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Overview of Existing Data

The existing data in the literature on the fatigue of carbon steel in LWR environments
have been reviewed to provide a basis for the development of fatigue design curves that
account for the effect of LWR environments. The primary published sources of these data
are the work by Higuchi and lida,! the data obtained in a test loop at the Dresden 1 reactor
by GE2.3, tests performed by GE/EPRI,4 and the work by Terrell.5 In addition, a series of
tests has been conducted by B&W in water chemistries characteristic of fossil secondary
systems.® Although these water chemistries are much different from the LWR chemistries
of interest, the temperature and oxygen levels — which appear to be the critical environ-
mental variables — are in the ranges of interest.

A number of trends are clear from the available data. Both temperature and oxygen
affect fatigue life. At the very low dissolved-oxygen levels characteristic of PWRs and BWRs
with hydrogen water chemistry, environmental effects on fatigue life are modest at all tem-
peratures and strain rates. Increases in dissolved oxygen above =0.1 ppm, produce signifi-
cant reductions in fatigue life. The effect of the dissolved-oxygen increases rapidly with
increasing concentration up to =0.2 opm, but above this level there is relatively little effect
on fatigue life from further increases up to 8 ppm. In oxygenated environments, fatigue life
depends strongly on strain rate (this dependence on loading history can also be character-
ized in terms of frequency or rise time) and temperature. For the same environment and
the same strain range, lives can vary by a factor of =50 depending on the strain rate. At a
given strain rate, fatigue life increases by a factor of =5 or more as the temperature is
decreased from 288° to 200°C.

Empirical Correlations for Effect of Environment on Fatigue Life

Higuchi and Iida! correlate their data by assuming that life in the environment is
related to life in air at room temperature through a power-law dependence on the strain
rate:

Nwater >« Nair (é)P (1)

The strain rate exponent p is a function of temperature (T) and dissolved-oxygen level (O).
A best fit to the data is obtained by a piecewise linear relationship of the form

* Work supported by Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission FIN Nos.
A22122, and A22562, Program Manager Dr. J. Muscara.
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The specific values for the constants po, mj, Oy, ... (for strain rates expressed in %-s-1) cho-
sen by Higuchi and lida for carbon steel and a low-sulfur (0.003 wt.%) low-alloy steel are
given in Table 1.

Table 1. Coefficients in Piecewise Linear Correlation for Strain Rate Exponent p
Determined by Higuchi and Iidal

Po m| 0] mp On ko kioo k2oo  ksoo
Carbon Steel 0.1 (0] 0.1 1 0.2 0 0.2 0.2 0.6
Low-Alloy Steel 0.1 0 0.1 1 0.2 0 0.175 0.175 0.25

The tests by Terrell5 and Hicks and Shack? suggest an effect of temperature on fatigue

life even in air that is relatively independent of strain rate. This suggests that Eq. 1 take
the modified form:

Nwater * Nair ®(T)-(£)P (5)

Examination of the Japanese data on fatigue life in air at in the FADAL data base® shows
less effect of temperature than was observed by Terrell> and Hicks and Shack.7 At present
the reasons for these differences are not clear. The data in Refs. 1-6 and some recent data
obtained at Argonne National Laboratory (ANL)"* were reanalyzed using Eq. 5 with p in the
form given by Eqs. 2-4 and with &(T) in the form

O(T) = aeb/(T+273) (6)

*Private communication from M. Higuchi, IHI, to M. Prager of the Pressure Vessel Research Council, January
1992,

**Private communication, Omesh Chopra, ANL, November 1992.
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The resulting expression for the strain-rate exponent p for high-sulfur steel differs
slightly from that given by Higuchi and Iida.! The new coefficients of the piecewise linear
expression for p are given in Table 2. In Eq. 6 the coefficients o and B are 0.6 and 148.5,
respectively.

Table 2. Revised Coefficlents in Piecewise Linear Correlation for Strain Rate

Exponent p
Po mj Oy mp Onh ko k100 k2oo  ksoo
High-sulfur 0.04 O 0.1 1 0.2 0.04 0.26 0.26 0.49
Steel
Low-sulfur Steel 0.1 0 0.1 1 0.2 0] 0.175 0.175 0.25

The coefficients for low-sulfur steel are identical to those given by Higuchi and lida!
for their low-alloy steel. Recent tests at ANL suggest that there is little difference in sus-
ceptibility to environmental degradation of fatigue life between low-alloy and carbon steels
with comparable sulfur levels. The strong dependence on oxygen level below 0.2 ppm and
the relatively weak dependence at higher levels, which are reflected in the values given in
Table 2, are consistent with the results of Nagata et al.8 on low-alloy steels. Figure 1 pre-
sents a comparison between the observed lives in the tests of Higuchi and Iida,! the data
from Dresden,2 and the tests at B&W® and those predicted by Eq. 5, with p determined by
the coefficients given in Table 2. In Fig. 1, the mean air curve fcr carbon steels that was
used to develop the current ASME Section III design curve has been used as the reference
curve. Better agreement can be obtained if the actual air data for the particular heat of steel
are available and are used as the reference curve, as is shown in the case of the Higuchi and
lida data in Fig. 2. Even with the ASME mean air curve, the predicted lives are in reason-
ably good agreement with the observed lives. It should be noted, however, that virtually all
the available experimental data in reactor environments are at relatively high strain ranges,
and the validity of Egqs. 1 or 5 at low strain ranges remains to be demonstrated.

Equation 1 or 5 predicts a critical role of the applied strain rate on fatigue life. For
water with 0.2 ppm dissolved oxygen and at 288°C (550°F), the strain-rate exponent p is
~0.5. Typical transients may give strain rates of 0.01-0.001 % s-1. From Eq. 1 or 5 this
corresponds to reductions in fatigue life by factors of 10-30. However, some transients may
have strain rates of 0.0001-0.00001 % s~!. In these cases, Eq. 1 gives predicted reduc-
tions in fatigue life by a factor of >300. The relatively good service experience of carbon
steel piping in BWRs suggests that extrapolation of the power-law relation in Eq. 1 or 5 to
such low strain rates is unrealistic and that the effect of strain rate on fatigue life must satu-
rate at some level, although no such saturation was observed in the tests of Higuchi and
Iida.1

Recent tests at ANL on A106-Gr B steel in deionized water with 0.6-0.8 ppm dissolved
oxygen at 288°C (550°F) suggest that the decrease in fatigue life does saturate at low strain
rates, as shown in Fig. 3. While these results are suggestive, the data currently available at
very low strain rates are insufficient to convincingly demonstrate saturation at low strain
rates. However, we have tried to develop interim fatigue design curves that are consistent
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with the available data, but that use insight gained from fracture mechanics models and
engineering judgment to supplement the available data.

Higuchi & lida Data
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Development of a Fracture Mechanics Model for Prediction of Fatigue Lives

The life of a “smooth” fatigue specimen has long been recognized to consist of a crack
nucleation phase and a crack growth or propagation phase. At low strain ranges (i.e., high-
cycle fatigue), life is dominated by the crack nucleation phase, while high strain ranges (l.e.,
low—cycle fatigue) the crack growth phase dominates. Crack nucleation life is controlled by
the strength of the material and is assumed to depend primarily on the applied stress range
(or elastic strain range). Crack growth life is controlled by the ductility of the material and
depends primarily on the applied plastic strain range. In general, the effect of the envi-
ronment on crack nucleation life would be expected to be different from that on crack
propagation life.

The data of Terrell> on SA 106-Gr B steel have been used to estimate the mean fatigue
life of carbon steel at 288°C (550°F) in air. This mcan curve is shown in Fig. 4a, along with
the estimated crack nucleation, Nj, and crack propagation, Np, life curves based on the
assumption that N; depends on the applied elastic strain range and Np depends on the
applied plastic strain range. Although the curves in Fig. 4a are obtained from the fatigue
and cyclic stress/strain data of Terrell,5 the fatigue curve obtained by Terrelld is similar to

the mean curve used to generate the current design fatigue curve of the ASME Code,
Section III.

N; is a function of the applied stress range Ac, although it can also be expressed in
terms of the applied strain range through the cyclic stress/strain curve; for SA 106-Gr B at
288°C (550°F) in air, a power-law best fit gives (Ac in MPa)

Ao = 2,000N;00845 (7a)

or
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(25°C)

Ae = 0.0105N700845

At room temperature, crack nucleation life is given by (Fig. 4b):

Ac = 3020N;13
or

Ae =0.0146N;%13

(7b)

(8a)

(8b)

The crack propagation life Np in air at 288°C (550°F) can be expressed in terms of the

strain range:

Ae =0.2 10N;,°-4°55

At room temperature,

= -0.3758
Ae = 0.244N,

(9)

(10)

The total life Nf can then be expressed as the sum of the crack nucleation and crack

propagation lives

Nf=N1+Np

(11)

A fracture mechanics model can be used to calculate the effect of the environment on
Np. Dowling? has demonstrated that by characterizing the fracture mechanics crack growth
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rate in terms of AJ, fracture mechanics analyses can be used to develop estimates of the
- fatigue life at high strain ranges by computing the number of cycles required for the crack
to grow from an initial flaw size a, to failure. Good agreement is obtained between the lives
observed in air with those predicted by Dowling's model when propagation life is computed
using the crack-growth-rate curve in air given in the current proposed revision to Section
XI of the ASME Code with an initial flaw ag, = 0.002 in. and with failure assumed to occur at
a final crack size of 0.1 in. For lower strain ranges, the crack nucleation life Ny can then be
interpreted as the number of cycles needed to nucleate a crack of =0.002 in. Crack propa-
gation life in the environment can then be obtained by calculating the number of cycles
required to grow from a, to failure using the crack-growth-rate curve for carbon steels in
LWR water currently being proposed for inclusion in Section XI.10

In Fig. 5, the lives predicted by the fracture mechanics model at a strain range of 1.2%
as functions of the strain rate are compared with the data of Higuchi and Iida! at this strain
range in water with 8 ppm dissolved oxygen at 290°C (554°F). According to the proposed
Section XI crack growth curves, at 288°C (550°F) high rates of environmentally assisted
cracking (EAC) occur only above a critical threshold value of AK, which depends on the rise
time.10 At lower temperatures, this threshold behavior has not been clearly demon-
strated.10 The calculations have been performed by assuming that this threshold behavior
occurs (the curve denoted “With Threshold”) and that it does not occur (the curve denoted
“Without Threshold”). At this strain range, inclusion or neglect of crack nucleation life
makes little difference on predicted total life. While the actual values of the predicted lives
differ significantly from the observed lives, the dependence on strain rate predicted by the
model is similar to the power-law dependence obtained from the empirical relation Eq. 1
down to a strain rate of =10-5.s-1, Below that level, the decrease in life with decreasing
strain rate is predicted to saturate; the life may even increase in the case where crack
growth exhibits an EAC threshold. As noted previously, saturation appears to have been
observed in recent tests at ANL; data that demonstrate recovery in fatigue life at very low
strain rates have been reported in the Russian literature.!l

At a strain range of 0.6%, the inclusion or neglect of crack nucleation life has a large
influence on predicted total life, as shown in Fig. 6. If no loss in crack nucleation life in
water is assumed, the predicted lives become increasingly nonconservative with decreasing
strain rate. An analysis that assumes zero crack nucleation life and no threshold in the EAC
growth rate predicts lives that are in reasonable agreement with the available experimental
data. Saturation is again predicted at strain rates less than 10-5.s-1. Also, as before, the
experimental data appear to be more consistent with the predictions of a crack growth
model without an EAC threshold than with a crack growth model with an EAC threshold.

Calculations at other strain ranges show that the predicted value of the saturation strain
rate depends only weakly on the applied strain range. For strain rates of 10-2 to
10-5 s-1, the variation of relative life with strain rate predicted by the fracture mechanics
model is similar to the power-law behavior used to fit the data from conventional fatigue
tests. For strain ranges of 0.3-1.2%, the strain-rate exponents obtained from the fracture
mechanics model range from 0.5 to 0.6, compared to 0.50 obtained from the parameters
given in Table 2.
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Proposed Interim EAC-Adjusted Fatigue Curve for Carbon Steels

The critical conclusion from the fracture mechanics modeling studies is the existence
of a saturation strain below which fatigue life does not decrease with decreasing strain rate
(indeed, it is possible that there is recovery in life at strain rates below this critical value).
The model predicts that this critical strain rate is =10-5 s-1. This value is consistent with
the preliminary experimental results shown in Fig. 3. Although Ny can be estimated from
the model, the interim curves are based on data from conventional fatigue tests, and the
fracture mechanics results are invoked only to justify the introduction of saturation at low
strain rates.

Both crack propagation life, Np, and crack nucleation life, Ny, depend on the critical
environmental variables of dissolved-oxygen concentration and temperature and on the
applied strain rate. The model of Higuchi and Iidal assumes that N, and Nj show the same
dependence on the environmental variables and strain rate. However, most of their tests
are at such high strain range values that crack nucleation life is negligible and only the vari-
ation in Np is well defined by their data. We assume that Ny, is of the form given by Eq. 5

woor o noypo ' [ (VLT



Npwater = Npgy P(T) €P £€210-5 s-1 (12)

where the strain-rate exponent p is a function of oxygen and temperature, as given by Egs.
2 and 3 and Table 2, and the effect of the strain rate is assumed to saturate at a strain rate
of 10-5-s-1. There appears to be a sharp threshold in fatigue life at dissolved-oxygen levels
between 0.1 and 0.2 ppm.! Because of the large uncertainties in life for oxygen levels in the
threshold region, we conservatively take the threshold level at the lower 0.1 ppm level.

Because fewer data are available for Nj, more reliance must be placed on engineering
judgment. Terrell> has noted that carbon steels such as SA-106 Gr B exhibit strain aging
at reactor operating temperatures. Tensile tests at various temperatures conducted
recently at Battelle-Columbus!2 on SA-333 Gr 6 and SA-106 Gr B specimens obtained from
pipes of various diameters have shown that the magnitude of the increase in ultimate ten-
sile strength (UTS) due to strain aging can vary significantly (the observed increases range
from 1.09 to 1.30 relative to the UTS at room temperature) from pipe to pipe even for the
same heat of material. Because the high-cycle fatigue life depends on the strength of the
material, it will increase if strain aging occurs, and in this case Nj could increase with
decreasing strain rate.!3 Terrell's data® show that the stress-versus-fatigue-life curves (at
4-10-3 s-1) at room temperature and at 288°C (5650°F) cross over in the high-cycle fatigue
regime. However, degradation of high-cycle fatigue life can occur through a variety of envi-
ronmentally induced processes such as the formation of surface pits, which cause stress
concentrations and conseqi:ently reduce high-cycle fatigue life. Even without macroscopic
pitting, micropitting occurs at the sites of MnS particles in high-sulfur carbon and low-
alloy steels in oxygenated water. Examination of the specimens tested at ANL in 288°C
(550°F) oxygenated water shows that the cracks in the specimens virtually always initiate at
such pits. Of course, the film rupture and dissolution processes usually associated with
crack propagation!4 could also affect nucleation life.

The net effect of these competing mechanisms may vary from heat to heat and will be
dependent on material composition, dissolved-oxygen level, temperature, and exposure
history. For stainless steels, corrosion processes appear to increase the life at strain ranges
below 0.25% over that observed in air.!5 For ferritic steels, the data currently availabie are
inadequate to accurately characterize crack nucleation life. Two different assumptions have
been examined. In one, Nj is assumed to degrade due to micropitting in oxygenated water,
which results in a net effective stress concentration factor (K of 1.2 and a consequent
reduction in life by a factor of =5. In the other, the approach of Higuchi and Iida! is fol-
lowed and Nj is assumed to have the same dependence on strain rate as Np. As in the case
of propagation life, the effect of strain rate is assumed to saturate at 10-5 s-1. The limited
data available at relatively low strain ranges!.5 seem to be in better agreement with the
Higuchi and Iida assumption, which also gives more conservative predictions. The thresh-
old strain range for environmental effects is estimated to be 0.2%, based on the data in Ref.
4. The basis for a threshold could be either a critical strain for oxide film rupture!4 or
improvement in high-cycle fatigue life due to strain aging. The 0.2% limit is expected to
be a conservative estimate of this threshold value, but additional data are needed before bet-
ter estimates can be made. Thus

N oe Np (T EP, Ny o N ®T)EP  £210-5s7! Ae>0.2% (13)

Pwater
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The estimates of Ny, and Np_, are based on the mean curve used to generate the cur-
rent design fatigue curve of the ASME Code, Section III. In terms of the applied strain

range,
Ae = 0.012 Ny°-13 (14a)
Ae = 0.51N;,°-469 (14b)

The resulting fatigue life curves are shown i Fig. 7 for T =200, 250, and 288°C for
strain rates corresponding to saturation (<10-5 s-1), 0.0001, and 0.001 s-1. The curves at
saturation will be good estimates of the fatigue li{e at low strain rates and conservative esti-
mates of the fatigue life at higher strain rates. The reduction in fatigue life at this saturation
value is strongly dependent on dissolved-oxygen level and temperature. Because these
curves describe the mean life of small laberatory specimens, the standard ASME factors of
“2 on stress or 20 on cycles” must be applied to obtain the corresponding design curves for
components, as shown in Fig. 8.

For water with <0.1 ppm dissolved oxygen at <320°C, environmemal degradation is
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greatly reduced and an estimate of the mean-fatigue-life curve at saturation is given by

N Ny
- P - RT
Npoor _—-'cr-z N = (15)

A threshold strain range of 0.2% for any environmental effect is still assumed. The result-
ing fatigue-life curve is shown in Fig. 9. Because this curve again describes the mean life of
small laboratory specimens, the standard ASME factors of “2 on stress or 20 on cycles”
must be applied to obtain the corresponding design curve for components as shown in Fig.
10.

The proposed interim design curves for oxygenated water are thought to be consistent
with the screening criteria proposed in the draft USNRC Branch Technical Position (BTP)
on Fatigue for BWRs,* assuming that the BTP criteria given for BWRs applies to systems with
dissolved-oxygen levels greater than 0.1 ppm. The degree of conservatism in the BTP
screening criterion will depend on the actual cyclic histories. Compared to the proposed
interim curves, the screening criterion is nonconservative for low strain rates. but is more
conservative than the interim curves for higher strain rates. We believe that in most cases

*USNRC Branch Technical Position PDLR D-1, Fatigue Evaluation Procedures, Draft, December 1991.
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it will give adequately conservative assessments. The proposed interim design curve for
low-oxygen water is, as expected, somewhat less conservative than the corresponding
screening criterion in the BTP. In this case, the proposed screening factor bounds the
curve for all strain ranges.

Proposed Interim EAC-Adjusted Fatigue Curves for Low-Alloy Steels

Low-alloy steels also show a decrease in fatigue life in oxygenated water.1.8 The magni-
tude of the decrease is again dependent on the strain rate, but the strain rate exponents
determined from the data reported in Refs. 1 and 8 are typically smaller than those for car-
bon steels, as determined from Egs. 2-4 and the values in Table 1. However, the sulfur
contents in the alloys studied by the Japanese are low (0.003 and 0.008 wt.%) compared to
those found in current US reactors. Nagata et al.8 compared two materials, an SA 508
forging with 0.003 wt.% S, and an SA 533-Gr B plate with 0.C08 wt.% S. The higher-sulfur
material showed more degradation in fatigue life in oxygenated water. Initial tests on a
high-sulfur low-alloy steel at ANL suggest that degradation in life in oxygenated water is
comparable to that observed in a high-sulfur carbon steel. Thus. at least tentatively, it
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seems reasonable to assume that it is primarily the sulfur content that determines the sus-
ceptibility of either carbon or low-alloy steels to degradation of fatigue life.

Fatigue crack growth studies have demonstrated!® that it is somewhat naive to classify
materials as “low-sulfur” and “high-sulfur” on ttz basis of bulk sulfur content alone.
However, we will tentatively assume that low-alloy steels with sulfur levels >0.008 wt.% will
behave like the carbon steels and that materials with sulfur levels below this will show less
susceptibility to loss of fatigue life. In low-oxygen water (0.1 ppm), loss in fatigue life is
small even for materials with high sulfur levels.?

For low-alloy steels with <0.008 wt.% S, the interim curves are based on the work of
Higuchi and Iida.! Their work suggests that the strain-rate exponent for these steels ‘s
=0.3 in environments with >0.1 ppm dissolved oxygen. We again assume that the strain r. ¢
effect saturates at 10-5 s-1 (0.001% s-1). The effect of temperature is smaller than for the
carbon steels, and a reduction factor of 10 at saturation can be used for temperatures
between 200-300°C. The resulting des!gn curve for low—sulfur steels is shown in Fig. 11.

Proposed Interim EAC-Adjusted Fatigue Cur:es for Austenitic Stainless Steels

Austenitic stainless steels also show degradation in fatigue life in oxygenated water.15
The magnitude of the decrease is again dependent on strain rate, but the sirain-rate expo-
nent is typically lower (=0.18) than in carbon or low-alloy steels. No data are available on
the variation with temperature or the effect of low dissolved oxygen, although presumably
the data in Ref. 15 in water with 0.2 ppm dissolved oxygen at 288°C (550°F) bounds the
degradation expected at lower levels of dissolved oxygen and lower temperatures.

Fracture mechanics analyses using the crack growth curves for austenitic stainless
steels in Ref. 17 give results consistent with conventional fatigue tests. However, no satu-
ration or recovery in fatigue life is observed at very low strain rates as is the case for carbon
steels. More mechanistic studies of crack growth suggest that there is a threshold velocity
below which environmentally assisted crack growth will cease.l!4 For example, crack
blunting will occur when corrosion rates at the crack tips become comparable to those on
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the crack flanks. In austenitic stainless steels, such threshold velocities are very low and |

difficult to measure directly. However, a saturation strain rate of 10-5 s-1 corresponds to a
threshold velocity of =5-10-13 m-s-1, which is consistent in magnitude with the values con-
jectured in mechanistic studies.!4 This value for the strain rate at saturation and the mea-
sured value of the strain rate exponent p=0.18, (Ref. 15) suggest that the maximum esti-
mated reduction in pronagation life corresponds to a reduction factor of 4.

The data in Ref. 15 suggest that Nj in water with 0.2 ppm dissolved oxygen at 288°C
(550°F) is comparable to that observed in air at room temperature. Thus an estimate for
mean—fatigue life in the environment at the saturation strain rate is given by

NPRT
N= +N
4 'RT (16)

The corresponding life as a function of strain range is shown in Fig. 12. Again, because
most of the experimental data are obtained at strain rates >10-5 s-1, the experimental data
from Ref. 15 lie above the curve in most cases.

A design curve can be obtained from this mean curve by adding appropriate safety fac-
tors. The origina! ASME Design Curve for austenitic stainless steels was based on tests in
air at room temperature and at relatively high strain ranges. The design curve was then
obtained by applying the standard factors of “2 on stress or 20 on cycles.” In the early
1970s, additional data on the fatigue of stainless steels were collected by Jaske and
O'Donnell, and a revised room-temperature fatigue curve was developed.18 Comparison of
the new curve developed by Jaske and O'Donnell showed that the original curve overesti-
mated life for low strain ranges. However, the ASME Code Committee, because of relatively
good in-plant experience, did not lower the corresponding portion of the design curve. In
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effect, the current curve is based on a factor of 1.5 on stress and 2( on cycles rather than
the “2 on stress or 20 on cycles” originally proposed.*

The design curve shown in Fig. 13 uses a factor of 1.5 on stress and 20 on cycles. The

mean curve and the design curve are based on data obtained in water with 0.2 ppm dis-
solved oxygen. Because data on fatigue of stainless steels at low strain rates in water with
low dissolved oxygen are very sparse, the present interim design curve is recommended for
use at all oxygen levels until additional data become available.
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