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THE INFLUENCE OF TEMPERATURE, ENVIRONMENT, AND THERMAL AGING 
ON THE CONTINUOUS CYCLE FATIGUE BEHAVIOR OF 

HASTELLOY X AND INCONEL 617 

J. P. S t r i z a k ,  C. R. Brinkman, M. K. Booker, and P. L. Ri t tenhouse  

ABSTRACT 

We presen t  r e s u l t s  of s t r a i n - c o n t r o l l e d  f a t i g u e  and ten- 
s i l e  tests f o r  two n icke l -base ,  solution-hardened r e fe rence  
s t r u c t u r a l  a l l o y s  f o r  use i n  s e v e r a l  High-Temperature Gas- 
Cooled Reactor (HTGR) concepts.  These a l l o y s ,  Has t e l loy  X and 
Incone l  617, were t e s t e d  from room temperature t o  871°C i n  a i r  
and impure helium. Materials were t e s t e d  i n  both t h e  so lu t ion -  
annea led  and t h e  preaged cond i t ions ,  i n  which ag ing  c o n s i s t e d  
of i so the rma l  exposure a t  one of s e v e r a l  t empera tures  f o r  
p e r i o d s  of up t o  20,000 h. Comparisons are g iven  between t h e  
s t r a i n - c o n t r o l l e d  f a t i g u e  l i v e s  of t h e s e  and s e v e r a l  o t h e r  
commonly used a l l o y s ,  a l l  t e s t e d  a t  538OC. An a n a l y s i s  i s  
a l s o  presented  of t h e  continuous cyc le  f a t i g u e  da ta  obta ined  
from room temperature t o  427°C f o r  Has te l loy  G ,  Has t e l loy  X, 
Has t e l loy  C-276, and Has te l loy  C-4, an e f f o r t  undertaken i n  
suppor t  of ASME code development. 

INTRODUCTION 

Has te l loy  X and Inconel  617, both so l id - so lu t iows t r eng thened  n icke l -  

base  a l l o y s ,  are c u r r e n t l y  r e fe rence  materials f o r  f a b r i c a t i o n  of a number 

of high-temperature components of High-Temperature Gas-Cooled Reactor 

(HTGR) steam c y c l e c o g e n e r a t i o n  and reformer systems. The f i r s t  of t h e s e  

a l l o y s ,  Has t e l loy  X, has been used s u c c e s s f u l l y  f o r  almost t h r e e  decades 

i n  a v a r i e t y  of e leva ted- tempera ture  a p p l i c a t i o n s  r e q u i r i n g  high s t r eng th .  

I ts  most ex tens ive  use i n  t h e  HTGR is  expected t o  be as a thermal b a r r i e r  

cover  p l a t e  material. I n d u s t r i a l  exper ience  wi th  t h e  second a l l o y ,  

Incone l  617, is much more l i m i t e d ,  but t h i s  a l l o y  has t h e  d i s t i n c t i o n  of 

posses s ing  high c reep  r e s i s t a n c e  a t  e l eva ted  temperatures.  It i s  there-  

f o r e  cons idered  t o  be t h e  l ead ing  cand ida te  f o r  c o n s t r u c t i o n  of t h e  i n t e r -  

mediate h e a t  exchanger f o r  t h e  reformer system. 

1 
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The HTGR a p p l i c a t i o n s  a n t i c i p a t e d  f o r  t h e s e  a l l o y s  r e q u i r e  t h a t  low- 

and high-cycle f a t i g u e  d a t a  be a v a i l a b l e  t o  s a t i s f y  t h e  demands of engi- 

nee r ing  des ign  d a t a ,  codes (as i n  Sect.  T-1400 of ASME Code Case N-47-17), 

and l i c e n s i n g .  

mation is needed on t h e  e f f e c t s  of s e r v i c e  l i f e  and environment p a r t i c u -  

l a r l y  because c a r b u r i z a t i o n  may be expected a t  e l e v a t e d  tempera tures  i n  

HTGR primary coo lan t  helium. To s a t i s f y  t h e s e  needs,  a program of low- 

cyc le  f a t i g u e  t e s t i n g  w a s  undertaken on Has te l loy  X and Incone l  617. 

b a s e l i n e  d a t a  were determined on so lu t ion-annea led  (unaged) materials. 

Specimens aged f o r  up t o  20,000 h a t  a n t i c i p a t e d  s e r v i c e  tempera tures  were 

t h e n  t e s t e d  f o r  comparison. 

e nv i  r onmen t s . 

I n  a d d i t i o n  t o  t h e  b a s i c  low-cycle f a t i g u e  d a t a ,  i n f o r -  

The 

Both a i r  and HTGR helium were used as tes t  

MATERIALS CHARACTERIZATION 

The materials used i n  t h i s  s tudy  are c h a r a c t e r i z e d  i n  Table 1. 

Hourglass-shaped gage s e c t i o n  f a t i g u e  specimens w e r e  f a b r i c a t e d  from 

Table 1. C h a r a c t e r i z a t i o n  of 12.7-mm-plate 
( 1/ 2-in. ) alloy' 

_ _ _ _ _ _ _ ~  

Incone l  617 Has te l loy  X 

Heat 
Content ,  w t  % 

N i  
C r  
c o .  
Mo 
Fe 
A 1  
S i  
C 
Mn 
S 
W 

Source 
Gra in  s i z e  

XXO 1A3U5 

57.35 
20.30 
11.72 , 

8.58 
1.01 
0.76 
0.16 
0.07 
0.05 
0.004 

I N C O ~  
31.0 (ASTM 

2600-3-4936 

Balance 
21.82 ' 

1.68 
9.42 

19.09 

0.44 
0.07 
0.58 

<O. 005 
0.63 

Cabot 
7.8 (ASTM 4) 

aHeat t r ea tmen t  : so lu t ion-annea led  a t  

h n t e r n a t i o n a l  Nickel Co. 

1177°C followed by a r a p i d  cool.  
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. blanks c u t  from t h e  p l a t e  m a t e r i a l s  c h a r a c t e r i z e d  i n  Table 1. The gage 

d iameter  of t h e  r e s u l t a n t  specimens w a s  5.08 mm wi th  a radius-to-diameter 

r a t i o  (R/D) of 6. The s u r f a c e  f i n i s h  of t h e  gage s e c t i o n  was 0.20 t o  

0.28 pn. T e n s i l e  test specimens were f a b r i c a t e d  t o  6.35-mm diameter and 

31.8-mm gage length .  I n  a d d i t i o n  t o  f a b r i c a t i n g  specimens i n  t h e  s o l u t i o n -  

annea led  cond i t ion ,  specimens were a l s o  f a b r i c a t e d  from blanks  aged i n  an 

a rgon  environment f o r  pe r iods  of e i t h e r  10,000 o r  20,000 h a t  538, 704, o r  

871 "C. 

Details of t he  a l l o y  m i c r o s t r u c t u r e s  as a f u n c t i o n  of aging t i m e  and 

tempera ture  are g iven  i n  Appendix A. Also inc luded  are hardness and g r a i n  

s i z e  measurements taken  from t h e  blanks subsequent t o  aging. Changes i n  

t h e  m i c r o s t r u c t u r e  ( p r e c i p i t a t i o n )  of Has te l loy  X (Figs.  A . l  through A.4) 

were apparent  a f t e r  exposure of 20,000 h at 538°C and ex tens ive  a f t e r  

10,000 h a t  871°C (Figs.  A.6 through A.12) .  I n  t h e  Inconel  617, a f i n e  

p r e c i p i t a t e  was apparent  a f t e r  exposure of about 10,000 h a t  704°C 

(Fig. A.9), wi th  some growth and agglomeration occur r ing  a f t e r  10,000 a t  

871°C (Fig. A . l l ) .  The hardness va lues  i n  Appendix A showed i n c r e a s e s  f o r  

Has te l loy  X exposed i n  excess of 10,000 h a t  871°C. Hardness changes i n  

Incone l  617 were found t o  occur,  wi th  i n c r e a s e s  apparent  a f t e r  exposure of 

10,000 h at  538°C and wi th  overaging and r e s u l t a n t  dec reases  occur r ing  

a f t e r  10,000 h a t  871°C. 

All specimens f o r  f a t i g u e  and t e n s i l e  tests were taken  wi th  t h e  

specimen major a x i s  pa ra l l e l  t o  t h e  p l a t e  r o l l i n g  d i r e c t i o n .  

EXPERIMENTAL 

S t r a i n - c o n t r o l l e d  f u l l y  r eve r sed  f a t i g u e  tests were conducted from 

room temperature t o  871°C and a t  a c y c l i c  s t r a i n  ra te  of 4 X u n l e s s  

s t a t e d  otherwise.  Desired tempera tures  were achieved by induc t ion  

hea t ing .  Fa t igue  tests were conducted i n  a i r  and i n  a t y p i c a l  s e r v i c e  

environment f o r  gas-cooled r e a c t o r s ,  which i s  impure helium. The com- 

p o s i t i o n  of t h e  gas w a s  30.39 Pa (300 p t m )  H2, 3.04 Pa (30 Wtm) CH4, 

2.02 Pa (20 p t m )  CO, and 0.20 Pa (2 p t m )  H 2 0 ,  and t h e  gas p re s su re  i n  

t h e  environmental  chamber was 83 kPa gage (1.8 atm). Add i t iona l  d e t a i l s  

on exper imenta l  equipment used i n  t h e  f a t i g u e  tests have been published. 1 
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Tens i l e  tests were conducted a t  a O.O04/min nominal s t r a i n  ra te  

[2.17 pn/s (0.005 in./min) crosshead speed]  from room tempera ture  t o  871OC. 

Continuous cyc le  f a t i g u e  data genera ted  under t h i s  program are pre- 

s en ted  i n  Appendix B, Table B.5. 

RESULTS AND DISCUSSION 

The t e n s i l e  p r o p e r t i e s  f o r  t h e s e  two a l l o y s  are compared i n  Fig. 1. 

It is apparent  f o r  t h e  i n d i c a t e d  h e a t s  t h a t  t h e s e  materials have similar 

t e n s i l e  p r o p e r t i e s  i n  the  solut ion-annealed condi t ion .  Has t e l loy  X showed 

a c h a r a c t e r i s t i c  d u c t i l i t y 2  minimum from about  500 t o  75OOC i n  both t h e  

so lu t ion-annea led  and aged condi t ions .  Thermal ag ing  d id  not  s i g n i f i -  

c a n t l y  change t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of Has te l loy  X i n  t h e  t e m -  

p e r a t u r e  range s t u d i e d ,  but t h e r e  w a s  some i n d i c a t i o n  t h a t  ag ing  f o r  

pe r iods  of about 2500 h a t  700°C inc reased  t h e  y i e l d  s t r e n g t h  and 

d u c t i l i t i e s .  However, cont inued aging tended t o  r e s t o r e  t h e s e  p r o p e r t i e s  

t o  t h e  o r i g i n a l  solut ion-annealed values .  For Inconel  617 t h e r e  w a s  a 

s l i g h t  i n c r e a s e  i n  t e n s i l e  s t r e n g t h  wi th  ag ing  t i m e ,  p a r t i c u l a r l y  a t  700 

and 871°C. Yield s t r e n g t h s  inc reased  a t  538 and 700°C wi th  i n c r e a s i n g  

ag ing  t i m e s ,  but d u c t i l i t i e s  dropped s l i g h t l y .  

F igu re  2 i s  a summary p l o t  of a l l  known U.S. load- and s t r a i n -  

c o n t r o l l e d  f u l l y  reversed  f a t i g u e  data genera ted  i n  a i r  and a v a i l a b l e  a t  

room temperature  f o r  Has te l loy  X . l s 3 s 4  

Has t e l loy  X d a t a  genera ted  a t  427"C, were combined wi th  tes t  d a t a  

genera ted  on o t h e r  Has te l loy  a l l o y s  i n  o rde r  t o  formula te  f a t i g u e  curves  

t o  be submit ted t o  t h e  American Socie ty  f o r  Mechanical Engineers  (ASME) 

Code Group f o r  c o n s i d e r a t i o n  i n  f a t i g u e  des ign  i n  Sec t ions  111 and VI11 of 

t h e  code ( s e e  Appendix C). I n  c u r v e - f i t t i n g  t h e  s t r a i n - c o n t r o l l e d  d a t a  i n  

Fig. 2, load-cont ro l led  d a t a  were omit ted from the  a n a l y s i s  i f  t h e  speci-  
men d id  not  f a i l  o r  i f  f a i l u r e  occurred  a t  cyc le  l i v e s  of less than  10 6 . 
Has te l loy  X i s  a cycl ic-hardening material, and i t  was f e l t  t h a t  load- 

c o n t r o l l e d  data wi th  cyc le  l i v e s  of less than about lo6 were in f luenced  by 

a v a r i a b l e  range i n  p l a s t i c i t y  and were t h e r e f o r e  not  equ iva len t  t o  t h e  

s t r a i n - c o n t r o l l e d  data. These data show behavior  similar t o  t h a t  of 

s t a i n l e s s  steels. 

These d a t a ,  a long wi th  o t h e r  

5 

. 
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ORNL-OWG 84-9023 

A-AGED 2 5 0 0 h  

0 -AGED 20.000 h 
AGING PERFORMED IN ARGON AT THE RESPECTIVE TEST TEMP. 

. 

. 

400 t- HASTELLOY X 

0 200 400 600 800 0 2 0 0  400 600 800 
TEMPERATURE OC 1 

Fig. 1. Comparison of tensile properties of Hastelloy X and 
Inconel 617 in both solution-annealed and aged conditions. 
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400 

- -  e -  
w' 
a 40 G -  
a -  

5 -  a 

a -  z -  
m -  

2 -  

e =  
v) 2 4.0 

0.1 

t I I I ( 1 1 1 1 ,  1 1 I 1 1 1 1 ,  I 1 I I I I I ,  I 1 I I l l 111  I I I I 1 1 1 1 1  I 1 I 1 1 1 1 1 1  I I I 1 1 1 1  - - SPECIMEN MODE OF HEAT PRODUCT STRAIN RATE - - FORM OR FREQUENCY- DATA. SOURCE TEMP GEOMETRY CONTROL NO. 
6-JABLONSKI ROOM TEMP. HOURGLASS GAGE STRAIN UNKNOWN BAR UNKNOWN - 
0 - O R N L  ROOM TEMP. HOURGLASS CAGE STRAIN 2600-3-4936 PLATE 4 X t0 -3~- '  - 
@-CABOT CORP. ROOM TEMP. HOURGLASS GAGE STRAIN 2600-0-2735 UNKNOWN 5 a t0-3s-' - 
@-CABOT CORP. ROOM TEMP UNIFORM GAGE STRAIN 2600-9-4268 PLATE 5 X 40"S-' 
A-CABOT CORP. ROOM TEMP. UNKNOWN LOAD 2600-9-4327 BAR 40-20 H I  
M-CABOT CORP. ROOM TEMP UNKNOWN LOAD 2600-0-4462 BAR 40-20 HZ 1 
.-CABOT CORP ROOM TEMP HOURGLASS GAGE LOA0 2600-0-4462 PLATE 8,000rpm Z 

- 

= 
(ROTATING 

BEAM1 

- 

* 
- - 
- 

: - - - 
- A€,(%) : 82.94 N1-0.547+ 0 .524  N,-0.020 - - - 

I I 1 1 1 1 1 1 1  I I I 1 1 1 1 1 1  I 1 I I l l I l l  I I I 1 1 1 1 1 1  I I 1 1 1 1 1 1 1  1 I I 1 1 1 1 1 1  1 1 I l l l 1 C  

Figure  3 c o n t a i n s  a d d i t i o n a l  s t r a i n - c o n t r o l l e d  d a t a  f o r  Has te l loy  X 

genera ted  a t  s e v e r a l  temperatures  i n  a i r  t o  871°C. 

genera ted  a t  ORNL' and by Jaske.6 

c y c l e  f a t i g u e  l i f e  i s  apparent  between room temperature  and 538OC. 

Data shown were 

A s i g n i f i c a n t  decrease  i n  cont inuous 

F igu res  4 and 5 compare d a t a  genera ted  from Has te l loy  X specimens i n  

t h e  solut ion-annealed o r  solution-annealed-plus-aged c o n d i t i o n s ,  i n  which 

t h e  ag ing  and tes t  temperature  were i d e n t i c a l .  Data p l o t t e d  i n  Fig. 4 

were genera ted  a t  538°C i n  e i t h e r  an a i r  o r  an impure helium environment. 

L i t t l e  ( b e n e f i c i a l )  o r  no e f f e c t  of t h e  helium environment i s  seen on 

r e s u l t a n t  f a t i g u e  l i f e  compared wi th  d a t a  obta ined  i n  a i r ,  but thermal 

ag ing  before  t e s t i n g  can reduce f a t i g u e  l i f e ,  depending on t h e  p r i o r  expo- 

s u r e  t i m e .  F igure  5 shows t h a t  a thermal  ag ing  t rea tment  f o r  10,000 h 

decreases  the  r e s u l t a n t  low-cycle l i f e  when t h e  material ag ing  and tes t  

temperature  are a t  871°C but t h a t  cyc le  l i f e  i s  r e s t o r e d  when t h e  thermal  

ag ing  t i m e  i s  extended t o  20,000 h. These changes are probably due t o  

s u b t l e  changes i n  t h e  mic ros t ruc tu re  and r e s u l t a n t  changes i n  d u c t i l i t y .  

Most of t he  data g iven  i n  Figs. 3 through 5 were f i t  as t h e  sum of two 
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0.4 
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. 

A 538°C (IOOO°F) 
0 6 4 9 O C  (420OOF) 

76OOC (44OOOF) - g 
y io0 

f 

g io-' 

z 
U e 

e 
I 

HEAT 
OPEN POINTS 2600-3 -4936  ORNL 4 x I O - ~  
HALF CLOSED POINTS 2 6 1 0 - 0 - 4 0 0 7  JASKE 4 x iOP3 
CLOSED POINTS 2640 -0-4008 JASKE 4 x 

I I I 

J 
U 

I- 

: 

40-2 
40' 402 103 404 to5 406 

Nf, CYCLES TO FAILURE 

Fig. 3. T o t a l  s t r a i n  range ve r sus  c y c l e s  t o  f a i l u r e  f o r  Has te l loy  X 
t e s t e d  i n  air. 

ORNL-DWG BO-45BBBR 
4.6 I 1 I l l  I I I I 1  I l l 1 1  I I l l 1  I I I I I  I I I f  

HASTELLOY X (HEAT 2600-3-4936) 
-------O-SOLUTION ANNEALED 

*-SOL ANN + 40.000h 
AT 538OC IN ARGON -. +-SOL ANN + 20.000 h 
AT 538'C IN ARGON 

-- 

ENVIRONMENT: 
OPEN SYMBOLS -AIR 
CLOSED SYMBOLS- IMPURE HELIUM 'la \ 

0.2 1 I I l l  I I I l l  1 I I l l  I I I I I  1 I l l l  1 I I L  

10' 10 to3 do4 to5 to6 (0' 
CYCLES TO FAILURE 

Fig. 4 .  Comparison of s t r a i n - c o n t r o l l e d  f a t i g u e  d a t a  genera ted  a t  
538°C i n  a i r  and impure helium f o r  Has te l loy  X i n  s e v e r a l  condi t ions .  
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1.6 

t .4 

4.2 

E 
W 
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4 .O (z 

f 2 0.8 
I- 
v) 

0.6 

0.4 

I I I l l  I I l l 1  I I l l 1  I I I I 1  I I I  

HASTELLOY X (HEAT 2 6 0 0 - 3 - 4 9 3 6 )  

,-€)-SOLUTION ANNEALED -- +-SOL A N N  + t 0 . 0 0 0 h  
AT 874 ' C  IN ARGON 

--SOL ANN + 20.000 h 
AT 87f "C IN ARGON 

+-AGED 10.000h AT 8 7 t ° C  
I N  IMPURE- HELIUM 
ENVIRONMENT: 
OPEN SYMBOLS - AIR 
CLOSED SYMBOLS - 
IMPURE HELIUM 

874 "C 
i=  4 40-3lS 

0.2 1 I I l l  1 1 I l l  I I I l l  I I I l l  I I I 1  

10' to2 to3 t o4 405 406 
CYCLES TO FAILURE 

Fig. 5. Comparison of s t r a i n - c o n t r o l l e d  f a t i g u e  d a t a  genera ted  a t  
871°C i n  a i r  and impure helium f o r  Has te l loy  X i n  s e v e r a l  cond i t ions .  

s i m p l e  power l a w  terms f o r  t h e  e las t ic  and p l a s t i c  components of t h e  t o t a l  

s t r a i n  range. The r e s u l t s  of t h i s  a n a l y s i s  are given i n  Tab le  2 for 

Has te l loy  X. 

R e s u l t s  of s imilar  tests conducted on Inconel  617 are p l o t t e d  i n  

Figs .  6 through 8 wi th  power l a w  f i t  c o n s t a n t s  given i n  Table 3 f o r  da ta  

genera ted  a t  538, 704, and 8 7 1 O C .  The r e s u l t s  ob ta ined  t o  d a t e  on t h e  

e f f e c t s  of thermal  aging i n d i c a t e  a mixed response.  A t  538°C t h e r e  

appears  t o  be a clear t r end  t h a t  long-term thermal  ag ing .  r e s u l t s  i n  

improved cyc le  l i f e  w i th  i n c r e a s i n g  t i m e .  

t e s t i n g  a t  704OC appears  t o  reduce f a t i g u e  l i f e  somewhat a t  t h i s  t e m -  

p e r a t u r e  (Fig.  7 ) ,  but aging f o r  20,000 h a t  t h i s  temperature  improved 

f a t i g u e  l i f e  s l i g h t l y .  

871°C (Fig. 8). These changes were a t t r i b u t e d  t o  m i c r o s t r u c t u r a l  changes 

Aging f o r  10,000 h before  

S imi l a r  t r ends  were noted i n  t h e  d a t a  genera ted  a t  

. 
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Table 2. Values of c o n s t a n t s  and exponents 

f o r  Has te l loy  X (hea t  2600-3-4936) 
des ,c r ib ing  the  best-f i t  f a t i g u e  curves' 

-b A E ~  = AN?' + BNf , % Temperature 

A a B b 
("0 

22 
5 38 
649 
7 04 
871 

538 
871 

538 
871 

Solution-annealed material 
56.8 0.489 1.607 

201.3 0.753 1.288 
87.7 0.730 1.191 
50.4 0.623 0.736 
67.2 0.657 0.537 

Material aged 10,000 hb 
56.3 0.642 1.288 
60.8 0.682 0.929 

Material aged 20,000 h b 

192.3 0.761 1.288 
53.1 0.627 0.929 

0.126 
0.093 

0.064 
0.065 

0.089 

0.093 
0.125 

0.093 
0.125 

'S t ra in-cont ro l led  f a t i g u e  t e s t i n g  a t  a 

bAged i n  argon a t  t h e  r e s p e c t i v e  t e s t  

s t r a i n  rate of 4 x 10-3/,. 

temperature.  

noted i n  p o s t t e s t  examination of t h e  specimens. R e s u l t s  of t e s t i n g  

Incone l  617 i n  impure helium (Fig. 8) i n d i c a t e d  an improved cyc le  l i f e  

i n  t h e  helium environment. 

Comparing t h e  d a t a  genera ted  i n  impure helium wi th  those  genera ted  i n  

a i r  (Figs. 4 through 8) shows t h a t  t h e  helium environment w a s  i n  no case 

d e t r i m e n t a l  t o  f a t i g u e  l i f e  f o r  t h e s e  a l l o y s  but w a s ,  i n  f a c t ,  u s u a l l y  

b e n e f i c i a l .  

F i n a l l y ,  Fig. 9 compares the  s t r a i n - c o n t r o l l e d  f a t i g u e  l i v e s  a t  538°C 

of these  two a l l o y s  i n  t h e  so lu t ion-annea led  cond i t ion  with those  of o t h e r  

commonly used s t r u c t u r a l  a l l o y s .  D i f f e rences  become p a r t i c u l a r l y  apparent  

i n  t h e  high cycle-region. Has t e l loy  X a l s o  had a h igher  f a t i g u e  r e s i s t a n c e  

than  Inconel  617 when both were compared i n  the  solution-annealed condi t ion .  

F igure  10 compares c y c l i c  stress s t r a i n  curves  f o r  t h e s e  a l l o y s  based on 

N / 2  va lues  of stress. 

two a l l o y s ,  and no e f f e c t  of thermal aging w a s  noted. 

L i t t l e  or no d i f f e r e n c e  w a s  apparent  between t h e s e  f 
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ENVIRONMENT: 
OPEN SYMBOLS - AIR 
CLOSE0 SYMBOLS - IMPURE HELIUM 

538  o c  
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Fig. 6. Comparison of low-cycle fatigue behavior of Inconel 617 
tested in air and impure helium at 538OC. 
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a 1.0 
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z a 

z 
- 

c v) 
0.6 - 
0.4 - 

INCONEL 647 (HEAT XXOiA3US) 
--SOLUTION ANNEALED - -- 4 - S O L  ANN + i0.000h 

AT 704.C IN ARGON 
----SOL ANN + 20.000 h 

AT 704OC IN ARGON 
ENVIRONMENT I 
OPEN SYMBOLS -AIR 
CLOSED SYMBOLS - IMPURE HELIUM 

0.2 I I l l l  I I l l l  1 l l l l  I l l l l  1 1 1 1  
IO' 402 to3 40' 40' 406 
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Fig. 7. Comparison of low-cycle fatigue behavior of Inconel 617 
tested in air' and impure helium at 704OC. 
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Fig. 8. Comparison of low-cycle f a t i g u e  behavior of Inconel  617 
t e s t e d  i n  a i r  and impure helium a t  871OC. 

Fig. 9. Comparison of f a t i g u e  behavior of s e v e r a l  materials a t  538OC. 
Lines  r ep resen t  b e s t - f i t  va lues  of a c t u a l  da t a .  Data f o r  t y p e  304 
s t a i n l e s s  s tee l  inc lude  tests a t  538 and 566OC. 
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Table 3. Values of constants and exponents 
describing the best-fit fatigue curves' 

for Inconel 617 (heat XXXOlA3U5) 

1 1 1 1 1 1 1 1 , 1  , 1 " 1 1 1 1 1 , 1 1 ~ 1 1 1 ~ 1 1  

HEAT TREATMENT HASTELLOY X ALLOY 6f7 
- (HEAT 2600-3-4936)  (HEAT XXOlA3U5) - 

SOLUTION ANNEAL 0 0 - AGED 40,000h a A 
AGED 20.000 h 0 H 

- 
- - 

hst = ANF + B N T ~ ,  % Temperature 

A a B b ("0 

538 
7 04 
871 

538 
7 04 
871 

538 
7 04 
871 

Solution-annealed material 

67.9 0.687 1.530 
70.8 0.738 1.379 
128.0 0.843 0.953 

Material aged 10,000 h b 

38.2 0.606 1.530 
70.3 0.774 1.379 
218.1 0.983 0.953 

Material aged 20,000 h b 

106.9 0.693 1.530 
72.7 0.792 1.379 
245.9 0.941 0.953 

0.127 
0.121 
0.138 

0.127 
0.121 
0.138 

0.127 
0.121 
0.138 

'Strain-controlled fatigue testing at a 

bAged in argon at the respective test 

strain rate of 4 x 10-3/,. 

temperature. 
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CONCLUSIONS 

. 

A comparison w a s  made of a v a i l a b l e  s t r a i n - c o n t r o l l e d  f a t i g u e  da ta  of 

Has te l loy  X and Inconel  617 from room temperature t o  871°C. R e s u l t s  

i nc luded  continuous cyc l ing  da ta  obta ined  both i n  a i r  and i n  an impure 

helium environment. Data were presented  t h a t  had been genera ted  on t h e s e  

a l l o y s  i n  t h e  so lu t ion-annea led  and i n  t h e  so lu t ion-annea led  and aged 

cond i t ions .  Preaging of t h e  a l l o y s  occurred up t o  20,000 h. We concluded 

1. Thermal ag ing  d i d  not  s i g n i f i c a n t l y  a l te r  t h e  u l t i m a t e  t e n s i l e  

s t r e n g t h  of Has te l loy  X; however, we observed some i n d i c a t i o n  of changes 

i n  t h e  y i e l d  s t r e n g t h  and d u c t i l i t y  p r o p e r t i e s ,  depending on aging t i m e  

and temperature. Thermal aging inc reased  t h e  t e n s i l e  and y i e l d  s t r e n g t h s  

of Inconel  617 somewhat, but d u c t i l i t i e s  decreased s l i g h t l y  aga in ,  

depending on ag ing  cond i t ions .  

2. Low- and high-cycle f a t i g u e  p r o p e r t i e s  of Has te l loy  X genera ted  

a t  room temperature were similar t o  those  of t h e  a u s t e n i t i c  s t a i n l e s s  

steels.  However, as the  temperature inc reased ,  d i f f e r e n c e s  became 

appa ren t ,  p a r t i c u l a r l y  a t  t h e  high-cycle end of t h e  curves ,  w i th  

Has te l loy  X showing t h e  s u p e r i o r  r e s i s t a n c e  t o  i so the rma l  f a t i g u e .  

3. P r i o r  thermal ag ing  of Has te l loy  X a t  e i t h e r  538 o r  871°C reduced 

f a t i g u e  l i f e  s l i g h t l y ,  depending on t h e  aging t i m e .  Tes t ing  of t h i s  a l l o y  

i n  an impure helium environment r e s u l t e d  i n  no s i g n i f i c a n t  d i f f e r e n c e s  and 

i n  some i n s t a n c e s  more low-cycle f a t i g u e  r e s i s t a n c e .  

4. The i n f l u e n c e  of p r i o r  thermal ag ing  on t h e  elevated-temperature 

low-cycle f a t i g u e  behavior of Inconel  617 w a s  dependent on t i m e  and 

tempera ture ,  and both s m a l l  i n c r e a s e s  and dec reases  w e r e  found i n  sub- 

sequent f a t i g u e  l i f e .  An impure helium environment w a s  g e n e r a l l y  benefi-  

c i a l  o r  r e s u l t e d  i n  l i t t l e  o r  no change i n  f a t i g u e  r e s i s t a n c e  of t h i s  

a l l o y .  

5. Has t e l loy  X shows low-cycle f a t i g u e  p r o p e r t i e s  s u p e r i o r  t o  those  

of Inconel  617 when t e s t e d  a t  e l e v a t e d  tempera tures  (538°C) i n  an  a i r  

environment. 

6. Fa t igue  d a t a  f o r  Has te l loy  X, G, C-276, and C-4 from room t e m -  

p e r a t u r e  t o  427°C were combined i n t o  a s i n g l e  data popula t ion  f o r  a n a l y s i s  

and development of f a t i g u e  des ign  curves  f o r  Sec t ion  I11 of t h e  ASME Code. 
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Appendix A . 
MICROSTRUCTURES OF TWO TEST MATERIALS 

Photomicrographs, hardness values, and results of grain size measure- 

ments are reported for specimens of Hastelloy X and Inconel 617 aged as 

shown in Table A . l .  

Table A. 1. Aging, hardness, and grain sizes of Hastelloy X 
and Inconel 617 specimens 

Approximate Aging time Hardness grain size 
(h) (DPH) (ASTM) 

Aging 

("0 
Materia 1 temperatures 

. 

Hastelloy X 
Hastelloy X 
Hastelloy X 
Hastelloy X 
Hastelloy X 
Inconel 617 

Inconel 617 

Inconel 617 

Inconel 617 

Inconel 617 

Inconel 617 

Inconel 617 

None 

538 

538 

87 1 

87 1 

None 

538 

538 

704 

704 

871 

871 

0 

10,000 

20,000 

10,000 

20,000 

10,000 

20,000 

10,000 

20,000 

10,000 

20,000 

0 

183 

188 

182 

21 1 

218 

17 2 

208 

204 

205 

22 6 

175 

183 

4 

4 

4 

4 

4 

2 

2 

2 

2 

2 

2 

2 

. 
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ORNL-Photo 5583-81 
- v - n  

Fig. A . l .  Hastelloy X in solution-annealed condition. 

. 
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Fig. A.2. Hastelloy X aged 10,000 h at 538°C. 
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ORNL-Photo 5585-81 

200 pol 

F i g .  A.3. Hastelloy X aged 20,000 h at 538OC. 
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ORNL-Photo 5586-81 

100 rn 

Fig. A . 4 .  Hastelloy X aged 10,000 h at 871°C. 
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ORNL-Photo 5587-81 

, 4 O P ,  

200 lllm . 

Fig. A.5. Hastelloy X aged 20,000 h at 871'C. 
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ORNL-Photo 5588-81 
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(a) . 4 0 ~ .  

Fig. A.6. Inconel 617 in solution-annealed condition. 
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Fig. A.7.  Inconel 617 aged 10,000 h at 538'C. 



Fig. A.8. Inconel 617 aged 20,000 h at 538OC. 

. 
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ORNL-Photo 5591-81 

(b )  

Fig. A. 9. 

200 pl 

Inconel 617 aged 10,000 h at 704OC. 

. 
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ORNL-Photo 5592-81 

Fig. A.lO. Inconel 617 aged 20,000 h at 704'C. 
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200 I;tm 

Fig. A.11. Inconel 617 aged 10,000 h at 871°C. 

. 
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ORNL-Photo 5594-81 

; 
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Fig. A.12. Inconel 617 aged 20,000 h at 871'C. 
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Appendix B 

FATIGUE DATA 

Included in Appendix B are fatigue data compilations for the 
following alloys tested in either air or impure helium: Inconel 617, 

Hastelloy C-4, Hastelloy X, Hastelloy C-176, and Hastelloy G. 

Table B. 1. Comparison of the nominal chemical composition 
of Hastelloy alloys for which fatigue data are reported 

Chemical composition, % 
Element 

Hastelloy G Hastelloy X Hastelloy C-276 Hastelloy C-4 

Ni 

co 

Cr 

Mo 

W 

Fe 

C 

si 
Mn 

cu 
B 

Nb + Ta 
P 

S 

V 
Ti 

Bal 

2.50 

21.0-23.5 

5.50-7.50 

1.00 

18.0 

0.05 

1.00 

1.0-2.0 

1.50-2.50 

1.7 5-2.5 0 

0.04 

0.03 

Bal 

0.50-2.50 

20.5-2 3.0 

8.0-10.0 

0.20-1.00 

17.00-20.00 

0.054.15 

1.00 

1.00 

0.01 

0.04 
0.03 

Bal 

2.5 

14.50-16.50 

15.00-17.00 

3.00-4.50 

4.00-7.00 

0.02 

0.08 

1.00 

Bal 

2.0 

14.00-18.00 

14.00-17.00 

3.00 

0.015 

0.08 

1.00 

0.04 0.04 

0.03 0.03 

0.35 

0.70 



Table B. 2 .  Resu l t s  of s t r a i n - c o n t r o l l e d  f a t i g u e  testsa 
on Has te l loy  X (hea t  2600-3 -4936)  genera ted  i n  a i r  

Total 
strain Stress  Stress  amplitude, MF'a Strain range, % Cycles 

Specimen range, range* 
t o  

Tensile Compressive Elast ic  Plast ic  f a i l u r e ,  A 0  ;'E: (MPa) at 0C Ace Nf 

HXL5 1 
HXL29 
HXL28 
HXL27 
HXL23 
HXL47 
HXL22 

HXL4 h 
HXL16 
HXLZO 
HXL30 
HXL3 
HXT2 
HXT4 
HXL19 

X1203 
X1209 
X1206 
X1207 
X1208 
X1205 
x1210 

X1304 
X1303 
X1302 
X1305 

HXL4 1 
HXL40 
HXL33 
HXT7 
HXL36 
HXL4 3 
HXLZ 1 
HXT6 

X3204 
X3207 
X3203 
X3202 
X3205 
X3201 
X3206 

X3304 
X3303 
X3302 
X3301 

4.10 
3.04 
2.11 
1.50 
0.99 
0.89 
0.80 

4.06 
3.02 
1.56 
0.99 
0.79 
0.71 
0.65 
0.60 

3.55 
1.89 
0.92 
0.83 
0.74 
0.68 
0.56 

1.87 
0.98 
0.61 
0.49 

4.00 
3.01 
2.01 
1.50 
1.00 
0.80 
0.59 
0.50 

3.71 
2.22 
1.71 
1.14 
0.70 
0.58 
0.41 

2.75 
1.86 
0.97 
0.60 

Solution-annealed material tested at  22OC 

1,425 698 727 0.27 
1,392 68 1 711 0.70 
1,177 584 593 0.59 
968 478 490 0.49 
862 429 435 0.43 
829 407 422 0.42 
837 406 43 1 0.42 

Solution-annealed material tested at  538OC 

1,530 748 
1,353 665 
1,141 562 
1,015 494 
1,084 493 
855 405 
917 446 
877 444 

782 
688 
579 
521 
591 
450 
47 1 
433 

0.94 
0.83 
0.70 
0.63 
0.67 
0.53 
0.56 
0.54 

Material aged 10,000 h at  538"Cb 

1,476 731 745 0.91 
1,128 552 576 0.70 
979 483 496 0.60 
824 407 417 0.51 
866 42 1 445 0.53 
82 1 400 42 1 0.51 
720 355 365 0.44 

Material aged 20,000 h at 538'Cb 

1324 662 662 0.73 
969 479 490 0.60 
739 367 37 2 0.46 
700 352 348 0.43 

Solution-annealed material tested at 871OC 
7 20 
715 
610 
604 
523 
479 
452 
392 

34 7 
34 3 
298 
297 
257 
236 
229 
195 

373 
372 
312 
266 
266 
243 
223 
197 

0.53 
0.52 
0.44 
0.38 
0.38 
0.35 
0.33 
0.28 

Material aged 10,000 h at  871"Cb 
700 350 350 0.52 
689 34 1 348 0.50 
672 332 340 0.49 
569 286 283 0.42 
480 240 240 0.35 
449 228 221 0.33 
399 202 197 0.29 

Material aged 20,000 h a t  871"Cb 
638 32 1 317 0.47 
599 303 29 6 0.44 
521 259 262 0.38 
448 233 215 0.32 

3.83 
2.34 
1.51 
1.02 
0.56 
0.47 
0.38 

3.12 
2.19 
0.86 
0.36 
0.12 
0.18 
0.08 
0.06 

2.64 
1.11 
0.32 
0.32 
0.21 
0.17 
0.12 

1.14 
0.38 
0.15 
0.06 

3.58 
2.49 
1.57 
1.06 
0.62 
0.45 
0.25 
0.22 

3.19 
1.72 
1.22 
0.72 
0.35 
0.25 
0.12 

2.28 
1.42 
0.59 
0.28 

439 
591 

1,494 
6,101 
10,245 
15,796 
49,664 

177 
418 

1,181 
5,182 
7,596 
14,240 
13,675 

225,000 

1 1 1  
753 

1,632 
4,150 
5,226 
11,784 
11,713 

830 
3,380 
19,025 
27,333 

96 
138 
312 
466 

1,156 
2,002 
3,433 
13,234 

106 
170 
255 
624 

1,950 
2,991 
11,570 

162 
333 

1,044 
4,854 

aFully reversed, continuous-cycling t e s t s  conducted at  a s t r a i n  rate of 

bAged in argon; tested at  the aging temperature. 

4 x 10-3/~, using a triangular waveform. 



Table B. 3. Resu l t s  of s t r a i n - c o n t r o l l e d  f a t i g u e  testsa on Has te l loy  X 
( h e a t  2600-3-4936) genera ted  i n  impure helium 

Total  
s t r a i n  

Specimen range, 
S t r e s s  S t r e s s  amplitude, MPa S t r a i n  range, % Cycles 
range, t o  
Au Tensi le  Compressive Elas t ic  P l a s t i c  f a i l u r e ,  

(MPa) u t  UC A E e  AEP *f Act 
(2) 

HXL9 3 
HXL8 6 
HXL8 5 
HxL7 3 
HxL94 

X1308 
X1306 

HX03 
HX04 
HX02 
HXL95 
HXO 1 

X143 

2.74 
1.85 
0.96 
0.63 
0.49 

0.95 
0.60 

1.92 
1.49 
0.95 
0.50 
0.50 

0.50 

Solution-annealed material t e s t ed  a t  538°C 

725 355 370 0.45 
1,289 634 655 0.79 
993 490 503 0.61 
917 462 455 0.56 
755 255 500 0.46 

Material aged 20,000 h a t  538"Cb 
877 427 450 0.52 
820 386 434 0.51 

Solution-annealed material t e s t ed  a t  871°C 
597 285 312 0.44 
579 286 293 0.42 
514 262 252 0.38 
496 24 3 253 0.36 
459 23 1 228 0.34 

Material aged 10,000 h a t  871°C' 

474 224 250 0.35 

2.29 
1.06 
0.35 
0.07 
0.03 

0.33 
0.09 

1.48 
1.07 
0.57 
0.14 
0.16 

0.15 

378 
86 1 

4,277 
65,797 

1,978,430 

3,000 
60,774 

503 
510 

2,608 

8,124 
9,886 . 

12,491 

'Fully reversed, continuous-cycling tests conducted a t  a s t r a i n  rate of 

bAged i n  argon; t e s t ed  a t  the aging temperature. 

'Aged i n  impure helium; t e s t ed  a t  the aging temperature. 

4 x 10-3/,, using a t r i angu la r  waveform. 
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Table B.4. Resu l t s  of s t r a i n - c o n t r o l l e d  f a t i g u e  tests' on 
Inconel  617 (hea t  XXOlA3U5 13-mm p l a t e )  genera ted  i n  a i r  

Total 
strain 

Specimen range, 
Stress Stress amplitude, MPa Strain range, % Cycles 
range, to 

Au Tensile Compressive Elastic Plastic failure, 
Nf 

,Act 
(MPa 1 ut QC A% ( % >  

IN24 
IN23 
IN1 9 
IN47 
IN20 
IN22 
IN2 1 
IN18 
IN25 
IN53 

I1201 
I1205 
I1202 
I1 206 
I1 203 
I1204 

I1 304 
I1301 
I1305 

IN45 
IN44 
IN26 
IN4 3 
IN27 
IN30 
IN29 

I2201 
I2205 
I2202 
I2206 
I2203 
I2204 

3.60 
2.73 
1.93 
1.42 
1.07 
1.00 
0.69 
0.52 
0.50 
0.43 

1.85 
1.40 
0.94 
0.56 
0.50 
0.40 

1.84 
0.94 
0.68 

3.64 
2.81 
1.74 
1.47 
0.88 
0.66 
0.50 

1.89 
1.46 
0.98 
0.68 
0.50 
0.43 

Solution-annealed material tested at 538°C 
1,472 
1,413 
1,296 
1,261 
1,057 
948 
906 
834 
663 
766 

74 1 
689 
64 1 
627 
514 
465 
44 1 
400 
315 
383 

731 
724 
655 
634 . 
543 
483 
465 
434 
348 
383 

0.83 
0.79 
0.73 
0.71 
0.59 
0.53 
0.51 
0.47 
0.37 
0.41 

b Material aged 10,000 h at 538'C 
1,254 627 627 0.71 
1,310 64 1 669 0.74 
990 483 507 0.56 
865 403 462 0.49 
751 372 379 0.42 
67 2 334 338 0.38 

Material aged 20,000 h at 538"Cb 
1,324 662 662 0.74 

907 445 46 2 0.51 
1,055 510 545 0.59 

Solution-annealed material tested at 704°C 
1,372 67 6 696 0.83 
1,324 669 655 0.80 
1,172 576 596 0.70 
1,130 558 572 0.69 
962 462 500 0.58 
952 452 500 0.54 
742 37 1 37 1 0.45 

Material aged 10,000 h at 704°C b 

1,172 576 596 0.71 
1,186 593 593 0.72 
992 49 6 496 0.60 
838 424 414 0.51 
704 345 359 0.43 
772 386 386 0.37 

2.77 
1.94 
1.20 
0.71 
0.48 
0.47 
0.18 
0.05 
0.13 
0.02 

1.14 
0.66 
0.38 
0.07 
0.08 
0.02 

1.10 
0.34 
0.17 

2.81 
2.01 
1.04 
0.78 
0.30 
0.12 
0.05 

1.18 
0.74 
0.38 
0.17 
0.07 
0.06 

60 
181 
316 
498 

2,357 
2,009 
4,672 
11,520 
10,929 
41,180 

43 2 
610 

2,575 
20,116 
17,105 
23,166 

715 
3,796 
10,352 

63 
116 
218 
'44 1 
88 6 

2,600 
15,142 

204 
255 
870 

3,050 
4,425 
6,713 

L 
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Table B. 4. Continued 

Total 
s t r a i n  

Specimen range, 

Stress Stress amplitude, MF'a Strain range, % Cycles 
range, t o  

ha Tensile Compressive E las t i c  P l a s t i c  f a i l u r e ,  

(MPa 1 at uc A% Nf Act 
(%I  

. 

I2303 
I2306 
I2305 
I2304 
I2308 
I2307 

IN42 
IN4 1 
I N 3 8  
IN40 
IN35 
IN39 
IN36 
I N 3  7 
IN32 
IN34 
IN33 

I3201 
I3205 
I3202 
I3206 
I3203 
I3204 

I3303 
I3301 
I3302 
I3304 

1.87 
1.40 
0.97 
0.49 
0.48 
0.44 

3.62 
2.76 
1.80 
1.42 
0.92 
0.81 
0.67 
0.60 
0.51 
0.42 
0.42 

1.89 
1.45 
0.97 
0.58 
0.50 
0.41 

1.87 
0.92 
0.50 
0.41 

Material aged 20,000 h at  704"Cb 

1,193 600 593 0.72 
1,100 54 1 5 58 0.67 

979 486 493 0.59 
714 338 376 0.43 
698 343 355 0.42 
63 1 314 317 Oe.38 

Solution-annealed material tes ted  a t  871'C 

734 
748 
686 
686 
579 
583 
564 
529 
480 
49 1 
459 

365 
369 
334 
34 1 
28 3 
293 
27 6 
265 
22 1 
238 
219 

369 
37 9 
35 2 
345 
296 
290 
288 
264 
259 
253 
240 

0.49 
0.50 
0.45 
0.45 
0.38 
0.39 
0.37 
0.35 
0.32 
0.32 
0.30 

Material aged 10,000 h a t  871"Cb 

710 355 355 0.47 
7 34 369 365 0.49 
589 293 296 0.39 
512 260 252 0.33 
535 27 1 264 0.35 
493 24 5 248 0.33 

b Material aged 20,000 h at  871°C 

659 331 328 0.44 
562 279 283 0.37 
47 3 240 233 0.31 
455 236 219 0.30 

1.15 
0.73 
0.38 
0.06 
0.06 
0.06 

3.13 
2.26 
1.35 
0.97 
0.54 
0.42 
0.30 
0.25 
0.19 
0.10 
0.12 

1.42 
0.96 
0.58 
0.25 
0.15 
0.07 

1.43 
0.55 
0.19 
0.11 

267 
49 6 

1,185 
16,830 
14,361 
68,090 

75 
135 
20 7 
370 
753 
935 

1,216 
1,608 
2,304 
2,715 
5,700 

219 
209 
526 

2,182 
1,232 
1,385 

215 
77 5 

2,231 
3,087 

aFully reversed, continuous-cycling t e s t s  conducted a t  a s t ra in  rate of 

bAged in argon; tes ted  a t  the aging temperature. 

4 x 10-3/s, using a triangular waveform. 
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Table B.5. R e s u l t s  of s t r a i n - c o n t r o l l e d  f a t igue  testsa on Inconel  617 
(heat XXOlA3U5) gene ra t ed  i n  impure helium 

S t re s s  S t ress  amplitude, MPa S t r a i n  range, % Cycles 
range, t o  s t r a i n  

Specimen range, Tensile Compressive Elast ic  P l a s t i c  f a i l u r e ,  Aa 
(MPa) ut QC Ace Nf (%I  

IN57 
IN49 
IN60 

I1306 
I1307 

IN52 
IN54. 
IN55 
IN50 

I2310 
I2309 

IN6 1 
IN62 
IN63 

I3306 

1.86 
0.96 
0.55 

1.00 
0.58 

1.81 
0.87 
0.55 
0.54 

0.86 
0.55 

1.60 
1.00 
0.50 

0.48 

Solution-annealed material t e s t ed  a t  538°C 

1,372 689 683 0.77 
1,168 572 596 0.66 

979 46 2 517 0.54 

Material aged 20,000 h a t  538"Cb 

1,146 555 
96 1 403 

Solution-annealed 

1,358 662 
1,100 52 1 

827 410 
838 436 

59 1 0.64 
558 0.54 

material t e s t ed  a t  704°C 

696 0.82 
579 0.67 
417 0.50 
402 0.51 

Material aged 20,000 h at  704"Cb 

1,024 493 53 1 0.62 
810 369 44 1 0.49 

Solution-annealed material tes ted  a t  871'C 

564 285 279 0.37 
57 1 290 28 1 0.38 
556 265 29 1 0.37 

Material aged 20,000 h a t  871°Cb 

444 222 222 0.28 

1.09 
0.30 
0.. 01 

0.36 
0.04 

0.99 
0.20 
0.05 
0.03 

0.24 
0.06 

1.23 
0.62 
0.13 

0.20 

990 
6,680 

383,580 

8,760 
143,109 

400 
2,531 

30,879 
89,404 

2,825 
31,359 

66 1 
1,097 
9,152 

5,865 

aFully reversed, continuous-cycling tests conducted a t  a s t r a i n  rate of 

bAged i n  argon; t e s t ed  a t  the aging temperature. 

4 x 1o-3is, using a tri.angu1ar waveform. 
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Table B.6. Interatom dataa 

Base material, 22.2-mm-diam bar 

Grain size, ASTM 2.5 

Yield strength, MPa 
Room temperature 333 
850°C 196 

Ultimate tensile strength, MPa 
Room temperature 760 
850°C 256 

Cycles to failure 
Act = 0.3% 14,280; 9,726 
Act = 0.6% 1,364; 1,566 
Act = 1.0% 450; 494 
Act = 1.5% 286; 267 

Parameters of ANf-a + BNf-b 

A 0.009 
a 0.1275 
B 1.9951 
b 0.9352 

aData generated at 850°C in air on 

Source of data: E. D. Grosser, 

Hastelloy X. 

Interatom, Abt, 8320, Postfach, D-5060, 
Bensburg, Federal Repubic of Germany. 
Additional information may be found in 
H. P. Meurer, H. Breitling, and 
E. D. Grosser, "Fatigue and Creep- 
Fatigue Behavior of High-Temperature 
Alloys for HTR-Application," pp. U-l- 
u-12 in Proceedings of I A E A  Specialists' 
Meeting on High Temperature Metallic 
Materials for Application in Gas 
Cooled Reactors, Vienna, May 4-6, 
1981, IAEA, Vienna, 1981. 



Table B. 7. Low-cycle f a t i g u e  dataa f o r  Has te l loy  C-276 (hea t  2760-1-3299) 
t e s t e d  i n  a i r  i n  computed a x i a l  s t r a i n  c o n t r o l ,  A = 00 

T o t a l  
s t r a i n  

Specimen range, 

Stress S t r e s s  ampli tude,  MPa S t r a i n  range, % Cycles 
range, t o  

T e n s i l e  Compressive E la s t i c  P l a s t i c  f a i l u r e ,  ha 

P Nf Act (MPa 1 a t  Qc A% A €  ( % I  
~~~~~ ~ 

Tested a t  room temperature ,  Young's modulus E = 141 GPa 

C2A- 1 1.0 
C2A-2 4.0 
C2A-3 0.7 
C2A-4 2.8 
C2A-5 1.3 
C2A-6 2.0 

C2A-13 1.0 
C2A- 14 4.0 
C2A- 15 0.52 
C2A- 16 0.65 

776 496 479 0.475 
1,544 758 786 0.752 

903 46 2 44 1 0.44 
1,334 662 67 2 0.65 
1,034 517 517 0.504 
1,179 590 589 0.573 

Tested a t  427"C, Young's modulus E = 126 GPa 

1,034 510 524 0.57 
1,620 779 841 0.89 

786 39 3 393 0.43 
886 437 449 0.486 

0.525 
3.284 
0.26 
2.15 
0.796 
1.427 

0.43 
3.11 
0.09 
0.164 

15,768 
87 1 

32,654 
1,728 
9,086 
4,173 

4,908 
398 

30,413 
16,784 

w 
o', 

aData generated a t  a s t r a i n  ra te  of 5 X i n  u n i a x i a l  push-pull  f a t i g u e  
by Mar-Test Inc. An hourglass-shaped specimen geometry was employed wi th  a 
6.35-mm-gage (0.25 i n . )  diameter.  Heat 2760-1-3299 t e s t e d  i n  t h e  mil l -annealed 
c o n d i t i o n  wi th  an ASTM g r a i n  s i z e  of 4 (78 pn). Longi tudina l  a x i s  of specimen 
p e r p e n d i c u l a r  t o  t h e  r o l l i n g  d i r e c t i o n .  Courtesy of Cabot Corp., Kokomo, Ind. 

, * a 1 



Table B.8. Fa t igue  dataa f o r  Has te l loy  C-276 t e s t e d  i n  a i r  (3/4-in. p l a t e ;  
h e a t  2760-0-3172; g r a i n  s i z e  ASTM 3-4) 

T o t a l  
s t r a i n  Specimen range, range,  

S t r e s s  Stress ampli tude,  MPa S t r a i n  range, % Cycles 
t o  

Au Tens i le  Compressive E l a s t i c  P l a s t i c  f a i l u r e ,  

(%> (MPa) at Qc Ace A% Nf 

9 0-8 1 
88-81 
89-81 
85-81 
91-81 
86-81 
92-81b 
93-81' 

1 18-81d 
113-81 

2.98 
1.96 
1.48 
0.69 
0.6 
0.49 
0.4 
0.346 

1.5 
0.45 

Tests conducted a t  room temperature  

1,345 
1,177 
1,085 

914 
897 
844 
785 
779 

661 
58 1 
538 
450 
44 1 
422 
385 
35 1 

684 
596 
546 
464 
456 
422 
400 
428 

Tests conducted a t  482°C 

0.66 
0.57 
0.53 
0.44 
0.44 
0.41 
0.38 
0.34 

868 440 428 0.0 

2.32 786 
2,632 1.39 

0.95 5,358 
0.25 27,497 
0.16 48,757 
0.08 139,910 
0.02 368,350 
0.006 >1,300,000 

1,845 
0.0 262,465 

aAxial s t r a i n  c o n t r o l  f u l l y  reversed  t r i a n g u l a r  waveform wi th  a s t r a i n  rate 
o f  5 X using a uniform-gage specimen 6.35 rmn (0.25 i n . )  i n  diameter  and 
19.05 mm (0.75 i n . )  long. Material t e s t e d  a t  Cabot Corp. i n  d l l - a n n e a l e d  con- 
d i t i o n  wi th  l o n g i t u d i n a l  axis of specimen perpendicular  t o  t h e  r o l l i n g  d i r e c t i o n  
of t h e  p l a t e .  Courtesy of Cabot Corp., Kokomo, Ind. 

quency of 10 Hz. 

quency of 10 Hz; specimen d i d  not  break; tests discont inued.  

quency of 10 Hz; specimen broke i n  shoulder .  

bSwitched t o  load c o n t r o l  mode a f t e r  50,000 c y c l e s  and cont inued a t  a f r e -  

'Switched t o  load c o n t r o l  mode a f t e r  17,000 c y c l e s  and cont inued a t  a f r e -  

dSwitched t o  load c o n t r o l  mode a f t e r  186,000 c y c l e s  and cont inued a t  a f r e -  
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Table B.9. F a t i g u e  data' a t  room temperature  f o r  H a s t e l l o y  C-276 t e s t e d  
i n  a i r  (3/4-in. p l a t e ;  heat 2760-0-3171; g r a i n  s i z e  ASTM 4 4 - 5 1  

Total 
s t r a i n  

Specimen range, 

S t r e s s  S t r e s s  amplitude, MPa S t r a i n  range, % Cycles 
range, t o  

Au Tensile Compressive ' Elas t ic  P la s t i c  f a i l u r e ,  "' (MPa) ut 0' Ace ALEP Nf 

98-81 3.0 1,372 67 5 697 0.67 2.33 633 
97-81 1.97 1,206 597 609 0.59 1.38 2,931 
95-81 1.0 1,017 505 512 0.5 0.5 13,204 
96-81b 0.496 890 435 456 0.062 0.434 128,510 
94-81' 0.389 792 399 393 0.003 0.386 >2,500,000 

'Axial s t r a i n  control  f u l l y  reversed t r iangular  waveform with a s t r a i n  rate 
of 5 X generated by Cabot Corp. on uniform-gage specimens 6.35 m 
(0.25 in.) i n  diameter and 19.05 m (0.75 in . )  long. Material t e s t ed  i n  m i l l -  
annealed condition with longitudinal ax i s  of specimen perpendicular t o  the 
r o l l i n g  d i r ec t ion  of plate .  Courtesy of Cabot Corp., Kokomo, Ind. 

bSwitched t o  load cont ro l  mode and continued the  t e s t  a t  2.5 Hz. 

'Switched t o  load cont ro l  mode and continued the test a t  10 Hz; specimen did 
not break; test discontinued. 

Table B.10. Low-cycle f a t i g u e  data' f o r  H a s t e l l o y  a l l o y  G t e s t e d  in a i r  
i n  computed axial  s t r a i n  c o n t r o l  ( A  = 0 3 )  

Total 
s t r a i n  

Specimen range, 

S t r e s s  S t r e s s  amplitude, MPa S t r a in  range, % Cycles 
range, t o  
Au Tensile Compressive Elast ic  P l a s t i c  f a i l u r e ,  

(MPa 1 ut uc A'e Nf A E t  
( X )  

GA- 1 
GA- 2 
GA-3 
GA-4 
GA-5 

GA-6 
GA-7 
GA- 8 

Tested a t  room temperature, Young's modulus E = 132 GPa 

2.5 1,234 617 617 0.64 1.88 1,289 
0.9 868 434 434 0.454 0.46 14,580 
0.6 786 393 393 0.41 0.20 46,395 
1.5 1,003 496 507 0.523 0.98 4,129 
4.0 1,489 7 24 765 0.78 3.12 396 

Tested a t  427OC, Young's modulus E = 116 GPa 

4.0 1,489 738 751 0.89 3.04 223 
1.4 1,054 52 7 527 0.632 0.76 2,465 
0.6 862 44 1 44 1 0.516 0.068 26,240 

'Fully reversed axial  s t r a i n  controlled da ta  with a s t r a i n  rate of 5 X 
obtained by Mar-Test Inc. Hourglass-shaped specimens with a 6.35-mm 

diameter were employed. Material came from 25.4-mm-diam (1.0-in.) bar, 
heat 1880-8-5942, with a gra in  s i z e  of ASTM 2.5-3. Courtesy of Cabot Corp., 
Kokomo, Ind. 

. 



I. b , 

Table B.ll. Fat igue  data' a t  room temperature  f o r  Has te l loy  a l l o y  G t e s t e d  i n  
a i r  (3/4-in. p l a t e ;  hea t  2340-0-2508) 

S t r e s s  Stress ampli tude,  MPa S t r a i n  range, % Cycles 
range,  t o  s t r a i n  

Specimen range, T e n s i l e  Compressive Elas t ic  P l a s t i c  f a i l u r e ,  Au 
P Nf Act (MPa 1 ut 0' Ace AE 

(%> 

103-8 1 2.0 1,080 530 550 0.56 1.44 2,065 
102-8 1 0.99 886 439 447 0.46 0.53 12,460 
101-81 0.7 803 396 407 0.42 0.28 35,342 

768 37 2 396 0.4 0.15 95,791 
9 105-8h 9-8 1 0*55 0.5 760 370 390 0.4 0.1 133,003 
106-81' 0.45 722 354 368 0.38 0.07 266,100 
100-81d 0.395 691 332 359 0.36 0.035 >1,700,000 

'Axial s t r a i n  c o n t r o l  w i t h  f u l l y  reversed  loading  a t  a s t r a i n  ra te  of 5 X 
Data generated by t h e  Cabot Corp., us ing  uniform-gage specimens w i t h  a 

6.35-mm (0.25-in.) gage diameter  and 19.05 mm (0.75 i n . )  long. Material had a n  
ASTM g r a i n  s i z e  of 3.54.0, and specimens were f a b r i c a t e d  wi th  l o n g i t u d i n a l  axis 
of  specimen perpendicular  t o  t h e  r o l l i n g  d i r e c t i o n .  Courtesy of Cabot Corp., 
Kokomo, Ind. 

2.5 Hz. 
bSwitched t o  load c o n t r o l  mode a f t e r  50,000 c y c l e s  and cont inued t h e  tes t  a t  

CSwitched t o  load c o n t r o l  mode a f t e r  47,000 c y c l e s  and cont inued t h e  test .  

dSwitched t o  load c o n t r o l  mode a f t e r  12,000 c y c l e s  and cont inued t h e  tes t  a t  
10 Hz; specimen d i d  not  f a i l ;  t es t  was discont inued.  

W 
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Table B. 12. Room-temperature strain-controlled fatigue dataa for 

under fully reversed triangular strain 
waveform (AE = -1 

Hastelloy C-4 tested in air at a strain rate of 5 X 

S t r e s s  S t r e s s  amplitudg, MPa S t r a i n  range, % Cycles 
range, t o  s t r a i n  

Specimen range, ha Tens i le  Compressive Elastic P las t ic  f a i l u r e ,  

(XI (MPa) ut (JC A E e  !f 

138-81 
134-8 1 
135-81 
136-8 1 
137-8 1 
139-81 
143-81 

145-81 
146-81 
144-8 1 
148-8 1 

2.0 
1.5 
1.0 
0.55 
0.51 
0.45 
0.4 

2.0 
1.0 
0.6 
0.5 

0.4 
3.0 
1.0 
0.8 
0.7 

1,242 
1,157 
1,047 
908 
885 
87 1 
824 

1,223 
1,033 
896 
865 

776 
1,427 
1,058 
973 
965 

Heat 0-0946b 
614 628 
573 584 
52 1 526 
445 46 3 
44 1 445 
429 44 1 
394 430 

Heat 0-092d 
598 625 
505 528 
444 45 2 
424 44 1 

Heat unknowng 

38 1 395 
646 731 
525 533 
483 440 
483 483 

0.58 
0.54 
0.49 
0.43 
0.42 
0.41 
0.383 

0.58 
0.47 
0.42 
0.41 

0.37 
0.67 
0.5 
0.458 
0.455 

1.42 
0.96 
0.51 
0.12 
0.09 
0.04 
0.017 

1.42 
0.53 
0.18 
0.09 

0.03 
2.33 
0.5 
0.342 
0.245 

2,403 
5,246 
12,364 
86,839 
136,358 
693,096' 

1,450, O O d  9' 

2,394 
10,400 
57,677 
161,700 

1,180,0061,' 
1,417 

12,363 
23,048 
38,794 

~ ~~~ ~~~~~~ 

aData.. furn ished  by courtesy of Cabot Corp., Kokomo, Ind. 

bP la t e ,  12.7 mm; g r a i n  s ize ,  ASTM 5-5.5; tests conducted by Cabot Corp. 

'After about lo5 cyc le s  continued the  t es t  a t  5 Hz i n  s t r a i n  c o n t r o l  mode. 

dAfter  about lo5 cyc le s  switched t o  load c o n t r o l  mode and cont inued the  test  

'Specimen d id  not break; test discont inued.  

fBar, 19.0 mm; g r a i n  s i z e ,  ASTM 5-5.5; tests conducted by Cabot Corp. 

9Tests conducted by Mar-Test. 

a t  10 Hz. 
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Appendix C 

PROPOSED FATIGUE DESIGN CURVES 

Ava i l ab le  continuous cyc l ing  f a t i g u e  d a t a  f o r  Has te l loy  X ( r e f s .  1 

and 2) and t h e  r e l a t e d  Has te l loy  a l l o y s  G ( r e f .  3 ) ,  C-276 ( r e f .  3 ) ,  and 

C-4 ( r e f .  4 )  were analyzed t o  e s t a b l i s h  a d e s c r i p t i o n  of t h e  f a t i g u e  

behavior  of t h e s e  materials f o r  use i n  developing f a t i g u e  des ign  curves  

f o r  Sec t ion  111 of t h e  ASME Boiler and Pressure VesseZ Code. Data were 

a v a i l a b l e  a t  room temperature and a t  427°C (800"F), wi th  c y c l i n g  l i v e s  

ranging  from. less than  100 t o  more than  lo7 cyc le s .  

showed t h a t  a l l  f o u r  of t h e  above m a t e r i a l s  e x h i b i t e d  similar f a t i g u e  

behavior ,  and i t  w a s  judged a p p r o p r i a t e  t o  combine them i n t o  a s i n g l e  d a t a  

base.  It w a s  then  found p o s s i b l e  t o  o b t a i n  a c c e p t a b l e  f i t s  t o  t h e  com- 

b ined  da ta  i n  terms of c y c l i c  l i v e s  as a f u n c t i o n  of app l i ed  s t r a i n  range 

by us ing  a mod i f i ca t ion  of t h e  popular Langer equat ion .5  

curves  were then  transformed i n t o  t h e  format of t h e  ASME code f a t i g u e  

des ign  curves ,  us ing  s t anda rd  techniques.  

Pre l iminary  a n a l y s i s  

These f i t t e d  

Choice of Data 

Data used were taken  from t h e  compi la t ions  g iven  i n  r e f s .  1 

through 5. Most d a t a  were from s t r a i n - c o n t r o l l e d  tests. Data from load- 

c o n t r o l l e d  tests a t  room temperature were a l s o  used but only i f  t he  l i v e s  

extended beyond lo6 cyc les .  

i n  t h e s e  tests and t o  convert  a p p l i e d  stress range t o  s t r a i n  range simply 

by d i v i d i n g  by an e las t ic  modulus of 195 GPa ( 2 8 . 3  X lo6 p s i ) .  

w e r e  g e n e r a l l y  excluded from t h e  data base wi th  t h e  excep t ion  of two tests 

a t  t h e  lowest a v a i l a b l e  stress range, which l a s t e d  more than  lo7 c y c l e s  

be fo re  te rmina t ion .  We f e l t  t h a t  t h e s e  two tests c o n t r i b u t e d  s i g n i f i -  

c a n t l y  t o  t h e  d a t a  base and inc luded  them i n  t h e  a n a l y s i s ;  t h e  l i v e s  a t  

which they were te rmina ted  were t r e a t e d  as t h e  t o t a l  c y c l i c  l i v e s  f o r  

t h o s e  tests. (More s o p h i s t i c a t e d  and more a c c u r a t e  techniques6  e x i s t  f o r  

e s t i m a t i o n  of t h e  c y c l i c  l i v e s  from runout tests, but we f e l t  t h a t  i t  was 

no t  necessary  t o  apply  t h e s e  techniques  i n  t h i s  i n s t ance . )  Otherwise, a l l  

Thus, we were a b l e  t o  assume e l a s t i c  behavior 

Runouts 
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a v a i l a b l e  da t a  were i n i t i a l l y  used. 

however, were l a t e r  excluded because they showed s i g n i f i c a n t l y  s h o r t e r  

l i v e s  than corresponding d a t a  from o t h e r  sources .  

The data of J ab lonsk i7  (F ig .  l), 

Analys is  Technique 

Although t h e  Langer equat ion  i s  somewhat l i m i t e d  and i n f l e x i b l e  f o r  

f i t t i n g  exper imenta l  d a t a ,  i t  is  a popular  one and has o f t e n  been used i n  

developing f a t i g u e  des ign  curves f o r  t he  ASME code. I n  i t s  o r i g i n a l  form, 

t h e  equat ion  i s  

where N is t h e  c y c l i c  l i f e ,  S i s  a "pseudos t ress  amplitude" g iven  by 

1/2(Act)E, Act being t h e  t o t a l  app l i ed  s t r a i n  range and E t h e  e l a s t i c  

modulus. The parameters  B and Se are opt imized t o  o b t a i n  best f i t s  t o  t he  

a v a i l a b l e  d a t a ,  with S, corresponding t o  an "endurance l i m i t "  o r  t o  the  

pseudos t r e s s  ampli tude,  a t  and below which c y c l i c  l i f e  becomes i n f i n i t e .  

Because most of t he  a v a i l a b l e  d a t a  i n  r e f s .  1 through 4 were from 

s t r a i n - c o n t r o l l e d  tes ts ,  we decided t o  perform f i t s  t o  t h e  d a t a  d i r e c t l y  

i n  terms of s t r a i n  range r a t h e r  than  pseudos t r e s s  range. Equat ion ( 1 )  can 

e a s i l y  be t ransformed t o  

t o  accomplish t h i s  choice.  However, Eq. (2) s t i l l  s u f f e r s  from extreme 

i n f l e x i b i l i t y  and from the  f a c t  t h a t  i t  is w r i t t e n  wi th  s t r a i n  range as 

t h e  dependent v a r i a b l e  even though, by na tu re  of t h e  f a t i g u e  t es t ,  l i f e  i s  

t h e  a p p r o p r i a t e  choice  f o r  t h e  dependent v a r i a b l e .  Therefore ,  we decided 

t o  make the  exponent on l i f e  i n  Eq. (2) a v a r i a b l e  t o  be opt imized f o r  bes t  

f i t  t o  t he  d a t a  and t o  so lve  t h e  equat ion  f o r  l i f e  (or  some t r ans fo rma t ion  

t h e r e o f )  as the  dependent v a r i a b l e .  This  s t e p  r e s u l t e d  i n  t h e  equat ion  . 
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where Bo,  B1, and A s o  are c o n s t a n t s  t o  be optimized by f i t s  t o  t h e  d a t a ,  

w i t h  A s o  corresponding t o  an endurance l i m i t  i n  terms of s t r a i n  range. 

Equation 3 is non l inea r  i n  t h e  r e g r e s s i o n  c o e f f i c i e n t s  and t h e r e f o r e  

cannot be d i r e c t l y  f i t  t o  da t a  by us ing  simple l i n e a r  least  squa res  

r eg res s ion .  Our approach t o  t h i s  problem w a s  t o  guess va lues  f o r  Ac0 

(which a l lows  Bo and B1 t o  be e s t ima ted  by l i n e a r  least  squa res )  and t o  

i n t e r a t i v e l y  modify t h e s e  guesses t o  o b t a i n  optimum f i t  t o  t h e  d a t a  i n  

terms of t h e  va r i ance  of t h e  f i t .  We a l s o  perform d i f f e r e n t  t r a n s f o r -  

mations on the  dependent v a r i a b l e  i n  o rde r  t o  opt imize  t h e  f i t s  and t o  

o b t a i n  approximately uniform va r i ance  over t h e  e n t i r e  range of c y c l i c  

l i v e s  examined. The equa t ion  f i n a l l y  chosen as g iv ing  optimum represen- 

t a t i o n  f o r  f a t i g u e  behavior w a s  

Note t h a t  t h e  log(1og N )  t r ans fo rma t ion  w a s  a l s o  found t o  be optimum i n  a 

r ecen t  survey of s e v e r a l  hundred sets of f a t i g u e  da ta  (-4600 separate 

t e s t s )  on a v a r i e t y  of materials.8 

p o r t s  t h e  use of t h i s  t ransformat ion .  

Thus, a g r e a t  d e a l  of in format ion  sup- 

F igu re  C . l  i l l u s t r a t e s  t h e  f i t  of Eq. ( 4 )  t o  a v a i l a b l e  da t a  

[ X  = log(Ast  - 0.341, Y = log(1og N)], whereas Fig. C.2  shows a s t anda rd  

r e s i d u a l  p lo t .  One short-term low-cycle tes t  appears  poss ib ly  t o  have 

f a i l e d  prematurely,  bu t ,  i n  g e n e r a l ,  t h e  f i t  i s  e x c e l l e n t ,  and t h e  

v a r i a n c e  from t h e  f i t  is uniform i n  c y c l i c  l i f e  over t h e  range of t h e  

da t a .  

F igure  C.3 compares a v a i l a b l e  da t a  wi th  t h e  p r e d i c t i o n s  from Eq. ( 4 )  

i n  a p l o t  of a s t anda rd  log  s t r a i n  range ve r sus  log  cyc le s  t o  f a i l u r e .  

The f i t  t o  t h e  d a t a  i s  q u i t e  good, a l though i n  t h e  low-cycle f a t i g u e  

r eg ion  a c o n s i s t e n t  and sys t ema t i c  t r end  seems t o  show t h e  f a t i g u e  l i f e  a t  

427°C t o  be less than  t h a t  a t  room temperature.  (This  t r end  d i sappea r s  by 

about lo5 c y c l e s ,  above which t h e r e  are i n s u f f i c i e n t  d a t a  t o  determine 

whether t h e  t r end  i s  a c t u a l l y  reversed  a t  h ighe r  numbers of cyc le s . )  

S e c t i o n  111 of t h e  ASME code t y p i c a l l y  inc ludes  a s i n g l e  curve from room 

tempera ture  t o  about 427OC, however, and our mean curve r e p r e s e n t s  a good 

compromise between t h e s e  two temperatures.  It w a s  t h e r e f o r e  dec ided ,  wi th  
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Fig. C. 1. Comparison of best-fit line (dotted) with experimental 
data (points) in transformed units. Y = log(1og N); X = log(Ack - 0.34) .  
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- - 
- HASTELLOY ALLOYS C, G, C-276 AND C - 4  - 

0 - STRAIN - CONTROLLED 

5 
Q 

100 F t i BEST FIT CURVE 
log ( log Nf) = 0.56-0.19 log (AE+-0.34) 

IO-' I I l l 1  I I l l 1  I I I I I  I I I I I  I I l l 1  I I l l 1  I d 
f02 do3 do4 {o5 106 107 1 O8 jog 4 0 ' ~  

CYCLES TO FAILURE 

Fig. C.3. Comparison of p r e d i c t e d  f a t i g u e  curve f o r  Has te l loy  a l l o y s  
wi th  exper imenta l  da ta .  

concurrence of t he  ASME Subgroup on Fa t igue  S t r eng th ,  t o  propose t h i s  

s i n g l e  curve and t o  ignore  the  s l i g h t  temperature dependence evidenced by 

t h e  da t a  shown i n  Fig. C.3. 

The mean curve i n  Fig. C.3 can now be converted t o  a des ign  curve by 

apply ing  a s t anda rd  ASME des ign  f a c t o r  of t h e  more conse rva t ive  of "20 on 

cyc le s"  o r  "2 on s t r a i n  range." This curve can then  be transformed t o  

normal u n i t s  of p seudos t r e s s  amplitude by mul t ip ly ing  t h e  s t r a i n  range 

v a l u e s  by E/2. We performed t h i s  t r ans fo rma t ion  by assuming a modulus E 

of 195 GPa ( 2 8 . 3  X lo6 p s i ) .  

Sec t ion  I11 format,  wi th  t h e  except ion  of a c o r r e c t i o n  f o r  mean stress 

e f f e c t s .  

The r e s u l t a n t  curve i s  then  i n  s t anda rd  ASME 

Mean S t r e s s  E f f e c t s  

No da ta  were a v a i l a b l e  on t h e  e f f e c t s  of mean stress on t h e  f a t i g u e  

behavior of t h e  Has te l loy  a l l o y s  examined i n  t h i s  study. We t h e r e f o r e  
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a p p l i e d  t h e  commonly used9 Goodman c o r r e c t i o n  f o r  maximum e f f e c t s  of mean 

stress. This  approach relates t h e  c o r r e c t e d  pseudos t r e s s  ampl i tude  S' t o  

t h e  uncorrec ted  amplitude S by 

S' = s (S, - S,)/S, + sy , (5) 

where S, i s  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  and Sy i s  t h e  c y c l i c  y i e l d  

s t r e n g t h .  

From d a t a  supp l i ed  i n  r e f s .  1 through 4, t h e  u l t i m a t e  t e n s i l e  

s t r e n g t h  f o r  t h e s e  a l l o y s  i s  summarized i n  Table C.l. Although t h e r e  i s  

some v a r i a t i o n  among a l l o y s ,  it seems reasonable  t o  accep t  average  va lues  

from t h e  fou r  a l l o y s  as r e p r e s e n t a t i v e ,  e s p e c i a l l y  g iven  t h e  v a r i a t i o n s  i n  

p r o p e r t i e s  o f t e n  observed f o r  va r ious  l o t s  of material. 

F igu re  C. 4 summarizes t h e  c y c l i c  s t r e s s - s t r a i n  p r o p e r i t i e s  of t h e  

c u r r e n t  a l l o y s  i n  t e r m s  of stress amplitude ve r sus  s t r a i n  ampl i tude  a t  the 

h a l f  l i f e  of a f a t i g u e  test. The data seem t o  f a l l  i n t o  two d i s t i n c t  

bands. A l l  data a t  427°C and t h e  room-temperature d a t a  f o r  a l l o y s  C-276 

and C-4 f a l l  i n  t h e  upper band; t h e  room-temperature d a t a  f o r  a l l o y s  X and 

G ' f a l l  i n  t h e  lower. Thus, f o r  a l l o y s  X and G t h e r e  i s  an apparent  ten- 

dency toward development of h ighe r  c y c l i c  stresses a t  427°C t han  a t  room 

temperature.  For a l l o y  C-276, however, t h e r e  i s  no apparent  tempera ture  

dependence i n  c y c l i c  s t r e s s - s t r a i n  behavior. (Data f o r  a l l o y  C-4 were 

a v a i l a b l e  only a t  room tempera ture . )  An average  room-temperature 0.2% 

o f f s e t  Sy would be about 454 MPa (65.8 k s i ) ,  whereas t h e  average 427°C 

Table  C. 1. Average u l t i m a t e  t e n s i l e  s t r e n g t h  
va lues  f o r  Has te l loy  a l l o y s  

U l t i m a t e  t e n s i l e  s t r e n g t h  f o r  
Has te l loy  a l l o y ,  MPa 

X C-276 G C-4 Average 

Room tempera ture  108 113 100 117 110 

427°C (800°F) 100 92 8 2 ,  100 94 
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Fig. C.4. Cycl ic  s t r e s s - s t r a i n  behavior  of Has te l loy  a l loys .  

would be about 490 MPa (71 k s i ) .  

should be s u f f i c i e n t  as an i n d i c a t o r  of t h e  onse t  of p l a s t i c  s t r a i n  a t  

e i t h e r  temperature.  S t i l l ,  even i f  one uses  t h i s  l a t te r  va lue  f o r  S,, 

t h e  h igher  u l t i m a t e  t e n s i l e  s t r e n g t h  a t  room temperature  l e a d s  t o  d i f -  

f e r e n t  mean stress c o r r e c t i o n  f a c t o r s  f o r  t h e  two temperatures .  Because 

mean stresses would commonly develop i n  thermal  f a t i g u e  s i t u a t i o n s  

( tempera ture  cyc l ing  from low t o  h igh) ,  i t  would seem reasonable  t o  adopt 

a compromise mean stress co r rec t ion .  Therefore ,  t h e  c o r r e c t i o n  f a c t o r s  

used were obta ined  by averaging t h e  room temperature  and t h e  427°C correc-  

t i o n  f a c t o r s  f o r  a given pseudos t ress  amplitude.  

However, an Sy value  of 414 MPa (60 k s i )  

F igu re  C.5 shows t h e  f i n a l  curve obta ined  i n  t h e  above manner. This  

curve i s  recommended f o r  use i n  both s t r a i n -  and load-cont ro l led  

s i t u a t i o n s  ( s i n c e  no d i f f e r e n c e s  between t h e  two were appa ren t )  from room 

tempera ture  t o  427OC. 
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DESIGN CURVE FOR E = 2.83 x lo7 psi 
ENTER THIS FATIGUE DESIGN CURVE WITH So - 

2.83 x f07psi WHERE: So So l i  x 

WHERE: Soli =ALTERNATING STRESS INTENSITY - 

- 
ET - 

CALCULATED USING E,, psi 
WHERE: ET = ELASTIC MODULUS AT TEMPERATURE 
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