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ABSTRACT 
The ASME Boiler and Pressure Vessel Code provides d e s  for 

the construction of nuclear power plant components. Figure 1-90 of 
Appendix I to Section 111 of the Code specifies fatigue design curves 
for structural materials. However, the effects of light water reactor 
(LWR) coolant environments are not explicitly addressed by the Code 
design curves. Recent test data indicate significant decreases in fa- 
tigue lives of carbon and low-alloy steels in LWR environments when 
five conditions are satisfied simultaneously: applied strain range, tem- 
perature, dissolved oxygen in the water, and S content of the steel are 
above minimum threshold levels, and loading strain rate is below a 
threshold value. Only moderate decrease in fatigue life is observed 
when any one of these conditions is not satisfied. This paper presents 
several methods that have been proposed for evaluating the effects of 
LWR coolant environments on fatigue S-N curves for carbon and 
low-alloy steels, Estimations of fatigue lives under actual loading his- 
tories are discussed. 

INTRODUCTION 
The ASME Boiler and Pressure Vessel Code Section 111, which 

contains rules for the construction of Class 1 components for nuclear 
power plants, recognizes fatigue as a possible mode of failure in pres- 
sure vessel steels and piping materials. Cyclic loadings on a structural 
component occur as a system moves from one load set (e&. pressure, 
temperature, moment, and force loading) to any other load set. For 
each pair of load sets, an individual fatigue usage factor is determined 
by the ratio of the number of cycles anticipated during the lifetime of 
the component to the allowable cycles. Figure 1-90 of Appendix I to 
Section 111 of the Code specifies fatigue design curves that define the 
allowable number of cycles for a given alternating stress amplitude. 
The cumulative usage factor (CUF) is the sum of the individual usage 
factors. The ASME Code Section 111 requires that the CUF at each 
location must not exceed a value of 1. 

The current Code fatigue design curves are based on strain- 
controlled tests of small polished specimens at room temperature (RT) 
in air. The fatigue design curves were obtained by decreasing the 
best-fit curves to the experimental data by a factor of 2 on stress or 20 
on cycles, whichever was more conservative, at each point on the 
best-fit curve. These factors are not safety margins but rather conver- 
sion factors that must be applied to the experimental data to obtain rea- 
sonable estimates of the lives of actual reactor components. For ex- 
ample, the factor of 20 on cycles is the product of three subfactors: 2 
for scatter of data (minimum to mean), 2.5 for size effects, and 4 for 
surface finish, etc. The effect of LWR coolant environments on fa- 
tigue resistance of the material is not explicitly addressed in the Code 
design fatigue curves. 

The existing fatigue strain vs. life (S-N) data [ I 4 3  illustrate 
potentially significant effects of LWR coolant environments on the fa- 
tigue resistance of carbon steels (CSs) and low-alloy steels (LASS). 
Environmental effects on fatigue life are significant when five condi- 
tions are satisfied simultaneously, i.e.. when applied strain range, ser- 
vice temperature, dissolved oxygen (DO) in the water, and S content 
of the steel are above minimum threshold levels, and loading strain 
rate is below a threshold value. Environmental effects'on fatigue life 
are modest when any one of the threshold conditions is not satisfied. 
Interim fatigue design curves have been developed that account for 
temperature, DO content in water, S level in steel, and strain rate [51. 
Statistical models have also been developed for estimating the effects 
of various material and loading conditions on fatigue lives of materials 
used in the construction of nuclear power plant components [61. The 
Pressure Vessel Research Council (PVRC) has also been compiling 
and evaluating fatigue S-N data related to the effects of LWR coolant 
environments on the fatigue life of pressure boundary materials [71. 

This paper presents several methods that have been proposed 
for evaluating the effects of LWR coolant environments on fatigue S- 



N curves for carbon and low-alloy steels. Estimations of fatigue lives 
under actual loading histones are discussed. 

FATIGUE LIFE CORRECTION FACTOR 
The analytical approach proposed by the Environmental 

Fatigue Data (EFD) Committee of the Thermal and Nuclear Power 
Engineering Society (TENPES) of Japan is based on the correlations 
described by Higuchi and Iida [SI and Higuchi et al. [9] and assumes 
that life in the environment Nwater is related to life in air N G ~  at room 
temperature through a power-law dependence on strain rate. The fa- 
tigue life of a test specimen is defined as the number of cycles for the 
tensile stress to drop 25% from its peak-value, which for test speci- 
mens with a 6- or 9-mm diameter corresponds to a ~2.5- or ~3.5-  
mm-deep crack, respectively. Thus, fatigue life represents the number 
of cycles required to initiate a crack approximately 3 mm deep. The 
EFD approach considers a fatigue life correction factor Fen to incorpc+ 
rate the effect of coolant environment on fatigue lives of CSs and 
LASs. To incorporate environmental effects into the ASME Code fa- 
tigue evaluation, a fatigue usage for a specific load pair based on the 
current Code fatigue design curve is multiplied by the correction fac- 
tor. In air, the fatigue life N i r  of CSs is expressed as 

-2.1 19 
E, -0.10s) 

Nair =[ ( 23. I ] 
and of LASS 

-1.761 
Nir=[ '  E, - 0.140) ] 

9 41.9 

where %.is the applied strain amplitude (%). The correction factor 
Fen. defined as the ratio of fatigue life in air to that in water, is ex- 
pressed as 

where k is the strain rate (%/s) during the tensile loading cycle. Only 
the tensile loading cycle is considered to be important for environmen- 
tal effects on fatigue life. Recent fatigue data indicate that compres- 
sive loading cycle also decreases fatigue life, although the decrease in 
life is relatively small [1,3,9]. The exponent P is a function of tem- 
perature 0 and DO level given by 

P = 0.1 + M(DO)-NO 

where for both CSs and LASs 

M(D0) = O  
= (DO - 0.1) IO.1 
= I  

for CSs 

(3) 

DO I 0.1 ppm 
0.1 eDOe0.2ppm 

DO10.2, (4a) 

N(T) =0.2T/  100 
= 0.2 
= 0.2 + 0.4 (T - 200) I 100 

T I  100°C 
100 e T e 200°C 

T>200"C, (4b) 

and for LASs 

N Q  = 0.175 T I  100 T I  100°C 
100 e T e 200°C = 0.175 

= 0.175 + 0.075 (T - 200) / 100 T2200"C. (4c) 

The experimental values of fatigue life of CSs and LASs in 
water and those predicted from Eqs. 1-4 are plotted in Fig. 1. The 
current fatigue S-N data in water consist of -600 tests, equally divided 
between carbon and low-alloy steels, on 25 heats of steels tested at 
25-320°C. DO levels of 0.01-8 ppm. and strain rates in the range of 
0.0004-0.4%/s. Not all of these tests were used in developing the 
correlations. Higuchi and Iida [SI also defined a fatigue strength 
correction factor Kn expressed as 
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Figure I .  Fatigue lives of carbon and low-alloy steels 
estimated froin correlations of Higuchi and Iida 
and determined experimentally in water 
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where the values of the constant B are -0.472 and -0.568 (i.e.. inverse 
of the exponent in Eq. 1) and of the constant C are 0.108 and 0.140, 
respectively, for CSs and LASs. The fatigue strength correction factor 
Kc, is applied to the alternating stress amplitude Sa for a specific load 
pair, before the allowable fatigue cycles are determined from the fa- 
tigue design curves. 

'INTERIM FATIGUE DESIGN CURVE 
The interim fatigue design curves are based on a modified ver- 

sion of Higuchi and Iida's correlations. The interim curves consider an 
effect of temperature on fatigue life even in air that is relatively inde- 
pendent of strain rate. Also, the parameters M(D0) and N O  of Eq. 4 
are defined for high- or low-S steels rather for carbon or low-alloy 
steels. In air, the fatigue life Ndr of both CSs and LASS is expressed 
as 

-7.692 -2.132 

where 
is expressed as 

is the applied strain amplitude (a). The fatigue life in water 

where 
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Figure 2. Fatigue lives of carbon and low-alloy steels 
estimated from correlations used in developing 
the interim design curves and determined 
experimentally in water 

for h igh4  steels (S 2 0.008 wt.%) 

P = 0.04 + M(DO)*NO, (9) 

M(D0) = O  
= (Do - 0.1) / 0.1 
= 1 + 0.04 (DO - 0.2) 

N(T) = 0.26 T I  100 
= 0.26 
= 0.26 + 0.23 (T- 200) / 100 

DO I O . 1  ppm 
0.1 cDOc0.2ppm 

DO 2 0.2, (loa) 
The temperature T is expressed in "C and strain rate d in %/s. Strain 
rate during the tensile loading cycle is considered to be important for 
environmental effects on fatigue life. Equation 7 can be used to define 
a fatigue correction factor Fen. The experimental values of fatigue life 
of CSs and LASs in water and those estimated from Eqs. 6-12 are 
plotted in Fig. 2. 

T I  100°C 
100 c T c 200°C 

T 2 2OO0C, (lob) 

and for l o w 4  steels ( S  c 0.008 wt.%) 
STATISTICAL MODEL 

The fatigue life of CSs and LASS in air and LWR environ- 
menk can be estimated from statistical models [6]. In air, the fatigue 
life N ~ r  of CSs is expressed as 

P = 0.1 + M(DO)*NO, 

M(D0) = O  
= (DO - 0.1) / 0.1 
= 1  

DO 50.1 ppm 
0.4 c DO c 0.2 ppm 

DO 2 0.2, (12a) ( 13a) ln(Nd,) = 6.570 -0.00133 T- 1.871 In(&-0.1 1) 

N Q  = 0.175 TI 100 
= 0.175 
= 0.175 + 0.075 (T - 200) / 100 

T I  100°C 
100 c T c 200°C 

T 2 200°C. (12b) 
and that of LASS as 

In(N,ir) = 6.667 - 0.00133 T- 1.687 In(&- 0.15). ( 1 3 ~  
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Figure 3. Fatigue S-N behavior for carbon and low-alloy steels in air at room temperature and 290°C 

where E, is the strain amplitude (%) and T is the temperature ("(2). 
The fatigue lives of CSs and LASS in air at room temperature and 
288°C are compared with the values estimated from Eqs. 13a and 13b 
in Fig. 3. The results indicate significant heat-to-heat variation. At 
288°C. fatigue life may vary by up to a factor of 5 above or below the 
mean value. The results also indicate that the ASME mean curve for 
CSs is not consistent with the experimental data; at strain amplitudes 
<0.2%. the mean curve predicts significantly lower fatigue lives than 
those observed experimentally. The estimated curve for LASS is com- 
parable with the ASME mean curve. For both steels, Eq. 13 shows 
good agreement with the average curves of Higuchi and Iida [SI, Le., 
Eqs. laand Ib. 

and LASS are significantly different, environmental degradation of fa- 
tigue life of these steels is identical. For service conditions that satisfy 
all critical threshold values, the fatigue life of CSs is expressed as 

ln(NWater)=6.186- 1.871 ln(E,-0.11)+0.554 S*T*O* b' 

and that of LASS as 

ln(N,,,,J =5.901- 1.687 In(~,-0.15) +OS4 S'T*O* b*,  (1Jb) 

where S', T', 0', and E* =transformed S content, temperature, DO, 
and strain rate, respectively, defined as follows: 

(14a) 

. 

The fatigue data in LWR environmen,ts indicate a significant 
decrease in fatigue life of CSs and LASS when five conditions are sat- 
isfied simultaneously, i.e.. when applied strain range, service tempera- 
ture. DO in the water, and S content of the steel are above minimum 

Although the microstructures and cyclic-hardening behavior of CSs 

s* = s 
s* = 0.015 

T'=O (T <150"C) 

(0 < S I0.015 wt.% 
(S >0.015 wt.%) 

threshold levels, and loading strain rate is below a threshold value. T' = T - 150 (T = 150-350°C) 



1 

0: 
m - 
3 

! A 3 3 e r  6 Carbon $eel i * - x i  i +i 
Q +  

- ........... i .............? ............ 0- ........... ............ ........ A..! . .........._ 

- v i  

m 
m z 
2 .- 
u. 

0 4 ~ ~ , , , , , ~ , , , , ~ , , , , , , , , , ~ , ~ , , , , , , , , , , ,  

DOf(ppm) i 
i vi - 0 . 50.05 f 

A 0.10 i i vi - 4 : 0.20 i . 21.00 i Strain Amplitude: 0.6% i 
..Sulfur: 0.015 wt.% ..................... - O2: : Air (0:4 yds)' Strain Rate: 0.01 o/o/s i F + Air i , 

, , I  , I t  , , , , I , , , ,  I , , ,  , , . ,  
1 

I LOW-AIIO~~ Steel i 
: 288°C - 

Strain Amplitude: 0.6% 

1 

ai 
3 
- 
m 
3 
2 1  
L 

1 

O j . , , ,  , , ,  , , , , , ,  , , ,  , ,  , , ,  , , , ,  , I , ,  , , , ,  
! A 3 3 3 k r  6 Carbon Sieel Strain'Amplilud!e: 0.6%: 

Sulfur: 0.012 wt.% - 
i Strain.Rate 50.004 %/s- - x i  * 

............................. ............. ......... 0 ' 0.20 i 
0:- :al.oo...; i 9 a.i ...........- . .  i v i  x Air (0.4 %Is) i 

1 1 t t 1 1 , 1 , 1 1 1 , ,  , # I 1  1 t I t  1 t I I  t 1 t t  

0 5 0 100 150 200 250 300 350 
Temperature ("C) 

Figure 4. Change in fatigue life of A333-Gr 

0 .... 

0 .... 

1 0 5  10'4 1 0 3  1 0 2  1 0 - 1  1 0 0  
Strain Rate (o/ds) 

1 

1 

0 5 0 100 150 200 250 300 350 
Temperature ("C) 

Figure 5. Dependence of fatigue life of several heats of carbon and low-alloy steels on strain rate at several DO levels 

o*=o (DO c0.05 ppm) 
0' =DO 
0' = 0.5 

(0.05 ppm <DO 10.5 ppm) 
(DO >OS ppm) 

t * = o  ( t  >I %Is) 
k' =In( 6 )  
8' = In(0.001) (k  ~0.001 %/s). (15d) 

(0.001 s t  1 1  %/s) 

The functional forms for S'. T', 0', and I?* were defined on the basis 
of the experimental data. The change in fatigue life of A333-Gr 6 CS 
with test temperature at different levels of DO [&I11 is shown in 
Fig. 4. Other parameters, e.g.. strain amplitude, strain rate, and S 
content in steel, were kept constant: the applied strain amplitude and S 
content were above and strain rate was below the critical threshold 
values. The results indicate a threshold temperature of 150°C. above 
which environment decreases fatigue life if DO in water is also above 
the critical threshold level. In the temperature range of 150-320°C. 
fatigue life decreases linearly with temperature: the decrease s greater 
at high temperatures and DO levels. 

The S-N data indicate that strain rates above l%/s have little or 
no effect on fatigue life of CSs and LASs in LWR environments. For 
strain rates <l%/ss. fatigue life decreases rapidly with decreasing strain 
rate. The fatigue lives of several heats of CSs and LASS [1-4,8-101 
are plotted as a function of strain rate in Fig. 5. As noted before, the 
strain rate during tensile loading cycle is considered t9 be important 
for environmental effects on fatigue life. The results indicate that 
when all of the threshold conditions are satisfied, fatigue life decreases 
with decreasing strain rate and increasing levels of DO in water and S 
content in the steel. For both CSs and LASs, fatigue life appears to 
saturate at a strain rate of =0.001%/s. 

The dependence of fatigue life of CSs on DO content in water 
[9-113 is shown in Fig. 6. The test temperature, applied strain ampli- 
tude, and S content in steel were above, and strain rate was below, the 
critical threshold values. The results indicate that for DO above 
0.05 ppm. fatigue life of the steel decreases and that fatigue life satu- 
rates at 0.5 ppm. Le.. increases in DO levels above 0.5 ppm do not 
cause further decreases in fatigue life. In Fig.6. for DO levels 
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Figure 6. Dependence on DO of fatigue life of carbon steel 

between 0.05 and 0.5 ppm, fatigue life decreases logarithmically with 
DO. However, because of the large scatter in the data, it is difficult to 
define the functional form for the dependence of life on DO content. 
A linear dependence of life on DO content was used in the model. The 
available data are inadequate to establish either the dependence of fa- 
tigue life on S content or the upper limit for S content above which the 
effect of S on fatigue life saturates. A linear dependence of life on S 
content was used in the model; the effect of S was assumed to saturate 
at 0.015 wt%. 

Experimental fatigue lives of CSs and LASs in water and those 
estimated from Eqs. 14a and 14b are plotted in Fig. 7. For both steels, 
environmental effects on fatigue life are minimal when the last term in 
Eqs. 14a and 14b is zero, e.g.. in low-DO PWR environments. The 
predicted fatigue lives show good agreement with the experimental 
results. 

The statistical model can be used to obtain a correction factor 
Fen to incorporate the effect of LWR coolant environment on fatigue 
life of carbon and low-alloy steels. The expression for fatigue life 
correction factor (Eq. 2) can be written in the form 

The correction factor is obtained by subtracting Eqs. 14a and 14b from 
Eqs. 13a and 13b, respectively. Thus, for CSs 

Fen =exp(0.384-0.00133T-0.554S * T * 0 *.* E ) 

and for LASs 

Fen = exp(0.766-0.00133T-0.554S*T*O*~). 

An environmental fatigue correction factor Fen based on 
Eqs. 17a and 17b has been proposed by the Electric Power Research 
Institute(EPR1) for ASME Code Section 111, NB-3600- and NB- 
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Figure 7. Fatigue lives of carbon and low-alloy steels 
estimated from the statistical model and 
determined experimentally in water 



3200-type fatigue analysis [ 121. The critical thrcshold conditions have 
also been dctincd to eliminate load-state pairs for which environmen- 
tal corrcction is not necessary. Only those load-state pairs that satisfy 
311 of the threshold conditions were used in evaluating an envi- 
ronmental correction factor. An environmental correction factor is 
necessary if  all of the following threshold conditions are satisfied: 
strain amplitude >O.I%, strain rate cO.I%/s, DO level >0.1 ppm, tem- 
perature >150°C, S content in steel 20.003 wt.%, and fluid velocity 
13 mfs. The proposed approach was applied to several examples, in- 
cluding BWR feedwater piping, recirculating piping, and a feedwater 
nozzle safe end. 

CRACK PROPAGATION MODEL 
The fatigue S-N curves specify, for a given strain or stress 

amplitude, the number of cycles needed to form an “engineering” 
crack (e.g., a 3-mm-deep crack). The allowable number of cycles can 
be divided into two stages: cycles for formation of microcracks on the 
surface (Stage I cracks), and cycles for propagation of the shallow sur- 
face cracks to an engineering size (Stage I1 cracks). At low strain 
ranges (Le., high-cycle fatigue), life is dominated by the nucleation of 
surface microcracks, whereas at high strain ranges (Le.. low-cycle fa- 
tigue), the crack propagation 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 
propagation life is controlled by ductility of the material and depends 
primarily on applied plastic strain range. The effect of LWR coolant 
environment on the formation of surface cracks is expected to differ 
from that for crack propagation. The fatigue crack growth behavior of 
ferritic steels in high-temperature oxygenated water and the effects of 
S content and loading rate are well known [13-151. Dissolution of 
MnS inclusions changes the water chemistry near the crack tip, mak- 
ing it more aggressive. This results in enhanced crack growth rates 
(CGRs). Limited data indicate that environment appears to have little 
or no effect on crack nucleation [ 1-31. Although all of the specimens 
tested in water show surface micropitting, there is no indication that 
these micropits facilitate the formation of surface cracks. Irrespective 
of environment, cracks in carbon and low-alloy steels form either 
along slip bands, carbide particles, or at the ferrite/pearlite phase 
boundaries. 

. 

’ 

A fracture mechanics approach for elastic-plastic materials has 
been used to incorporate environmental effects into the fatigue S-N 
curves with enhanced CGR (dddN) data [16,17]. By characterizing 
the growth behavior of short cracks in terms of AJ, fracture mechanics 
analysis can be used to derive low-cycle fatigue relationships [18,19]. 
In this approach, the basic assumptions are that fatigue life can be 
represented by the number of cycles required for a crack to grow from 
an initial microscopic size to the final engineering size, and the CGR is 
controlled by AJ imposed during opening of the crack surface. This 
implies that the J-integral defines the nonlinear stress and strain fields 
near the crack tip during the loading hai’f of the cycle despite 
intermittent unloading. The value of AJ for elastic-plastic conditions 
is given by 

AJ = AJe + AJ,. 

The elastic-plastic J value for a short crack is expressed as 

J =-+ K h(n,g)olEpa. 
El 

where K is stress intensity parameter, E, = E for plane stress and El = 
E/(I - u2) for plane strain, E is the elastic modulus, I) is Poisson’s 
ratio, ol is the nominal stress in a section away from the crack, E,, is 
nominal plastic strain, a is crack length, and h(n,g) is a function of the 
strain hardening coefficient n in Eq. 20, and geometry g. The cyclic 
stress-strain curve is defined as 

E = +y, c3 

E A  

where E and Q are cyclic strain and stress amplitudes, respectively, n is 
the strain hardening coefficient, and A is a constant. Three-dimen- 
sional finite-element models have been used to evaluate the stress in- 
tensities associated with cracks in smooth cylindrical fatigue speci- 
mens [20]. but a simple estimate of J for a small half-circular surface 
crack [ 181 is given by 

J=3.2($)a+5.O(z)a. 

This estimate of J is based on the assumption that the smooth cylindri- 
cal fatigue specimen can be represented as a semi-infinite space con- 
taining an edge crack and that the strain is considered to be in the fully 
plastic regime and uniformly applied remote from the crack. The es- 
timates are good as long as the crack size is small compared to the 
specimen diameter. For conventional fatigue tests, i.e., fatigue life 
defined as the number of cycles for the tensile stress to drop 25% from 
its peak value, the crack depth-to-specimen diameter ratio can be as 
high as 0.4. More rigorous finite-element models can be used to mod- 
ify the stress intensities associated with conventional fatigue test spec- 
imens. 

Section XI of the ASME Boiler and Pressure Vessel Code 
provides CGR curves for carbon and low-alloy steels. The growth 
rate dddN (in micro-inchedcycle) in air is given by 

%= 1.99x10-’0(AK)3‘07 
dN 

(22a) 

where the stress intensity factor range AK = Kmx - K,,,j,, (ksih.). In 
reactor water environments. the gowth rates at low AKs are given by 

and at high AKs by 

- da = ~.OIXIO-’(AK)’.~~. 
dN 

(22b) 

(22c) 
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Figure 8. Proposed reference farigue crack growth rate curves 
for carbon and low-alloy steels in water environments 
for a rise rim of 600 s and R = -I 

The current ASME Section XI reference curves for CGRs are 
based on fatigue data obtained prior to 1980; all fatigue tests were 
conducted at a rate of 1 cycldmin. Recent experimental results have 
shown the importance of key variables of material, environment, and 
loading rate on CGRs in LWR environments. Fatigue CGR correla- 
tions, shown in Fig. 8. have been developed that explicitly consider the 
effects of rise time, R-ratio, AK, and S content in the steel [21,22]. 
The new CGR correlations can be divided into two categories. For 
l o w s  behavior, CGRs are faster by a factor of =2 in reactor water 
than the corresponding rates in air. For highs behavior or when envi- 
ronmentally assisted cracking (EAC) occurs, CGRs are defined as a 
function of rise time 8, R-ratio, and stress intensity range AK. The 
threshold value of AK below which CGRs are negligible is given by 

AKh =4.0 (1 -R) 
= 1.0 

0 5 R 5 0.75 
0.75 < R < 1. (23a) 

The threshold value for EAC AK, above which the CGR is enhanced 
by the environment, is given by 

AKa = 0.376 8°*1u (2.88 - R)*ag9 
= 2.900 8°-1zs exp[(0.9 - R)/( 1.0 - R)] 

0 2 R I 0.9 
0.9 < R c 1, (23b) 

where 8 is the rise time in sec. The values of AKb and AK, that delin- 
eate regions of enhanced CGR are given by 

AKb 
A& = 8.570 (2.88 - R). 

= 0.453 8°326 (2.88 - R)2.69 

For Kmin c0. e.g., ti11ly reversed cyclic loading, R is set equal to zero. 
The correlations of Fig. 8 and Eqs. 21 and 23 have been used to derive 
the S-N curves of carbon and low-alloy steels under different loading 
conditions, including the effect of mean stress [ 171. The correlations 
have also been used to account for the effect of the environment and 
strain rate on the fatigue life of small specimens [5]. The results of the 
analysis show that there exists a saturation strain rate below which fa- 
tigue life does not decrease with decreasing strain rate; indeed, it is 
possible that there is recovery or an increase in life at strain rates be- 
low the critical value. 

SLIP DISSOLUTION MODEL 
A model based on oxide film rupture and anodic dissolution 

has also been proposed to incorporate environmental effects on the fa- 
tigue life of carbon and low-alloy steels [23]. The requirements for 
this approach are that a protective oxide film is thermodynamically 
stable to ensure that a crack will propagate with a high aspect ratio 
without degrading into a blunt pit, and that a strain increment occurs to 
rupture that film, thereby exposing the underlying matrix to the envi- 
ronment. The environmentally assisted growth rate V is related to the 
crack tip strain rate ict by the relationship 

V = A(&)", 

where V is in cm 8, ict is in s-l, and the constants A and n depend 
on the material and environmental conditions at the crack tip. There is 
a lower limit of crack propagation rate associated either with blunting 
when the crack tip cannot keep up with general corrosion rate of the 
crack sides, or with the fact that a high dissolved S activity cannot be 
maintained at the crack tip. The critical crack propagation rate at 
which this transition occurs will depend on DO level, flow rate, etc. 
Based on these factors, the maximum and minimum environmentally 
controlled crack propagation rates have been defined [23]. For cnck- 
tip S concentrations >2 ppm, 

V = 2 . 2 5 ~ 1 0 ~ & , O . ~ ~  

and for crack-tip S concentrations c0.02 ppm by 

v = lo-*&ct'*o. 

The model assumes that there is no environmental enhance- 
ment of crack propagation during the compressive load cycle, because 
during that period the water does not have access to the crack tip. The 
total crack advance per cycle AatOtal is given by the summation of 
crack advance in air Aaair due to mechanical factors, and crack ad- 
vance from a slip-dissolution mechanism Aar, once the tensile strain 
increment exceeds the fracture strain of the oxide q. If the fatigue life 
is considered to represent the number of cycles required to form a 3- 
mm-deep crack, the crack advance per loading cycle in air is given by 
0.3/Nir. The fatigue life in air can be expressed by Eqs. 1, 6, or 13. 
Thus, assuming that environmental conditions are such as to maintain 
>2 ppm S at the crack tip (Eq. 24a) and that the crack-tip strain rate 
kct is the same as the applied strain rate kaPp, the environmental in- 
crement in crack growth is given by integrating Eq. 24a 
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where the relevant time for integration is the rise timet, minus the time 
taken for the strain increment to exceed the fracture strain of the oxide 
(&f/EoPp). Thus, the total crack advance per cycle is given by 

o 0.6-0.8bpm~0 
A ~0.01 ppmbb -................ I .................. t ............................................... ........- 

I 1 , * 1 , t o * l  1 t . , 1 1 1 , l  1 , 1 1  .,..I I 1 T 9 t t l i  

0.3 
Nair 

Aa toml = Aa;lair + Aar = - + 2 . 2 5 ~ 1 0 ~  (A& - ~ ~ ) ( 6 ~ ~ ~ ) ~ ' ~ ~ ,  (26) 

where crack advance is in cm and strain rate EaPp is in s-*. The 
fatigue life in water NWater is given by the initiation crack depth (3 
mm) divided by the total crack advance per cycle Aatoml 

-1 
-0 65 ] . 

The fatigue lives estimated from Eqs. 27 and 14, and those ob- 
served experimentally for A 3 3 3 4 r  6 steel in 8 ppm DO water at 
250°C and various strain rates, are shown in Fig. 9. These estimates 
are based on the assumption that a high-S concentration can be main- 
tained at the crack tip, i.e., Eq. 24a is applicable. The estimated and 
observed change in relative fatigue life (i.e., Nwateflair) with strain 
rate for AlOff i r  B steel in 288°C water is shown in Fig. 10. The es- 
timated curves for high- and low-S concentration are based on 
Eqs. 24a and 24b, respectively. In this case, the relative life decreases 
with decreasing strain rate up to a point where the crack propagation 
rate can not maintain a high dissolved S concentration at the crack tip. 
At strain rates below this point, the crack propagation rate is controlled 
by the low-S concentration relationship given by Eq. 24b. The pre- 
dicted transition [23] for a corrosion potential of +200 mVshe (8 ppm 
DO) is shown in the figure. Although both crack propagation and 
slip-dissolution models predict recovery in life at very low strain rates, 
limited data suggest saturation at =O.OOI%/s strain rate rather than an 
increase in life at strain rates. below the critical value 

FATIGUE DESIGN CURVES 
The current ASME Section 111 Code design fatigue curves were 

based on a best-tit curve to the experimental data expressed in terms 
of stress amplitude S,and fatigue cycles N. The RT value of 206.8 
GPa (30,000 ksi) for the elastic modulus was used to convert the 
experimental strain-vs.-life data to stress-vs.-life curves. The best-fit 
curves were adjusted for the effect of mean stress by using the modi- 
tied Goodman relation 

si =sa(=) Qu -CY for S,<byr (28a) 

and 

s; = s, for S,>by. (28b) 

where Si is the adjusted value of stress amplitude. and sY and (3, 

are the yield and ultimate strengths of the material, respectively. The 
design fatigue curves were then obtained by lowering the adjusted 
best-fit curve by a factor of 2 on stress or 20 on cycles, whichever was 
more conservative, at each point on the curve. The factor of 20 on 
cycles was intended to account for the uncertainties in fatigue life as- 
sociated with material and loading conditions, and the factor of 2 on 
strain was intended to account for uncertainties in threshold strain 
caused by-material variability. The interim design curves [SI were also 
developed by the same procedure. However, instead of a single curve, 
a family of best-fit experimental curves that vary with specific loading 
and environmental conditions was used. 

In the present study, the best-fit or mean curve to the experi- 
mental data given by the statistical models has been used to develop 
fatigue design curves for components. First, the mean curve is 
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adjusted for the effect of mean stress by using the Goodmiin relation of 
Eq. 28. Note that the Goodman relation assumes the maximum possi- 
ble mean stress and typically gives a conservative adjustment for mean 
stress, at least when environmental effects are not significant. For CSs 
and LASS, the values of elastic modulus and tensile properties were 
the same as those used in adjusting the ASME Code design curve, e.g., 
the cyclic yield and ultimate strengths at room temperature, respec- 
tively, were 276 and 552 MPa (40 and 80 ksi) for CS and 483 and 
689 MPa (70 and 100 h i )  for LAS. The mean-stress-adjusted fatigue 
life in air of CSs is expressed as 

ln(Ndr) = 6.582 - 0.00133 T - 2.032 In(% - 0.094) (29a) 

and that of LASS as 

ln(Ndr) = 6.857 - 0.00133 T - 1.813 In(% - 0.080). (29b) 

The mean-stress-adjusted fatigue life in water of CSs is expressed as 

ln(Nwatec) = 6.198 - 2.032 In(% - 0.094) + 0.554 S* T* 0' E * 

and that of LASS as 

(30a) 
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ln(Nwawr) = 6.091 - 1.813 In(% - 0.080) i- 0.554 S'T'O' k*.  (30b) 

The fatigue design curves for carbon and low-alloy steels in 
288°C air and for service conditions where one or more critical thresh- 
old conditions is not satisfied are shown in Figs. 11 and 12, respec- 
tively. In air environment, the design curves developed from the sta- 
tistical model are somewhat different than the ASME Code curve be- 
cause of temperature effects. The statistical model curves are for 
288°C air and are based on the elastic modulus at temperature, 
whereas the Code curve is for room temperature. Figure 12 shows that 
environmental effects are negligible when any one of the threshold 
conditions is not satisfied, e.g., at temperatures below 150°C or in a 
low-DO PWR environment. 

The fatigue design curves adjusted for environmental effects in 
water at 200,250, and 288°C are shown in Fig. 13. The design curve 
corresponding to the saturation strain rate of O.OOI%/s is shown in the 
figure; similar curves can be obtained for other strain rates. A high-S 
content is assumed in the steels, e.g., 0.015 wt.% or higher. Because 
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Figure 13. Fatigue design curves developed from statistical model for carbon and low-alloy steels under 
service conditions where all critical threshold values are satisfied 

the functional form for dependence of fatigue life on DO content is not 
well established, a DO level of 0.5 ppm was used in these calculations. 
This is expected to be a conservative estimate of environmental effects 
with respect to the nominal DO level of 0.2 ppm for BWRs operating 
with normal water chemistry. Additional data are needed before a bet- 

ter estimate can be made. Also, a threshold strain amplitude for envi- 
ronmental effects is estimated to be 0.06%. Limited data indicate that 
the threshold strain is =20% higher than the fatigue endurance limit of 
the steel; a threshold strain amplitude of 0.18% was observed for two 
heats of CSs and LASS [ 1.31. A threshold value of 0.06% is obtained 
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FATIGUE EVA LU AT10 N 
The various fatigue S-N correlations and models show good 

agreement with data obtained under loading histories with constant 
strain rate, temperature, and strain amplitude. Actual loading histories 
are far more complex. Exploratory fatigue tests have been conducted 
with waveforms where the strain rate or temperature was varied during 
the loading cycle. The results of such tests provide guidance for de- 
veloping procedures and rules for fatigue evaluation of components 
under complex loading histories. 

For loading cycles in which strain rate and temperature also 
vary with strain, the results show two different trends. The data for 
A106-Gr B steel at 0.75% strain range suggest that environmental 
effects on fatigue life occur only when the threshold conditions are 
satisfied [3,4]. A typical hysteresis loop for the tests is shown in 
Fig. 15. A slow strain rate is effective in decreasing fatigue life only 
when it occurs at strains greater than the threshold strain &h, Le., 
during portion BA of the tensile loading cycle. The data also suggest 
that the slow strain rates applied during any portion of the loading 
cycle above the minimum threshold strain are equally effective in 
decreasing life. This behavior is consistent with the slip-dissolution 
model [23], Le., the applied strain must exceed a threshold value to 
rupture the passive surface film in order for environmental effects to 
occur. In contrast, the data for A333-Gr 6 steel at 1.2% strain range 
with waveforms where the strain rate or temperature was varied during 
the loading cycle, suggest that all portions of the tensile loading cycle 
are equally damaging, including the portion where the applied strain is 
below the threshold value, Le., portion CB in Fig. 15 [9,11]. 

1 0' 1 02 1 03 1 04 1 05 1 06 
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Figure 14. Fatigue design curves based on fatigue life correction 
factor proposed by EPRI for.carbon and low-alloy steels 
in 288 "C water 

after adjusting for the effects of mean stress and material variability. 
Statistical analysis of the existing fatigue S-N data indicate that a 
factor of 1.7 on strain provides a 95% confidence for the variations in 
life associated with material variability [6]. For both steels, the design 
curves of Fig. 12 are used at strain amplitudes below the threshold 
value of 0.06%. 

Figure 14 shows the fatigue design curves for CSs and LASS 
determined by applying a environmental correction factor proposed by 
EPRI to the ASME Code curve and those obtained from the statistical 
model. The curves correspond to an S content of 10.015 wt.%, satura- 
tion strain rate of O.OOI%/s, and nominal DO level of 0.2 ppm for 
BWRs. These service conditions yield a correction factor Fen of 4.88 
and 7.15 (from Eq. 17) for CSs &d LASS, respectively. The main dif- 
ference between the EPRI approach and the design curves determined 
from the statistical model is the value of threshold strain amplitude for 
environmental effects. The EPRI approach uses a mean value of 0.1% 
for the threshold strain, which has not been adjusted for the effects of 
mean stress or material variability. 

Fatigue lives for loading histories where strain rate, tempera- 
ture, and strain amplitude are changing can be estimated from the sta- 
tistical model (Eqs. 13 and 14). If the temperature dependence of fa- 
tigue life in air is ignored, Eqs. 13a and 14a can be written as 

E, = 33.52( N)-"'.871 -I- 0.1 1 

1000 m 

0 0.2 0.4 0.6 0.8 1 
Strain (%) 

Figure 15. Typical hysteresis loop for fatigue test on 
A106-Gr B carbon steel in water at 288OC 
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respectively. From the above equations, an equivalent strain ampli- 
tude in air that would yield the same life as in water can be defined as 

6 qh=0.34% 1 2 

- Slow 0.004 
Strain Rate (Yds) 
Fast: 0.4 

For loading histones with varying strain rate and temperature, Eq. 32 
can be written as 

(9 a: C 

- - Strain Slow: 0.004 Rate (%/s) Em = 0.25% 
Fast: 0.4 

Ae -0.554S*T'O*/1.87 I 

elh 
AEA = C A E W ( ~ )  +Eth 

or 

~e 1-(0.554S*T'0*/1.871) 
AEA = j ( B )  dt+Eh, 

elh 

CONCLUSIONS 
Several correlations and models have been presented for esti- 

mating the effects of LWR coolant environments on fatigue S-N 
curves for carbon and low-alloy steels, and the results are compared 
with expenmental data. The statistical model provides a good basis 
for developing fatigue design curves and procedures that incorporate 
the effect of LWR coolant environments on the fatigue life of carbon 
and low-alloy steels. The best-fit or mean curve to the experimental 
data given by the statistical model has been used to develop fatigue de- 
sign curves that take into account temperature, DO in water, S content 
in steel, and strain rate. Estimations of fatigue lives under complex 
loading histones are discussed. Fatigue lives for loading histones 
where strain rate, temperature, and strain amplitude are changing can 
be estimated from the statistical model. 

where ~h is the threshold strain for environmental effects to occur. 
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Equation 33 can be used to estimate the fatigue life for tests 
conducted with waveforms where the tensile strain rate was vaned 
during the loading cycle. The variation in fatigue life of carbon stetls, 
estimated from Eq. 33, with and without a tbeshold strain, and that 
observed experimentally, is plotted as a function of the fraction of the 
loading strain at slow strain rate in Fig. 16 [1,3.9]. For both steels, the 
estimated values show good agreement with the experimental data. 
Equation 33 can also be used to estimate the fatigue life for loading 
histories with varying strain rate and temperature. 
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