rate.13.24 The strain rate effects are similar in
air and in water when any one of the threshold conditions is not satisfied.

Fatigue S-N data on high-sulfur LASs are inadequate to determine the temperature
dependence of fatigue life in water. Establishing the threshold conditions and the functional
forms for the dependence of fatigue life on various loading and environmental conditions
requires complete data sets where one parameter is varied while others are kept constant.
Although the existing fatigue S-N data for LASs cover an adequate range of material, loading,
and environmental parameters, they provide incomplete data sets for temperature. An
artificial neural network (ANN) has been used to find patterns and identify the threshold in
fatigue S-N data for CSs and LASs in LWR environments.93 The main benefits of the ANN
approach are that estimates of life are based purely on the data and not on preconceptions,
and that the network can interpolate effects where data are not present by learning trends.
The factors which effect fatigue life can have synergistic effects on one another. A neural
network can detect and utilize these effects in its predictions.

A neural network, consisting of two hidden layers with the first containing ten nodes and
the second containing six nodes, was trained six times; each training was based on the same
data set, but the order in which the data were presented to the ANN for training was varied
and the initial ANN weights were randomized to guard against overtraining and to ensure that
the network did not arrive at a solution that was a local minimum. The effect of temperature
on the fatigue life of CSs and LASs estimated from ANN is shown in Fig. 54. The solid line
represents estimates based on the statistical model27:28 and open circles represent the
experimental data. The results indicate that at high strain rate (0.4%/s), fatigue life is
relatively insensitive to change in temperature. At low strain rate (0.004%/s), fatigue life
decreases with increase in temperature beyond a threshold value of =150°C. The precision of
the data indicates that this trend is present in the data used to train the ANN.

As discussed in the previous section, actual loading histories encountered during service
of nuclear power plants involve variable loading and environmental conditions, whereas the
existing fatigue S-N data have been obtained under loading histories with constant strain rate,
temperature, and strain amplitude. Fatigue tests have been conducted in Japan on tube
specimens (1 or 3 mm wall thickness) of A333-Gr 6 carbon steel in oxygenated water under
combined mechanical and thermal cycling.® Triangular waveforms were used for both strain
and temperature cycling. Two sequences were selected for temperature cycling (Fig. 55): an
in—phase sequence in which temperature cycling was synchronized with mechanical strain
cycling, and another sequence in which temperature and strain were out of phase, i.e.,
maximum temperature occurred at minimum strain level and vice-versa. Three temperature
ranges, 50-290°C, 50-200°C, and 200-290°C, were selected for the tests. The results are
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Figure 55. Waveforms for change in temperature during exploratory fatigue tests

shown in Fig. 56. An average temperature is used for the thermal cycling tests. Because
environmental effects on fatigue life are moderate and independent of temperature below
150°C, the temperature for tests cycled in the range of 50-290°C or 50-200°C was determined
from the average of 150°C and the maximum temperature.

The results of constant temperature tests are consistent with the results in Fig. 53 and
confirm that environmental effects on fatigue life are minimal at temperatures below 150°C.
The results also indicate that the fatigue life for in—-phase temperature cycling is comparable to
that for out-of-phase cycling. At first glance, these results are somewhat surprising. If we
consider that the tensile-load cycle is primarily responsible for environmentally assisted

49 NUREG/CR-6583



1 UI.I Fr T I L | rrrr I mrErT I L I T rrprrrrg T o I LI I T T T I LB | TTTT I T T 11 | T L
[ AZI3-Gr 8 Carbon Stesl |'-l|1=|__=l~:‘lj'=_l=='ﬂ=f Dlrj"lm wul| 3 [ 4333-Gr & Carbon Steal Tamperature
- ey = .l = UL T = 1
= DD = ¥ |- Tube spadman, 1-mm wall o Constani
= 8= 0012 W1%; D0 = 1 ppm [ oy = OBy o 0.002 %k R s
o i | 8 =0002 W% DO =1 ppe &  Cut of phasael
2 | 2
2oa I ol | - | i
= 107 - Lo T L | | [ E F |‘:ﬁ o
._'E - e e T - s
=) 9 ]
% F ¥ = 1 [ { ]
=2 | 1 { (
= Temperature I=% 4 - f = = ] |
i o Conetant I—i—-q|
i02L &  In phasa ! | ] 1 - = T T 1 T - 1 5
E & Chil of phase - F I o i
i . I. a1 J T | I Lk 1 J bl 4 & I ad i | L i = At il I At I e I bt ! bt I -
o EO 100 1EO  E00 20 300 350 0 ¢ 10¢ 150 200 250 300 350

Temperature (*C) Temperature (°C)

Figure 56. Fatigue life of A333-Gr 6 carbon steel tube specimens under varying temperature,
indicated by horizontal bars

reduction in fatigue life and that the applied strain and temperature must be above a
minimum threshold value for environmental effects to occur, then life for the out-of-phase
tests should be longer than for the in—phase tests, because applied strains above the threshold
strain occur at temperatures above 150°C for in-phase tests, whereas they occur at
temperatures below 150°C for the out-of-phase tests. If environmental effects on fatigue life
are considered to be minimal below the threshold values of 150°C for temperatures and
<0.25 % for strain range, the average temperatures for the out-of-phase tests at 50-290°C,
50-200°C, and 200-290°C temperature ranges should be 195, 160, and 236°C, respectively,
instead of 220, 175, and 245°C, as plotted in Fig. 56. The fatigue lives of out-of-phase tests
should be at least 50% higher than those of the in—-phase tests.

The nearly identical fatigue lives for the two sequences suggest that environmental effects
can occur at strain levels below the threshold strain. These results are difficult to reconcile in
terms of the slip oxidation/dissolution mechanism; the surface oxide film must be ruptured
for environmental effects to occur. However, the results may be explained by considering the
effect of compressive-load cycle on fatigue life. As was discussed in the previous section, the
fatigue data suggest that a slow strain rate during the compressive-load cycle could also
decrease fatigue life. The thermal cycling test results shown in Fig. 56 were obtained with a
triangular waveform. For out-of-phase tests, although maximum temperatures occur at strain
levels that are below the threshold value for the tensile-loading cycle, they occur at maximum
strain levels for the compressive-loading cycle. The contribution of compressive loading cycle
on fatigue life may result in nearly the same fatigue life for in—-phase and out-of-phase tests.
For in—phase tests, maximum temperatures occur at strain levels that are below the threshold
value for the compressive-loading cycle; the contribution of the compressive cycle on fatigue
life would be negligible.

4.2.4 Dissolved Oxygen
The dependence of fatigue life of carbon steel on DO content in water6:10 is shown in

Fig. 57. The test temperature, applied strain amplitude, and sulfur content in steel were
above, and strain rate was below, the critical threshold values. The results indicate a
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Figure 57. Dependence on DO of fatigue life of carbon steel

minimum DO level of 0.05 ppm, above which environment decreases the fatigue life of the
steel. The effect of DO content on fatigue life saturates at 0.5 ppm, i.e., increases in DO levels
above 0.5 ppm do not cause further decreases in life. In Fig. 57, for DO levels between 0.05
and 0.5 ppm, fatigue life appears to decrease logarithmically with DO. Estimates of fatigue life
from a trained ANN also show a similar effect of DO on the fatigue life of CSs and LASs.93

4.2.5  Sulfur Content in Steel

It is well known that sulfur content and morphology are the most important
material-related parameters that determine susceptibility of LASs to environmentally
enhanced fatigue crack growth rates.64.65,69-71 A critical concentration of S2- or HS- ions is
required at the crack tip for environmental effects to occur. Corrosion fatigue crack growth
rates are controlled by the synergistic effect of sulfur content, environmental conditions, and
flow rate. Both the corrosion fatigue growth rates and threshold stress intensity factor AKin
are a function of the sulfur content in the range 0.003-0.019 wt.%.70 The probability of
environmental enhancement of fatigue crack growth rates in precracked specimens of LASs
appears to diminish markedly for sulfur contents <0.005wt.%. The fatigue S-N data for LASs
also indicate a dependence of fatigue life on sulfur content. When all the threshold conditions
are satisfied, environmental effects on the fatigue life increase with increased sulfur content
(Fig. 58). The fatigue lives of A508-CI 3 steel with 0.003 wt.% sulfur and A533-Gr B steel with
0.010 wt.% sulfur are plotted as a function of strain rate in Fig. 59. However, the available
data sets are too sparse to establish a functional form for dependence of fatigue life on sulfur
content and to define either a lower threshold for sulfur content below which environmental
effects are unimportant or an upper limit above which the effect of sulfur on fatigue life may
saturate. A linear dependence of fatigue life on sulfur content has been assumed in
correlations for estimating fatigue life of CSs and LASs in LWR environments.27,28 Limited
data suggest that environmental effects on fatigue life may saturate at sulfur contents above
0.012 wt.%, e.g., in Fig. 58, A302-Gr B steel with 0.027 wt.% sulfur and A533-Gr B steel with
0.012 wt.% sulfur yield identical fatigue lives in water at 288°C and =0.7 ppm DO.24
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Figure 58. Effect of sulfur content on fatigue life of low-alloy steels in high-dissolved-oxygen
water at 288°C
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In contrast to LASs, the existing fatigue S-N data for CSs indicate significant reductions
in fatigue life* of some heats of steel with sulfur levels as low as 0.002 wt.%. The fatigue lives
of A333-Gr 6 CSs with sulfur contents in the range of 0.002-0.015 wt.% in high-DO water at
288°C are plotted in Fig. 60; the lives of these steels at 0.6% strain amplitude are plotted as a
function of strain rate in Fig. 61. Environmental effects on the fatigue life of these steels seem
to be independent of sulfur content in the range of 0.002-0.015 wt.%.

M. Higuchi, presented at the Pressure Vessel Research Council Meeting, June 1995, Milwaukee.
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Figure 62. Fatigue life of A106-Gr B steel in air and water environments at 288°C, 0.75% strain
range, and hold period at peak tensile strain. Hysteresis loops are for tests in air.

4.2.6 Tensile Hold Period

Fatigue data indicate that a hold period at peak tensile strain decreases fatigue life in
high-DO water but not in air. Loading waveforms, hysteresis loops, and fatigue lives for the
tests are shown in Fig. 62. A 300-s hold period is sufficient to reduce fatigue life; a longer
hold period results in life only slightly decreased from that with a 300-s-hold period. Two
300-s-hold tests at 288°C and =0.8% strain range in oxygenated water with 0.7 ppm DO gave
fatigue lives of 1,007 and 1,092 cycles. Fatigue life in a 1800-s-hold test was 840 cycles.
These tests were conducted in stroke-control mode and are somewhat different than the
conventional hold-time test in strain—control mode. In the strain—control test, the total strain
in the sample is held constant during the hold period. However, a portion of the elastic strain
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is converted to plastic strain because of stress relaxation. In a stroke-control test, there is an
additional plastic strain in the sample due to relaxation of elastic strain from the load train
(Fig. 62). Consequently, these are not true constant-strain-hold periods and significant strain
changes occur during the hold period; the measured plastic strains during the hold period
were =0.028% from relaxation of the gauge and 0.05-0.06% from relaxation of the load train.
These conditions resulted in strain rates of 0.005-0.02%/s during the hold period. The
reduction in life may be attributed to the slow strain rates during the hold period.
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Figure 63. Strain amplitude vs. fatigue life data for A106-Gr B and A533-Gr B steels in
simulated PWR water at 288°C

4.2.7 Low Dissolved Oxygen

With a few exceptions, only a moderate decrease in fatigue life of carbon and low-alloy
steels has been observed in water when any one of the threshold conditions is not satisfied,
e.g., low-DO PWR environments.”,10-14,89,90 The fatigue life of CSs and LASs in simulated
PWR water is shown in Fig. 56. For both steels, fatigue lives in a PWR environment are lower
than those in air by a factor of less than 2. The exception to this behavior are the high-S
steels, which exhibit enhanced crack growth rates in PWR water.34 Limited data indicate that
heats of high-S steels that have unfavorable sulfide distribution and morphology, fatigue life
may decrease by more than a factor of 2 in low—-DO PWR water (see next section).

In low-DO water, the effects of strain rate are similar to those in air; heats of CS and LAS
that are sensitive to strain rate in air, also show a decrease in fatigue life in PWR water with
decreasing strain rate. In air, the fatigue life of some heats decreased by a factor of =4 when
strain rate decreased from 0.4 to 0.004%/s, e.g. the A302-Gr B steel tested in the radial
orientation (Fig. 42), whereas for other heats, a decrease in the strain rate by three orders of
magnitude did not cause any additional decrease in fatigue life, e.g., ANL heats of A106-Gr B
and A533-Gr B steel in Fig. 40. However, certain orientations of high-S steels that have an
unfavorable sulfide distribution and morphology may exhibit strain rate effects larger than
those in air because of the contribution of the environment.
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4.2.8 Orientation

In air, some steels exhibit very poor fatigue properties in the transverse orientation
because of structural factors such as the distribution and morphology of sulfides. In air, the
effect of strain rate on fatigue life can also be larger for these orientations than for other
orientations. Limited data indicate that orientation may also influence growth rates of CSs
and LASs in LWR environments. As discussed in Section 3.2, a critical concentration of S2- or
HS- ions, which are produced by the dissolution of sulfide inclusions in the steel, is required
at the crack tip for environmental effects to occur. Therefore, the distribution, morphology,
and size of sulfide inclusions and the probability of advancing crack to intercept these
inclusions are important parameters that influence growth rates of CSs and LASs in LWR
environments.

The fatigue lives of A302-Gr B steel in the rolling (R), transverse (T1), and radial (T2)
orientations in air and low- and high-DO water at 288°C are shown in Fig. 64. The relative
life (ratio of life in water and air) is plotted as a function of strain rate in Fig. 65. The size and
distribution of sulfide inclusions for the three orientations are significantly different, Fig. 4.
The results indicate that in high—-DO water (0.6-0.8 ppm DO), the fatigue life of A302-Gr B
steel is insensitive to the differences in sulfide distribution and size; life for both the R and T1
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Figure 65. Relative fatigue lives of different orientations of A302-Gr B low-alloy steel in
high-dissolved-oxygen water and simulated PWR environments

orientations is a factor of =14 lower than in air. However, in PWR water, larger sulfide
inclusions may result in a larger decrease in life, e.g., life in T1 orientation shown as diamonds
in Fig. 65.

Metallographic examination of the specimens indicates that structural factors are
responsible for poor fatigue resistance of the radial orientation. The fracture surface and
longitudinal section of A302-Gr B steel in the T2 orientation tested in PWR water at 288°C,
=~0.75% strain range, and slow/fast waveform are shown in Fig. 66. The longitudinal section
of the specimen shows an abundance of cracks that connect the sulfide stringers. These
cracks are present throughout the specimen away from the fracture surface. A fatigue crack
propagates preferentially along these sulfide stringers; the fracture surface contains several
fractured sulfide stringers. These results suggest that environmental effects on fatigue life are
not necessarily cumulative; the reduction in life due to environment alone may be small for
those steels that have inherently low fatigue life in air because of microstructural or other
factors.

429 Temperatures below 150°C

As discussed in Section 4.2.7, only a moderate decrease in fatigue life of carbon and
low-alloy steels is observed in water when any one of the threshold conditions is not satisfied,
e.g., temperatures below 150°C or low-DO PWR environments.7,10-14,89,90 The fatigue lives of
CSs and LASs in water at <150°C are shown in Fig. 67. The results show only a moderate
decrease in fatigue life in water at temperatures below the threshold value of 150°C. At these
temperatures, life in water is 30-50% lower than in room-temperature air. The fatigue life of
A333-Gr 6 carbon steel in water at 100 and 150°C, 0.6% strain amplitude, and 0.004%/s
strain rate is plotted as a function of DO in Fig. 68. At these temperatures, the fatigue life of
the steel does not change even when the DO level is increased from 0.005 to 1 ppm.
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Figure 66. SEM photomicrograph of fracture surface (A) and longitudinal section (B) of A302-Gr B
steel specimen in T2 orientation tested in PWR water at 288°C, =0.75% strain range,
and slow/fast waveform
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Figure 67. Experimental and predicted fatigue lives of A106-Gr B and A533-Gr B steels in
water at temperatures below 150°C
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5 Statistical Model

5.1 Modeling Choices

In attempting to develop a statistical model from incomplete data and where physical
processes are only partially understood, care must be taken to avoid overfitting the data.
Different functional forms of the predictive equations (e.g., different procedures for
transforming the measured variables into data used for fitting equations) were tried for several
aspects of the model. Fatigue S-N data are generally expressed by Eq. 1.1, which may be
rearranged to express fatigue life N in terms of strain amplitude g5 as

IN(N) = [INB - In(ea - A))/b. (5.1)

Additional terms may be added to the model that would improve agreement with the
current data set. However, such changes may not hold true in other data sets, and the model
would typically be less robust, i.e., it would not predict new data well. In general, complexity
in a statistical model is undesirable unless it is consistent with accepted physical processes.
Although there are statistical tools that can help manage the tradeoff between robustness and
detail in the model, engineering judgment is required. Model features that would be counter to
known effects are excluded. Features that are consistent with previous studies use such
results as guidance, e.g., defining the threshold or saturation values for an effect, but where
there are differences from previous findings, the reasons for the differences are evaluated and
an appropriate set of assumptions is incorporated into the model.

5.2 Least-Squares Modeling within a Fixed Structure

The parameters of the model are commonly established through least-squares
curve-fitting of the data to either Eq. 1.1 or 5.1. An optimization program sets the parameters
so as to minimize the sum of the square of the residual errors, which are the differences
between the predicted and actual values of €5 or In(N). A predictive model based on
least-squares fit on In(N) is biased for low g5; in particular, runoff data cannot be included.
The model also leads to probability curves that converge to a single value of threshold strain.
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However, the model fails to address the fact that at low €5, most of the error in life is due to
uncertainty associated with either measurement of stress or strain or variation in threshold
strain caused by material variability. On the other hand, a least-squares fit on g5 does not
work well for higher strain amplitudes. The two kinds of models are merely transformations of
each other, although the precise values of the coefficients differ.
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The statistical models27.28 were developed by combining the two approaches and
minimizing the sum of squared Cartesian distances from the data points to the predicted curve
(Fig. 69). For low g5, this is very close to optimizing the sum of squared errors in predicted g5;
at high g5, it is very close to optimizing the sum of squared errors in predicted life; and at
medium g5, this model combines both factors. However, because the model includes many
nonlinear transformations of variables and because different variables affect different parts of
the data, the actual functional form and transformations are partly responsible for minimizing
the squares of the errors. The functional forms and transformation are chosen a priori, and no
direct computational means exist for establishing them.

To perform the optimization, it was necessary to normalize the x and y axes by assigning
relative weights to be used in combining the error in life and strain amplitude because x and y
axes are not in comparable units. In this analysis, errors in strain amplitude (%) are weighted
20 times as heavily as errors in In(N). A value of 20 was selected for two related reasons.
First, this factor leads to approximately equal weighting of low- and high-strain—amplitude
data in the least-squared error computation of model coefficients. Second, when applied to
the model to generate probability curves, it yielded a standard deviation on strain amplitude
comparable to that obtained from the best-fit of the high cycle fatigue data to Eg. 1.1.
Because there is necessarily judgment applied in the selection of this value, a sensitivity
analysis was performed, and it showed that the coefficients of the model do not change much
for weight factors between 10 and 25. Distance from the curve was estimated as

2 }1/2, (5.2)

D = {(x-%)* +[k(y-9)]

where X and ¥ represent predicted values, and k = 20.
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5.3 The Model

Based on the existing fatigue S-N data base, statistical models have been developed for
estimating the effects of material and loading conditions on the fatigue lives of CSs and
LASs.27.28 The dependence of fatigue life on DO level has been modified because it was
determined that in the range of 0.05-0.5 ppm, the effect of DO was more logarithmic than
linear.45.93 In this report, the models have been further optimized with a larger fatigue S-N
data base. Because of the conflicting possibilities that with decreasing strain rate, fatigue life
may either be unaffected, decrease for some heats, or increase for others, effects of strain rate
in air were not explicitly considered in the model. The effects of orientation, i.e., size and
distribution of sulfide inclusions, on fatigue life were also excluded because the existing data
base does not include information on sulfide distribution and morphology. In air, the fatigue
data for CSs are best represented by

IN(N2s) = 6.595 — 1.975 In(ea — 0.113) - 0.00124 T (5.3a)

and for LASs by

In(N2s) = 6.658 — 1.808 In(ea — 0.151) — 0.00124 T. (5.3b)
In LWR environments, the fatigue data for CSs are best represented by

In(N2s5) = 6.010 — 1.975 In(ea — 0.113) + 0.101 S* T* O* ¢* (5.4a)
and for LASs by

IN(N2s) = 5.729 - 1.808 In(ea - 0.151) + 0.101 S* T* O* &%, (5.4b)

where S*, T%, O, and &* = transformed sulfur content, temperature, DO, and strain rate,
respectively, defined as follows:

S*=S (0 < S <0.015 wt.%)

S*=0.015 (S >0.015 wt.%) (5.5a)
T =0 (T <150°C)

T =T-150 (T = 150-350°C) (5.5b)
0*=0 (DO <0.05 ppm)

O* =In(D0O/0.04) (0.05 ppm <DO <0.5 ppm)

0*=1In(12.5) (DO >0.5 ppm) (5.5¢)
£ =0 (¢ >1 %/s)

¢* = In(é) (0.001 <& <1 %/s)

¢* = In(0.001) (¢ <0.001 %/s) (5.5d)

The functional form and bounding values of the transformed parameters S*, T*, O*, and £*
were based upon experimental observations and data trends discussed in Section 4.2.
Significant features of the model for estimating fatigue life in LWR environments are as follows:
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(@ The model assumes that environmental effects on fatigue life occur primarily during the
tensile-loading cycle; minor effects during the compressive loading cycle have been
excluded. Consequently, the loading and environmental conditions, e.g., temperature,
strain rate, and DO, during the tensile-loading cycle are used for estimating fatigue lives.

(b) When any one of the threshold condition is not satisfied, e.g., <0.05 ppm DO in water, the
effect of strain rate is not considered in the model, although limited data indicate that
heats of steel that are sensitive to strain rate in air also show a decrease in life in water
with decreasing strain rate.

(c) The model assumes a linear dependence of S* on S content in steel and saturation at
0.015 wt.% S.

The model is recommended for predicted fatigue lives of <106 cycles. For fatigue lives of 106 to
108 cycles, the results should be used with caution because, in this range, the model is based
on very limited data obtained from relatively few heats of material.

The estimated and experimental S-N curves for CS and LAS in air at room temperature
and 288°C are shown in Fig. 70. The mean curves used in developing the ASME Code design
curve and the average curves of Higuchi and lida? are also included in the figure. The results
indicate that the ASME mean curve for carbon steels is not consistent with the experimental
data; at strain amplitudes <0.2%, the mean curve predicts significantly lower fatigue lives than
those observed experimentally. The estimated curve for low-alloy steels is comparable with
the ASME mean curve. For both steels, Eqg. 5.3 shows good agreement with the average curves
of Higuchi and lida.
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Figure 70. Fatigue S-N behavior for carbon and low-alloy steels estimated from model and
determined experimentally in air at room temperature
5.4 Distribution of Fatigue Life
For a given steel type, the average distance of data points from the mean curve does not

vary much for different environmental conditions. To develop a distribution on life, we start
with the assumption that there are three sources of prediction error: (a) measurement errors
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for the applied strain amplitude, (b) variations in the threshold strain amplitude due to
material variability, and (c) errors due to uncertainty in test and material conditions or other
unexplained variation. Because measurement errors are small at high strain amplitudes, the
standard deviation of distance from the mean curve at high strain amplitudes is a good
measure of the scatter in fatigue life due to unexplained variations. At low amplitudes where
the S-N curve is almost horizontal, the errors (as measured by the distance from the mean
curve) are dominated by the variation in strain amplitude. The standard deviation of the error
in strain amplitude was taken to be equal to the standard deviation in the predicted fatigue life
divided by a factor of 20 consistent with the weighting factor used for optimization. The
standard deviation on life was 0.52 for CSs and LASs. These results can be combined with
Eqg. 5.3 to estimate the distribution in life for smooth test specimens. In air, the xth percentile
of the distribution on life Nog[x] for CSs is

IN(N25) = 6.595 + 0.52 F-1[x] — 1.975 In(ea - 0.113 + 0.026 F-1[1-x]) - 0.00124 T (5.6a)

and for LASs it is

IN(N2s) = 6.658 + 0.52 F-1[x] — 1.808 In(ea — 0.151 + 0.026 F-1[1-x]) - 0.00124 T .  (5.6b)

In LWR environments, the xth percentile of the distribution on life Nog[x] for CSs is

IN(N2s) = 6.010 + 0.52 F-1[x] - 1.975 In(ea — 0.113 + 0.026 F-1[1-x])
+0.101 S* T* O* &* (5.7a)

and for LASs it is

IN(N2s) = 5.729 + 0.52 F-1[x] — 1.808 In(ea - 0.151 + 0.026 F-1[1-x])
+0.101 S* T O* &*. (5.7b)

The parameters S*, T*, O*, and &* are defined in Egs. 5.5, and F-1[-] denotes the inverse of the
standard normal cumulative distribution function. The coefficients of distribution functions
F-1[x] and F1[1-x] represent the standard deviation on life and strain amplitude, respectively.
For convenience, values of the inverse of standard normal cumulative distribution function in
Egs. 5.6 and 5.7 are given in Table 3. The standard deviation of 0.026 on strain amplitude
obtained from the analysis may be an overly conservative value. A more realistic value for the
standard deviation on strain could be obtained by analysis of the fatigue limits of different
heats of material. The existing data are inadequate for such an analysis because (a) not
enough heats of materials are included in the data base, and (b) there are very few high—-cycle
fatigue data for accurate estimations of the fatigue limit for specific heats.

The estimated probability curves for the fatigue life of CSs and LASs in an air and LWR
environments in Figs. 71-73 show good agreement with experimental data; nearly all of the
data are bounded by the 5% probability curve. Relative to the 50% probability curve, the 5%
probability curve is a factor of =2.5 lower in life at strain amplitudes >0.3% and a factor of
1.4-1.7 lower in strain at <0.2% strain amplitudes. Similarly, the 1% probability curve is a
factor of =3.7 lower in life and a factor of 1.7-2.2 lower in strain.
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Table 3. Inverse of standard cumulative distribution function

Probability F1[x] F1[1-x] Probability F1[x] F1[1-x]
0.01 -3.7195 3.7195 3.00 -1.8808 1.8808
0.02 -3.5402 3.5402 5.00 -1.6449 1.6449
0.03 -3.4319 3.4319 7.00 -1.4758 1.4758
0.05 -3.2905 3.2905 10.00 -1.2816 1.2816
0.07 -3.1947 3.1947 20.00 -0.8416 0.8416
0.10 -3.0902 3.0902 30.00 -0.5244 0.5244
0.20 -2.8782 2.8782 50.00 0.0000 0.0000
0.30 -2.7478 2.7478 65.00 0.3853 -0.3853
0.50 -2.5758 2.5758 80.00 0.8416 -0.8416
0.70 -2.4573 2.4573 90.00 1.2816 -1.2816
1.00 -2.3263 2.3263 95.00 1.6449 -1.6449
2.00 -2.0537 2.0537 98.00 2.0537 -2.0537
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Figure 71. Experimental data and probability of fatigue cracking in carbon and low-alloy steel
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As with other aspects of this model, the estimates of the probability of cracking should
not be extrapolated much beyond the data. The probabilities assume a normal distribution,
which is consistent with the data for most of the range. The existing data are not sufficient to
determine precise distributions because more data are required to estimate distributions than
to estimate the mean curve. However, the assumption of normality is reasonable (and
conservative) down to 0.1-1% probability of cracking and it is empirically verified by the
number of data points that fall below the respective curves. The probability is not expected to
deviate significantly from the normal curve for another order of magnitude (one more standard
deviation) even if the probability distribution is not the same. Because estimates of extremely
low or high probabilities are sensitive to the choice of distribution, the probability distribution
curves should not be extrapolated beyond 0.02% probability.

6 Fatigue Life Correction Factor

An alternative approach for incorporating the effects of reactor coolant environments on
fatigue S-N curves has been proposed by the Environmental Fatigue Data (EFD) Committee of
the Thermal and Nuclear Power Engineering Society (TENPES) of Japan.” A fatigue life
correction factor Fep is defined as the ratio of the life in air at room temperature to that in
water at the service temperature. The fatigue usage for a specific load pair based on the
current Code fatigue design curve is multiplied by the correction factor to account for the
environmental effects. Note that the fatigue life correction factor does not account for any
differences that might exist between the current ASME mean air curves and the present mean
air curves developed from a larger data base. The specific expression for Fgn, proposed
initially by Higuchi and lida,’ assumes that life in the environment Nyater is related to life in
air Najr at room temperature through a power-law dependence on the strain rate

_ Nair _/oy-P
Fen = Nyvater =(e), (6.1a)
or  In(Fen)=1In(Ngir )= IN(Nyaeer ) = —P In(£). (6.1b)

In air at room temperature, the fatigue life Najr of CSs is expressed as

IN(Nair) = 6.653 — 2.119 In(ea — 0.108) (6.2a)

and for LASs by

IN(Nair) = 6.578 — 1.761 In(ea — 0.140), (6.2b)

where g, is the applied strain amplitude (%). Only the tensile loading cycle is considered to be
important for environmental effects on fatigue life. The exponent P is a product of a
environmental factor Rp, which depends on temperature T (°C) and DO level (ppm), and a
material factor P¢, which depends on the ultimate tensile strength oy (MPa) and sulfur content
S (wt/.%) of the steel. Thus

P =Rp P, (6.3a)

* Presented at the Pressure Vessel Research Council Meeting, April 1996, Orlando, FL.
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Pc =0.864 - 0.00092 6, + 14.6 S,

- Rpr —0.2
P 2.64

and Rpt =0.198 exp(0.00557T).

In(DO) +1.75R ;1 —0.035,

(6.3b)

(6.3c)

(6.3d)

The fatigue lives of carbon and low-alloy steels measured experimentally and those estimated
from the statistical and EFD models are shown in Figs. 74-78. Although the EFD correlations
for exponent P were based entirely on data for carbon steels, Egs. 6.3a—6.3d were also used for

estimating the fatigue lives of LASs.

Also, oy in Eqg. 6.3b was assumed to be 520 and

650 MPa, respectively, for CSs and LASs. The significant differences between the two models

are as follows:

(@) The EFD correlations have been developed from data for CSs alone.
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Figure 75. Experimental fatigue lives and those estimated from statistical and EFD models for
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Figure 76. Experimental fatigue lives and those estimated from statistical and EFD models for
carbon and low-alloy steels in high-dissolved-oxygen water
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Figure 78. Dependence on dissolved oxygen of fatigue life of carbon steels observed
experimentally and that estimated from statistical and EFD models

(b) The statistical model assumes that the effects of strain rate on fatigue life saturate below
0.001%/s, Fig. 77. Such a saturation is not considered in the EFD model.

(c) A threshold temperature of 150°C below which environmental effects on fatigue life are
modest is incorporated in the statistical model but not in the EFD model.

(d) The EFD model includes the effect of tensile strength on fatigue life of CSs in LWR
environments.

Another estimate of the fatigue life correction factor Fegn can also be obtained from the
statistical model. Since

IN(Fen ) = IN(Nair )= IN(Nyyater ) (6.4)

from Eqgs. 5.3a and 5.4a, the fatigue life correction factor for CSs is given by
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In(Fe,) =0.585-0.00124T - 0.101S"'T'0"¢" (6.52)

and from Egs. 5.3b and 5.4b, the fatigue life correction factor for LASs is given by
In(Fen ) = 0.929-0.00124T - 0.101S'T'O"¢, (6.5b)

where the threshold and saturation values for S*, T, O, and ¢&* are defined in Egs. 5.5. A
value of 25°C is used for T in Egs. 6.5a and 6.5b if the fatigue life correction factor is defined
relative to RT air. Otherwise, both T and T represent the service temperature. A fatigue life
correction factor Fen based on the statistical model has been proposed as part of a
nonmandatory Appendix to ASME Section IX fatigue evaluations.94,95

7 Fatigue S—N Curves for Components

The current ASME Section Il Code design fatigue curves were based on experimental data
on small polished test specimens. The best-fit or mean curve to the experimental data used to
develop the Code design curve, expressed in terms of stress amplitude S, (MPa) and fatigue
cycles N, for carbon steels is given by

S, =59,736/VN + 149.24 (7.1a)

and for low-alloy steels by

S, = 49,222/N + 265.45. (7.1b)

The stress amplitude S, is the product of strain amplitude &5 and elastic modulus E; the room
temperature value of 206.8 GPa (30,000 ksi) for the elastic modulus for carbon and low-alloy
steels was used in converting the experimental strain-versus-life data to stress-versus-life
curves. To obtain design fatigue curves the best-fit curves (Egs. 7.1a and 7.1b) were first
adjusted for the effect of mean stress based on the modified Goodman relation

c,—O
s = sa( u y) for S,<o,), (7.2a)
Oy _Sa

and

s, =S

a for S,>0,, (7.2b)

where S; is the adjusted value of stress amplitude, and o, and o, are yield and ultimate
strengths of the material, respectively. The Goodman relation assumes the maximum possible
mean stress and typically gives a conservative adjustment for mean stress at least when
environmental effects are not significant. The design fatigue curves were then obtained by
lowering the adjusted best-fit curve by a factor of 2 on stress or 20 on cycles, whichever was
more conservative, at each point on the curve. The factor of 20 on cycles was intended to
account for the uncertainties in fatigue life associated with material and loading conditions,
and the factor of 2 on strain was intended to account for uncertainties in threshold strain
caused by material variability. This procedure is illustrated for CSs and LASs in Fig. 79.
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71 Factors of 2 and 20

The ASME Code design fatigue curves were obtained by lowering the best-fit S-N 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.3 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 as safety
margins. The variables that can effect fatigue life in air and LWR environments can be broadly
classified into three groups:

(@ Material
(i) Composition: sulfur content
(i) 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
(i) History: linear damage summation or Miner's rule
(iii) Mean stress
(iv) Biaxial effects: constraints

(¢) Environment
(i)  Water chemistry: DO, lithium hydroxide, boric acid concentrations
(i) Temperature
(iii) Flow rate

The existing fatigue S-N data base covers an adequate range of material parameters
()—(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.
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The results indicate that relative to the mean curve, the curve representing 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. As discussed in Section 5.4, 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. Based on the results for environmentally assisted
cracking,58,59.64 it appears that the available fatigue S-N data on environmental effects should
be conservative compared with the results expected at the higher flow velocities expected in
most reactor applications. However, it is difficult to assess the degree of conservatism
introduced by the 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 development of 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.96-99
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.®99 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.33
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 an 19-mm-thick
shell may be 30-50% lower than those in a small test specimen.2? 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 Ry, which is a measure of the height of the irregularities.
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.100,101 The effect
of roughness on crack initiation Nj(R) is given by

Ni(Rg) = 1012 Rq0-21, (7.3)

where the RMS value of surface roughness Rq is in micrometers. Typical values of Ry for
surfaces finished by different metalworking processes in the automotive industryl02 indicate
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that an Ry of 3 um (or an Rqg of 4 um) 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 steel or low-alloy steel, an Rq of
4 um in Eq. 7.3 (Rq of a smooth polished specimen is =0.0075 um) would decrease fatigue life
by a factor of =3.100 No information on the effect of surface finish on fatigue limit of carbon
steels and low-alloy steels is available. It may be approximated as a factor of =1.3 on strain.”
A study of the effect of surface finish on fatigue life of carbon steel in room temperature air
showed a factor of 2 decrease in life when Ry is increased from 0.3 to 5.3 um.103 These
results are consistent with Eqg. 7.3. Thus, a factor of 2-3 on cycles and =1.3 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.104-107 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 carbon steels is lowered even after low-stress high-cycle fatigue; the
higher the stress, the greater the decrease in fatigue threshold.108 |n 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.109,110 A factor of 1.5-2.5 on cycles and =1.5
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. 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. The effects of
these parameters on threshold strain are judged not to be cumulative but rather are controlled
by the parameter that has the largest effect. Thus, a factor of at least 1.5 on strain and 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.

Table 4. Factors on cycles and on strain to be applied to mean S-N curve

Parameter Factor on Life  Factor on Strain
Material variability & experimental scatter 2.5 1.4-1.7
Size effect 1.4 1.25
Surface finish 2.0-3.0 1.3
Loading history 1.5-2.5 1.5
Total adjustment: 10.0-26.0 1.5-1.7

7.2 Design Fatigue Curves

The design fatigue curves for LWR environments are obtained by the same procedure that
has been used for developing the current ASME Code design fatigue curves. For a specific set

*The factor apBIied on strain (Kg) is obtained from the factor applied on cycles (Kn) by using the relationship
Ks = (Kn)0-2326.
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of environmental conditions, the best-fit curve obtained from Eqgs. 5.3-5.5 is first adjusting for
the effect of mean stress using the Goodman relation (Eq. 7.2) and then the curve lowered by
factors of 2 on stress and 20 on cycles to account for the differences and uncertainties in
fatigue life associated with material and loading conditions. The stress-versus-life design
curves were obtained from the strain-versus-life curves by using the room-temperature values
of elastic modulus. The design fatigue curves based on the statistical model for CSs and LASs
in air at room temperature and 288°C are shown in Fig. 80. The results indicate that for both
steels the current ASME Code curve is conservative relative to the curves obtained from the
statistical model. For LASSs, the difference between the two curves is insignificant, whereas for
CSs, the fatigue lives predicted by the current Code curve at stress levels of 100-200 MPa
(14.5-29 ksi) are more than a factor of 3 lower than those predicted by the curve from the
statistical model.

Figure 81 shows the design curves for LWR environments under service conditions where
any one of the following critical threshold conditions is true.

Temperature: <150°C
Dissolved-oxygen: <0.05 ppm
Strain Rate: >1%/s
-_F"T'T!Hﬂr'_r_‘l"'ﬂﬂ Pm.r-'-r-'-r"rn'n: 1--|-| ™ T ™T |r|||| T ™7 r||||-
B 55 Carbon Steal Low—Alloy Steal |
= *a | Room-Temp. Air Aoom=-Tamp, Air
£ 1-. o, = 5516 MFa o, = 6855 MPa |
oy 2k o, = 2758 MP3 | o, = 4826 MPa_ |
& i R
- { | -.'I
= [ | *
E PN A I~ E = 206 B4 GPa
. - === — Best-Fil to [F~
-4 == === =- Bagi-Fil 1o o = |
E Exparimantal Data | E:‘Eermr_? s Et'.ir:ﬂ t
i Dissign Curve Based ~ | sersign Curses | [=-a -
10%— on Stallstical Modsl | T 3 igalsuﬁ'flgmm | | =
= v =+« ASNME Coda Curve o odalurm | | 1
v i ssrgnl | sl FEEREET T TR | ERTIT —la—hil-l-lﬂln—i—hl-uﬂ-l—u-lu-l—-ln-u-m
in! 0@ i0? 104 10° 1ps 10 102 107 104 109 10%
Mumber ol Cycles, N Mumbes ol Cyclas, M
T i | b R s B T il T | R it P e
R Carbon Staal [ Low-Alloy Staal
= 2BB°C Air ] 288°C Alr
= L 1
£
""f_u1 0% E=
= C
B
? C
3 -
£
Je ! | B
b 102k Statistcal Modal | S Statistical Medal_ ! b
F —-—-- ABME Code Curve | | = F === ASME Coda Curve ]
[ I||III| i -I|J||II i -I||||II i I|||III L4 b pasii B "'I - """'I i Illl"II T ALk
107 102 ig? 109 1n8 10% o' 108 103 10* 10" i0®

Mumber of Cycles, M

Figure 80. Fatigue design curves developed from statistical model for carbon and low-alloy
steels in air at room temperature and 288°C
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Figure 81. Fatigue design curves developed from statistical model for carbon and low-alloy
steels under service conditions where one or more critical threshold values are not
satisfied

A threshold value of sulfur content in the steel is not defined because, as discussed in Section
4.2.5, limited data suggest that in high-DO water the fatigue life of CSs may be independent of
sulfur content in the range of 0.002-0.015 wt.%.

Figure 82 shows the design curves under service conditions where temperature and DO
level are above the threshold value and strain rate is <1%/s. The design fatigue curves in
water at 200, 250, and 288°C, corresponding to strain rates of 0.1, 0.01, and a saturation
value of 0.001%/s, are shown in the figure. A DO level of 0.2 ppm in water and high sulfur
content (0.015 wt.% or higher) is assumed in the steels. Also, a minimum threshold strain
amplitude is defined below which environmental effects are modest and are represented by the
curves shown in Fig. 81. In Section 4.2.1 it was shown that the threshold strain appears to be
=20% higher than the fatigue limit of the steel. This translates to strain amplitudes of 0.140
and 0.185%, respectively, for CSs and LASs. These values have to be adjusted for mean stress
effects and variability due to material and experimental scatter. To account for the effects of
mean stress, the threshold strain amplitudes are decreased by =15% for CSs and by =40% for
LASs; which results in a threshold strain amplitude of =0.12% for both steels. A factor of 1.7
on strain provides a 90% confidence for the variations in fatigue life associated with material
variability and experimental scatter. Thus, a threshold strain amplitude of 0.07% (or a stress
amplitude of 145 MPa) was selected for both steels.

The design fatigue curves in Figs. 81 and 82 can be used for fatigue evaluations in LWR
applications. For convenience, the design fatigue curves for LWR environments are
reproduced in Appendix B. Note that these curves not only account for environmental effects
but also include minor differences between the current ASME mean air curves and the present
mean air curves that have been developed from a more extensive data base. Figure 80 shows
that the differences are insignificant for LASs and may result in lower values of fatigue usage
for CSs.
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Figure 82. Fatigue design curves developed from statistical model for carbon and low-alloy
steels under service conditions where all critical threshold values are satisfied
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7.3 Significance of Design Curves

The fatigue life of a material is defined as the number of cycles to form an engineering
crack, i.e., =3 mm deep crack. The best-fit S-N curves to the experimental data represent a
50% probability of forming a fatigue crack in a small polished test specimen under constant
loading conditions. It is not clear whether the design fatigue curves represent greater than,
equal to, or less than 50% probability of forming a fatigue crack in power plant components.

Statistical models have been used to evaluate the significance of ASME Code design
curves in terms of the probability of fatigue cracking associated with the curves.27.28
Equations 5.6 and 5.7 for the probability distribution of life indicate that relative to the mean
curve (50% probability), the 5% probability for fatigue cracking in smooth specimens is lower
by a factor of 2.5 on cycles and 1.7 on strain. The factors on strain primarily account for the
uncertainties in the fatigue limit. The effects of these factors are judged not to be cumulative
but rather are controlled by the parameter that has the largest effect. Therefore, a factor of
1.7 on strain, i.e., a fatigue curve corresponding to probabilities of 5% or less, is adequate to
account for the differences and uncertainties in fatigue life associated with material and
loading conditions. The probability distribution curves for components can be obtained by
lowering the mean-stress—-adjusted curves for smooth specimens (Eqgs. 5.6 and 5.7) by a factor
of 4 (i.e., product of 1.4 and 3) on cycles to include the effects of size/geometry and surface
finish in the low cycle regime. Because the Goodman relation assumes maximum possible
mean stress, the mean-stress—-adjusted curves typically yield conservative estimates of life.

The estimated S-N curves representing 5 and 1% probabilities of fatigue cracking in CS
and LAS components in RT air are compared with the ASME Code design fatigue curve in
Fig. 83. The results indicate that the current design fatigue curve represents <5% probability
of fatigue cracking in LAS components and <1% probability in CS components. A typical
fatigue analysis has additional conservatisms due to the stress analysis and loading history
assumptions that are unaccounted for in these estimates.

The significance of the proposed interim fatigue design curves in fatigue evaluation of
reactor components has also been evaluated with the statistical models.27.28 The probabilities
of fatigue cracking in carbon and low-alloy ferritic steel components have been estimated as a
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function of CUF for various service conditions. The CUFs were calculated using the interim
fatigue design curves corresponding to low DO water typical of PWRs or high—-DO water, which
represent a conservative estimate of environmental effects on fatigue life in BWRs. The
probability of fatigue cracking was estimated from the statistical models.

The probabilities of fatigue cracking in LASs in low-DO water and in CSs in high-DO
water are plotted as a function of CUF in Figs. 84 and 85, respectively. As expected, the
probability of fatigue cracking increases with increasing CUF. However, because the curves of
constant probability are not parallel, for a given CUF, the probability also depends on the
applied stress amplitude. This dependence on stress amplitude is relatively weak for high
stress levels, but at low stresses the probability is quite sensitive to the stress amplitude. At
stress amplitudes below the fatigue limit for the material, the probability of cracking is
relatively insensitive to CUF values above 0.2.

Although these results seem somewhat surprising upon first examination, they do seem
heuristically plausible upon further reflection. Because the scatter in life is so large at low
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strain amplitudes, the probability of fatigue cracking in this region is not very well
characterized by cycle counting, i.e., CUF. Rather, the probability of fatigue cracking is
controlled primarily by the uncertainty in defining fatigue limit for the material. This is
reflected in the relative insensitivity to CUF value. Because we have relatively little data in the
high-cycle regime, the uncertainty in the probability estimates at low strain amplitudes is
rather large.

8 Fatigue Evaluations in LWR Environments

The ASME Boiler and Pressure Vessel Code Section IlI1 contains rules for the
construction of nuclear power plant Class 1 components. It provides the requirements for
design against cyclic loadings that occur on a structural component because of changes in the
mechanical and thermal loadings as the system goes from one load set (pressure, temperature,
moment, and force) to any other load set. The ASME Section Ill, NB-3600 (piping design)
methodology is used exclusively for piping and sometimes for branch nozzles. The ASME
Section Ill, NB-3200 (design by analysis) methodology is generally used for vessels and
frequently for nozzles. In both analyses, first the various sets of load states are defined at the
most highly stressed locations in the component. The load states are defined in terms of the
three principal stresses in NB-3200 analysis, and in terms of internal pressure, moments,
average temperature, and temperature gradients in NB-3600 analysis. A peak stress-intensity
range and an alternating stress-intensity amplitude S; is then calculated for each load state.
The value of S; is used to first obtain the allowable number of cycles from the design fatigue
curve and then to calculate the fatigue usage associated with that load state. The CUF is sum
of the partial usage factors. The Section Ill, NB-3200- or NB-3600-type analyses for
components for service in LWR environments can be performed with the design fatigue curves
presented in Figs. B1-B4. Note that fatigue evaluations performed with these updated curves
not only account for the environmental effects but they also include minor differences that
exist between the current ASME mean air curves and the statistical model air curves.

An alternative approach for fatigue evaluations in LWR environments has been proposed
by EPRI®4.95 and by the EFD committee of TENPES.” As was discussed in Section 6, the
effects of LWR coolant environments on the fatigue S-N curves are expressed in terms of
fatigue life correction factor Fen. In the EPRI approach, Fen is expressed as the ratio of the life
in air to that in water, both at service temperature, whereas in the EFD approach, Fep is
expressed as the ratio of the life in air at room temperature to that in water at service
temperature. The effects of environment are incorporated into the ASME fatigue evaluation by
obtaining a fatigue usage for a specific load pair based on the current Code design curves and
multiplying it by the correction factor. Fatigue evaluations performed using Fep incorporate
the effect of environment alone in the EPRI approach, and effects of environment as well as
temperature that might exist in air in the EFD approach.

Both these approaches require additional information regarding the service conditions,
e.g., temperature, strain rate, and DO level. The procedure for obtaining these parameters
depends on the details of the available information, i.e., whether the elapsed time versus
temperature information for the transient is available. The values of temperature and DO may
be conservatively taken as the maximum values for the transient. As discussed in

* Presented at the Pressure Vessel Research Council Meeting, April 1996, Orlando, FL.
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Section 4.2.3, an average temperature may be used if the time versus temperature information
is available. Because environmental effects on fatigue life are modest below 150°C and the
threshold strain, the average temperature should be determined by the average of the
maximum temperature and either 150°C or the temperature at threshold strain, whichever is
higher. An average strain rate is generally used for each load state; it is obtained from the
peak strain and elapsed time for the transient. However, fatigue monitoring data indicate that
actual strain rates may vary significantly during the transient. The slowest strain rate can be
used for a conservative estimate of life.

An “improved rate approach” has been proposed in Japan for obtaining the fatigue life
correction factor Fen under conditions of varying temperature, strain rate, and DO level.®
During each loading cycle, Fen is assumed to vary linearly with strain increments. The
effective correction factor F,'sn for varying conditions is expressed as

. €max Fen -1
Fen =1+ | — — deg, (8.1)

Eth €max ~ €th

where g,,,x and &, are the maximum and threshold values of strain, respectively. For varying
service conditions, Eq. 8.1 may be written in terms of the effective fatigue life in water Ny,
expressed as

8max
1 i 1 de 8.2)

Nwater Eth Nwater (emax - gth)

Tmax
or LI | 1 dr (8.3)

Nwater Tih Nwater (T max — Tth )

where Nyaer IS the life under constant temperature and strain rate, and T, and Ty, are the
maximum and threshold values of temperature, respectively.

Sample fatigue evaluations have been performed for a SA-508 Cl 1 CS feedwater nozzle
safe end and SA-333 Gr 6 CS feedwater line piping for a BWR and a SA-508 CI 2 LAS outlet
nozzle for a PWR vessel; the results are given in Tables 5-7. The stress records and the
associated service conditions were obtained from Ref. 30. The following three methods were
used to calculate the CUF.

(@) For each set of load pair, a partial usage factor was obtained from the appropriate design
fatigue curve shown in Figs. B1-B4.

(b) For each set of load pair, first a partial usage factor was obtained from the current ASME
Code design curve. This value was adjusted for environmental effects by multiplying by
Fen, which is calculated from Eqgs. 6.5a and 6.5b. Fgpn values were calculated for only
those load pairs that satisfy the following three threshold conditions: temperature >150°C,
strain rate <1%/s, and stress amplitude >145 MPa (=21 ksi). The DO level was assumed
to be 0.2 ppm. Also, because the sulfur content in the steel is not always available, a
conservative value of 0.015 wt.% was assumed.
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Table 5. Fatigue evaluation for SA-508 Cl 1 carbon steel feedwater nozzle safe end for a BWR

Strain Design ASME Code Curves Based on

orrection Based on Correction Based

Salt Temp. Rate Cycles Curve Statistical Model ~ Statistical Model on EFD Model
(MPa)  (°C)  (%/s) n N Uair N Uenv Fen Uenv Fen Uenv
567.2 200 0.028 120 1024 0.1172 417 0.2878 2.18 0.2552 2.52 0.2956
500.6 200 0.026 90 1429 0.0630 617 0.1459 2.20 0.1384 2.57 0.1619
444.1 200 0.026 142 1967 0.0722 1000 0.1420 2.20 0.1586 2.57 0.1856
268.8 200 0.002 555 9272 0.0599 6457 0.0860 3.01 0.1804 4.99 0.2989
201.9 200 0.001 10 23830 0.0004 21878 0.0005 3.28 0.0014 5.97 0.0025
143.8 200 0.001 120 81350 0.0015 229087 0.0005 1.00 0.0015 1.00 0.0015
132.4 200 0.001 98 115630 0.0008 1288250 0.0001 1.00 0.0008 1.00 0.0008
121.1 200 0.001 10 159810 0.0001 2000000 - 1.00 0.0001 1.00 0.0001
120.2 288 0.001 10 163810 0.0001 2000000 - 1.00 0.0001 1.00 0.0001

95.5 288 0.001 222 444850 0.0005 2000000 0.0001 1.00 0.0005 1.00 0.0005

92.6 200 0.001 666 523970 0.0013 2000000 0.0003 1.00 0.0013 1.00 0.0013

91.9 288 0.001 120 560450 0.0002 2000000 - 1.00 0.0002 1.00 0.0002

T0.3171 706632 T0.7384 70.9489
Table 6. Fatigue evaluation for SA-333 Gr 6 carbon steel feedwater line piping for a BWR
Strain Design ASME Code Curves Based on  orrection Based on Correction Based

Salt Temp. Rate Cycles Curve Statistical Model = Statistical Model =~ on EFD Model
(MPa)  (°C)  (%/s) n N Uair N Uenv Fen Uenv Fen Uenv
758.9 200 0.117 5 447 0.0112 229 0.0218 1.82 0.0204 1.74 0.0195
744.4 200 0.114 5 468 0.0107 245 0.0204 1.83 0.0195 1.75 0.0187
734.4 200 0.113 5 490 0.0102 251 0.0199 1.83 0.0186 1.76 0.0179
654.2 200 0.001 8 692 0.0116 363 0.0396 3.25 0.0376 5.97 0.0691
616.4 200 0.095 10 776 0.0129 407 0.0246 1.87 0.0241 1.84 0.0237
608.6 200 0.094 5 832 0.0060 437 0.0114 1.87 0.0112 1.84 0.0111
598.3 200 0.041 126 871 0.1447 479 0.2630 2.07 0.2991 2.29 0.3306
561.4 215 0.086 10 1096 0.0091 603 0.0166 2.03 0.0185 1.97 0.0180
468.4 200 0.001 97 1698 0.0571 603 0.1609 3.25 0.1858 5.97 0.3412
459.9 200 0.001 14 1820 0.0077 676 0.0207 3.25 0.0250 5.97 0.0460
422.6 200 0.001 6 2344 0.0026 955 0.0063 3.25 0.0083 5.97 0.0153
421.7 212 0.001 64 2239 0.0286 955 0.0670 3.92 0.1121 6.59 0.1884
382.7 200 0.001 92 3090 0.0298 1445 0.0637 3.25 0.0968 5.97 0.1779
321.5 215 0.001 88 5623 0.0157 3090 0.0285 4.11 0.0643 6.76 0.1058
295.6 212 0.001 15 7413 0.0020 4467 0.0034 3.92 0.0079 6.59 0.0133
271.9 215 0.001 212 8710 0.0243 6310 0.0336 4.11 0.1000 6.76 0.1646
262.9 224  0.001 69 9772 0.0071 7244 0.0095 4.73 0.0334 7.32 0.0517
253.7 224  0.001 11 11220 0.0010 8511 0.0013 4.73 0.0046 7.32 0.0072
236.6 215 0.001 60 13804 0.0043 11220 0.0053 4.11 0.0179 6.76 0.0294
227.2 200 0.001 203 15849 0.0128 13490 0.0150 3.25 0.0416 5.97 0.0765
224.3 200 0.001 360 16218 0.0222 14125 0.0255 3.25 0.0722 5.97 0.1326
205.3 200 0.025 222 21878 0.0101 26687 0.0083 2.20 0.0223 2.60 0.0264
179.9 212 0.028 30 33884 0.0009 50720 0.0006 2.37 0.0021 2.65 0.0023
179.5 200 0.028 81 33113 0.0024 50720 0.0016 2.17 0.0053 2.52 0.0062
149.2 212 0.001 96 63096 0.0015 141254  0.0007 3.92 0.0060 6.59 0.0100
141.8 200 0.001 40 83176 0.0005 602560 0.0001 1.00 0.0005 1.00 0.0005

97.8 200 0.001 30 389045 0.0001 2137962 0.0000 1.00 0.0001 1.00 0.0001

77.4 200 0.001 11545 2238721 0.0052 1.00 0.0052 1.00 0.0052

0.4522 0.8693 1.2603 1.9091
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Table 7. Fatigue evaluation for SA-508 CI 2 low-alloy steel outlet nozzle for a PWR

Strain Design ASME Code ~ Curves Based on  orrection Based on Correction Based

Salt Temp. Rate Cycles Curve Statistical Model Statistical Model on EFD Model@

(MPa)  (°C)  (%/s) n N Uair N Uenv Fen Uenv Fen Uenv
335.6 - - 80 4670 0.0171 2573  0.0311 1.77 0.0303 - -
313.0 - - 10 5741  0.0017 3091  0.0032 1.77 0.0031 - -
305.7 - - 20 6010 0.0033 3388  0.0059 1.77 0.0059 - -
275.4 - - 20 8098 0.0025 4670  0.0043 1.77 0.0044 - -
237.1 - - 70 13723 0.0051 9508 0.0074 1.77 0.0090 - -
202.1 - - 130 23795 0.0055 24912  0.0052 1.77 0.0097 - -
195.1 - - 150 26082 0.0058 27939  0.0054 1.77 0.0102 - -
186.8 - - 50 29251 0.0017 32061 0.0016 1.77 0.0030 - -
186.1 - - 30 28587 0.0010 33566 0.0009 1.77 0.0019 - -
147.3 - - 40 68338 0.0006 76641 0.0005 1.77 0.0010 - -
139.3 - - 1930 94211 0.0205 94211 0.0205 1.00 0.0205 - -
139.3 - - 2000 94211 0.0212 94211 0.0212 1.00 0.0212 - -
138.8 - - 9270 94211 0.0984 94211 0.0984 1.00 0.0984 - -
130.0 - - 60 115810 0.0005 115810 0.0005 1.00 0.0005 - -
127.1 - - 230 132894 0.0017 129881 0.0018 1.00 0.0017 - -
126.5 - - 10 135977 0.0001 135977 0.0001 1.00 0.0001 - -
124.5 - - 80 142360 0.0006 149041 0.0005 1.00 0.0006 - -
121.6 - - 160 149041 0.0011 183210 0.0009 1.00 0.0011 - -
121.6 - - 26400 152499 0.1731 167150 0.1579 1.00 0.1731 - -
117.6 - - 2000 167150 0.0120 205470 0.0097 1.00 0.0120 - -
113.0 - - 400 191809 0.0021 252575  0.0016 1.00 0.0021 - -
110.2 - - 13200 215114 0.0614 310479  0.0425 1.00 0.0614 - -
106.0 - - 13200 241252 0.0547 364547  0.0362 1.00 0.0547 - -
102.7 - - 80 289835 0.0003 617784  0.0001 1.00 0.0003 - -
102.3 - - 80 289835 0.0003 603777  0.0001 1.00 0.0003 - -
101.4 - - 70 317682 0.0002 777031  0.0001 1.00 0.0002 - -

0.4924 0.4576 0.5266

a Not calculated because strain rates were not available in the stress records.

(c) Same procedure as item (b), except that Fe, was calculated from the EFD correlations of
Egs. 6.1-6.3 for the load pairs with stress amplitude >145 MPa (=21 ksi). The DO level
was assumed to be 0.2 ppm and sulfur content of 0.015 wt.%. Also, oy in Eg. 6.3b was
assumed to be 520 MPa for CSs and 650 MPa for LASs.

The results indicate that the approach using Fep yields higher values of CUF than those
obtained from the design fatigue curves that have been adjusted for environmental effects.
The difference arises because the environmentally adjusted design curves account not only for
the environment but also for the differences between the ASME mean air curve and statistical
model air curve. Figure 80 show that for CSs, this difference can be significant at stress
amplitudes <180 MPa (<26 ksi). The results also show that for the feedwater nozzle safe end
and the feedwater line piping, the BWR environment increases the fatigue usage by a factor of
=2. For the LAS outlet nozzle of a PWR, the effect environment on fatigue usage is
insignificant. The CUF values from the EFD model were not calculated because information
regarding the strain rate was not available in the stress records. For stress levels above
=145 MPa (21 ksi), the EFD approach would yield Fgp, values of 1.25 and 1.95 for strain rates
of 0.1 and 0.001%/s, respectively.
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9

Summary

The work performed at ANL on fatigue of carbon and low-alloy steels 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, sulfur content in steel, orientation, and DO level in water on the fatigue life
of these steels. Current understanding of the fatigue S-N behavior of carbon and low-alloy
steels may be summarized as follows.

Air Environment

(@)

(b)

Steel Type: The fatigue life of carbon steels is a factor of =1.5 lower than that of low-alloy
steels.

Temperature: For both steels, life is decreased by a factor of =1.5 when temperature is
increased from room temperature to 288°C.

Orientation: Transverse orientations may have poor fatigue resistance than the rolling
orientations because of the distribution and morphology of sulfide inclusions.

Strain Rate: In the temperature range of dynamic strain aging (200-370°C), some heats of
carbon and low-alloy steels are sensitive to strain rate. The effect strain rate on fatigue
life is not clear; life may either be unaffected, decrease for some heats, or increase for
others. In this temperature range, however, cyclic stresses increase with decreasing
strain rate.

Heat-to-heat Variation: At 288°C, both steels show significant heat-to-heat variation;
fatigue life may vary up to a factor of 5 above or below the mean value.

ASME Code Mean Curve: The ASME mean curve for low-alloy steels is in good agreement
with the existing fatigue S-N data and that for carbon steels is somewhat conservative.

LWR Environments

(@)

(b)

Environmental Effects: The fatigue life of both carbon and low-alloy steels is decreased
significantly when five conditions are satisfied simultaneously, viz., strain amplitude,
temperature, DO level in water, and sulfur content in steel are above a minimum level,
and strain rate is below a threshold value. Only moderate decrease in life (by a factor of
less than 2) is observed when any one of these conditions is not satisfied.

Steel Type: The effect of LWR environments on fatigue life of both carbon and low-alloy
steels is comparable.

Strain Amplitude: A minimum threshold strain is required for environmentally assisted
decrease in fatigue life of these steels. The threshold value most likely corresponds to the
rupture strain of the surface oxide film. Limited data suggest that the threshold value is
=~20% higher than the fatigue limit for the steel.
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(i)

Loading Cycle: Environmental effects on fatigue life occur primarily during the
tensile-loading cycle, and at strain levels greater than the threshold value required to
rupture the surface oxide film. Compressive-loading cycle has little or no effect on life.
Consequently, loading and environmental conditions, e.g., strain rate, temperature, and
DO level, during the tensile-loading cycle in excess of the oxide rupture strain, are
important parameters for environmentally assisted reduction in fatigue life of these steels.

Strain Rate: When any one of the threshold conditions is not satisfied, e.g., DO
<0.05 ppm or temperature <150°C, the effects of strain rate are consistent with those in
air, i.e., heats that are sensitive to strain rate in air, also show a decrease in life in water.
When all other threshold conditions are satisfied, fatigue life decreases logarithmically
with decreasing strain rate below 1%/s; the effect of environment on life saturates at
~0.001%/s.

Temperature: When other threshold conditions are satisfied, fatigue life decreases linearly
with temperature above 150°C and up to 320°C. 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.

Sulfur Content in Steel: Although sulfur content and morphology are the most important
parameters that determine susceptibility of carbon and low-alloy steels to
environmentally enhanced fatigue crack growth rates, the existing fatigue S-N data are
inadequate to establish unequivocally the effect of sulfur content on the fatigue life of
these steels. When any one of the threshold conditions is not satisfied, environmental
effects on life are minimal and relatively insensitive to changes in sulfur content. When
the threshold conditions are satisfied, i.e., high—-temperature high-DO water, the fatigue
life of low-alloy steels decreases with increasing sulfur content. Limited data suggest that
the effects of environment on life saturate at sulfur contents above 0.012 wt.%. However,
in high-temperature high-DO water, the fatigue life of carbon steels seems to be
insensitive to sulfur content in the range of 0.002-0.015 wt.%. The effect of sulfur on the
growth of short cracks (during crack initiation) may be different than that of long cracks
and need to be further investigated.

Orientation: The effect of orientation on fatigue life is expected because of differences in
the distribution and morphology of sulfide inclusions, and is well known in crack growth
studies with precracked specimens. Existing fatigue S-N data indicate that in high-DO
water (£0.1 ppm DO), the fatigue life of low-alloy steels is insensitive to the differences in
sulfide distribution and size. In low-DO PWR environments, larger sulfide inclusions may
result in a larger decrease in life; however, environmental effects on fatigue life in low-DO
water are minimal.

Flow Rate: Studies on fatigue crack growth behavior of carbon and low-alloy steels
indicate that flow rate is an important parameter for environmental effects on crack
growth rates. However, experimental data to establish either the dependence of fatigue
life on flow rate or the threshold flow rate for environmental effects to occur are not
available and should be developed.
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Mechanism of Fatigue Crack Initiation

Fatigue life of a material is defined as the number of cycles to form an “engineering”
crack, e.g., a 3-mm-deep crack. During cyclic loading, surface cracks of 10 um or longer 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.

Fatigue tests have been conducted to determine the formation and growth characteristics
of short cracks in carbon and low-alloy steels in LWR environments. The results indicate that
the decrease in fatigue life of these steels in high-DO water is primarily caused by the effects
of environment on the growth of short cracks <100 um deep. In LWR environments, the
formation of engineering cracks or fatigue crack initiation may be explained as follows:
(a) surface microcracks form quite early in fatigue life at persistent slip bands, edges of
slip—-band extrusions, notches that develop at grain or phase boundaries, or second-phase
particles; (b) during cyclic loading, the protective oxide film is ruptured at strains greater than
the rupture strain of surface oxides, and the microcracks grow by anodic
dissolution/oxidation of the freshly exposed surface to sizes >100 um; and (c) growth of these
large cracks characterized by accelerating growth rates that may be represented by the
proposed ASME Section Xl reference curves for these steels in water environments.

Statistical Model

Statistical models have been developed to predict fatigue life of small smooth specimens of
carbon and low-alloy steels as a function of various material, loading, and environmental
parameters. The functional form and bounding values of these parameters were based upon
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 recommended for predicted fatigue lives of <106 cycles. The results
indicate that the ASME mean curve for carbon steels is not consistent with the experimental
data at strain amplitudes <0.2% or stress amplitudes <410 MPa (<60 ksi); the ASME mean
curve is conservative. The statistical model for low-alloy steels is comparable with the ASME
mean curve.

The results of statistical analysis have been used to estimate the probability of fatigue
cracking in smooth fatigue specimens. The results indicate that relative to the mean or 50%
probability curve, the 5% probability curve is a factor of =2.5 lower in life in the low-cycle
fatigue regime and a factor of 1.4-1.7 lower in strain in the high-cycle regime.

Fatigue Design Curves in LWR Environments

The design fatigue curves for carbon and low-alloy steels in LWR environments were
obtained by the procedure that has been used to develop the current ASME Code design
fatigue curves. The design fatigue curve for a specific service condition is obtained 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 associated with material
and loading conditions. Data available in the literature were reviewed to evaluate the effects of
various material, loading, and environmental variables on fatigue life. The results indicate
that the current ASME design fatigue curve represents <5% probability of fatigue cracking in
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low-alloy steel components and <1% probability in carbon steel components. The margins of
20 on cycles and 2 on strain may be decreased and still maintain a 5% probability of fatigue
cracking in reactor components.

Sample fatigue evaluations have been performed for carbon and low-alloy steel
components. The values of cumulative usage factor were determined either from the design
fatigue curves based on the statistical model or by applying a fatigue life correction factor that
was obtained from the statistical model or the correlations developed by EFD committee of
Japan. For carbon steels, the approach using a correction factor yields higher values of usage
than those determined from the proposed design fatigue curves. The difference arises because
the environmentally adjusted design curves not only account for the environment but also for
the difference between the ASME mean air curve and statistical model air curve. For carbon
steels, this difference can be significant at low stress amplitudes; the current Code design
curve yields higher values of fatigue usage.
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Nomenclature

Aa,
Ag
AK
Ao
AT

Crack advance from a slip-dissolution mechanism (cm)

Total strain range (%)

Stress intensity range (MPaym)

Total stress range (MPa)

Temperature difference in salt bridge in external reference electrode

Applied strain amplitude (%)

Fracture strain of surface oxide

Maximum strain for loading cycle

Threshold strain below which environmental effects on fatigue life are insignificant
Applied total strain rate (s-1)
Transformed total strain rate
Applied strain rate (s-1)

Crack tip strain rate (s-1)
Cyclic stress amplitude (MPa)
Ultimate strength (MPa)

Yield strength (MPa)
Frequency of cyclic loading (s~
crack depth (mm)

Dissolved oxygen in water (ppm, ppb)

Young's modulus

Measured electrochemical potential (ECP)

ECP converted to standard hydrogen electrode (SHE)

Inverse of standard normal cumulative distribution function

Fatigue life correction factor under constant loading and environmental conditions
Fatigue life correction factor under varying loading and environmental conditions
Factor applied on life to account for uncertainties in relating fatigue lives of smooth
test specimens to those of reactor components

Factor applied on strain to account for uncertainties in relating fatigue lives of smooth
test specimens to those of reactor components

Fatigue life defined as number of cycles to initiate fatigue crack

Fatigue life of smooth test specimen defined as number of cycles for tensile stress to
drop 25% from its peak value

xth percentile of probability distribution on life for smooth test specimens

Fatigue life in air

Number of cycles to initiate a crack

Fatigue life in water under constant loading and environmental conditions

Fatigue life in water under varying loading and environmental conditions

Fatigue life of smooth test specimen defined as number of cycles for tensile stress to
drop x% from its peak value

Number of cycles corresponding to xth percentile of probability for fatigue crack
initiation in a component

Transformed dissolved oxygen (ppm)

Exponent of power-law dependence of fatigue life on strain rate defined as the product
of Pc and Rp

Material parameter that depends on tensile strength and sulfur content of steel

1
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Average surface roughness, defined as arithmetic mean deviation of surface height
from mean line through profile

Environmental parameter that depends on temperature and dissolved oxygen
Parameter that defines temperature dependence of environmental factor Rp

RMS surface roughness, defined as root-mean-square deviation of surface profile from
mean line

Sulfur content of steel (wt.%)

Transformed sulfur content (wt.%)

Applied stress amplitude (MPa)

Value of stress amplitude adjusted for mean stress (MPa)

Time for concentration of absorbed hydrogen to reach a critical level to cause cleavage
fracture

Rise time of loading cycle (s)

Test temperature (°C)

Transformed temperature (°C)

Average critical velocity for initiation of environmentally assisted enhancement of
crack growth (mm-s-1)

Average environmentally assisted crack growth rate (cm-s-1)

Percentile of probability distribution

Failure criteria defined as 25, 50, or 100% decrease in peak tensile stress
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Table Al. Fatigue test results for A106-Gr B carbon steel at 288°C

Dissolved Conducti-v Tensile Compres— Stress Strain Life

Test Environ Oxygenb pH ity (uS/cm) Rate sive Rate Range Range Nog
Number _ment@ (ppb) at RT (%/5s) (%/s) (MPa) (%) (Cycles)
1508 Air - - - 0.4 0.4 910.9 1.002 3,305
1524 Air - - - 0.4 0.4 892.3 0.950 3,714
1523 Air - - - 0.4 0.4 898.6 0.917 2,206
1521 Air - - - 0.4 0.4 889.4 0.910 3,219
1522 Air - - - 0.4 0.4 905.4 0.899 3,398
1515 Air - - - 0.4 0.4 866.1 0.752 6,792
1749¢ Air - - - 0.4 0.4 - - 6,372
1717 Air - - - 0.4 0.004 884.6 0.758 6,217
1625 Air - - - 0.004 0.4 887.7 0.757 4,592
1629d Air - - - 0.4 0.4 782.9 0.503 31,243
1590 Air - - - 0.4 0.004 821.1 0.503 24,471
1576 Air - - - 0.004 04 805.8 0.503 28,129
1505 Air - - - 0.4 0.4 767.6 0.501 31,200
1525 Air - - - 0.4 0.4 743.6 0.452 65,758
1640 Air - - - 0.4 0.4 710.9 0.402 65,880
1538 Air - - - 0.4 0.4 708.0 0.387 >1,000,000
1517 Air - - - 0.4 0.4 692.5 0.353 2,053,295
1659 Air - - - 0.004 0.4 656.2 0.343 >114,294
1526 DI - - - 0.4 0.4 876.4 0.873 3,332
1527 ]| - 6.0 - 0.4 0.4 752.8 0.493 10,292
1528 ]| 5 5.8 - 0.4 0.4 744.1 0.488 25,815
1743€ DI <1 6.5 0.08 0.4 0.4 712.6 0.386 84,700
1530 PWR 3 6.9 41.67 0.4 0.4 885.5 0.894 1,355
1545 PWR 8 6.9 22.73 0.4 0.4 889.7 0.886 3,273
1533 PWR 4 6.9 45.45 0.004 0.4 916.0 0.774 3,416
1529 PWR 3 6.9 45.45 0.4 0.4 743.4 0.484 31,676
1605 PWR 9 6.5 23.81 0.4 0.004 785.2 0.460 >57,443
1588 PWR 6 6.5 23.26 0.004 0.4 828.7 0.514 15,321
1539 PWR 6 6.8 38.46 0.4 0.4 690.9 0.373 136,570
1542 PWR 6 6.6 27.03 0.4 0.4 631.8 0.354 >1,154,892
1645 Hi DO 800 6.1 0.07 0.4 0.4 831.1 0.721 2,736
1768 Hi DO 600 6.0 0.07 0.4 0.004 907.3 0.755 1,350
1626 Hi DO 900 5.9 0.13 0.004 0.4 910.1 0.788 247
1715 Hi DO 600 5.9 0.08 0.004 04 904.1 0.813 381
1711 Hi DO 630 5.8 0.31 0.4 0.4 772.1 0.542 5,850
1707 Hi DO 650 5.9 0.08 0.4 0.004 803.0 0.488 3,942
1709 Hi DO 650 5.9 0.11 0.4 0.004 805.1 0.501 3,510
1627 Hi DO 800 5.9 0.10 0.004 04 826.8 0.534 769
1641 Hi DO 800 5.9 0.09 0.4 0.4 693.0 0.385 17,367
1665 Hi DO 800 6.1 0.08 0.004 0.4 717.0 0.376 3,455
1666 Hi DO 750 6.1 0.09 0.0004 0.4 729.6 0.376 >7,380
1647 Hi DO 800 6.1 0.09 0.4 0.4 688.0 0.380 26,165
1660 Hi DO 750 6.1 0.11 0.004 0.4 689.6 0.360 >83,024
1649 Hi DO 700 6.3 0.08 0.4 0.4 673.4 0.352 28,710
1652 Hi DO 700 6.1 0.09 0.4 0.4 638.1 0.328 56,923
1655 Hi DO 750 6.1 0.10 0.4 0.4 567.6 0.289 >1,673,954

a Dl = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron.
b Represent DO levels in effluent water.

€ Tested with 5-min hold period at peak tensile strain.

d Specimen preoxidized in water with 600 ppb DO for 100 h at 288°C.

€ Specimen preoxidized in water with 600 ppb DO for 30 h at 288°C.
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Table A2. Fatigue test results for A533-Gr B low-alloy steel at 288°C

Dissolved Conducti-v Tensile Compres— Stress Strain Life

Test Environ Oxygenb pH ity (uS/cm) Rate sive Rate Range Range Nog
Number _ment@ (ppb) at RT (%/5s) (%/s) (MPa) (%) (Cycles)
1508 Air - - - 0.4 0.4 910.9 1.002 3,305
1524 Air - - - 0.4 0.4 892.3 0.950 3,714
1523 Air - - - 0.4 0.4 898.6 0.917 2,206
1521 Air - - - 0.4 0.4 889.4 0.910 3,219
1522 Air - - - 0.4 0.4 905.4 0.899 3,398
1515 Air - - - 0.4 0.4 866.1 0.752 6,792
1749¢ Air - - - 0.4 0.4 - - 6,372
1717 Air - - - 0.4 0.004 884.6 0.758 6,217
1625 Air - - - 0.004 0.4 887.7 0.757 4,592
1629d Air - - - 0.4 0.4 782.9 0.503 31,243
1590 Air - - - 0.4 0.004 821.1 0.503 24,471
1576 Air - - - 0.004 04 805.8 0.503 28,129
1505 Air - - - 0.4 0.4 767.6 0.501 31,200
1525 Air - - - 0.4 0.4 743.6 0.452 65,758
1640 Air - - - 0.4 0.4 710.9 0.402 65,880
1538 Air - - - 0.4 0.4 708.0 0.387 >1,000,000
1517 Air - - - 0.4 0.4 692.5 0.353 2,053,295
1659 Air - - - 0.004 0.4 656.2 0.343 >114,294
1526 DI - - - 0.4 0.4 876.4 0.873 3,332
1527 ]| - 6.0 - 0.4 0.4 752.8 0.493 10,292
1528 ]| 5 5.8 - 0.4 0.4 744.1 0.488 25,815
1743€ DI <1 6.5 0.08 0.4 0.4 712.6 0.386 84,700
1530 PWR 3 6.9 41.67 0.4 0.4 885.5 0.894 1,355
1545 PWR 8 6.9 22.73 0.4 0.4 889.7 0.886 3,273
1533 PWR 4 6.9 45.45 0.004 0.4 916.0 0.774 3,416
1529 PWR 3 6.9 45.45 0.4 0.4 743.4 0.484 31,676
1605 PWR 9 6.5 23.81 0.4 0.004 785.2 0.460 >57,443
1588 PWR 6 6.5 23.26 0.004 0.4 828.7 0.514 15,321
1539 PWR 6 6.8 38.46 0.4 0.4 690.9 0.373 136,570
1542 PWR 6 6.6 27.03 0.4 0.4 631.8 0.354 >1,154,892
1645 Hi DO 800 6.1 0.07 0.4 0.4 831.1 0.721 2,736
1768 Hi DO 600 6.0 0.07 0.4 0.004 907.3 0.755 1,350
1626 Hi DO 900 5.9 0.13 0.004 0.4 910.1 0.788 247
1715 Hi DO 600 5.9 0.08 0.004 04 904.1 0.813 381
1711 Hi DO 630 5.8 0.31 0.4 0.4 772.1 0.542 5,850
1707 Hi DO 650 5.9 0.08 0.4 0.004 803.0 0.488 3,942
1709 Hi DO 650 5.9 0.11 0.4 0.004 805.1 0.501 3,510
1627 Hi DO 800 5.9 0.10 0.004 04 826.8 0.534 769
1641 Hi DO 800 5.9 0.09 0.4 0.4 693.0 0.385 17,367
1665 Hi DO 800 6.1 0.08 0.004 0.4 717.0 0.376 3,455
1666 Hi DO 750 6.1 0.09 0.0004 0.4 729.6 0.376 >7,380
1647 Hi DO 800 6.1 0.09 0.4 0.4 688.0 0.380 26,165
1660 Hi DO 750 6.1 0.11 0.004 0.4 689.6 0.360 >83,024
1649 Hi DO 700 6.3 0.08 0.4 0.4 673.4 0.352 28,710
1652 Hi DO 700 6.1 0.09 0.4 0.4 638.1 0.328 56,923
1655 Hi DO 750 6.1 0.10 0.4 0.4 567.6 0.289 >1,673,954

a Dl = Deionized water and PWR = simulated PWR water with 2 ppm lithium and 1000 ppm boron.
b Represent DO levels in effluent water.
€ Tested with 5-min hold period at peak tensile strain.

d Specimen preoxidized in water with 600 ppb DO for 100 h at 288°C.

€ Specimen preoxidized in water with 600 ppb DO for 30 h at 288°C.
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Table A3. Fatigue test results for A302-Gr B low-alloy steel at 288°C

Dissolved Conducti Tensile Compres— Stress Strain Life

Test  Environ Oxygenb pH -vity Rate sive Rate Range Range N2s5
Number _ment2 (ppb) at RT (uS/cm)  (%/s) (%/s) (MPa) (%) (Cycles)
1697 (R) Air - - - 0.4 0.4 9445 0.756 8,070
1701 (R) Air - - - 0.004 04 1021.4 0.757 4,936
1712 (R) Air - - - 0.0004¢ 0.4 1041.9 0.759 5,350
1789 (R) Air - - - 0.4 0.4 859.5 0.505 46,405
1783 (R) Air - - - 0.4 0.4 796.1 0.408 >1,050,000
1780 Air - - - 0.4 0.4 908.6 0.756 1,598
(T2)
1781 Air - - - 0.004 0.4 952.4 0.755 375
(T2)
1782 Air - - - 0.4 0.4 752.8 0.404 33,650
(T2)
1787 Air - - - 0.4 0.4 667.5 0.342 431,150
(T2)
1702 (R) PWR 3 6.5 20.00 0.4 0.4 921.2 0.735 6,212
1704 (R) PWR 3 6.5 19.23 0.004 0.4 1022.6 0.745 3,860
1716 (R) PWR 5 6.5 19.23 0.0004¢ 0.4 1042.3 0.739 3,718
1777 (T) PWR 1 6.4 19.23 0.4 0.4 913.8 0.765 4,366
1775 (T) PWR 1 6.5 19.42 0.004 0.4 995.6 0.750 1,458
1776 PWR 1 6.4 18.40 0.4 0.4 887.1 0.765 1,244
(T2)
1774 PWR 2 6.4 19.42 0.004 0.4 949.7 0.758 348
(T2)
1788 (R) Hi DO 650 5.9 0.10 0.004 0.4 957.0 0.754 317
1784 Hi DO 510 6.0 0.07 0.004 0.4 937.6 0.783 111
(T2)

a Simulated PWR water with 2 ppm lithium and 1000 ppm boron.
Represent DO levels in effluent water.
C Slow strain rate applied only during 1/8 cycle near peak tensile strain.

NUREG/CR-6583 A-4



Table A4. Results of exploratory fatigue tests in which slow strain rate was applied
during only part of tensile-loading cycle

pH Conduct Wave-f Strain at Rate Tensile Stress  Strain Life
Test Do2 at -ivity ormbP Change (%) Strain RateC (%/5s) Range Range N2s5
Number (ppb) RT (uS/cm) £T1 £T2 €11 €72 er3 (MPa) (%) (Cycles)
A106-Gr B Steel
1760 - - - C 0.189 - 0.4 0.004 - 1042.8 0.756 3,893
1762 - - - D 0.568 - 0.004 0.4 - 1027.5 0.758 4,356
1667 - - - E 0.379 - 0.4 0.004 - 999.2 0.758 5,261
1668 - - - G 0.569 - 0.4 0.004 - 998.5 0.758 5,139
1695 - - - | 0.378 0.567 0.4 0.004 0.4 993.4 0.756 5,240
1722 - - - H 0.569 - 0.004 0.4 - 955.8 0.758 4,087
1734 - - - J 0.662 - 0.4 0.004 - 970.0 0.757 4,122
1737 - - - K 0.095 - 0.004 0.4 - 963.7 0.757 4,105
1763 620 5.9 0.07 C 0.144 - 0.4 0.004 - 9749 0.848 340
1765 590 6.0 0.07 D 0.524 - 0.004 0.4 - 977.3 0.806 615
1677 800 6.0 0.11 E 0.255 - 0.4 0.004 - 926.5 0.762 545
1684 700 6.0 0.09 F 0.255 - 0.004 0.4 - 964.0 0.762 1,935
1753 670 5.9 0.07 F 0.260 - 0.004 0.4 - 982.6 0.777 1,831
1678 700 59 0.14 G 0.509 - 0.4 0.004 - 944.4 0.780 615
1703 650 59 0.13 G 0.496 - 0.4 0.004 - 942.4 0.760 553
1692¢ 700 6.0 0.10 G 0.499 - 0.4 0.004 - 936.4 0.764 261
1728 700 5.9 0.07 H 0.124 - 0.004 0.4 - 969.3 0.740 1,649
1732 600 5.9 0.08 H 0.123 - 0.004 0.4 - 9545 0.734 2,080
1698 600 6.1 0.08 | 0.253 0.494 0.4 0.004 0.4 909.1 0.756 1,306
1741 600 6.0 0.09 J 0.652 - 0.4 0.004 - 896.8 0.785 888
1742 520 6.0 0.09 K 0.066 - 0.004 0.4 - 948.0 0.783 2,093
A533-Gr B Steel
1708 - - - E 0.377 - 0.4 0.004 - 898.2 0.754 5,355
1710 - - - G 0.565 - 0.4 0.004 - 885.6 0.753 3,630
1767 - - - | 0.376 0.564 0.4 0.004 0.4 886.3 0.752 7,502
1713 670 5.9 0.07 E 0.254 - 0.4 0.004 - 890.8 0.761 426
1714 570 59 0.08 G 0.488 - 0.4 0.004 - 886.1 0.748 578
1769 630 6.0 0.07 | 0.243 0.476 0.4 0.004 0.4 877.2 0.729 976
A333-Gr 6 Steel
1739 - - - A - - 0.4 - - 882.9 0.809 9,483
1740 - - - B - - 0.004 - - 936.8 0.808 7,665
1756 - - - E 0.404 - 0.4 0.004 - 967.4 0.808 10,156
1754 - - - F 0.403 - 0.004 0.4 - 963.2 0.806 6,696
1745 - - - J 0.707 - 0.4 0.004 - 961.3 0.808 8,519
1747 - - - K 0.101 - 0.004 0.4 - 964.6 0.810 6,537
1746 715 6.1 0.09 A - - 0.4 - - 788.3 0.829 3,550
1748 645 6.0 0.10 B - - 0.004 - - 881.3 0.794 555
1758 560 5.8 0.07 E 0.267 - 0.4 0.004 - 892.3 0.799 620
1755 660 5.9 0.07 F 0.268 - 0.004 0.4 - 933.5 0.803 1,670
1750 680 5.9 0.10 J 0.673 - 0.4 0.004 - 886.7 0.811 1,235
1751 590 5.9 0.07 K 0.068 - 0.004 0.4 - 913.1 0.808 2,325

a Represent DO levels in effluent water.
The waveforms A-K are defined in Fig. 51
€ Compressive strain rate was 0.4%/s for all tests.
d A slow strain rate of 0.0004%/s was used for this test.
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Appendix B: Design Fatigue Curves for LWR Environments
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