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ABSTRACT

Section III of the ASME Boiler and Pressure Vessel Code specifies fatigue design curves for
structural materials. The effects of reactor coolant environments are not explicitly addressed
by the Code design curves. Recent test data illustrate potentially significant effects of light
water reactor (LWR) coolant environments on the fatigue resistance of carbon and low-alloy
steels. Under certain loading and environmental conditions, fatigue lives of test specimens may
be shorter than those in air by a factor of =70. The crack initiation and crack growth
characteristics of carbon and low-alloy steels in LWR environments are presented. Decreases
in fatigue life of these steels in high-dissolved-oxygen water are caused primarily by the effect
of environment on growth of short cracks < 100 um in depth. The material and loading
parameters that influence fatigue life in LWR environments are defined. Fatigue life is
decreased significantly when five conditions are satisfied simultaneously, viz., applied strain
range, service temperature, dissolved oxygen in water, and S content in steel are above a
threshold level, and loading strain rate is below a threshold value. Statistical models have been
developed for estimating the fatigue life of these steels in LWR environments. The significance
of the effect of environment on the current Code design curve is evaluated.

INTRODUCTION

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 set, an individual
fatigue usage factor is determined by the ratio of the number of cycles anticipated during the
lifetime of the component to the allowable cycles. Figures I-9.1 through I-9.6 of Appendix I to
Section III of the ASME Boiler and Pressure Vessel Code specify fatigue design curves that
define the allowable number of cycles as a function of applied stress amplitude. The
cumulative usage factor (CUF) is the sum of the individual usage factors, and the ASME Code
Section III requires that the CUF at each location must not exceed 1.

The Code design fatigue curves were based on strain-controlled tests of small polished
specimens at room temperature (RT) in air. The design fatigue curves were obtained by
decreasing the best-fit curves to the experimental data by a factor of 2 on strain or 20 on
cycles, whichever was more conservative, at each point on the best—fit curve. As described in
the Section Il 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 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 (in a benign environment some fraction, e.g., ~25%, of the factors is
available as a safety margin).

Subsection NB-3121 of Section III of the Code states that the data on which the fatigue
design 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 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).1-5 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 of carbon steels can be
a factor of 70 lower in the environment than those in air. These results raise the issue of
whether the fatigue design curves in Section III are appropriate for the purposes intended and
whether they adequately account for environmental effects on fatigue behavior.

This paper presents the existing fatigue S-N data for carbon and low-alloy steels in LWR
environments. 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 are summarized. The influence of reactor environments on the
formation and growth of fatigue cracks is discussed. Statistical models have been developed
for estimating the fatigue S-N curves as a function of material, loading, and environmental
variables. The different methods for incorporating the effects of LWR coolant environments on
the ASME Code fatigue design curves are presented.

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;6.7 work sponsored by EPRI at
GE;! the work of Terrell at Mechanical Engineering Associates (MEA);8.9 the present work at
ANL on fatigue of pressure vessel and piping steels;5.10-13 the JNUFAD" data base for “Fatigue
Strength of Nuclear Plant Component” and recent studies at IHI, Hitachi, and Mitsubishi Heavy
Industries in Japan.2.14-18 The data base is composed of =1200 tests, =600 each in air and
water environments. Carbon steels include =10 heats of A333-Grade 6, A106-Grade B, A516-
Grade 70, and A508-Class 1 steel, while the LASs include =15 heats of A533-Grade B, A302~
Gr B, and A508-Class 2 and 3 steels.

Air Environment

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, life is decreased by a factor of =1.5
when temperature is increased from room temperature to 288°C. 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 of strain rate on fatigue life is not clear; life may be unaffected, decrease
for some heats, or increase for others. In this temperature range, however, cyclic stresses
increase with decreasing strain rate. Also, based on the distribution and morphology of

*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."




sulfides, fatigue properties in the 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 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
it is somewhat conservative. At strain amplitudes of <0.2%, the mean curve for CSs predicts
significantly lower fatigue lives than those observed experimentally.

LWR Environments

The fatigue life of both carbon and low-alloy steels is decreased significantly when five
conditions are satisfied simultaneously, viz., applied strain amplitude, service temperature, DO
level 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. For both steels, only moderate decrease in life (by a
factor of less than 2) is observed when any one of these conditions is not satisfied. The effects
of various material and loading parameters on fatigue life and the threshold values of the
critical parameters are summarized below.

(a) Strain Amplitude: A minimum threshold strain is required for environmentally assisted
decrease in fatigue life of these steels.5.10.11 This behavior is consistent with the slip
oxidation/dissolution mechanism!® for enhancement of crack growth rates; threshold
strain 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.5

(b} 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 saturates at =0.001%/s.2.5.15.17

(c) 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. Results from
exploratory tests,5.16 where the slow strain rate is applied during only a fraction of the
tensile loading cycle, 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. 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.

(d) Temperature: When other threshold conditions are satisfied, fatigue life decreases linearly

with temperature above 150°C and up to 320°C.2.14.17 Fatigue life is insensitive to
temperatures below 150°C or when any other threshold condition is not satisfied.
Estimates of fatigue life from a trained Artificial Neural Network (ANN) also show a similar
effect of temperature on the fatigue life of CSs and LASs.20 Furthermore, experimental
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data from tests, where both strain and temperature were varied during each cycle,18
indicate a threshold temperature of 150°C, below which environmental effects on life either
do not occur or are insignificant. For service histories involving variable loading and
environmental conditions, service temperature may be represented by the average of
150°C and the maximum temperature.

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.14.17 Estimates of fatigue life from a trained ANN also show a similar dependence of
life on DO level.20

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,21-25 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 and high-DO water, the fatigue life of LASs
decreases with increasing sulfur content.8.9 Limited data suggest that the effects of
environment on life saturate at sulfur contents above 0.012 wt.%.26 However, in high-
temperature and high-DO water, the fatigue life of CSs seems to be insensitive to sulfur
content in the range of 0.002-0.015 wt.%.* The variation in fatigue life of carbon and low-
alloy steels with different sulfur contents is plotted as a function of strain rate in Fig. 1.
For LASs, environmental effects on fatigue life increase with increased sulfur content,
whereas the fatigue life for CSs seems to be independent of 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 should be further investigated.
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Figure 1. Effect of strain rate on fatigue life of carbon and low-alloy steels with different sulfur
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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.23-25 Existing fatigue S-N data indicate that in high-

* M. Higuchi, presented at the Pressure Vessel Research Council Meeting, June 1995, Milwaukee, WI.
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DO water (<0.1 ppm DO), the fatigue life of LASs is insensitive to differences in sulfide
distribution and size.26 Sulfide morphology may influence fatigue life in low-DO PWR
environments, but the difference would be insignificant because environmental effects on
life are minimal in low-DO environments.

() 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.21.24.27 Corrosion fatigue growth rates are controlled by the synergistic effect
of sulfur content, environmental conditions, and flow rate.24 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.

MECHANISM OF FATIGUE CRACK INITIATION

The formation of surface cracks and their growth as shear and tensile cracks (Stage I and
II 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 Nj
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 former 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.

The reduction in fatigue life in high-temperature water has been attributed to the presence
of micropits that form in both CSs and LASs due to dissolution of MnS inclusions or by
corrosion reactions and act as stress raisers and provide preferred sites for the formation of
fatigue cracks.14 If the presence of micropits was responsible for reduction in fatigue lives of
carbon and low-alloy steels in LWR environments, then the following behavior should be
observed: (a) specimens tested in high-DO water should show more surface cracks and
{b) specimens preexposed to high-DO water and then tested in air should also show a decrease
in life. Experimental data indicate the contrary. The frequency of cracks (i.e., number of
cracks per unit gauge length) in CS and LAS specimens tested in air and high-DO water is
identical, although fatigue life is lower by more than a factor of 8 in water.28 Also, the fatigue
lives of CS and LAS specimens preoxidized at 288°C in high-DO water (=0.7 ppm DO) and then
tested either in air or low-DO water (<0.01 ppm DO) are identical to those of unoxidized
specimens.5-10 Life would be expected to decrease if surface micropits facilitate the formation
of fatigue cracks. Furthermore, if micropits were responsible for the decrease in fatigue life in
LWR environments, then the fatigue limit of these steels should be lower in water than in air.
Data in high-DO water indicate that the fatigue limit in water is either the same or =20%
higher than in air. Irrespective of environment, cracks in carbon and low-alloy steels form
along slip bands, carbide particles, or at ferrite/pearlite phase boundaries.13.28

An alternative approach considers fatigue life to be entirely composed of the growth of
short fatigue cracks.29 For polycrystalline materials, the period for the formation of surface
cracks is negligible; surface cracks, 10 um or longer, form quite early in life,13.30.31 j e, <10%
of life even at low strain amplitudes. 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 shown in Fig. 2a: (a) an initial period that involves
growth of microstructurally small cracks (MSCs) that is very sensitive to microstructure and
characterized by decelerating growth rate, region AB; (b) a final period of growth that can be
predicted from fracture mechanics methodology and is characterized by accelerating crack
growth rate, region CD: and (c) a transition period controlled by a combination of the two
regimes, region BC.
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Figure 2. Schematic illustration of short crack behavior in smooth fatigue specimens (a) crack
growth as a function of life fraction and (b) crack velocity as a_function of crack length

The MSCs correspond to Stage I cracks and grow along slip planes as shear cracks; their
growth is very sensitive to microstructure.31-34 In ferritic-pearlitic steels, fatigue cracks
initiate and propagate preferentially in the ferrite phase that forms as long allotriomorphs at
prior austenite phase boundaries.31.33.34 Fatigue cracks greater than the critical length of
MSCs show little or no influence of microstructure and are termed mechanically small
cracks.32 Mechanically small cracks correspond to Stage II, or tensile, cracks characterized by
striated crack growth and a fracture surface normal to the maximum principal stress. For
ferritic—pearlitic steels, Stage II crack propagation occurs when stress intensity and mode of
growth attain a critical level, break through the pearlite, and join other ferrite cracks.33 At low
stress levels, e.g., Ac] in Fig. 2, 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.

Studies on the formation and growth characteristics of short cracks in smooth fatigue
specimens in LWR environments indicate that the decrease in fatigue life of carbon and low-
alloy steels in high-DO water is primarily caused by the effects of environment on the growth of
cracks < 100 um deep.20 In high-temperature high-DO water, the period for region ABC in
Fig. 2a is decreased or crack velocities for MSC regime in Fig. 2b are increased. Relative to air,
crack growth rates in high-DO water are nearly two orders of magnitude higher during the
initial stages of crack growth (for crack sizes < 100 pm), and one order of magnitude higher for
crack sizes > 100 pm (Fig. 3).




T T T T T T

103

3 AS33-Gr B Steel

—_ = =0.80% Strain Range 3
2102k 0.004%/s Strain Rate ]
> E 3
) £ e
€ 101 L Average Velocity v i
z E (nmicycle) Fo o7
S = -<__25._<-_-.. X <
8 10° 3 - W o %0 = Figure 3.
> 15 R P TRRIEE °O o) ] Crack growth rates plotted as a function of
810y -7 o E crack depth for A533-Gr B low-alloy steel
[T E AN 3 . . R
> jo2l 0038, o 0 ] tested in air and water environments
x E : \ =
Q E .- 3
© = ] E
5 o . @) Air 1

10 % ¢ PWR =

3 AV High-DO Water 3
10- C NN ETIT| S RN TT vl o I-

-

10 100 1000
Crack Depth (um)

Metallographic examination of test specimens indicate that in high-DO water, surface
cracks grow entirely as tensile cracks normal to the stress;13 for CSs, cracks propagate across
both ferrite and pearlite regions. Fracture morphologies indicative of hydrogen~induced
cracking, e.g., quasi-cleavage facets or fanlike features extending from sulfide inclusions or
terraced morphology produced by linkage of hydrogen-induced cracks at sulfide-matrix
interface ahead of the main crack,24.35.36 are not observed in CS or LAS specimens tested in
LWR environments. These results indicate that growth of MSCs occurs by slip
dissolution/oxidation. In LWR environments, 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 XI reference curves for CSs and LASs in water
environments.37

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, and it 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.

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.38.39
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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 were based on experimental observations and data trends. The
models presented in Refs. 38 and 39 have been further optimized with a larger fatigue S-N data
base and are described below. In air, the fatigue data for CSs are best represented by

In(N) = 6.595 - 1.975 In(g; = 0.113) - 0.00124 T (1a)
and for LASs by
In(N) = 6.658 — 1.808 In(g, — 0.151) - 0.00124 T, (1b)

where N is fatigue life of a smooth test specimen, &, is applied strain amplitude (%), and T is
test temperature (°C). In LWR environments, the fatigue data for CSs are best represented by

In(N) = 6.010 - 1.975 In(g3 - 0.113) + 0.101 S* T* O* &* (2a)
and for LASs by
In(N) = 5.729 - 1.808 In(g; — 0.151) + 0.101 S* T* O* ¢&*, (2b)

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.%) ' (3a)
T™=0 (T <150°C)

T =T-150 (T = 150-350°C) (3b)
0*=0 (DO <0.05 ppm)

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

O* =1n(12.5) (DO >0.5 ppm) (8¢c)
£*=0 (€ >1%/s)

£* =1n(§) {0.001 £¢£ £1%/s)

é’_= In(0.001) (&€ <0.001%/s) (3d)

The model is recommended for predicted fatigue lives < 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.

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
Thermal and Nuclear Power Engineering Society (TENPES) of Japan.® The effects of coolant
environment on fatigue life are expressed in terms of a fatigue life correction factor Fepn, which
is the ratio of the life in air at room temperature to that in water at the service temperature. To

* Presented at the Pressure Vessel Research Council Meeting, April 1996, Orlando, FL.




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. The specific expression for Fep, proposed initially by Higuchi and lida,2 assumes that
life in the environment Nyga¢er is related to life in air Njr at room temperature through a power-
law dependence on the strain rate

Fon = 2= (&)

Nuwater , (4a)
or  In(Fg,)=In(Ng; )~ In(Nyger) = ~PIn(é). (4b)
In air at room temperature, the fatigue life Nyjr of CSs is expressed as

Inf{Nair) = 6.653 -~ 2.119 In(e, — 0.108) (5a)
and for LASs by
In(Najr) = 6.578 - 1.761 In(ez — 0.140), (5b)

where ¢, 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 an
environmental factor Rp, which depends on temperature T (°C) and DO level (ppm), and a
material factor Pc, which depends on the ultimate tensile strength o (MPa) and sulfur content
S (wt.%) of the steel. Thus

P =Ry P, : (6a)
P = 0.864 - 0.00092 oy, + 14.6 S, (6b)
R,y —0.2
R, = -—%——In(DO) +1.75R,r ~0.035, 0.2 < Rp < Rpr (6¢)
and Rpr = 0.198 exp(0.00557T). (6d)

The fatigue lives of carbon and low-alloy steels measured experimentally and those
estimated from the statistical and EFD models are shown in Figs. 3-6. Although the EFD
correlations for exponent P have been based entirely on data for CSs, Eqs. 6a-6d were also
used for estimating the fatigue lives of LASs. Also, oy in Eq. 6b was assumed to be 520 and
650 MPa, respectively, for CSs and LASs. The significant differences between the two models
are as follows: (a) EFD correlations have been developed from data for CSs alone; (b) the
statistical model considers that effects of strain rate on fatigue life saturate below 0.001%/s
(Fig. 5). whereas the EFD model does not consider saturation; (c) a threshold temperature of
150°C, below which environmental effects on fatigue life are modest is considered in the
statistical model but not in the EFD model; and (d) EFD model includes the effect of tensile
strength on the fatigue life of CSs in LWR environments. A fatigue life correction factor Fep can
also be obtained from the statistical model, where

In(Fen) = ln(Nair)" 1n(Nwater)' (7
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Figure 3. Experimental fatigue lives and those estimated from statistical and EFD models for
carbon and low—alloy steels in simulated PWR water
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Figure 4. Experimental fatigue lives and those estimated from statistical and EFD models for
carbon and low—-alloy steels in high—dissolved-oxygen water

XTI’I’I’YTI 14 TT_TllHE T T lll¢ll[ T T TVTver H T T 1T
1 o4 | Carbon Steel 288°C__ ! ;

E Strain Amp.=04% P~ - = P E
- r00tppmi—-—" A ‘ P ]
- - ; ; AN & A g b
Q : : : . d i
a1 03 e gooeofgm o ;f? ...... S - Flgw'e 5. . .
s I $0.012 wi.% o : 3 Dependence on strain rate of fatigue life of
5 . : T 1068 (0.015% S)7 carbon steels observed experimentally

3 H (894 ' . - N . 3
& o o e )olis é o 205 and that estimated from statistical and
=1 - . Prcbomeomscsninnaniesd RPN A 0.0%meeee -
< 3 : - : : . 3 mod
“ F i ® ? i A333-6 (0.012% S) 3 EFD els

r : : : o 8 ]

00: 20.7 ppm : Statistical Mode!
- ) - J
i S10015 W%  _ . _ . Erp Model
101 (AR RTET! SRS TS R TTT! RS S 8 I R SUTT RS A WYY RS
105 104 103 102 1071 100

Strain Rate (%/s)



104 — T
| LA

E A333-6 Steel 288°C Strain Rate (%/s) 1
 Strain Amplitude: 0.6% o) 0.004 (0.012%) -+
L A 001 (0.015%)
3 [ I o 0.002 (0.012%) |
(‘% . Figure 6.
S 1031 :
P 2 E Dependence on dissolved oxygen of
E C fatigue life of carbon steels observed
2 L Statistical Model ~ ] experimentally and that estimated from
& + — -~ - EFD Model g T g statistical and EFD models
Two sets of lines correspond to e
102 Rate=0.004%/s S=0.012% & ° _
£ Rate=0.01%/s $=0.015% o E
tt i el vl SR EET | NS EIT
109 102 1071 100 10!

Dissolved Oxygen {ppm)

From Egs. 1a and 2a, the fatigue life correction factor for CSs is given by
In(F,,) =0.585-0.00124T - 0.101S'T"0"¢" (8a)
and from Egs. 1b and 2b, the fatigue life correction factor for LASs is given by
In(F,,)=0.929-0.00124T -0.101S'T°0¢", (8b)

where the threshold and saturation values for S*, T", O, and &* are defined in Egs. 3a-3d. A
value of 25°C is used for T in Egs. 8a and 8b 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 for ASME Section XI
fatigue evaluations.40

DESIGN FATIGUE CURVES

The current ASME Section III 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 CSs is given by

In[N] = 6.726 - 2.0 In(e, - 0.0722) " (9a)
and for LASs by
In[N] = 6.339 - 2.0 In(e; - 0.1283). (9b)

The mean curve, expressed in terms of stress amplitude S, (MPa), which is the product of €3
and elastic modulus E, for CSs is given by

S, =59,736/VN + 149.24 , (10a)

and for LASs by

S, =49,222/VN + 265.45. (10b)
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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. The best-fit curves were adjusted for the effect of mean stress by using the
modified Goodman relation

G, -0
S; =Sa(——”—:——y~) for S,<o,, (11a)
and
S, =5, for S,>0,, (11b)

where S; is the adjusted value of stress amplitude, and ¢, 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 same procedure has been used to develop
design fatigue curves for LWR environments.

The design fatigue curves based on the statistical model for CSs and LASs in air at 288°C
are shown in Fig. 7. For both steels, the current ASME Code curve is conservative relative to
the curves obtained from the statistical model. For LASs, 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 lower by more than a factor of 3 than those
predicted by the curve from the statistical model. Figure 8 shows the design curves for LWR
environments under service conditions in which any one of the following critical threshold
conditions is true: DO <0.05 ppin, strain rate 21%/s, temperature <150°C.

Figure 9 shows the design curves under service conditions where temperature and DO
level are above the threshold value and the strain rate is <1%/s. The design fatigue curves
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Figure 7. 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 8. Fatigue design curves developed from statistical model for carbon and low-alloy steels
under service conditions in which one or more threshold values are not satisfied
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Figure 9. Fatigue design curves developed from statistical model for carbon and low—-alloy steels
under service conditions in which all critical threshold values are satisfied

corresponding to strain rates of 0.1, 0.01, and a saturation value of 0.001%/s, in water at
288°C 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
of 0.07% (or a stress amplitude of 145 MPa) is defined, below which environmental effects are
modest and are represented by the curves shown in Fig. 8. Note that these curves not only
account for environmental effects but also include minor differences between the current ASME
mean air curves and statistical model mean air curves that have been developed from a more
extensive data base. Similar curves may be obtained for other service temperatures.

CONSERVATISM IN DESIGN FATIGUE CURVES

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),4! have documented the types and extent of conservatisms present in the ASME Section
Il fatigue evaluations and the effects of LWR environments on fatigue margins. The sources of
conservatism include design transients considerably more severe than those experienced in
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service, grouping of transients. simplified elastic-plastic analysis, and Code rules prior to 1979.
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) found in typical ASME Code fatigue evaluations. The margins of =60 and 90 on fatigue
life were determined from the ratio of CUFs based on the mean experimental S-N curve and the
Code design fatigue curve. In other words, the factors of 2 on stress and 20 on cycles have
been considered as safety margins in these evaluations. The margins of =60 and 90 would be
true only if it was demonstrated that the fatigue S-N curve for these specific components was
comparable to or better than the mean experimental curve, and that mean stress, loading
sequence, or component size and geometry, have no effect on fatigue life.

The overall conservatism in ASME Code fatigue evaluations, however, has been
demonstrated in fatigue tests on piping welds and components.42 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. The margins for girth butt welds were significantly lower at 14-128. In these
tests, fatigue life was expressed as the number of cycles for the crack to penetrate through the
wall, which ranged from 6-18 mm (0.237-0.719 in.). The design fatigue curves represent the
number of cycles to form a 3-mm-—deep crack. Consequently, depending on wall thickness, the
actual margins to failure may be lower by a factor of >2.
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Most of the margin arises in the calculation of the stresses using the conventional Code
procedures. These procedures are probably quite conservative for most fittings. Fatigue tests
conducted on vessels at Southwest Research Institute for the PVRC43 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. 10. The tests were performed on 0.914 m (36 in.) diameter vessels with
19 mm (0.75 in.) wall in room-temperature water. These results demonstrate clearly that the
Code design fatigue curves do not necessarily guarantee any margin of safety.

A PVRC working group has been compiling and evaluating fatigue S-N data related to the
effects of LWR coolant environments on the fatigue life of pressure boundary materials.4 One
of the tasks in the PVRC activity consisted of defining a set of values for material, loading, and
environmental variables that result in moderate or acceptable effects of environment on fatigue
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life. A factor of 4 on the ASME mean life was chosen as a working definition of “moderate” or
“acceptable” effects of environment. i.e., up to a factor 4 decrease in fatigue life due to
environment is considered acceptable and does not require further fatigue evaluation. The
basis for this criterion is that a factor of 4 on life constitutes normal data scatter and/or there
is at least that much conservatism in the design fatigue curves.

The results of a rigorous statistical analysis have been used to estimate the probability of
forming fatigue cracks in CS and LAS components.38.32 The results indicate that in room-
temperature air, the current ASME Code design fatigue curve ensures that there is <5%
probability of fatigue cracking in LAS components and <1% probability in CS components.
Data available in the literature have been reviewed to evaluate the effects of various material,
loading, and environmental variables on the fatigue life of structural materials in air and LWR
environments.38 The subfactors that may be used to account for the effects of these variables
on fatigue life are summarized in Table 1. The factors on strain primarily account for the
variation in 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 large components. In high-temperature water, the effect of surface finish may not be
significant; both carbon and low-alloy steels develop a corrosion scale. For LWR environments,
the subfactor on life to account for surface finish effects may be as low as 1.5 or may be
eliminated completely. Therefore, a factor of 3 or 4 on life appears reasonable for defining
moderate or acceptable effects of environment on fatigue life of carbon and low-~alloy steels,
consistent with the conclusions of the PVRC working group.

Table 1. 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

FATIGUE EVALUATIONS IN LWR ENVIRONMENTS

The Section III, NB-3200- or NB-3600-type analyses for components for service in LWR
environments can be performed using the design fatigue curves presented in Figs. 8 and 9. An
alternative approach could be based on a fatigue life correction factor Fen proposed by EPRI40
and the EFD committee of TENPES of Japan. In the EPRI approach, Fepn 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.

Both of 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

15




temperature information for the transient is available. An average temperature may be used if
the time vs. temperature information is available. Because environmental effects on fatigue life
are modest at temperatures of <150°C and at strains below the threshold value, average
temperature may 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 for obtaining the fatigue life correction
factor Fen under conditions of varying temperature, strain rate, and DO level.18 During each
loading cycle, Fepn is assumed to vary linearly with strain increments. The effective correction
factor F,, for varying conditions is expressed as

. Emax -
Fen=1+ J’ _F&_l_dg’ (12)

en Emax — Eth
where £p,,¢ and &, are the maximum and threshold values of strain, respectively. For varying
service conditions, Eq. 12 may be written in terms of the effective fatigue life in water N,,q.,

expressed as

1 fmax ] de

—= ] (13)
Nwater & Nwater (smax_eth)
Tmax
or RN dr (14)

Nwaier T Nwater (Tmax - Tth) '

where N,,q.r 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 Cl 2 LAS outlet
nozzle for a PWR vessel; the results are given in Tables 2-4. The stress records and the
associated service conditions were obtained from Ref. 44. Three methods were used to
calculate CUF for each set of load pair: (a) partial usage factor obtained from the appropriate
design fatigue curve (examples are shown in Figs. 8 and 9); (b) obtain a partial usage factor
from the current ASME Code design curve, then adjust the value for environmental effects by
multiplying by Fepn, which is calculated from Egs. 8a and 8b; and (c) same procedure as in (b),
except that Fep is calculated from Eqs. 4a-6d. Fep values were obtained for only those load
pairs that satisfy the following three threshold conditions: temperature 2150°C, strain rate
<1%/s, and stress amplitude 2145 MPa (221 ksi). A DO level of 0.2 ppm and sulfur content of
0.015 wt.% were assumed for these calculations. Also, ¢y in Eq. 6b was assumed to be
520 MPa for CSs and 650 MPa for LASs..

The results indicate that the approach using Fepn yields higher values of CUF than those
obtained from the design fatigue curves adjusted for environmental effects. The difference
arises because the environmentally adjusted design curves account not only for the
environment but also for the difference between the ASME mean air curve and statistical model
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Table 4. Fatigue evaluation for SA-508 Cl 2 low-alloy steel outlet nozzle for PWR

Strain Design ASME Code Curves Based on Correction Based on Correction Based
Sait 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 32081 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

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

air curve. Feq is based on the relative values of the statistical models in air and water, but
applied to the ASME curve. Figure 7 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 Fen values of 1.25 and 1.95 for strain rates
of 0.1 and 0.001%/s, respectively.

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. The influence of reactor environments on fatigue crack initiation is discussed.
The decrease in fatigue life of carbon and low-alloy steels in high~-DO water is primarily caused
by the effects of environment on the growth of short cracks < 100 pm deep. In LWR
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environments, the results indicate that the growth of short fatigue cracks occurs by a slip
oxidation/dissolution process. Statistical models have been developed for estimating the
fatigue S-N curves as a function of material, loading, and environmental variables. Design
fatigue curves have been developed for carbon and low-alloy steel components in LWR
environments. Alternative methods for incorporating the effects of LWR coolant environments
into the ASME Code fatigue evaluations are presented. Sample fatigue evaluations have been
performed for selected reactor components by using either the design fatigue curves based on
the statistical model or by applying a fatigue life correction factor.
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