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Fatigue Strain-Life Behavior of Carbon and Low-Alloy Steels,

Austenitic Stainless Steels, and Alloy 600 in LWR Environments |
!

by

J. Kelsler, O. K. Chopra, and W. J. Shack

Abstract

The existing fatigue strain vs. life (S-N) data, foreign and domestic, for carbon and low-al-
loy steels, austenttic stainless ;teels, and Alloy 600 used in the construction of nuclear power
plant components have been compiled and categorized according to material, loading, and en-
vironmental conditions. Statistical models have been developed for estimating the effects of the
various scivice conditions on the fatigue life of these materials. The results of a rigorous statis- {
tical analysis have been used to estimate the probability of initiating a fatigue crack. Data in )
the literature were reviewed to evaluate the effects of size, geometry, and surface finish of a l

l component on its fat?gue life. The fatigue S-N craves for components b e been determined by |
I adjusting the probability distribution curves for smooth test specimens for the effect of mean

stress and applying design margins to account for the uncertainties due to component
size / geometry and surface finish. The significance of the effect of environment on the current I

Code design curve and on the proposed interim design curves published in NUREG/CR-5999
is discussed. Estimations of the probability of fatigue cracking in sample components from
BWRs and PWRs are presented.

|

|

|>

|

|

4

)

|
|

'

|

l,

ill NUREG/CR-6335

- - _ - . - - . - - - - - - . - - _ _

j



- - . . - . , . - - .. . - ~ . . ,- , , , . - . ..

n < -

4
,

I v

t
,

;

'
Contents:<

,

r .,t

Nomenclature................................................................................................................... ' xi . !:
4

,

i c

< - Execu tive Su m mary :. . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . xill -
*

r ..

E Ac k nowled gme n is . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv j
-E

- .

I~
'

Introduction.............................................................................................................. 1. t

2 , 7 Overview of Fatigue S train-Life Da ta '... .. . .. .. .. . . ... .. . . .. .... .... . . .. ..... . . .... .... . . ... .. .. .... . .. ... .. ... 2 --
.

..

2.1 ' Carbon a nd low-Alloy Steels ' . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .. . . . . . . .. . . . .. . . . . . . . . . . .. . . . . .. . . . . .. . . . . . .. 2
:
:

2.2i Austenttic Stainless Steels and Alloy 600 .......................................................... 3- !

3 Methodology.............................................................................................................. '6
L

3.1 'M odeli n g C h oices . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .6

-3.1.I Fu n c tion al Fo rm s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 '

,

'3.1.2 O ro u pi ng of D a ta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 i

- p

'

3.2 Least-Squares Modeling within a F1xed Structure ............................................. 7

4~ TheModel.................................................................................................................. 8
.

t

; 4.1 Carbon and Isw-Alloy Steels .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . 8 ,

E 4.2 Austenttic Stainless Steels and Alloy 600 .................................. ....................... 12 !

5 Su m m ary St a tis tics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

5.1 Analysis of Resid u al Errors . . . . . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . 14

5.2 Statistical Significance of Parameter Values .................... ................................. 19

5.3 : N o rmal i ty Te s ts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . 21

.
.

. . :

6 ; Probability Distribt. aons of Fatigue Life ........................... .. .. .............................. ....... 22 !
i
.

~7 Fatigue S-N Behavior of Com ponents ... . .. . . ....... .... ........ .. .. ... . .. .. ... . . ..... .... ....... ... .. .. . ... . - 26

'

7.1 | 3ffect of Size and Geometry. . . . . .. . . . . . . . . . . . . . . . . . . .. .. .. . . . . . . . . . . . . .. . .. .. . .. . . . . . . .. .. ... . . . . . . . . . . . . . 27

:

i 7.2 - E1 Tect of Su rface . Fini sh .. . . . . . . . .. . . . .. .. . . . . . . . .. . . . . . . . . .. . . ... . . . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . 27
,

,

i

, .

.

y ' NUREG/CR-6335 .
i
|

' L
, t

[. A'
-



- _ _ _ - -

7.3 Estimated Fatigue S-N Curves for Components.................................... ............ 28 -

8 Conelusions.............................................................................................................. 37

References.................................................................................................................... 38

Appendlx..................................................................................... 41. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Estimation of Probability of Fatigue Cracking in Reactor Components.... .......... ......... 41

Figures

I
'l. Fatigue S-N data for carbon steels in water .. ....................... ................................

2. Experimental and predicted values of fatigue life of carbon and low-alloy steels
in air a n d wa te r envi ro nme n t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 10

3. Fatigue S-N behavior for carbon and low-alloy steels estimated from the model
and determined experimentally in air at room temperature and 290 C................... I1

4. Experimental and predicted values of fatigue life of austenitic stainless steels
13

L and Alloy 600 in air and water environments ....... .. ....... .... ... ............ ....... ... .... .. .. ..
i

5. Fatigue S-N behavior for Types 304 and 316 stainless steel and Alloy 600
estimated from the model and determined experimentally in air... ......................... 14

G. Residual error for carbon and low-alloy steels as a function of test temperature .... 15

7. Residual error for carbon and low-alloy steels plotted as a function of material
15heat...................................................................................................................

8. Residual error for carbon and low-alloy steels as a function of sulfur content of
thestcel......................................................................................................... 16

|

| 9. Residual error for carbon and low-alloy steels as a function of loading strain
16

| rate......................................................................................................................
|-

10. Residual error for carbon and low-alloy steels as a function of applied strain
I6ampittude...........................................................................................................

j '. I 1. Residual error for carbon and low-alloy steels as a function of dissolved oxygeni

17inwater................................................................................................................

| 12. Residual error for austenttic stainless steels as a function of test temperature ....... 17

| 13. Residual error for austenitic stainless steels plotted as a function of material

|- heat...................................................................................................................... 17
|'

: NUREG/CR-6335 vi
|

' _ _ _ _ _ _ _ - _ _ _ - _.



__ _ _ _ _ _ _ _ _

.

|

14. Residual error for austenitic stainless steels as a function of applied strain
amplitude.................................................................................................... I8

.=

15. Residual error for austenttic stainless steels as a function of dissolved oxygen in
water............................................................. I8. . . . . . . . . . . . . . . . . . . . . . . .

16. Residual error for Alloy 600 as a function of test temperature .. ...... ................... .. 18

17. Residual error for Alloy 600 plotted as a function of material heat........ .. . .......... 19 g

18. Residual error for Alloy 600 as a function of applied strain amplitude.. . ... ..... . 19
'

19. Experimental data and probability of fatigue crack initiation in carbon and low-
alloy steel test specimens in air at room temperature and 290'... ................ ... .... 23

20. Experimental data arn! probability of fatigue crack initiation in carbon and low-
alloy steel test specimens in PWR environment . .... ....... . ..... ........ ........ ...... ..... 24

21. Experimental data and probability of crack initiation for Types 304,316,and
316NG stainless steel test specimens in air environment ...... ...... 24. . . . . . . . . . . . . . . . . . . .

22. Experimental data and probability of crack initiation for'1ypes 304 and 316NG
stainless steel test specimens in water environment.. 25 -

..... . . . . . . . . . . . . .

23. Experimental data and probability of crack initiation for Alloy 600 test
j specimens in air and water environments. .... ... .... 25. . . . . . . . . . . . . . . . . . . . . . .

|
,

| 24. Adjustment for mean stress effects and factors of 2 and 20 applied to best-fit S-
' N curves for carbon and low-alloy steels to obtain the ASME Code design fatigue

cu tve . . . . . . . . . . . . . . . . 29. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. ......

25. Procedure for translating probability distribution on fatigue life oflaboratory test
specimens to those of actual reactor components.. ............. .. .. .... ................ ..... 30

26. Probability of fatigue cracking in carbon and low-alloy steel vessel in room-

| temperature water ...... 32. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

27. Probability of fatigue cracking in carbon and low-alloy steels in air at 290 C, and
the ASME Code design curve ... . . 33. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

|
|

28. Probability of fatigue cracking in carbon and low-alloy steels in PWR water, the
proposed interim design curve in water with <0.1 ppm DO. and the ASME design
cu rve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

29. Probability of fatigue cracking in carbon and low-alloy steels at 200,250, and
290 C and 0.001%/s strain rate in water with DO levels 20.5 ppm, the proposed
interim design curve for carbon steel in water with >0.1 ppm DO, and the ASME

; designcurve....................................................................................... 34
|

30. Probability of fatigue cracking in carbon and low-alloy steels at 290 C and
0.1%/s strain rate in water with DO levels 20.5 ppm, the proposed Interim
design curve for carbon steelin water with >0.1 ppm DO and the ASME design
curye............................................................................................. 35

!
'

v11 NUREG/CR-6335



_ _ . _ . _ . _ . _. .. _ . . . . ._. _

d

,

1 7

i

. 31. Probability of fatigue cracking in austenitic stainless steels in air and water
'
t

#

envi ro n me n t s a t 2 90* C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1

] 32. Probability of fatigue cracking in Alloy 600 in air and water environments at 4

290*C.................................................................................................................... 36

4
' A-1. Proposed interim fatigue design curves for carbon and low-alloy steels in low- ,

i DO water typical of PWRs and high-DO water representing a conservative
i es ti ma te fo r BWRs '. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

t
i A-2. Proposed interim fatigue design curve for austenitic stainless steel.8 in water......... 57

.

A-3. Probability of fatigue cracking in carbon steel in water with low DO levels
(<0.05 ppm) plotted as a function of cumulative usage factor at different applied

,

s tres s a m pl it u d e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

,
A-4. Probability of fatigue cracking in low-alloy steel in water with low DO levels :

!(<0.05 ppm) plotted as a function of cumulative usage factor at different applied
'

: s tre s s a m pli t u d e s . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
i

i

A-5. Probability of fatigue cracking in carbon steel in water with DO levels 20.5 ppm
plotted as a function of cumulative usage factor at different applied stress-

amplitudes......................................................................................................... GO
.

5

i. A-6. Probability of fatigue cracking in low-alloy steel in water with DO levels
20.5 ppm plotted as a function of cumulative usage factor at different applied;_

s tres s a m pil t u d e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
,

A-7. Probability of fatigue cracking in Types 304 and 316 stainless steel in water
plotted as a function of cumulative usage factor at different applied stress

'

amplitudes....................................................................................................... 62

A-8. Probability of fatigue cracking in Alloy 600 in water plotted as a function of
cumulative usage factor at different applied stress amplitudes............................... 63 ;

i

Tables

1. Data base for fatigue S-N behavior of carbon and low-alloy steels.......................... 3 i
.

i

. 2. Chemical and strength specifications for carbon and low-alloy steels..................... 4

3. Characterization of existing S-N data for several heats of austenttic stainless
. steel in air at variou s t em perat ures ... .. ....... . . . . . . .. . . . . . .. . .. . . . . .. . . . . . .. . . .. . ..... .. .. .. . .. . .. .... . 5 ,

4. Characterizauon of existing S-N data for several heats of austenitic stainless
.

- steel in water at various temperatu res ........... . ....... ......... .... .................. .. . ... ... ... 5 i

'

5. . Existing faugue S-N datta for several heats of Alloy 600 in air and water
environments....................................................................................................... 6

L NU' REG /CR-6335 vill.
!

ia

t

-



_ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _

1

I

6. Estimates of factor by which fatigue life is changed by varying a specific variable... 12

7. Standard error and t-statistic for the coefBcients of various parameters in the
sintistical model for carbon and tow-alloy stcels . . ..... ....... .. . ............................. 20

8. Standard error and t-statistic for the coefficients of various parameters in the
statistical models for austenttic stainless steels and for Alloy 600........... ............. 20

9. Results of normality tests for carbon and low-alloy steels, austenitic stainless
steels, and Alloy 600. . . . .... .. .... . ... . .... . .. .. 21. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10. Standard deviation of distance from mean S-N curve for the different materials..... 22

11. Typical average roughness values for surfaces finished by various processes ...... . 28

12. Values of elastic modulus for carbon and low-alloy steels, austenitic stainless
stects, and Alloy 600 MPa (x1000 ksi) ....... ... ........ .. 33. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A-1 Allowable cycles and probability of fatigue cracking in low-alloy steel
components in PWR water as a function of cumulative usage factor at ditTerent i

43 |a pplied s t re s s a m plit u d es . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

| A-2 Allowable cycles and probability of fatigue cracking in low-alloy steel
componerits in high-dissolved oxygen water as a function of cumulative usage
factor at difTerent applied stress amplitudes........... . 44 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A-3 Allowable cycles and probability of fatigue cracking in carbon steel components ,

!in PWR water as a function of cumulative usage factor at difTerent applied stress
45amplitudes......................................................................................

| A-4 Allowable cycles and probability of fatigue cracking in carbon steel components

,

in high-dissolved oxygen water as a ftmetion of cumulative usage factor at
| differen t a pplied st ress a mplit udes . ... ... .... . .. . ... . . . . . ... .. .. .. . ... .... .. .. ..... . . ... .. . . 46 ,

I
i i

'

A-5 Allowable cycles and probability of fatigue cracking in austenitic stainless steel
components in water as a funciton of cumulative usage factor at different

47' a p plied s t res s a m pli t u d e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A-6 Allowable cycles and probability of fatigue cracking in Alloy 600 components in
,

|
water as a function of cumulative usage factor at different applied stress

48
j amplitudes .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...... . .....

A-7. Inverse of standard cumulative distribution function .. . ...... . ... . . .. ... 49. . . . . . . . . . . .

fA-8. Fatigue evaluation for SA-508 Class 2 low-alloy steel inlet nozzle of PWR vessel .. 49

A-9. Fatigue evaluation for SA-508 Class 2 low-alloy steel outlet nozzle of PWR
! vessel........................................................ 49. . . . . ......... ... .... ... .. .. ....

i A-10. Fatigue evaluation for'lype 316 stainless steel surge line of a PWR. .. ..... .... 50...

1

| A-11. Fatigue evaluation for Type 316 stainless steel safe end for safety injection
j n ozzl e o f a PWR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51. . . . . . . . . . . . . .

|

|
|

tx NUREG/CR-6335

o .. ... ..
- - - - . . __ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.

_ _ _ _a_



- .. _ _ _ _ _ _ _ _

A-12.- Fatigue evaluation for Type 316 stainless steel reducing tee from decay heat
re moval syste m o f a PWR . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

' A-13. . Fatigue evaluation for Alloy 600 instrumentation penetration weld of PWR lower-

head'.................................................................................................................... 51

A-14. Fatigue evaluation for SA-333 Grade 6 carbon steel piping for residual heat
removal s u ction li ne of a BWR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

A-15.- Fatigue evaluation for SA-333 Grade 6 carbon steel elbow from BWR feedwater
linepiping......................................................................................................... 53

A-16. Fatigue evaluation for SA-508 low-alloy steel feedwater nozzle of a BWR ............... 54

A-17. Fatigue evaluation for Alloy 600 thermal sleeve from BWR vessel feedwater
nozzle.............................................................................................................. 54

I .

I
'

i

!

NUREG/CR-6335 x



_ _ - _ _ _- _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ -

Nomenclature

APP ed strain amplitude (%)liEa

t Applied total strain rate (%/s)

f* Transformed total strain rate

o, Ultimate strength of steel (MPa)

o, Yield strength of steel (MPa)

.DO Dissolved oxygen in water (ppm)

E Young's modulus

F-lix] Inverse of standard normal cumulative distribution function

1316NG Indicator for austenitic steel type. It is I for Type 316 Nuclear Grade stainless steel
and is 0 otherwise

Is Indicator for ferritic steel type. It is I for carbon steel and 0 for low-alloy steel

Ir Indicator for Alloy 600. It is O for temperatures <l50 C and is 1 for temperatures
bety cen 150-320 C

Iw Indicator for water environment, it is i for water and 0 for air environment

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

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

N2s Fatigue life defined as number of cycles for peak tensile stress to drop 25% from its
initial value

N25(x) xth percentile of probability distribution on life for smooth test specimens

N(x) Number of cycles corresponding to xth percentile of probability for fatigue crackt

initiation in a component

O* Transformed dissolved oxygen (ppm)

R Strain ratio

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

x1- NUREG/CR-6335
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R - RMS surface roughness, dellned as the root-mean-sqtiare deviation of surface profile9
from mean line

S Sulfur content of steel (wt.%)

S* Transformed sulfur content (wt.%)

S, Applied stress amplitude (MPa)

S', Value of stress amplitude adjusted for mean stress (MPa)

T . Test temperature ('C) _

T* Transformed temperature (*C)

x Percentile of probability distribution

'X Failure criteria defined as 25,50, or 100% decrease in peak tensile stress

!

l
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Executive Summary

The current ASME Code Section 111 design fatigue curves were based primarily on strain-
controlled fatigue tests of small polished specimens at room temperature in air. Best-flt curves
to the experimental test data were lowered by a factor of 2 on stress or a factor of 20 on cycles,
whichever was more conservative, to obtain the design fatigue curves. The factors were in-
tended to account for differences and uncertainties in relating the fatigue lives of laboratory
test specimens to those of actual reactor components. However, environmental effects on fa-
tigue resistance of materials were not explicitly addressed !n these design fatigue curves.

Recent fatigue strain vs. life (S-N) data illustrate potentially significant effects oflight wa-
ter reactor (LWR) environments on the fatigae resistance of materials. Specimen lives in simu-
lated LWR environments can be much shorter than those for corresponding tests in air. Under ,

certain conditions of loading and environment, fatigue lives in the test environments can be !
more than a factor of 100 shorter than those for the tests in air. These results raise the issue
of whether the fatigue design curves in Section ill are appropriate for the purposes intended
and whether they adequately account for environmental elTects on fatigue behavior. |

This report presents a statistical analysis of existing fatigue S-N data for carbon steel (CS)
and low-alloy steel (IAS), austenttic stainless steels (SSs), and Alloy 600, to evaluate the signif-
leance of environmental effects on fatigue Sr-N behavior. The existing fatigue S-N data, foreign
and domestic, for materials used in the construction of nuclear power plant components have
been compiled and categorized according to various test parameters. Statistical models have
been developed for estimating the effects of various material, loading, and environmental con-

~

ditions on fatigue life of these materials. The results of a rigorous statistical analysis have

) been used to estimate the probability of fatigue cracking in smooth test specimens. Fatigue S-
| N curves for components have been determined by adjusting the best-fit experimental curve for

the effect of mean stress and setting margins for size, geometry, and surface finish to the prob-
ability distribution curves for test specimens. Data available in the literature were reviewed to
evaluate the effects of size, geometry, and surface finish of a component on its fatigue life. The

|
data indicate that a factor of-4 may be used to account for size / geometry and surface rough-
ness of the component.

For a specific service condition, the interim design curves represent a lower probability of
cracking in CS components (1-5% probability) than in LAS components (5-25% probability).

,

( The interim design curve for SSs represents 5-20% probability of cracking in water. Probability
of fatigue cracking for Type 316 NG components is somewhat lower than that for Types 304
and 316 SS. The interim design curves may be somewhat conservative for Alloy 600 at stress
levels above 50 ksi (345 MPa).

The statistical models have also been used to assess the significance of the proposed in-
terim fatigue design curves published in NUREG/CR-5999 on fatigue evaluation of reactor
components. The probability of fatigue cracking in CS and LAS, austenttic SS, and Alloy 600
components has been estimated as a function of cumulative usage factor for various service
conditions. Estimations of the probability of fatigue cracking in sample components from
boiling water reactors and pressurized water reactors are presented.

xill NUREG/CR-6335
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1 -Introduction

'lhe ASME Boiler and Pressure Vessel Code Section 111,1 Subsection NB, contains rules for -
the construction of Class I components. Figure 1-9.0 of Appendix ! to Section 111 specifies the
code design fatigue curves that are to be used. - liowever, Section 111. Subsecuon NB-3121, of
the Code states that environmental effects on fatigue resistance of a material are not explicitly
addressed in these design curves. Therefore, there is uncertainty about the environmental ef-
fects on fatigue resistance of materials for operating pressurized water reactor (PWR) and boll-
ing water reactor.(BWR) plants, whose primary-coolant-pressure-boundary components are
constructed as specified in Section III of the Code.

Current Section 111 design fatigue curves were based on strain-controlled tests of small
polished specimens at room temperature (IU) in air.2 To obtain the design fatigue curves,
best-fit curves to the experimental test data were lowered by a factor of 2 on stress or 20 on
cycles, whichever was more conservative, at each point on the best-fit curve. As described in
_the Section ill criteria document, these factors were intended to account for the differences and
uncertainties in relating the fatigue lives of laboratory test specimens to those of actual reactor

- components. The factor of 20 on cycles is the product of three separate subfactors: 2 for scat-
ter of data (minimum to mean),2.5 for size effects, and 4 for surface finish, atmosphere, etc.3
" Atmosphere" was intended to reflect the effects of an industrial environment rather than the |
controlled environment of a laboratory. The effects of the coolant environment are not explic-
itly addressed in the Code design curves. Furthermore, the probability distribution on fatigue
life is not defined in the Code design fatigue curves. The best-f1t or mean curves to the expert-
mental data represent a 50% probability ofinitiating a fatigue crack in a small polished test
specimen. It is not clear whether the Code design curve represents greater than, equal to, or
less than 50% probability ofinitiating a fatigue crack in power plant components.

Recent fatigue strain-vs.-life (S-N) data from the United States 4-15 and Japan 16-18 show
that light water reactor (LWR) environments can have potentially significant etTects on the fa-
tigue resistance of carbon steel (CS) and low-alloy steel (LAS). Fatigue lives in simulated LWR
environments can be much shorter than the lives determined by corresponding tests in air,
Fig.1. Under certain conditions of loading and environment, e.g., temperature >250 C, dis-
solved oxygen (DO) >0.1 ppm, strain rate <0.01 %/s, and sulfur content. In the steel
20.006 wt %, fatigue lives in the test environments can be a factor of 100 shorter than those for
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the tests in air, This implies that the factors of 2 and 20 applied to the mean-data curve may
not be adequate. Based on the existing fatigue S-N data Argonne National Laboratory (ANL)
has developed interim design fatigue curves that explicitly address environmental effects on fa-
tigue life of css and LASS and austenttic stainless steels (SSs).W

The objectives of this report are to obtain the probability distribution on fatigue life for
materials used in the construction of nuclear power plant components and to quantify the
contributions of various material, loading, and environmental variables that influence the fa-
tigue resistance of these alloys. Existing fatigue S-N data, foreign and domestic, for carbon
and low-alloy ferritic steels, austenitic SSs, and Alloy 600 have been compiled and categorized
according to different test conditions. For each type of material, statistical models have been
developed for estimating the effects of various material, loading, and environmental variables
on their fatigue life. The model for css and IASs presented in this report is a modified version
of the model presented earlier in NUREG/CR-0237.20 Results of the statistical analysis have
been used to estimate the probability of fatigue cracking. The contributions of material and
environmental conditions that have not been considered in the existing fatigue S-N data base,
such as size, geometry, and surface finish, are discussed. Fatigue S-N curves that are appli-
cable to reactor components have been determined by applying design margins to the probabil-
ity distribution curves to account for the uncertainties due to component size / geometry and
surface finish, and adjusting the curves for the effect of mean stress. The significance of the
effect of environment on the proposed interim fatigue design curves presented in NUREG/CR-
5999 is discussed.

2 Overview of Fatigue Strain-Life Data

2.1 Carbon and Low-Alloy Steels

The primary sources of relevant S-N data are the tests performed by General Electric Co.
,

(GE) in a test loop at the Dresden I reactor 4.5 and with the Electric Power Research Institute
(EPRI),6.7 the work of Terrell at Mechanical Engineering Associates (MEA),8-10 the ongoing pro-
gram at ANL on fatigue of pressure vessel and piping steels,ll-15 and the JNUFAD* data base
for " Fatigue Strength of Nuclear Plant Component" from Japan, including the published work
of Illguchi, Kobayashi, and lida.lG-18 In addition, fatigue tests have been conducted by
Babcock and Wilcox (D&W) in water chemistries that are characteristic of fossil-fired boilers.21
Although the B&W data exhibit trends similar to those observed in LWR environments, the
D&W data were not considered in this study,

l
Only fatigue data obtained on smooth specimens tested uncler fully reversed loading con-

ditions, i.e.. R = -1, were considered in this analysis; tests on not'hed specimens or at R values
other than -l were excluded. Details of the fatigue data from dhTerent scarces are given in
Table 1. The ASME Specifications for chemical and tensile strength requirements for these
steels are listed in Table 2. The data base is composed of 456 tests e air (345 tests for LAS
and 111 for CS) and 409 tests in water (270 tests for LAS and 139 for CS). Carbon steels in-
clude nine dliferent heats of A333-Grade G, A106-Grade B, A516-Grade 70, and A508-Class I
steel, while the low-alloy steels include 14 heats of A533-Grade B and A508-Class 2 and 3

* Private communication from M. Illgucht, Ishikawajima-Ilarima Heavy Industries Co., Japan, to M. Prager of the
Pressure Vessel Research Council,1992 '!he old data base *FADA!" has been revised and renamed "JNUFAD."

NUREG/CR-6335 2
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Table i. Data baseforfatigue S-N behavior ofcarbon and loto-alloy steels

Steel Type No.of Number of Testsa

Source Reference Carbon Steel low-Alloy Steel Heats in Air in Water

ANL 11-14 A106-Gr B 1 16 (1) 16(1) J

A533-Gr B 1 16(1) 21(1) l

GE 4-7 A516-Gr 70 1 8 (1) 14 (1)

A333-Gr 6 1 14 (1) i

Japan JNUFAD A333-Gr 6 4 37(3) 91(3) |
'

A508-Cl1 1 14 (1)

A533-Gr B 5 106 (5) 62 (2)
i

A508-Cl2 1 28 (1) 26(1)
A508-Cl 3 7 195 (7) 147 (2)

MEA 8-10 A106-GrB 1 36(1) 18(1)
Total: 456 409

8 'Mi umber within parentheses represents the number of heats used for the tests.

steels. Most of the data have been obtained on cylindrical specimens tested under axial strain-
control mode with a triangle or sawtooth waveform. The specimen diameters range from 6 to
10 mm and gauge lengths range from 8 to 25 mm (tests conducted on hourglass samples were
excluded from the analysis). Some of the tests were conducted under load control (15% of the
tests in air ana 9% in water). The GE tests in the Dresden 1 reactor were conducted in bend-
ing with a trapezoidal waveform.t

|
t
' in most studies, the fatigue life of a test specimen is defined as the number of cycles for

the peak tensile stress to drop 25% from its initial value. For the specimen sizes used in these
studies (G to 10-mm diameter), a 25% drop in peak tensile stress corresponds to a 3-mm-deep
crack, i.e., N25 represents the number of cycles to initiate an approximately 3-mm crack. The
fatigue lives defined by other failure criteria, e.g.,50% decrease in peak tensile stress or com-
plete failure, were normalized according to the equation

N25 = Nx / (0.947 + 0.00212 X), (1)

where X is the failure criteria, i.e.,25,50, or 100% decrease in peak tensile strest,. The strain
rates for the tests conducted with a sine waveform were represented by average values.

I

| 2.2 Austenitic Stainless Steels and Alloy 600
l

The primary sources of relevant S-N data for austenttic SSs and Alloy 600 are the JNUFAD
data base for " Fatigue Strength of Nuclear Plant Component" from Japan and the data com-
piled by Jaske and O'Donnell22 for developing fatigue design criteria for pressure vessel alloys.
Fatigue tests by Conway et al.23 and Keller24 on Types 304 and 316 SSs in air were also in-
cluded in the data base. In addition, tests in water have been conducted on austenitic SSs by
General Electric Co. (GE) in a test loop at the Dresden 1 reactor .5 and at ANL.25 Only fatigue4

data obtained on smooth specimens tested under fully reversed loading conditions were con-
sidered in the statistical analysis; tests on notched specimens or at R values other than -l
were excluded. Fatigue tests on sensitized austenitic SSs were also excluded from the analysis.
Details of the fatigue S-N data for austenttic SSs are given in Tables 3 and 4 and for Alloy 600
in Table 5.

3 NUREG/CR-6335
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Table 2. Chemical and strength specifcationsfor carbon and low-alloy steels

SA-106 SA-333 SA-516 SA-508 SA-508 SA-508 SA-533
Variable Grade B Grade 6 Grade 70 Class la Class 2 Class 3 Grade B

SteelType Carbon Carbon Carbon Carbon Alloy Alloy Low-Alloy

Product Seamless Seamless PV PV PV PV PV
Pipes & Welded Plates Forgings Forgings Forgings Plates

Pipes

C max. (%) 0.25a 0.30b 0.27-0.31c 0.30 0.27 0.25 0.25

Cr(%) 0.40 max.d - - U.25 max. 0.25-0.45 0.25 max. -

Cu (%) 0.40 max.d - - - - - - )
Mn (%) 0.27-0.03 0.29-1.06 0.79-1.30 0.70-1.35 0.50-1.00 1.20-1.50 1.07-1.62e

'

MO (%) O.15 max.d - - O.10 max. 0.55-0.70 0.45-0.60 0.41-0.64

Ni(%) 0.40 max.d - - 0.40 max. 0.50-1.00 0.40-1.00 0.37-0.73

P max. (%) 0.025 0.048 0.035 0.025 0.025 0.025 0.035

S max. (%) 0.025 0.058 0.040 0.025 0.025 0.025 0.040

Si(%) O.10 min. O.10 min. O.13-0.45 O.15-0.40f 0.15-0.40e 0.15-0.40e O.13-0.45

V (%) 0.08 max.d - - 0.05 max. 0.05 max. 0.05 max. -

Tensile 550-690A;

Strength 415 min. 415 min. 485-620 485-655 550-725 550-725 620-795
690-860(MPa)

Yield 345 min.A
Strength 240 min. 240 min. 260 min. 250 min. 345 min. 345 min. 485 min.
(MPa) 570 min.

IIcat
Treatmenth 1 2 3 4 4 4 5

** For each reduction of 0.01% below 0.30%, an increase of 0.05% Mn above 1.06% would be permitted up to a
maximum of 1.35% Mn.

b For each reduction of 0.01% below the specified C maximum. an increase of 0.06% Mn above the specified
maximum will be permitted up to a ma.dmum of 1.35%.

e Maximum amount increases with increasing section thickness.
dThese five designated elements combined shall not exceed 1%.
e The maximum Mn content may be increased to 1.65% on product analysis when Class 2 and Class 3 properties

are specified and when Supplementary Requirements S3 is specified.
IWhen vacuum carbon-deoxidation is required by Supplementary Requirement SI1. the Si content shall be 0.10%
maximum.

R The three sets of numbers correspond to Class 1. 2. and 3 strength levels.
h lleat treatments for the vadous steel = are as follows:

1. Ilot-finished pipe need not be heat treated. and cold-drawn pipe shall be heat treated at a temperature of
650 C or higher.

2. All seamless and welded pipes shall be treated to control their microstructure in accordance with one of the
following: normaltze and temper. quench and temper. or double normalize and temper.

3. Plates 40 mm and under in thickness are normally supplied in the as-rolled condition. They may be ordered
normalized or stress relieved, or both. Plates over 40 mm in thickness shall be normalized. See ASME

Specification SA-516 for details.
4. The forgings shall be heated to a temperature which produces an austenite structure and then quenched in a

suitable liquid medium by spraying or immersion. Quenching shall be followed by tempering at a suberiiical
temperature and holding for a time of I /2 h per inch of maximum section thickness.

5. All plates shall be heat treated by heating to a temperature range of 845-980'C. holding for sulTicient time to
obtain untform temperature and then quenching, in water. Subsequentiv the plates shall be tempered at a
suitable temperature not less tha 1595*C with a minimum holding time o' '? h per inch of thickness. but not
less than 1/2 h.

NUREG/CR-6335 4
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1

Most of the data for austenitic SS and Alloy 600 have been obtained on cylindrical spect-
mens tested under axial strain-control mode with a triangle or sawtooth waveform. For
austenttic SSs,15% of the tests in air and 9% in water were conducted under load control.
The GE tests on Type 304 SS in the Dresden 1 reactor were conducted in bending with a trape-
zoidal waveform. Some of the data for Alloy 600 were also obtained from cantilever bending
tests. In the JNUFAD data base, fatigue life of a test specimen is dellned as the number of cy-
cles for the tensile stress to drop 25% from its peak value (N25). Fatigue lives defined by other
failure criteria were normalized with Eq.1.

The data base for austenitic SSs is composed of 453 tests in air (209 tests on 24 heats of
Type 304 SS,157 tests on 14 heats of Type 316 SS, and 87 tests on 4 heats of Type 316 NG)
and 117 tests in water (41 tests for 5 heats of Type 304 and 76 for 3 heats of Type 316 NG).
The tests in water are at relatively high levels of DO; 77 tests at 8 ppm and 54 tests at 0.2 ppm
DO. Also, there are only two data points obtained at strain rates <0.01%/s. Consequently, the
lower bound of 0.001%/s on the strain rate effect was based on the results for css and LASS.

The existing fatigue S-N data base for Alloy 600 is composed of 75 tests in air and 28 tests
in water. The data base is extremely limited and does not cover an adequate range of material
and loading variables that might influence fatigue life. For example, the data were obtained on

Table 3. Characterization of existing S-N data for several heats of austenttic
stainless steel in air at various temperatures

,

!

Temp. Type 304 SS Type 316 SS Type 316 NG

(oC) Data fleats Data fleats Data Heats

25 154 19 71 11 49 4

100 2 1 - - - -

260 17 2 - - - -

=200 10 1 15 2 35 3

300 5 1 - - - -

320 - - - - 3 1

400 - - 16 1 - -

-430 21 4 45 6 - -

456 - - 10 2 - -

Total 209 24 157 14 87 4
|
i

Table 4. Characterization of existing S-N data for several heats of austenttic
stainless steel in water at various temperatures

Type 304 SS Type 316 NG

Temp. ( C) Data DO Heats Data DO IIeats

260 11 0.2 2 - - -

288 12 0.2 2 32 0.2 1

11 8.0 1 44 8.0 3

300 7 8.0 1 - - -

Total 41 - 5 76 - 3

5 NUREG/CR-6335
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Table 5. FAstingfatigue S-N datafor several heats ofAlloy 600 in air and water environments

lleat #1 #2 #3 #4 #5

Strain Rate (%/s) 0.1-0.6 a 0.2-0.4 10 0.4 0.004 0.4 0.004

Test Temp. ( C) Air Environment
25 5 10 8 14 7 - 9 -

93 5 - - - - - - -

204 10 - - - - - - -

316 7 - - - - - - -

Water Environment
11288 - - - - 9 3 11 5

" Strain rate is not known, but is assumed to be 0.4%/s.

relatively few heats of material and are inadequate to establish the effect of sinin rate on fa-
tigue life in air or of temperature in water environment.

3 Methodology

3.1 Modeling Choices
|

| In an attempt to develop a statistical model from incomplete data and where physical pro-
! cesses are only partially understood, care must be taken to avoid overfit of the data. Additional

terms could have been added to the statistical model and used to explain more of the current
data set, i.e., to make a more powerful model. Ilowever, such changes may not hold true in

t other data sets, and the model would typically be less robust, i.e., it would not predict new
| data well. In general, complexity in the model is undesirable unless it is consistent with ac-

cepted physical processes.

Managing the tradeoff between robustness and power in the model necessarily requires
! application of engineering judgment. Model features that would be counter to known effects
| are excluded. Features that are consistent with previous studies use such results as guidance,

e.g., on the boundaries and saturation points for an effect, but where there are differences from
previous findings, the reasons for the differences are evaluated and an appropriate set of as-
sumptions is incorporated into the model.

3.1.1 Functional Forms

Different functional forms of the predictive equations (e.g., ditTerent procedures for trans-
forming the measured variables into data used for fitting equations) were tried for several as-
pects of the model. Fatigue S-N data are generally expressed in terms of the Langer equation 26

Ea = B(N 5)-b + A, (2a)2

,

|
where Ea is the applied strain amplitude and A. D, and b are parameters of the model.

| Equation (2a) may be rearranged to express fatigue life N25 n terms of strain amplitude c asi a
I

in(N25) = linD -In(c - All/b. (2b)a

NUREG/CR-6335 6
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A function that uses an exponential transformation for strain amplitude was also tried in-
stead of the logarithmic transformation in Eq. 2b. In the absence of well-understood physical
mechanisms, either of these functional forms is acceptable and should be interpreted as a
curve that happens to fit the data. The exponential form is useful for explaining the scatter of
low-strain-amplitude data, while the logarithmic form is useful for explaining mid- and high-
strain-amplitude data, so the choice of form must be appropriate to the range being modeled.

3.1.2 Grouping of Data

To estimate the parameters, the existing data were divided into three groups: air, water
with modest environmental effect, and water with significant environmental effect. For each of
these groups, there are natural subgroupings in which different mechanisms operate. Because
the last of these groups contains relatively fewer samples than the others, a pure least-square-
error model based on all data would underweight the influence of certain environmental condi-
tions properly, and this could make the model less robust. The following method was adopted
for optimizing the parameters of the model: the nonlinear variables (strain-amplitude thresh-
olds) were estimated from air data only, and the elTects of temperature and steel type were es-
timated separately from air and water data. The resulting regression analysis yielded high ex-
planatory power without sacrificing robustness across data sets.

3.2 Least-Squares Modeling within a Fixed Structure

The modeling process is iterative. First, a model is tested and optimized, and then its -
predictions are plotted against the actual data. By examining patterns in the residual errors of
different variables or data subsets. It is possible to adjust the model: this is particularly helpful
when relationships are clearly nonlinear and not well understood.

The parameters of the model are commonly established through least-squares curve-fit-
ting of the data to either Eq. 2a or 2b. An optimization program sets the parameters so as to
minimize the sum of the square of the residual errors, which are the differences between the
predicted and actual values of c or in(N25). A predictive model based on least-squares fit onai

In(N25) is biased for low Ea: in particular, runoff data cannot be included. The model also leads
to probability curves that converge to a single value of threshold strain. However, the model
falls to address the fact that at low Ea, most of the error in life is due to uncertainty associated
with either measurement of strain or variation in threshold strain caused by material variabil-
ity, On the other hand, a least-squares fit on Ea does not work well for higher strain ampll-
tudes. The two kinds of models are merely transformations of each other, although the precise
values of the cocilleients differ.

For the present study, the two approaches were combined by minimizing the sum of
squated Cartesian distances from the data points to the predicted curve. For low Ea, this is .
very close to optimizing the sum of squared errors in predicted c : at high Ea, this is very closea

to optimizing the sum of squared errors in predicted life; and at medium c . this model com-a

bines both factors, llowever, 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 square of the errors.
Functional forms and transformation are chosen a priori, and no direct computational means
exist for establishing them.

7 - NUREG/CR-6335
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To perform this optimization, it was necessary to normalize the x and y axes by assigning
relative weights to be used in combining the error in life and strain amplitude because x and y-

_

axes are not in comparable units. In this analysis, errors in strain amplitude (%) are weighted
20 times as heavily as errors in In(N25). A value of 20 was selected for two related reasons.
First, this factor leads to approximately equal weighting of low and high strain amplitude data
in the least-squared error computation of model coefficients. Second. when applied to the ,

.

- model to generate probability curves, it yielded a standard deviation on strain amplitude com- |

parable to that obtained from the best-fit of the high cycle fatigue data to Eq. 2a. Because
there is necessarily judgment applied in the selection of this value, a sensitivity analysis was ;

performed, and it showed that the coefflcients of the model do not change much for weight
factors between 10 and 25. Distance from the curve was estimated as

54
D = (x -ic)' + {k(y- ))21 (3)

'

j ,

. where ic and i represent predicted values, and k = 20. Although R-squared is only applicable
for linear regression, an approximate value for combined R-squared was derived for illustrative
purposes. The combined R-squared is defined as

1- (4a),

where ' Z = (x - x')' + (k(y - y'))' (4b)

and x' and y' represent the 25th percentile of x and y, respectively. The 25th percentile is
selected instead of the mean because the mean values are exaggerated due to the nonlinearity I

of the equations, and because higher values are less influential to the model. This value is not
a true R-squared, but often falls between the x-based R-squared and the y-based R-squared; it
is considered to be a better qualitative measure of the model's predictive accuracy because it is
not dir,torted in the way x-based R-squared and y-based R-squared measures would be. |

,

.

4 The Model

4.1 Carbon and Low-Ailoy Steels -

The fatigue data for CS and LAS are best represented by

i in(N25) = (6.667 - 0.766 Iw) - (1.687 + 0.184 Is) In(Ea - 0.15 + 0.04 Is)
- (0.097 - 0.382 Iw) is - 0.00133 T (1 - Iw) + 0.554 S* T* O' i*, (5)

where: N25 = the fatigue life defined as the number of cycles for the peak tensile stress to drop -

25% from its initial value,
Ea - = the applied strain amplitude in %,
T = the test temperature in *C,

Iw = 1 for water and 0 for air environment,
is _ = 1 for CS and 0 for LAS, and '

S*, T*, O*, and i' = transformed sulfur content, temperature, DO, and strain rate.
- respectively, defined as follows:

NUREG/CR-6335 - 8
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,

S* = S (0 < S s 0.015 wt.%)
S* = 0.015 (S >0.015 wt.%) (6a)

'l* = 0 (T < l 50'C)
T* = T - 150 (T = 150-350 C) (6b)

O' = 0 (DO <0.05 ppm)
O' = DO (0.05 ppm sDO 50.5 ppm)
O' = 0.5 (DO >0.5 ppm) (6c)

t' = 0 (i >1 %/s)
t' = In(t) (0.0015i 51 %/s)
t' = In(0.00l) (i <0.001 %/s) (6d)

Equation 5 is a modified version of the model presented earlier in NUREG/CR-6237.20 The
model is recommended for predicted fatigue lives $106 cycles. For fatigue lives between 106
and 108 cycles, the results should be used with caution because, in this range, the model is
based on very limited data obtained on relatively few heats of material.

The following method was adopted for optimizing the parameters of the model. The con-
stants 0.15 or 0.11 in the second term define the threshold strain amplitude or endurance limit
for IAS and CS, respectively (in % strain). These threshold values are not easily optimized with
scant data at low strain amplitude and therefore were established from earlier models and from
vir, uni inspection of the data. The functional form and bounding values of the transformed pa-
rameters S*, T', O*, and t* were based upon experimental observations and data trends. The
coefficient in second term, intercept (first and third terms), and temperature dependence
(fourth term) were then established from the air data for CS and IAS. The effect of water, in-
cluding the coefficient for the fifth term, were optimized using the entire data set. A combined
R-squared value of 80.1% was obtained for the analysis. The life prediction R-squared value
for this model is 83.9% and the strain amplitude prediction R-squared value is 87.6%. It
would have been possible to develop a model with higher R-squared by ootimizing for all data
points and all parameters simultaneously, instead, the parameters were optimized in an itera-

,

| tive fashion, in order to yield high explanatory power without sacrificing robustness across
data sets.

*

| Test data for heats that exhibited extreme characteristics were excluded from the analysis.
Two of the 23 heats included in the data base, an A516-Gr 70 CS plate and an A508-Cl 2 alloy
steel forging, show unusually high fatigue lives in air. The A516-Gr 70 steel was used by GE
for the tests in the Dresden reactor The eight tests in air show a life that is longer by nearly
one order of magnitude than other css. The A508-Cl 2 steel was tested by two investigators;
in strain-control mode by one investigator and in load-control mode by the other. The load-
control tests in air at RT show significantly longer lives than the tests conducted in the strain-
control mode. The different results most likely are because of the uncertainties in determining
the applied strain amplitude during load-control tests; the applied strain decreases continu-
ously during a load-control test because of strain aging of the material. The 15 load-control
tests were excluded from the analysis.

The power of the model would have been increased signillcantly by adding an adjustment
for each heat, i.e., by conducting " lot-centered" analyses so that the average residual error for
each heat would be zero. Ilowever, the model would then be applicable only for those materials

9 NUREG/CR-6335
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Ftgure 2. kperimental and predicted values offatigue life of carbon and lou >-alloy steels
in air and water environments

for which the lot classification is known. Such information is not available in practice. Itis
conceivable that with more complete data sets and comprehensive data on tensile strengths,
this would be a useful feature to include in the model.

The experimental values of fatigue life of CS and IAS in air and water, and those predicted
from Eq. 5, are plotted in Fig. 2. The predicted fatigue lives show good agreement with the ex-
perimental data. Examples of estimated and experimental S-N curves for CS and 1AS in air
are shown in Fig. 3. The mean curves used in developing the ASME Code design curve 2 and
the average curves of liiguchi and lidal6 are also included in the flgure. The results indicate
that the ASME mean curve for css is not consistent with the experimental data: at strain am-
plitudes <0.2%, the mean curve predicts significantly lower fatigue lives than those observed
experimentally. "Ihe estimated curve for IASs is comparable with the ASME mean curve. For
both steels, Eq. 5 shows good agreement with the average cutves ofliiguchi and lida.
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| Figure 3. Fatigue S-N behaviorfor carbon and low-alloy steels estimatedfrom the model and

determined experimentally in air at room temperature and 290 C

The model can be used to estimate the factor by which fatigue life is changed when a
specific variable is varied within the range of the experimental data base. These factors for air
and water environments, determined by varying an individual variable from its base value at
one end of the range to a value at the other end of the range, are given in Table 6. The factors
for water environment have been divided into two columns on the basis of whether environ-
mental effects on fatigue life are moderate or signtilcant. The results indicate that the effect of
material and loading variables on fatigue life is insignificant in air or when environmental ef-
fects are moderate (e.g., when any one of the following conditions is true: temperature <l50 C,
DO <0.05 ppm, or strain rate 21%/s). Under these conditions, only steel type and temperature
influence fatigue life. Material and loading variables such as sulfur content in the steel, tem-
perature DO, and strain rate, have a large effect on fatigue life in water when all of the follow-
ing conditions are true: temperature 2150 C, DO 20.05 ppm, or strain rate <1%/s. Under
these conditions, varying any one of the four variables, e.g., temperature, DO, sulfur content,
or strain rate, from their base vahte at one end of the range tc a value at the other end of the
range decreases fatigue life by a factor -70. The values listed in the last column of Table 6 rep-
resent the maximum change in fatigue life when a specific variable is varied from its base value
(second column) to the new value (third column) while the other variables are maintained atI

their base value. These values will be different for other base values of the variables, e.g., the
ell'ect of strain rate will be much <73.6 if the temperature was 200'C instead of 290 C.

I1 NUREG/CR-6335
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. Table G.- Estimates offactor by whichfatigue life is changed by van.jtng a spedjic variable

Change in Factor by Which Fatigue Life is Changed

Material or Service Variablea Air Water Environmenth

Variable from to Env. Moderate Significant

Indicator tw (LAS) 1 0 - 2.15 2.15

Indicator tw (CS) 1 0 - 1.47 1.47

Temperature ( C) 290 25 1.44 1.0 73.6

Dissolved Oxygen (ppm) 0.50 <0.05 - 1.0 73.6

Strain Rate (%/s) 0.001 1.00 1.0 1.0 73.6

Sulfur in Steel (wt.%) 0.015 0.003 1.0 1.0 59.4
d The change in fatigue life is estimated by varying a specific variable from its base value to the new value while the

other variables are maintained at their base values. %e effect of steel type is not included because it varies with
strain range.

b Effect of water environment is moderate when any one of the following three conditions is not satisfied:
temperature 2150'C. DO 20.05 ppm, and strain rate <l%/s. Environmental effects are significant when all three
conditions are satisfied.

4.2 Austenitic Stainless Steels and Alloy 600

The existing fatigue S-N data for austenitic SS are best represented by

In(N25) = 16.69 - 1.98 in(En - 0.12)] + Iw (0.134 t' - 0.359) + 0.3821316NG (7)

and the S-N data for Alloy 600 are best represented by

in(N25) = [6.94 - 1.776 In(Ea - O.12)] + 0.4981 - 0.401 Iw, (8)7

where: N25 = the fatigue life defined as the number of cycles for the peak tensile stress to
drop 25% from its initial value.

= the applied strain amplitude in %.ra,

Iw = 1 for water and 0 for air environment,
1316NG = 1 for Type 316NG SSs and is 0 otherwise,

ir = 0 for temperatures <150 C and is I for temperatures between 150 and 350 C,
and

t' = transformed strain rate dellned as follows:

t' = 0 (t >l %/s)
t* = ln(t) (0.001 si 51 %/s)
t' = In(0.00 l) (i <0.001 %/s). (9)

The models for SSs and Alloy 600 are recommended for predicted fatigue lives $106 cyctes. The
lower bound of 0.001%/s on the strain rate effect was based on the results for css and LASS.
A combined R-squared value of 86.7% was obtained for austenitic SSs: the life prediction R-
squared value is 81.4% and the strain amplitude prediction R-squared value is 89.0%. For
Alloy 600, a combined R-squared value of 86.4% was obtained: 92.9 for life prediction and 91.7
for strain amplitude prediction.

Note that Eq. 7 is somewhat different than the revised fatigue curve used in NUREG/CR-
6260 for fatigue evaluation of sample nuclear power plant components.27 The fatigue curve of
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,

NUREG/CR-6260 included a temperature-dependence term for life of Type 316NG SSs.
Existing data for Type 316NG are very limited, and thus the change in life with temperature
cannot be evaluated accurately. The temperature-dependence term was excluded from Eq. 7.
For Types 304 and 316 SS, estimations based on Eq. 7 or the revised curve of NUREG/CR-
6260 are either identical, e.g., in water at 0.001%/s strain rate, or the difference is insignifi-
cant, e.g., in water at 0.1%/s strain rate.

The experimental values of fatigue life in air and water and those predicted from Eqs. 7
and 8 are plotted in Fig. 4. The predicted fatigue lives show good agreement with the experi .
mental data. 'llie estimated S-N curves and experimental data for austenitic SSs and Alloy 600
in air at RT and 290 C are compared with the ASME mean curve for SSs (also used for
Alloy 600) and the average curves c,f Jaske and O'Donnell.22 At temperatures of 25-450 C, the
fatigue lives of"Iypes 304 and 316 SS in air show no dependence on temperature. On the other
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Fatigue S-N behaviorfor D pes 304 and 316 stainless steel and Alloy 600 estimatedFigure 5. J
from the model and determined experimentally in air

hand, Alloy 600 exhibits an unusual behavior. The fatigue lives at 200-320 C are somewhat
longer than at <100 C. However, these results are based on relatively few heats of material;
only one heat was tested over a range of temperatures between 25 and 316 C.28 The results
also indicate that the ASME mean curve is not consistent with the experimental data for
austenttic SSs or Alloy 600; at strain amplitudes <0.5%, the mean curve predicts significantly
higher fatigue lives than those observed experimentally. When the S-N curve for austenitic SSs
was extended to los cycles, account was taken of this discrepancy, but no change was made to
the curve for <10 cycles. For both austenitic SSs and Alloy 600, the statistical model shows6

,

good agreement with Jaske and O'Donnell average curves; however, temperature dependence of
fatigue life is ignored in Jaske and O'Donnell average curve for Alloy 600.

5 Summary Statistics

i

5.1 Analysis of Residual Errors

Upon completion of the modeling phase, the residual errors (in this case the Cartesian
distance from the prediction curve) should not show significant patterns such as het-
croskedasticity (changing variance), or a non-zero slope. The residual errors for each variable.
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grouped by steel type and environment (water or air), are plotted in Figs. 6-18. Although most
data subsets and plots do not show patterns, the following were observed: .I

For carbon steel and low-alloy steel, data from low and medium strain ranges have higher
variance than high strain range data: air data have higher variance than water data. |

For stainless steel, Type 316NG data have slightly lower variance, and Type 304 data have
slightly higher variance than Type 316 data. Also, air data have higher variance and low DO
data may have higher variance.

.

For Alloy 600, water data have higher variance, and low strain rate data have mostly post-
tive errors. The latter could be due to heat-to-heat variation (one set of data from tests con-
ducted at 288 C seems to have long life).
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High variance in general tends to be associated with longer lives and lower strain ampli-
tudes. In all of the cases where variance seems higher in one region of the data than another,
the difference is -50%. Biases seem to be traceable to heat-to-heat variation.

I 5.2 Statistical Significance of Parameter Values
~

Errors are associated with estimates of parameter values. These errors are a function of
the importance and strength of the effects in question, as well as of the amount and variation
of the data used to estimate them. 'Ihe standard error and t-statistic for the best-fit values of4

the coefficients for various parameters in the statistical models are presented in Tables 7 and 8
for css and LASS and austenitic SSs and Alloy 600, respectively. Confidence intervals for the

. parameter values are based on the specific data sets used to determine them, rather than on*

the entire data set. -The estimates of error were determined by fixing nonlinear aspects and
taking 'the linear regression output for each data set for a model to predict In(N 5). These er-2

rors were then applied to the parameters obtained in the Cartesian distance squared error-
minimizing' model: as for any nonlinear regression, the resulting confidence intervals and

,

i
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Table 7. Standard error and t-statistic for the coefficients of various parameters in the
statistical modelfor carbon and low-alloy steels

Standard t- Lower Upper
Variable Coeillcient Error Statistic 95% 95% Factor

Intercept (IAS) 6.667 0.0578 115.3 6.552 6.782 1.122

Intercept (CS) 6.570 0.0933 70.4 6.385 6.755 1.203

Intercept (IAS Water) -0.766 0.0700 -10.9 -0.905 -0.627 1.149

Intercept (CS Water) -0.384 0,1130 -3.4 -0.608 -0.160 1.251

Strain Amplitude (IAS) -1.687 0.0218 -77.5 -1.733 -1.647 1.042

Strain Amplitude (CS) -1.871 0.0407 -45.9 -1.951 -1.789 1.084

TSOR 0.554 0.0350 15.8 0.485 0.623 1.708

Temperature -0.00133 0.00028 -4.75 -0.00189 -0.00077 1.183

Table 6. Standard error and t-statistic for the coefficients of various parameters in the
statistical modelsfor austenttic stainless steels andfor Alloy 600

-

Standard t- Lower Upper
Variable Coefilcient Error Statistic 95% 95% Factor

Austenitic Stainless Steel

Intercept 6.690 0.0764 87.6 6.538 6.841 1.164

Strain Amplitude -1.980 0.0456 -43.4 -2.070 -1.890 1.095

Intercept IWater) -0.359 0,1170 -3.1 -0.591 -0.127 1.261

Strain Rate (Water) O.134 0.0470 2.9 0.041 0.227 1.702

Type 316 NG 0.382 0.1430 2.7 0.098 0.666 1.328
Alloy 600

Intercept 6.940 0.0799 86.9 6.782 7.098 1.172

Strain Amplitude - -1.776 0.0455 -39.0 -1.866 -1,686 1.094

Temperature 0.498 0.1030 4.8 0.294 0.702 1.227

Intercept (Water) -0.401 0.0901 -4.5 -0.580 -0.222 1.196

t-statistics are not exact. The t-statistic for each variable is the number of standard errors
from 0 to the estimated value of the coefficients; it is an indication of the statistical signillcance
of that parameter of the model. Values of t-statistic > 2.5 provide convincing evidence of the
statistical significance of the variable. These results are conditional on the assumptions about
functional form and nonlinear or nonuniform aspects of the model; confidence in the functional
form is established by the better perfo mance of one model over another.

The 95% lower bound for the estimate of each coefilcient (fifth column of Tables 7 and 8) is
approximately 2 standard errors below its mean estimate, and the 95% upper bound (sixth
column) is approximately 2 standard errors above the mean estimate. The 99% lower and up-
per bounds are approximately 2.5 standard errors from the mean estimate. The last column
gives the factor by which predicted life would change if either the lower or upper 95% bound on
the corresponding coefficient, whichever would lead to a shorter life, were assumed instead of
its mean value. An example of how to interpret this table is, for CS or IAS. If the coeillcient for
temperature is at its mean estimated value of-0.00133 predicted life would be 1.183 times
greater than if the coefilcient for temperature is at its 95% lower bound value of-0.00189.
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Table 9. Results of normality testsfor carbon and lour-alloy steels, austenitic stainless steels,
and Alloy 600

Carbon & Iow-Alloy Austenitic
Steels Alloy 600 Stainless Steels

Mean -0.14 -0.03 -0.01
Variance 0.26 0.13 0.27

Skewness -0.055 -0.I8 -0.215
Kurtosis 3.16 3.07 4.52

Categories 20 8 15

Chi-Squared O. I 81 0.320 1.50

Kolmogorov-Smirnov a 029 0.074 0.036
Anderson-Darling 0.926 0.48 1.20

5.3 Normality Tests

For each type of matedal, the errors (expressed as Cartesian distance from the curve) were
fitted (using best-flt software) to several candidate distributions: normal. Weibull, log normal,
and beta. For the carbon steel data, one data point was removed from this analysis because it

iwas 2 standard deviations lower than any other data noint. The number of categories in ana-
lyzing each type of steel was chosen to be roughly proportional to the size of the data set. %e
results are given in Table 9.

For each test and for each steel type, the normal distribution was the best fit among the
candidate distributions. A true normal distdbution has a mean of 0, skewness of 0, and kur-
tosis of 3. The statistics above, as well as visual inspection of the histograms for there deta,
suggest that the distances are approximately normal and reasonably well behaved at the ex-
tremes, but slightly more peaked near o and with slightly more weight than normal on the tails
for events with probability well below 1%. This is consistent with the observation that vari-
ances are slightly greater for low strain amplitudes than high strain amplitudes.

For CS and LAS data, the chi-squared values (using 10 classes) imply that the normal
distribution cannot be rejected at alpha = 0.995. Other distributions, e.g., log normal. Weibull,
or beta, cannot be rejected either. When 20 classes are used, the chi-squared values are nor-
mal: 0.18, Weibull: 0.44, log normal: 4.76, beta: 20.2. The Weibull and normal distributions
still cannot be rejected at alpha = 0.999, while the beta distribution is rejected at alpha = 0.1.
Although the log normal distribution is not as good a fit as normal, it cannot be rejected at this
level either. The normal distribution ranks first based on the three goodness-of-fit tests used
(chi-squared, Kolmogorov-Smirnov, Anderson-Darling). Beyond 20 classes, there are too few
expected occurrences in each class (<5 for some classes) to interpret the chi-squared values as
rejecting or not rejecting hypothetical distributions.

In summary, the data are not sufficient to distinguish between normal and Weibull distri-
butions. Neither perfectly reflects the true distribution. The normal distribution is used in the
model instead of the Weibull distribution primarily because it is more common. If needed, a i

more precise characterization of the residuals may be derived by examining subsets of the data I

that are expected to follow different distributions. The existing data in these smaller groups (
are inadequate to establish the exact generating distributions.
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Table 10. Standard deviation ofdistancefrom mean S-N curvefor the dgerent matettals

Carbon and Austenitic
lew-Alloy Steel Stainless Steel Alloy 600

1 Standard Deviation on Life (N25) 0.520 0.520 0.420

Standard Deviation on Strain Amplitude (Ea) 0.026 0.026 0.021

6 Probability Distributions of Fatigue Life

The average distance of data points from the mean curve does not vary much across dif-
ferent environmental conditions, except for steel types. To develop a probability distribution on j

life, we start with the assumption that there are two sources of prediction error, viz., error in |
the estimated difference between strain amplitude and threshold strain caused by both mea- |

surement error and material variability that leads to variation in the threshold strain, and scat-
ter in fatigue life due to uncertainty in test and material conditions or other unexplained varia-
tion. In the limit, the standard deviation of distance from the mean curve at high strain ampli-
tudes is equal to the standard deviation of the scatter in fatigue life. At low strain amplitude,
the standard deviation of distance from the mean curve is equal to the standard deviation of
the error in strain amplitude times the weighting factor of 20 (a weight factor of 20 was selected
because it yielded a standard deviation on strain amplitude comparable to that obtained from
the best-fit of the high cycle fatigue data to Eq. 2a). The standard deviations on life and on
strain amplitude for the three materials are given in Table 10. These results can be combined
with Eqs. 5-9 to estimate the probability distribution on life for smooth test specimens. The
xth percentile of the probability distribution on life N25lxl for css and LAS test specimens is

InlN 5(x)] = (6.667 - 0.766 Iw) - (0.097 - 0.382 Iw) is + 0.52 Pl[x]2

- (1.687 + 0.184 Is) in(Ea - 0.15 + 0.04 Is + 0.026 Pill-xl)
- 0.00133 T (1 - Iw) + 0.554 S* T* O* t*), (l0)

for austenitic SSs it is

InlN25(x)) = 6.69 + 0.52 Pilxl- 1.98 in(c - 0.12 + 0.026 Pill-x1)a

+ Iw (O.134 t' - 0.359) + 0.3821316NG . IlI)

and for Alloy 600 it is

InlN25(x)] = 6.94 + 0.52 Plix] - 1.776 In(Ea - 0.12 + 0.026 Pill-xl)
+ 0.498 IT - 0.401 Iw. (12)

where Pilx] and Pl[1-xl are the inverse of the standard normal cumulative distribution func-
tion. The coefficients of distribution functions Plix! and Pill-xl in Eqs.10-12 represent the
standard deviation on life and strain amplitude, respectively. The values of 0.52 and 0.026 are
also used in Eq.12 for Alloy 600 because the observed value of 0.42 is based on a very limited
data base (the data were obtained on only f1ve heats of material) and is not representative of
the uncertainties associated with material variability.

This technique leads to probability curves that are farther from the mean curve (by a fat-
tor of up to 1.4) in the middle range of strain amplitudes (i.e., for Ea=0.2-0.4%) than at low and
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|

high strain amplitudes. For example, the xth percentile probability curve implies a greater av-
erage squared distance from the mean curve than the distance actually derived from the data. j

An examination of the residual errors is consistent with this shape of curve, but it is not clear
whether the technique overestimates uncertainty in the middle while being unbiased at the ex- )
tremes, or has a slight bias for the entire range of strain amplitudes. Other less-conservative |

|
techniques that could be used instead would be to assume constant distances between prob-
ability curves and the mean curve (this approach is more computationally complex), or to apply
a factor of 0.8 to the standard deviations for c or In(N 5). With additional data, it might bea 2

possib!c to choose one of these techniques. Furthermore, the standard deviation of 0.02G on
strain amplitude may be a conservative value. A realistic value for the standard deviation on
strain inay be obtained from the threshold strains for specific heats of material. The existing
data are inadequate for such an analysis because (a) not enough heats of materials are in-
cluded in the data base, and (b) there are very few high-cycle fatigue data for accurate estima-
tions of threshold strains for specific materials.

The estimated probability curves for the fatigue life of carbon and low-alloy ferritic steels,
austenitic SSs, and Alloy 600 in air and simulated PWR water are shown in Figs.19-23. For
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PWRs, the primary water chemistry guidelines 29 specify control of DO concentrations to levels
$100 ppb during power operation by addition of hydrogen and by minimizing DO in the
makeup water. The guidelines further specify that DO levels must be reduced to s100 ppb
prior to exceeding 121'C (250'f1 during plant heat-up by venting or vacuum filling followed by
the use of hydrazine. 'Iypically the DO levels are 5 ppb or less during operation. The esti-
mated probability cr.rves show good agreement with experimental data; nearly all of the data
are bounded by the 5% probability curve. The results also indicate that relative to the mean
or 50% probability curve the 5% probability cune is a factor of =2.5 lower in life at strain am-
plitudes >0.3% and a factor of 1.4-1.7 lower in strain at <0.2% strain amplitudes. Similarly,
the 1% probability curve is a factor of-3.7 lower in life and a factor of 1.7-2.2 lower in strain.

As with other aspects of this model, the interpretation with respect to probabilities should
not be extrapolated much beyond the data. The probabilities assume normal distributions,
which is consistent with the data for most of the range (see Section 5.3). It is important to
have the exact distribution to estimate extremely low or high probabilities. IIru mer, the exist-
ing data are not sufficient to support such exact distributions: it takes mo e < - > to estimate |

'

distributions than to estimate the mean curve. The assumption of normality 1 ,sonable (and
conservative) down to between O. I and 1% probability of cracking; this is em[ : .ly verilled by-

the number of data points that fail below the respective curves, e.g., in Fig. 41 about one
percent of data points fall below the 1% curve. For 'fypes 304 and 316 SS tested in air, with a
total of -500 data points with which to estimate variance, this empirical test should identify
major errors down to about 0.2% probability Qust under 3 standard deviations). The probabil-
ity is not expected to deviate significantly from the nonnal curve for another order of magnitude
(one more standard deviation) even if the probability distribution is not the same. For this rea-
son, probability distribution curves should not be extrapolated beyond 0.02% probability.

7 Fatigue S-N Behavior of Components

Several variables can influence fatigue life; these can be broadly classified into three
groups:

1. Material
a. Composition: sulfur content
b. Metallurgy: grain size. Inclusions, orientation within a forging or plate
c. Processing: cold work. heat treatment
d. Size and geometry
c. Surface finish: fabrication surface condition
f. Surface preparation: surface work hardening

2. Loading
a. Strain rate: rise time ;

b. llistory: linear damage summation or Miner's rule
c. Mean stress
d. Blaxial effects: constraints |

3. Environment
a. Water chemistry: DO, lithium hydroxide, boric acid concentrations
b. Temperature
c. Flow rate

NUREG/CR-6335 26



|
1

The existing fatigue S-N data base covers an adequate range of material parameters (a-cl.
a loading parameter (a), and environment parameters (a and b): therefore, the effects of these
parameters have been incorporated into the model. Imading parameters (b and d) are covered
by design procedures and need not be considered in the S-N curves, i

|

The existing data are conservative with respect to the effects of surface preparation be- |

cause the fatigue S-N data are obtained for specimens that are free of surface cold work, which
typically gives longer fatigue lives. Fabrication procedures for fatigue test specimens generally
follow ASTM guidelines which require that the final polishing of the specimens should avoid
surface work hardening. The existing data are inadequate to evaluate the contributions of flow
rate on fatigue life; most of the tests in water have been conducted at relatively low flow rates.
Consequently, only the contributiona of size, geomet y, surface f1nish, and mean stress need to
be considered in development of fatigue crack-initiation curves that are applicable to compo-
nents.

7.1 Effect of Size and Geometry

The effect of specimen size on the fatigue life of CS and LAS has been investigated for
smooth specimens of various diameters in the range of 2-60 mm.30-33 No intrinsic size effect |
has been observed for smooth specimens tested in axial loading or plain bending. However, a
size effect does occur in specimens tested in rotating bending; fatigue endurance limit de-
creases by =25% by increasing the specimen size from 2 to 16 mm but does not decrease fur-
ther for larger sizes.33 in addition, some effect of size and geometry has been observed on
small-scale vessel tests conducted at Ecole Polytechnique in conjunction with the full-size
pressure vessel tests carried out by Southwest Research Institute.34 The tests at the Ecole
Polytechnique were conducted in RT water on -305-mm inner diameter,19-mm-thick shells
with nozzles made of machined bar stock. The results indicate that the number of cycles to
form a 3-mm crack in an 19-mm-thick shell may be 30-50% lower than those in a small test
specimen.20 Thus, a factor of -1,4 on cycles and a factor of =1.25 on strain can be used to ac-
count for size and geometry.

7.2 Effect of Surface Finish

Fatige. m is sensitive to surface finish; cracks can initiate at surface irregularities that
are normal to the stress axis. The height, spacing, shape, and distribution of surface irregular-
itles are important for crack initiation. The most common measure of roughness is average
roughness Ra, which is a measure of the height af the irregularities. In addition, a wavelength
parameter is used to characterize the spacing of the peaks and valleys of the surface, and a
skewness parameter is a measure of the symmetry of the proille about the mean line.

Information is very limited on detailed characterization nf surfaces in terms of height,
shape, and distribution of surface irregularities produced by different manufacturing and fab-
rication processes. Typical values of average roughness for surfaces finished by different met-
alworking processes in the automotive industry (data from Ref. 35) are given in Table 11.
Limited data on surface height distributions for mild steel surfaces finished by centerless
grinding show a normal distribution, whereas surfaces ilnished by other methods are more
peaked or asymmetrical than a normal distribution.36 For the level of precision in the present

27 NUREG/CR-6335



Table 11,7\jpical average roughness values for~
. surfacesjinished by various processes -

>

Process Ra (pm)

Planing, shaping .1 - 25
Milling ; I-6

- Drawing, extrusion : -1 - 3
Turning, boring ; 0.4 - 6 ;
Grinding . 0.1-2
Iloning . O.1 - 1 -

Polishing 0.1 - 0.4 -
Lapping 0.05 - 0.4 ,

Cast 0.9 - 72 |

|

model and in the functional relationship between surface roughness and fatigue life given be-
low,' the exact distribution should not matter beyond the mean and variance.

: Investigations of the effects of surface roughness' on the low-cycle fatigue of Type 304 SS '
in air at 593 C indt' ate that fatigue life decreases as surface roughness increases.37 38 Thec

effect of roughness on crack initiation N (R) is given by .i

N (R ) = 1012 R -0.21, (13)i q q

.where the RMS value of surface roughness Rq is in pm. A study of the effect of surface finish
on fatigue life of CS in RT air showed a factor of 2 decrease in life when Ra is increased from

~ '

O.3 to 5.3 m.39 These results are consistent with Eq.13. 3

Table 11 shows that an Ra of 3 pm (or an Ry of 4 pm) represents the maximum surface
roughness for drawing / extrusion, grinding, honing, and polishing processes and mean value
for the roughness range for milling or turning processes. For CS or LAS, an Rq of 4 pm in
Eq 13 (Ry of a smooth polished specimen is =0.0075 pm) would decrease fatigue life by a factor
of ~3.37 No information on the ciTect of surface finish on endurance limit of css and IASs is
available. It may be approximated as a factor of-1.3 on strain.*

- 7.3 Estimated Fatigue S-N Curves for Components

The current ASME Section 111 Code design fatigue curves were based on experimental data
on small polished test specimens. The best-fit curve to the experimental data, expressed in

i terms of stress amplitude S,and fatigue cycles N, for css is given by

* . S (ksi) = 8,664/VN + 21.645, (14).,.

for IASs by'

S (ksi) = 7.139/VN + 38.5,- ' (15)

:
'

.and for austenttic SSs by

* Tid factor ag;26 lied on strain (Ks) is obtained from the factor applied on cycles (KN) by using the relationship
*

-

K3 . (Kg),0.-
- ,

.
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3

.

i

.
. S. (ksi) = 8,415/4N + 43.5. (16)

|
;. 'Ihe stress amplitude S, is the product of strain amplitude Ea and elastic modulus E; the RT
| value of 30,000 kst for the elastic modulus was used in converting the experimental strain-vs.-

j . life data to stress-vs.-life ' curves. 'lhe best-flt curves were adjusted for the effect of mean

j stress by using the modified Goodman relation ]
<

'o - '
S; = S o,"

o' for S, < o , . (17a)yS,,r

and,

S; = S,, for S,>o , (17b)-
y

'

5' where S; is the adjusted value of stress amplitude, and o, and o, are yield and ultimate
. strengths of the material, respectively. The design fatigue curves were then obtained by lower-

;

. ing the adjusted best-ilt curve by a factor of 2 on stress or 20 on cycles, whichever was more -;
i. conservative, at each point on the curve. The factor of 20 on cycles was intended to account'

. fo'r the_ uncertainties in fatigue life associated with material and loading conditions, and the,

i. factor of 2 on strain was intended to account for uncertainties in threshold strain caused by

[ - material variability. The interim design curves were also developed by the same procedure.
i However, instead of a single. curve, a family of best-fit experimental curves that vary with spe-

[ cific loading and environmental conditions were used.19 This procedure for obtaining the de-

| sign fatigue curves from best-fit experimental curves is illustrated for css and LASS in Fig. 24;
RT values of tensile properties were used in Eq.17 for mean-stress adjustment (the adjusted

j fatigue S-N curves for both the steels were represented by a single design curve in Section 111 of
; the ASME Code). ;

!
1

A similar approach is used in the statistical models to account for differences and uncer- !
'

tainties associated with size / geometry, surface roughness, and mean stress. The procedure is
illustrated in Fig. 25. First. the best-fit or mean curve to the experimental data is adjusted for
the effect of mean stress using the Goodman relation of Eq.17. Note that the Goodman rela-
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Figure 25. Procedurefor translating probability distribution on fatigue life of laboratory test
specimens to those of actual reactor components

tion assumes maximutn possible mean stress and typically 8.,res a conservative adjustment for
mean stress at least when environmental effects are not significant. For css and LASS, the
values of clastic modulus and tensile properties were the same as those used in adjusting the
ASME Code design curve, e.g., cyclic yield and ultimate strength at room temperature, respec-
tively, were 40 and 80 ksi (276 and 552 MPa) for CS and 70 and 100 ksi (483 and 689 MPa) for
LAS. A value of 207 GPa (30.000 ksi) was used for clastic modulus for both css and LASS. A
cyclic yield strength of 303 MPa (44 ksi) and ultimate strength of 648 MPa (94 ksi) was used for
austenitic SSs as well as for Alloy 600:22 clastic modulus was 195 and 213 GPa (28,300 and
30,000 ksi), respectively, for SSs and Alloy 600.

1

|

The effects of component size / geometry can be accounted for by lowering the probability
curves for smooth test specimens by factors of 1.4 on cycles and 1.25 on strain, and the effects
of component surface finish by lowering the curves by factors of 3 on cycles and 1.3 on strain. 1

The factors on strain primarily account for the variation in threshold strain (i.e., fatigue en-
durance of the material) caused by component size or surface finish. The effect of these pa-
rameters on threshold strain arejudged not to be cumulative but rather are controlled by the

i
parameter that has the largest effect. Equations 10- 12 indicate that relative to the mean curve ;
(50% probability), the 5% probability for fatigue cracking in smooth test specimens is lower by )
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a factor of 2.5'on cycles and 1,7 on strain. Consequently, a factor of 1.7 on strain (largest of ,

1.25,1,3, and 1.7) is adequate to account for the variations in life associated with material
variability, as well as for the effects of size / geometry and surface finish. This implies that for
probabilities of 5% or less the probability distribution on strain, i.e., the term 0.026Pl[1-xl in

' Eqs.10-12, is adequate to account for the variation in life associated with material variability
and the effects of size, geometry, and surface finish on threshold strain. The probability distri-
bution curves for components can be obtained by lowering the mean-stress-adjusted curves for
smooth specimens by a factor of 4 (i.e., product of 1.4 and 3) on cycles to include the effects of
size / geometry and surface finish in the low-cycle regime.

The nurnber of cycles N (x) corresponding to the xth percentile of the probability for cracki

initiation in CS and LAS components is expressed by the equation

InlN (x)I = (6.857 - 0.766 Iw) - (0.275 - 0.382 Iw) is + 0.52 Pilxl - In(K )i N

- (l.813 + 0.219 Is) In(Ea - 0.080 - 0.014 Is + 0.026 Pl[1-xl) .

'

- 0 00133 T (1 - tw) + 0.554 S* T* O* t*), (l8)

for austenitic SS components by

'InlN (x)| = 6.732 + 0.52 F-ilxl - In(KN) - 2.032 In(Ea - 0.103 + 0.026 Pl[1-xi)i
+ Iw (O. I34i* - 0.359) + 0.3821316NG , (I9)

and for Alloy 600 components by

InlN (x)| = 6.969 + 0.52 Pl[xl - In(KN) - 1.814 In(Ea - 0.107 + 0.026 Pill-xl)i
+ 0.498 I - 0.401 Iw, (20)T

where KN is the factor of 4 applied on cycles to account for the effects of component surface
finish and size / geometry. In Eqs.18-20, the intercept, coefficient of e , and threshold straina

are ditTerent than those in Eqs.10-12, because of the ac'justment for mean stress effects. Also,
note that the 0.52 Pilxl term yields a negative value, and the 0.026 Pill-xl) term a positive
value for probabilities <50th percentile, and the signs are reversed for values >50th percentile. i

The estimates based on Eq.18 may be compared with results of the pressure vessel tests
carried out by Southwest Research Institute.33 Fatigue S-N curves that represent 1,5,25,50,
and 95% probability of cracking in CS and IAS components in RT water and the results of the
vessel tests are shown in Fig. 26. The test data correspond to the number of cycles for forma-
tion of fatigue cracks and do not represent failure of the vessel. For both steels, the estimated
curves are consistent with the test results; the data are bounded by 5% probability curve.

,

The estimated S-N curve representing 5% probability of fatigue cracking in CS or LAS,
austenitic SSs. and Alloy 600 components in IU' air is compared with the ASME Code design
fatigue curves in Fig. 25. The results indicate that for LASS. although the ASME mean curve j
and model best-fit experimental curve are nearly the same (Fig. 3), the 5% probability and
Code design curves are signiflcantly different: the Code curve represents -5% probability at
stress amplitudes <60 ksi (<414 MPa) and <5% probability at higher stresses. For css the
ASME Code design curve represents <5% probability at all stress levels. The Code design curve

-yields rather conservative estimates of design life of css because, as shown in Fig. 3, at <0.2%
strain amplitudes (stress amplitudes <60 ksi [<414 MPal), the ASME mean cuive predicts
significantly lower fatigue lives than those observed experimentally. The results also indicate
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Figure 26. Probability of fatigue cracking in carbon and low-alloy steel vessel in room-
temperature water

that the current ASME Code design curve for austenttic SSs represents a relatively high prob-
ability of fatigue cracking, e.g., 25-50% probability of cracking at stress amplitudes of 30-
100 ksi (207-690 MPa). The high probability of cracking for SSs occurs because at stress am-
plitudes <l50 ksi (<1034 MPa), the mean curve upon which the Code design curve is based is
not consistent with the experimental data and predicts signillcantly higher fatigue lives than
those observed experimentally (Fig. 5).

The estimated probabilities of fatigue cracking in CS and LAS components in air and water
environments are compared with the NUREG/CR-5999 proposed interim design curves and the <

IASME Code design curve in Figs. 27-30. The fatigue stress vs. life curves for the model were
obtained by multiplying the strain amplitudes by the appropriate value of elastic modulus at
the service temperature, i.e., Sa = E c : note that the Code and interim design curves were ob-a

tained by using the RT value of elastic modulus. The values of clastic modulus for css and
LASS. austenitic SSs, and Alloy 600, at different temperatures are listed in Table 12.

The results for css and LASS in 290 C air indicate that the ASME Code design curve rep-
resents a somewhat higher probability of fatigue cracking than in RT air (Figs. 25 and 27). For
CS components, the ASME Code fatigue design curve represents -5% probability of fatigue
cracking at 20-300 ksi (138-2068 MPa) and <5% probability at higher stress levels; for IAS
components, the Code curve represents 5-25% probability at 10-150 ksi (69-1034 MPa) and
lower probability at higher stresses.

The results for css and LASS in 290*C air indicate that the ASME Code design curve rep-
resents a somewhat higher probability of fatigue cracking than in FC air (Figs. 25 and 27). For
CS components, the ASME Code fatigue design curve represents -5% probability of fatigue
cracking at 20-300 ksi (138-2068 MPa) and <5% probability at higher stress levels; for LAS
components, the Code curve represents 5-25% probability at 10-150 ksi (69-1034 MPa) and
lower probability at higher stresses.

The estimated probability of fatigue cracking for CS and IASs in low-DO water (PWR wa-
ter, Fig. 28) and in high-DO water (which is a somewhat conservative estimate for BWR envi-
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Table 12. Values of elastic modulusfor carbon and low-alloy steels, austenu.. tinless steels,
and Alloy 600, MPa (x1000 kst)

Material 25'C 150*C 200 C 250*C 290 C

Carbon Steel 203.4(29.5) 194.4(28.2) 191.7(27.8) 188.9(27.4) 186.2 (27.0)

Imr-Alloy Steel 201,3 ('e9.2) 192.4 (27.9) 189.6(27.5) 186.8(27.1) 184.1(26.7)

Stainless Steel 195.1(28.3) 186.2 (27.0) 182.7 (26.5) 179.3 (26.0) 175.4 (25.5)

Alloy 600 213.0(30.9) 205.5(29.8) 203.4(29.5) 201.3 (29.2) 198.6 (28.8)

.......,t ......t .......t ....tI

. . . . .. . . . ., , ,. . . . . . . . .. . . . . . , . . .

1%iES~ Wo*C Mr ~"' "~~ '"[ L - -- 1 % EE2~
Low-Mioy Steel ProbatneyCarbon Steel Probatst

. 1000-RII290*C Mr ~!" =*- - y
f _ ; c3y,=:
5 w;;p., : :- _: ; 3y,=:

%m.22 +9g^Pi-'b;- .--. 254c::
,. ,,

" . ... . 25v;::.3h .. ; t -- - 50% -
.- .,

W
, % y,

t --- - 50Vi,- *'-^-

*

;- -- . . ., . 95% ~- - - "s]- ;- - - - - . 95% ~,

'%,' 4 n':j g.,. h .,_,,,
-: .. \'pic,Q32t..ugg y .. 100-r

4 p:... - -Q.....f......
.. ,.. .... _. ,,, , . -a q._ ,,.

. y s;z:::::: ; p*-
-w,

u -

...;*,... rJ ASME Code -/- -N- v.
-

. s.
--- * p; tD ;*;"--- Design Curve * V;'@ ; --"yp'"'

. , _ , . ,

| N, VJASME Code f~~''"E 4 -
3

. . [. .. ...' ag' p* :: "''-W jo _E = 27.000 kal . .. Design Curve { .. .. . .]''- __E = 26.700 ksi . . . . . ..

- it ksi = 6.895 MPs--Ei hst = 6 895 MPs. t : - - ""at"- - . . .i - ..t - ...,i
t

x.i - c..t . . .

. i ii . .

10' 10 10 10 10 10 10' 10 103 10 10 1082 3 4 5 8 2 4 5

Cycles for Crack initiation, N Cycles for Crack initiation, N,i

ngure 27. Probability offatigue cracking in carbon and low-alloy steels in air at 290*C, and the
ASME Code design curve

..,t .....t ...,t ...t .....,t .... . . . . . . ,.. ,. ,
'

Carbon Steel Probabihty Low-Mioy Steel Probability
e= 1000-gg:290*C PWR Water

[EEEE - 1%EE~~ ~E!290*C PWR Watei -

- - 1%EEE~'

$ %d::1.. 't ;:==F . -; 255%"""5 @hd3:i._
"

. :- . : 5%". i
" ~

-

.ASME Code .- - . . - - 25U-. O..... . -. -.

g v. 4+b- -Design Curve"--- .--- 50%~ -W. ASME Code --. _ . 50% --
'

- - - %-,

.' \ j f - - ,- - 95% -
3 y'4;p'!'-; Design Curve... - - - - - 95v.- -

''e-ei
'

- - - -

l'- ||* 12 -
-

...

9~.. v+ , .1:st= - - - - . ? q n:F -r== =-

~

7, -C gv.., d:..:_;;::...:;.:.!. ..,.., ' ''' '
. ..X . .... s";; ";'s.: ... . . . . . . ;

"~ ?

. ' . 'C.... ,-
j

3 _ , . . . . . . . r..,
P --, = ,

6 '*'.t~.q"t
-~1nierhn"' interim i v,T"%

M 10- .E = 27.000 ksi ! !. . - .
i ';'",~~' ~ Design Curve .

;*F--
. e

Mg Design cum [ 1
..:t , . -- .

; ;. ,

......,1ii$ . ... j
._E - 26.700 kai b..'. 5. ...f.'' -

_

..L'. ' -

91 ksl = 6.895 MPa"i~$EFC' '"lEh. i1 hal = 6.895 MPa n . t:- -y : "',-Efif"".'E :n-::

.........i. . . . . . . . . . . . . . ,.
. i i <. i i i

5 4 jos jo j10' 102 jos t o* 10 ' loe j ot jor 3os 30 s

Cycles for Crack initiation, Nc Cycles for Crack initiation, N, |
| Figure 28. Probability offatigue cracking in carbon and low-alloy steels in PWR water, the

.

proposed interirn design curve in water with <0.1 pprn DO, and the ASME design j
curve

,

i

33 NUREG/CR-6335

;

- _ _ . _ _ _ __



,,,,.,I ,,,,,t ,,,,,I ....,i . ,i ,,,,....t, , , ,, , , ,, , , , , ,, ,

Carben Steel 200*C -Probability Low-Alloy Steel 200*C Probability --
f 1000 J20.5 ppm DO,20.015 wt.% SE.g- . - . 1%5.5 R20.5 ppm 00,20.015 wt.% Sh :ir- -. 1%gg3-
3_,,

".s0.001%/s strain rate
::|:-"::,- - - 5% :: : p'.s0.001Ws strain rate ':b... . - 5%: ;::

,

.; h., g. :..._.. . . _ . . - - .. . 25 W -- A ^-i- - --+~ - - - - - 25W-a..
, q. . . q. - ASME Code - - - 50%- & '* [ -ASME Code - - - - 50%-"u) ,

f g.-., Design Curve-- , . .,. 95%- - ' - y "; , Design Curve - ,- - 95%-
~7

. " MS.h. . . ..,,.. .
E. iR;,.._..]ifij f ksi =,.6.895 MPa-_

i

-.~..t. . . , . i.. !_! 1 ksi a,6.895 MPai,
,, _ ]'L

100-'".:.....~..
M $cs.Il a. v 3- . E = 27,800 ksi 3M , v E = 27,500 ksi .

J
+-

~ P l . . . -_ _. .
,

':

' . . .. . .
-

-1
.....% m y. ' .

-

1
.3g. ...+.. . .-. ..y

. , .y..., .. .. . p ,,. .; . ._..r_ .. 4. ;. . ;..., , .
..m...... .

..a...q.,..g,:....,..... ._.~..p._.
..-. .q... ,

q, -._.m... q.. .s ,

M .....-.....|.. :. x -

...3....

E i ;
- Intenm

. . . is ,,. '..w.m.q' ' " g. . .E G,, , .
..%. . . . -

. . . . . , . . .. , . . . .
,,

,,*
-. . . . . _ _ . . . . . .

}

. .

i- - " "

!s es
u) , o_ .....Intenm . . . . , _ _L ' ? . . ..i._ _.. .. Design Curve ....., f ... .._.., '.L.....' .:.2 u.=,..___

:'iEDesign CurveEiiEjE : :u!!jEriEEEiE.: E ~5 E!.E IF:n ~ ::iEC.T 5:iEN : j ::"
-u , ..s- e,s -ri n , m.s- :,s- , , , ::s - ,- w- ,,

I I 6 4 3 3 L 3

a 4 s ss s i oi ,oz 3n 30 3o 3o2 s 3 o4 3o io10 10 3o

Cycles for Crack initiation, N, Cyck for Crack Initiation, N,

. .I .,f . .f ,,,I ..,i ,..t
, , , ,,, , ,, ,, , , ,,, ,

-Carbon Steel 250*C Probability Low-Alloy Steel 250*C Probability ----
- 1000- ---

t-11:.20.5 ppm DO,20.015 wt.% SjEhir. - : 1%E-g : c20.5 ppm DO,20.015 wt.% S jE:::= n1%E.ii
$- r"30.001%/s strain rate ::tx & 5%::c: . ~50.001Ws strain rate ' + - - - -5% r:
* ._ - -a - .... 25 U - .- - - - - 25% - -

. u) 1...., - .HASME Code - -. _, , - 50*r -
- -- m -

- - . .. ..jASME Code . _.- - - 50% - "
'y h c. p.-

: Design Cu e - - - - - - 95% - -. ., . . Design Curve .'
95% - -. * - -

,

. ' My _a _ E = 27,100 ksi _M9.M ! d E = 27A00 ksi ,_ ,

~-~.E100-
-

, $;., Mim?. sE;;u -hiiiiikp5 .ts " EfiiT~i~.1 ksi =,6 895 MPa~

D .;. ';'..".; . ~...Ej"i=:!!1 ksi = 6.895 MPa~
S

h .'.t.M.: :'_...M iZ,; *:27.."I":$~.'".Ex;.. .: Z!"..'...,.,".".,".".!~
~

. . . . . ' . . . . .. N ., .......c.~ '

. . .,,,,
'

.% ..7..:....a........4 ..%.y .r4.i; . ... .

,7.
..7.........

. n, y _ , ...,%..........;;. m.. ... . . .s , - ; ...,... .

_

k7
y % ..! -

c.. a... r'_. Y~Isnm . p i!
- ~issrs

u) i o._. Design Curve,. 4.. g . .g.y ,__,..,_ _ Design. Curve ,r

..k _-

-t. .m .::: : . .; . .d= ^

:,s. , a
-w- :,,r - z ,t , , , , - - 3- .a ", ,

. i i i

s s s 2 3 , g4 3o 3oss2 s 3 o4 3o jo 3o j9 30101 10 3o.

; . ' Cycles for Crack Initiation, N, Cycles for Crack initiation, N,
J
e

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

Carbon Steel 290*C Probability _-Low-Alloy Steel 290 C Probabdity .-
i. - - 3000_

:
- :d20.5 ppm DO,20.015 wt.% SMir - - .1%Ey3_7_

r _2.20.5 ppm DO,20.015 wt.% SJEmur- - - : 1%":~ E
_

i b 5%: :ns0.001%/s strain rate ..."..L..t"-"". . . . . . 5% : . : ns0.001%/s strain rate .::t:: - " - .

25% - .. .r- i - - - 25% ~. j. _ i....

.7 [ASME Code - ___. - - 50%" - " 4.. . ASME Code . ...-- - - - 50% - -t u)
---i. Design Curve .. ...- - . - - 95%- -: . _ b Design Curve-....- - - - - 95*C -"

., ; ,- -!! t-
'

E = 26.700 ksi
. . i.. .. i E = 27,000 ksi _

L "LQ'..h- =d
-

I ' .t.s:g/-c.;;... --"It ::"1 ksi=.4... . g., .. N$.ac.;".;;.:;.=.g . .. . ,:, :, :: ;;_.... ...,,6.895 MPa'
a n=.. w . == ::= =1 6.895 MPa~_ _v' 3,l*72- ' 10. 100--

.

; 1 ksi = .-.. ...i

_-... . NJc.:f .. . . . .a2.
. ..s , s. . . 3-2;' . . p ... .2

.......-.g,,,,..
. .,.....p,* , .

3 , j __. - . . . j7 s . . q, .s
g'N .; , . . , . ;- . q- - -

, b.. . . .q .y .gg ...*%
.t %} ,.. g . -- :

! . ...f.*. "..Z:
,

...'.L,....n,,, 4. - - . .g] , , , . , ,
.u.. _

;
% 1. .

'
,,

,, .' .lnwm _

;iDesign Curve!!2 q . -~ lum a':}E t== i
I"''"*

-

f~ l ~b -- L -w:' ~---
-u) 10- -

9.r ^ =.$=
:-:2E}E' -EiEEZ ""i; EDesign Curvel.

rr d -r r..t - it~ :. .t -- m-
us.

,, ,es.-- r mt- , ,a - ,

i i . . .i
s s

I ~ 10' 10 s 3 o4 3o ios s 3 oi 3 o2 3o2 3 ga i o4 3o 3o

Cycles for Crack initiation, N, Cycles for Crack initiation, N,'

Agure 29. Pmbability offatigue cracking in carbon and low-alloy steels at 200, 250, and 290*C
and 0.001%/s strain rate in water with DO levels 20.5 pprn, the proposed interim

'
design curvefor carbon steel in water with >0.1 pprn DO, and the ASME design curve

;t

!
!

NUREG/CR-6335 34
1

..

~ _ _ . . - , _ . . _ - ~ , . . _ . , _ , ,, ,m.



i

|

. . . . . .! , , , ,4 , , , , . ] ,4 ,,| .j , , , ,j, ,, , , , , ,, , , , ,

Carbon Steel 290*C ! Probabihty Low-Alloy Steel 290*C Probabikty
1000

Gi T20.5 ppm DO,20.015 wt.% ST - - -1%.-; i -20.5 ppm DO,20.015 wt.% SL - - 1%?~~
5%:... : ;'0.1%/s strain rate . . . . . - - - - 5%::_: |6 t *0.1%/s strain rate t "--

* 1 . . . 25% . - /s s .- . i. ASMt: Code .--- - - - - 25% - - I, , . . . .

m . xp 1. ASME Code .. ...

- - 50W - M ' ' * b-- - - f Design Curve ~ ~ --- - 50% ~ -
'

-

A'- sign Curve ~
~ - - y - 95% - - . N; " f - f~ - - - - - 95% - -'

;

'M " - . i E = 27,000 ksi __ __ Ng ' . ! .E = 26',700 ksi __5 100 '~

' '
1

A f c :' _(. 3 i s 1 kai a,6.895 MPp[i : 1 ksi = 6 895 MPai.," s ',; P n: , ::1 :'. m . .:
-

7j,, Ls .

. . . ' .N
. M:.1:''. .:::~::'.::Z: "."..".. ....:.E ~.T. " ' . <-

4 .j. . .s g . ;.
.. - . . . . 4. ._m. m .

:. s ;. ,
..

,; .. . _. .j .,. .;; %....

_.. . ..

_

.. _....#. . . .%. .. .. ..

W 10- _ Desugn Curve . d: * :.vm-- -- - .
. . . . bm _. E 1m :-

M3 2 ;I ' } 1.1, : ,
, . .. i 1 TIE J.F ||F'", ,,

u u o a s > >

4 5 88 10' 10 ios22 s 10' 10510' 10 10 10 1010io

Cycles for Crack initiation, N, Cycles for Crack initiation, N,

Figure 30. Probability offatigue cracking in carbon and loamiloy steels at 290*C and 0.1%/s
strain rate in water with DO levels 20.5 ppm, the proposed interim design curvefor
carbon steel in water with >0.1 ppm DO, and the ASME design curve

ronment. Figs. 29 and 30), indicate that for a specifle service condition the NUREG/CR-5999
interim design curves represent a lower probability of cracking in CS components (1-5% prob-
ability) than in IAS components (5-25% probability). The higher probabih:y for LASS is due to
the fact that a common best-fit experimental curve is used for both css and LASS in develop-
ing the interim design curves, whereas separate best-fit experimental curves are used in the
statistical model. The results show that the current ASME Code fatigue design curve for css
and LASS does not adequately address the effect of environment on fatigue life in high-DO
water at high stress amplitudes. Typically, the Code fatigue curve represents >50% probability
of fatigue cracking for stress amplitudes >30 ksi (207 N.N).

The estimated probabilities of fatigue cracking in austenttic SS and Alloy 600 components
in air and water environments are compared with the NUREG/CR-5999 interim design curve
and the ASME Code design curve in Figs. 31 and 32. As discussed earlier in this section, the
results indicate that the current Code design curve for austenttic SSs represents a relatively
high probability of fatigue cracking at stress amplitudes of 30-100 ksi (207-690 MPa) because
the mean curve upon which the Code design curve is based is not consistent with the experi-
mental data. For austenitic SSs, the interim design curve represents 5-20% probability of
cracking in water. The probability of fatigue cracking for Type 316 NG components is some-
what lower than that for Types 304 and 316 SS. The results for Alloy 600 indicate that the in-
terim design curves may be very conservative at stress levels above 50 ksi (345 MPa).

Equations 18-20 were also used to estimate the probability of fatigue cracking as a func.
tion of cumulative usage factor (CUF). Plots of the probability of fatigue cracking in carbon
steel, low-alloy steel, and austenitic SS components as a function of CUF at different applied
strain amplitudes are presented in the Appendtx. The CUFs were calculated with the interim
fatigue design curves that correspond to low-DO water typical of PWRs and high-DO water rep-
resenting a somewhat conservative estimate for BWRs. As expected, the probability of fatigue
cracking increases with increasing CUF. Ilowever, because the curves of constant probability
are not parallel, for a given CUF, the probability also depends on the applied strain amplitude. i

|
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Examples of estimating the probability of fatigue cracking in specille reactor components are
also included in the Appendix, I

I

8 Conclusions

The existing fatigue S-N data from the U.S. and Japan for carbon and low-alloy ferritic
steels, austenitic SSs, and Alloy 600 have been compiled and categorized according to material,
loading, and environmental conditions. Experimental fatigue S-N data are considered to repre-
sent the number of cycles required to initiate a 3-inm-deep surface crack in a smooth spect-
men. For each type of inaterial, statistical models have been developed to estimate the effects
of various inaterial, loading, and environmental variables on their fatigue life. The results of
the analysis have been used to estimate the probability ofinitiating fatigue cracks in smooth
test specimens. Fatigue S-N curves for components have been determined by adjusting the
best-fit experimental curve for the effect of mean stress and then setting margins for size, ge-
ometry, and surface finish to the probability distribution curves for test specimens. Data
available in the literature were reviewed to evaluate the effects of size, geometry, and surface
finish of a component on its fatigue life. The data indicate that a factor of-4 may be used to
account for size / geometry and surface roughness of the component.

The probability curves estimated from the statistical models have been used to evaluate
the current ASME Code design curves and the proposed interim design curves in NUREG/CR-
5999. The results indicate that in air at stress levels <60 ksi (<414 MPa), the ASME mean
curve for css is conservative with respect to the data i.e., it predicts lower fatigue lives than
those observed experimentally. Furthermore, the current ASME Code fatigue design curve for
css and IASs does not adequately address the effect of environment on fatigue life in high-DO
water. For stress amplitudes >30 ksi (207 MPa), the Code fatigue curve represents a >50%
probability of fatigue cracking.

The results also indicate that at stress levels <l50 ksi (<1034 MPa), the current ASME

Code design curve for austenitic SSs is nonconservative with respect to the data, i.e., it pre-
dicts longer fatigue lives than those observed experimentally. The ASME Code curve represents
a relatively high probability of fatigue cracking, e.g., a 25-50% probability of cracking in 290 C
air at stress amplitudes of 30-100 ksi(207-690 MPa) and a >50% probability of fatigue crack-
ing in water at all stress levels.

For a specific service condition, the interim design curves represent a lower probability of
cracking in CS components (1-5% probability) than in IAS components (5-25% probability).
The interim design curve for SSs represents a 5-20% probability of cracking for Types 304 and
316 SS in water: the probability for Type 316 NG components is somewhat lower. The interim
design curves may be overly conservative for Alloy 600 at stress levels above 50 ksi (345 MPa).

The statistical models have also been used to assess the significance of the proposed in-
terim fatigue design curves published in NUREG/CR-5999 on fatigue evaluation of reactor
components. The probabilities of fatigue cracking in carbon and low-alloy ferritic steel,
austenitic stainless steel, and Alloy 600 components have been estimated as a function of CUF
for various service conditions. Estimations of the probability of fatigue cracking in sample
components from BWRs and PWRs are presented.
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Appendix

Estimation of Probability of Fatigue Cracking in Fleactor Components

Statistical models were used to assess the significance of the proposed interim fatigue de-
sign curves published in NUREG/CR-5999, " Interim Fatigue Design Curves for Carbon Iow-
Alloy, and Austenttic Stainless Steels," in fatigue evaluation of reactor components. The prob-
abilities of fatigue cracking in carbon and low-alloy ferritic steel, austenttic stainless steel, and
Alloy 600 components have been estimated as a function of cumulative usage factor (CUF) for
various service conditions. The CUFs were calculated using the interim fatigue design curves
corresponding to low dissolved oxygen (DO) water typical of PWRs or high-DO water represent-
ing a conservative estimate of environmental effects on fatigue life in BWRs. The probability of
fatigue cracking was estimated from Eqs.18-20 (presented in Section 7.3). The procedure for
estimating the probability of fatigue crack initiation at different CUFs and service conditions is
as follows:

(a) For a specific material, the loading, and environmental conditions determine the allowable
cycles at different stress levels from the NUREG/CR-5999 interim design curves. The in-
terim design curves for carbon and low-alloy steels in PWR water at all temperatures and
strain rates and in high-DO (20.1 ppm) water at different strain rates and 200,250,and
200*C, are shown in Fig. A-1. The interim design curve for austenttic stainless steels is
shown in Fig. A-2: it is applicable for all temperatures and strain rates and is used also for
Alloy 600.

(b) The stress-cycles data sets in (a) represent a CUF of 1. For a given stress amplitude, de-
termine the number of cycles corresponding to CUF values between 0.01 and 10.

(c) Convert the stress amplitude to a strain amplitude by using the appropriate clastic modu-
lus at temperature. The high-temperature value of clastic modulus is used for situations
where N(x) is independent of temperature, e.g., carbon steel in PWR water or austenitici

stainless steels in water.

(d) For this strain level, compute the number of cycles corresponding to the xth percentile of
the probability for crack initiation and compare with the number of cycles corresponding
to a given CUF to determine the probability of cracking as a function of CUF.

The procedure was translated into a spreadsheet that takes as input a set of conditions,
and yields as output the probability of fatigue cracking under those conditions. The results for
various service and material conditions are listed in Tables A-1 through A-6 and plotted in

~ Figs. A-3 through A-8. For convenience, values of the inverse of standard normal cumulative
distribution function in Eqs.18-20 are given in Table A-7. As discussed earlier in Section 6,
probability distributions should not be extrapolated much beyond the data. The assumption of
normal distribution is reasonable down to about 0.2%, i.e., just under three standard devia-
tions. The probability is not expected to deviate significantly from the normal curve for another
order of magnitude, i.e., one more standard deviation, even if the probability distribution is not
the same. For this reason, probability distribution curves are truncated at 0.02% and are
shown with a dotted line between 0.02 and 0.2% probability.
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As expected, the probability of fatigue cracking increases with increasing CUF. However,
because the curves of constant probability are not parallel, for a given CUF, the probability also
depends on the applied stress amplitude. This dependence on stress amplitude is relatively
weak for high stress levels, but at low stresses the probability is quite sensitive to the stress
amplitude, At stress amplitudes below the mean threshold strain, probability of cracking is
relatively insensitive to CUF values above 0.2. (The mean threshold strain amplitudes are
0. I 1, 0,15, and O.12% for carbon steel, low-alloy steel, and austentuc SS, respectively.)

Although these results seem somewhat surprising upon first examinauon, they do seem
heuristically plausible upon further reflection. Because the scatter in life is so large at low
strain amplitudes, the probability of fatigue crack inittauon in this region is not very well
characterized by cycle counting, i.e., CUF. Rather, the probability of fatigue cracking is con-
trolled primarily by the uncertainty in threshold strain for the material. This is reflected in the
relative insensitivity to CUF value. Because we have relatively little threshold data, the uncer-
tainty in the probability estimates at low strain amplitudes is probably rather large. We believe
that the curves presented here are conservative. A sensitivity calculation in which the stan-
dard deviation for the threshold stress was decreased by a factor of 2 showed a substantial de-
crease in the absolute values of the probabilities for low strain amplitudes.

l Furthermore, the results indicate that at CUF values <1, the probability of cracking in-
creases with decreasing stress amplitude whereas, at CUF values >1, probability of cracking
decreases with decreasing stress. This behavior is due to the differences in the shape of the
constant CUF and the probability curves. The constant CUF curves are parallel to the design
curve, i.e., they are obtained by applying a constant factor on cycles. The probability curves
are obtained by applying factors on cycles and on strain.

For strain amplitudes above the mean threshold strain where fatigue damage is well char-
acterized by CUF, a CUF of I calculated from NUREG/CR-5999 interim design fatigue curves
represents probability of 0.3-3% for carbon steel in PWR water,10-20% for carbon steel in
high-DO water,1-15% for low-alloy steel in PWR water, 25-40% for low-alloy steel in high-DO
water,1-15% for austenttic SSs in water, and <4% for Alloy 600. These probabilities should be
interpreted as the probabilities for initiating a macroscopic crack and do not necessarily imply
failure of the component.

|
<

These results may be used for estimating the probability of fatigue cracking in specific re-
actor components. Fatigue evaluations for ten components, six from PWRa and four from
BWRs, are given in Tables A 8-A 17. The stress record and corresponding usage factor for the
components was obtained from NUREG/CR-6260, " Application of NUREG/CR-5999 Interim
Fatigue Curves to Selected Nuclear Power Plant Components." For each component, the infor-
mation listed in the tables includes the alternating stress intensities for different load pairs,
anticipated number of cycles, allowable cycles at that stress based on NUREG/CR-5999, and
the usage factor. The probability of fatigue cracking can be estimated from the CUF for the
component. Because the loading histories involve a range of stress amplitudes, probability
values were estimated corresponding to three stress levels, e.g., maximum, minimum, and mid

i

or average stress, within the range where >80% of the fatigue usage is accumulated for the

! component: the results are given in Tables A-8 through A-17.
l
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and probability offatigue cracking in loumilloy steel components in PWR unter as afunction ofTable A-1. Allowable cyclesa

cumuinHne usagefactor at diferent applied stress amplitudes

CUF 20.0 ksi 28.1 kst 35.3 ksi 45.0 kst 60.0 ksi 1050 bi 150.o ast 210.0 ksi

O.01 720 1.1OE-05 144 8.78E-09 64 1.05E-10 25 1.29E- 13

0.02 1.440 1.86E-04 288 8.63E-07 129 2.81 E-08 50 1.29E- lO 18 1.19E-13 5 1. I IE-16

0.03 2.160 7.18E-04 431 8.33E-06 193 4.65E-07 75 4.40E-09 27 9.41E-12 7 1.27E-14 3 4.44E-16 i

O.04 2.880 1.65E-03 575 3.49E-05 258 2.79E-06 100 4.30E-08 36 1.63E-lO 9 4.28E-13 4 1.91 E-14 2 1.22E-15

0.05 3.600 2.96E-03 719 9.66E-05 322 1.OI E-05 125 2.22E-07 44 1.30E-09 12 5.64E-12 5 3.26E-13 3 2.51 E-14

0.06 4.320 4.57E-03 863 2.09E-04 387 2.68E-05 150 7.86E-07 53 6.46E-09 14 4.18E-I l 7 2.98E-12 3 2.74E-13

0.08 5.760 8.50E-03 1.151 6.?,8E-04 516 1. l l E -04 200 5.02E-06 71 6.95E-08 19 8.23E-lO 9 8.03E-11 4 9.68E-12

0.1 7.200 1.30E-02 1.438 1.39 % O3 645 3.03E-04 249 1.88E-05 89 3 84E-07 24 7.13E-09 11 8.77E-l O 5 1.29E-lO
i
'

O.2 14.400 3.82E-02 2.877 1.04 E-32 1.290 4.13E-03 499 6.22E-04 178 3.83E-05 47 2.52E-06 22 6.OOE-07 11 1.55E-07

O.3 21.600 6.15E-02 4.315 2.59E-M 1.935 1.37E-02 748 3.22E-03 266 3.51 E-04 71 4.42E-05 33 1.47E-05 16 5.06E-06

0.4 28.800 8.15E-02 5.753 4.46E 2.580 2.82E-02 998 8.76E-03 355 1.38E-03 94 2.62E-04 44 1.08E-04 21 4.49E-05

G O.5 36.000 9.87E-02 7.192 6.46E-02 3.225 4.61E-02 1.247 1.74E-02 444 3.57E-03 118 9.lOE-04 55 4.3GE-04 27 2.07E-04

0.6 43.200 1.14E-Ol 8.630 8.48E-02 3.869 6.61 E-02 1.496 2.89E-02 533 7.25E-03 142 2.30E-03 65 1.23E-03 32 6.49E-04

0.8 57.600 1.38E-Ol 11.506 1.24 E-O l 5.159 1.09E-O l 1.995 5.85E-02 710 1.96E-02 189 8.50E-03 87 5.36E-03 42 3.26E-03

1 72.000 1.57E-OI 14.383 1.59E-O I 6.449 1.51 E-OI 2.494 9.37E-02 888 3.84E-02 236 2.06E-02 109 1.45E-02 53 9.73E-03

2 144.000 2.16E-Ol 28.766 2.89E-01 12.898 3.28E-O I 4.988 2.81 E-Ol 1.776 1.88E-O I 472 1.63E-01 218 1.47E-Ol 106 1.26E-O I

3 216.000 2.48E-OI 43.149 3.70E-O ! 19.347 4.46E-O I 7.482 4.31 E-01 2.664 3.50E-OI 708 3.56E-01 327 3.49E-O I 159 3.25E-OI

4 288.000 2.69E-01 57.532 4.26E-O I 25.796 5.28E-O I 9.976 5.40E-O l 3.552 4.84 E-O ! 944 5.24E-Ol 436 5.31E-OI 212 5.15E-Ol

6 432.000 2.95E-OI 86.298 4.98E-01 38.694 6.31 E-01 14.964 6.81 E-OI 5.328 6.67E-Ol 1.416 7.46E-Ol 654 7.68E-O I 318 7.66E-Ol

8 576.000 3.llE-01 115.064 5.44 E-O l 51.592 6.94E-Ol 19.952 7.63E-OI 7.104 7.75E-Ol 1.888 8.61E-01 872 8.84 E-O l 424 8.88E-Ol
Z

| c 10 720.000 3.22E-Ol 143.830 5.76E-OI 64.490 7.37E-O I 24.940 8.16E-Ol 8.880 8.42E-01 2.360 9.20E-Ol 1.090 9.40E-01 530 9.44E-OI

h a Allowable cycles obtained from the NUREG/CR-5999 interim design curves
; o
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and probability offatigue cracking in low-alloy steel components in high-dissolved anjgen unter as ah Table A-2. Allowable cyclesa

G function ofctanulative usagefactor at d:ferent applied stress amplittules |

0
g CUF 22.5 ksi 28.1 ksi 35.3 ksi 45.0kst 60.0 kst 105.0 ksi 150.0 ks! 210.0 ksi

f 0.01 24 2.90E-04 7 4.81E-06 3 2.36E-07 1 1.81 E-09
e
y 0.02 49 2.59E-03 14 1.36E-04 6 1.56E-05 2 3.79E-07

0.03 ,73 7.15E-03 21 6.73E-04 9 1.19E-04 4 5.38E-06 1 7.47E-08 j
'

O.04 97 1.32E-02 28 1.81 E-03 13 4.25E-04 5 2.89E-05 2 6.61E-07

O.05 121 2.03E-02 35 3.61E-03 16 1.04 E-03 6 9.51E-05 2 3.14 E-06

0.06 14G 2.78E-02 42 6.05E-03 19 2.04E-03 7 2.35E-04 3 1.04 E-05

0.08 194 4.32E-02 56 1.26E-02 25 5.32E-03 10 8.65E-04 3 5.89E-05

0.1 243 5.84E-02 70 2.09E-02 31 1.03E-02 12 2.15E-03 4 2.OIE-04 1 1.65E-05

0.2 485 1.22E-01 140 7.30E-02 63 5.42E-02 24 2.16E-02 9 4.80E-03 2 1. l OE-03 1 4.91E-04

0.3 728 1.68E-Ol 210 1.26E-O l 94 1.11 E-O I 36 6 00E-02 13 2.02E-02 3 7.53E-03 2 4.33E-03

0.4 971 2.03E-O l 280 1.73E-O l 126 1.69E-01 48 1.09E-Ol 17 4.72E-02 4 2.35E-02 2 1.57E-02 1 2.61 E-02

A O.5 1.214 2.30E-01 350 2.13E-O I 137 2.22E-O l 61 1.61E-O l 22 8.30E-02 6 5. ole-02 3 3.72E-02 2 5.96E-02 )
0.6 1,456 2.51 E-OI 420 2.48E-O I 188 2.70E-OI 73 2.12E-Ol 26 1.24 E-O l 7 8.62E-02 3 6.87E-02 2 1.07E-O l

O.8 1.942 2.85E-O I 560 3.05E-O l 251 3.51 E-O I 97 3.08E-OI 34 2.14E-01 9 1.77E-O! 4 1.55E-O ! 2 2.26E-Ol

1 2.427 3.09E-Ol 700 3.50E-01 314 4.17E-O ! 121 3.91 E-O I 43 3.02E-01 11 2.78E-OI 5 2.57E-OI 3 3.55E-O I

2 4.854 3.77E-O1 1.400 4.81 E-O 1 628 6.06E-O 1 242 6.46E-O1 86 6.21 E-O1 22 6.72E-O 1 10 6.8IE-OI 6 7.91 E-O I

3 7.281 4.lOE-Ol 2.100 5.46E-O I 942 6.97E-O I 363 7.66E-OI 129 7.79E-Ol 33 8.51 E-O l 15 8.69E-OI 9 9.33E-OI

4 9,708 4.31E-01 2.800 5.87E-01 1.256 7.50E-O l 484 8.31 E-O l 172 8.61 E-O L 44 9.28E-O! 20 9.43E-Ol 12 9.76E-O !

6 14.562 4 56E-OI 4.200 6.36E-O l 1,884 8.lOE-Ol 726 6.98E-01 258 9.35E-OI 66 9.79E-OI 30 9.87E-OI 18 9.96E-O!

8 19.416 4.71E-OI 5.600 6.65E-O I 2.512 8.43E-OI 968 9.30E-Ol 344 9.64E-Ol 88 9.93E-Ol 40 9.96E-Ol 24 9.99E-O I

10 24.270 4.81E-OI 7.000 6.85E-O! 3.140 8.64E-01 1.210 9.48E-O I 430 9.79E-O l 110 9.97E-O l 50 9.99E-01 30 1.OOE @

a Allowable cycles obtained from the NUREG/CR-5999 Interim design curves
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Table A-3. Allowable ct clesaj and probability offatigue cracking in carbon steel components in PWR water as afunction ofcumulative
usagefactor at dferent applied stress amplitudes

CUF 20.0 ksi 28.I kst 35.3 ksi 45 0 ksi 60.0 kst 105.0 ksi 150.0 kst 210.0 ksi

O.01 720 1.55E-07 144 5.65E-Il 64 5.29E-13 25 5.55E-16

0.02 1.440 4.44E-06 288 9.52E-09 129 2.41 E-l O 50 8.52E-13 18 6.66E- 16

0.03 2.160 2.30E-05 431 1.26E-07 193 5.48E-09 75 3.93E-Il 27 7.39E- 14 7 2.22E-16

0.04 2.880 6.49E-05 575 6.65E-07 258 4.13E-08 100 4.78E- 10 36 1.57E- 12 9 7.55E-15 4 6.66E- 16 2 1.IIE-16

0.05 3.6G0 1.35E-04 719 2.19E 06 322 1.78E-07 125 2.95E-09 44 1.47E-I l 12 1.15E- 13 5 1.29E- 14 3 2.22E- 15

0.06 4.320 2.37E-04 863 5.47E-06 387 5.48E-07 150 1.20E-08 53 8.41 E-I l 14 9.53E- 13 7 1.29E-13 3 2.53E- 14

0.08 5.760 5.31 E-04 1.151 2.09E-05 516 2.86E-06 200 9.68E-08 71 1.12E-09 19 2.26E- 11 9 4.04E-12 4 1.00E- 12

0.1 7.200 9.37E-04 1.438 5.42E-05 645 9.37E-06 249 4.35E 07 89 7.39E-09 24 2.26E-10 11 4 98E-11 5 1.46E-I l i

O.2 14,400 4.lOE-03 2.877 6.77E-04 1.290 2.22E-04 499 2.54E-05 178 1.28E-06 47 1.30E-07 22 5.08E-08 11 2.35E-08

| 0.3 21.600 8.15E-03 4.315 2.25E-03 1.935 1.01 E-03 748 1.84E-04 266 1.64E-05 71 3.05E-06 33 1.59E-06 16 9.26E-07
'

|

O.4 28.800 1.24E-02 5.753 4.71 E-03 2.580 2.60E-03 998 6.33E-04 355 8.20E-05 94 2.25E-05 44 1.40E-05 21 9.43E-06 |

G O.5 36.000 1.66E-02 7.192 7.89E-03 3.225 3.O l E-03 1.247 1.51 E-03 444 2 56E-04 118 9.24E-05 55 6.55E-05 27 4.85E-05

| 0.6 43.200 2.06E-02 8.630 1.16E-02 3.869 8.19E-03 1.496 2.90E-03 533 6.05E-04 142 2.69E-04 65 2.09E-04 32 1.67E-04

| 0.8 57.600 2.80E-02 11.506 2. ole-02 5.159 1.65E-02 1.995 7.39E-03 710 2.09E-03 189 1.24E-03 87 1.10E-03 42 9.71 E-04

1 72,000 3.4GE-02 14.383 2.94 E-02 6.449 2.67E-02 2.494 1.41 E-02 888 4.93E-03 236 3.59E-03 109 3.46E-03 53 3.26E-03

2 144.000 5.89E-02 28.766 7.59E-02 12.898 8.89E-02 4.988 7.04E-02 1.776 4.25E-02 472 4.90E-02 218 5.63E-02 *06 6.07E-02

3 216.000 7.48E-02 43.149 1.16E-01 19.347 1.50E-01 7.482 1.41 E-O l 2.664 1.08E-01 708 1.45E-01 327 1.74E 01 159 1.93E-OI

4 288.000 8.64E-02 57.532 1.48E-O I 25.796 2.04 E-O I 9.976 2.10E-01 3.552 1.83E-O l 944 2.61E-01 436 3.14 E-01 212 3.51 E-OI
6 432.000 1.02E-OI 86.298 1.99E-01 38.694 2.89E-01 14.964 3.29E-O! 5.328 3.29E-O l 1.416 4.78E-01 654 5.62E-01 318 6.16E-O!

| 8 576.000 1.13E-O l 115.064 2.36E-01 51.592 3.53E-O ! 19.952 4.22E-Ol 7.104 4.49E-01 1.888 6.39E-01 872 7.28E-01 424 7.61E-Ol
| Z
; C 10 720 000 1.22E-OI 143.830 2.65E-Ol 64.490 4.03E-01 24.940 4.95E-Ol 8.880 5.44E-OI 2.360 7.49E-01 1.090 8.31 E-01 530 8.75E-O !
| h a Allowable cycles obtained from the NUREG/CR-5999 interim design cunes
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f Table A-4. Allowable cycles and probability offatigue cracking in carbon steel components in high-dissolini oxygen teater as aa

.G functnon ofclunulative usagefactor at di 'erent applied stress amplitudesp
O
g CUF 22.5 ksi 28.1 ks! 35.3 ksi 45.0 ks! 60.0 ksi 105.0 ks! 150.0 210.0

f 0.01 24 7.67E-06 7 6.73E-08 3 2.56E-09 1 1.49E-I l
e
,j 0.02 49 1.14E-04 14 3.28E-06 6 2.93E-07 2 5.34E-09

0.03 73 4.17E-04 21 2.23E-05 is 3.11E-06 4 1.05E-07 1 1.22 E-09

0.04 97 9.36E-04 28 7.47E-05 13 1.40E-05 5 7.12E-07 2 1.35E-08

| O.05 121 1.65E-03 35 1.76E-04 16 4.lOE-05 6 2.81E-06 2 7.64E-08
i

i 0.06 146 2.54E-03 42 3.38E-04 19 9.29E-05 7 8.06E-06 3 2.92E-07

0.08 194 4.69E-03 SS 8.69E-04 25 3.05E-04 10 3.76E-05 3 2.09E-OG

O.1 243 7.19E-03 70 1.69E-03 31 7.05E-04 12 1.12E-04 4 8.58E-06 1 1.02E-06

0.2 485 2.14E-02 140 9.37E-03 63 6.24E-03 2; 2.OOE-03 9 3.66E-04 2 1.15E, ~4 1 7.48E-05 .
|
I

I O.3 728 3.53E-02 210 2.06E-02 94 1.71 E-02 36 7.66E-03 13 2.17E-03 3 1.08E-03 2 8.63E-04
|
'

O.4 971 4.76E-02 280 3.33E-02 126 3.14 E-02 48 1.73E-02 17 6.44 E-03 4 4.22E-03 2 3.80E-03 1 9.91 E-03

O O.5 1.214 5.86E-02 350 4.62E-02 157 4.76E-02 61 3.03E-02 22 1.36E-02 6 1.07E-02 3 1.05E-02 2 2.55E-02

0.6 1456 6.82E-02 420 5.90E-02 188 6.47E-02 73 4.58E-02 26 2.37E-02 7 2.13E-02 3 2.19E-02 2 5.00E-02

0.8 1.942 8.46E-02 560 8.30E-02 251 9.94 E-02 97 8.13E-02 34 5.13E-02 9 5 46E-O' 4 6.00E-02 2 1.23E-O I

I 2.427 9.81E-02 700 1.05E-01 314 1.33E-O 1 121 1.20E-O1 43 8.60E-02 11 1.02E-O 1 5 1. I 5E-O 1 3 2.16E-O1 |
|

2 4.854 1.41E-O l 1.400 1.86E-01 628 2.67E-01 242 2.96E-O I 86 2.86E-01 22 3.95E-Ol 10 4.60E-Ol 6 6.47E-OI ;

3 7,28I I .66E-01 2.100 2.38E-01 942 3.57E-01 363 4.26E-01 129 4.53E-O1 33 6.23E-O 1 15 7.05E-O1 9 8.54E-O 1

4 9.708 1.83E-01 2.800 2.76E-O I 1.256 4.21 E-01 484 5.19E-Ol 172 5.75E-01 44 7.64E-O l 20 8.38E-OI 12 9.37E-Ol

6 14.562 2.05E-OI 4.200 3.27E-O I 1.884 5.06E-01 726 6.40E-Ol 258 7.29E 01 P6 9.OIE-01 30 9.47E-Ol 18 9.86E-O l

8 19.416 2.20E-OI 5.600 3.61E-01 2.512 5.62E-01 968 7.14E-O 1 344 8. I 4 E-O1 88 9.54E-O1 40 9.80E-OI 24 9.96E-O 1

10 24.270 2.30E-01 7.000 3.86E-01 3.I40 6.01 E-O 1 1.210 7.63E-01 430 8.66E-O1 110 9.77E-O I 50 9.92E-OI 30 9.99E-01

a Allowable cycles obtained from the NUREG/CR-5999 interim design curves j
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and probability offatigue cracking in austenitic stainless steel components in u'ater as afunctiott ofTable A-5. Allouuble cyclesa
cumulative usagefactor at diferent applied stress amplitudes

- CUF 28.0 ksi 40.0 ksi 45.0 ksi 55.0 kst 62.0 ks! 70.0 ks!' 110.0 ks! 160.0 kst

0.01 1.016 ~ 1.98DO4 98 3.27E-08 48 5.96E-lO . 14 1.03E-13 7 2.22E-16

0.02 2.031 1.78DO3 195 2.72E-06 96 1.17E-07 29 1.03E-lO 14 5.14E-13 9 5.48E-14 ' 3 5.55E-16 ,

0.03 3.M7 4.99E-03 293 2.41E-05 144 1.64E-06 43 3.51E-09 21 3.15E-11 14 4.48E-12 ' 5 9.56E-14

0.M 4.OC3 9.40DO3 391 9.58E-05 192 8.82E-06 57 3.45E-08 28 4.63E-lO 19 7.99D 11 6 2.73E-12 2 1.22E-15

0.05 5,078 1.46E-02 488 2.55E-04 240 2.93E-05 72 1.80E-07 35 3.27E-09 24 6.52E-lO . 8 3.16E-11 2 2.45D14

0.06 6.094 2.02E-02 58G 5.34 & O4 2EB 7 34E-05 86 6.41E-07 42 1.48E-08 28 3.32E-09 10 2.11E-10 3 2.45E-13

0.08 8.125 3.22E-02 781 1.56E-03 385 2.78E-M 115 4.15E-06 56 1.3?E-07 38 3.70E-08 13 3.56E-09 4 7.68E-12

0.1 10.157 4.43E-02 977 3.28E-03 481 7.12E-04 144 1.58E-05 70 6.94E-07 47 2.!!E-07 16 2.74E-08 5 9.41E-Il

O.2 . 20.314 9.84E-02 1,953 2.22E-02 961 8. lOE-03 287 5.46E-M 140 5.31E-05 95 2.33E-05 32 6.94E-06 9 9.31E-08

0.3 30.470 1.40 DOI 2.930 5.24E-02 1.442 2.46E-02 431 2.92E-03 210 4.30E-04 142 2.28E-04 48 1.02E-04 14 2.83E-OG

O.4 - 40.627 1.72 DOI 3.907 8.71 E-02 1.923 4.78E-02 575 8.12E-03 280 1.57E-03 190 9.37E-04 64 5.39E-04 18 2.44E-05

N' . 0.5 50.784 1.96E-O l 4.884 1.23 DOI 2.404 7.49E-02 ~719 1.64E-02 350 3.87E-03 237 2.52DO3 80 1.72E-03 23 1.l lE-M

O6 60.941 2.20E-Ol 5.860 1.57E-O I 2.884 1.04 DOI 862 2.76E-02 419 7.58E-03 284 5.26E-03 96 4.07DO3 27 . 3.48DO4

0.8 81.254 2.54 E-O l 7.814 2.21E-Ol 3.846 1.63E-OI 1.150 5.70DO2 559 1.96E-02 379 1.49E-02 128 1.37E-02 36 1.76E-03

1 101.568 2.80 DOI 9.767 2.77E-O! 4.807 2.20E-OI 1.437 9.26E-02 699 3.73E-02 474 3.02E-02 160 3.09E-02 45 5.37E-03

2 203.136 3.54E-OI 19.534 4.66E-Ol 9.614 4.34E-OI 2.874 2.88E-Ol 1.398 1.74E-01 948 1.63E-Ol 320 2.04E-OI 90 7.80E-02

3 304.704 3.92E-O1 29.301 5.72E-O 1 14.421 5.64 E-O1 4.311 4.46E-O1 2.097 3.21E-O1 1.422 3.I8E-O1 480 4.11E-O1 135 2.24E-O1

4 406.272 4.17E-Ol 39.068 6.39 DOI 19.228 6.48E-01 5.748 5.61E-OI 2.796 4.45E-01 1.896 4.52E-Ol 640 5.78E-01 180 3.84E-OI

6 609.408 4.47E-Ol 58.602 7.19E-OI 28.842 7.48E-Ol 8.622 7.08&OI 4.194 6.22E-Ol 2.844 6.42E-Ol 960 7.84DO! 270 6.40E-01

8 812.544 4.66E-O I 78.136 7.67E-O I 38,456 8.05E-Ol 11.496 7.92E-01 5.592 7.32E-Ol 3.792 7.58E-Ol 1.280 8.85 DOI 360 7.94 E-Ol
*2|
C 10 . 015.680 4.79E-OI 97.670 7.98E-Ol 48.070 8.41E-Ol 14.370 8.45E-OI 6.990 8.03E-01 4.740 8.30 DOI 1.600 9.36E-Ol 450 8.80E-OI
;U
in
O a Allowable cycles obtained from the NUREG/CR-5999 interim design curves
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h Table A-6. Allouuble cycles and probability offatigue cracking in Alloy 600 components in unter as afunction ofcumulative tisagea

f factor at dferent applied stress amplitudes
O-
g CUF 28.0 ksi 40.0 ksi 45.0 ksi 55.0 ksi 62.0 ksi 70.0 kst 110.0 ksi 160.0 ksi

f 0.01 1.016 2.85E-07 98 9.98E-14 48 2.22E-16e
@ O.02 2.031 9.78E-06 I95 6.01E-11 96 3.44E-13

0.03 3.047 5.45E-05 293 1.94E-09 144 1.75E-I l 43 6.66E-16
0.04 4.063 1.60E-04 391 1.68E-08 192 2.27E-10 57 1.93E- 14

0.05 5.078 3.42E-04 488 8.OIE-08 240 1.46E-09 72 2.20E-13 35 3.33E- 16
0.06 6.094 6.06E-04 586 2.66E-07 288 6.18E-09 86 1.47E 12 42 2.89E-15 28 ' 1.llE-16
0.On 8.125 1.38E-03 781 1.56E-06 385 5.22E-08 115 2.50E-Il 56 7.69E-14 38 5.44 E- 15
0.1 10.157 2.45E-03 977 5.50E-06 481 2.43E-07 144 1.98E-lO 70 8.60E-13 47 7.27E-14 16 2.22E 16
0.2 20,314 1.07E-02 1.953 1.60E-04 961 1.55E-05 287 5.92E-08 140 7.21E-lO 95 1.03E-lO 32 1.33E-12 9 2.22E-16
0.3 30.470 2.07E-02 2.930 8.02E-04 1.442 1.17E-04 431 1.03E-06 21e 2.20E-08 142 4.16E-09 48 1.10E-lO 14 4.21E-i4
0.4 40.627 3.lOE-02 3.907 2.17E-03 1.923 4.14 E-04 575 6.31 E-06 280 1.98E-07 190 4.55E-08 64 1.94 E-09 18 1.48E- 12

2 0.5 50.784 4.07E-02 4.884 4.34E-03 2.404 1.01 E-03 719 2.31E-05 350 9.65E-07 237 2.55E-07 80 1.55E-08 23 1.99E-I l
O.6 60,941 4.98E-02 5.860 7.29E-03 2.884 1.96E-03 862 6.19E-05 419 3.25E-06 284 9.58E-O", 96 7.69E-08 27 1.49E-lO
O.8 81.254 6.61 E-02 7.814 1.52E-02 3.846 5. lOE-03 1.150 2.59E-04 559 1.91 E-05 379 6.67E-06 128 8.09E-07 36 2.97E-09
1 101.568 8.OOE-02 9.767 2.52E-02 4.807 9.87E-03 1.437 7.07E-04 699 6.73E-05 474 2.66E-05 160 4.35E-06 45 2.57E-08
2 203.136 1.28E-O I 19.534 8.75E-02 9.614 5.14 E-02 2.874 9.39E-03 1.398 1.82E-03 948 1. ole-03 320 3.71 E-04 90 8.71E-06
3 304.704 1.57E-Ol 29,301 1.50E-Ol 14.421 1.05E-O l 4.311 3. ole-02 2.097 8.36E-03 1.422 5.48E-03 480 2.95E-03 135 1.44E-04
4 406.272 1.77E-Ol 39.068 2.G4E-O I 19.228 1.60E-OI 5.748 6.OOE-02 2.796 2.09E-02 1.896 1.52E-02 640 1.03E-02 180 8.08E-04
6 609.408 2.03E-OI 58.602 2.91 E-OI 28.842 2.56E-Ol 8.622 1.33E-Ol 4.194 6.13E-02 2.844 5.03E-02 960 4.40E-02 270 6.41E-03
8- 812.544 2.20E-01 78.136 3.55E-01 38.456 3.34 E-OI 11.496 2.08E-Ol 5.592 1.14E-Ol 3.792 1.OOE-Ol 1,280 1.O!E-OI 360 2.17E-02

10 .015.680 2.32E-OI 97.670 4.05E-01 48.070 3.97E-01 14.370 2.79E-Ol 6.990 1.72E-Ol 4.740 1.58E-Ol 1.600 1.72E-O l 450 4.88E-02
a Allowable cycles obtained from the NUREG/CR-5999 interim design curves

-
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Table A-7. Inverse ofstandard cumulative distribution knction 1

l

Probability F-lix] F-ill-xl Probability F-lixi F-Ill-xl
0.01 -3.7195 3.7195 3.00 -1.8808 1.8808
0.02 -3.5402 3.5402 5.00 -1.6449 1.6449 |

0.03 -3.4319 3.4319 7.00 -1.4758 1.4758
0.05 -3.2905 3.2905 10.00 -1.2816 1.2816
0.07 -3.1947 3.1947 20.00 -0.8416 0.8416
0.10 -3.0902 3.0902 30.00 -0.5244 0.5244
'O.20 -2.8782 2.8782 50.00 0.0000 0.0000
0.30 -2.7478 2.7478 65.00 0.3853 -0.3853
0.50 -2.5758 2.5758 80.00 0.8416 -0.8416
0.70 -2.4573 2.4573 90.00 1.2816 -1.2816
1.00 -2.3263 2.3263 95.00 1.6449 -1.6449
2.00 -2.0537 2.0537 98.00 2.0537 -2.0537

Table A-8. Fatigue cualuationfor SA-508 Class 2 low-alloy steel inlet nozzle of PWR vessel
(Fatigue datafrom Table 5.3, NUREG/CR-6260)

Stress Applied NUREG/CR-5999 Usage
Amplitude (ksi) Cycles Design Life Factor

60.47 200 869 0.230
48.01 300 1928 0.156
36.06 180 5382 0.033
36.46 320 5676 0.056

Cumulative Usage Factor: 0.475
Probability of Fatigue Cracking at max. stress 60 ksi): 2.9 x 10-3
Probability of Fatigue Cracking (at mid stress 54 ksi): 4.8 x 10-3

Probabli!!y of Fatigue Cracking (at min. stress 48 ksi): 1.0 x 10-2
d Max., mn:. snd min. values represent the stress range where >80 of fatigue usage is accumulated.

Table A-0. Fatigue evaluationfor SA-508 Class 2 low-alloy steel outlet nozzle of PWR vessel
(Fatigue datafrom Table 5.5, NUREG|CR-6260)

Stress Applied NUREG/CR-5999 Usage
Amplitude (ksi) Cycles Design Life Factor

51.51 90 1458 0.062
50.85 200 1534 0.130
39.24 90 4263 0.021
20.84 14620 58406 0.25
19.82 480 73899 0.007

Cumulative Usage Factor: 0.472
Probability of Fatigue Cracking (at max. stress 51 ksi): 6.6 x 10-3 |

Probability of Fatigue Cracking (at mid stress 36 ksi): 3.8 x 10-2 l

Probability of Fatigue Cracking (at min. stress 21 ksi): 9.2 x 10-2 )
a Max.. mid, and min. values represent the stress range where >80 of fatigue usage is accumulated.

'
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Table A-10. Fatigue et'aluationfor 'nJpe 316 stainless steel surge line of a PWR
(Fatigue clatafrom Table 5.7, NUREG/CR-6260)

Stress Applied NUREG/CR-5999 - Usage
Amplitude (ksi) Cycles Design Life ' Factor

190.17- 6 43 0.140
163.18 14 62 0.226
162.06 14 63 0.222
138.05 4 92 0.043
127.94 14 111 0.126
127.04 10 113 0.088
64.76 68 571 0.I19
64.17 68 584 0.116
63.39 68 611 0.I11
63.38 68 611 0.I11
54.02 1248 1600 0.780
52.38 23 1921 0.011
52.35 23 1933 0.011
52.35 27 1933 0.014
52.26 6 1953 0.003
52.26 109 1953 0.056
51.76 63 2070 0.030
51.24 40 2200 0.018
51.18 30 2215 0.014
50.96 9 2273 0.004
40.10 90 9620 0.009
40.09 90 9635 0.009
39.91 81 9899 0.008
39.03 81 11321 0.007
38.94 90 11480 0.008
38.82 30 11695 0.003
33.10 3670 30525 O.120
33.10 4120 30525 O.135
33.10 200 30525 0.007
33.10 4580 30525 0.150
32.87 70 31834 0.002
29.90 9400 56289 0.167
29.00 17040 56289 0.303
29.90 17040 56289 0.303

Cumulative Usage Factor: 3.476
Probability of Fatigue Cracking (at max. stress 190 ksi): 5.3 x 10-1

Probability of Fatigue Cracking (at mid stress 54 ksi): 5.2 x 10-1
Probability of Fatigue Cracking (at min. stress 30 ksi): 4.5 x 10-1

a Max., mid, and min. values represent the stress range where >80 of fatigue usage is accumulated.

!
!

!
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Table A-11. Fatigue evaluationfor Type 316 stainless steel safe endfor safety injection nozzle
of a PWR (Fatigue datafrom Table 5.17, NUREG/CR-6260)

Stress Applied NUREG/CR-5999 Usage
Amplitude (ksi) Cycles Design Life Factor

121,67 260 125 2.080
72.08 500 441 1.134

Cumulative Usage Factor: 3.215
Probability of Fatigue Cracking (at max. stress 122 ksi): 4.7 x 10-1

Probability of Fatigue Cracking (at mid stress 97 ksi): 4.3 x 10-1
Probability of Fatigue Cracking (at min. stress 72 ksi): 3.6 x 10-1

8 Max.. mid and min, values represent the stress range v.here >80 of fatigue usage is accumulated.

Table A-12. Fatigue evaluationfor Type 316 stainless steel reducing teefrom decay heat
removal system of a PWR (Fatigue datafrom Table 5.59, NUREG/CR-6260)

Stress Applied NUREG/CR-5999 Usage
Amplitude (ksi) Cycles Design Life Factor

261.76 30 20 1.5

261.76 30 20 1.5

218.69 40 30 1.333
196.62 160 39 4.103
196.50 220 39 5.641
57.I1 20 1145 0.017
45.95 80 4239 0.019
44.35 480 5246 0.091
39.77 40 10111 0.004

Cumulative Usage Factor: 14.209
Probability of Fatigue Cracking (at max. stress 262 ksi): 9.9 x 10-1
Probability of Fatigue Cracking (at mid stress 230 ksi): 9.9 x 10-1

Probability of Fatigue Cracking (at min. stress 197 ksi): 9.9 x 10-1
3 Max., mid, and min. values represent the stress range where >80 of fatigue usage is accumulated.

Table A-13. Fatigue evaluation for Alloy 600 instrumentation penetration weld of
PWR lower head (Fatigue datafrom Table 5.46, NUREG/CR-6260)

Stress Applied NUREG/CR-5999 Usage
Amplitude (ksi) Cycles Design Life Factor

68.96 720 491 1.466

Cumulative Usage Factor: 1.466
Probability of Fatigue Cracking (at 69 ksi): 2.3 x 104

I

.
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,

. Table A-14.' Fatigue evaluation for SA-333 Grade 6 carbon steel piping for residual heat
rernoval suction line of a BWR (Fatigue datafrom Table 5.125. NUREG/CR-6260)

Stress Applied NUREG/CR-5999 Usage

Amplitude (ksi) Cycles Design Life Factor

46.93. 5 102 0.049

46.84 114 103 1.107

24.73 152L 1430 0.106

23.78 11976 1780 6.728

23.24 523 2025 0.258

23.14 610 2074 0.294

22.97. 1620 2161 0.750

16.68 10480 7565 1.385

16.21 242 8359 0.029

15.81 360 9127 0.039

-15.74 300 9271 0.032

15.37 619 10080 0.061

8.21 3.0 x 106 7.1 x 106 o,422

Cumulative Usage Factor: 11.260

Probability of Fatigue Cracking (at max. stress 47 ksi): 8.2 x 10-1

Probability of Fatigue Cracking (at mid stress 32 ksi): 5.4 x 10-1
Probability of Fatigue Cracking (at min. stress 17 ksi): 9.3 x 10-2

8 Max.. mid, and min. values represent the stress range where >80 of fattgue usage is accumulated.

t

.
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r

. Table A-15.' Fatigue evaluationfor SA-333 Grade 6 carbon steel elbowfrom BWRfeedwater
line piping (Fatigue datafrom Table 5.123, NUREG/CR-6260)

Stress Temperature Strain Rate Applied NUREG/CR- Usage
Amplitude (ksi) 'C '/s Cycles 5999 Design Life Factor

106.04 200 0.I17 5 199 0.025 ;
.103.96 200 0.I14 5 206 0.024
102.61- 200 0.I13- 5 211 0.024-
91.59 200 0.001 8 65 O. I 23

!89.40 200 0.095. 10 '271 0.037
88.27- 200- 0.094 5 278 0.018
83.76 200 0.041 126 243 0.519

,

81.43 215 0.086 10 300 0.033 !

67.93 200 0.001 97 131 0.740
66.71 200 0.001 14 138 0.101
61.29 200 0.001- 6 173 0.035
61.16 212 0.001 64 142 0.451
55.5 200 0.001 92 235 0.391
46.63 215' O.001 88 346 0.254
42.88 212 0.001 15 511 0.029
39.44 215 0.001 212 674 0.315
38.13 224 0.001 69 663 0.104

,

36.80 224 0.001 11 762 0.014
34.32 215 0.001 60 1139 0.053
32.95 200 0.001 203 1663 0.I22

32.53 200 0.001 360 1777 0.203
29.77 200 0.025 222 6332 0.035
26.09 212 0.028 30 9321 0.003

-26.04- 200 0.028 81 10981 0.007
'

21.64 212 0.001 96 7894 0.012
20.56 200 0.001 40 12312 0.003
11.22 200 0.001 11545 1.5 x 106 0.008

Cumulative Usage Factor: 3.688
r

Probability of Fatigue Cracking (at 200 C & max. stress 92 ksi): 1.4 x 10-1
'

Probability of Fatigue Cracking (at 200 C & mid stress 62 ksi): 1.1 x 10-1
,

Probability of Fatigue Cracking (at 200oC & min. stress 33 ksi): 1.4 x 10-1 |

a Max.. mid, and min. values represent the stress range where >80 of fatigue usage is accumulated.

53 NUREG/CR-6335

__ _



~ . . . . _ _ __ _ .- . .. _. . _. .

Table A-16. Fatigue evaluationfor SA-508 tour-alloy steelfeedwater nozzle of a BWR
(Fatigue datafrom Table 5.131, NUREG|CR-6260)

Stress Temperature Strain Rate Applied .NUREG/CR- Usage

- Amplitude (ksi) *C /s Cycles 5999 Design Life Factor-

45.00 288 0.001 120 121 0.992

-50.56' 200 0.100 330 1292 0.255

38.33: 200 0.0014 2470 1057 2.337

39.00: 250 0.0016 10 273 0.037

30.00 200 0.001 10000 1603 6.238
Cumulative Usage Factor: 9.859

Probability of Fatigue Cracking (at 200*C & max stress 50 ksi): 7.5 x 10-1
Probability of Fatigue Cracking (at 200 C & mid stress 38 ksi): 7.0 x 10-1
Probability of Fatigue Cracking (at 200 C & min. stress 30 ksi): 5.7 x 10-1

a Max., mid, and min. values represent the stress range where >80 of fatique usage is accumulated.

Table A 17. Fatigue evaluationfor Alloy 600 thermal sleevefrom BWR vesselfeedwater nozzled
(Fatigue datafrom Table 5.104, NUREG|CR-6260)

Stress Applied NUREG/CR-5999 Usage

Amplitude (ksi) Cycles Design Life Factor

222.36 10 29 0.345

175.21 110 52 2.I15
147.80 20 78 0.256

'133.76 210 100 2.100

95.62 2 224 0.009

55.50 -220 1360 0.162

51.26 335 -2194 0.153
Cumulative Usage Factor: 5; ' J l

Probability of Fatigue Cracking (at max. stress 222 ksi): 1,.1 x 10-3

Probability of Fatigue Cracking (at mid stress 178 ksi): 2.3 x 10-2
Probability of Fatigue Cracking (at min. stress 134 ksi): 1.5 x 10-1

a Max., mid, and min. values represent the stress range where >80 of fatigue usage is accumulated.

.

;
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