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FATIGUE OF KdSTENITIC STAINLESS STEELS IN THE LOW AND 
I m E M D I A T E  CYCLE RANGE 

R .  W .  Swindeman 

ABSTRACT 

The d a t a  a v a i l a b l e  i n  -the l i t e r a t u r e  on t h e  f a t i g u e  char- 
a c t e r i s t i c s  cf t y p i c a l  a u s t e n i t i c  s t a i n l e s s  s teels  a t  from 10 
t o  lo6 cycles  and from room temperature t o  925°C have been 
organized and s m n a r i z e d  t o  provide a good basis f o r  t h e  design 
of high temperature equipment. Comparison of t h e  t e s t  da t a  
wi th  curves dcf , red  by t h e  ASME: Boi le r  and Pressure Vessel Code 
i n d i c a t e s  t h a t  f a i l u r e s  do not occur u n t i l  t h e  s t r e s s  l e v e l  i s  
l5C% t o  200% of the ASME Code value f o r  any given set  of con- 
d i t i o n s ,  t h e  margin varying with the opera t ing  temperature and 
t h e  number of cycles .  
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FATIGUE OF AUSTENITIC STAINLESS STEELS I N  T€IE LOW AND 
INTERMEDIATE CYCLE RANGE 

R.  W. Swindeman 

INTRODUCTION 

This r e p o r t  p r e s e n t s  an accumulation of d a t a  concerning t h e  f a t i g u e  

of a u s t e n i t i c  s t a i n l e s s  steels i n  t h e  low and intermediate  cyc le  range 

(10 t o  10”). 

asrnuch as a s i g n i f i c a n t  percentage of the f a i l u r e s  which occur i n  high- 

temperature equipment u t i l i z i n g  s t a i n l e s s  s teels  r e s u l t  from t h e  presence 

of c y c l i c  s t r e s s e s .  More o f t e n  than  not  t h e r e  are o t h e r  f a c t o r s  such as 

material d e f e c t s ,  corrosion,  geometric d i s c o n t i n u i t i e s ,  e t c . ,  which 

amplify t h e  e f f e c t  b u t  be fo re  we can hope t o  understand what allowances 

should be made f o r  such f a c t o r s  w e  must ga in  some idea  of t h e  b a s i c  r e -  

s i s t a n c e  of t hese  materials t o  c y c l i c  stresses at e l eva ted  temperatures.  

There i s  a growing i n t e r e s t  i n  t h i s  p a r t i c u l a r  sub jec t  i n r  

S i g n i f i c a n t  progress  has been made i n  t h i s  a r e a  i n  r ecen t  years. 

Tine work of Coffin’ has shown t h a t  t h e  low and intermediate  f a t i g u e  l i v e s  

of d u c t i l e  metals  are c o n t r o l l e d  by t h e  p l a s t i c  s t r a i n  range. This i n -  

formation has  been incorporated i n t o  Sec t ion  I11 of t h e  ASblE Boi l e r  and 

Pressure Vessel Code which establ- ishes  s e v e r a l  new r u l e s  for designing 

a g a i n s t  f a t i g u e .  The s e c t i o n  permits an e l a s t i c  s t r e s s  a n a l y s i s  of toe 

eorcponent i n  ques t ion  and preserits  conservat ive des ign  l i m i t s ,  generous 

enough t o  permit economical design t o  metal temperatures not, exceeding 

427°C f u r  18-8 s t a i n l e s s  s t e e l s .  

tends t h e  a n a l y t i c a l  technique and provides a d d i t i o n a l  design d a t a  t o  

temperatures not  exceeding 6 4 9 ” ~ .  

A subsequent code case ( N  1331-1) ex- 

One might a s k  t h e  reason f o r  accumdat ing  f a t i g u e  data on s t a i n l e s s  

s teels  i f  t h e  problem has already been resolved.  The answer, af course, 

i s  t h a t  experimental  v e r i f i c a t i o n  of t h e s e  design curves i s  still r equ i r ed .  

’J. F. T a v e r n e l l i  and L. 3’. Coffin,  Jr., A Compilation and I n t e r p r e -  
t a t i o n  of Cyclic S t r a i n  Fat igue Tests ,  Trans. Am. Soc. Metals, - 51, 438 
(1959). 
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'The Atomic Energy Comnission i s  sponsoring a comprehensive program on 

r e a c t o r  pipe ruptures" whi-ch has t h i s  as one of t h e  ob jec t ives .  

meantime, -there seem t o  be a f e w  a r e a s  of concern which should be brought 

t o  t h e  a t t e n t i o n  of the des igne r .  

I n  t h e  

I n  a d d i t i o n  t o  t h i s ,  s t a i n l e s s  s t e e l s  a r e  code approved f o r  use up 

It would be d i - f f i c u l t  t o  e l imina te  f a t i g u e  stresses i n  t o  8 1 5 " ~ .  

mechanisms operat ing i n  the temperature range from 650 t o  8 l g o C ,  and it 
i s  q u i t e  u s e f u l  t o  have f a t i g u e  d a t a  i n  t h i s  area for eva lua t ing  t h e  re- 

l i a b i l i t y  of such s t r u c t u r e s .  

The philosophy of Sect ion I11 i s  based on the  f a c t  t h a t  d u c t i l e  

metals  are capable of a b s o r b i g  a considerable  number of p l a s t i c  s t r a i n  

cyc le s  without f a i l u r e .  I f  t h e  primary and secondary stress i n t e n s i t y  

i s  such t h a t  shakedown w i l l  occur, tinat is, i f  t h e  s t r e s s  adjustment 

after p l a s t i c  y i e l d i n g  w i l l  reduce subsequent s t r e s s e s  t o  t h e  e l a s t i c  

range, f a t i g u e  f a i l u r e  i s  not l i k e l y  t o  occur.  This i.s because t h e  

l i m i t i n g  e l a s - t i c  stress i n t e n s i t y  f o r  s t a i n l e s s  s t e e l  i s  below t h e  en- 

durance l i m i t .  If shakedown does not occur, a f a t i g u e  a n a l y s i s  i s  ac -  

ceptable  i f  based on the design curves provided. Designing f o ~  f a t i g u e  

f a i l u r e  i s  allowed only if t h e  stress i-ii quest ion i s  a peak l o c a l  stress; 

t h a t  is ,  a stress which w i l l  not produce d i s t o r t i o n  i n  t h e  v e s s e l .  Such 

s t r e s s e s  r e s u l t  from concentrat ion p o i n t s  (no tches )  o r  thermal s t r a i n s .  

It i s  t h i s  peak l o c a l  s t r e s s  which, i n  t h e  p a s t ,  has produced many 

of t h e  tube and shell f a t i g u e  f a i l u r e s  i n  high-temperature systems, and 

it i s  t o  l i m i t  t h e i r  magnitude o r  number t h a t  Sec t ion  I11 provides 

f a t i g u e  design curves.  

They are based on t h e  following argumen-t. 

r e l a t i o n s h i p  between t h e  p l a s t i c  s t r a i n  range, E i.n a s t r a i n - c o n t r o l l e d  

f a t i g u e  t e s t  and t h e  number of cyc le s  to f a i l u r e ,  N f .  

Ldiger3 desc r ibes  how t h e s e  curves were der ived.  

Coffin' has found a d e f i n i t e  

P' 
This equati-on: 

31 .  H .  Klepfer,  Experimental and A n a l y t i c a l  Program Recomiendations, 
Reactor Pipe Rupture Study, GEAP-4474 (January 1965). 

3B. F. Langer, Design of Pressure Vessels f o r  Low Cycle Fati-gue, 
J. Basic Eng., - 84, 389 (September 1962). 



3 

a N E = c  
f P  

has two cons tan ts ,  Q: and C, which may be 

a i s  near  1 /2  f o r  d u c t i l e  meta ls  and t h e  

r e a d i l y  eva lua ted .  The cons tan t  

cons tan t  C i s  equa l  t o  or g r e a t e r  
t han  one h a l f  of t h e  t r u e  f r a c t u r e  s t r a i n ,  E ca lcu la t ed  from t h e  r e -  

duc t ion  i n  area corresponding t o  a s tandard t e n s i l e  t e s t .  

t o  be t r u e ,  we may genera te  a t o t a l  s t r a i n  f a t i g u e  curve ( e  
adding t h e  e l a s t i c  component of s t r a i n ,  E t o  t h e  p l a s t i c  E . This  

curve, i n  tu rn ,  may be converted i n t o  a f i c t i t i o u s  s t r e s s  f a t i g u e  curve 

i n  terms of s t r e s s  amplitude,  S, by mul t ip ly ing  t o t a l  s t r a i n  va lues  by 

one ha l f  t he  madulus of e l a s t i c i t y .  Thus, Langer obta ins :  

f) 
Assuming t h i s  

vs  N )  by T 

e’ P 

E In loo -I- 0s s = = 4 N  100-RA 

where RA i s  t h e  reduct ion  i n  a r e a  ( p e r  c e n t )  and AS i s  t h e  e l a s t i c  s t r e s s  

given by E ee/2. 

l i m i t .  
A conserva t ive  e s t ims te  f o r  AS i s  t h e  s t r e s s  endurance 

Langer a p p l i e s  a f a c t o r  of s a f e t y  of h a l f  t h e  s t r e s s  axis o r  1/20 

on the cyc le  a x i s ,  whichever i s  more conservat ive,  t o  genera te  t h e  f i n a l  

design curve .  The value of t h e  s t r e s s  amplitude i s  d i r e c t l y  comparable 

t o  h a l f  the s t r e s s  i n t e n s i t y  ca l cu la t ed  by t h e  des igner  who performs an 

e l a s t i c  s t r e s s  a n a l y s i s  on t h e  component i n  ques t ion .  

Coffin* shows t h a t  Eq,  ( 2 )  r ep resen t s  a conserva t ive  es t imate  of t h e  

t r u e  behavior  of d u c t i l e  metals  a t  low tsmperatures .  Manson5 has obtained 

data. i n  much t h e  saqe way and shows t h a t  t h i s  i s  not  always so.  I n  e i t h e r  

case,  experimental  d a t a  are wel l  above t h e  allowed des ign  curve at room 
temperature .  

*J. F. Tave rne l l i  and L. F. Coffin, Jr. Experimental  Support for a 
Generalized Equation P red ic t ing  Low Cycle Fat igue,  J. Basic Engr., - 84, 533, 
(December 1962). 

5S.  S. Manson and M. N .  Hirsch’uerg, Fa t igue  Behavior i n  S t ra in-Cycl ing  
i n  t h e  Low and In te rmedia te  Cycle Range, Fa t igue  - An I n t e r d i s c i p l i n a r y  
Approach, p -  133, Syracuse Univers i ty  P r e s s ,  Syracuse, M. Y . ,  1964. 
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Since peak s t r e s s e s  a r e  o f t e n  a s soc ia t ed  with thermal s t r a i n s ,  one 
would expect t o  see a demonstration t h a t  the design curves a r e  conservat ive 

a t  temperatures higher  t han  20°C. Such information i s  not a v a i l a b l e  i n  

t h e  open l i t e r a t u r e  and consequently i s  shown i n  t h i s  r e p o r t .  Also i n -  

cluded i s  a d i scuss ion  Tdhich eva lua te s  a few o f  t h e  many v a r i a b l e s  which 

have an inf luence on high-temperature f a t i g u e  behavior .  

Rather than t o  modify t h e  f a t i g u e  da,ta t o  conform t o  a f i c t i t i o u s  

stress,  S, as was done by Coffin,  t h e  design s t r e s s  curves i n  Sect ion 111 

and Code Case 1331-1 have been converted t o  t o t a l  s t r a i n  by i m l t i p l y i n g  

s t r e s s  values  by 2/E. 

should remember t h a t  t h e  s a f e t y  f a c t o r s  a r e  s t i l l  included. 

Values f o r  E are given i n  Appendix A. The reader 

Pe r t inen t  d e t a i l s  regardi-ng t h e  experi-mental cond.iti.ons a s soc ia t ed  

with t h e  f a t i g u e  d a t a  reported. i n  F igs .  1 through 9 are given i n  ,4ppendix 

B. Basical ly ,  t h r e e  types of t e s t  d a t a  a r e  included: i.sotherma1 s t r a i n -  

f a t i g u e ,  isothermal  s t r e s s - f a t i g u e ,  and r e s t r a i n e d  thermal cycl ing.  I so-  

thermal s t r a i n - f a t i g u e  d a t a  a r e  gene ra l ly  the most r e l i a b l e  f o r  eva lua t ing  

s t r a i n - f a t i g u e  p r o p e r t i e s ,  s ince  s t r a i n  i.s t h e  conkrolled v a r i a b l e .  Iso- 

t h e m 1  s t r e s s - f a t i g u e  d a t a  can be r e l i a b l e  i f  t h e  s t r a i n  values  a r e  

monitored and mean s t r a i n s  not permitted.  Restrained thermal-cycling, 

although it most c l o s e l y  apprctaches a c t u a l  design condi t ions,  is  o f t e n  

regarded as u n r e l i a b l e  because of problems i n  c a l c u l a t i n g  t h e  iunit s t r a i n s .  

Where only p l a s t i c  s t r a i n s  have been reported,  reasona’nle e s t ima tes  of 

t h e  e las t ic  s t r a i n s  have been made based on t h e  m a t e r i a l  modulus and 

est imated y i e l d  s t r e n g t h s .  Where only s t r e s s e s  have been reported,  t h e s e  

have been converted t o  s t r a i n  by d iv id ing  by t h e  modulus. I n  all cases ,  

t h e s e  were bending t e s t s .  

PRESENTATION OF DATA 

Figure 1 presen t s  d a t a  f o r  f o u r  d i f f e r e n t  s t e e l s  a t  room temperature.  

Despi te  t he  d i f f e r e n t  compositions, hea t  t reatments ,  and t e s t i n g  tech-  

niques, t h e  a l l o y s  show very similar behavior .  The only except ion i s  

type 310 s t a i n l e s s  s t e e l  which shows a low endurance beyond lo5 c y c l e s .  

The design curve appears conservat ive over t h z  whole range. 



OP3L DWG- 65-33443 

CYCLES TO FAILURE 

Fig. 1. FaZigue of Stainless S t e e l s  at Room Tempra ture .  



Very few d a t a  are a v a i l a b l e  i n  t h e  temperature range froin 20 t o  

450°C; hence a l l  such d a t a  have been p l o t t e d  on t h e  s a m e  graph, shown 

i n  Fig. 2 .  The bend?-ng d a t a  of Johansson on 18 cr-8 N i  and t h e  a x i a l  

t e s t s  of Baldwiil' on type 347 s t a i n l e s s  s t e e l  show t h e  b e s t  f a t i g u e  

r e s i s t a n c e .  

t h i n  wall tubing i n d i c a t e  poor performance. Likewise, t h e  ,thermal 

f a t i g u e  d a t a  of Coffin' on t h i n  w a l l  type 34'7 s t a i n l e s s  s t e e l  tubing 

and t h a t  of  Mozharoskiil' on lK18NgT ( type  321 s t a i n l e s s  s tee l )  tubing 

show poor perfo-rmance. 

cycle  range between l.04 and lo5. 
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The isothermal. d a t a  of Horton' on type 3OhL s t a i n l e s s  s t ee l  

These d a t a  f a l l  c l o s e  t o  t h e  design curve i n  t h e  

The allowed s t r a i n  ranges of t h e  ASME design CilrVeS r a p i d l y  drop 

between 450 and 550°C and remain conservat ive i.n regard t o  most of t h e  
experimental  d a t a  I Figure 3, which shows d a t a  around 500°C, i n d i c a t e s  

t h a t  L h i s  i s  so .  Tine exceptions a r e  t h e  h i g h - s t r a i n  isothermal  d a t a  of 

Ho~to i? ,  t h e  thermal. f a t i g u e  d a t a  of Mozharoskii a t  low s t r a i n  l e v e l s ,  

and t h e  isothermal  d a t a  of Walker'' on type 316 s t a i n l e s s  s t e e l  p l u s  

colurnbi.im. Walker's d a t a  a r e  i n t e r e s t i n g  because they  were obtained 

on t h e  same machine as Baldwi-n's d a t a  ( type  347 s t a i n l e s s  s t e e l ) ,  a l s o  

shown i n  F ig .  3. The only d i f f e r e n c e  i s  t h a t  Walker employed a 12-hr 

hold time on t h e  t e n s i o n  s i d e  of t h e  cyc le .  

'A. Johannson, Fat iguz of S t e e l s  a t  Constant S t r a i n  Amplitude and 
Elevated Temperature, Colloquium or1 Fat igue , Proceeding , Springe -Verlag , 
Ber l in ,  p .  112 (1956). 

Fat igue Studies  on AIS1 type 347 S t a i n l e s s  S t e e l ,  Proc.  Am.. S O C .  Test ing 
Mat., - 57, 567 (1957). 

Fatigue Behavior of S t a i n l e s s  S- tee ls ,  ATL-A-144 (October 31, 1964). 

on a Uuct i le  Metal, 'Trans. Am. Soc. Mech. Eng., - 76, 931 (August 1954). 

w i t h  Lhe Boundary Coxiditions Taken i n t o  Accoun-t, Zavodskaya Laboratoriya,  
- 29, 71-13 (June 1.963). 

I1C. D .  Walker, S t r a i n  Fat igue P r o p e r t i e s  of Some S t e e l s  a t  5l.O"C 
with a Hold i n  t h e  Tension P a r t  of t h e  Cycle, J o i n t  I n t .  Conf. on Creep, 
I n s t .  Mech. Eng., Tkndon, p .  2)t (1963). 

-'E. E .  Baldwin, G .  J .  Sokol., and L.  F. Coffin,  Jr.,  Cyclic Sti-ain 

"K. E.  Horton and J. M. Hollander, Invest j igat ion of Thermal-Stress- 

'L. F. Coffin, Jr.,  A Study of t h e  E f f e c t s  of Cyclic Thermal S t r e s s e s  

'ON. S. Mozbar-vskii, On t h e  Problem of Tnermal Fatigue of Alloys 
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A t  $50°C, as shown i n  F ig .  I+, most of t he  d a t a  a r e  we l l  above the 

I n  design curve.  

both cases ,  however, some of t h e  po in t s  approach t h e  design curves,  

e s p e c i a l l y  f o r  Mozharvskii"s da t a .  

This i s  a l s o  t r u e  a t  600°c, as indica ted  i n  Fig.  5 .  

Data around 650"c are shown i n  Fig.  6.  This i s  t h e  h ighes t  tempera- 

t u r e  covered by Code Case 1331-1. Available  da t a  p l o t  well above t h e  

curve with t h e  except ion oi one t e s t  performed by Reynolds'" on type 304 
s t a i n l e s s  s t e e l  tub ing  i n  steam. 

t h e  design curve.  

This  t e s t  po in t  fa l ls  r a t h e r  c lose  t o  

Fa t igue  data around 700°C art' shown i n  Fig.  '[. The most s i g n i f i c a n t  

se t  of d a t a  included i n  t h i s  graph i s  t h a t  f o r  t h e  behavior of L ~ h 1 8 ~ 9 ~  
( type  321 s t a i n l e s s  s t e e l )  repor ted  by Ba1andin.l" He  shows a marked 

frequency effect  i n  thermal  cyc l ing  t h i n  w a l l  tubes  as t h e  hold t i m e  i s  

var ied  from 1/4 min. t o  10 h r .  

f a i l u r e  diminish with increased hold time from around 1200 t o  60. Some 

of t h e  thermal  cyc l ing  t e s t s  of Horton on type 304 s t a i n l e s s  s tee l  gave 

s h o r t  l i v e s ,  as w e l l  as t h e  low s t r a i n  t e s t s  performed by Kawamoto. 

A t  a s t r a i n  range of 0.4%, t h e  cyc les  t o  

14 

Figure 8 includes f a t i g u e  d a t a  on types 304 and 316 s t a i n l e s s  s t e e l  

a t  815"~. 
s t a i n l e s s  s t ee l  i n  a i r  and vacuum. 

has considerably b e t t e r  f a t i g u e  r e s i s t a n c e  in  vacuum. 

One i n t e r e s t i n g  feature  i s  the  r e l a t i v e  behavior of type 316 
Danek's"' data show t h a t  t h i s  material 

Data t i t  temperatures above 800"c are shown i n  Fig. 9. We normally 

do not  expect t h a t  s t a i n l e s s  s t e e l s  w i l l  be used a t  such high Lemperatures. 

The data i n  t h i s  f i gu re ,  however, r evea l  t h a t  on a t o t a l  s t r a i n  b a s i s  t h e  

low-cycle f a t i g u e  behavior i s  no worsc than  t h a t  repor ted  a t  lower terqiera- 

t u r e s .  

'%le B. Reynolds, Slow Cycle S t r a i n  Fa t igue  i n  Thin Wall Tubing, 
GMP 3983 ( J u l y  1962). 

13T. F. Balandin, The Comparison of Resul t s  of Short-  and Long-Term 
Thermal Fat igue Tests, Zavodskaya Laboratoriya,  - 29, 746 (June 1963). 

'%I. Kawmoto, T. Tanaka, and E. Nakaj im,  Study of Ef fec t  of Severa l  
Fac tors  on Thermal Fat igue,(Report  submitted t o  Am. Soc. T e s t .  M a t .  f o r  
puis l icat ion)  . 
Fat igue  i n  Control led EnvironmeIits, NRL-5666 (September 1961). 

"'G. J. Danek, J r . ,  H. H. Smith, and M. R. Achter,  Hi& Temperature 



n .  j i g .  4. Fatigue of Stainless Steels Aroy~nd 550°C. 
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CYCLES TO FAILURE 

Fig .  9. Fatigue oi' Stainless StT-els Above 800°C. 



D i scuss I ON 

A considerable  range of v a r i a b l e s  i s  covered by the d a t a  repor-Led 

here .  Tnese may be separaLed i n t o  two ca t egor i e s ,  one p e r t a i n i n g  t o  t h e  

t e s t i n g  condi t ions and t h e  o t h e r  t o  specimen cons ide ra t ions .  A l i s t i n g  

of those which w i l l  be discussed i s  given‘oelow. 

A. Test ing Variables  

1. S t r a i n  amplitude 

2 .  ‘Temperature 

3. Frequency o r  hold t i m e  

4 .  Control  parameter 

5. S t r e s s  d i s t r i b u t i o n  

B .  Specimen Varia’oles 

1. M a t e r i a l  

2.  Heat treatment, o r  metallurgi.ca1 s t r u c t u r e  

3. Geome-L-ry 

S t r a i n  Amplitude. It i s  c l e a r  t h a t  i nc reas ing  t h e  s t r a i n  amplitude 

shortens the f a t i g u e  l i f e .  I n  general ,  Eq. (1) i s  a f a i r  approximation 

of the low-cycle f a t i g u e  c h a r a c t e r i s t i c s  at e l eva ted  temperature, b u t  t h e  

cons t an t s  cx and C cannot be evaluated from known engineering p r o p e r t i e s .  

Experimental values  f o r  a range from 0.3 t o  1 and C values  d i f f e r ,  i n  

some cases,  by more than  an  o rde r  of magnitude frorn t h e  t r u e  fractu.re 

s t r a i n  i n  t ens ion .  i t  i s  l i k e l y  t h a t  t h i s  problem w j - 1 1  be resolved i n  

t h e  near  fu-Lure. 

which assume t h a t  low-cycle f a t i g u e  i s  con t ro l l ed  by crack propagation 

rakes through work-hardened material. These tneori.es p r e d i c t  a value of 

a which depends i n v e r s e l y  on t h e  work hardening c o e f f i c i e n t .  The low 

work hardening capa’oil i ty at high temperature would i-ndicate l a r g e r  

Several  new theories”“’17 have been advanced r e c e n t l y  

I%. Weiss, Analysis of Crack Propagation i n  Strain-Cycl ing Fatigue,  
Fat igue - An I n t e r d i s c i p l i n a r y  Approach, p .  179, Syracuse TJniversity- 
Press ,  Syracuse, N. Y .  (1964) 

AFML-TK-6h-11l5 (March 1965) . 17J. C .  Grosskreutz, A Theory of Stage iI Fatigue Crack Propagation, 



va lues  f or- a. Another approach, somewhat empir ical ,  has been suggested 

by Coffin.'" 

s t r a i n  rate i n  t h e  high-temperature region,  t h e  low-cycle f a t i g u e  curve 

may be a f f e c t e d .  By developing a parameter t o  desc r ibe  t h e  v a r i a t i o n  i n  

t e n s i l e  d i i c t i l i t y  with temperature and s t r a i n  r a t e ,  he w a s  a b l e  Lo c o r -  

r e l a t e  high-temperature s t r a i n  f a t i g u e  d a t a  a t  s e v e r a l  teniperatures . 

H e  shows t h a t ,  if t h e r e  i s  l o s s  i n  d - u c t i l i t y  with decreased 

Temperature. It i s  evident  froin t h e  d a t a  presented here  tha t  t h e  

low-cycle f a t i g u e  c h a r a c t e r i s t i c s  d e t e r i o r a t e  with increafiing terapera- 

t u r e .  ??le gene ra l  t r end  of t h e  d a t a  ind-icatss t h a t  the "knee" of t h e  

fa t igue CUi-Ve i s  moved toward lower cyc le s  and lower s t r a i n s  as t,he 

temperature inc reases .  

cyc le s  decreases .  Any o r  s e v e r a l  of t h e  fol lowing phenomena, associated 

with high temperature, could reduce t h e  s t r a i n  f a t i g u e  r e s i s t a n c e  

TO a l e s s e r  e x t e n t ,  t h e  end-urance s t r a in  at 10" 

a. P r e c i p i t a t i o n  of i n t e r m e t a l l i c  phases on g r a i n  boun.d.aries . 
b. Sigma formation. 

e .  Void formation. 

d. Wedging e f f e c t s  due t o  g r a i n  boundary ox ida t ion .  

e.  S t r a i n  concen t r a t ion  i n  g r a i n  boundaries.  

E. Nonuniform s t r a i n  i n  t h e  t e s t  s e c t i o n  due t o  poor work-hardening 

eharac t e r  i st  i c s . 
Frequency o r  Hold Time. Frequency cir hold time should be important 

i f  a r y  of t h e  mechanisms mentioned. above are ope ra t ive .  Ba land in ' s  d a t a  

on IKhl8M9T could be explained on t h i s  basis, and perhaps Walker's r e su l t s  

on. type 316 s t a i n l e s s  s t e e l  p l u s  columbium. 

e f f e c t  on thermal  cyc l ing  type 347 s t a i n l e s s  s tee l .  

d a t a  r epor t ed  here,  however, span a narrow frequency rang2 arid it i s  d i f -  

f i c u l t  t o  say j u s t  how s i g n i f i c a n t  frequency of  cyc l ing  w i l l  be i n  regard 

t o  s e r v i c e  l i f e .  

Coff in  observed a hold t ime 

Most of t h e  f a t i g u e  

Control  Parameter. With a few exceptions,  t h e  r e s t r a i n s d  thermal 

cyc l ing  d a t a  fall s h o r t  of isothermal  s t r a i n - f a t i g u , e  d a t a  at temperatures 

I8L. F. Co€fin, Jr., Cycl ic  S t r a i n  aod Fatigu-e Study of a 0.1  p c t  C - 
2.0 p c t  Ko S t e e l  a t  Elevated Temperatures, Trans.  Met. Soc. of A.I.M.E., 
_I 230, 1960 (December 1964). 
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up t o  600°C. 

occurr ing i n  t h e s e  t e s t s  a r e  higher  t han  t h e  reported values .  Horton 

found t h a t  s t r a i n s  i n  exccess of 1% r e s u l t e d  i n  specLrnen i n s t a b i l i t y  and 

obvious s t ra i .n  concentrat ion i n  t h e  buckled region of t h e  gage l eng th .  

A t  650°C and above, r e s t r a i n e d  thermal cyc l ing  d a t a  show f a i r l y  good 

c o r r e l a t i o n  with i s o t h e m a l  t e s t s .  

Tnis has been explained 19' '* by assuming t h a t  actual.. straiiis 

S t r e s s -con t ro l l ed  fat;igu.e d a t a  f a r  s t a in l e s s  s t e e l s  a r e  very meager. 

Avai lable  d a t a  cover t h e  range from lo" to lo6 cycles ,  and tend t o  e x t r a -  

p o l a t e  i n t o  t h e  s t r a i n - c o n t r o l l e d  d a t a .  

S t r e s s  D i s t r i b u t i o n .  S t r e s s  o r  s t r a i n  d i s t r i b u t i o n  may have a s i g -  

n i f i c a n t  e f f e c t  on low-cycle f a t i g u e ,  especial1.y where t h i s  d i s k r i b u t i o n  

might mean the d i f f e r e n c e  between buckling and nonbuckling or between a 

crack stopping o r  cont inuing t o  propagate.  

d a t a  reported here  has been obtained from axial]-y loaded t e s t s ,  where t h e  

s e c t i o n  through which the  crack propagates experiences uniform o r  i n -  
t e n s i f y i n g  s t r a i n .  I n  design problems, t h e  peak s t r e s s  i s  l o c a l i z e d .  

Hence, a crack must  propagate through a s e c t i o n  where t h e  s t r a i n  i.s r e -  

duced i n  order  t o  produce f a i l u r e .  I n  t h i s  r e s p c t ,  we might expec.t that 

s t r a in - f a t i -gue  t e s t s  i n  bending might be more app l i cab le .  The bending 

d a t a  reported here  gene ra l ly  show t h e  b e s t  f a t i g u e  r e s i s t a n c e .  

The l a r g e s t  p o r t i o n  of t h e  

Materials. We might expect some s t a i n l e s s  s teels  -Lo be supe r io r  t o  

o t h e r s .  Good - t e n s i l e  d u c t i l i - t y  i s  probably a d e s i r a b l e  property i.n t h e  

low-cycle range, and high s t r e n g t h  i s  desirah1.e i n  t h e  high-cycle range. 

Ma te r i a l s  whi-ch s u f f e r  l o s s  i n  d u c t i l . i t y  because of ca rb ide  p r e c i p i t a t i o n  

or  sigma formaiion could he worse i n  f a t i g u e  than  weak but  noriagihg 

materials. Thus, t y p e  304 s t a i n l e s s  s-Leel could prove superi.or t o  Lypes 

321 and 3 l O  s t a i n l e s s  s t e e l .  Ignoring t h e  d i f f e r e n c e s  i n  t h e  t e s t i n g  

techniques,  type 347 s t a i n l e s s  s t e e l  seems t o  be t h e  b e s t  Imterial up t o  

GOO"C, and type 321 s t a i n l e s s  s t e e l  ( m 1 8 ~ 9 ~ )  i s  r e l a t i v e l y  poor. 

"T. C .  Yen, Thermal Fat igue - A C r i t i c a l  Review, Welding Research 
Council  Bu3.letin No. 72 (October 1961). 

2oA. E .  Carden, Thermal Fati-gue - P a r t  I. An Analysis of tile Con- 
v e n t i o n a l  Experi-mental Method, Proc. Am. SOC. T e s t .  M a t . ,  - 63, 735 (1963). 



Jumping t o  8oo0c, type 304 s t a i n l e s s  s t e e l  seems b e t t e r  t h a n  type 316 
s t a i n l e s s  s t e e l ,  wk1:ici.i i s  a s t ronge r  a l l o y .  

H e a t  Treatment. Horton 's  d a t a  include two d i f f e r e n t  g r a i n  s i z e s  

and a cold worked m a t e r i a l .  Althougli he found l i t t l e ,  i f  any, e f f e c t  

of cold work on thermal  f a t i g u e ,  t h e  f i n e  grained material w a s  supe r io r  

a t  high temperatures .  

350°C r e v e a l  only s l i g h t  and i n c o n s i s t e n t  g r a i n  s i z e  e f f e c t s ,  but; C o f f i n ' s  

thermal. f a t i g u e  d a t a  on tyye 347 s t a i n l e s s  s t e e l  showed a pronounced l o s s  

i n  t h e  low-cycle l i f e  f o r  cold worked m a t e r i a l .  These i n c o n s i s t e n c i e s  

r e q u i r e  r a t h e r  e l a b o r a t e  explanat ions.  

Baldwin's data, on type 347 s t a i n l e s s  s t e e l  a t  

Geometry. Specimen geometry i s  c r i t i c a l  i n  gener8t ing h i g h - s t r a i n  

f a t i g u e  d a t a .  The problem of buckling i n  axial tes-ts has plagued i n -  

v e s t i g a t o r s .  Thdn w a l l  t u b u l a r  specimens are not  s t a b l e  under a x i a l  

loads when. s t r a i n s  exceed 1%. 

oT t h e  gage l eng th  bulges  arid t h e  w a l l  t h i n s ,  while i n  t h e  end po r t ions  

t h e  wall sometimes become t h i c k e r .  

of h i s  t ubes  as a r e s u l t  of p l a s t i c  expansion and co l l apse ,  arid the  Oak 

Ridge Na t iona l  Laboratory t e s t s  ( i-sothermal) on type 304 s t a i n l e s s  s t e e l  

produced one or two convolutions i n  a x i a l l y  s t r a i n e d  tubes a t  high s t r a i n  

levels. This probl.em i s  p a r t i c u l a r l y  acu te  at high temperat-ures and i s  

probably a s s o c i a t e d  wi-t;h poo:r work hardening c h a r a c t e r i s t i c s  wlii.c'n produce 

a creep buckl ing phenomenon. On t h e  o t h e r  hand, Cofi'in21 desc r ibes  

geometric i n s t a b i l i t y  a t  room terripera-Lu're, and And.erson22 fo-und. s i m i l a r  

behavior i n  aluminum a l l o y s  a t  higher  temperatumes. The s t r a i n  concen- 

t r a t i o n  and l o c a l i z e d  r a t c h e t  e f f e c t s  t hus  produced have a s ign i f i can t .  

i n f luence  on t h e  low.-cycle f a t i g u e  behavior,  and t h e  f a t i g u e  d a t a  i n -  

cluded i n  this r e p o r t  should be considered with t h i s  i n  view. 

Uiider r e s t r a i n e d  thermal  cyc l ing  the c e n t e r  

Reynolds r e p o r t s  wrinkl ing ( i so the imz l )  

N o  dalsa are provided i n  t h i s  r e p o r t  p e r t a i n i n g  t o  t n e  low-cycle 

f a t i g u e  p r o p e r t i e s  of weld .  m e t a l  or h e a t  a f f e c t e d  zone m a t e r i a l .  T'is 

2' 'L. F. Coffin,  Jr., The S t a b i l i t y  of Metals Under Cycl ic  P l a s t i c  
S t r a i n ,  Trans. Am. Soc. Mech. Eng., - 82, 671 (1.960) 

"c%. F. Anderson and W. Wahl, Resu l t s  o€ High-Temperature S t r a i n -  
Fa t igue  Tests on Reactor-Grade Alwminum-Base Mate r i a l s ,  NU-XX-4526 
(1961). 
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i s  an extremely important area f o r  f u r t h e r  work. The only p r o t e c t i o n  

'I ich t h e  designer  has i n  t h e  prevent ion of f a i l u r e  i n  t h e s e  regions i s  

t h e  s a f e t y  f a c t o r  b u i l t  i n t o  i h e  ASME design curves un le s s  - as i s  

commonly t h e  case - h e  inc reases  the s e c t i o n  th i ckness  i n  t h c  v i c i n i t y  

of t he  welds or p laces  t h e  welds i n  regions of low s t r e s s .  

CONCLUSIONS 

1. Da-La on aus-Lenitic s t a i n l e s s  s teels  included i n  t h i s  r e p o r t  

i n d i c a t e  t h a t  t h e  f a t t g u e  design curves presented i n  Sec t ion  I11 of t h e  

ASME Bo i l e r  and Pressure Vessel Code and Code Case 1-331-1 a r e  con- 

s e r v a t  ive . 
2. Veri-f icat ion of t h e  above statement i s  need-ed i.n regard t o  

sigma fo-rming a l l o y s ,  e s p e c i a l l y  when t h e s e  materials are exposed t o  

c y c l i c  s t r a i -ns  for long ti.mes and a t  temperatures above 550°C. 

3. Considering t h e  f a c t o r  of s a f e t y  incorporated i n t o  t h e  design 

curves, t h e r e  i s  an appreciable  amount or d a t a  t'nat fa l l s  shor t  of ex- 

pec ta t ions .  This should not be of g r e a t  concern i n  design work because 

of t h e  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  condi.tIons of experi-mental 

t e s t i n g  and the  s e r v i c e  condi t ions where Tatigue a n a l y s i s  i.s allowed. 

I n  experimental  t e s t i n g ,  crack propagation r a t e s  a c c e l e r a t e  under i n -  

t e n s i f y i n g  s t r a i n  f i e l d s  whereas t h i s  should not  occiir i n  servi.ce a p p l i -  

c a t i o n s .  

4. Above 600"c t h e  s t r a i n - f a t i g u e  r e s i s t a n c e  of stair1.l-ess s t e e l s  

i s  d r a s t i c a l l y  reduced. 

near t h e  p ropor t iona l  l . i .mi t ,  t h e  endurance a t  s t r a i n s  around 1% i s  a 

f a c t o r  of 10 t o  100 below t h a t  which would be expected from C o f f i n ' s  

equation: 

Although t h e  endurance at lo6 cycles  remains 

1/2 
Nf Ep = E f / 2  

'The reason for this i s  not immediately obvious, b u t  i.t could be as- 

soc ia t ed  with low work hardening c h a r a c t e r i s t i c s  which inc rease  crack 

propagation r a t e s ,  t b e - t e m p e r a t u r e  e f f e c t s  which red.uce ducti1.i-by, o'r 

geometric s t a b i l i - t y  problems which produce s t r a i n  concen t r a t ions .  
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ELASTIC MODULI1 VALUES FOR STAINLESS STEELS 

Temper at ure 
("c> 

20 

100 

149 
204 

260 

315 
371 
427 
482 

5 38 

593 
6 49 

Modulus 
( p s i )  

27.4 
27.1 
26.8 
26 . 4 -  

26.0 

25.4 
24.9 
24.2 

23.6 
23 .o 

21.3 
22.2 
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I W D m T I O N  PERTAINING TO FATIGUE DATA 

AIS1 Type 347 
x 

Reference 23 

Condition: Ann.l093"C, I hr ,  A.C. 

Specimen s i z e :  Rod, zero  gage length x 3/8 i n .  o r  0.14 i n .  diam 

Loading : 

Control: 

Frequency : 

Temperatures: 

Atmosphere: 

Reference 7 
Condition: 

Analysis :  

Axial 

P l a s t i c  s t r a i n  range at zero  load 

11.00 cph, 100 cph, o r  v a r i a b l e  according t o  s t r a i n  
r a t e  o r  s t r a i n  range. 

Room 

A i r  

Four d i f f e r e n t  hea t  t rea tments  t o  vary g r a i n  s i z e  
f r o m  ASTM No. 2 $0 7. Data repor ted  here p e r t a i n  
t o  l l O O ° C ,  5 min., A.C. g iv ing  ASTM No. 7 .  
S ix  d i f f e r e n t  heats. The fol lowing p e r t a i n s  t o  
d a t a  repor ted  here :  

C M i  C r  Mn L i  C 1  Ta P s 
0.055 11.1 17.9 1.5 0.45 0.73 0.025 O.O31i. 0.027 

Specimen s i z e :  

Loading: Axial  
Contr ol. : T o t a l  ex tens ion  l i m i t s  
Atmosphere: A i r  

Rod, 1/2 i n .  gage lengtn  x 3/16 i n .  d.iam 

x 
Reference 24 

Condit ion: Ann. 1093"C, 1-5 min, W.Q. 
Specinen s i z e :  

Loading : Axial 

Control  : Stress ampLitude, strain recorded 

Rod, 1/2 and 1 i n .  gage l eng th  x 1/4 i n .  d . i m  

Frequency: 140 cpm 

Temperature : 537°C 
Atmosphere : A i r  

* 
See page 35 f o r  r e fe rence .  
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Reference 9 
Condition : Ann. llOO°C, A.C., and cold worked. i n  t o r s i o n  o r  

t e n s  ion  

Tubular, 2 i n .  gage length x 0.540 i n .  OD x 0.020 Specimen s i z e :  

Load.i.ng : 

Control:  

Frequency: 

Temperatures: 

Atmosphere: 

3- Reference 25 

C ond it i on : 

Analysis:  

w a l l  

Axial produced by r e s t r a i n e d  thermal  cyc l ing  

Temperature l i m i t s  and hold t i m e  

Approximately 240 cph with hold  times up t o  3 min. 

M a x i m a  ranging up t o  6oo0c, minima down t o  l g 0 " C .  
Mean 250, 350, and 450°C 
A i r  

Ann. 13_0O"C, 2 h r ,  W.Q. 

C Mn S i  P S N i  C r  Cb 

0.065 0.'79 0.35 0.009 0.024 1-1.97 18.1 0.78 
Mechanical P ropes t i e s :  

Specimen s i z e :  

Loading : 

Control : 

Frequency: 

Temperature: 

Atmosphere: 

El$ X.A. 

Room 80,000 32,000 62.5 71.5 
- Y.S. - UTS __ Temp. - 

'Ilubular, 1 .2  i n .  gage l eng th  x 0.117 i n .  OD x 0.OI-LO 
w a l l  

Axial produced by r e s t r a i n e d  thermal  cyc l ing .  Also 
combined thermal  and mean loading 

Temperature l i m i t s  and mean s t ress  

1 cpm 

400°C mean 

A i r  

AIS1 Type 304, 304L, and 3011. ELC 

Reference 12 (304) 
C ond. it i on : Not s p e c i f i e d  

Specimen s l z e :  Tubular, 3 i n .  gage l eng th  x 1..25 OD x 0.Ol.h w a l l  

Loading : A l t e r n a t e  i n t e r n a l  and e x t e r n a l  p re s su re  

Cont r ol : Extension l i m i t s  determined by mandrel s i z e  

Temperature: 649, 704°C 

Atmosphere: Argon, steam 



Reference 26*( 304) 

Cond it ton  : Ann.  1038Oc, 1 hr ,  A.C. 
Specimen s i z e :  Tubular,  1 i n .  gage l eng th  x 0.963 OD x 0.060 w a l l  

Load ing  : Axial 

Cont ro l  : T o t a l  ex tens ion  l i m i t s  

Frequency: 30 cph 

Temperature: 704, 815, and 871"c 
Atmosphere: A i r  

Reference 8 (304 and 3041;) 

Condition : 

Analysis:  

Specimen s i z e :  

Loading : 

Control :  

Frequency : 

Temperatwes : 

Atmosphere: 

Three condi t ions  f o r  30kL: 1) cold worked, 2 )  1038"C, 
2 h r ,  and 3) 1149"C, 2 lir. S ing le  condi t ion  f o r  3011: 
l O 3 8 " C ,  2 h r  

C Mn L i  P S C r  N i  -------- 
304 0.05 0.88 0.50 0.028 0.011 18.71 9.84 
3041; 0.018 1.32 0.65 0.009 0.011 18.22 10.51 

Tubular, 2 i n .  gage l eng th  x 0 .44 OD x 0.02, 0.03, 
o r  0.04 wall 

Axial produced by r e s t r a i n e d  thermal  cyc l ing .  Somts 
i so thermal  t e s t  a x i a l l y  loaded by thermal  cyc l ing  
r e s t r a i n i n g  columns. 

Rate of temperature change and temperature l i m i t s  

Var iab le  around 1 cpm p lus  hold t imes between 0 and 
60 see .  

M a x i m a  up t o  900°C, minima down t o  100°C, mean of 
400 and 600°C 

Air and argon 

Reference 2?* (304) 
Condition: M i l l  annea l  

Analysis :  C Mi L i  P S C r  N i  ------- 
0.06 0.83 0.66 0.02 o.ozk 18.48 9.47 

Mechanical p r o p e r t i e s  : 

Y.S. $ R.A. - UTS 
cc 

Temp. 
Room 83, ooo 37, '700 62 - - - -  

Specimen s i z e :  Tubular, 2 i n .  gage length  x 0.64 OD x 0.0~0 w a l l  

Loading : Axial produced b y  r e s t r a i n e d  thermal  cyc l ing  



Control: Temperature l i m i t s  

Frequency : Variable  around 120 cph 

Temperature: 

Atmosphere: A i r  

M a x i m a  vary from 482 Lo 926"c, minima from 1.00 t o  
740°C, mean va lues  from 482 t o  815"~ 

Reference a* 
Condition : Cold r o l l e d  and annealed 

Analysis:  C Mn L i  P S C r  Ni 
- - - _ I _ - - -  

0.061 0.87 0.60 0.021 0.011 18.76 9.53 
Specimen s i z e :  Sheet 

Loading : Bending 

Control  : S t r e s s  amplitude 

Frequency: Not s p e c i f i e d  

Temperature: 649, 732, 815"c 

Atmosphere : A i r  

Reference 29* (304) 
Condition: 

Analysis : ------ C Mn P s Cr N 

Rod, 1/2 i n .  gage l eng th  x 1/4 i n .  diam 

0.034 0.61 0.03 0.023 19.0 9.0 
Specimen s i z e :  

Loadi ng : Llrial 

Control: P l a s t i c  s t r a i n  range deterinined a t  zero  load 

Frr quency : Variable  from 0.6 t o  60 cpm 

Atmosphere : A i r  

Reference 6 (304) 
Condition: No s p e c i f i e d  

Analysis:  C Mn P S L i  CT N i  ------- 
Heat A - 0.08 0.216 0.032 0.016 0.17 17.48 8.'75 
H e a t  I3 - 0.10 0.58 0.031 0.016 0.15 1'7.95 7.95 

Mechanical p r o p e r t i e s :  

Y . S .  $ El.. % R.A. - UTS - Temp. 

Room 101, ooo 38,500 79 81.0 
300 '75,000 21,000 4 -( 70.5 
500 70 , ooo 20,500 45 66.0 



Specimen s i z e :  Tapored rod, 0.15 i n .  minimum diameter  

Loading: Def l ec t ion  l i m i t s  
Frequency: 0.5 cpm 

Temperature: 20, 300, and 500°C 

Atmosphere: A i r  

Reference 34 (18/8> 
Cond it i on : ?Jot s p e c i f i e d  

Analys i s ; c L i  Mn S P X i  C r  Mo 

0.065 0.85 0.93 0.005 0.032 8.9 18.7 0.14 
- - - - ____ - I_ - 

Mechanical p rope r t i e s :  

Y . S .  $ El $ R.A. - UTS - Temp. 
Room go, ooo 32,909 65 71.2 

Specimen s i z e :  Rod, v a r i a b l e  diameter  and length  

Loading: 

Control: Temperature l i m i t s .  Also degree of r e s t r a i n t  w a s  

Ax ia l  produced by r e s t r a i n e d  thermal cyc l ing  and 
mechacical load  

v a r i e d  t o  produce d i f f e r e n t  s t r a i n s  a t  t h e  same 
temperature l i m i t s  

1 t o  4 cpm 

M a x i m a  vary  from 500 t o  800°C. 

Frequency : 

Temperature: 

Atmosphere : A i r  

Minima Trorn lG0 t o  
300 O c 

Reference 3Q* (304) 
Cond it, ion: M i l l  annealed 

C P S C r  N i  C r  
- - I _ _ _ c 1 - -  

Analysis: 

0.039 0.026 0.012 18.83 8.99 0.19 
Mechanical p r o p e r t i e s  : 

Y . S .  
I_ 

UTS Temp. 

Room 84,000 33,5CO 

5l;o"c 55,000 20,000 

Rod, 1/2 i n .  gage l eng th  ic 0 

- 

Specimen s i z e :  

Loading: Axia l  

C on t  r 01 : T o t a l  ex tens ion  l i m i t s  

Fre  guency : 10 cprn 

$ E l  % R.A. 

72 70 
40 60 

188 d i m  



Temperatures: Room, 540°C 

Atmosphere: A i r  

Reference 5 (304 ELC hard, 304 ELC) 

Condi t i on : Annealed, cold drawn 

Analysis:  c Mn P S S i  C r  N i  

0.026 0.45 0.03 0.014 0.1~0 18.67 8.50 
- - - _ _ I _ - - -  

Mechanical p rope r t i e s :  
Y.S .  e $ R.A. - UTS 

._c 

Ann. 108, ooo 37, ~ 0 0  -...- 74.3 
Bard 138,000 108,000 --- 68.8 

Specimen s i z e :  

Loading: 

Control: 

Frequency: 

Temperature: 

Atmosphere: 

AIS1 Ty-pe 316 
Referewe IFj 

Condition: 

Specimen s i z e :  

Loading : 

Control  : 

Frequency: 

Temperature: 

Atmosphere : 

* 
Reference 3'3- 

Condition: 

Specimen s i ze :  

Loading: 

Rod, zero gage length,  114 i n .  diam 

Axia l  

Diametric s t r a i n  range 

Up t o  30 cpm 

Room 

A i r  

Not s p e c i f i e d  

Sheet, ze ro  gage length x 1/2 i n .  x 0.050 i n .  

Bending 

Def l ec t ion  l i m i t s  

300 cpm 

815"~ 
A i r  and vacuum 

Not spec i f i ed  

1) Rokating beam no-t; s p e c i f i e d  ( r o d ) ,  2 )  p l a t e  i n  
bending not spec i f i ed ,  and 3) to r s ion ,  t ubu la r  
2 318 i n .  g.1.  x 3/8 i n .  OD x 0.070 w a l l  

1) bending ( r o t a t i n g  beam), 2 )  bending over and 
a v i l ,  3) t o r s i o n  s t r e s s  



Coct r o l  : 

Frequency : 
Temperature: 815°C 
Atmosphere: 1) air ,  2)  air, and 3) argon 

1) s t r e s s  amplitude,  2 )  t o t a l  d e f l e c t i o n  l i m i t s ,  and 
3) t o t a l  t w i s t  l i r n i k s  

1) n c t  spec i f i ed ,  2 )  probably 2 cph, and 3) 1 112 c p  

Reference 11 (316 and C b )  

Condition: Ann. 1052"C, 10 h r  S.C.  + 871, 10 hr  F.C. 

Analysis :  C Mn s S i  C r  Mo N i  C b  C Ta 

0.08 0.84 0.021 0.89 14.86 2.0 14.34 0.95 
Rod, 0.7 i n .  gage l eng th  x 3/16 i n .  diarn Specimen s i z e :  

Loading: Axial 

Cont ro l  : T o t a l  ex tens ion  l i m i t s  
Frequency : 12 h r  hold i n  t e n s i o n  

Temperature : 510°C 

Atmosphere: A . i r  

A I S 1  Type 321 

Reference 10 (IxhL8N9T) 

Condition : 

Speciiilen s i z e :  

Loading : 

Control :  

Frequency: 

Temperature: 

Atmosphere: 

?Jot s p e c i f i e d  

Tubular, 2.35 i n .  gage length  x 0.5 i n .  OD 

Ax ia l  produced by r e s t r a i n e d  t h e r m 1  cyc l ing  

Temperature l i m i t s .  Also t h e  degree of r e s t r a i n t  
w a s  var ied  t o  produce d i f f e r e n t  s t r a i n s  f o r  t h e  same 
temperature l i m i t s  

Approximately 4 epm 

Maxima from LOO %o 20O"C, mean f rom 250 t o  )-LOO~C 

A i r  

Reference 13 ( am18~9~)  
Condition: Not s p e c i f i e d  

Specimen : Tubular 

Loading : 
Contra1 : Temperature l i m i t s  and hold t ime 

Axial produced by r e s t r a i n e d  thermal  cyc l ing  



Frequency: 

Temperature: 700"c maximum, ~ O O O C  mini-mum 

Atmosphere : A i r  

From 4 cpm t o  0.1 cph 
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