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ABSTRACT

The ASME Boiler and Pressure Vessel Code design fatigue curves for structural materials
do not explicitly address the effects of reactor coolant environments on fatigue life. Recent test
data indicate a significant decrease in fatigue lives of austenitic stainless steels (SSs) in light
water reactor (LWR) environments. Unlike those of carbon and low-alloy steels, environmental
effects on fatigue lives of SSs are more pronounced in low-dissolved-oxygen (low-DO) water
than in high-DO water. This paper summarizes available fatigue strain vs. life data on the
effects of various material and loading variables such as steel type, DO level, strain range, and
strain rate on the fatigue lives of wrought and cast austenitic SSs. Statistical models for
estimating the fatigue lives of these steels in LWR environments have been updated with a
larger data base. The significance of the effect of environment on the current Code design
curve has been evaluated.

INTRODUCTION

The ASME Boiler and Pressure Vessel Code Section III, Subsection NB,! which contains
rules for the construction of Class 1 components for nuclear power plants, recognizes fatigue
as a possible mode of failure in pressure vessel steels and piping materials. Figures I-9.1
through 1-9.6 of Appendix I to Section III of the Code specifies design fatigue curves that define
the allowable number of cycles as a function of applied stress amplitude. However, Subsection
NB-3121 of Section III of the Code states that the data on which the design fatigue curves 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 III states that the owner's design
specifications should provide information on any reduction to design curves necessitated by
environmental conditions. Recent fatigue strain vs. life (S-N) data2-!! illustrate potentially
significant effects of light water reactor (LWR) coolant environments on the fatigue resistance of
carbon and low-alloy steels and austenitic stainless steels (SSs), Fig. 1. Under certain
conditions of loading and environment, fatigue lives of carbon steels can be a factor of 70 lower
in the environment than those in air. Therefore, the margins in the ASME Code may be less
conservative than originally intended.

A program was initiated at Argonne National Laboratory (ANL) to provide data under
conditions that are not addressed in the existing data base and to develop models for
estimating the fatigue life of primary pressure boundary materials in LWR environments.
Based on the existing fatigue S-N data, interim design fatigue curves that address
environmental effects on fatigue life of carbon and low-alloy steels and austenitic SSs have
been proposed.!2 Statistical models have also been developed at ANL for estimating the effects
of various material and loading conditions on fatigue life of these materials.13.14 Results of the
statistical analysis have been used to estimate the probability of fatigue cracking in reactor
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Figure 1. Fatigue S-N data for carbon steels and austenitic stainless steels in water

components. The statistical models for carbon and low-alloy steels have been updated with a
larger fatigue S-N data base.15

However, the interim design curve and statistical model for austenitic SSs were based on
limited data. For example, nearly all of the data in water were obtained at high temperatures
(280-320°C) and high levels of dissolved oxygen (DO) (0.2-8 ppm). The data were inadequate to
define the loading and environmental conditions that can decrease fatigue life of austenitic
SSs. The threshold for strain amplitude above which environment can decrease fatigue life,
and the value of strain rate below which environmental effects saturate, were based on the data
for carbon and low-alloy steels. Fatigue life in LWR environments was assumed to be
independent of temperature. Furthermore, although the proposed interim fatigue design
curvel? for austenitic SSs was based on data obtained in high-DO water, the curve was
recommended for use at all oxygen levels until additional data became available, on the
assumption that this was a conservative estimate of the likely effect of DO. Recent
experimental results indicate that this is not the case.9 Also, effects of LWR environments on
the fatigue lives of cast SSs have not been addressed.

This paper summarizes available data on the effects of various material and loading
variables such as steel type, DO level, strain range, and strain rate, on the fatigue lives of
wrought and cast austenitic SSs. The data have been analyzed to identify key parameters that
influence fatigue life and define the threshold and saturation values of these parameters.
Statistical models that were developed earlier for estimating the fatigue lives of austenitic SSs
in LWR environments have been updated with a larger data base. The significance of the effect
of environment on the current Code design curve is evaluated.

OVERVIEW OF FATIGUE S-N DATA

The relevant S-N data for austenitic SSs are the JNUFAD" data base and the data
compiled by Jaske and O'Donnelll® for developing fatigue design criteria for pressure vessel
alloys. Fatigue tests by Conway et al.17 and Keller!8 on Types 304 and 316 SSs in air are also
included in the data base. In addition, tests in water have been conducted on austenitic SSs

* 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.”




by General Electric Co. (GE) in a test loop at the Dresden 1 reactor!9.20 and at ANL.8.9 The
data base for austenitic SSs is composed of =500 tests in air (240 tests on 26 heats of Type 304
SS, 170 tests on 15 heats of Type 316 SS, and 90 tests on 4 heats of Type 316 NG) and =300
tests in water (135 tests for 9 heats of Type 304, 55 tests on 3 heats of Type 316 SS, and 100
for 4 heats of Type 316 NG). Nearly 60% of the tests in air were conducted at room
temperature, 20% at 250-325°C, and 20% at 350-450°C. Nearly 90% of the tests in water
were conducted between 260-325°C; the remainder were at lower temperatures. The data in
water on Type 316NG have been obtained primarily at high DO levels (= 0.2 ppm) and those on

Type 316 SS at low-DO levels (<0.005 ppm); half the tests on Type 304 SS are at low-DO and
the remaining at high-DO levels.

Air Environment

The existing fatigue S-N data indicate that the fatigue lives of Types 304 and 316 SS are
comparable and those of Type 316NG are superior. Fatigue life in air is independent of
temperature in the range from room temperature to 427°C (Fig. 2). The three curves in Fig. 2
are based on the current ASME mean curve, the best-fit curve developed by Jaske &
O'Donnell, 16 and an updated statistical model discussed later in the paper. The data for
temperatures of 260-400°C indicate that the fatigue life of these steels decreases with
decreasing strain rate (Fig. 3). Strain rate effects are not observed at room temperature. Above
260°C, the effect of strain rate on life seems to increase with increasing temperature.
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During cyclic loading, austenitic SSs exhibit rapid hardening during the first 50-100
cycles. Extent of hardening increases with increasing strain amplitude and decreasing
temperature and strain rate.® The initial hardening is followed by softening and a saturation
stage at 288°C and by continuously softening at room temperature. For the various steels,
cyclic stresses increase in the following order: Types 316NG, 304, and 316. The correlations
for cyclic stress vs. strain curves are presented in Ref, 9.
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LWR Environments

The fatigue S-N data indicate a significant decrease in fatigue life in LWR environments
(Fig. 4). The reduction in life depends on strain rate, DO level in water, and temperature.3-5.9
Also, environmental effects on fatigue life are comparable for all steels. A slow strain rate
applied during the tensile-loading cycle is primarily responsible for environmentally assisted
reduction in fatigue life. Slow rate applied during both tensile~ and compressive-loading cycles
does not cause further decrease in fatigue life.
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Figure 4. Fatigue S-N data for Types 304 and 316NG stainless steel in water at 288°C

The fatigue lives of austenitic SSs in low- and high-DO water are plotted as a function of
tensile strain rate in Fig. 5. In both low- and high-DO levels, fatigue lives decrease with
decreasing strain rate. The effect of strain rate is greater in a low-DO PWR environment than
in high-DO water. In a simulated PWR environment, a decrease in strain rate from 0.4 to



0.004%/s decreases fatigue life by a factor of =8. The results indicate that the strain rate
below which effects of strain rate on fatigue life saturate may depend both on steel type and DO
level. In low-DO PWR environments, saturation strain rate appears to be at =<0.0004%/s for
Type 304 SS and =0.001%/s for Type 316 SS. The existing data are inadequate to establish
saturation rate in high~-DO water.

Results from exploratory tests,* where a slow strain rate is applied during only a fraction of
the tensile loading cycle, indicate that a minimum threshold strain is required for
environmentally assisted decrease in fatigue life of these steels. For a heat of Type 316 SS, the
threshold strain in low-DO water at 325°C is =0.36% (Fig. 6). During each cycle, relative
damage due to slow strain rate is the same once the strain amplitude exceeds the threshold
value. Fatigue data from this study indicate a threshold strain range of =0.32% for the ANL
heat of Type 304 SS (Fig. 4). The threshold strain most likely corresponds to rupture strain of
the passive oxide film. These results are similar to those observed in carbon and low-alloy
steels.6.7

The results also indicate that unlike carbon and low-alloy steels, environmental effects on
the fatigue life of austenitic SSs are more pronounced in low-DO than in high-DO water.3.9 At
a strain rate of 0.004%/s, the reduction in fatigue life in a simulated PWR environment
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* H. Kanasaki, Mitshubishi Heavy Industries, Ltd., presented at the Pressure Vessel Research Council Meeting,
February 1997, Las Vegas, NV.
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Figure 7. Change in fatigue life of austenitic stainless steels in low-DO water with temperature

(<0.01 ppm DO) is greater by a factor of =2 than in high-DO water (0.2 ppm DO). The existing
data are inadequate to establish the functional form for the dependence of fatigue life of
austenitic SSs on DO level. For carbon and low-alloy steels, environmental effects on fatigue
life increase with increasing DO content above a minimum threshold value of 0.05 ppm; only a
modest decrease in life is observed at DO levels < 0.05 ppm.2.6.7.15

The existing fatigue S-N data are inadequate to establish the dependence of life on
temperature. Limited data indicate that environmental effects on fatigue life of austenitic SSs
occur at temperatures above 250°C (Fig. 7). However, at 250-330°C, fatigue life appears to be
relatively insensitive to changes in temperature. Only moderate decreases in life are observed
at temperatures < 200°C.

Cast Stainless Steels :

The available fatigue S-N data indicate that in air, the fatigue life of cast CF-8 and CF-8M
SSs is similar to that of wrought austenitic SSs. Thermal aging of cast SSs at temperatures
between 300-400°C has no significant effect on fatigue properties, although the Charpy impact
and fracture toughness properties are decreased significantly after thermal aging.2! Results of




fatigue crack growth studies indicate enhanced growth rates in PWR primary water, i.e., a
factor of 2-10 increase in growth rate relative to that in air.22.23 The enhancement is greater
at high R-ratio and low values of AK than at low R-ratio and high AK values.23

The existing fatigue S-N data for cast SSs in LWR environments include the studies
conducted at Mitsubishi Heavy Industries, Ltd. (MHI) in Japan® and the present work at ANL.
The results indicate that the fatigue lives of cast SSs are approximately the same in both high-
or low-DO water and are comparable to those observed for wrought SSs in low-DO water.
Also, the reduction in life depends on strain rate (Fig. 9). The existing data are inadequate to
establish the saturation strain rate for cast SSs. For unaged material, environmental effects on
life do not appear to saturate at strain rates as low as 0.00001%/s. The results also indicate

that the fatigue life of these steels is relatively insensitive to changes in ferrite content in the
range of 12-28%.
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MECHANISM OF FATIGUE CRACK INITIATION

The formation of surface cracks and their growth to an “engineering” size (3 mm deep)
constitute the fatigue life of a material, which is represented by the fatigue S-N curves. Fatigue
life has conventionally been divided into two stages: (a) initiation, expressed as the cycles to
form microcracks on the surface; and (b) propagation, expressed as cycles to propagate the
surface cracks to an engineering size. An alternative approach considers fatigue life to be
entirely composed of the growth of short surface cracks.24 In polycrystalline materials, the
period for the formation of surface cracks is negligible; surface cracks, 10 um or longer, form
quite early in life.7.25.26

The enhanced growth rates of long cracks in pressure vessel and piping steels in LWR
environments have been attributed to either slip oxidation/dissolution27? or hydrogen-induced
cracking28 mechanisms. Both mechanism are dependent on the rates of oxide rupture,
passivation, and liquid diffusion. Therefore, it is often difficult to differentiate between the two
processes or to establish their relative contribution to crack growth in LWR environments.
Studies on crack initiation in smooth fatigue specimens indicate that the decrease in fatigue
life of carbon and low-alloy steels in LWR environments is caused primarily by the effects of
environment on the growth of cracks < 100 pm deep.7-14 Relative to air, crack growth rates in
high-DO water are nearly two orders of magnitude higher for crack sizes < 100 pm and one
order of magnitude higher for crack sizes > 100 pm. In LWR environments, crack initiation in
carbon and low-alloy steels may be explained as follows: (a) surface microcracks form quite
early in fatigue life; (b) during cyclic loading, the protective oxide film is ruptured at strains
greater than the fracture strain of surface oxides, and the microcracks grow by anodic
dissolution of the freshly exposed surface; and (c) growth of large cracks is characterized by
accelerating growth rates.

For austenitic SSs, lower fatigue lives in low-DO water than in high-DO water are difficult
to reconcile in terms of the slip oxidation/dissolution mechanism. In general, crack growth
rates increase with increasing DO in water. It may be argued that the lower lives in low-DO
water are due to a lower rupture strain for surface oxides in low-DO than in high-DO water.
As discussed above, oxide rupture strain in low-DO water may be in the range of 0.32-0.36%.
The rupture strain in high-DO water has to be significantly higher than this value to resultin a
factor of =2 difference in fatigue life.

Metallographic examination of the test specimens indicate that environmentally assisted
reduction in fatigue life of austenitic SSs is most likely caused by hydrogen-induced cracking.®
Figure 10 shows photomicrographs of the fracture surface, after chemical cleaning, at
approximately the same crack length for Type 304 SS specimens tested in air, high-DO water,
and low-DO simulated PWR environment. All specimens show fatigue striations; the spacing
between striations indicate that crack growth increases in the following sequence: air, high-DO
water, and low-DO PWR water. The presence of well defined striations suggests that the
enhanced crack growth rates in austenitic SSs are most likely due to hydrogen-induced
cracking. Fatigue striations should not be observed if enhancement of crack growth was
caused by the slip dissolution/oxidation process.

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
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Photomicrographs of the fracture surface of
Type 304 SS specimens tested at 288°C and
0.75% strain range in air, high-DO water, and
lou-DO simulated PWR water
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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. 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.13.14 The functional forms and transformation for the different variables
were based on experimental observations and data trends. The models presented in Refs. 13
and 14 have been modified and updated with a larger fatigue S-N data base.

In air, the model assumes that fatigue life is independent of temperature and that strain
rate effects occur at temperatures > 250°C. The effect of strain rate on life is considered to
depend on temperature. In LWR environments, the fatigue life of austenitic SSs depends on
strain rate, DO level, and temperature. The decrease in life is greater at low-DO levels and
high temperatures. However, the existing data are inadequate to establish the functional form
for the dependence of fatigue life on DO level or temperature. Separate correlations have been
developed for low— and high~-DO levels (< or 2 0.05 ppm), and low and high temperatures (< or
=2 200°C). Also, a threshold strain rate of 1%/s and saturation rate of 0.0004%/s is assumed
in the model. In air, the fatigue N of Types 304 and 316 SS is expressed as

In(N) = 6.703 - 2.030 In(e, - 0.126) + T* £&° (1a)




and that of Type 316NG as
In(N) = 7.422 - 1.671 In(e; - 0.126) + T £°, (1b)

where g5 is the strain amplitude (%) and T* and £* are transformed temperature and strain
rate, respectively, defined as follows:

T =0 (T <250°C)

T" = [T - 250)/525]0-84 (250 <T <400°C) (2a)
£'=0 (€ >0.4%/s)

£ =1In(£/0.4) (0.0004 <¢ <0.4%/s)

£* =1n(0.0004/0.4) (€ <0.0004%/s). (2b)

In LWR environments, the fatigue of Types 304 and 316 SS is expressed as

In(N) = 5.768 - 2.030 In(e; - 0.126) + T* ¢* O* (3a)
and that of Type 316NG as

In(N) =6.913 - 1.671 In(e5 - 0.126) + T £* O, (3b)

where the constants for transformed temperature, strain rate, and DO are defined as follows:

T =0 (T <200°C)

=1 {T 2200°C) (4a)
£'=0 (€ >0.4%/5s)

£* =In(£/0.4) {0.0004 <¢ £0.4%/5)

£* = In(0.0004/0.4) (& <0.0004%/s) (4b)
O’ =0.260 (DO <0.05 ppm)

0*=0.172 , (DO 20.05 ppm). (4c)

The model is recommended for predicted fatigue lives < 108 cycles. One data set, obtained on
Type 316 SS in room-temperature air, was excluded from the analysis. The tests were
conducted in load-control mode at stress levels in the range of 190-230 MPa. The strain
amplitudes were calculated only as elastic strains, i.e., strain amplitudes of 0.1-0.12% (the
data are shown as circles in Fig. 2 with fatigue lives of 4 x 105 to 3 x 107). Based on cyclic
stress vs. strain correlations for Type 316 SS,9 actual strain amplitudes for these tests should
be 0.23-0.32%. Furthermore, in LWR environments, the best-fit of the experimental data
yielded a different slope for the S-N curve than that obtained in air; constants for the second
term in Egs. 3a and 3b were lower than those in air, particularly for Types 304 and 316 SS.
For convenience in incorporating environmental effects into fatigue evaluations, the slope of the
S-N curve in LWR environments was assumed to be the same as that in air.

The experimental values of fatigue life in air and water and those predicted from Eqs. 1-4
are plotted in Fig. 11. The estimated fatigue S-N curves for Types 304, 316, and 316NG SSs in
air and LWR environments are shown in Figs. 2 and 12, respectively. The predicted fatigue
lives show good agreement with the experimental data. Note that the ASME mean curve is not
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Figure 11. Experimental and predicted values of fatigue life of austenitic stainless steels in air
and water environments
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Figure 12. Experimental fatigue lives and S-N curves estimated from statistical models for

austenitic stainless steels in water environments
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consistent with the existing fatigue S-N data. In LWR environments, estimated values at low
strain amplitudes are somewhat higher than the experimental values because, as discussed
above, the slope of the S-N curve in water was assumed to be the same as in water, although
best-fit of the data gave a steeper slope.

DESIGN FATIGUE CURVES

The current ASME Section Il Code design fatigue curves were based on experimental data
on small polished test specimens. The best-fit curve to the experimental data, expressed in
terms of strain amplitude €, (%) and fatigue cycles N, for austenitic SSs is given by

In[N] = 6.954 - 2.0 Infe; ~ 0.167). )

The mean curve, expressed in terms of stress amplitude S, (MPa), which is the product of €,
and elastic modulus E, is given by

S, = 58020/VN + 299.92. (6)

The room~temperature value of 195.1 GPa (28300 ksi) for the elastic modulus was used in
converting the experimental strain-versus-life data to stress-versus-life curves. The best-fit
curves were adjusted for the effect of mean stress by using the modified Goodman relation.
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, to account for differences and
uncertainties in fatigue life associated with material and loading conditions.

The same procedure has been used to develop design fatigue curves for LWR
environments. However, because of the differences between the ASME mean curve and the
best-fit curve to existing fatigue data (Fig. 2), the margin on strain for the current ASME Code
design fatigue curve is lower than 2. Therefore, a factor of 1.5 rather than 2 was used in
developing the design fatigue curves from the statistical models in air and LWR environments.

The design fatigue curves based on the statistical model for Types 304 and 316 SS in air
and low- and high-DO water are shown in Figs. 13-15. A similar set of curves can be obtained
from Egs. 1b and 3b for Type 316NG SS. Because the fatigue life of Type 316NG is superior to
that of Types 304 or 316 SS, Figs. 13-15 may be used conservatively for Type 316NG SS. In
air, although the differences at low stress levels between the current ASME Code design curve
and the design curve obtained from the updated statistical model at temperatures < 250°C
have been reduced or eliminated by reducing the margin on stress from 2 to 1.5, significant
differences still exist between the two curves. For example, at stress amplitudes > 300 MPa,
estimates of life from the updated design curve are a factor of =2 lower than those from the
ASME Code curve. Also, because of strain rate effects at temperatures > 250°C, estimated
fatigue lives may be further reduced up to a factor of =3.5 at very slow strain rates.

As discussed above, the existing fatigue data indicate a threshold strain range of =0.32%,
below which environmental effects on fatigue life of austenitic SSs either do not occur or are
insignificant. This value must be adjusted for the effects of mean stress and uncertainties due
to material and loading variability. Threshold strain amplitudes are decreased by =10% to
account for mean stress effects and by a factor of 1.5 to account for uncertainties in fatigue life
associated with material and loading variability. Thus, a threshold strain amplitude of 0.097%
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(stress amplitude of 189 MPa) was selected, below which environmental effects on life are
modest and are represented by the design curve for temperatures < 200°C (shown by the solid
line in Figs. 14 and 15). Note that the design curves in LWR environments not only account for
environmental effects on life but also include the difference between the current Code design




curve and the updated design curve in air, i.e., the difference between the solid and dashed
curves in Fig. 13.

FATIGUE LIFE CORRECTION FACTOR

The effects of reactor coolant environments on fatigue life have also been expressed in
terms of a fatigue life correction factor Fen, which is the ratio of the life in air at room
temperature to that in water at the service temperature.2-29 To incorporate environmental
effects into the ASME Code fatigue evaluation, a fatigue usage for a specific load pair based on
the current Code fatigue design curve is multiplied by the correction factor. A fatigue life
correction factor Fen can also be obtained from the statistical model, where

In(Fen) = In(Nair) - In(Nwated. (7)

From Egs. la and 2a, the fatigue life correction factor relative to room-temperature air for
Types 304 and 316 SSs is given by

Fen = exp(0.935 - T* ¢* 0%, 8

where the threshold and saturation values for T*, ¢* and O* are defined in Egs. 4a-4c. At
temperatures > 200°C and strain rates < 0.0004%/s, Eq. 8 yields an Fep of =15 in low-DO PWR
water (< 0.05 ppm DO) and =8 in high-DO water (= 0.05 ppm DO). At temperatures < 200°C,
Fen is =2.5 in both low- and high-DO water at all strain rates.

SUMMARY

The existing fatigue S-N data for austenitic stainless steels in air and water environments
have been evaluated to establish the effects on the fatigue life of these steels due to various
material and loading variables such as steel type, strain range, strain rate, temperature, and
DO level in water. In air, the fatigue lives of austenitic SSs are independent of temperature in
the range from room temperature to 450°C. At temperatures >250°C, fatigue life decreases
with decreasing strain rate. Also, the fatigue lives of Types 304 and 316 SS are comparable
and those of Type 316NG are superior. For all steels, cyclic stresses increase with decreasing
strain rate and are 20-30% lower at 288-430°C than at room temperature. The results
indicate that the current ASME mean curve is not consistent with the existing fatigue S-N
data.

The results in LWR environments indicate a significant decrease in fatigue life in water
relative to that in air; the decrease in life depends on strain rate, DO level in water, and
temperature. Environmental effects on fatigue life are comparable for all steels. However,
unlike those in carbon and low-alloy steels, environmental effects are more pronounced in low-
DO than in high-DO water. The influence of reactor environments on fatigue crack initiation is
discussed.

Statistical models for estimating the fatigue S-N curves as a function of material, loading,
and environmental variables have been updated with a larger fatigue data base. Design fatigue
curves have been developed for austenitic SS components in LWR environments. The effects of
LWR coolant environments on fatigue life have also been expressed in terms of a fatigue life
correction factor defined as the ratio of the life in air to that in water.
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