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CREEP-FATIGUE LIFE PREDICTION FOR 
DIFFERENT HEATS OF TYPE 304 STAINLESS STEEL BY 

LINEAR-DAMAGE RULE, 
STRAIN-RANGE PARTITIONING METHOD, 

AND DAMAGE-RATE APPROACH 

by 

P . S. Maiya 

ABSTRACT 

The creep-fat igue life r e su l t s for five different heats 
of Type 304 s ta in less steel at 593°C ( 1 1 0 0 ° F ) , generated under 
push-pull conditions in the axial s t r a in -con t ro l mode, a r e p r e 
sented. The life predict ions for the var ious heats based on the 
l inea r -damage rule , s t r a in - range parti t ioning method, and 
damage - r a t e approach a r e d iscussed . The appropr ia te m a t e 
r ia l p roper t i es required for computation of fatigue life a r e 
also included. 

I. INTRODUCTION 

F o r the past severa l y e a r s , Argonne National Labora tory has been in
volved in the generation of e l eva ted- tempera tu re , low^-cycle creep-fat igue data 
on Type 304 s ta inless s teel . Extensive low-cycle fa t igue- tes t r e su l t s have been 
generated on one heat of Type 304 s ta inless steel (Ht 9T2796), which was p r o 
duced as a reference heat for all l iquid-metal f a s t - b r e e d e r - r e a c t o r ( L M F B R ) 

structural-connponent design. In contras t , the data for other heats of s teel a r e 
r a the r l imited. This r epo r t summar i ze s the creep-fat igue data generated for 
five heats of Type 304 s ta in less steel at 593°C ( 1 1 0 0 ° F ) under push-pull condi
tions in the axial s t r a in -con t ro l mode. Because the creep-fat igue proper t ies 
of different heats can depend upon the heat t rea tment p r io r to fatigue t e s t s , 
only the r e su l t s obtained from heats of m a t e r i a l with the same heat t r ea tment 
a r e considered. F u r t h e r m o r e , the experimental ly observed creep-fat igue life 
and the life predicted by the l inea r -damage rule , s t r a in - r ange parti t ioning 
method, and damage - r a t e approach a r e compared. 

II. EXPERIMENTAL MATERIAL AND PROCEDURE 

The chemical compositions^ (Table l) of the five heats of s ta in less s teel 
included in the p resen t r epor t mee t the ASTM specification. (Hereafter, only 
the las t three digits of the heat number will be used to identify each heat .) 
P r i o r to fatigue t e s t s , the hourg lass - shape specimens were solution-annealed 



in evacuated quartz tubes that were back-fi l led with argon for 1/2 h at 1092°C, 
and aged for 1000 h at 593°C. The specimens were tested in a i r by means of 
servocontroUed, hydraulical ly actuated fatigue machines , in the axial s t r a i n -
control mode.^'^ 

TABLE I Chemical Composition (wt %) of Various Heats 
of Type 304 Stainless Steel 

Elements 

C 

N 

P 

B 

O 

H 

S 

M n 

Si 

M o 

Ti 

Cu 

Co 

Pb 

Sn 

Ta 

Nb 

v 

W 

Cr 

Ni 

Fe 

9T2796 

0 047 

0 031 

0 029 

-

0 on 

0 0006 

0 012 

1 22 

0 47 

0 10 

0 003 

0 10 

0 05 

0 01 

0 02 

<0 0005 

0 008 

0 037 

0 022 

18 5 

9 58 

Balance 

346544 

0 

0 

0 

0 

0 

063 

019 

23 

0002 

0081 

0 0006 

0 

0 

0 

0 

0 

0 

0 

0 

0 

006 

99 

47 

2 

017 

12 

05 

01 

01 

0 0006 

0 

0 

005 

025 

0 026 

18 

9 

Ba 

4 

12 

lance 

Heat : Numbers 

346845 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

<0 

0 

0 

0 

18 

9 

Ba 

057 

024 

02 3 

0002 

0092 

0013 

006 

92 

53 

10 

008 

11 

07 

01 

01 

0005 

01 

05 

007 

4 

28 

lance 

X22807^ 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

<0 

0 

0 

0 

18 

9 

Ba 

029 

021 

024 

0005 

01 

0012 

023 

26 

5 

2 

002 

11 

03 

01 

01 

0005 

0015 

012 

02 

8 

67 

lance 

8043813 

0 062 

0 033 

0 044 

0 0003 

-

-

0 004 

1 87 

0 48 

0 32 

0 022 

-

-

-

-

<0 0005 

0 02 

0 022 

0 02 

17 8 

8 95 

Balance 

Type 304L stainless steel 

III. CREEP-FATIGUE LIFE RESULTS 

For the reference heat of steel (Ht 796), the available data^ include 
extensive continuous-cycling low-cycle fatigue data at total s t ra in ranges from 
0.35 to 2% and cyclic s t ra in r a t e s between 4 x 10"^ and 4 x 10" s ,̂ tensi le 
hold- t ime data with hold tinnes per cycle ranging from 1 min to 10 h, and 
l imited symmet r ic and compress ive hold- t ime data for hold t imes varying 
from 1 to 10 min. Recently, new creep-fat igue data have been generated for 
the reference heat to es tabl ish the impor tance of wave-shape effects, and a 
detailed analysis of these data using a damage - r a t e approach has been p r e 
sented;^ these resu l t s a r e included in the p resen t r epor t . 
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F o r heats 544, 845, 807 and 813, the available low-cycle fatigue 
data a r e r a the r l imited. Under continuous cycling, their fatigue l ives do 
not differ significantly from that of the re ference heat.^ Similar ly , under 
short symmet r i c and compress ive hold- t ime conditions, all five heats have 
approximately the same fatigue life. However, when tensi le hold t imes 
ranging from 10 to 60 min a r e imposed in each cycle, the creep-fat igue 
r e s i s t ance of heats 845, 544, 807 and 813 exceeds that of the re ference 
heat by up to a factor of three (see F ig . l ) . This g r e a t e r s t rength has 
been at t r ibuted to such m i c r o s t r u c t u r a l cha rac t e r i s t i c s as sma l l e r grain 
size and c lose r spacing of gra in-boundary carbides,^ both of which resu l t 
in inc reased r e s i s t ance to grain-boundary sliding that causes initiation 
and growth of grain-boundary cavi t ies during tensi le hold t imes . 

O in — 

ill 

10 

3 
10 

2 

- 1 

-

- -

_ 

— 

-

-

1 

1 1 ' 1 1 1 ' 1 1 1 1 1 _ 
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. . MAXIMUM SCATTER BAND 

a HT 8 4 5 

1 ^ HT 544 

\ T- 0 HT 807 

r\ 
\ 

o HT 813 

\ s ^ O 

\ \^^^^^ l~ 
\ ^ H T 845, 544 ,807 ^ 

REFERENCE HT 7 9 6 - ^ ~~"~~- -

1 1 1 1 1 1 1 1 1 1 1 1 
10 10 20 30 40 50 

TENSILE HOLD TIME (min) 

Fig. 1 

Effect of Tensile Hold Time on Fatigue Life for 
Various Heats of Type 304 Stainless Steel at 
593°C. Aet = llo. ANL Neg. No. 306-77-278. 

60 

IV. METHODS FOR PREDICTION OF CREEP-FATIGUE LIFE 

A. L inea r -damage Rule 

One approach to h igh- t empera tu re creep-fa t igue life predict ion is the 
l inea r -damage rule,^' based on a l inear summation of cycle-dependent fatigue 
and t ime-dependent c r eep . For the loading c a s e s that involve hold t imes at 
constant total s t ra in , the l inea r -damage rule is 
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' tH 

where 

and 

^ - ^ l " ' ? ^ - ' <" 

Nf - cycles to fai lure, 

Nfo - fatigue life under continuous-cycling conditions in the absence 
of c reep , 

tH - hold t ime per cycle. 

tj. = t ime to creep rupture in the absence of cyclic loading. 

To compute c reep damage by this method, monotonic c r e e p - r u p t u r e 
data and s t r e s s - r e l axa t i on data a r e requi red . The t ime to rupture , t^., and the 
s t r e s s , a, a r e re la ted by 

tj. = M(CT)"°'. (2) 

The p a r a m e t e r s M and a for the reference heat and heat 845 (see 
Table II) were obtained from a l e a s t - s q u a r e s fit of c r eep - rup tu re data to Eq. 2, 
with tj. in hours and a in MPa units . The curves shown in Fig. 2 r ep re sen t the 
r eg re s s ion analysis of the above data and show that heat 845 has bet ter r e s i s 
tance to c reep than the reference heat. The c r e e p - r u p t u r e data for heat 845 
were also used to compute life for heats 544, 807, and 813, based on the s i m i 
lar i ty in creep-fat igue behavior of these four hea t s . The s t r e s s h i s to ry during 
hold t ime for each tes t was obtained from the s t r e s s - r e l a x a t i o n behavior, which 
can be expressed by the equation 

B 

where 

and 

^ n ( a ^ a x / a ) = f f ^ t ^ ^ P , (3) 

^max ~ s t r e s s at the beginning of hold t ime 

B and p a r e p a r a m e t e r s determined for each tes t (at half-life) by a 
l e a s t - s q u a r e s fit with t ime, t, in min. 



9 

TABLE II. Creep-rupture P a r a m e t e r s for Two 
Heats of Type 304 Stainless Steel 

Heat No. 

796 

845 

M Remarks 

4.535 X 10' 

2.386 X 10^ 

4.431 X lO' 

9.790 a ^ 214 MPa 

7.988 a 2 214 MPa 

11.886 

10' - 1 1 I I I I I I I 1 1 I I I I I I I I 1 I I I M i l I I I I I I I I 

593°C(II00''F) 

-•HEAT 845 

'HEAT 796 

145 

- 14.5 

1 0 I I I L_i_Luxl J I I I M III 1 I I I I m l 1—I I I I I III 1 . 4 5 

10° lO' 10̂  lO' lO'' 
TIME TO FAILURE (h) 

Fig. 2. Stress vs Time to Creep Rupture for Two Heats of 
Type 304 Stainless Steel. ANL Neg. No. 306-77-666. 

The constants B and p a r e l is ted in Tables III and IV for var ious hea t s . 
The continuous-cycling fatigue life requi red for es t imat ion of fatigue damage is 
de termined from the damage- ra t e approach.^'^ The application of l inear d a m 
age to tes ts involving a sawtooth waveform is not s t raightforward, and for the 
p resen t purpose, ŵ e have assumed that only fatigue damage occurs in these 
loadings. Note also that the l inea r -damage rule as applied in Code Case 1592 
a s s u m e s that the compress ive hold t ime produces a s much damage as the t en
sile hold t ime; this assumption is not rea l i s t i c for austenit ic s ta in less s t ee l s . 

B. S t ra in- range Par t i t ioning Method 

The second approach considered in this r epo r t is the s t r a in - r ange 
parti t ioning method. ' In applying s t r a in - r ange parti t ioning to seve ra l hea t s , 
only tensi le hold- t ime data a re considered because the exper imental re la t ion
ships for other types of loadings a re not available. Also, the application of 
s t r a in - range parti t ioning to sawtooth waveforms is not simple and hence is 
not considered. The in terac t ion-damage rule for creep-fat igue loadings 
involving tensi le hold- t ime periods is given by 

J. 
Nf 
_L = lEE 

N pp N cp 
(4) 

where 

PP 

Ae 
cp 

Ac m 

Ae 
cp 

cp Ae i n 

^^n ^^PP + ^^cp' 

Ae 
PP 

component of inelast ic s t ra in range for which plast ici ty in ten
sion is r e v e r s e d by plast ici ty in compress ion . 
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TABLE III. Fatigue-life Prediction for Type 304 Stainless Steel-Ht 795-at 59300 

Aet. 

* 

10 

10 

10 

10 

103 

10 

2048 

2004 

1984 

2 005 

2 024 

2 007 

0 997 

1021 

10 

1004 

0 994 

1034 

10 

0 595 

0 598 

0 594 

0 55 

0 503 

0 356 

10 

20 

AEp, 

% 

0 714 

0 695 

068 

0 65 

0 709 

0 706 

1638 

160 

1608 

1638 

1672 

1662 

0 675 

0 682 

0 692 

0 709 

0 679 

0 773 

0 710 

0 365 

0 346 

038 

0 331 

0 272 

013 

0 707 

1618 

s' 

£ 5 4 X 

£ ( 4 x 

Ef 4 X 

E 5 4 X 

£ 5 1 X 

E( 1 X 

Ef 1 X 

£ 5 1 X 

4x 

4x 

4x 

4x 

4x 

4x 

4 X 

4x 

4x 

4x 

4x 

4x 

4 X 

4x 

4 x 

4 X 

4 x 

4 x 

4x 

4x 

4 X 

4 x 

4 X 

1 

10"^ 

10-3 

10-3 

10-6 

10-" 

10-2 

10-2 

10-1 

10-3 

10-3 

10-3 

10-3 

10-3 

10-5 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

0-5 

0-3 

0-3 

0-3 

0-5 

0-3 

0-3 

0-3 

0-5 

0-3 

0-3 

0) max 

MPa 

2141 

228 2 

239 4 

2617 

242 0 

219 9 

304 7 

3041 

2813 

269 6 

288 2 

242 0 

228 2 

258 6 

228 2 

218 6 

230 3 

188 2 

214 4 

167 6 

182 2 

152 4 

154 3 

162 7 

164 8 

228 2 

298 5 

Oc. max, 

MPa 

214 1 

228 2 

239 4 

2617 

246 8 

219 9 

308 2 

300 6 

280 6 

279 9 

238 6 

274 4 

254 4 

249 6 

233 0 

222 7 

2413 

202 0 

219 4 

177 2 

194 2 

168 9 

173 5 

182 0 

173 7 

210 3 

273 0 

Hold 
Time, 
mm 

-

-

-

-

2T 

2C 

lOT 

IOC 

IT 

15T 

60T 

60T 

180T 

600T 

IT 

4C 

lOT 

15T 

60T 

600T 

600T 

15T 

60T 

180T 

60T 

lOT 

lOT 

15T 

5C 

15T 

5C 

B 

-

-

-

-

0 03484 

0 04631 

0 0450 

0 0430 

0 03964 

0 03139 

0 02902 

0 03492 

0 03031 

0 03159 

0 0223 

0 01852 

0 01938 

0 01733 

0 02765 

0 0207 

0 2111 

0 01429 

0 02468 

0 01336 

0 009487 

0 01249 

0 01243 

0 05496 

0 08408 

0 04038 

0 05211 

P 

-

-

-

-

-0 7516 

-0 6388 

-0 7250 

-0 7170 

-0 8076 

-0 8335 

-0 7726 

-0 6809 

-0 7730 

-0 7243 

-0 9004 

-0 8589 

-0 8555 

-0 8812 

-0 7564 

-0 7339 

-0 7889 

-0 9011 

-0 7924 

-0 9161 

-0 8972 

-0 6754 

-0 5113 

-0 8265 

-0 6772 

-0 8541 

-0 7863 

Experimental 

261 

2421 

847 

3025 

2177 

2507 

378 

237 

112 

102 

63 

87 

1664 

2453 

706 

666 

305 

212 

242 

2765 

1031 

1284 

1253 

3803 

11412 

1788 

642 

Predicted by 
Linear-damage 

Rule 

984 

1031 

2205 

2383 

722 

766 

336 

87 

51 

65 

27 

65 

2889 

718 

722 

758 

208 

216 

72 

4759 

1098 

1782 

2219 

3574 

4235 

1633 

172 

Nf 

Predicted by 
Strain-range Par
t i t ioning Method 

-

-

-

-

-

-

189 

149 

148 

128 

111 

97 

661 

-

743 

706 

501 

404 

425 

2116 

1465 

1759 

3332 

6567 

16240 

-

-

Predicted by 
Damage-rate 

Approacti 

227 

1802 

847 

3506 

2574 

924 

499 

307 

192 

103 

117 

52 

2351 

3511 

1405 

1283 

413 

196 

194 

3553 

1118 

1417 

2869 

4705 

8629 

1300 

390 



TABLE IV Fatigue-iife Prediction for Type 304 Stainless Steel-Heats 845, 544, 807, and 813-at 593°C 

N, 

Heat 
No 

845 

845 

845 

845 

845 

845 

845 

845 

845 

845 

544 

544 

544 

807 

807 

807 

813 

813 

A£, 

% 

1003 

1027 

099 

10 

103 

0 987 

10 

10 

0994 

099 

10 

102 

102 

099 

101 

1019 

102 

0 993 

Aep. 

% 

0666 

0 702 

0 683 

0 743 

0 70 

0 659 

0 677 

0699 

0666 

0 674 

0 672 

0 675 

0 697 

0 698 

0 745 

0 730 

0 674 

0 651 

et 

s-1 

4 x 10-3 

4 X 10-3 

4 X 10-3 

4 X 10-5 

4 X 10-3 

4 X 10-3 

4 X 10-3 

4 x 10-3 

4 X 10-3 

4x 10-3 

4 x 10-3 

4 X 10-5 

4 X 10-3 

4 X 10-3 

4 X 10-5 

4x 10-3 

4 X 10-3 

4x 10-5 

0), max 

MPa 

253 4 

240 0 

226 8 

195 8 

253 9 

244 8 

247 6 

230 6 

240 5 

238 6 

248 5 

236 5 

2419 

223 3 

213 0 

216 8 

254 0 

243 4 

(j(. max 

MPa 

245 9 

246 3 

232 5 

195 0 

2412 

243 9 

236 6 

224 2 

249 5 

235 0 

247 5 

272 8 

234 7 

213 3 

183 9 

215 9 

2641 

268 2 

Hold 
Time, 
mm 

IT 

5T 

lOT 

60T 

IC 

2C 

4C 

IOC 

IT 

IS 

2T 

2C 

IT 

60T 

4C 

IT 

60T 

4C 

IT 

60T 

B 

0 02342 

0 02162 

0 01667 

0 02902 

0 02887 

0 01658 

0 03150 

0 02083 

006048 

0 008191 

0 04228 

0 04247 

0 01324 

0 02647 

0 02074 

0 03728 

0 02538 

0 01983 

0 01715 

0 02955 

P 

-0 791 

-0 8221 

-0 8458 

-0 6465 

-0 7789 

-0 8703 

-0 7206 

-0 7851 

-0 5885 

-0 8985 

-0 7940 

-0 7698 

-0 9160 

-0 7273 

-0 7938 

-0 7369 

-0 6905 

-0 8202 

-0 8629 

-0 7061 

Experimental 

3034 

2222 

1826 

767 

2747 

2659 

2997 

2624 

2880 

2348 

2712 

751 

2366 

2755 

874 

2603 

2529 

1034 

Predicted by 
Linear-damage 

Rule 

3267 

2793 

2864 

946 

3284 

3384 

3095 

2828 

3015 

3402 

3533 

860 

2922 

3461 

884 

3088 

3293 

872 

Predicted by 
Strain-range 
Partitioning 

Method 

1072 

784 

886 

476 

-

-

-

-

-

-

820 

507 

-

934 

507 

-

967 

464 

Predicted by 
Damage-rate 
Approach^ 

2931 

2054 

2027 

516 

3452 

3777 

3494 

3275 

2652 

2735 

3035 

550 

3383 

2621 

571 

3127 

2864 

559 

Predicted by 
Damage-rate 
Approach'' 

3117 

2307 

2315 

597 

3452 

3777 

3494 

3275 

2807 

2735 

3198 

648 

3383 

2801 

647 

3127 

3049 

663 

\ - 055 
\ ' 060 



12 

A Sep - component of inelast ic s t ra in range for which c reep in tension 
is r eve r sed by plastici ty in compress ion , 

Aein ~ total inelast ic s t ra in range, 

Npp = cyclic life associa ted with a given Aepp s t ra in range . 

and 

N (,p = cyclic life associa ted with a given Ae^p s t ra in range . 

The s t r a in - range parti t ioning re la t ionships for Npp and N^p for the 
reference heat a re expressed by ° 

In Npp = 16.044 - (219.2958 + 32.7858 In Acpp)^^^ (5) 

Ncp = 1.0322 X 10-^(Aein)"'"°"". (6) 

Similar relat ionships for other heats a r e not available; therefore the re la t ion
ships establ ished for the reference heat a r e used for all the other heats of 
m a t e r i a l . The s t r e s s - r e l axa t i on p a r a m e t e r s l isted in Tables III and IV a re 
used for computing "cp" s t r a ins . 

C. Damage- ra t e Approach 

The third approach used for the analysis of creep-fat igue data from 
all five heats of Type 304 s ta in less steel is the damage - r a t e approach. As. this 
method has been discussed in detail in Ref. 4, only its essent ia l ingredients a r e 
outlined below. 

The damage- ra t e approach add re s se s two major types of damage in 
ma te r i a l s subjected to c reep , fatigue, and creep-fat igue loadings: namely, 
c rack damage and cavity damage. Crack damage contr ibutes to failure through 
crack initiation at the surface and i ts subsequent propagation. Cavity damage 
contributes to failure through grain-boundary cavity initiation and growth. 
Thus, creep-fat igue failure depends on the relat ive amounts of these tw ô types 
of damage and the i r interact ion, and is significantly influenced by the type of 
creep-fat igue loadings and the m i c r o s t r u c t u r a l cha rac t e r i s t i c s of the m a t e r i a l . 
The basic damage equations'* a r e 

^ m , . ,k 

J,da ^ / 
a dt ^ 

T | e p | Ic I for tension 
(7) 

C c„ |e„l for compress ion ^ ' P P 
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and 

I dc 
c dt 

<^|ep| |epl ^ for tension 

i ££ = / 

where 

and 

•G e 

*pi Pp 

I m i . |k-
(8) 

pi i^p 
for compress ion , 

a = cu r r en t c rack s ize . 

c = cu r r en t cavity s ize . 

|ep| , | ep | = absolute values of cu r r en t plast ic s t ra in and s t ra in r a t e , 
respect ively . 

T, C, G, m, k, and k ,̂ a r e ma te r i a l p a r a m e t e r s that a r e functions of 
tenaperature, environment, and m i c r o s t r u c t u r e . 

The interact ion bet-ween crack and cavity damage is assumed'* to be of the 
form 

fa(a/ao) ^ tn(c/co) ^ ^ 
(9) 

w^here 

a.Q, CQ = initial c rack size and cavity s ize, respect ively, 

af = final c rack size in a specimen free of cavi t ies . 

and 

C£ = final cavity size in a specimen free of c racks (related to 
spacing of cavi t ies) . 

Whenever c ^ CQ, it i s assumed that the cavi t ies anneal out, so that 
c > CQ. Thus, negative net cavity damage is not allowed, although the i n c r e 
mental cavity damage can be negative. The damage- ra t e equations can be 
integrated'* to compute life for var ious loading paths such as continuous cycling, 
monotonic c r eep rupture , and loadings that involve sawtooth waveforms and 
hold t imes ; the r e su l t s a r e givenin the appendix. The d a m a g e - r a t e p a r a m e t e r s , 

A = i^/O •''•"'•''ir^'-i^rTjr, , k , and T / C (see Eqs . 7-9) 

a r e establ ished without the use of any hold- t ime data and a r e shown in Table V.^'^ 
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TABLE V. Mater ia l P a r a m e t e r s of the Damage- ra t e Approach 

Heat No. 

796 

544, 807, 
845, 813 

A 

2.52 

2.52 

m 

1 

1 

k 

0.74 

0.74 

= g 

0.73 

0.73 

K 

0.55 

0.60 

T/C 

4 

4 

Unlike the s t r a in - range parti t ioning method, the damage- ra t e approach 
incorpora tes the ra te effect in the damage-accumulat ion p rocess ; it does so 
without separat ing the total inelast ic s t ra in into different components, and it 
does not r e s o r t to back-fitting of hold- t ime fatigue data. The relat ionship b e -
tw^een the damage- ra t e approach and other methods , such as Coffin's frequency-
modified approach^^'^^ and the s t r a in - range parti t ioning method, is shown by the 
fact that both the frequency-modified life and s t r a in - r ange parti t ioning re la t ion
ships can be derived from the damage- ra t e approach.^ Also, the damage - r a t e 
approach can take into account the loading-sequence effects where the cavity 
damage incur red during the par t of the fatigue life with tensi le hold t imes can 
anneal out during subsequent loadings involving compress ive hold t imes . ^ 
Some of the fundamental differences among the var ious approaches to c r e e p -
fatigue life prediction have important p rac t ica l implicat ions, especial ly in the 
extrapolation of the existing data base to regions w^here exper imenta l data do 
not exist . "* 

V. COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 

The fatigue-life predict ion re su l t s for var ious heats of Type 304 s ta in
less steel at 593°C (1100°F) obtained by the l inea r -damage rule, s t r a in - range 
parti t ioning method, and damage- ra t e approach a r e shown in Tables III and IV 
and F igs . 3-5. The dashed lines in F igs . 3-5 indicate deviation of the predicted 
life from the exper imental life by a factor of two. Ignoring the accuracy of fit
ting, mos t of the available exper imental data a r e predicted reasonably well, 
from a design vie-wpoint, by all three methods . The l inear -damage rule (see 
Fig . 3) yields nonconservative r e su l t s for loading cases that involve a sawtooth 
waveform. Also, in Fig. 4, where only the tensi le hold- t ime fatigue data a r e 
considered and the m i c r o s t r u c t u r a l effects of different heats a r e ignored, the 
calculated life for heats 845, 544, 807, and 813 (based on m a t e r i a l - p r o p e r t y 
data for the reference heat) underpredic ts the experimental ly observed life. 
This is also t rue if the damage - r a t e approach is used. 

The differences in creep-fat igue behavior between the reference 
heat 796 and the other hea ts (845, 544, 807, and 813) cannot be explained on the 
bas i s of s t r e s s - r e l axa t i on behavior, as all the heats a re cha rac te r i zed by the 
same p la s t i c - s t r a in h is tory during hold t imes . F igure 6 is based on the s t r a in -
range parti t ioning method and shows the impor tance of s t r a i n - r a t e effects. If 
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0 
w 

HOLD TIME (MIN) 
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Fig. 3 

Fatigue-life Prediction for Various Heats of 
Type 304 Stainless Steel by the Linear-
damage Rule. T = tension, S = symmetric, 

A C = compression. ANL Neg. No. 306-77-662. 

10' lO" 10 10 
EXPERIMENTAL FATIGUE LIFE (CYCLES) 

E \—I M l l l l l 1 I M 11111 I—I I I IMII 1—I J.^ M l ^ 1—I I I 111: 

Fig. 4 

Fatigue-life Prediction for Various Heats 
of Type 304 Stainless Steel by the Strain-
range Partitioning Method. T = tension. 
ANL Neg. No. 306-77-663. 
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Fig. 5 

Fatigue-life Prediction for Various Heats 
of Type 304 Stainless Steel by the Damage-
rate Approach. T = tension. S = symmetric, 
C = compression; k^ = 0.55 for the refer
ence heat and 0.6 for the other heats of steel. 
ANL Neg. No. 306-77-659. 
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10 
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1 1 1 1 11II 1 1 

HEAT 796 
593°C(II00°F) 

° ^ ^ > ^ ^ A 

°^^^ 
CYCLIC CREEP-^ 

1 I I 1 1 
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V 

A 
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D 

O 
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V 
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1 1 1 1 1 1 14-

HOLD TIME (MIN) I 
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I5T 
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I 8 0 T 

600T = 

A -

v \ 
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I — 

10 100 1000 
Njp (CYCLES) 

Fig. 6. Plot of ASjjj vs N(,p for Reference Heat of Type 304 Stainless Steel. 
The solid line is generated from cyclic-creep data; the symbols 
represent cyclic-relaxation data. ANL Neg. No. 306-77-664. 

s t r a i n - r a n g e p a r t i t i o n i n g r e l a t i o n s h i p s b a s e d on c y c l i c - c r e e p da ta a r e u s e d 
to p r e d i c t c y c l i c - r e l a x a t i o n fa t igue l i v e s , the r e s u l t s tend to be n o n c o n s e r v a 
t i v e . S i m i l a r c o n c l u s i o n s have b e e n r e a c h e d u s ing the d a m a g e - r a t e a p p r o a c h . ^ 
The p r e d i c t i o n of fa t igue life for d i f fe ren t h e a t s by the d a m a g e - r a t e a p p r o a c h 
p a r t i a l l y t a k e s in to acco\ in t the m i c r o s t r u c t u r a l e f fec t s , which r e s u l t in d i f f e r 
ent v a l u e s of k^ for the r e f e r e n c e h e a t and the o t h e r h e a t s . 

M o r e a c c u r a t e l ife p r e d i c t i o n s can be a c h i e v e d by e s t a b l i s h i n g the 
v a l u e of the " c a v i t y - d a m a g e p a r a m e t e r " C for the h e a t s tha t exh ib i t s u p e r i o r 
c r e e p - f a t i g u e s t r e n g t h . S ince h e a t s 845, 544, 807, and 813 a r e m o r e r e s i s t a n t 
to i n t e r g r a n u l a r f r a c t u r e than the r e f e r e n c e hea t , the va lue of Cg for t h e s e 
h e a t s i s e x p e c t e d to be s m a l l e r than tha t of the r e f e r e n c e h e a t . The p r e s e n t 
r e p o r t u s e s the v a l u e of Cg e s t a b l i s h e d for the r e f e r e n c e h e a t for the o t h e r 
h e a t s . F i n a l l y , the i n t e r a c t i o n b e t w e e n c r a c k and cav i ty d a m a g e i s described"* 
in a s i m p l e f o r m (Eq. 9) and r e q u i r e s f u r t h e r i n v e s t i g a t i o n . 

VI. CONCLUSIONS 

A s tudy of t h r e e m e t h o d s for c r e e p - f a t i g u e life p r e d i c t i o n , u s ing the 
a v a i l a b l e da t a for five d i f f e r en t h e a t s of Type 304 s t a i n l e s s s t e e l , shows tha t 
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the grea tes t divergence between the exper imenta l and calculated life r e su l t s 
when the l inear -damage rule is used. The available shor t tensi le hold-tinne 
data for different heats can be predicted reasonably well by the s t r a in - r ange 
parti t ioning method and the damage - r a t e approach. However, s t r a in - range 
parti t ioning, unlike the damage- ra t e approach, depends heavily on the hold-
t ime data for life predict ion. F u r t h e r m o r e , the application of the l i nea r -
damage rule and s t r a in - range parti t ioning to sawtooth waveforms is not 
s t ra ightforward. The damage - r a t e approach t r ea t s tensi le , c reep , and c r e e p -
fatigue deformation in a unified manner . 

The creep-fat igue and m a t e r i a l - p r o p e r t y data included in the p resen t 
r epor t should se rve as a guide for the c r i t i ca l examination of existing and new 
creep-fat igue interact ion models as they develop w^ith further understanding 
of creep-fat igue damage. Also, the long- te rm cycl ic - re laxa t ion t e s t s (espe
cially those at low^ s t ra in ranges) initiated at Argonne National Labora tory 
should facilitate evaluation of the existing nnodels for use in the design of 
s t ruc tura l components . 
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APPENDIX^ 

E q u a t i o n s for C o m p u t i n g Life for V a r i o u s L oad ing P a t h s 
Us ing D a m a g e - r a t e A p p r o a c h 

1. C o n t i n u o u s - c y c l i n g C a s e 

^ , / A . \ - ( m + i ) 

^f 4A V 2 / ®P ' ^ ' 

w h e r e the p a r a m e t e r s A, m , and k can be d e t e r m i n e d f r o m a l e a s t - s q u a r e s 
fit of c o n t i n u o u s - c y c l i n g da ta to Eq . A . l . 

Z. Monoton ic C r e e p R u p t u r e 

. _ / m + lV^^^^+^V - (kc+m)/ ( i+m) / . ,x 

•where 

tj . = t i m e to r u p t u r e . 

^' ^ n ( C f / C o ) ' 

and 

T ' and G' = the p a r a m e t e r s in the d a m a g e - r a t e e q u a t i o n s . (The 
p r i m e i s u s e d to d i s t i n g u i s h f r o m the cyc l i c c a s e . ) 

F o r c r e e p t e s t s a t low s t r e s s o r s t r a i n r a t e , f^ » fi, so tha t 

. - (kc+m) / ( i+m) 
r ^p 

T h e r e f o r e , on a l og - log plot , the s lope of t i m e - t o - r u p t u r e v e r s u s p l a s t i c 
s t r a i n r a t e i s -(kc + m ) / ( l + m ) ; thus k^ can be d e t e r m i n e d f r o m the c r e e p -
r u p t u r e d a t a . 

3 . Sawtooth W a v e f o r m : F a s t - S l o w 

i 4A \ 2 / \ i + C / T 1 + T / C / 



where 

Cf = fast tensi le plast ic s t ra in ra te 

and 

Sg = slow compress ive plast ic s t ra in r a t e . 

The T / C ra t io can be de termined from the above equation by co r re l a 
tion with the r e su l t s of fas t -s low fatigue t e s t s . The cavity damage for this 
case i s ze ro . 

4. Sawtooth Waveform: Slow-Fast 

Nf 
4A fAep\ [ _^±___ , _ \ _ 

\ 
m + 1 \ 2 / \ i + C / T 1 + T / C / 

where 

Sg = slow tensi le plast ic s t ra in r a t e , 

e£ = fast compress ive plas t ic s t ra in ra te , 

and 

^ S " tn(Cf/Co) ' 

5. Hold-t ime Fatigue 

where 
. m - F l j . 

A - _ ± ^ r ' P | -k-i _ 2 A _ \ .m k 

0 

\eJ UD dt, (A.6) 
1 + T / C J '^P' '"P' 

•'0 

dc = Cg P Icpricpl'^'^ dt - Cg ' l e p r i e p ^ dt. (A.7) 
0 0 

t̂  = tensi le hold t ime, 

and 

tj, = compress ive hold t ime. 
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