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ABSTRACT 

H o t - i s o s t a t i c a l  ly-pressed powder-metal l u r g y  A s t r o l o y  was ob ta ined  which r ,, 1 
con ta ined  1.4 percent ,  f i n e  p o r o s i t y  a t  t h e  g r a i n  boundar ies produced by 

argon e n t e r i n g  t h e  powder c o n t a i n e r  d u r i n g  press ing.  Th i s  ma te r i  a1 was 
h 
Lo 
03 
I t e s t e d  a t  650' C i n  fa t igue ,  creep- fa t igue,  tens ion,  and s t ress - rup tu re  

W 

and the  r e s u l t s  compared w i t h  p rev i ous  d a t a  on sound As t ro loy .  The pores  

averaged about  2 pm d iameter  and 20 pm spacing. They d i d  i n f l u e n c e  f a t i g u e  

c rack  i n i t i a t i o n  and produced a  more i n t e r g r a n u l a r  mode o f  propagat ion.  

However, f a t i g u e  l i f e  was n o t  d r a s t i c a l l y  reduced. A l a r g e  25 pm pore  i n  

one specimen r e s u l t i n g  from a  ha l l ow  p a r t i c l e  d i d  reduce l i f e  by 60 percent ,  

however. Fa t i gue  behav io r  of t h e  porous ma te r i  a1 showed t y p i c a l  c o r r e l a t i o n  

w i t h  t e n s i l e  behav ior .  The p l a s t i c  s t r a i n  r a n g e - l i f e  r e l a t i o n  was reduced 

p r o p o r t i o n a t e l y  w i t h  t h e  r e d u c t i o n  i n  t e n s i l e  d u c t i l i t y ,  b u t  t h e  e l a s t i c  

s t r a i n  r a n g e - l i f e  r e l a t i o n  was l i t t l e  changed r e f l e c t i n g  t h e  smal l  r e d u c t i o n  
I 

in 'U/E f o r  t h e  porous m a t e r i a l .  

INTRODUCTION 

Produc t ion  of components by powder meta l  l u r g y  methods f o r  c r i t i c a l  ap- 

p l i c b t i o n s  i n  gas t u r b i n e  engines such as d i s k s  and s h a f t s  i s  an impor tan t  

develop ing technology. I t  p rov i des  b o t h  m a t e r i a l  and c o s t  savings and a  

g rea te r  u n i f o r m i t y  o f  m i c r o s t r u c t u r e  ove r  p a r t s  f o rged  f rom ingo t .  A  need 

remains, however, t o  f u l S l y  'unders tand e f t  e c t s  o f  t h e  d e f e c t s  p e c u l i a r  t o  
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t h e s e  powder m e t a l l u r g y  p r o d u c t s  wh ich  m i g h t  l i m i t  achievement o f  t h e i r  f u l l  
1, 

p o t e n t i a l ,  and a l s o  t o  deve lop  improved p r o d u c t i o n  methods t o  m i n i m i z e  t h e  
i I 

f r equency  o f  t h e s e  d e f e c t s .  The d e f e c t s  o f  c h i e f  conce rn  a r e  o x i d e  i n c l u -  

s i o n s  and pores.  Ox ides can be p r e s e n t  i n  t h e  i n g o t  s t a r t i n g  m a t e r i a l  o r  

produced by  r e a c t i o n  o r  e r o s i o n  o f  t h e  ceramic  p a r t s  o f  t h e  a t o m i z a t i o n  

equipment i n  c o n t a c t  w i t h  t h e  m e l t .  Pores can a l s o  have s e v e r a l  sources. A 

I f c o n s i d e r a b l e  amount o f  s u p e r a l l o y  powder i s  produced by  a rgon  a t o m i z a t i o n  
I j 
1 i and always hand led  i n  argon t o  p r e v e n t  con tamina t ion .  One p o s s i b l e  source 
I r 

o f  po res  a r e  h o l l o w  powder p a r t i c l e s  f i l l e d  w i t h  a rgon  t h a t  a r e  o c c a s i o n a l l y  
I :  I 

produced i n  t h e  a t o m i z a t i o n  process.  A second p o s s i b l e  sou rce  o f  p o r o s i t y  I 
i s  t h e  l a c k  o f  comple te  e v a c u a t i o n  o f  t h e  a rgon  c o v e r  gas f rom t h e  powder 

c o n t a i n e r  b e f o r e  c o n s o l i d a t i o n ,  T h i s  s t u d y  i s  concerned w i t h  t h e  e f f e c t s  o f  

p o r o s i t y  f r o m  s t i l l  ano the r  source. 

I n  t h i s  case a  s m a l l  l e a k  i n  t h e  powder c o n t a i n e r  a l l o w e d  some argon, 

t h e  p r e s s u r i z i n g  medium used i n  h o t - i s o s t a t i c - p r e s s i n g ,  t o  be pumped i n  and 

ent rapped i n  t h e  p a r t  wh ich  d i d  f u l l y  c o n s o l i d a t e ,  neve r the less .  The p a r t  

was t o  be a  t u r b i n e  d i s k  o f  t h e  n i cke l -base  s u p e r a l l o y  A s t r o l o y  made as p a r t  

o f  a  component demons t ra t i on  program.2 The m a t e r i a l  t a k e n  f o r  t h i s  s t u d y  

c o n t a i n e d  abou t  1.4 p e r c e n t  o f  f i n e  g r a i n  boundary p o r o s i t j  w i t h  average 

p o r e  d iamete r  and spac ing  o f  abou t  2  and 20 pm, r e s p e c t i v e l y .  The amount o f  

p o r o s i t y  i n  t h i s  mater  i a l  exceeded t h e  t u r b i n e  eng ine  m a n u f a c t u r e r ' s  spec i -  

f i c a t i o n s  b y  r o u g h l y  15 t imes.  S t i l l ,  i t  was o f  i n ' t e r e s t  t o  de te rm ine  t h e  

e f f e c t  o f  such a  f i n e ,  b u t  abundant p o r o s i t y  on c r i t i c a l  mechan ica l  p roper -  

t i e s ,  p a r t i c u l a r l y  l ow  c y c l e  f a t i g u e  b e h a v i o r  s i n c e  t u r b i n e  d i s k  l i f e  i s  



It i s  s t ressed  t h a t  t h i s  work does no t  e s t a b l i s h  t h e  minimum p rope r t y  

l e v e l s  c o n t r o l  l e d  by whatever l a r g e  b u t  r a r e  d e f e c t s  t h i s  m a t e r i a l  may con- 

t a i n .  Such de te rm ina t i ons  r e q u i r e  t e s t i n g  o f  a  l a r g e  volume o f  m a t e r i a l .  

In general, f a i l u r e  i n  t h e  t e s t s  t o  be repo r t ed  was assoc ia ted  w i t h  t h e  f i n e  

4 genera l  g r a i n  boundary p o r o s i t y ,  n o t  an i s o l s t e d  l a r g e  po re  o r  c l u s t e r  o f  

pores. 

Fa t igue  and c reep- fa t igue  t e s t s  were conducted on t h e  porous A s t r o l o y  a t  

650' C and a  v a r i e t y  o f  s t r a i n  ranges. Comparable da ta  en sound A s t r o l o y  

a l r eady  e ~ i s t e d . ~  The f a i l e d  specimens o f  b o t h  t h e  porous and sound mate- 

r i a l s  were examined by scanning e l e c t r o n  microscopy t o  determine t h e  t ype  I 
and s i z e  o f  de fec t ,  i f  any, which i n i t i a t e d  f a i l u r e  fe!' p o s s i b l e  c o r r e l a t i o n  

w i t h  t he  l i f e  o f  t h e  specimen. Modes o f  c rack  i n i t i a t i o n  and p ropaga t ion  

were a l s o  noted. T e n s i l e  and s t ress - rup tu re  p r o p e r t i e s  a t  650' C were 

measured f o r  b o t h  m a t e r i a l s  a lso.  

MATERIALS AND PROCEDURES 

M a t e r i a l  s  

The m a t e r i a l  s t u d i e d  i n  t h i s  program was h o t - i s o s t a t i c a l  ly-pressed, 

powder-metal l u rgy ,  low-carbon As t ro loy .  Both t h e  sound and porous m a t e r i a l  s  

were taken f r o m  f u l l  s c a l e  p ress i ngs  f o r  an a i r c r a f t  eng ine f i r s t  s tage t u r -  

b i n e  d isk .  Bo th  were produced accord ing t o  t h e  engine manu fac tu re r ' s  speci-  

f i c a t i o n s  b u t  a t  d i f f e r e n t  t imes. The p rocess ing  methods employed a re  f u l l y  

2 descr ibed  elsewhere and w i l l  be o n l y  b r i e f l y  d iscussed here. 

Composit ion s p e c i f i c a t i o n s  f o r  low carbon A s t r o l o y  and t h e  composi t ions 

o f  t h e  sound and poraus p ress ings  a re  presented i n  Table  I. The composi- 

t i o n s  o f  b o t h  p r e s s i  ngs meet t h e  s p e c i f i c a t i o n s  and a re  ve ry  n e a r l y  t h e  

k . . same. Both m a t e r i a l s  were produced from -80 mesh powder f r o m  t h e  same manu- 
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f a c t u r e r .  The powder was loaded i n t o  m i l d  s t e e l  con ta i ne rs  shaped l i k e  t h e  

p a r t ,  ho t  outgassed, sealed, and h o t  i s o s t a t i c a l l y  pressed f o r  3  hours  a t  

100 MPa and 1 1 9 0 ~  o r  1215' C f o r  t h e  sound o r  porous pressings, respec- 

t i v e l y .  The p ress i ngs  were s o l u t i o n  t r e a t e d  a t  about 1110~ C f o r  3  and 

2 hours, r e s p e c t i v e l y ,  f o r  t h e  sound and porous press ings.  The h o t  
I 

i s o s t a t i c  p ress i ng  c y c l e s  and s o l u t i o n  t r ea tmen ts  f o r  b o t h  p ress ings  a re  

w i t h i n  t h e  manufac tu re r ' s  range o f  s p e c i f i c a t i o n s .  Bo th  were aged as 

f o l l o w s :  870' C/8 hr/HC + 980' C/4 hr/AC + 650' C/24 hr/HC + 

760' C/8 hr/AC. 

As a  p a r t  of t h e  q u a l i f i c a t i o n  t e s t i n g  f o r  powder m e t a l l u r g y  A s t r o l o y  

pa r t s ,  a  sample i s  sub jec ted  t o  1205' C f o r  4 hours  and t h e n  examined 

m e t a l l o g r a p h i c a l l y .  Th is  hea t i ng  t o  j u s t  below t h e  s o l i d u s  causes any Ar  i n  

t h e  m a t e r i a l  t o  produce v i s i b l e  voids. The porous p ress i ng  t e s t e d  here 

f a i l e d  t h i s  q u a l i t y  c o n t r o l  t e s t  whereas t h e  sound mater f  a1 passed. Just  

t h e  1110~ C s o l u t i o n  t rea tment  was s u f f i c i e n t  t o  produce t h e  1.4 percen t  

o f  p o r o s i t y  observed i n  t h e  p o r t i o n  o f  t h e  p ress i ng  t e s t e d  here. 

Mechanical Tes t i ng  

S t r a i n - c o n t r o l  led,  f u l  ly - reversed ( r a t i o  o f  minimum t o  maximum s t r a i n ,  

R, equal t o  -1) low c y c l e  f a t i g u e  t e s t s  were conducted a t  0.33 Hz. Creep- 

f a t i g u e  t e s t s  were i d e n t i c a l l y  conducted except  f o r  a  15 minute t e n s i l e  

d w e l l  a t  t h e  maximum t e n s i l e  s t r a i n  o f  t h e  cyc le .  Loading and un loading 

r a t e s  were cons tan t  and o f  equal  magnitude and t h e  same f o r  b o t h  t ypes  o f  

t e s t s .  The specimen f i n i s h ,  produced by f i ' i e  g r i nd i ng ,  was 0.2 pm RMS. 
. . 

A  complete d e s c r i p t i o n  o f  t h e  t e s t  methods and t h e  r e s u i t s  on t h e  sound 
, 
ii 

A s t r o l o y  have been p r e v i o u s l y  p r e ~ e n t e d . ~  T e ~ l s i  l e  and s t r ess - rup tu re  
1. 
5 t e s t s  were conducted i n  accordance w i t h  ASTM recommended p rac t i ce .  

! 
" 
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RESULTS 
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M i c r o s t r u c t u r e  

The n ~ i c r o s t r u c t u r e s  o f  t h e  sound and porous A s t r o l o y  p i eces  a re  shown i n  
1 

F ig .  1. The porous m a t e r i a l  con ta i ns  about 1.4 percen t  p c r o s i t y ,  most o f  i t  

.t 
'1 appear ing a t  g r a i n  boundaries. The average pore  s i z e  average l i n e a l  i n t e r -  
f I h a cep t ,  i s  2  pm, though some as l a r g e  as 10 pm were o c c a s i o n a l l y  seen i n  
if 

me ta l l og raph i c  specimens. The average spacing between t h e  pores  i s  about 

20 pm. 

The average g r a i n  s i z e  o f  t h e  porous m a t e r i a l  was 90 pm, average l i n e a l  

i n t e r c e p t .  The g r a i n  s i z e  o f  t h e  sound m a t e r i a l  was smal ler ,  50 pn. The 

reason f o r  t h i s  d i f f e r e n c e  was apparen t l y  t h e  d i f f e r e n c e  i n  t h e  ho t -  

i s o t a t i c - p r e s s i  ng hmpe ra tu re .  The porous m a t e r i a l  was compscted, a t  

1215' C and t h e  sound a t  1190° C. 

Tens i l e  and Stress-Rupfure Behav ior  a t  650' C 

Average va lues  o f  t h e  650' C t e n s i l e  p r o p e r t i e s  f o r  t h e  sound and 

porous m a t e r i a l s  and t h e  percentage reduc t i ons  f o r  t h e  parous m a t e r i a l  r e l a -  

t i v e  t o  t h e  sound a re  presented i n  Table 11. Resu l t s  a re  t h e  average o f  two 

t e s t s .  Data f o r  t h e  sound m a t e r i a l  i s  taken f rom Ref. 3. A lso presented 

" f o r  f u t u r e  d i s c u s s i o n  a re  t h e  va lues o f  t h e  650' C e l a s t i c  modulus, u l t i -  

mate t e n s i l e  s t r e n g t h  d i v i d e d  by modulus, and t r u e  t e n s i l e  d u c t i l i t y .  The 

modulus va lues  a re  taken  from t h e  c y c l i c  t e s t s .  They a re  t h e  averages o f  

t h e  values f r o m  a1 1  t h e  f a t i g u e  and c reep- fa t igue  t e s t s .  

Note t h a t  t h e  t e n s i l e  s t r e n g t h  o f  t h e  porous m a t e r i a l  i s  a  l i t t l e  re -  

duced bu t  i t s  d u c t i l i t y  i s  reduced s u b s t a n t i a l l y .  U l t i m a t e  t e n s i l e  s t r e n g t h  

i s  reduced 7 percent ,  b u t  t r u e  t e n s i l e  r e d u c t i o n  o f  area (I3 ) i s  reduced 
P  

about  40 percen t .  The e l a s t i c  modulus of t h e  porous m a t e r i a l  i s  a l s o  re-  

5  
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duced such t h a t  u l t i m a t e  s t r e n g t h  d i v i d e d  by modulus i s  o n l y  reduced 1.5 

percen t  r e l a t i v e  t o  t h e  sourid ma te r i a l .  

The 650' C s t r ess - rup tu re  d a t a  ob ta i ned  has been analyzed t o  o b t a i n  

approximate s t resses  f o r  10, 100, and 1000 hours  l i f e .  These va lues a re  

r epo r t ed  i n  Table I 1  f o r  b o t h  m a t e r i a l s  t o g e t h e r  w i t h  t h e  percentage reduc- 

t i o n s  f o r  t h e  porous m a t e r i a l  r e l a t i v e  t o  t h e  sound. Rupture d u c t i l i t y  f o r  

b o t h  m a t e r i a l s  was rough l y  independent o f  t i m e  t o  f a i l u r e  f o r  t h e  same range 

of 1  i ves  ak~d an average va lue has been repo r t ed  f o r  each ma te r i a l .  

The r e d u c t i o n  i n  s t r e s s  r u p t u r e  s t r e n g t h  f o r  t h e  porous m a t e r i a l  i s  

smal l ,  about 5  percen t  f o r  100 hours l i f e ,  and o n l y  2  percen t  f o r  I000 hours  

1  i f e .  True s t ress - - rup tu re  r e d u c t i o n  of a rea  (Dc) f o r  t h e  porous m a t e r i a l  

i s  more reduced, about 20 percent ,  bu t  n o t  as much as was t h e  650' C t r u e  

t e n s i l e  d u c t i l i t y .  

Low Cycle Fa t i gue  and Crsep-Fatigue Behav ior  

S t r a i n - c o n t r o l l e d  low c y c l e  f a t i g u e  t e s t s  and c reep- fa t igue  t e s t s  i n -  

c o r p o r a t i n g  a  15 minu te  dwe l l  a t  maximum t e n s i l e  s t r a i n  were conducted a t  

650' C and R = -1 f o r  a  v a r i e t y  o f  s t r a i n  ranges. The da ta  a re  presented 

i n  Table 111. Shown a re  t h e  t o t a l  (be t ) ,  e l a s t i c  (nee),  i n e l a s t i c  

('ei n) 9 and creep ( A )  s t r a i n  range components, t h e  s t r e s s  range a t  t h e  

f i r s t  c y c l e  (Nl)and a t  h a l f  1  i f e  (Nf ,*), t h e  mean s t r e s s  a t  h a l f  l i f e ,  

a , t h e  number o f  c y c l e s  t o  5  percen t  l oad  drop ( N 5 ) ,  and t h e  number o f  c y c l e s  

t o  f a i l u r e  ( N f )  The creep s t r a i n ,  A E ~ ,  i s  d e f i n e d  as t h e  s t r e s s  r e l ax -  

a t i o n  occu r i ng  d u r i n g  t h e  t e n s i l e  d w e l l  d i v i d e d  by t h e  modulus, and nrin 

i s  t h e  sum of A E ~  and A E  t h e  p l a s t i c  s t r a i n  range. The e l a s t i c  
P ' 

s t r a i n  range has been c a l c u l a t e d  f rom t h e  maximum s t r e s s  range l e s s  any 

c reep  r e l a x a t i o n  and t h e  average va lue o f  t h e  modulus f o r  t h e  m a t e r i a l  f r om  

a1 1  t h e  t e s t s .  
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From t h e  va lues  o f  t h e  s t r e s s  range a t  N1 and N f I e  i t  can  be I, 

i sezn t h a t  b o t h  m a t e r i a l s  were c y c l i c a l l y  s t a b l e  under  b o t h  c y c l e s  excep t  a t  

t h e  h i g h e s t  s t r a i n  ranges.  I n  f a t i g u e  a t  E 0.014, t h e  pcvaus mate- 

r i a l  c y c l i c a l l y  hardened s l i g h t l y ,  about  3 p e r c e n t ,  b u t  t h e  sound m a t e r i a l  

d i d  n o t  c y c l i c a l l y  harden excep t  a t  t h e  h i g h e s t  s t r a i n  range, 

A E ~  = 0.019, where i t  hardened about  7 p e r c e n t .  Bo th  m a t e r i a l s  c y c l  i c a l  l y  

hardened s l i g h t l y  a t  t h e  h i g h e s t  s t r a i n  ranges i n  t h e  c r e e p - f a t i g u e  c y c l e ,  

about 3  p e r c e n t .  S l i g h t l y  n e g a t i v e  mean s t r e s s e s  deve loped i n  most  o f  t h e  

t e s t s  b u t  a l l  were l e s s  t h a n  5  p e r c e n t  o f  t h e  s t r e s s  range. I 
The c y c l i c  s t r e s s - s t r a i n  b e h a v i o r  o f  b o t h  m a t e r i a l s  under b o t h  c y c l e s  i s  

shown i n  F i g .  2. The s t a b i l i z e d  s t r e s s  range  was t a k e n  as t h a t  a t  h a l f  

l i f e .  The l i n e  shown r e p r e s e n t s  t h e  e q u a t i o n  AU - 3540 A E  0*097 which 
P  

das o b t a i n e d  by  f i t t i n g  a l l  o f  t h e  f a t i g u e  d a t a  f o r  b o t n  mate ria!^ f o r  

A E  > I t  can b e  seen t h a t  b o t h  m a t e r i a l s  e x h i b i t  v e r y  s i n i i l a r  
P  - 

behav io r  under  b o t h  c y c l e s .  The c reep- fa t i gue  d a t a  a l s o  f i t  t h i s  l i n e  a t  

t h e  h i g h e r  s t r a i n  ranges,  however, a t  t h e  l ower  s t r a i n  ranges i t  appears I 
t h a t  t h e  s t r e s s  range may be s m a l l e r  f o r  t h e  c r e e p - f a t i g ~ ~ e  c y c l e .  

r 
The r e l a t i o n s h i p  between A and Nf f o r  b o t h  m a t e r i a l s  and cyc- 

l e s  i s  shown i n  F i g .  3. Fo r  t h e  f a t i g u e  t e s t s  an t h e  porous m a t e r i a l  a t  t h e  

. . l o w e s t  Ast, i s  u n c e r t a i n  s i n c e  i t  was l e s s  t h a n  t h e  d e t e c t a b l e  

1  i m i t  o f  a b o u t  5 x 1 0 - ~ .  Lack ing  t h e s e  p o i n t s ,  a  l i n e  has been d r a w n  'I 

. j ' ,  
X 

t h rough  t h e  p o i n t s  a t  t h e  h i g h e r  assuming a  s l o p e  equa l  t o  t h a t  f o r  

t h e  sound m a t e r i a l  j u s t  t o  p r o v i d e  e a s i e r  v i s u a l  comparison. Regard less  o f  
I 

, p t h i s  dev ise ,  i t  can be seen t h a t  t h e  i n e l a s t i c  s t r a i n  range  c a p a b i l i t y  o f  

t h e  porous m a t e r i a l  i s  abu t  40 p e r c e n t  l ower  t h a n  t h a t  o f  t h e  sound m a t e r i a l  

i . " 
h 

f o r  bo tb  c y c l e s .  

F 
4 
). 
F *  
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The r e l a t i o n s h i p  between bee and Nf f o r  each c y c l e  i s  ve ry  near- 

l y  t he  same f o r  b o t h  m a t e r i a l  s, and i s  very  n e a r l y  t h e  same as t h a t  between 

be t  and Nf,  s ince  aein i s  so smal l  compared t o  bee i n  these  

t es t s .  The r e l a t i o n s h i p  betwec-n set and Nf i s  shown i n  F i g .  4. The 

l i n e s  represen t  t h e  sum of r eg ress i on  f i t  equa t ions  f o r  dein and ace 

b  of t h e  form b c  = aNf, except  f o r  t h e  sound m a t e r i a l  t e s t e d  i n  f a t i g u e  

where an e q ~ a t i o n  u f  t h e  form o re  = a ~ f b  + c  was found  t o  p r o v i d e  a 

b e t t e r  f i t .  

The f i n e  p o r o s i t y  does n o t  have as g r e a t  an e f f e c t  on f a t i g u e  and creep- 

f a t i g u e  behav io r  as m igh t  have been feared.  Reduct ions i n  l i f e  r e l a t i v e  t o  

a 
I those f o r  t h e  sound m a t e r i a l  a re  about 30 percen t  f o r  bo th  t e s t  cyc les .  
! 

Fractography 

A l l  o f  t h e  f a i l e d  specimens o f  b o t h  m a t e r i a l s  f r om  t h e  f a t i g u e  and 

s c reep- fa t  igue t e s t s  were examined by scanning e l e c t r o n  microscopy as we1 1  as 

se lec ted  t e n s i l e  and s t ress - rup tu re  specimens. 

Tens i l e  and s t ress - rup tu re .  - Tens i l e  f a i l u r e  i n  t h e  sound m a t e r i a l  a t  

650' C was t r a n s g r a n u l a r  w i t h  a  d u c t i l e ,  d impled appearance. F a i l u r e  i n  

t h e  porous m a t e r i a l  changed t o  i n t e r g r a n u l a r .  The corresponding reduc t i on  

L * . i n  t e n s i l e  d u c t i l i t y  was 40 percen t .  S t ress - rup tu re  f a i l u r e  was i n t e r -  
\ .  

i 'I g ranu la r  i n  bo th  m a t e ~ ' i a l s ,  however, and t h e  d u c t i l i t y  o f  t h e  porous mate- 

% 

r i a l  was reduced o n l y  20 percen t  r e l a t i v e  t o  t h a t  o f  t h e  sound ma te r i a l .  
L .  

1 C Fat igue. - I n  t h e  sound m a t e r i a l ,  t h e  f a t i g u e  c y c l e  produced m u l t i p l e  

su r f ace  crack, i n i t i a t i o n  i n  a  t r ansg ranu la r  mode a t  a1 l s t r a i n  ranges. The 

appearances o f  two specimens t e s t e d  a t  t h e  lower  s t r a i n  ranges shown i n  

F i g .  5  t y p i f y  t h e  i n i t i a t i o n  s i t e s .  Crack i n i t i a t i o n  has occur red  on a  

i. " + : machining mark a t  what appears t o  be a  g r a i n  boundary. Stereographic  exami- 
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n a t i o n  shows t h e  p a r t i c l e  n e a r  t h e  o r i g i n  i n  F i g .  5 ( a )  t o  be an a r t i f a c t  
i L 

s i t t i n g  on  t h e  edge o f  t h e  specimen. I n  t h e  a r e a  immed ia te l y  around t h e  
t 

o r i g i n  i s  a  r e l a t i v e l y  f e a t u r e l e s s  S tage  I 1  t y p e  o f  t r a n s g r a n u l a r  f r a c t u r e .  
/ 1 

1 
Beyond t h i s  area i n  t h e  specimen t e s t e d  a t  t h e  l ower  s t r a i n  range, F i g .  

d 
5(a ) ,  t h e r e  i s  an a rea  r o u g h l y  f i v e  g r a i n s  deep t h a t  has some c r y s t a l l o -  

g raph ic  c h a r a c t e r .  Beyond t h a t  i s  an a r e a  o f  rougher  Stage I 1  propaga t ion .  

F r a c t u r e  on  t h e  specimen t e s t e d  a t  t h e  h i g h e r  s t r a i n  range,  F i g .  5 ( b )  goes 

f r o m  t h e  smooth t o  rougher  Stage I 1  appearance d i r e c t l y .  

F a i l u r e  i n  t h e  two specimens o f  t h e  po rous  m a t e r i a l  t e s t e d  a t  t h e  l ow  

s t r a i n  ranges,  0.008, c l e a r l y  i n i t i a t e d  a t  pores.  U n l i k e  t h e  sound 

m a t e r i a l ,  f a i l u r e  i n i t i a t e d  a t  s i n g l e  s i t e s .  The specimen shown i n  F i g .  

6 ( a )  f a i l e d  i n  t h e  a r e a  o f  t w o  c l o s e l y  spaced p o r e s  about  5  pm i n  d iameter .  

The l a r g e r  p h r t i c l e s  nedr  t h e  pDres a r e  a r t i f a c t s  s i t t i n g  on t h e  su r face .  

The area n e a r  t h e  po res  appears l i k e  S tage  I c r y s t a l l o g r a p h i c  f r a c t u r e .  

S t r i a t i o n s  on Stage I f r a c t u r e  f a c e s  do o c c u r  i n  Ni-base s u p e r a l l o y s .  5 

T h i s  f l a t  c r y s t a l l o g r a p h i c  appearance was n o t  observed on o t h e r  specimens, 

and even i n  t h i s  case t h e  c r a c k  p r o p a g a t i o n  mode q u i c k l y  changed t o  a rough  

Stage I 1  appearance. 

These 5 ~m po res  produced no s i g n i f i c a n t  r e d u c t i o n  i n  1  i f e  r e l a t i v e  t o  

t h a t  expected f o r  t h e  sound m a t e r i a l .  The d a t a  p o i n t  r e p r e s e n t i n g  t h i s  t e s t  

f a 1  1s on t h e  c u r v e  of  b e t  vs  Nf r e p r e s e n t i n g  t h e  souna m a t e r i a l  

( F i g .  4 ) .  

The second specimen o f  t h e  porous m a t e r i a l ,  F i g .  6 ( b ) ,  f a i l e d  a t  a  l a r g e  

25 um d iamete r  pore.  T h i s  p o r e  i s  p r o b a b l y  n o t  p a r t  o f  t h e  genera l  f i n e  

p o r o s i t y  caused b y  t h e  l e a k i n g  c o n t a i n e r  d u r i n g  h o t - i s o s t a t i c - p r e s s i n y .  I t s  

? ,  

i s u r f a c e  appears t o  have t h e  s o l i d i f i c a t i o n  s t r u c t u r e  seen i n s i d e  h o l l o w  pow- 
h 
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d e r  p a r t i c l e s -  Crack p ropaga t ion  f rom t h i s  ' large pot-e has immediately as- , 

sumed a raough Stage X I  mode. The l i f e  o f  t h i s  :specimen was reduced about 60 

percen t  r e l a t i v e  t o  t h a t  expected f o r  t h e  sound m a t e r i a l  a t  t h e  same net 
and has l a r g e l y  c o n t r i b u t e d  t o  t h e  30 percen t  r educ t i on  i n  average behav ior  

f o r  t h e  porous m i t e r i  a l .  

Crack p ropaga t ion  i n  t h e  sound m a t e r i a l  except  a t  t h e  h i ghes t  s t r a i n  

range mainta ined a  rough Stage I 1  appearance u n t i l  over load  f a i l u r e  oc- 

cur red.  I n  t h e  porous ma te r i a l ,  however, once t h e  c rack  progressed a  few 

1 hundred pm, t h e  p ropaga t ion  mode became p a r t i a l l y  i n t e r g r a n u l a r .  A t  t he  

h i ghes t  s t r a i n  ranges, bet 1 0.014, f r a c t u r e  i n  t h e  porous m a t e r i a l  was 

almost e n t i r e l y  i n t e r g r a n u l a r .  The specimen t e s t e d  a t  not = 0.0138 ap- 

peared t o  have f r a c t u r e d  r;nti r e l y  i n t e r g r a n u l a r l y .  However, t he  speci~nen 

P t e s t e d  a t  net = 0.135, F ig .  7, appears t o  have a  smal l  are,i o f  t r ans -  

g ranu la r  f r ac tu re .  Many secondary cracks were observed on bo th  specimens. 

I n  t h e  sound m a t e r i a l  a t  t h e  t ~ l g h e s t  s t r a i n  range employed, I 
Ac t  = 0.0191, f r a c t u r e  remained t r ansg ranu la r  though i t  became very  

rough. There was no reg ion  o f  smooth Stage I 1  f r a c t u r e  as fo;- the lower 

s t r a i n  ranges. 
! 

The f a t i g u e  behav io r  o f  Udimet 700, an a l l o y  very  s i m i l a r  t o  t h e  

A s t r o l o y  s t ud ied  here  except p r i m a r i l y  f o r  a  h i ghe r  C concen t ra t ion ,  0.06 

w/o, and a  l a r g e r  g r a i n  s i ze ,  about 200 pm, has been s tud ied  ex tens j ve l y .  
a 

6  I /  . We l l s  and S u l l i v a n  t e s t e d  Udimet 700 a t  t h e  same temperature enlployed 

". 
here, 650' C, w i t h  net = 0.016. However, t h e r e  were s i g n i f i c a n t  d i f -  

ferences.  They employed a  s t r a i n  r a t i o  o f  0, a  lower f requency o f  t he  o r d e r  1 

o f  0.01 Hz, and h i g h l y  p o l i s h e d  specimens. F rac tu re  i n i t i a t i o n  was as o f t e n  
i 

t r ansg ranu la r  Stage I as i t  was i n t e r g r a n u l a r .  Though even when c rack  i n i -  



t i a t i o n  was i n t e r g r a n u l a r ,  t h e  propagat ' ion i i ~ u d ~  changed to SStgge I a t  about  

one g r a i n  d iamete r  be low t h e  sur face,  The d i f f e r e n c e  i n  f r a c t u r e  i n i t i a t i o n  

behav io r  observed h e r e  i s  e a s i l y  e x p l a i n e d  by  t h e  f i n e  ground, 0.2 pm KMS 

s u r f a c e  on t h e  specimens t e s t e d  here. However, t h e  f r e q u e n t  l a c k  o f  any 

Stage I f r a c t u r e  area on t h e  A s t r o l o y  specimens t e s t e d  heve i s  n o t  under- 

s tood.  The h i g h e r  +;*equency eniployed h e r e  wou ld  be expected t o  promote 

Stage I f r a c t u r e .  7 .  

C reep- fa t i gue  c y c l e .  - D u r i  ny t h e  c r e e p - f a t i g u e  c y c l e  wh ich  incorpo-  

r a t e d  a  15 m i n u t e  d w e l l  a t  t h e  maxirnum s t r a i n  b o t h  t h e  sound and porous 

m a t e r i a l s  c racked  i n t e r g r a n u l a r l y  a t  a l l  t h e  s t r a i n  ranges t e s t e d .  On t h e  

gage sur face o f  t h e  t e s t e d  specimens, many g r a i n  boundar ies  c o u l d  be seen t o  

have opened. G e n e r a l l y ,  c r a c k  i n i t i a t i o n  s i t e s  c o u l d  n o t  be  p r e c i s e l y  + i s -  

t i n g u i s h e d  because t h e r e  was no Stage I o r  smooth Stage I 1  a rea  t o  mark them. 

DISCUSSION 

Many examples e x i s t  of d r a s t i c  r e d u c t i o n s  i n  d u c t i l i t y  produced by sma l l  

amounts o f  p o r o s i t y  c o n c e n t r a t e d  on g r a i n  boundar ies  i n  me ta l s .  The case o f  

v o i d s  produced b y  i r r a d i a t i o n  genera ted h e l i u m  c l o s e l y  r e p r e s e n t s  t h a t  o f  

t h e  argon c o n t a i n i n g  v o i d s  d i scussed  here.  He l i um c o n c e n t r a t i o n s  o f  a  few  

ppm commonly reduce e l e v a t e d  tempera tu re  t e n s i l e  d u c t i l i t y  f r o m  50 t o  80 

pe rcen t ,  though a  f e w  a1 l o y s  a r e  r e l a t i v e l y  una f fec ted .8  The 700' C 

t e n s i l e  d u c t i l i t y  o f  I n c o n e l  X-750, a s u p e r a l l o y  c o n t a i n i n g  about  I 5  per -  

c e n t  y ' ,  was reduced 75 p e r c e n t  by  7  ppm He. A h e l i u m  c o n c e n t r a t i o n  o f  

o n l y  0.4 ppm reduced t h e  c reep  d u c t i i > t y  o f  N~-GAW about  an o r d e r  o f  magni- 

tude.' Vo ids  produced upon h e a t i n g  a f t e r  15 p e r c e n t  t e n s i  l e  p r e s t r a i n i n g  

reduced t h e  750' C c reep  d u c t i  1  i t y  o f  t h e  s u p e r a l  l o y  N imonic  80A by 80 t o  

90 pe rcen t .  10 



Genera l ly ,  t h e  c a v i t i e s  shown i n  t h e  cases o f  i a r g e  d u c t i l i t y  reduc t ions  

c i t e d  a re  of t h e  o r d e r  o f  0.5 pm i n  d iameter  and a  few pm apar t  a long t h e  

g r a i n  boundaries. Models by Nix, Matlock, and ~ i ~ e l f i "  and by Pav in i ch  

and R ~ J ' *  of t h e  e f f e c t  o f  g r a i n  boundary c a v i t i e s  growing by creep on 

rup t i r re  l i f e  and d u c t i l i t y  show t h a t  t h e  spacing between t h e  c a v i t i e s  i s  

most impor tan t  r a t h e r  t h a n  s imp ly  t h e  amount of p o r o s i t y .  I n  o rde r  f o r  

c a v i t i e s  t o  i n t e r a c t  and m u s e  l a r g e  reduc t i ons  i n  d u c t i l i t y ,  t h e  spacing 

between them must be smal l  enough f o r  l o c a l i z a t i o n  of s t r a i n  i n  t h e  m a t e r i a l  

between t h e  pores  l ead ing  t o  g r a i n  boundary f a i l u r e  a t  low o v e r a l l  s t r a i n s .  

Ta app l y  these models a d d i t i o n a l  i n f o rma t i on  i s  r e q u i r e d  such as t h e  creep 

s t r a i n  r a t e  s e n s i t i v i t y  and c o n t r i b u t i o n  o f  g r a i n  boundary s l i d i n g  t o  t h e  

t o t a l  s t r a i n .  However, q u a l i t , . t i v e l y  t h e  r e l a t i v e l y  smal l  e f f e c t  o f  t h e  

p o r o s i t y  observed here on t h e  s t r e s s  r u p t o r e  d u c t i l i t y  o f  H s t r o l o y  can be 

understood. Though a  cons iderab le  arnolant o f  po rose i t y  i s  present ,  1.4 per -  

cent ,  t h e  pores  a re  t o o  l a r g e  and w ide l y  spaced a long t h e  g r a i n  boundar ies 

t o  i n t e r a c t  s t r o n g l y .  

On t he  o t h e r  hand, t h e  t y p i c a l  po res  i n  t h i s  m a t e r i a l  a re  t o o  small,  

l e s s  than  10 pm, t o  g r e a t l y  reduce t h e  number o f  c yc l es  r equ i r ed  t o  i n i t i a t e  

a  f a t i g u e  c rack  i n  t h i s  ma te r i a l .  To see t h i s  most c l e a r l y  we should l ook  

a t  t h e  t e s t s  o f  t h e  lowes t  s t r a i n  ranges where r e l a t i v e l y  more o f  t h e  l i f e  

should  be spent i n  c rack  i n i t i a t i o n  t han  f o r  t e s t s  a t  t h e  h i ghe r  s t r a i n  

ranges. The porous specimen cyc l ed  a t  Act  = 0.0079 shown i n  F ig .  6(a)  

f a i l e d  from two c l o s e l y  spaced pores about 5 pm i n  d iameter  b u t  had a  75'6 

no t  s i g n i f i c a n t l y  d i f f e r e n t  f r om  t h a t  expected f o r  t h e  sound m a t e r i a l .  A 

cons iderab ly  l a r g e r  pore  such as t h e  25 pm d iameter  pore i n  t h e  specimen 

c y c l e d  a t  A r t  = 0.0077 shown i n  F ig .  6 ( b )  i s  necessary t o  produce a  
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s i g n i f i c a n t  r e d u c t i o n  i n  t h e  l i f e  t o  c r a c k  i n i t i a t i o n .  Tha t  specimen f a i l e d  

a t  about  h a l f  t h e  l i f e  expec ted  f o r  t h e  sound m a t e r i a l .  

The mode of f a t i g u e  c r a c k  p r o p a g a t i o n  was a f f e c t e d  by  t h e  p o r o s i t y ,  be- 
< 

coming more i n t e r g r a n u l a r  i n  t h e  po rous  m a t e r i a l  t h a n  i n  t h e  sound mate- 

r i a l .  S t i l l ,  a t  t h e  h i g h e r  s t r a i n  ranges Act a 0.014, where t h e  mode o f  

c rack  p r o p a g a t i o n  was most  d i f f e r e n t  i n  t h e  two  m a t e r i a l s ,  t h e  d i f f e r e n c e  i n  

t o t a l  l i f 2  was o n l y  abou t  30 p e r c e n t ,  some o f  wh ich  may be due t o  e a r l i e r  

c rack  i n i t i a t i o n  i n  t h e  po rous  m a t e r i a l .  

The s i m p l e s t  way t o  v i e w  t h e  f a t i g u e  b e h a v i o r  o f  t h e  porous A s t r o l o y  i s  

i 
F j u s t  as A s t r o l o y  o f  l o w e r  d u c t i l i t y .  The d i f f e r e n c e s  i n  f a t i g u e  b e h a v i o r  

a r e  what wou ld  be expec ted  based o n  t h e  t e n s i l e  p r o p e r t i e s  o f  t h e  two mate- 

r i a l s  u s i n g  t h e  t ~ s u a l  r u l e s  o f  thumb.13 T h a t  i s ,  t h e r e  i s  l i t t l e  d i f f e r -  
. I 

ence between t h e  e l a s t i c  s t r a i n  range vs. 1  i f e  r e l a t i o n s  f o r  t h e  two mate- 

r i a l s ,  s i n c e  t y p i c a l l y  A r e  , aulE~;b, where b  i s  a c o n s t a n t ,  

and 'U/E i s  n e a r l y  t h e  same f o r  b o t h  m a t e r i a l s .  There i s ,  however, as 

shou ld  be expected,  a d i f f e r e n c e  i n  t h e  p l a s t i c  s t r a i n  range vs. l i f e  r e l a -  I 
t i o n s h i p  between t h e  two  m a t e r i a l s .  T y p i c a l l y  f o r  h i g h  temperature  mate- 

r i a l s ,  A E  = 0.5 D N - ~ ,  where D i s  t h e  t r u e  t e n s i l e  r e d u c t i o n  
P  P f P  

L o f  area and d  i s  a  cons tan t .14  The r a t i o  between t h e  two m a t e r i a l s  o f  I 
t h e  A E  f o r  a  g i v e n  1  i f e ,  F i g .  3, i s  v e r y  n e a r l y  t h a t  f o r  t h e i r  t r u e  P  

* -  
t e n s i l e  d u c t i l i t i e s ,  T a b l e  11. 

i SUMMARY OF FINDINGS 
r , 
I H o t - i s o s t a t i c a l l y - p r e s s e d  powder-meta l lu rgy  A s t r o l o y  c o n t a i n i n g  about  

1.4 p e r c e n t  o f  f i n e  g r a i n  boundary p o r o s i t y  proauced by  argon e n t e r i n g  t h e  

powder c o n t a i n e r  d u r i n g  p r e s s i n g  was s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .  The 

po res  had a 2 pm average d iamete r  and 20 pm spac ing.  T h i s  m a t e r i a l  was 



tested in fatigue a t  650' C and R = -1 a t  various s t ra in  ranges and in 

creep-fatigue by incorporating a 15 minute dwell in the cycle. Tensile and 

stress-rupture t e s t s  were also performed. These resu l t s  are compared with 

those obtained previously on sound Astroloy. 

1. in comparison with the sound material, 650' C t ens i le  and stress- 

rupture strengths of the porous material were reduced less than 7 percent. 

Strength divided by modulus was nearly unchanged. 

2.  Tensile duct i l i ty  of the porous material was reduced 40 percent and 

was associated with a change from transgranular fa i lure  in the sound mate- 

r i a l  t o  intergranular in the porous. Stress-rupture fa i lure  was inter- 

granular in both materials and duct i l i ty  was reduced 20 percent in the 

porous material. 

3. Fatigue behavior showed typical correlation with tens i le  behavior. 

The plastic s t rain range-life relation was reduced proportionately with re- 

duction in tens i le  duct i l i ty  and the elas  .c s t ra in  range - l i f e  relation 

was l i t t l e  affected reflecting the small difference in o u l E  for  the two 

materials. 

4. A t  low strain ranges, Act 3 0,008, fatigue fa i lure  in the porous 

material ini t ia ted a t  pores. Initiatiorl a t  small pores, about 5 pm diame- 

t e r ,  did not greatly reduce l i f e .  However, the l i f e  of one specimen was 

reduced 60 percent by 6 large 25 pm pore resulting from a hollow powder 

particle.  

5. Fatigue fa i lure  became more intergranular in the porous material a t  

Act E 0.014 than in the sound material, t h o u g h  the reduction in l i f e  was 

about the same as a t  the lower tict,  30 percent. 

14 
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6. Creep-f a t i gue  1 i f e  was about 30 percen t  lower  f o r  t h e  porous m a t e r i a l  
I 

t h a n  f o r  t h e  sound ma te r i a l .  F a i l u r e  was comple te ly  i n t e r g r a n u l a r  i n  b o t h  

m a t e r i  a1 s. 
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TABLE I. - CHEMICAL SPEClFICATION FOR LOW CARBON ASTHOLOY 
I J  

I 
/I 

8 

r 
i 

1 

T 

650° C Tens i le  p r o p e r t i e s  

A im,  weight  % (except as noted) 

Sound A s t r o l o y  
Porous A s t r o l o y  
Reduction, % 

M i  n 

0.02 --------- 
-----.---- 
--.-------- 
--------- 

14.00 
16.00 
4.50 
3.35 
3.85 

.015 --------- 
--------- 
--------- 
--------- 
--------- 
--------- 
- -------- 
--------- 
remainder 

Actual ,  weight  % (except as noted) 

I TABLE 11. - TENSILE AND STRESS-RUPTURE PROPERTIES OF SOUND AND POROUS ASTHOLOY AT 650' C 

Max 

0.04 
.15 
.20 
,015 
-015 

16.00 
18.00 
5.50 
3.65 
4.15 

.025 

.06 

.05 

.50 

.10 
0.0010 (10 ppm) 

.00005 (0.5 ppm) 

.010 (100 ppm) 

.(I050 (50 ppm) 

Porous 

0.U24 
.001 
.018 
.005 
.006 

14.4 
17.0 
5.3 
3.6 
4.1 

.021 

.002 

.029 . 

.09 

.O 5 
?Pm 

~ 0 . 2  ppnl 
90 ppn~ 

6 PPm 

e 

1 

I 

f 

1 :  I 

I 

D 

3 

E .  
5 *. 

0.2% y i e l d  
strength,  

3 : 
880 
800 

9 

Sour~d 

0.023 
.001 
.06 

< .OO5 
,003 

15.1 
17.0 
5.2 
3.5 
4.0 

.024 
< .01 
< .05 

.09 
c .OS 

< 1 
c.3 

80 
2 3 

i 
t 

I 

650° C St ress- rupture  p r o p e r t i e s  

,* 

i 

16 
I 

8 

1 - I 

+ - -- *.-_ - ~" - 
I I- a- :- _._ _I __  , .__ _ - - = ' *  -= - -  w ,  . - . .  

-1 f 

, I . . A .  ' . A  

U l t i m a t e  
t e n s i l e  

'Ju 3 

MPa 

1230 
1150 

7 

Stress,  
10 hr, 
MPa 

Sound A s t r o l o y  1010 I Parour ~ i t r o l o y /  9407 
Reduction, % 

E l a s t i c  
modulus, 

E, 
M P ~ X ~ O - ~  

1.77 
1.68 

Stress,  
100 hr, 

MPa 

910 
860 

5 

u u / ~  

0.00695 
.00685 

Stress, 
1000 hr, 

MPa 

760 
7 45 

2 

5 11.5 
.I 

Elonga- 
t i o n ,  

% 

30 
25 

Average d u c t i l i t i e s  f o r  10 t o  1000 hours 1 i f e  

18 

Elongat ion,  
% 

15  
13 
13 

Reauction 
o f  area, 

% 

3 6 
2 5 

True reduc- 
t i o n  o f  area, 

D~ 

0.46 
.28 

33 

Reduction 
o f  ared, 

% 

19 
16 
16 

.38 

True r e d u c t i o n  
of area, 

Dc 

0.21 
.17 
.19 



TABLE 111. - FATIGUE AND CREEP-FATIGUE DATA ON SOUND AND POROUS ASTROLOY, 650' C, R = -1. FATIGUE TESTS WERE CONDUCTED 

AT 0.33 Hz. CREEP-FATIGUE TESTS INCORPORATED A 15 TENSILE DWFLL AT MAXIMUM STRAIN 

. I  

1 
I 
i 

. f 
1 

aTest a i  scontinued. . 
b ~ l  ( f i r s t  cyc le) ,  N i l 2  ( h a l f  l i f e ) ,  N5 ( l i f e  t o  5% load drop), Nf ( t o t a l  separat ion).  

Cycles 

N5 

248 
850 

3,800 
2,900 
5,110 
8,176 

------ 

300 
60 5 

7,420 
11,625 

50 6 
601 

12,757 
9,067 

27 3 
464 

348 
8,782 
3,807 

Mate r i  a1 

Sound 

: Porous 

t o  f a i l u r e  

N f  

2 61 
961 

4,025 
3,121 
8,498 
8,901 

2220 , 704 

335 
697 

7,780 
11,942 

519 
670 

14,180 
9,605 

283 
511 
370 

8,860 
3,383 - 

Specimen 

CB-16 
06-1 
DB-2 
CiB-7 
0 3-4 
06-5 
DB-3 

DB-10 
DB-11 
D 6-13 
D 6-1 2 

2 
1 
3 
4 

5 
6 
8 
7 
9 

Test 

Fat igue 

Creep- 
f a t i g u e  

Fat igue 

Creep- 
f a t i g u e  

Mean s t r e s s  
a t  Nf/2, 

0 Y 

PIP a 

-28 
-5 6 
-1 2 
-1 9 
-1 2 

0 
0 

-30 
-50 

0 
-22 

-3 9 
-37 
- 7 

-27 

-5 6 
-48 
-5 0 
-60 
-2 2 

Stress range3 

bN1 

21 70 
1910 
1688 
1708 
1497 
1476 
1228 

1921 
1855 
1417 
1328 

1878 
1852 
1320 
1304 

1850 
1764 
I693 
1348 
1308 

AD, MPa 

N f / 2  

2321 
1920 
1674 
1660 
1478 
1466 
1170 

1943 
1871 
1375 
1355 

194 2 
1930 
1320 
1290 

1905 
1750 
1713 
1325 
1297 

Creep, 
AEC Y 

1 
0.0006 

.0004 

.0001 

.0001 

i 
0.0004 

.0002 
-0002 

<. 00005 
< .00005 

Total, 
A ~ t r  

0.0191 
.0140 
.0099 
,0098 
.O085 
.O084 
.0066 

0.0119 
.0117 
.0078 
,0079 

0.0138 
.0135 
.0079 
.0077 

0.0130 
.0112 
.0111 
.0080 
.0079 

S t r a i n  

E las t i c ,  
nee, 

0.0133 
.0109 
.0095 
.01)94 
.0084 
,0083 
.0066 

0.0108 
.0102 
.0077 
.0076 

0.0116 
.a115 
.0079 
.0077 
-- - 

0.0110 
.0102 
.0100 
.0079 
.0077 

range 

I n e l a s t i c ,  
A e j  n, 

O.OU58 

-0001 
.0001 

<. 00005 

0.0015 
.0015 . OOU 1 
.0003 

0.0020 
o o 2 0  

< .00005 
<. 00005 

- - - - 

0.0020 
.0010 
.0011 
. O O O l  
.0002 





DWELL 

10-5 10-4 10-3 10-2 
&in, INELASTIC STRAIN RANGE 

Figure 2. - Cycl ic  s t ress-stra in behavior of sound a n d  porous 
Astroloj, a t  650' C, R = -1. 
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Figure 4. - Total s t ra in range versus l i fe  relationship for  
porous and sound Astroloy, 650° C, R = -1. 
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