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The purpose o f  t h i s  program was the  development o f  design creep data 
on r e f r a c t o r y  a l l o y s  i n  u l t r a h i g h  vacuum. The study was d i v i d e d  i n t o  f o u r  
t o p i c a l  areas i n v o l v i n g  i nves t i ga t i ons  o f  the tanta lum a l l o y s  T-111 and 
ASTAR 8 1 1 C  and pure C V D  tungsten. The f i r s t  and second p a r t s  o f  t h e  study 
invo lved two separate i nves t i ga t i ons  o f  t h e  creep behavior o f  T-111 a l l o y .  
One o f  these invo lved an i n v e s t i g a t i o n  o f  the  i n f l uence  o f  pre-exposure 
t o  vacuum o r  t o  l i q u i d  l i t h i u m  i n  the temperature range o f  1800 t o  2400°F 
(1255 t o  1589°K) on the subsequent 1 %  creep l i f e .  Th is  study showed t h a t  
pre-exposure t o  e i t h e r  environment i n  the  1800 t o  1900°F (1255 t o  1311°K) 
temperature range caused l a r g e  decreases i n  t h e  1 %  creep 1 i f e  as compared 
t o  unexposed mate r ia l .  These decreases were more severe i n  the  creep t e s t  
temperature range of  1650 t o  2000°F (1172 t o  1366°K) than a t  h igher  t e s t  
temperatures. As an extreme example o f  t h i s  e f f e c t ,  a specimen exposed t o  
l i t h i u m  f o r  1000 hours a t  1800°F (1255°K) p lus  4000 hours a t  1900°F (1310°K) 
e x h i b i t e d  a 1 %  creep l i f e  of 2 hours a t  1650°F (1172°K) and 50 k s i  (344 
MN/m2) as compared t o  a l i f e  o f  938 hours f o r  an unexposed specimen tes ted  
a t  the  same cond i t i ons .  Exposure t o  vacuum o r  l i t h i u m  a t  2400°F (1589°K) 
a l s o  in f luenced t h e  creep l i f e  o f  T-111, a l though t h e  l i f e  v a r i a t i o n s  were 
no t  n e a r l y  so l a r g e  as those observed w i t h  t h e  lower temperature exposures. 
An exp lanat ion  was developed f o r  the observed creep l i f e  v a r i a t i o n s  which 
invo lved two separate e f f e c t s  o f  long t ime exposure on T-111 a l l o y .  The 
f i r s t  o f  these was g r a i n  growth, which occurred o n l y  a t  the  h ighes t  exposure 
temperature (2400°F; 1589"K), and which tended t o  increase the  creep l i f e  
i n  t h e  creep t e s t  temperature range above 2000°F (1366°K). The second 
e f f e c t  was d e p l e t i o n  o f  res idua l  oxygen f rom s o l i d  so lu t i on ,  e i t h e r  by 
d i r e c t  loss  t o  the  environment o r  by p r e c i p i t a t i o n  i n  t h e  form o f  hafnium 
oxide. Th is  e f f e c t  was observed a t  a l l  o f  the  exposure temperatures s tud ied.  
The d e p l e t i o n  o f  oxygen from s o l i d  s o l u t i o n  caused l a r g e  creep l i f e  decreases 
a t  t h e  creep t e s t  temperature o f  1650°F (1172"K), where an oxygen r e l a t e d  
dynamic s t r a i n  age s t rengthen ing  mechanism i s  ope ra t i ve  i n  T-111 a l l o y .  
Above t h i s  t e s t  temperature, l i f e  decreases caused by t h e  oxygen d e p l e t i o n  
became p rog ress i ve l y  smal ler .  A t  a t e s t  temperature o f  2400°F (1589°K) no 
s i g n i f i c a n t  creep l i f e  changes were observed as a r e s u l t  o f  t h e  oxygen loss .  

The second i n v e s t i g a t i o n  o f  T-111 a l l o y  invo lved c h a r a c t e r i z a t i o n  
o f  t h e  creep behavior under cond i t ions  o f  con t inuous ly  inc reas ing  s t r e s s  
and decreas ing temperature which simulated the  cond i t i ons  a n t i c i p a t e d  i n  
rad io i so tope  capsule serv ice.  Results o f  t h i s  study showed t h a t  such t e s t  
cond i t i ons  produced creep curves having a h i g h l y  unusual shape. The most 
unusual c h a r a c t e r i s t i c  o f  these curves was t h a t  creep s t r a i n  d i d  n o t  in -  
crease cont inuous ly  t o  r u p t u r e  as i n  normal creep t e s t s ,  b u t  ins tead reached 
a maximum s t r a i n  va lue  past  which creep ceased t o  be s i g n i f i c a n t .  
o f  t h e  usual creep design parameters, such as r u p t u r e  l i f e  o r  minimum creep 
ra te ,  app l i ed  t o  t h i s  unusual creep curve  shape, t h e  v a r i a b l e  temperature- 
v a r i a b l e  s t ress  (VTVS) curves were charac ter ized  f o r  design purposes by t h e  
maximum s t r a i n  achieved a t  a g iven set  of  se rv i ce  cond i t ions ,  which was 

Since none 

v i i i  
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designated as the " s t a l l  s t ra in . "  A n a l y t i c a l  methods i n v o l v i n g  both c a l -  
c u l a t i o n  o f  VTVS behavior from convent ional  ( i s o s t a t i c ,  isothermal)  creep 
r e s u l t s  and parametr ic e x t r a p o l a t i o n  o f  exper imental  VTVS d a t a  were 
developed to  p red ic t  long t ime VTVS creep behavior  from shor t  t ime r e s u l t s .  
The parametr ic  e x t r a p o l a t i o n  method showed good promise f o r  t h i s  purpose, 
a1 though add i t i ona l  exper imental  data w i  1 1  be requi  red be fore  ac tua l  
design s p e c i f i c a t i o n s  can be establ ished.  

The t h i r d  i n v e s t i g a t i o n  was d i r e c t e d  toward c h a r a c t e r i z a t i o n  o f  
the vacuum creep behavior  o f  ASTAR 8 1 1 C  a l l o y  i n  two d i f f e r e n t  cond i t i ons  
o f  heat t reatment (1/2 hour a t  3600°F; 2255°K and 1 hour a t  3000°F; 1922°K) 
and concluded w i t h  an i n v e s t i g a t i o n  t o  d e f i n e  a t h i r d  heat t reatment  which 
maximized the advantages and minimized the  disadvantages o f  the  f i r s t  two. 
Resul ts o f  t h i s  s tudy es tab l i shed  t e n t a t i v e  design data f o r  ASTAR 8 1 1 C  i n  
the two cond i t ions  o f  heat treatment. Meta l lograph ic  examinations showed 
t h a t  the h igher  temperature anneal ing c y c l e  produced r e l a t i v e l y  l a r g e  gra ined 
carb ide  f r e e  m ic ros t ruc tu re  (average g r a i n  s i z e  o f  0. lvm) whi l e  the lower 
temperature produced a f i n e r  gra ined m ic ros t ruc tu re  (average g r a i n  s i z e  o f  
0.01 pm) con t a  i n  i ng numerous und i sso 1 ved ca r b  i des 
t i o n s  showed t h a t  ex tens ive  r e p r e c i p i t a t i o n  occurred i n  the so lu t i oned  spec i -  
mens dur ing  heat ing t o  the  creep t e s t  temperature, so t h a t  the carb ide  
s t r u c t u r e s  associated w i t h  the two treatments were q u i t e  s i m i l a r  du r ing  creep 
tes t i ng .  Examination o f  both pre-  and p o s t - t e s t  specimens ind i ca ted  t h a t  the  
carb ides were loca ted  p r i m a r i l y  i n  the g r a i n  boundaries du r ing  t e s t i n g ,  a l though 
numerous i n t rag ranu la r  carb ides were a l s o  observed. The creep t e s t  r e s u l t s  
showed t h a t  the h ighe r  anneal ing temperature prov ided s i g n i f i c a n t l y  longer  
creep l i v e s  i n  the  t e s t  temperature range above 2200°F (1478°K) b u t  t h a t  the 
two anneal ing t reatments produced roughly equ iva len t  creep l i f e  r e s u l t s  below 
t h a t  temperature range, Metal lograph ic  examinat ion o f  creep tes ted  specimens 
showed t h a t  g r a i n  growth occurred du r ing  t e s t i n g  a t  temperatures above 2 8 0 0 " ~  
(1881°K) which w i l l  e f f e c t i v e l y  l i m i t  the  use o f  t h i s  a l l o y  to  lower tempera- 
tu res  except i n  a p p l i c a t i o n s  where excessive g r a i n  growth would n o t  degrade 
the  usefulness o f  the ma te r ia l .  
a l s o  shown t o  be carb ide f ree ,  i n d i c a t i n g  t h a t  t h e  near e q u i l i b r i u m  carb ide  
so lvus  temperature was below 2 8 0 0 " ~  (1811°K)  f o r  t h i s  a l l o y .  
o f  undissolved carb ides i n  the 1 hour a t  3000°F (1922°K) annealed micro- 
s t r u c t u r e  thus i nd i ca tes  t h a t  an e q u i l i b r i u m  s t r u c t u r e  i s  n o t  achieved w i t h  
t h i s  anneal ing treatment. Analys is  o f  the s t r e s s  and temperature dependence 
o f  the minimum creep r a t e  showed t h a t  the p r e t e s t  anneal ing t reatment had very 
l i t t l e  in f luence on the a c t i v a t i o n  energy f o r  creep o f  ASTAR 8 1 1 C  a l l o y .  The 
observed a c t i v a t i o n  energ ies va r ied  w i t h  t e s t  temperature from a va lue  approx i -  
mately equal t o  the  a c t i v a t i o n  energy f o r  s e l f  d i f f u s i o n  (100K cal /mole;  3420 
J/mole) i n  the 1800-2000°F (1255 to 1366°K) temperature range t o  values on the  
order  o f  15OK cal /mole (5130 J/mole) i n  the range o f  2400-2600°F (1589-1700°K). 
Based on the above observat ions,  a hypothesis was developed which suggested 
t h a t  the primary r o l e  o f  the carb ide  i s  s t rengthen ing  the  ASTAR 811C a l l o y  
was t o  a c t  as a g r a i n  boundary p inn ing  agent, r a t h e r  than i n  a t r u e  d i spe rs ion  
hardening role. This  hypothesis l e d  t o  the conc lus ion  t h a t  t h e  increased creep 
l i f e  p rov ided by the h igher  anneal ing temperature was probably  t h e  r e s u l t  o f  
the  d i f f e rence  i n  g r a i n  s i z e  ra the r  than the d i f f e rence  i n  p r e t e s t  carb ide  
s t ruc tu re .  Because o f  the  f a c t  t h a t  the 3600°F (2255°K) anneal ing t reatment 

However, add i t i ona 1 exami na- 

Specimens tes ted  above 2800°F (1811°K) were 

The presence 
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was judged t o  be somewhat impract ica l  f o r  commercial a p p l i c a t i o n s ,  a d d i t i o n a l  
s tud ies  were conducted t o  determine i f  an a l t e r n a t e  heat t reatment c y c l e  
could be def ined which re ta ined  the improved creep p r o p e r t i e s  developed by 
the  h ighe r  temperature heat treatment, bu t  o f f e r e d  more-commercial promise. 
The r e s u l t s  of these s tud ies  showed t h a t  a heat t reatment o f  100 hours a t  
3000°F ( l922 'K) ,  which i s  w i t h i n  the range o f  present commercial c a p a b i l i t i e s ,  
produced creep l i v e s  as good as those obta ined w i t h  the  h ighe r  temperature 
annea 1. 

The fou r th  i n v e s t i g a t i o n  performed on t h i s  program- involved a small  
number o f  t e s t s  on CVD tungsten. 
s i b l e  d i f f e rences  e x i s t e d  between the creep l i f e  o f  t h i s . m a t e r i a 1  obta ined 
from two d i f f e r e n t  sources. However, s u f f i c i e n t  data.was n o t  generated on 
t h i s  program t o  determine i f  these d i f f e rences  w e r e - s i g n i f i c a n t .  

Results o f  these t e s t s  showed t h a t  pos- 
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I NTRODUCTI ON 

The purpose o f  t h i s  program was t o  study the creep behavior o f  several  
r e f r a c t o r y  metal a l l o y s  which a re  candidates f o r  a p p l i c a t i o n  i n  space e l e c t r i c  
power system design a t  the NASA Lewis Research Center. Because o f  the 
s e n s i t i v i t y  o f  r e f r a c t o r y  metals t o  i n t e r s t i t i a l  contamination, the a n t i c i p a t e d  
s e r v i c e  environment was s imulated by t e s t i n g  i n  an u l t r a h i g h  vacuum a t  pres- 
sures o f  less than 1 x t o r r .  

The s p e c i f i c  a l l o y s  s tud ies  i n  t h i s  program were T-111 (Ta-8%W-2%Hf), 
ASTAR 81 1 C  (Ta-8%W-1%Hf-1%Re-Oa025%C) and pure C V D  tungsten. The o v e r a l l  
program invo lved  fou r  separate i n v e s t i g a t i o n s  i n t o  var ious aspects o f  the 
vacuum creep behavior o f  t he  th ree  a l l oys .  The f i r s t  and second p a r t s  o f  
the program involved two separate i n v e s t i g a t i o n s  o f  t he  creep behavior o f  
T-111 a l l o y .  One o f  these involved an eva lua t i on  o f  the e f f e c t s  o f  e levated 
temperature exposure t o  l i q u i d  l i t h i u m  on the 1 %  creep l i f e  o f  T-111. This 
was a cooperat ive program between TRW, NASA and the NSP 
General E l e c t r i c  Co,, C i n c i n n a t t i ,  Ohio. Overa l l  program d i r e c t i o n  and 
specimen procurement were performed a t  NASA. 
w h i l e  the creep t e s t i n g  and data i n t e r p r e t a t i o n  were performed a t  TRW. This  
i n v e s t i g a t i o n  was prompted by previous s tud ies  a t  TRW which had shown t h a t  
long t ime e levated temperature exposure t o  u l t r a h i g h  vacuum s i g n i f i c a n t l y  
reduced the res idua l  oxygen content o f  T-111, which i n  t u r n  caused an unstable 
creep r a t e  t r a n s i t i o n  t o  occur dur ing vacuum creep t e s t i n g .  This  i n s t a b i l i t y  
was observed i n  the 1200 t o  2000°F (922 t o  1366°K) temperature range where an 
oxygen-related dynamic s t r a i n  aging phenomenon occurred. This  dynamic aging 
behavior and i t s  i n f l u e n c e  on creep o f  T-111 were w e l l  cha rac te r i zed  i n  a 
prev ious paper ( 1 ) .  The occurrence o f  t h i s  deoxidat ion r e l a t e d  creep i n -  
s t a b i l i t y  created some concern regarding the proposed use o f  T-111 f o r  the 
containment o f  l i q u i d  l i t h i u m ,  which i s  known t o  be a powerful  deoxidant f o r  
tanta lum a l l o y s ,  and thus l e d  t o  the present  study. 

D i v i s i o n  o f  the 

The exposures were made a t  G.E. 

The o t h e r  i n v e s t i g a t i o n  o f  T-111 creep behavior invo lved the problems 
associated w i t h  the use o f  T-111 a l l o y  f o r  s t r u c t u r a l - c o n t a i n m e n t  i n  rad io-  
isotope capsule design. These problems r e s u l t  from the f a c t  t h a t  a number o f  
the proposed isotope f u e l s  generate he l ium as a decay product,  which causes 
the capsule l i n e r  t o  operate a t  e levated temperatures under cond i t l ons  of  
s imultaneously increas ing s t ress  and decreasing temperature. I t  was thus 
necessary t o  cha rac te r i ze  the creep behavior o f  T-111 under cond i t i ons  which 
s imulated those a n t i c i p a t e d  i n  capsule service*.  The c h a r a c t e r i z a t i o n  of  
o o - o - - - o _ - - - - -  

* 
Whi le i t  i s  p o s s i b l e  t o  design a vented capsule, i t  i s  s t i l l  necessary t o  
a n t i c i p a t e  the unvented c o n f i g u r a t i o n  as a s a f e t y . p r e c a u t i o n - i n  case the 
ven t  should become plugged. 
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T - I l l  f o r  capsule design was compl icated by the s a f e t y  requirement t h a t  the 
i n t e g r i t y  o f  the capsule should be maintained f o r  a t  l e a s t  10 h a l f - l i v e s  i n  
the event o f  acc identa l  system re-ent ry  and impact a t  a random u n c o n t r o l l e d  
l o c a t i o n  (2,3). The most extreme case of  t h i s  general requirement occurs 
f o r  the PU238 f u e l ,  which has h a l f  l i f e  o f  87.5 years. 
a n t i c i p a t e d  se rv i ce  l i f e  o f  a capsule fue led  power system may be no more than 
f i v e  o r  ten years, the problem o f  p r e d i c t i n g  and/or exper imen ta l l y  c h a r a c t e r i z -  
i n g  the l i n e r  creep res is tance was compl icated by the need t o  develop techni -  
ques f o r  e x t r a p o l a t i n g  the observed creep behavior t o  extremely long times. 
A two fo ld  approach i n v o l v i n g  both a n a l y t i c a l  and experimental methods was 
used t o  study t h i s  problem. The purpose o f  t he  a n a l y t i c a l  p o r t i o n  o f  the 
program was t o  develop mathematical procedures t o  p r e d i c t  long ttme v a r i a b l e  
temperature - v a r i a b l e  s t ress  (VTVS)  creep behavior f rom'convent ional  
( i s o s t a t i c ,  isothermal)  creep data. The purpose o f  t h e  experimental p a r t  
o f  the program was t o  develop experimental techniques f o r - c r e e p  t e s t i n g  w i t h  
s t r e s s  and temperature v a r i a t i o n s  which s imulated those a n t i c i p a t e d  i n  capsule 
s e r v i c e  and t o  compare the r e s u l t s  o f  such t e s t s  w i t h  the a n a l y t i c a l  p r e d i c t i o n s .  

Thus, w h i l e  the 

The t h i r d  study which was conducted as a p a r t  o f  t h i s  program involved 
an i n v e s t i g a t i o n  o f  the i n f l uence  o f  heat t reatment on the creep behavior o f  
ASTAR 8 1 1 C  a l l o y .  ASTAR 8 1 1 C  i s  a Westinghouse developed a l l o y  having a unique 
balance o f  creep s t rength,  low temperature d u c t i l i t y ,  and w e l d a b i l i t y  which i s  
super io r  t o  any o t h e r  tantalum a l l o y  p r e s e n t l y  a v a i l a b l e  on a commercial basis. 
This unique balance o f  p r o p e r t i e s  was achieved through a combination o f  s o l i d  
s o l u t i o n  s t rengthening provided by tungsten and rhenium w i t h  dispersed phase 
s t rengthening prov ided by the a d d i t i o n  o f  carbon (4)*. P re l im ina ry  s tud ies  
a t  the Westinghouse Ast ronuclear  Laboratory showed t h a t  t he  creep s t r e n g t h  o f  
ASTAR 8 1 1 C  could be enhanced by anneal ing i n  the 3600°F (2255°K) temperature 
range, r a t h e r  than a t  the 3000°F (1922'K) temperature more commonly used f o r  
the present generat ion o f  tantalum a1 loys. 
anneal ing temperature i s  n o t  h i g h l y  p r a c t i c a l  because i t  exceeds the c a p a b i l i t y  
o f  the m o s t  commercially a v a i l a b l e  vacuum anneal ing f a c i l i t i e s .  
t he  disadvantage t h a t  t ime a t  temperature and c o o l i n g  r a t e  a re  d i f f i c u l t  t o  
c o n t r o l  f o r  t h i c k  sec t i on  s izes,  The i n v e s t i g a t i o n  descr ibed i n  t h i s  paper 
was t h e r e f o r e  undertaken t o  cha rac te r i ze  the  m i c r o s t r u c t u r e  and creep behavior 
o f  ASTAR 8 1 1 C  a t  both anneal ing temperatures and t o  determine i f  a t h i r d  
anneal ing treatment could be def ined which would be commercial ly f e a s i b l e  and 
s t i  1 1  p rov ide  the improved creep s t r e n g t h  achieved ) a t  3600'F0 (2255'K). 

Unfor tunate ly ,  the 3600°F (2255'K) 

I t  a l s o  su f fe rs  

> 

The f o u r t h  p a r t  o f  t h i s  program invo lved  a small  number o f  t e s t s  
w i t h  CVD tungsten which were1 d i r e c t e d  toward measurement o f  the 1% creep 
l i f e  o f  t h i s  ma te r ia l  as obta ined from two d i f f e r e n t - s o u r c e s .  

Jt 
Hafnium i s  added t o  ASTAR 81 1 C  p r i m a r i l y  f o r  1 i q u i d  metal co r ros ion  
res i stance. 



EXPER I MENTAL DETAl LS 

Mater ia  1 s 

T- 1 t e s t  m a t e r i a l  f o r  the l i t h i u m  exposure program was obta,, ied from 
the Wah Chang Co. i n  the form of 0.020 in. (0.51mm) c o l d  r o l l e d  sheel (Wah 
Chang Heat 650050) having the composit ion shown i n  Table 1. Standard one inch 
(2.54cm) gage length sheet type tension t e s t  specimens were machined from t h i s  
m a t e r i a l .  A l l  o f  these specimens were g iven a duplex heat t reatment c o n s i s t i n g  
o f  1 hour a t  3000'F (l922'K) p lus  1 hour a t  2400'F (1589'K) us ing  a d i f f u s i o n  
pumped vacuum system opera t i ng  a t  pressures on the o rde r  o f  10-7 t o r r .  
3OOO'F (l922'K) anneal prov ided a completely r e c r y s t a l  1 ized, equiaxed, s i n g l e  
phase m i c r o s t r u c t u r e  which i s  shown i n  F igure 1. The a d d i t i o n a l  2400'F 
(1589'K) heat t reatment was used to  s imu la te  the post weld s t r e s s  r e l i e f  
t reatment which would be a p p l i e d  t o  a f a b r i c a t e d  hardware item. Previous 
t e s t i n g  had shown t h a t  t h i s  a d d i t i o n a l  heat treatment has e s s e n t i a l l y  no 
e f f e c t  on the creep p r o p e r t i e s  o f  T-111 a l l o y  ( 5 ) .  

The 

Exposure o f  these specimens t o  l i t h i u m  o r  vacuum was accomplished by 
i n c o r p o r a t i n g  a p o r t i o n  o f  the specimens i n  l i t h i u m  capsules and then a t tach -  
ing  the  remainder o f  the specimens t o  the e x t e r i o r  o f  t he  capsules. The 
capsules were than exposed a t  var ious temperatures f o r  var ious times i n  ion 
pumped u l t r a h i g h  vacuum chambers a t  pressures below 1 x 10-9 t o r r  according 
t o  the schedule i n  Table I I .  Deta i led exposure procedures may be found i n  
Reference 6. 

Test m a t e r i a l  f o r  the T-111 VTVStests was a l s o  obta ined from Wah 
Chang i n  the form o f  0.030 inch (0.76mm) c o l d  r o l l e d  sheet (Heat 650028). 
Chemical ana lys i s  o f  the as-received m a t e r i a l  i s  shown i n  Table 1. Standard 
p i n  loaded sheet type tens ion t e s t  specimens having a 2 1 /4  inch long x 1/2 
inch wide (5.72 x 1.27cm) gage sect ion were machined from the as-received 
sheet and were va uum annealed 1 hour a t  3000'F (1922'K) a t  a pressure o f  
less than 1 x t o r r  p r i o r  t o  tes t i ng .  This anneal ing t reatment provided 
a completely r e c r y s t a l l i z e d  equiaxed m i c r o s t r u c t u r e  which i s  shown i n  
F igu re  2. 

The ASTAR 811C t e s t  ma te r ia l  f o r  t h i s  i n v e s t i g a t i o n  was obta ined 
from the  Wah Chang Co. (Heat 650056) i n  the form o f  0.030 inch (0.76mm) 
c o l d  r o l l e d  sheet having the  composit ion shown i n  Table 1. Test  specimens 
were obta ined from t h i s  sheet us ing  procedures which were i d e n t i c a l  t o  those 
descr ibed above f o r  the T-111 VTVS specimens. The var ious anneal i n g  t r e a t -  
ments and r e s u l t i n g  m ic ros t ruc tu res  f o r  t h i s  m a t e r i a l  w i l l  be descr ibed i n  
the r e s u l t s  and d iscuss ion s e c t i o n  of t h i s  repor t .  
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The C V D  tungsten which was evaluated i n  t h i s  program was obta ined from 
two sources. The f i r s t  l o t  was obtained from t h e  San Fernando Laborator ies 
D i v i s i o n  o f  Fansteel Inc. (SFL), and was i n  the form of  4 inches (10.2cm) 
long x .060 inch (1.52~11) t h i c k  sheet- type creep t e s t  specimens which were 
vapor deposited and machined t o  p r i n t  by the vendor. Chemical a n a l y s i s  o f  
a t y p i c a l  specimen i s  presented i n  Table I ,  w h i l e  a t y p i c a l  photomicrograph 
appears i n  Figure 3. The specimens were of  the duplex type w i t h  the cross- 
s e c t i o n  conta:ining approximately 45 m i l s  (1.14mm) o f  a s t r u c t u r e  t y p i c a l  of 
the f l u o r i d e  deposi t ion process, and approximately 15 m i  ts"(;38mm), o f  a 
s t r u c t u r e  t y p i c a l  o f  the c h l o r i d e  d e p o s i t i o n  process. The anneal ing t r e a t -  
ment f o r  these specimens was 100 hours a t  3272OF (2073OK). The second l o t  
o f  C V D  tungsten specimens was provided by the Oak Ridge Nat ional  Laboratory 
(ORNL) through NASA, and were o f  the same general c o n f i g u r a t i o n  as the f i r s t  
l o t .  Chemical a n a l y s i s  and me ta l l og raph ic  samples were not made a v a i l a b l e  
f o r  t h i s  t e s t  ma te r ia l .  The p r e t e s t  heat t reatment f o r  these specimens was 
a l s o  unknown. 

Creep Test Procedures 

The creep t e s t  procedures used f o r  a l l  f o u r  o f  the s tud ies  invo lved 
i n  t h i s  program were e s s e n t i a l l y  i d e n t i c a l ,  except f o r  t he  VTVS t e s t s  where 
spec ia l  mod i f i ca t i ons  were necessary t o  achieve the des i red programed load 
and temperature v a r i a t i o n s .  Both the c o n s t r u c t i o n  and o p e r a t i o n  o f  the t e s t  
chambers and the s e r v i c e  instruments i n  the  l abo ra to ry  have been descr ibed 
i n  d e t a i l  i n  previous r e p o r t s  (Appensix 1 ) .  B r i e f l y ,  t he  creep t e s t  procedure 
invo lved i n i t i a l  evacuat ion o f  the t e s t  chamber t o  a pressure o f  l ess  than 
5 x 10-10 t o r r  a t  room temperature, fo l lowed by hea t ing  o f  the t e s t  specimen 
a t  such a r a t e  t h a t  the pressure never rose above 1 x t o r r .  Wi th  the  
except ion o f  the specimens tes ted  i n  the  l i t h i u m  exposure program, p r e t e s t  
heat treatments were performed i n  s i t u .  Complete thermal e q u i l i b r i u m  o f  
the specimens was a t t a i n e d  by a two-hour ho ld  a t  the t e s t  t mperature p r i o r  
t o  load app l i ca t i on .  The pressure was always below 1 x lom8 t o r r  d u r i n g  the  
t e s t s  and genera l l y  f e l l  ianto the t o r r  range as t e s t i n g  proceeded. 
Specimen extension was determined over a two inch gage leng th  w i t h  an o p t i c a l  
extensometer which measured the d i s tance  between two s c r i b e d  reference marks 
t o  an accuracy o f  +SO microinches (i-1.3 urn). 

Specimen temperature was es tab l i shed  a t  t he  beginning of  each t e s t  
us ing  a W-34;Re W-25ZRe thermocouple. Simce thermocouples o f  a l l  types 
a r e  sub jec t  t o  a time-dependent change i n  EMF ou tpu t  under isothermal con- 
d i t i o n s ,  t h e  absolute temperature du r ing  t e s t  was maintained by an o p t i c a l  
pyrometer. I n  p r a c t i c e  the specimen was brought t o  the  des i red t e s t  tempera- 
t u r e  us ing  a c a l i b r a t e d  thermocouple at tached t o  the  specimen as a temperature 
standard. The use o f  t h i s  thermocouple was cont inued d u r i n g  the  temperature 
s t a b i l i z a t i o n  pe r iod  which l a s t e d  50 t o  100 hours. A t  t h i s  t ime, a new 
reference was es tab l i shed  us ing an o p t i c a l  pyrometer having t h e  a b i l i t y  t o  
de tec t  a temperature d i f f e r e n c e  o f  i - l 0 F  (i-0.6'K) and t h i s  re ference was used 
subsequently as the pr imary temperature standard. 



Several mod i f i ca t i ons  were made t o  the creep t e s t  equipment t o  p rov ide  
the  requ i red  v a r i a t i o n  of load and temperature f o r  t he  VTVS tes ts .  Load v a r i a -  
t i o n  was accomplished by us ing a motor d r i v e n  screw t o  cont inuously  feed lead 
shot i n t o  a load pan at tached d i r e c t l y  t o  t h e  specimen load t r a i n  as descr ibed 
i n  a prev ious paper (7). An electromechanical device i n v o l v i n g  a system o f  
r e s i s t o r s ,  s tepping switches, cam t imers, and patch boards was designed t o  
program t h e  r a t e  o f  shot i npu t  as a f u n c t i o n  o f  t ime. Because t h e  t e s t s  were 
conducted i n  vacuum and the load was a p p l i e d  e x t e r n a l l y  through a metal 
bel lows, i t  was p o s s i b l e  t o  a d j u s t  the i n i t i a l  weight o f  shot i n  the load pan 
so t h a t  t he  t o t a l  weight app l i ed  was j u s t  balanced by atmospheric pressure on 
the  bel lows, thereby p r o v i d i n g  a t rue  c o n d i t i o n  o f  zero load on the  specimen 
a t  t he  s t a r t  o f  each t e s t .  The load t r a i n  was instrumented w i t h  s t r a i n  gage 
load c e l l  f o r  measurement o f  the appl ied load du r ing  t e s t i n g .  The r e s u l t s  
obta ined w i t h  t h i s  sytems a r e  shown i n  F igu re  4a where the a p p l i e d  load f o r  
a t y p i c a l  t e s t  i s  compared w i t h  the loading p r o f i l e  a n t i c i p a t e d  i n  capsule 
serv ice.  Programmed temperature v a r i a t i o n  was accomplished us ing  a s i m i l a r  
e lectromechanical  sw i t ch ing  system to d r i v e  an e l e c t r i c a l  motor a t tached t o  
t h e  temperature c o n t r o l l e r .  Typical  r e s u l t s  from t h i s  system a r e  compared 
t o  the a n t i c i p a t e d  capsule temperature p r o f i l e  i n  F igu re  4b. 
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RESULTS AND D I S C U S S I O N  

A l l  o f  the creep r e s u l t s  generated on the c u r r e n t  c o n t r a c t  a re  
summarized i n  Appendix I I  together  w i t h  s i m i l a r  data from the prev ious 
con t rac ts  which were noted i n  the Foreword. Discussion o f  these t e s t  
r e s u l t s  w i l l  be d i v i d e d  i n t o  f o u r  t o p i c a l  sect ions r e l a t e d  t o  the f o u r  
separate i nves t i ga t i ons  descr ibed i n  the In t roduc t i on .  

1. In f luence o f  Pre-Exposure t o  L i t h i u m  o r  Vacuurn.on T-111 Creep 
Behavior 

A. CHEM I CAL ANALYS I S 

Results o f  pre- and post-exposure chemical analyses f o r  the 
i n t e r s t i t i a l s  oxygen, n i t rogen ,  hydrogen, and carbon a re  presented i n  
Table 1 1 1 .  These r e s u l t s  showed no s i g n i f i c a n t  v a r i a t i o n  o f  t he  n i t rogen ,  
hydrogen, and carbon l e v e l s  between the as-received and the  exposed specimens. 
The oxygen analyses i n  Table I l l  show t h a t  t he  pre-exposure anneal ing t r e a t -  
ments increased the oxygen l e v e l  o f  the as-received m a t e r i a l  from 30 t o  104 
ppm. With the except ion o f  the 5K-2400 exposure condi t ion* ,  t he  vacuum ex- 
posures dropped the oxygen l e v e l  back t o  the 25-30 ppm range. As a n t i c i p a t e d ,  
the l i t h i u m  proved i n  most cases t o  be a more e f f e c t i v e  deoxidant than vacuum, 
w i t h  the res idual  oxygen l e v e l s  f o r  the l i t h i u m  exposed specimens ranging 
between 3 and 12 ppm. 

B. MICROSTRUCTURAL OBSERVATIONS 

The i n f l uence  o f  exposure on the m i c r o s t r u c t u r e  o f  the T-111 
a l l o y  i s  shown i n  Figure 5. These photomicrographs show t h a t  the h igh  
temperature (2400°F; 1589°K) exposures caused s i g n i f i c a n t  gra in 'growth,  
w i t h  the g r a i n  s i t e  i nc reas ing  from 28 pm t o  approximately 40 pm i n  1000 
hours and t o  over 100 pm i n  5000 hours. Approximately the same amount o f  
g r a i n  growth occurred i n  both vacuum and l i t h i u m ,  i n d i c a t i n g  t h a t  the growth 
was n o t  s e n s i t i v e  t o  environment. The micrographs i n  F igure 5 a l s o  showed 
s i g n i f i c a n t  v a r i a t i o n s  i n  the amount o f  p r e c i p i t a t e  r e l a t i v e  t o  t h a t  present 
i n  the unexposed specimen. This  p r e c i p i t a t e  was t y p i c a l  o f  t h a t  seen i n  
numerous o t h e r  heats o f  T-111 and has been p r e v i o u s l y  i d e n t i f i e d  as a hafnium 
oxide. 
i n  p r e c i p i t a t e  concentrat ion from the  unexposed c o n d i t i o n  (Figures 5b and 5c), 
w h i l e  the sho r t  term l i t h i u m  exposures caused small  increases i n  the  amount 
o f  p r e c i p i t a t e  (Figures 5 f  and 5s). 
increases i n  the amount o f  p r e c i p i t a t e ,  w i t h  the vacuum exposure causing a 
l a r g e r  increase than the l i t h i u m  (Figures 5d and 5h). Both of  the long t ime 
h igh  temperature specimens were e s s e n t i a l l y  c lean, w i t h  no p r e c i p i t a t e  
v i s i b l e  a t  l O O O X  (Figures 5e and S i ) .  

The short  term vacuum exposed specimens showed e s s e n t i a l l y  no change 

The duplex exposures caused l a r g e  

- - - - - - - - - - - - - -  
>k 

Refer t o  Table I I  f o r  exp lana t ion  o f  exposure references. 
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To conf i rm t h a t  the p r e c i p i t a t e  observed i n  the photomicrographs 
was indeed the hafnium ox ide  which has been p r e v i o u s l y  observed i n  T-111 
a1 loy, t he  specimen con ta in ing  the  l a r g e s t  amount o f  p r e c i p i t a t e  (duplex 
vacuum) was subjected t o  e l e c t r o n  probe microanalys is .  
a n a l y s i s  a r e  presented i n  Figures 6 b  and 6c, which show simultaneous hafnium 
and oxygen X-ray emission i n t e n s i t y  scans f o r  a beam t rave rse  across the 
p r e c i p i t a t e  shown i n  F igu re  6a. These t races d e f i n i t e l y  show the p r e c i p i t a t e  
t o  be r i c h  i n  both hafnium and oxygen, thereby suppor t ing the  previous 
i d e n t i f i c a t i o n .  

The r e s u l t s  o f  t h i s  

A q u a l i t a t i v e  c o r r e l a t i o n  o f  t he  observed res idua l  oxygen 
l e v e l s  w i t h  the amount o f  p r e c i p i t a t e  present i n  each specimen ind i ca ted  
t h a t  a s i g n i f i c a n t  p o r t i o n  o f  t he  res idual  oxygen remained i n  s o l i d  so lu-  
t i o n  i n  some o f  the specimens. For example, t he  amount o f  p r e c i p i t a t e  
present i n  the  unexposed m a t e r i a l  was l ess  than t h a t  normal ly  seen i n  T-111 
a t  the 100 ppm oxygen leve l  (i.e., the specimen was "cleaner" than normal), 
which i nd i ca ted  a s u b s t a n t i a l  p ropor t i on  o f  t h e  oxygen was i n  s o l i d  s o l u t i o n  
p r i o r  t o  exposure. S i m i l a r l y ,  t he  sho r t  term exposure specimens contained 
less  p r e c i p i t a t e  than t h e  duplex samples, d e s p i t e  the f a c t  t h a t  a l l  t h ree  
of t he  specimens exposed t o  each environment e x h i b i t e d  s i m i l a r  oxygen l e v e l s .  
Th is  r e s u l t  i nd i ca tes  t h a t  some oxygen must be present i n  s o l i d  s o l u t i o n  i n  
the s h o r t  term specimens, w i t h  s u b s t a n t i a l l y  more being present i n  the  vacuum 
than i n  the 1 i t h i u m  exposed samples. F i n a l l y ,  t h e  5K-2400 specimens appeared 
completely c lean  and y e t  showed measurable oxygen l e v e l s ,  again i n d i c a t i n g  
t h a t  these specimens contained a t  l eas t  a small  amount o f  oxygen i n  s o l i d  
s o l u t i o n .  These observat ions a r e  important f o r  t he  i n t e r p r e t a t i o n  o f  t h e  
subsequently observed mechanical behavior because i t  i s  the oxygen i n  s o l i d  
s o l u t i o n ,  and not the t o t a l  oxygen content, which c o n t r o l s  the magnitude o f  
t h e  dynamic s t r a i n  aging phenomena i n  T-111 a l l o y .  

C. CREEP LIFE RESULTS 

The i n i t i a l  creep t e s t  program f o r  the exposed specimens was 
d i r e c t e d  toward determinat ion o f  the 1 %  creep l i f e  i n  the temperature range 
o f  1650 t o  2200°F (1172 t o  1478OK), p lus  de te rm ina t ion  o f  t h e  r u p t u r e  l i f e  
a t  1650°F (1172°K). Four t e s t  cond i t i ons  were chosen i n  t h i s  temperature 
range t o  o b t a i n  1 %  creep l i v e s  on the order  o f  500 t o  1000 hours f o r  t he  
unexposed mate r ia l ,  as shown i n  Table I V .  A s  t e s t i n g  proceeded i t  became 
ev ident  t h a t  c e r t a i n  o f  the exposure c o n d i t i o n s  severe ly  degraded 1 i f e  (by 
g rea te r  than two orders of  magnitude) so t h a t  t o  o b t a i n  t e s t  l i v e s  on the  
exposed m a t e r i a l  which were of t he  same order  as the unexposed specimens, 
supplementary t e s t  cond i t i ons  were chosen which a r e  a l s o  1 i s t e d  i n  Table I V .  
I n  a d d i t i o n ,  se lected specimens were tes ted  a t  2400°F (1589°K) i n  t h i s  
suppl imentary program. 

Creep curves obtained a t  each o f  t he  f o u r  bas ic  creep t e s t  
c o n d i t i o n s  a r e  presented i n  Figures 7a through 7d, w h i l e  creep curves obta ined 
a t  t h e  2400°F (1589°K) suppl imentary c o n d i t i o n s  a r e  shown i n  F igure 7e. Curves 
obta ined a t  the 2000 and 2200°F (1366 and 1478°K) suppl imentary c o n d i t i o n s  a r e  
not  shown as these curves had shapes s i m i l a r  t o  those presented i n  F igu re  7 a t  
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the corresponding temperature i n  t h e  bas ic  set .  
l i f e  data f o r  each exposure c o n d i t i o n  a r e  presented i n  t a b u l a r  form i n  
Table V.  
8. 
o f  T-111 t o  e i t h e r  l i t h i u m  o r  vacuum caused s i g n i f i c a n t  and i n  some cases 
even dramat ic changes o f  creep l i f e .  

The 1 %  creep and irupture 

The 1% l i f e  data a r e  a l s o  presented i n  parametr ic  form i n  F igure 
These r e s u l t s  show t h a t  the long t ime e levated temperature exposure 

The observed 1% creep l i f e  v a r i a t i o n  showed systemat ic dependencies 
on both the exposure and the creep t e s t  condi t ions* .  In almost a l l  cases t h e  
low temperature exposures reduced the  creep 1 i f e  (F igu re  8a). 
duc t i ons  caused by the  low temperature exposures were dependent on the creep 
t e s t  temperature, being l a r g e s t  a t  the lowest t e s t  temperature and d i m i n i s h i n g  
as the t e s t  temperature increased. A t  the h ighest  t e s t  temperature (24OOOF; 
1589°K) t he re  appeared t o  be e s s e n t i a l l y  no s i g n i f i c a n t  e f f e c t  o f  exposure on 
creep l i f e  f o r  t he  two duplex exposures, a l though these exposures caused the 
most severe l i f e  reduct ions a t  t he  lower t e s t  temperatures. For both the 1000 
and 5000 hour low temperature exposures the l i t h i u m  environment caused l a r g e r  
l i f e  reduct ions than the vacuum environment. For a g i ven  environment, t h e  long 
t ime low temperature exposures caused l a r g e r  l i f e  reduct ions than the  s h o r t  t ime 
1 ow temperature exposures. 

The 1 i f e  re-  

The creep l i f e  v a r i a t i o n s  caused by the h l g h  temperature exposures 
were not as large as those produced by low temperature exposures (F igure 8) and 
i t  was the re fo re  more d i f f i c u l t  t o  separate s i g n i f i c a n t  e f f e c t s  o f  exposure 
from t h e  data sca t te r  inherent i n  creep t e s t i n g ,  As w i t h  the  low temperature 
exposures, t h e  h igh  temperature exposure e f f e c t s  were dependent on creep t e s t  
temperature. A t  t he  lower creep t e s t  temperatures, most o f  t h e  h i g h  tempera- 
t u r e  exposures caused l i f e  reduct ions;  however, a t  t he  h ighest  creep t e s t  
temperature (2200°F; 1478°K) the h i g h  temperature exposures e i t h e r  caused no 
change o r  increased the creep l i f e .  Where l i f e  reduct ions occurred the  
e f f e c t s  o f  h igh temperature exposure t ime and environment tended t o  be con- 
s i s t e n t  w i t h  those observed a t  the lower exposure temperatures; t h a t  i s ,  
l i t h i u m  caused l a r g e r  l i f e  reduct ions than vacuum and f o r  a given environment 
the 5000 hour exposures tended t o  cause l a r g e r  l i f e  reduc t i ons  than the 1000 
hour exposures. - - - - - - - - - - - - - - - -  
Jc 

The in f luence o f  each o f  the exposures on r u p t u r e  l i f e  a t  1650°F (1172°K) 
was e s s e n t i a l l y  t he  same as on the  1 %  creep l i f e ,  and the  r u p t u r e  l i f e  
data w i l l  therefore not  be s p e c i f i c a l l y  discussed. A l l  remarks concerning 
the  1 %  creep l i f e  behavior a t  1650OF (1172°K) may be considered t o  apply  
t o  both 1% creep and rup tu re  l i f e ,  



0. RAT I ONAL I ZAT I ON OF EXPOSURE EFFECTS 

The e f f e c t s  of exposure on the creep l i f e  o f  T-111 a l l o y  a r e  

These two e f f e c t s  a r e  separated on the  bas i s  o f  d i f f e r e n c e s  
r a t i o n a l i z e d  on the bas is  of  two competing mechanisms; g r a i n  growth and 
deoxidat ion.  
i n  t h e  e f f e c t  o f  creep t e s t  temperature on the o p e r a t i o n  of each mechanism. 
Grain boundary s l i d i n g  i s  b a s i c a l l y  a h i g h  temperature creep deformat ion 
mode, and the e f f e c t i v e n e s s  o f  g r a i n  growth i n  increas ing the creep l i f e  
t h e r e f o r e  increases w i t h  t e s t  temperature. The deox ida t i on  e f f e c t ,  on the 
o the r  hand, i s  associated w i t h  the oxygen c o n t r o l l e d  dynamic s t r a i n  aging 
behavior which i s  most pronounced i n  t h e  temperature range o f  1600 t o  1700°F 
(1144 t o  1200°K) and decreases w i t h  e i t h e r  increas ing o r  decreasing tempera- 
t u r e  o u t s i d e  o f  t h i s  range. The creep l i f e  degredat ions caused by deox ida t i on  
should t h e r e f o r e  become smal ler  w i t h  increas ing creep t e s t  temperature. 

Grain growth e f f e c t s  were l i m i t e d  t o  the h i g h  temperature exposure 
s e r i e s  s ince no g r a i n  growth occurred a t  t h e  lower exposure temperatures. The 
g r a i n  growth e f f e c t s  were d i f f i c u l t  t o  separate from deox ida t i on  e f f e c t s  s ince  
both phenomenon occurred simultaneously a t  the h i g h  exposure temperature. The 
g r a i n  s i z e  e f f e c t  was t h e r e f o r e  evaluated a t  t h e  2200°F (14q8"K) creep t e s t  
temperature where t h i s  e f f e c t  was expected t o  be the l a r g e s t  and the deoxida- 
t i o n  e f f e c t s  were expected t o  be smallest. 

A t  temperatures where g r a i n  boundary s l i d i n g  c o n t r i b u t e s  s i g n i -  
f i c a n t l y  t o  creep deformation, t h e  creep r a t e  should be p r o p o r t i o n a l  t o  the  
g r a i n  boundary sur face area per  u n i t  volume o f  m a t e r i a l .  The sur face area 
per u n i t  volume o f  a p o l y c r y s t a l l i n e  m a t e r i a l  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
the mean i n t e r c e p t  g r a i n  s ize,  d. Thus, t he  creep r a t e  b should be i n v e r s e l y  
p r o p o r t i o n a l  t o  d; t h a t  i s ,  

Garofa lo  repo r t s  data which con f i rm  t h i s  r e l a t i o n s h i p  f o r  lead, t i n ,  m n e l ,  
and an Fe-Cr-Ni-Mn a l l o y  tested a t  h igh  homologous temperatures (8).  
suming t h a t  creep l i f e  i s  i nve rse l y  r e l a t e d  t o  creep ra te ,  t he  measured 
creep l i f e  should be d i r e c t l y  p ropor t i ona l  t o  g r a i n  s ize.  A p l o t  o f  1 %  
creep l i f e  versus g r a i n  s i z e  i s  shown i n  F igu re  9 f o r  t he  unexposed and the  
fou r  h igh  temperature exposure specimens tes ted  a t  2200°F (1478°K). The f i v e  
data p o i n t s  on t h i s  p l o t  were d i v ided  i n t o  two ca tegor ies  f o r  a n a l y s i s ;  those 
rep resen t ing  specimens c o n t a i n i n g  s i g n i f i c a n t  res idua l  oxygen ( t h e  pre-exposed 
and t h e  1K-2400 vacuum specimens) and those rep resen t ing  specimens having 
r e l a t i v e l y  low res idua l  oxygen leve ls  ( t h e  1K and 5K-2400 l i t h i u m  and the 5K- 
2400 vacuum specimens). 
i n d i c a t i n g  a s i g n i f i c a n t  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  creep o f  
both the  oxygen c o n t a i n i n g  and t h e  deoxidized T-111 a l l o y .  

Pre- 

The two sets o f  data e x h i b i t e d  slopes o f  +.7 and +.8, 
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The in f l uence  of deox ida t i on  on the creep behavior o f  T-111 was 
evaluated by ana lys i s  of creep curve shape. The observed creep curves ex- 
h i b i t e d  s i g n i f i c a n t  shape v a r i a t i o n s  which depended on both exposure and 
creep t e s t  condi t ions.  The changes r e s u l t i n g  from v a r i a t i o n s  i n  t e s t  tem- 
pe ra tu re  a r e  i l l u s t r a t e d  i n  F igu re  10, where the  v a r i a t i o n  o f  creep r a t e  
w i t h  creep s t r a i n  i s  p l o t t e d  f o r  t he  unexposed specimens. A t  the lowest 
t e s t  temperatures (1650 and 1800°F; 1172 and 1255'K) where the  dynamic aging 
phenomenon was most pronounced, these curves e x h i b i t e d  an unusual shape 
cha rac te r i zed  by a complete cessa t ion  o f  creep over  a f i n i t e  pe r iod  a t  a low 
s t r a i n  l e v e l ,  fo l lowed by a resumption o f  creep w i t h  a s t e a d i l y  increas ing 
creep r a t e  (Figures 10a and lob ) .  Previous s tud ies  have shown t h a t  the creep 
cessa t ion  i n  T - I l l  was associated w i t h  the  dynamic s t r a i n  ag ing phenomenon, 
and t h a t  the increase i n  creep r a t e  subsequent t o  cessa t ion  was associated 
w i t h  vacuum indiced deox ida t i on  which depleted the i n t e r s t i t i a l  species 
associated w i t h  the dynamic aging (1) .  I t  was a l s o  observed i n  previous 
s tud ies  t h a t  a f t e r  deoxidat ion the r a t e  versus s t r a i n  curve e v e n t u a l l y  became 
l e v e l  over a f i n i t e  s t r a i n  i n t e r v a l ,  i n d i c a t i n g  t h e  establ ishment o f  a steady 
s t a t e  creep r a t e  which was c h a r a c t e r i s t i c  o f  the deoxidized a l l o y .  This 
phenomenon d i d  not occur i n  t h e  present tes ts .  Th is  i s  probably a r e s u l t  o f  
the f a c t  t h a t  the s t ress  l e v e l s  employed i n  t h i s  program were much h igher  than 
those used prev ious ly ,  

The creep cessa t ion  phenomenon d i d  not occur a t  the 2000 and 
2200°F (1366 and 1478'K) t e s t  temperatures. However, these curves d i d  ex- 
h i b i t  b a s i c a l l y  t h e  same shape as the lower temperature curves (F igure 1Oc 
and 10d) i n d i c a t i n g  t h a t  the dynamic aging phenomenon may cont inue t o  p l a y  
a r o l e  i n  t h e  creep deformat ion o f  the T-111 a l l o y  up t o  2200'F (1478°K). 
I t  was not u n t i l  t h e  t e s t  temperature was increased t o  2400°F (1589°K) t h a t  
the T-111 creep curve assumed what might be considered a "normal" shape 
(F igure 10e). 

Analysis o f  the creep curves f o r  t he  exposed specimens showed 
t h a t  the m a j o r i t y  o f  the exposures s u b s t a n t i a l l y  reduced o r  complete ly  
e l im ina ted  t h e  creep cessat ion phenomenon which occurred i n  t h e  unexposed 
m a t e r i a l  a t  the lower t e s t  temperatures. This  r e d u c t i o n  i n  the  e f f e c t  of 
dynamic aging on creep was assumed t o  be associated w i t h  t h e  deox ida t i on  
caused by exposure. To document t h i s  assoc ia t i on ,  t h e  shapes o f  t he  creep 
curves obta ined a t  1650°F (1172'K), where t h e  dynamic aging e f f e c t  was most 
prominent, were examined i n  more d e t a i l  on p l o t s  o f  creep r a t e  versus creep 
s t r a i n  (F igure 11). 
completely e l iminated the dynamic aging e f f e c t  were the two duplex exposures 
t o  l i t h i u m  and vacuum (Figures l l c  and l l g ) .  Th is  obse rva t i on  may a t  f i r s t  
seem anomalous i n  the  case o f  the duplex vacuum exposure, where chemical 
a n a l y s i s  showed a res idua l  oxygen l e v e l  o f  30 ppm. However, t h i s  apparent 
anomaly may be explained by n o t i n g  t h a t  t he  dynamic ag ing  phenomenon i n -  
volves the oxygen i n  s o l i d  s o l u t i o n ,  and no t  t he  , t o t a l  oxygen content .  I t  
would thus appear t h a t  the duplex vacuum specimen'4has' been 'deoxid ized 
i n t e r n a l l y  ( i n  the sense o f  removing a l l  o f  t h e  oxygen from s o l i d  s o l u t i o n )  
by t h e  p r e c i p i t a t i o n  o f  hafnium oxide. The two s h o r t  term vacuum exposures, 
where subs tan t i a l  oxygen appeared t o  have r e m i n e d  i n  s o l i d  s o l u t i o n ,  con- 
t i nued  t o  d i sp lay  the creep cessa t ion  phenomenon (F igures l l a  and l l b ) .  The 

These curves showed t h a t  t he  o n l y  t reatments which 
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remaining f o u r  exposure c o n d i t i o n s  d i d  not  show a creep cessat ion,  but d i d  
con t inue  t o  e x h i b i t  s l i g h t  dynamic aging e f f e c t s ,  d e s p i t e  the  low oxygen 
l e v e l s  (Figures l l d ,  l l e ,  l l f ,  and l l h ) .  Th is  observat ion i n d i c a t e s  t h a t  
t he  dynamic s t r a i n  ag ing i n  t h i s  a l l o y  requi res o n l y  a few ppm o f  res idua l  
oxygen i n  s o l u t i o n  t o  be operat ive.  

1 1  



1 1 .  Creep Behavior o f  T-111 Under Condi t ions of Cont inuously I n c r e a s i n g  
Stress and Decreasing Temperature 

A. ANALYTICAL INVESTIGATION 

1. Charac te r i za t i on  o f  A n t i c i p a t e d  Serv ice Cot id i t ions 

Presuming t h a t  t he  capsule operates i n  an environment where 
heat e x t r a c t i o n  occurs p r i m a r i l y  by conduct ion and/or convect ion,  the d i f f e r e n c e  
between the capsule temperature T and the  ambient temperature Ta w i l l  be d i r e c t l y  
p r o p o r t i o n a l  t o  t he  r a t e  o f  isotope decay, which i s  i n  t u r n  p r o p o r t i o n a l  t o  the  

T-Ta = 6N 

amount o f  parent isotope present (N); t h a t  i s ,  

The r a t i o  o f  where 6 i s  a p ropor t i ona l  i t y  constant.  
d i f f e r e n c e  t o  the i n i t i a l  temperature d 

6N N T-Ta 
- = - = -  

0 
To-Ta 6No N 

where N, i s  the o r i g i n a l  amount o f  f u e l  

t he  opera t i ng  temperature 
f f e r e n c e  w i l  thus be: 

i n  t h e  capsule. The r a t i o  o f  N/No 
decays gxponen t ia l l y  w i t h  t ime according t o  the  r e l a t i o n s h i p  

( 3 )  - A t  N/No = e 

where A i s  t he  decay constant f o r  t he  isotope involved, The capsule temperature 
w i l l  t h e r e f o r e  decrease w i t h  t ime according t o  t h e  equat ion:  

T = T + (To-Ta)e - A t  
a 

i n  a conduct ive o r  convect ive thermal environment. 

( 4 )  

The e f f e c t i v e  s t r e s s  CY i n  t he  capsule i s  p r o p o r t i o n a l  t o  P 
( t he  i n t e r n a l  pressure),  which i s  r e l a t e d  t o  T ( t h e  abso lu te  temperature) and 
n ( t h e  amount o f  he l ium gas present)  through the un ive rsa l  gas law: 

n RT 
V (3- 

The amount o f  hel ium gas i n  the  capsule i s  p r o p r o t i o n a l  t o  the  d i f f e rence  
between the i n i t i a l  amount o f  isotope and t h e  amount remaining a t  t ime t :  

na(No-N) = No(l-No/N) = N 0 (1-emAt) 

I nco rpo ra t i on  o f  Equations ( 3 )  and (6) i n t o  Equat ion (5) prov ides an expression 
fo r  the e f f e c t i v e  s t ress  i n  the  capsule l i n e r :  



where the N R / V  term has been combined w i t h  a p r o p o r t i o n a l i t y  constant  i nvo l v -  
i n g  capsu1eOdimensions and safety  fac to rs  i n t o  a s i n g l e  e f f e c t i v e  p ropor t i ona l  i t y  
cons t a n  t F. 

F igure  12 shows the v a r i a t i o n s  o f  temperature and s t ress  which 
a r e  p r e d i c t e d  by Equations (4) and (7) f o r  ope ra t i on  i n  s t i l l  a i r  a t  75°F (297°K). 
Th is  i s  t h e  type  o f  environment t h a t  t h e  capsule would encounter i f  an acc iden ta l  
re -en t r y  occurred i n  a remote and inaccess ib le  loca t ion ,  and was the  assumed 
environment f o r  a l l  o f  the a n a l y t i c a l  and exper imental  work performed i n  t h i s  
study. The exponent ia l  temperature decay shown i n  F igure 12 i s  s t r a i g h t f o r w a r d  
and requ i res  l i t t l e  discussion. However, t h e  v a r i a t i o n  o f  s t ress  w i t h  t ime i s  
more compl icated because o f  t h e  counterac t ing  e f f e c t s  o f  inc reas ing  hel ium con- 
c e n t r a t i o n  and decreasing temperature. 
t o  increase e a r l y  i n  the  capsule l i f e t i m e ,  w i t h  a subsequent decrease as the  
f u e l  becomes exhausted. 

These competing e f f e c t s  cause the  s t r e s s  

2. Pred ic ted  Creep Behavior 

a )  S p e c i f i c a t i o n  o f  S t ress  Levels 

For a g iven se rv i ce  app l i ca t i on ,  the  i n i t i a l  capsule 
temperature and decay constant  w i l l  be f i x e d  and t h e  des ign parameter which 
must be ad jus ted  to  prov ide  a l lowab le  load ing  i s  t h e  s t ress  p r o p o r t i o n a l i t y  
constant  F, which may be v a r i e d  t o  s u i t  the des ign requirements by proper  
s e l e c t i o n  o f  capsule dimensions. Presuming a f i x e d  ambient temperature o f  75°F 
(297"K), t he re  i s  a maximum permiss ib le  va lue  o f  F f o r  each s t a r t i n g  temperature 
which i s  determined by the  approach o f  the  opera t i ng  s t ress  t o  the  ma te r ia l  
y i e l d  s t rength.  Ca lcu la t i on  o f  t h i s  maximum F va lue  i s  compl icated by t h e  f a c t  
t h a t  t h e  y i e l d  s t r e n g t h  va r ies  w i t h  temperature, as i l l u s t r a t e d  i n  F igu re  13 
fo r  t h e  T-111 a l l o y .  Thus, i t  i s  not s u f f i c i e n t  t o  a d j u s t  F t o  a va lue where 
t h e  maximum s t ress  achieved du r ing  capsule se rv i ce  w i l l  n o t  exceed t h e  y i e l d  
s t reng th  (Curve A i n  F igure  13) ,  because the appl  i e d  s t ress  w i  1 1  then exceed 
t h e  y i e l d  s t reng th  a t  some p o i n t  i n  the  capsule l i f e  p r i o r  t o  the  t ime a t  
which the  s t r e s s  reaches i t s  maximum (Area C i n  F igure  13). The proper ad jus t -  
ment o f  F for  a y i e l d  c r i t e r i a  i s  the one used t o  generate Curve B, which i s  
j u s t  tangent t o  t h e  y i e l d  s t reng th  versus t ime curve. 

Since the tangency c a l c u l a t i o n  f o r  F i s  made i n  terms 
o f  h a l f  l i f e  ra the r  than r e a l  time, i t  i s  independent o f  decay constant  and 
depends o n l y  on the  i n i t i a l  temperature. Thus, fo r  a s p e c i f i e d  s t a r t i n g  
temperature the re  i s  a unique F value f o r  y i e l d  tangency which c o n s t i t u t e s  an 
upper l i m i t  on F f o r  creep loading. The F values which w i l l  cause a y i e l d  
tangency t o  occur i n  T-111 a l l o y  have been c a l c u l a t e d  f o r  a range o f  s t a r t i n g  
temperatures and t h e  r e s u l t s  o f  these c a l c u l a t i o n s  a r e  presented i n  Table V I .  
The a p p l i e d  s t ress  l e v e l s  used fo r  the subsequent a n a l y t i c a l  and exper imental  
de termina t ions  o f  creep behavior w i l l  be s p e c i f i e d  i n  terms o f  the  f r a c t i o n  o f  
the  maximum a p p l i c a b l e  F va lue  for the chosen s t a r t i n g  temperature. 
a t  a s t a r t i n g  temperature o f  26OO0F, a s p e c i f i e d  s t ress  l e v e l  o f  .65 i nd i ca tes  
t h a t  t h e  F f a c t o r  used t o  c a l c u l a t e  s t r e s s  i s  65% o f  42.4 ps i / "F  (526 MN/m2/"K) 
and t h a t  t h e  s t r e s s  a t  any p o i n t  dur ing the  capsule l i f e t i m e  w i l l  be 65% o f  the  
va lue  i n  a s i t u a t i o n  where a y i e l d  tangency occurs. 

For example, 



b) Pred ic ted  Creep Curve Shape 

The method used t o  c a l c u l a t e  creep s t r a i n  f o r  T-111 
a l l o y  tes ted  w i t h  the s t ress  and temperature p r o f i l e s - i l l u s t r a t e d  i n  F igure 
12 i nvo lved the i n t e g r a t i o n  o f  the steady s t a t e  creep r a t e  i w i t h  respect  
t o  t ime: 

E = JtEdt 
0 

The equat ion used t o  represent as a f u n c t i o n  o f  s t ress  and temperature was 
the hyperbo l i c  s ine  r e l a t i o n s h i p  developed f o r  T-111 a l l o y  by S h e f f l e r  e t  
a1 ( 3 ) :  

9 -5 3.17,-90,000/RT (9) E = 1.65 x 10 [s inh(6.6 x 10 a ) ]  

Th is  equat ion was based on a c o r r e l a t i o n  o f  convent ional  ( i s o s t a t i c ,  iso- 
thermal)  steady s t a t e  creep r a t e  data from f i v e  d i f f e r e n t  heats o f  T-111 
a l l o y ,  and may be expected t o  p r e d i c t  exper imen ta l - c reep- ra tes  o f  a 
s p e c i f i c  heat w i t h i n  a f a c t o r  o f  approximately k3. 

The use o f  Equat ion (9)  f o r  p r e d i c t i o n  o f  VTVS 
behavior  invo lved s u b s t i t u t i o n  o f  the a n a l y t i c a l  expression f o r - a  and T 
(Equations 7 and 4) i n t o  Equat ion (9) to  prov ide  an express ion f o r  E which 
could be in tegra ted  w i t h  respect to  t ime t o  determine the  accumulated creep 
s t r a i n  a t  any p o i n t  i n  the  capsule l i f e .  The repeated i n t e g r a t i o n  o f  t h i s  
func t ion  over  a range of success ive ly  inc reas ing  upper l i m i t s  prov ides,  i n  
e f fec t ,  a p red ic ted  creep curve f o r  the chosen s t ress  l e v e l ,  i n i t i a l  t e w  
perature,  and decay constant. A s e t  o f  hypo the t i ca l  creep curves ca l cu la ted  
i n  t h i s  fashion us ing  computer ass i s ted  numerical  i n t e g r a t i o n  techniques 
i s  presented i n  F igure 14. The program used t o  c a l c u l a t e  these curves 
inc luded adjustments t o  the ca l cu la ted  creep s t r a i n  f o r  bo th  thermal 

and e l a s t i c  s t r a i n ,  so t h a t  the  creep s t r a i n  ca l cu la ted  f o r  
me represented t h e  extens ion which would b e ' p h y s i c a l l y  measured 
mental t e s t .  

c o n t r a c t i o n  
any 9 
i n  an 

ven t 
expe r 

c)  Se lec t ion  o f  a Creep Design Parameter 

The m o s t  unusual c h a r a c t e r i s t i c  o f  the  pos tu la ted  creep 
curves shown i n  F igure 14 was t h a t  the  creep s t r a i n  d i d  n o t  increase cont inuous ly  
t o  rup ture ,  as normal ly  observed i n  i s o s t a t i c ,  isothermal t es ts ,  b u t  instead 
reached a maximum s t r a i n  va lue which was achieved a t  the  p o i n t  i n  t ime where 
the  r a t e  o f  change o f  mechancial s t r a i n  was j u s t  equal t o  t h e  r a t e  o f  thermal 



con t rac t i on .  Beyond t h i s  p o i n t  t he  c a l c u l a t e d  creep r a t e  was smal ler  than the 
c a l c u l a t e d  thermal c o n t r a c t i o n  so t h a t  the net  observable r a t e  o f  dimensional 
change became negat ive.  

The s e l e c t i o n  o f  a creep design parameter f o r  t h e  r a t h e r  
unusual creep curves presented i n  Figure 14 was f u r t h e r  complicated by t h e  f a c t  
t h a t  t h e  normal ly  used parameters such as r u p t u r e  l i f e  o r  minimum creep r a t e  
d i d  no t  apply.  Whi le the  t ime to a s p e c i f i e d  s t r a i n  l e v e l  (e.g., t he  1 %  creep 
l i f e )  might have been used i n  selected cases, t h i s  parameter was not u n i v e r s a l l y  
a p p l i c a b l e  t o  the  VTVS curves s ince the  s p e c i f i e d  s t r a i n  l e v e l  may not be reached 
du r ing  the course o f  t he  capsule l i f e .  Because o f  these,shortcort ings, an 
e n t i r e l y  new parameter was se lected t o  c h a r a c t e r i z e  the VTVS creep curves. 
This  parameter was the  maximum s t r a i n  achieved du r ing  t h e  capsule l i f e t i m e  and 
was designated as t h e  " s t a l l  s t r a i n "  s ince  i t  represented the  extens ion a t  
which creep essen t ia l  l y  " s t a l l e d "  o r  ceased t o  be s i g n i f i c a n t .  

Predic ted In f luence o f  Serv ice Var iab les on S t a l l  S t r a i n  

To exp lo re  the i n f l u e n c e  o f  t he  capsule v a r i a b l e s  
( i n i t i a l  temperature, s t ress  l e v e l ,  and decay constant )  on t h e  s t a l l  s t r a i n ,  
and a l s o  t o  p rov ide  a gu ide f o r  t he  s e l e c t i o n  o f  t e s t  parameters f o r  t he  
experimental p o r t i o n  o f  t he  program, the  s t a l l  s t r a i n  was c a l c u l a t e d  over t h e  
range o f  each o f  these va r iab les .  The r e s u l t s  o f  these c a l c u l a t i o n s  a r e  pre-  
sented i n  F igu re  15, where the ca l cu la ted  s t a l l  s t r a i n  i s  p l o t t e d  versus h a l f  
l i f e  ( h a l f  l i f e  = I n  2/decay constant)  f o r  a range o f  s t ress  l e v e l s  and i n i t i a l  
temperatures. Presuming t h a t  these p red ic ted  curves d i d  indeed e x a c t l y  
represent t h e  observed m a t e r i a l  behavior, the problem o f  capsule design f o r  a 
s p e c i f i e d  s t a r t i n g  temperature and isotope would reduce t o  a s imple mat ter  o f  
s e l e c t i n g  the s t r e s s  l e v e l  corresponding t o  the maximum a l l o w a b l e  creep 
s t r a i n .  For example, i f  the maximum a l l owab le  creep s t r a i n  were determined 
t o  be 1 %  f o r  a Py238 capsule (decay constant  = .93 x 10-7) which went i n t o  
s e r v i c e  a t  220OoF (1478'K), t h e  maximum a l l o w a b l e  s t r e s s  l e v e l  (as determined 
from Figure 15) would be 0.3 (Point  I lAI l )  and the  capsule dimensions would be 
ad jus ted  t o  p rov ide  an F va lue which was 30% o f  t h e  y i e l d  l i m i t i n g  va lue  o f  
53.7 p s i / " F  (666 MN/m2/'K), 

Unfor tunate ly ,  t he  subsequently discussed experimental 
r e s u l t s  showed systemat ic dev ia t i ons  f rom t h e  p r e d i c t e d  curves, which means 
t h a t  t he  problem o f  c r e e p - l i m i t e d  capsule des ign w i l l  be considerably  more 
compl icated than ind i ca ted  by the above example. However, the r e s u l t s  o f  the 
c a l c u l a t i o n s  were h i g h l y  use fu l  i n  the design o f  t h e  experimental program. 
The c a l c u l a t e d  creep curves served to d e f i n e  the  creep curve shape which 
could be a n t i c i p a t e d  w i t h  VTVS loading, and pe rm i t ted  the  c r i t i c a l  design 
parameter ( s t a l l  s t r a i n )  t o  be i d e n t i f i e d  i n  advance o f  the experimental 
e f f o r t .  I n  a d d i t i o n ,  t h e  ca l cu la ted  s t a l l  s t r a i n  data were used t o  e s t a b l i s h  
values o f  the experimental parameters ( s t a r t i n g  temperature, s t ress  l e v e l ,  
and decay constant )  which al lowed completion o f  t he  experimental e f f o r t  i n  a 
reasonable time, and a l s o  provided data which cou ld  be used t o  exp lo re  methods 
f o r  e x t r a p o l a t i o n  o f  the sho r t  t ime s t a l l  s t r a i n  values t o  longer s e r v i c e  l i v e s .  
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B. EXPERIMENTAL PROGRAM 

1. Program Object ives 

The o b j e c t i v e s  o f  t he  experimental program were twofo ld .  
The f i r s t  o b j e c t i v e  was t o  c h a r a c t e r i z e  the creep behavior o f  T-111 a l l o y  
w i t h  the cont inuously  va ry ing  s t r e s s  and temperature p r o f i l e s  o f  t he  type 
shown i n  F igure 12, and t o  compare t h i s  observed behavior w i t h  the  behavior 
p red ic ted  by Equation (8). The second o b j e c t i v e  was t o  generate 1 im i ted  
s h o r t  t ime s t a l l  s t r a i n  data and t o  evaluate the usefulness o f  such data 
f o r  t he  p r e d i c t i o n  of long t ime behavior. 

The commonly used approaches f o r  e x t r a p o l a t i o n  o f  s h o r t  
t ime creep data are:  (a) manual e x t r a p o l a t i o n  o f  isothermal s t r e s s  r u p t u r e  
curves o r  (b) a n a l y t i c a l  e x t r a p o l a t i o n  us ing c o r r e l a t i n g  parameters such as 
the Larson-Mi l ler  o r  t he  Manson-Halford (‘9, 10). Wi th  e i t h e r  approach, t he  
pr imary concern w i t h  e x t r a p o l a t i o n  i s  the p o t e n t i a l  occurrence o f  creep 
i n s t a b i l i t i e s  a t  t imes beyond the range o f  experimental i n v e s t i g a t i o n .  Whi le 
t h e r e  i s  no i n f a l l i b l e  s o l u t i o n  t o  the  problem o f  p r e d i c t i n g  p o t e n t i a l  
i n s t a b i l i t i e s ,  one common approach i s  t o  examine the creep behavior a t  tem- 
peratures s l i g h t l y  above the a n t i c i p a t e d  s e r v i c e  temperature w i t h  the  hope 
t h a t  the occurrence o f  p o t e n t i a l  i n s t a b i  1 i t i e s  w i  1 1  be accelerated a t  t he  
h igher  temperatures. I n  manual e x t r a p o l a t i o n  t h i s  approach b o i l s  down t o  
the use o f  a “judgment f a c t o r ”  which i s  developed by v i s u a l  examination o f  
the h igher  temperature s t r e s s  r u p t u r e  curves. I n  a n a l y t i c a l  ex t rapo la t i on ,  
the use o f  c o r r e l a t i n g  parameters represents an e f f o r t  t o  p rov ide  a mathematical 
bas i s  f o r  t he  c h a r a c t e r i z a t i o n  o f  temperature e f f e c t s  on rup tu re  behavior. 

Whi le none o f  the convent ional  e x t r a p o l a t i o n  methods were 
d i r e c t l y  a p p l i c a b l e  t o  t h e  capsule design problem, i t  was s t i l l  p o s s i b l e  t o  
make use o f  the bas ic  p r i n c i p l e s  invo lved i n  these methods f o r  design of t he  
experimental program; t h a t  i s ,  t o  run  s h o r t  t e s t s  a t  h i g h  temperatures which 
cou ld  be used t o  p r e d i c t  longer t ime behavior a t  lower temperatures. To 
implement t h i s  approach, experimental values o f  s t a r t i n g  temperature, s t r e s s  
l e v e l ,  and decay constant were chosen which were s i g n i f i c a n t l y  l a r g e r  than the 
a n t i c i p a t e d  capsule s e r v i c e  c o n d i t i o n s  (Table V I  I ) .  Increas ing these th ree  
independent t e s t  v a r i a b l e s  served t o  shorten the t ime requ i red  t o  reach the  
s t a l l  s t r a i n  and thus a l lowed the  o b j e c t i v e s  o f  t he  i n v e s t i g a t i o n  t o  be f u l -  
f i l l e d  w i t h i n  a reasonable expendi ture o f  exper imental  e f f o r t .  The c a l c u l a t e d  
r e s u l t s  were used t o  s e l e c t  t e s t  parameters which would p rov ide  s t a l l  s t r a i n s  
on t h e  order  of 1/2 t o  5%. The ranges o f  t he  independent v a r i a b l e s  were 
se lec ted  t o  f a c i l i t a t e  e v a l u a t i o n  o f  the a d a p t a b i l i t y  of  such data t o  c o r r e l a -  
t i o n  methods. 
were s t r i c t l y  exp lo ra to ry  i n  nature,  and were not intended t o  be used d i r e c t l y  
f o r  capsule design. 
i n  the design o f  f u r t h e r  exper imental  programs d i r e c t e d  toward the  generat ion 
o f  spec i f  i c  design data. 

I t  must be emphasized t h a t  t h e  t e s t s  conducted on t h i s  program 

However, t he  r e s u l t s  o f  t h i s  study should be h i g h l y  use fu l  
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2. Experimental Results 

An exper imental  creep curve having a t y p i c a l  shape i s  com- 
pared i n  F igure  16 w i t h  a pred ic ted  curve which was c a l c u l a t e d  us ing  Equat ion 
(8).  These curves were generated using the  load and temperature p r o f i l e s  
presented i n  F igure  4. 
c o i n c i d e  p e r f e c t l y ,  the  shape o f  the exper imental  curve  was genera l l y  s i m i l a r  
t o  t h e  pred ic ted  shape. The experimenbal data a l s o  e x h i b i t e d  t h e  pred ic ted  
s t a l l  phenomenon. Furthermore, t h e  pred ic ted  and exper imental  s t a l l  s t r a i n s  
were q u i t e  c lose  f o r  t h i s  p a r t i c u l a r  t e s t .  Unfor tunate ly ,  the  agreement 
between pred ic ted  and observed s t a l l  s t r a i n  was not  as good f o r  the  m a j o r i t y  
o f  t h e  t e s t  r e s u l t s  as fo r  t h i s  p a r t i c u l a r  example, as shown i n  Table V I I I .  
The exper imental  s t a l l  s t r a i n s  exh ib i t ed  cons is ten t  dev ia t i ons  from the  pre- 
d i c t e d  values, which were dependent on the app l i ed  t e s t  parameters as il- 
l u s t r a t e d  i n  F igure  17. A t  t h e  -65 s t ress  l e v e l ,  t h e  observed s t a l l  s t r a i n s  
were smal ler  than pred ic ted ,  w h i l e  a t  t h e  1.0 s t ress  l e v e l  the  oppos i te  was 
true., 
h i b i t e d  a lower s lope than predic ted,  so t h a t  t h e  dev ia t i ons  between the 
observed and pred ic ted  va lues become l a r g e r  w i t h  decreasing decay constant  
a t  t h e  .65 s t ress  l e v e l  and become smal ler  a t  t h e  1.0 s t ress  l e v e l .  

Whi le  t h e  observed and p red ic ted  curves d i d  no t  

The observed curves o f  s t a l l  s t r a i n  versus decay constant  a l s o  ex- 

I n  an e f f o r t  t o  determine the  cause of  t h e  observed 
dev ia t i ons  between the p red ic ted  and measured s t a l l  s t r a i n s ,  creep r a t e s  
were ca l cu la ted  as a f u n c t i o n  of  time f o r  each t e s t  and were compared w i t h  
t h e  creep r a t e s  p red ic ted  by Equation (9) t o  determine i f  cons is ten t  devia- 
t i o n s  between t h e  observed and pred ic ted  r a t e s  were occur r ing .  Th is  
comparison was performed by p l o t t i n g  t h e  r a t i o s  o f  t h e  observed t o  t h e  
p red ic ted  r a t e s  as a f u n c t i o n  of t e s t  time, as shown i n  F igure  18. I n  o rde r  
t o  r a t i o n a l i z e  t h e  data from t h e  th ree  t e s t s  performed a t  each s t a r t i n g  tem- 
pe ra tu re  and s t ress  l e v e l ,  the  r a t e  r a t i o  data were p l o t t e d  as a f u n c t i o n  o f  
t ime i n  h a l f  l i v e s ,  r a t h e r  than r e a l  time. These data showed systemat ic  
dev ia t i ons  between p red ic ted  and observed r a t e s  which were cons is ten t  f o r  a l l  
twe lve  t e s t s .  
t h e  observed/predicted creep r a t e  r a t i o  versus t e s t  time. Th is  behavior was 
presumed t o  be caused by the  occurrence o f  pr imary and t e r t i a r y  creep i n  t h e  
e a r l y  and l a t e r  stages o f  t h e  experimental tes ts .  Dur ing t h e  in te rmed ia te  
stages o f  t e s t i n g ,  where the  mater ia l  subs t ruc ture  was presumably s t a b i l i z e d  
t o  a c o n f i g u r a t i o n  approximat ing the subs t ruc ture  which develops dur ing  con- 
ven t iona l  steady s t a t e  creep, the  experimental VTVS creep r a t e s  approached, 
and a c t u a l l y  f e l l  below the  va lues pred ic ted  by Equat ion ( 9 ) .  

These dev ia t i ons  were charac ter ized  by a "U" shaped p l o t  of  

Whi le  the  occurrence o f  pr imary and t e r t i a r y  creep accounts 
f o r  t h e  l a r g e  p o s i t i v e  dev ia t i ons  between observed and p red ic ted  creep r a t e s  
i n  t h e  e a r l y  and l a t e r  stages o f  the VTVS tes ts ,  i t  does n o t  account f o r  t h e  
f a c t  t h a t  t h e  exper imenta l l y  observed creep r a t e s  were c o n s i s t e n t l y  below t h e  
p red ic ted  r a t e s  (i.e., t h e  r a t e  r a t i o s  were c o n s i s t e n t l y  less  than u n i t y )  
du r ing  the in te rmed ia te  stages o f  each t e s t .  Ana lys is  o f  l i m i t e d  convent ional  
( i s o s t a t i c ,  isothermal)  creep t e s t  data f o r  the  Heat 650028 ind i ca ted  t h a t  t h e  
pr imary  cause o f  t h i s  d e v i a t i o n  was a d i f f e r e n c e  between the  creep p roper t i es  
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o f  Heat 650028 and the p r o p e r t i e s  p r e d i c t e d  by Equation (g), which represents 
an average o f  the measured creep b e h a v i o r - o f  f i v e - o t h e r  h e a t s . o f  T-111 a l l o y .  
This  d i f f e rence  i s  documented i n  Table I X ,  which shows the-exper imenta l  
versus observed creep r a t e  r a t i o s  f o r  f i v e  convent ional  vacuum creep t e s t s  
on Heat 650028. 

The r a t e  r a t i o  data presented i n  F igure 18 p rov ide  
an explanat ion f o r  the dev ia t i ons  between the  observed and-p red ic ted  
s t a l l  s t r a i n s .  This  exp lana t ion  i s  based on the f a c t  t h a t  the observed 
creep ra tes  were d i f f e r e n t  from the p r e d i c t e d  vadues a t  the p r e d i c t e d  
s t a l l  t ime, as shown i n  F igure 18. For the two se ts  of t e s t s  a t  t he  .65 
s t ress  l e v e l  (Figures 18a and 18b) the p r e d i c t e d  s t a l l  t imes were w i t h i n  
the range where the exper imental  creep ra tes  were lower than predic ted,  
so t h a t  the observed creep r a t e  f e l l  below the r a t e  o f - t h e r m a l  c o n t r a c t i o n  
sooner than p red ic ted  and s t a l l  occurred prematurely a t  a t o t a l  s t r a i n  
l e v e l  which was below the c a l c u l a t e d  value. For the two sets  o f  t e s t s  
a t  the 1.0 s t ress  l e v e l ,  the p r e d i c t e d  s t a l l  t imes f e l l  i n  t he  range 
where the experimental creep ra tes  were h ighe r  than p r e d i c t e d  (Figures 
18x and 180) so t h a t  the observed s t a l l  t imes and s t a l l  s t r a i n s  were 
1 arger than pred i cted. 

I n  o rde r  t o  p rov ide  a comp le te -desc r ip t i on  o f  the 
observed VTVS creep behavior o f  T-111 a l l o y ,  t he re  a r e  t w o - a d d i t i o n a l  
experimental observat ions which must be discussed. The f i r s t  o f  these 
involved g r a i n  growth and deoxidat ion which occurred d u r i n g  c e r t a i n  o f  
the VTVS tests .  Oxygen l e v e l s  a f t e r  t e s t i n g  were about h a l f  o f  the pre-  
t e s t  value (Table X ) .  As shown i n  Table X I  the g r a i n  growth was conf ined 
t o  the longer t ime t e s t s ,  and was n o t  thought to have a maJor i n f l uence  
on the t e s t  resul ts .  However, i t  i s  noted here because i t  i s  a f a c t o r  
which must be considered i n  the o r g a n i z a t i o n  o f  f u t u r e  t e s t  programs t o  
generate s p e c i f i c  capsule design data. The occu r rence -o f  g r a i n  growth 
a t  the h ighe r  t e s t  temperatures w i l l  l i m i t  t he  p o t e n t i a l  f o r  t rade-bf fs  
between t ime and temperature f o r  t he  generat ion o f  such data. 
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Another unusual and somewhat d i s t u r b i n g  phenomenon occurred 
i n  t h e  two longest t e s t s  conducted a t  t h e  2400°F (1589°K) s t a r t i n g  temperature 
(S-152 and 154). Both o f  these t e s t s  e x h i b i t e d  l a r g e  d iscont inuous jumps i n  
the  creep curve a f t e r  s t a l l  had occurred. This phenomenon i s  i l l u s t r a t e d  by 
the data i n  F igu re  19, which show jumps over 1 %  f o r  both tes ts .  The tempera- 
t u r e  and s t r e s s  a t  t he  t ime o f  these sudden s t r a i n  increases were approximately 
1050°F (839°K) and 41.7 k s i  (287 MN/m2) f o r  t e s t  S-154 and 1230°F (939°K) and 
40.5 ks i  (279 MN/m2) f o r  t e s t  S-152. Comparison o f  the a p p l i e d  s t r e s s  f o r  
t e s t s  S-152 and S-154  w i t h  0.2% o f f s e t  y i e l d  s t reng th  data f o r  Heat 650028 
showed t h a t  t he  y i e l d  tangency occurred a t  about 1400°F (760°K) f o r  these two 
t e s t s ,  which i s  w e l l  above the temperatures a t  which the jumps occurred 
(F igu re  20). 
present  t ime f o r  t h i s  h i g h l y  unusual phenomenon. Since the  occurrence of  t h e  
jumps was con f ined  t o  these t e s t s  where the app l i ed  s t r e s s  l e v e l  was cons ide rab ly  
h ighe r  than would be a n t i c i p a t e d  i n  a c t u a l  capsule serv ice,  t h i s  phenomenon was 
not considered t o  be important w i t h  regard t o  capsule design, 

I t  would thus appear t h a t  no exp lana t ion  can be g iven a t  the 

3.  Design Considerations 

As p r e v i o u s l y  mentioned, t h e  pr imary o b j e c t i v e  o f  t h i s  program 
was c h a r a c t e r i z a t i o n  o f  t he  VTVS creep behavior o f  T-111 a l l o y ,  w i t h  emphasis on 
the  problem o f  p r e d i c t i n g  creep behavior a t  extremely long times. Two approaches 
t o  t h i s  problem were s tud ied  i n  t h i s  program. The f i r s t  was a n a l y t i c a l  c a l c u l a -  
t i o n  of VTVS behavior f rom convent ional  creep r e s u l t s ,  and the  second was .para- 
m e t r i c  e x t r a p o l a t i o n  o f  sho r t  t ime VTVS experimental r e s u l t s .  The experimental 
data i nd i ca ted  t h a t  the p r e d i c t i o n  o f  VTVS behavior from convent ional  minimum 
creep r a t e s  was not s u f f i c i e n t l y  accurate f o r  design purposes, w i t h  d e v i a t i o n s  
as l a r g e  as 600% being observed between the p red ic ted  and observed s t a l l  s t r a i n  
values. For tunate ly ,  t he  nonconservative d e v i a t i o n s  (observed s t a l l  s t r a i n >  
p red ic ted  s t a l l  s t r a i n )  were conf ined t o  the  1.0 s t ress  l e v e l ,  which i s  w e l l  
above the  s t  ess l e v e l s  which could presumably be considered f o r  design purposes. 
A t  t he  lower s t ress  l e v e l  studied, the observed s t a l l  s t r a i n s  were a l l  below t h e  
p red ic ted  va ues, meaning t h a t  a capsule designed on the bas is  o f  t he  c a l c u l a t e d  
values would be over r a t h e r  than under designed. 

Whi le the  present method o f  a n a l y t i c a l  p r e d i c t i o n  was no t  
s u f f i c i e n t l y  accu ra te  f o r  design purposes, t h e  exper imental  data developed i n  
t h i s  study i nd i ca ted  c e r t a i n  areas where the  method could be improved t o  make 
i t  more accurate. 
d e v i a t i o n s  o f  the s p e c i f i c  heat p roper t i es  from the average values used f o r  
p r e d i c t i o n  and systemat ic d e v i a t i o n  o f  the observed from the  p red ic ted  creep 
r a t e s  as a r e s u l t  o f  pr imary and t e r t i a r y  creep. Both o f  these d e v i a t i o n s  
cou ld  e a s i l y  be incorporated i n t o  the p r e d i c t i n g  equat ion t o  improve the 
accuracy o f  f u t u r e  p r e d i c t  ions. 

The two pr imary causes o f  inaccurate p r e d i c t i o n s  were 

The second approach which was s tud ied f o r  t he  p r e d i c t i o n  o f  
long t ime VTVS behavior was e x t r a p o l a t i o n  o f  sho r t  t ime r e s u l t s .  To implement 
t h i s  approach the  f o l l o w i n g  c o r r e l a t i n g  parameter was developed us ing  the 
ca 1 cu 1 a ted  VTVS data : 
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(10) 
35 200 Parameter = log(HL)--* - .75 log(SS) 

where HL i s  hypothe t ica l  i so tope h a l f  l i f e  i n  hours, T i s  s t a r t i n g  temperature 
i n  OF, and SS i n  s t a l l  s t r a i n  i n  percent.  The c a l c u l a t e d  s t a l l  s t r a i n  data 
shown i n  F igure 15 a r e  r e p l o t t e d  i n  F igure  21 t o  i l l u s t r a t e  t h e  use o f  t h i s  
parameter::. To t e s t  the a b i l i t y  o f  t h e  parametr ic  method f o r  e x t r a p o l a t i o n  
o f  sho r t  t ime s t a l l  s t r a i n  data, Equat ion 10 was used t o  c o r r e l a t e  the  f o u r  
t e s t s  w i t h  h a l f  l i v e s  o f  400 hours o r  l e s s  a t  each o f  t h e  two s t ress  l e v e l s  
inves t iga ted ,  and t h e  r e s u l t i n g  parameter va lues were used t o  p r e d i c t  the  
s t a l l  s t r a i n s  f o r  the  1000 and 2000 hour t e s t s .  The r e s u l t s  o f  these pred ic -  
t i o n s  a r e  compared w i t h  the  exper imental  data i n  Table X I I .  With t h e  except ion  
o f  t e s t  S-153, t h e  ex t rapo la ted  s t a l l  s t r a i n s  were a l l  w i t h i n  25% o f  the  
observed values, which i s  h i g h l y  encouraging cons ider ing  t h e  ve ry  l i m i t e d  
amount o f  experimental data which were a v a i l a b l e  f o r  t h e  parametr ic  ex t rapo la -  
t i o n .  These r e s u l t s  i n d i c a t e  t h a t  as a l a r g e r  data base becomes a v a i l a b l e ,  i t  
should be poss ib le  t o  develop a parameter which can be used w i t h  reasonable 
conf idence f o r  e x t r a p o l a t i o n  t o  t h e  requ i red  des ign l i f e  times. 

- - - - - - - - - - - - - - -  
fi 

The data p l o t t e d  i n  F igure  21 showed t h a t  t h e  th ree  terms parameter d i d  
no t  p rov ide  an exact f i t  o f  the  ca l cu la ted  data, which dev ia ted  sys temat i ca l l y  
w i t h  s t a l l  s t r a i n  over a narrow band. Add i t i ona l  work i nd i ca ted  t h a t  a f o u r  
term parameter i n v o l v i n g  a second order  polynomial  i n  s t a l l  s t r a i n  would 
e x a c t l y  f i t  the  c a l c u l a t e d  data:  

Parameter = l o g ( H L ) - * m  35 200 .73348 log(SS) - .17861 [1og(SS)l2 ( 1 1 )  

However, the use o f  both o f  these parameters to  c o r r e l a t e  the  t e s t  r e s u l t s  
showed t h a t  the th ree  term parameter a c t u a l l y  prov ided a b e t t e r  f i t  o f  t h e  
experimental s t a l l  s t r a i n  data. As a d d i t i o n a l  exper imental  r e s u l t s  become 
a v a i l a b l e  from poss ib le  f u t u r e  programs, i t  should be poss ib le  t o  f u r t h e r  
r e f i n e  t h e  c o r r e l a t i n g  parameter f o r  a more exact f i t  o f  r e a l  data. 
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I I I .  I n f l uence  o f  Heat Treatment on t h e  M i c r o s t r u c t u r e  and Creep Behavior 
o f  ASTAR 811C A l l o y  

A. SELECTION OF HEAT TREATMENTS 

The two heat treatments s tud ied  i n  t h i s  program were 1/2 hour a t  
3600°F (2255°K) and 1 hour a t  3000°F (1922°K). The former was used because i t  
represents a standard heat treatment f o r  commercial tanta lum a l l o y s .  The 
l a t t e r  was chosen more o r  less  a r b i t r a r i l y  t o  p rov ide  t h e  maximum poss ib le  
creep s t reng th  w h i l e  l i m i t i n g  g r a i n  s i z e  t o  the  100 t o  120~m range. Whi le  
combinations o f  longer t ime or higher temperature might have produced even 
g r e a t e r  improvements i n  creep s t rength,  they would a l s o  have increased g r a i n  
s i z e  t o  the  p o i n t  o f  l i m i t i n g  t h e  engineer ing usefu lness o f  the ma te r ia l .  

B. MICROSTRUCTURAL OBSERVATIONS 

The mic ros t ruc tures  produced by each of  t h e  t w o  heat t reatments 
s tud ied  i n  t h i s  program a r e  shown i n  Figures 22 and 23. The 3600°F (2255°K) 
anneal produced r e l a t i v e l y  l a r g e  grained, s i n g l e  phase m i c r o s t r u c t u r e  (average 
g r a i n  s i z e  100pm) which was e s s e n t i a l l y  f r e e  o f  carb ides  (F igure  22);while 
the  3000°F (1922°K) t reatment y ie lded a f i n e r  gra ined s t r u c t u r e  (average g r a i n  
s i z e  
The s ize ,  shape, and d i s t r i b u t i o n  o f  carb ides i n  the  3000°F (1922°K) specimens 
were q u i t e  complex. 
rounded type o f  ca rb ide  (B) were found, 
rounded and elongated carb ide  p a r t i c l e s  (C) together  w i t h  a l a r g e r  ca rb ide  
having a f i n e  l ame l la r  i n t e r n a l  s t r u c t u r e  (D) remin iscent  o f  a euc tec to id  
mix tu re .  The composi t ion o f  these carb ides was presumed t o  be the  same as 
t h a t  determined by Buckman and Goodspeed who found o n l y  t h e  d imeta l  ca rb ide  
Ta2C i n  t h e i r  study o f  ASTAR 8 1 1 C  (4). No e f f o r t  was made t o  con f i rm  t h i s  
composi t ion i n  t h e  present  i nves t i ga t i on .  

IOpm) con ta in ing  a l a r g e  amount o f  undissolved ca rb ide  (F igure  23). 

W i t h i n  t h e  gra ins  both an a c i c u l a r  shaped (A) and a more 
The g r a i n  boundaries conta ined bo th  

C, CREEP RESULTS 

Creep curves c h a r a c t e r i s t i c  o f  t h e  two s t r u c t u r e s  discussed above 
a r e  presented i n  F igures 24 and 25. Two curves a r e  shown i n  each f i g u r e ,  one 
generated a t  a t e s t  temperature o f  2400°F (1589°K) and t h e  o the r  a t  a lower 
temperature i n  t h e  1900 to  2000°F (1339 t o  1366°K) range. The d i f f e r e n c e  
observed i n  the  shapes o f  these four  curves appeared t o  be associated w i t h  t h e  
d i f f e r e n c e  i n  t e s t  temperature ra ther  than w i t h  t h e  d i f f e r e n c e  i n  heat t r e a t -  
ment, 
a cont inuous ly  inc reas ing  creep r a t e  (F igures 24a and 25q) ,'whereas the  curves 
generated a t  t h e  lower t e s t  temperatures e x h i b i t e d  bo th  f i r s t  and second stage 
creep (F igures 24b and 25b). 
creep curve  shape occurred corresponded t o  t h e  temperature range over which 
Harrod, Ammon, and Buckman observed a change i n  t h e  g r a i n  s i z e  dependence o f  
creep l i f e  i n  ASTAR 8 1 1 C  a l l o y  (12). 
o f  t h i s  a l l o y  was g r a i n  s i z e  dependent a t  2400°F (1589"K), bu t  no t  a t  2000°F 
(1366"K), i n d i c a t i n g  t h a t  the  temperature a t  which g r a i n  boundary sl i d i n g  

Both o f  t h e  2400°F (1589°K) curves showed no pr imary  creep and e x h i b i t e d  

The temperature range over which t h i s  change o f  

These authors showed t h a t  the  creep l i f e  
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becomes an important deformat ion mechanism ( t h e  equicohesive temperature) f a 1  1s 
w i t h i n  t h i s  range. Thus, i t  would appear t h a t  the  observed change i n  creep 
curve  shape between 2000 and 2400°F (1366 t o  1589°K) may be associated w i t h  
t h i s  assumed change i n  t h e  creep mechanism. 

One percent  creep l i f e  data f o r  ASTAR 8 1 1 C  i n  both condi-  
t i o n s  o f  heat treatment a r e  d isp layed i n  parametr ic  form i n  F igure  26. The 
range o f  p rev ious ly  observed 1 %  creep l i f e  data f o r  t h e  commercial ly a v a i l a b l e  
T-111 tanta lum a l l o y  (1) i s  a l s o  shown i n  t h i s  f i g u r e  t o  document the  improved 
creep l i f e  achieved by the newer Westinghouse a l l o y .  The ASTAR 8 1 1 C  data i n  
F igure  26 c l e a r l y  show the  b e n e f i t  to  be obta ined from t h e  h igher  temperature 
anneal ing treatment. However, these data a l s o  show t h a t  t h i s  b e n e f i t  i s  con- 
s i d e r a b l y  diminished a t  the h igher  s t resses and lower t e s t  temperatures, where 
t h e  curves f o r  the two d i f f e r e n t  heat t reatments tend t o  merge. A l l  o f  the  
t e s t s  conducted a t  o r  below 2200°F (1378°K) have been ind i ca ted  i n  F igure  26 
t o  show t h a t  the temperature range over which the  two curves merge co inc ides  
w i t h  the  assumed equicohesive temperature range f o r  ASTAR 8 1 1 C .  Th is  co inc idence 
suggests t h a t  the l i f e  improvement caused by t h e  h igher  temperature anneal may be 
associated w i t h  the  l a r g e r  g r a i n  s i z e  r a t h e r  than w i t h  the  d i f f e r e n c e  i n  ca rb ide  
charac ter  between t h e  two mic ros t ruc tures .  Whi le  o n l y  l i m i t e d  data were 
a v a i l a b l e  i n  the l o w  s t ress-h igh  temperature range, i t  appears from the  l i m i t e d  
r e s u l t s  presented i n  F igure 26 t h a t  the  creep l i f e  curves f o r  t h e  t w o  heat 
t reatments may a l s o  be merging i n  t h i s  s t ress  and temperature range. Th is  
apparent tendency i s  a t t r i b u t e d  t o  changes occu r r i ng  i n  t h e  m ic ros t ruc tu re  
d u r i n g  creep tes t ing ,  which a r e  descr ibed below. 

D. INFLUENCE OF CREEP ON MICROSTRUCTURE 

Metal lograph ic  examinat ion o f  specimens tes ted  above 2 8 0 0 " ~  
(181 1°K) ind ica ted  t h a t  both g r a i n  growth and ca rb ide  d i s s o l u t i o n  occurred 
d u r i n g  creep t e s t i n g  i n  t h i s  temperature range. An example o f  t h i s  phenomenon 
i s  shown i n  Figure 27. The observed g r a i n  growth was assumed t o  be respons ib le  
f o r  t h e  apparent tendency o f  the two creep l i f e  curves i n  F igu re  26 t o  merge a t  
the  lower stresses and h igher  temperatures. The g r a i n  growth phenomenon i s  
s i g n i f i c a n t  w i t h  respect t o  des ign c o i n s i d e r a t i o n  f o r  ASTAR 8 1 1 C  s ince  i t  means 
t h a t  s e r v i c e  temperatures f o r  t h i s  ma te r ia l  w i l l  p robably  be l i m i t e d  t o  va lues 
below 2 8 0 0 " ~  (1811°K) except i n  unusual c i rcumstances where excessive g r a i n  
growth w i l l  n o t  degrade the  usefu lness o f  the  ma te r ia l .  

Meta l lographic  examinat ion of  specimens creep tes ted  a t  lower 
temperatures showed t h a t  the ca rb ide  s t r u c t u r e  i n  m a t e r i a l  t es ted  a t  2400°F 
(1589°K) was q u i t e  s i m i l a r ,  regard less o f  the  p re - tes t  heat t reatment.  The 
creep tes ted  s t ruc tu res  were charac ter ized  by a tendency f o r  carb ides t o  be 
loca ted  p r e f e r e n t i a l l y  a t  t h e  g r a i n  boundar,ies, as shown i n  Figures 28 and 
29, For t h e  specimens annealed a t  3000°F (1922"K), the  average g r a i n  boundary 
ca rb ide  s i z e  appeared t o  be somewhat l a r g e r  than be fo re  t e s t i n g ,  i n d i c a t i n g  a 
tendency fo r  carb ide m i g r a t i o n  and agglomerat ion o f  t h e  g r a i n  boundaries 
(F igure  28). For the specimens annealed 1/2 hour a t  3600°F (2255"K), the  
carb ide  tended t o  r e p r e c i p i t a t e  p r e f e r e n t i a l l y  a t  t h e  g r a i n  boundaries 
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(F igu re  29). 
which tes ted  f o r  over 20,000 hours a t  2600°F (1700°K) and 2 k s i  (13.8 MN/m2) 
F igu re  30). 
o f  ca rb ide  i n  the i n t e r i o r  of t he  gra ins,  w i t h  an abundance o f  large, b locky 
carb ides being located a t  t he  g r a i n  boundaries;f. 

An extreme example o f  t h i s  tendency was found i n  a specimen 

This  specimen e x h i b i t e d  a s t r u c t u r e  which was complete ly  f r e e  

E. PHENOMENOLOG I CAL ANALYS I S 

Another approach which was used t o  study the i n f l u e n c e  o f  anneal- 
ing temperature on the creep behavior o f  ASTAR 81 1 C  invo lved phenomenological 
a n a l y s i s  o f  creep r a t e  data t o  determine t h e  s t ress  and temperature dependence 
o f  t he  minimum creep r a t e  f o r  both cond i t i ons  o f  heat t reatment.  A t  t he  lower 
t e s t  temperatures where pr imary creep occurred (Figures 24b and 25b), t he  
minimum creep ra tes  used f o r  t h i s  ana lys i s  were measured i n  the usual way. A t  
t he  h igher  t e s t  temperatures where primary creep d i d  n o t  occur (Figures 24a and 
25a), t he  i n i t i a l  creep r a t e  was used f o r  ana lys i s ,  s ince  i t  represented the 
lowest creep r a t e  e x h i b i t e d  by the  ma te r ia l  p r i o r  t o  the  onset o f  t e r t i a r y  creep. 

The methods used t o  determine the s t ress  (0) and temperature (T) 
dependence o f  the minimum creep r a t e  ( E )  invo lved a combination o f  manual 
p l o t t i n g  and computer a s s i s t e d  m u l t i p l e  l i n e a r  regress ion a n a l y s i s  t o .  f i t  the  
r a t e  data t o  the  equat ion 

-AH/RT 2 = A f ( a ) &  

where A i s  a p r o p o r t i o n a l i t y  constant, AH i s  the a c t i v a t i o n  energy f o r  t he rma l l y  
a c t i v a t e d  deformation, and R i s  the un ive rsa l  gas constant  ( 1  3 8 7  cal/mole"K). 
The th ree  s t r e s s  func t i ons  i nves t i ga ted  were the exponent ia l ,  the power, and the  
hyperbo l i c  s i n e  laws: 

f ( u )  = e 

f ( u )  = u 

f ( u )  = [ s  

B 

n 

6, n, and a terms 
by the  best f i t  o f  the 
Th 

(exponential law) 

(power law) 

nh (au) ] "  (hyperbol ic  s i n e  law) 

n these expressions a r e  a r b i t r a r y  co 

(13) 

(14) 

(1 5 )  

tab1 i shed 
data. Results o f  a p r e l i m i n a r y  a n a l y s i s  showed t h a t  

t a n t s  

the power l a w  d i d  not  f i t  the  data as w e l l  a s  e i t h e r  t h e  exponent ia l  o r  the 
hyperbo l i c  s i n e  func t i ons ,  which both appeared t o  f i t  the data equa l l y  w e l l .  
Since the hyperbo l i c  s i n e  law i s  a more compl icated f u n c t i o n  genera l l y  reserved 
f o r  cases where n e i t h e r  the exponent ia l  o r  the power law w i l l  f i t  the  data 
adequately, t he  exponent ia l  f unc t i on  was a r b i t r a r i l y  chosen f o r  the subsequent 
p o r t i o n  o f  the ana lys i s .  

J; 
I t  should be noted t h a t  t he  specimen shown i n  F igu re  30 was no t  f rom the 
same heat o f  m a t e r i a l  used f o r  the r e s t  o f  the study. However, t h e  behavior 
i s  presumed t o  be t y p i c a l  o f  the a l l o y .  
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A c t i v a t i o n  energies f o r  creep o f  ASTAR 8 1 1 C  i n  each o f  the two 
cond i t i ons  o f  heat t reatment were determined by g raph ica l  methods. Using 
expression (13) for f ( a ) ,  Equation (12) was rearranged t o  the  form 

I n  {te-Ba3 = 1 nA - (AH/R) ( I /T )  

o r  log {Ee -Ba} = l o g  A-(AH/2.303R) ( I / T )  

so t h a t  t he  value o f  AH cou ld  be determined from the s lope o f  a semi logar i thmic 
p l o t  o f  t he  s t ress  mod i f i ed  creep r a t e  parameter versus r e c i p r o c a l  temperature. 
Regression methods were used t o  determine the  values o f  the s t r e s s  constant (B) 
which a r e  given below: 

St ress Constant (B) 
Annealing Treatment I k s i ) - I  (MN/mzJ - r 

1 hour 3000" F ( 1922°K) 35 .051 

1/2 hour 3600°F (2255°K) .42 .OG1 

Using these B values, the creep r a t e  data f o r  each heat t reatment were p l o t t e d  
according t o  Equation (17) t o  determine.hH values, as shown i n  Figures 31 and 
32. The r e s u l t s  presented i n  these f i g u r e s  i n d i c a t e d  t h a t  ' the  a c t i v a t i o n  
energy f o r  creep o f  ASTAR 811C va r ied  w i t h  creep t e s t  temperature, as i l l u s t r a t e d  
i n  F igu re  33. 
f i c a n t l y  i n f l uence  the observed a c t i v a t i o n  energy values, which was somewhat 
s u r p r i s i n g  i n  view o f  the s i g n i f i c a n t  d i f f e r e n c e s  i n  creep l i f e  caused by the  
two d i f f e r e n t  anneal ing treatments. 

These data a l s o  showed t h a t  anneal ing temperature d i d  no t  s i g n i -  

The v a r i a t i o n  o f  AH w i t h  t e s t  temperature f o r  both heat t reatments 
was somewhat puzzl ing. A t  the lower t e s t  temperatures (below 2000°F; 1366°K) 
where the deformat ion mode was presumably i n t r a g r a n u l a r ,  the measured a c t i v a -  
t i o n  energies f o r  creep were i n  the range o f  the a c t i v a t i o n  energy f o r  s e l f  
d i f f u s i o n  i n  tantalum (-100K cal/mole; 3420 J/mole). A t  the h igher  t e s t  tem- 
peratures,  where g r a i n  boundary s l i d i n g .  presumably c o n t r i b u t e d  t o  creep 
deformation, the measured AH values f o r  creep were s i g n i f i c a n t l y  above the 
AH f o r  s e l f  d i f f u s i o n ,  which i s  c h a r a c t e r i s t i c  o f  a d i s p e r s i o n  s t rengthening 
mechanism. This obse rva t i on  would seem t o  i n d i c a t e  t h a t  the ca rb ide  strengthen- 
ing i n  ASTAR 8 1 1 C  i s  e f f e c t i v e  o n l y  where g r a i n  boundary s l i d i n g  i s  a c o n t r i b u t -  
ing deformat ion mode. This p o i n t ,  coupled w i t h  the  me ta l l og raph ic  observat ion 
t h a t  the carb ide tends t o  m ig ra te  t o  the g r a i n  boundaries d u r i n g  creep t e s t i n g  
regardless o f  the p r e t e s t  heat treatment, leads t o  t h e  hypothesis t h a t  the 
pr imary r o l e  o f  the ca rb ide  i n  s t rengthening the  ASTAR 8 1 1 C  a l l o y  i s  t o  a c t  
as a g r a i n  boundary p i n n i n g  agent, 
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The above hypothesis;  t ha t  i s ,  t h a t  the pr imary e f f e c t  o f  the 
carb ide i n  ASTAR 8 1 1 C  i s  t o  p i n  the g r a i n  boundaries, i s  cons i s ten t  w i t h  a l l  
o f  t he  experimental observat ions developed i n  t h i s  program, and leads t o  the 
conclus ion t h a t  the increased creep l i f e  prov ided by the  h i g h  temperature 
anneal ing t reatment i s  probably the  r e s u l t  o f  g ra in -g rowth  r a t h e r  than so lu -  
t i o n i n g  o f  the carbide. This conclusion i s  based on the assumption t h a t  the 
so lu t i oned  carb ide r e p r e c i p i t a t e s  on the g r a i n  boundaries e i t h e r  du r ing  the  
two hour temperature s t a b i l i z a t i o n  pe r iod  p r i o r  t o  creep load a p p l i c a t i o n  o r  
a t  a very  e a r l y  p o i n t  du r ing  creep t e s t i n g  o f  specimens annealed a t  3600'F 
(2255'K), so t h a t  the carb ide s t r u c t u r e  i s  s i m i l a r  f o r  both heat t reatments 
d u r i n g  t e s t i n g .  To t e s t  t h i s  assumption a creep t e s t  specimen was annealed 
1/2 hour a t  3600°F (2255'K), cooled t o  room temperature, and reheated t o  
2400'F (1589'K) f o r  the two hour s t a b i l i z a t i o n  per iod.  This specimen was 
then cooled t o  room temperature and examined metal l og raph ica l  l y .  As shown 
i n  F igure 34, t h i s  specimen e x h i b i t e d  an extens ive g r a i n  boundary carb ide 
network, which conf i rms the hypothesis t h a t  the g r a i n  boundary ca rb ide  d i s -  
t r i b u t i o n  i s  s i m i l a r  f o r  both heat treatments du r ing  creep t e s t i n g ,  desp i te  
the s i g n i f i c a n t  d i f f e r e n c e s  observed i n  the as-annealed cond i t i on .  The 
con f i rma t ion  o f  t h i s  hypothesis i n  tu rn  lends a d d i t i o n a l  support t o  the 
hypothesis t h a t  the d i f f e r e n c e  i n  creep l i f e  caused by the two d i f f e r e n t  
anneal ing t reatments i s  p r i m a r i l y  a g r a i n  s i z e  e f f e c t ,  

F. DEFIN IT ION OF ALTERNATE ANNEALING TREATMENTS 

As mentioned i n  the i n t roduc t i on ,  one o f  the o b j e c t i v e s  o f  t h i s  
study was t o  d e f i n e  an a l t e r n a t i v e  to  the two p r e v i o u s l y  discussed anneal ing 
treatments, Based on t h e  conclusion t h a t  g r a i n  s i z e  was the pr imary determinant 
i n  improving creep l i f e ,  three a l t e r n a t i v e  anneal ing treatments i n v o l v i n g  longer 
times a t  lower temperatures were selected t o  p rov ide  an annealed g r a i n  s i z e  on 
the same o rde r  as t h a t  produced by the 1/2 hour a t  3600'F (2255'K) t reatment.  
The th ree  t ime-temperature combinations se lec ted  were 5 hours a t  3450'F (2172'K), 
24 hours a t  3270°F (2072"K), and 100 hours a t  3000'F (1589°K). The g r a i n  s i z e  
and 1 %  creep l i f e  produced by each o f  these anneal ing treatments a re  compared 
i n  Table X I I I  w i t h  s i m i l a r  data from the two p r e v i o u s l y  discussed anneal ing 
condi t ions.  These data c l e a r l y  show t h a t  the improved creep s t i e n g t h  prov ided 
by the 1/2 hour a t  3600°F (2255°K) anneal can be achieved by any o f  the th ree  
proposed a1 ternates.  The m ic ros t ruc tu re  produced by the three a1 t e r n a t i v e  
heat treatments were (except f o r  g ra in  s i z e )  i d e n t i c a l  t o  the 1/2 hour a t  
3600'F (2255'K) s t r u c t u r e ,  w i t h  no carbides v i s i b l e  a t  5000X magn i f i ca t i on .  
Based on the  f a c t  t h a t  the temperature l i m i t s  o f  most commercial s i zed  vacuum 
anneal ing furnaces s u i t a b l e  f o r  ASTAR 8 l l C  a l l o y  a re  on the order  o f  3000'F 
(1922'K), the 100 hour a t  3000°F (1922'K) anneal ing t reatment was se lected as 
the pr imary a l t e r n a t e  t o  the  3600°F (2255'K) heat treatment. 
be ing w i t h i n  the range o f  p resen t l y  a v a i l a b l e  c a p a b i l i t i e s ,  the 100-hour heat 
t reatment a l s o  avoids the p rev ious l y  noted d i f f i c u l t i e s  a n t i c i p a t e d  i n  the  
a p p l i c a t i o n  o f  a s h o r t  t ime h igh  temperature treatment t o  t h i c k  s e c t i o n  s izes.  
However, i t  s u f f e r s  from the disadvantage o f  h ighe r  costs  associated w i t h  
longer  anneal ing time, so t h a t  the p o t e n t i a l  b e n e f i t  o f  improved creep l i f e  
must be c a r e f u l l y  balanced against  the increased cost  p r i o r  t o  s p e c i f i c a t i o n  
o f  the 100-hour heat t reatment over the one-hour t reatment a t  3000°F (1922'K). 

I n  a d d i t i o n  t o  
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I v. CVD Tungsten Creep Resul ts 

The 1 %  creep l i f e  r e s u l t s  obta ined from the two l o t s  o f  CVD tungsten 
i nves t i ga ted  on t h i s  program a r e  summarized on a La rson -M i l l e r  p l o t  i n  
Figure 35. These data show a d e f i n i t e  break i n  the  creep l i f e - b e h a v i o r  o f  
t h i s  m a t e r i a l  which occurred a t  a s t r e s s  l e v e l  on the o rde r  o f  2 k s i  (13.8 
MN/m2). 
While two o f  the three t e s t  r e s u l t s  on the  m a t e r i a l  supp l i ed  by ORNL a re  
c l e a r l y  above the corresponding SFL r e s u l t s ,  the t h i r d  ORNL p o i n t  would appear 
t o  be equal t o  o r  below the SFL data. Based on the a v a i l a b l e  r e s u l t s  i t  i s  
no t  poss ib le  t o  determine a t  the present  t ime i f  the re  i s  a d i s t i n g u i s h a b l e  
d i f f e r e n c e  between the creep l i f e  o f  the two mate r ia l s ,  o r  i f  the observed 
d i f f e r e n c e s  are the r e s u l t  o f  exper imental  s c a t t e r .  

No explanat ion can be o f f e r e d  f o r  t h i s  behav io r ,a t  the present time. 
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CONCLUSIONS 

I 

i 

1 .  T - l  I I  L i t h i u m  Exposure I n v e s t i g a t i o n  

Long t ime e levated temperature exposure t o  vacuum and t o  l i q u i d  l i t h i u m  
caused l a r g e  and i n  some cases even dramatic reduct ions i n  the creep l i f e  o f  
T-111 a l l o y .  As an extreme example of t h i s  e f f e c t ,  a specimen exposed t o  
l i t h i u m  f o r  1000 hours a t  1800°F (1255°K) p l u s  4000 hours a t  lgOO°F (1310°K) 
e x h i b i t e d  a 1 %  creep l i f e  o f  2 hours a t  1650°F (1172°K) and 50 k s i  (344 MN/m2), 
as compared t o  a 1 i f e  o f  938 hours f o r  an unexposed specimen. These r e s u l t s  
i nd i ca ted  t h a t  g rea t  cau t ion  must be exerc ised i n  the  appl  i c a t i o n  o f  T-111 f o r  
the containment o f  l i q u i d  l i t h i u m  i n  space e l e c t r i c  power systems, 

Metal lographic  and chemical a n a l y s i s  o f  exposed specimens revealed t h a t  
two separate e f f e c t s  were responsib le  f o r  t he  observed v a r i a t i o n s  o f  creep l i f e ,  
The f i r s t  o f  these was g r a i n  growth, which increased the  creep l i f e  i n  the  t e s t  
temperature range where g r a i n  boundary s l  i d i n g  occurred, The second e f f e c t  was 
d e p l e t i o n  o f  r e s i d u a l  oxygen from s o l i d  s o l u t i o n  e i t h e r  by d i r e c t  environmental 
deox ida t i on  o r  by the p r e c i p i t a t i o n  o f  hafnium oxide, which reduced the creep 
l i f e  i n  the t e s t  temperature range where an oxygen-contro l led dynamic s t r a i n  
aging phenemonon occurred. 

The e f f e c t s  o f  exposure on creep l i f e  were grouped i n t o  two bas ic  cate-  
go r ies ,  depending on the exposure temperature. A t  the lower exposure tempera- 
tu res  (1800 and 1900°F; 1255 and 1310°K) o n l y  deox ida t i on  occurred and l a r g e  
creep l i f e  reduct ions were observed, The magnitude o f  t h e  l i f e  reduct ions was 
l a r g e s t  a t  t h e  1650°F (1172°K) creep t e s t  temperature, where the oxygen con- 
t r o l l e d  dynamic aging e f f e c t  was most prominent, and diminished as the t e s t  
temperature was increased. A t  the highest creep t e s t  temperature i nves t i ga ted  
(2400°F; 1589OK) t he  low temperature exposures caused no s i g n i f i c a n t  change i n  
creep l i f e .  The in f l uence  o f  the low temperature exposures on creep l i f e  was 
s e n s i t i v e  t o  both environment and exposure t ime. L i t h i u m  proved t o  be a more 
e f f e c t i v e  deoxidant than vacuum and t h e r e f o r e  caused l a r g e r  l i f e  reduct ions.  
For each exposure medium, the  creep l i f e  reduc t i ons  increased w i t h  increased 
exposure time. I t  was shown t h a t  the e f f e c t  o f  deox ida t i on  on the T-111 creep 
behavior c o r r e l a t e d  b e t t e r  w i t h  res idual  oxygen i n  s o l i d  s o l u t i o n  than w i t h  
t o t a l  oxygen content.  

A t  t he  h i g h  exposure temperature (2400°F; 1589"K), both g r a i n  growth 
and deox ida t i on  occurred. 
t he  n e t  creep l i f e  v a r i a t i o n s  t o  be smal ler  than those observed f o r  the low 
temperature exposures. 
h i g h  temperature exposure on creep l i f e  v a r i e d  w i t h  creep t e s t  temperature. 
A t  t h e  lower t e s t  temperatures (1650, 1800, and 2000°F; 1172, 1255, and 1366°K) 
t h e  deox ida t i on  e f f e c t  was more s i g n i f i c a n t  than the g r a i n  growth e f f e c t ,  and 
t h e  n e t  creep l i f e  change was the re fo re  nega t i ve  ( l i f e  reduc t i on ) ,  
h igher  t e s t  temperature (2200°F; 1478"K),  t he  g r a i n  growth e f f e c t  predominated 
and t h e  post-exposure l i v e s  tended t o  be longer than the pre-exposure l i v e s .  
As w i t h  t h e  low temperature exposures, t he  h i g h  temperature e f f e c t s  were 
s e n s i t i v e  t o  environment and exposure time, w i t h  l a r g e r  e f f e c t s  being observed 
f o r  t h e  longer exposure t imes and the 1 i thium environment. 

The operat ion o f  these two competing e f f e c t s  caused 

As w i t h  the  low temperature exposures, the e f f e c t  o f  

A t  t he  
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1 1 .  T - I l l  Var iab le  Temperatute-Variable S t ress  - . - .  I n v e s t i g a t i o n  - 

Vacuum creep t e s t s  conducted on T-111 a l l o y  w i t h  cont inuous ly  increas- 
i n g  s t ress  and decreasing temperature v a r i a t i o n s  which s imulated t h e  se rv i ce  
cond i t i ons  an t i c ipa ted  i n  rad io i so tope  capsule se rv i ce  have shown t h a t  these 
t e s t  cond i t i ons  produce creep curves having a h i g h l y  unusual shape. The most 
unusual c h a r a c t e r i s t i c  o f  these curves was t h a t  creep s t r a i n  d i d  not  increase 
cont inuous ly  t o  rupture,  as i n  normal creep tes ts ,  bu t  ins tead reached a 
maximum s t r a i n  va lue where the  r a t e  o f  change o f  mechanical s t r a i n  was j u s t  
equal t o  t h e  r a t e  o f  thermal con t rac t i on .  Beyond t h i s  p o i n t  the  creep r a t e  
was smal le r  than t h e  r a t e  o f  thermal c o n t r a c t i o n  so t h a t  t h e  ne t  observable 
r a t e  o f  dimensional change became negat ive  as temperature decreased. Since 
none o f  t h e  e x i s t i n g  creep design parameters such as rup tu re  l i f e  o r  minimum 
creep r a t e  app l ied  to  t h i s  unusual creep curve shape, a new parameter de- 
s ignated " s t a l l  s t r a i n "  was developed t o  cha rac te r i ze  these curves f o r  design 
purposes. 
d u r i n g  the course o f  the v a r i a b l e  temperature-var iab le s t r e s s  (VTVS) t e s t s .  

This parameter was de f ined as t h e  maximum creep s t r a i n  achieved 

I n  an e f f o r t  t o  p r e d i c t  t h e  VTVS creep behavior  o f  T-111 a t  ve ry  long 
t imes, an a n a l y t i c a l  method was developed t o  c a l c u l a t e  the  VTVS s t a l l  s t r a i n  
f rom convent ional  ( i s o s t a t i c ,  isothermal)  creep r e s u l t s .  Comparison o f  t h e  
c a l c u l a t e d  s t a l l  s t r a i n  values w i t h  t h e  exper imental  r e s u l t s  i nd i ca ted  t h a t  
t h e  a n a l y t i c a l  method was not  s u f f i c i e n t l y  accura te  f o r  des ign appl  i c a t i o n .  
However, t h e  r e s u l t s  o f  these c a l c u l a t i o n s ,  which were performed p r i o r  t o  t h e  
creep t e s t s ,  were h i g h l y  use fu l  i n  the  design o f  t h e  exper imental  program. 
Wi thout  these r e s u l t s  i t  would have been impossib le  t o  e s t a b l i s h  a w e l l  
organized program which maximized the  i n fo rma t ion  a v a i l a b l e  from a g iven 
expend i tu re  o f  experimental e f f o r t .  

Analys is  o f  t h e  exper imenta l l y  observed creep r a t e s  i nd i ca ted  t w o  
pr imary causes o f  dev ia t i ons  between the  p red ic ted  and observed VTVS creep 
behavior.  The f i r s t  o f  these involved the  occurrence o f  pr imary and t e r t i a r y  
creep, which were no t  accounted f o r  i n  t h e  model. The second was a d i f f e r e n c e  
between t h e  creep p roper t i es  o f  the  s p e c i f i c  heat t e s t e d '  and t h e  average 
p r o p e r t i e s  used f o r  p red ic t i on .  Based on these observat ions,  suggest ions were 
made fo r  improvement o f  the  model by t a i l o r i n g  t h e  p r e d i c t i n g  equat ion t o  t h e  
s p e c i f i c  type  of  creep behavior observed i n  t h e  p r e l  iminary exper imental  t e s t s  
conducted i n  t h i s  study. These suggested m o d i f i c a t i o n s  would i nvo l ve  ad jus t -  
ments o f  t h e  p r o p o r t i o n a l i t y  constant  i n  Equat ion (9) t o  r e f l e c t  t h e  creep 
p r o p e r t i e s  o f  the s p e c i f i c  heat o f  mate'l'tal be ing tested, and t h e  a d d i t i o n  o f  
a h a l f  l i f e  dependent mod i fy ing  express ion t o  a d j u s t  t h e  creep r a t e  f o r  
p r imary  and t e r t i a r y  creep. 

A second approach t o  p r e d i c t i o n  of  long t i m e  VTVS creep behavior in -  
vo lved parametr ic e x t r a p o l a t i o n  o f  sho r t  t ime VTVS data. Th is  approach showed 
a grea t  deal  o f  promise and ind i ca ted  t h a t  i t  should be p o s s i b l e  t o  p r e d i c t  
long t ime behavior by e x t r a p o l a t i o n  of  sho r t  t ime r e s u l t s  obta ined a t  tempera- 
tu res  above the a n t i c i p a t e d  s e r v i c e  range. The o n l y  major l i m i t a t i o n  t o  t h i s  
approach appeared t o  be the  tendency f o r  g r a i n  growth t o  occur i n  t h e  longer 
t ime t e s t s  a t  the h igher  temperatures. Future exper imental  programs aimed a t  
the  development o f  s p e c i f i c  des ign  data must be c a r e f u l l y  designed t o  avo id  
confounding o f  the  exper imental  r e s u l t s  by t h i s  phenomenon. 
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One o the r  unusual and somewhat d i s t u r b i n g  phenomenon which was 
observed du r ing  the course o f  t h i s  i n v e s t i g a t i o n  was t h e  occurrence o f  
d iscont inuous jumps i n  some o f  the VTVS creep curves. No-explanat ion 
cou ld  be advanced f o r  t h i s  phenomenon. For tunate ly ,  t he  occurrence of  
the jumps was conf ined t o  t e s t s  where the app l i ed  s t r e s s  l e v e l s  were 
considerably  i n  excess o f  those which could be a n t i c i p a t e d  i n  ac tua l  
se rv i ce ,  so t h a t  there should be no major problem so f a r  as design i s  
concerned. 

I l l .  ASTAR 8 1 1 C  

Anneal i n g  o f  ASTAR 81 1 C  a1 loy f o r  1/2 hour a t  3600°F (2255°K) was 
shown t o  produce a carb ide f r e e  m ic ros t ruc tu re  with an.average g r a i n  s i z e  on 
the o rde r  o f  100 pm. 
gra ined s t r u c t u r e  (average g r a i n  s i ze  10 pm) con ta in ing  a wide range o f  s i zes  
and shapes o f  undissolved carbides located both w i t h i n  the g ra ins  and a t  the 
g r a i n  boundaries. Add i t i ona l  meta l lographic  examinations showed t h a t  ex- 
t ens i ve  r e p r e c i p i t a t i o n  occurred i n  the so lu t i oned  specimens du r ing  hea t ing  
t o  the  t e s t  temperature, so t h a t  the carb ide s t r u c t u r e  was q u i t e  s i m i l a r  f o r  
both treatments du r ing  creep tes t i ng .  Creep t e s t  r e s u l t s  showed t h a t  the 
h ighe r  temperature anneal ing treatment caused a s i g n i f i c a n t  improvement i n  
the 1 %  creep l i f e  o f  ASTAR 8 l l C  i n  the temperature range above 2200°F (1479°K). 
Below t h a t  temperature the 1 %  creep l i f e  data were roughly equ iva len t  f o r  both 
anneal i n g  treatments. 
(181 1"K) ,  i t  appeared from a Larson-Mi 1 l e r  p l o t  t h a t  t he  creep 1 i f e  data f o r  
t he  two anneal ing treatments might a l so  be t e n d i n g - t o  merge i n  t h i s  temperature 
range. Meta l lographic  examination o f  specimens creep tes ted  above 2 8 0 0 ' ~  
(1811°K) revealed t h a t  g r a i n  growth occurred du r ing  t e s t i n g ,  which might 
e x p l a i n  the observed creep l i f e  behavior. These examinations a l s o  showed 
the tes ted  specimens t o  be carb ide f ree,  i n d i c a t i n g  t h a t  the near e q u i l i b r i u m  
ca rb ide  solvus temperature f o r  ASTAR 8 1 1 C  a l l o y  i s  probably below 2 8 0 0 " ~  
(181 1°K) e Metal l og raph ic  examination o f  specimens creep tes ted  a t  2400°F 
(1589°K) showed t h a t  the carb ide was located predominant ly i n  the g r a i n  
boundaries a f t e r  t e s t i n g ,  
long t ime (over 20,000 hours) a t  2600°F (1700°K) showed a - m i c r o s t r u c t u r e  
which was completely f r e e  o f  carb ide w i t h i n  the g ra ins  and contained numerous 
large,  blocky carbides a t  the g r a i n  boundaries. 

Annealing f o r  1 hour a t  3000°F (1922°K) prov ided a f i n e r  

Whi l e  o n l y  1 i m i  t ed  data were avai  l a b t e  above 2 8 0 0 " ~  

Examination o f  a specimen t e s t e d  f o r  an extremely 

Analys is  o f  the s t ress  and temperature dependence o f  the minimum 
creep r a t e  o f  ASTAR 8 1 1 C  showed t h a t  the p r e t e s t  anneal ing t reatment d i d  n o t  
s i g n i f i c a n t l y  i n f l uence  the a c t i v a t i o n  energy f o r  creep o f  t h i s  a l l o y .  I n  
the temperature range o f  1800-2000°~ (1255-1366°K) the AH values f o r  creep 
were on the o rde r  o f  the AH f o r  s e l f  d i f f u s i o n  i n  tantalum ( I O O K  cal/mole; 
3420 J/mole), which i nd i ca tes  a normal d i f f u s i o n  c o n t r o l l e d  creep mechanism. 
Above t h i s  temperature AH rose gradual ly  t o  values on the order  o f  150 K c a l /  
mole (5130 J/mole) i n  the range o f  2400-2600°F (1589-1700°K), which imp l i ed  
t h a t  d i spe rs ion  s t rengthening was involved i n  creep o f  ASTAR 8 1 1 C  i n  t h i s  
temperature range. These observat ions were considered somewhat puzz l i ng  i n  
view o f  work performed a t  the Westinghouse Ast ronuclear  Laboratory (where t h i s  



a l l o y  was developed) which showed t h a t  t he  creep r a t e  of  ASTAR 8 1 1 C  was g r a i n  
s i z e  dependent a t  2400°F (1589°K) but  not  a t  200OoF (1366°K). 
t i o n ,  combined w i t h  the a c t i v a t i o n  energies measured i n  t h i s  program, imp l i ed  
t h a t  d i spe rs ion  hardening was e f f e c t i v e  i n  ASTAR 8 1 1 C  o n l y  i n  t h e  temperature 
range where g r a i n  boundary s l i d i n g  was an o p e r a t i v e  creep mechanism, and lead 
t o  the  hypothesis t h a t  the pr imary e f f e c t  of the c a r b i d e  i n  the ASTAR 811C was 
t o  a c t  as a g r a i n  boundary p i n n i n g  agent. 
t he  p r e v i o u s l y  discussed observat ion t h a t  t he  ca rb ide  was found t o  be located 
predominantly i n  the g r a i n  boundaries a f t e r  creep t e s t i n g ,  regard less o f  the 
p r e t e s t  heat treatment. 

This observa- 

This  hypothesis was supported by 

The above observat ions lead t o  the  conclus ion t h a t  t he  improved creep 
l i f e  provided by the h i g h  temperature heat t reatment was probably the  r e s u l t  
o f  the increased g r a i n  s i z e  ra the r  than the s o l u t i o n i n g  of  the carbides. 
This  hypothesis would e x p l a i n  why the creep l i f e  improvement was observed 
o n l y  above 2200°F (1478°K) where g r a i n  boundary s l i d i n g  was an o p e r a t i v e  
creep mechanism. 

Because the  3600°F (2255°K) anneal ing t reatment was judged t o  be some- 
what impract ica l  on a commercial scale, a d d i t i o n a l  s tud ies  were conducted t o  
determine i f  an a l t e r n a t i v e  heat t reatment could be developed which r e t a i n e d  
the  improved creep l i f e  but  o f f e r e d  more commercial promise. To implement 
t h i s  study three lower temperature anneal ing c y c l e s  were se lec ted  t o  p rov ide  
g r a i n  s i zes  which were roughly  equ iva len t  t o  t h a t  produced by the  1/2 hour 
a t  3600°F (2255°K) treatment. The t ime-temperature combinations se lec ted  
were 5 hours a t  3 4 5 O O F  (2172'K), 24 hours a t  3270°F (2072°K) and 100 hours 
a t  3000°F (1922°K). A l l  o f  these a l t e r n a t e  t reatments produced g r a i n  s i zes  
and 1 %  creep l i v e s  which were equ iva len t  t o  those provided by the  h i g h  tem- 
pe ra tu re  heat treatment and would thus a l l  be s u i t a b l e  f o r  processing of  
ASTAR 8 1 1 C  t o  ob ta in  the improved creep l i f e .  Based on the f a c t  t h a t  the 
temperature l i m i t s  o f  most comnercial s i zed  vacuum anneal ing furnaces a r e  
p r e s e n t l y  on the order  o f  3000°F (1422"K), t he  100 hours a t  3000'F (1922°K) 
treatment was selected as the prime a l t e r n a t i v e  t o  the 1/2 hour a t  3600°F 
(2255'K) heat t rea tment. 

I v. C V D  Tungsten 

P re l im ina ry  1% creep l i f e  data have been generated f o r  C V D  tungsten 
from two sources. 
s i g n i f i c a n t  d i f f e r e n c e  i n  p r o p e r t i e s  between the two sources. 

The data obta ined was i n s u f f i c i e n t  t o  d i s t i n g u i s h  a 
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Table I 

Chemical Composition of Alloys Being Evaluated i n  Creep Program 

ppm Weight % 
W Re . Ta H f  C F C 1  ' N2 O2 H2 

- I o - .  - - - - -  Mater ia l  I 

C V D  Tungsten Bal ., .0029 5 7  3 12 2 

T-111 
Heat 650050 7.9 Bal .  1.9 .0033 
Heat 650028 8.3 Bal. 2.1 .0030 

Heat 650056 7.9 1.2 Bal. 1.0 .0251 
ASTAR 81 1 C  

6 30 1 
12 30 2 

14 30 4 

Table I I 

Heat Treatment and Exposure Condi t ions Appl ied t o  T-111 

Exposure 
Time Tempe r a  t u  r e  
Hours 

1000 1800 1255 Vacuum 

O F  O K  Environment - -  - 
1000 2400 1589 
1000 + 
4000 

1800 1255 
1900 1310 

Vacuum 

Vacuum 

5000 2400 1589 Vacuum 

1000 1800 1255 L i t h i u m  

1000 2400 1589 L i t h i u m  

1000 + 
4000 

5000 

1800 1255 
1900 1310 

2400 1589 

L i t h i u m  

L i t h i u m  

Exposure Code* 

1 K- 1800 Vacuum 

1 K-2400 Vacuum 

Dup 1 ex Vacuum 

5K-2400 Vacuum 

1K-1800 L i t h i u m  

1K-2400 L i t h i u m  

Duplex L i t h i u m  

5K-2400 L i t h  i um 

f: Used f o r  re fe rence t o  exposure cond i t ions  i n  t e x t  and subsequent tab les  and 
f i g u r e s  r e f e r i n g  t o  variable'temperature-variable s t ress  t e s t  r e s u l t s .  
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Table I l l  

Chemical Analys is  o f  T-111 Exposure Specimens 

Concen t r a  t i on, ppm** 
C 
7 

H - N 
7 

0 - Exposure Code* 

As-Received 30(6) 6 (2) 1(2) 3 3 w  
Annea led  1 hour 3000°F (1 922°K) 104 (3) - - - 
p lus  1 hour 2400°F (1589°K) 
(pre-exposure t e s t  c o n d i t i o n )  

1 K- 1800 Vacuum 

1 K-2400 Vacuum 

Duplex Vacuum 26 

5K-2400 Vacuum 

1K-1800 L i th ium 

5K-2400 L i t h  i um 
J; See Table I I  

- - - - - - - - - - - -  
;tx 0, N, and H determined by vacuum f u s i o n  method: C determined by combustion 

conductometric method; numbers i n  parenthes is  r e f e r  t o  the  number o f  r e p l i c a t e  
analyses performed t o  o b t a i n  the average f i g u r e  reported. Analys is  performed 
a t  NASA Lewis Research Center. 

Table I V  

Cceep Test Condi t ions f o r  T-111 Exposed Specimens 

Temperature 
"F " K  - -  

1650 1172 
1800 1255 
2000 1366 
2200 1478 

2000 1366 
2200 1478 
2400 1589 

Basic Set 

Supplementary Tests 

St ress 
ks i MN/mt 

50 344 
35 24 1 
24 165 
16 110 

16 110 
10.5 72 
5 34 

34 



e 
I 
0 
I- 

m 
I 
0 
c 

m 
e 
3 
0 
I 

Q 
re 
-I 

Q 
a, 
a, 
L 
u 
c, 
S 
a, 
V 
I 
a, 
(L 

a, 
S 
0 

.. 
.- 

0 
c, 

a, 
> a ,  

l- 

- m  
A a ,  

4 4  Z I Q  

2 .- 
I- 
U 
5 
0 
-I 

u- 
0 
a, 
V c 
a, 
3 

re 
C 

- 
- 

O E  
0 3  
3 .- 
N E  
I U  
9 .- 
Ln-I 

E x s  
a, -- 
- E  
Qc, 
s -- 
n A  

O E  o s  
4- .- 
N E  
I C ,  

Y .- 
--I 

O E  
0 3  
00 a- 

- E  
I U  
9 .- 
--I 

0 
O E  
4-3 
N 3  
I V  

Y m  
Ln> 

X E  a s  
- s  
a v  
3 m  
n >  

0 
O E  
4-1 
N 3  
I V  
Y m  - >  

0 
O E  
c 3 3  
- 3  
I V  

Y m  - >  

-0 

3 

w 

M * 

0 
4- m 

4- 

c3 
h 
N - 

N 

N 

co 
cn rn 

n 
N 

E 
e\ 
9 Z  
O l I  
N 
ha 
- 4  
- M  

L .- 
o m  
0 - Y  
Ln 
\Do 
-Ln  

ww 

h 
03 

Ln 
4 
h .  

0 
c 

L n .  a * 

h .  
N 
N 

00 
N 
Ln 

n 
N 

E 
-\ 
~Z 
o x  
Ln 
Ln- 
Na- 
- N  

LL .- 
o m  
O Y  
0 a m  
- M  

w w  

I 

I 

0 co 
h 
N 

I 

I 

I 

I 

I 

Ln 
h 
4 - 

I 

I 

0 
M 
M 
N 

n 
N 

E 
\ 

n Z  
*lI 
c o w  
h h  
4- 

0 

c 
w .- 

m 
L L Y  

o m  
0 -  
N O  
N -  

0 

I .  

I :  

0 
h .  
Ln 

I .  

I '  

0 
0 
L3 

h 

n N  
* E  
o \  m z  
00x 
L n  
-4- 
- m  
LL 

o m  
O Y  * 
NLn 

W 

0 .- 

4 
0 
N 

4- 
M 

0 
0 
h 

N * 
N 

- 4  - m  

L .- 
ww 

o m  
O X  In 

m 
c 

a 
\D 
N 

m 
h - 

M 

Ln 
N 

0 

0 
M 

0 

h 
N 

. 

00 

In 
hl 

00 

0 
N 

I 

I 

I 

I 

I 

N I  
h 

- & I  
W V  

I 
L .- 
0 m t  
O Y  
W I  \Do 
- L n l  

35 



Table V I  

VTVS St ress Factors  f o r  a T-111 Y i e l d  Tangency 
for Various S t a r t i n g  Temperatures 

S t a r t  i ng 
O F  

1600 
1700 
1800 
1 goo 
2000 
21 00 
2200 

2400 
2500 
2600 
2700 

2900 
3000 

- 

2300 

28 00 

Temperature 
"K 

1144 
1200 
1255 

1366 
1422 
1478 
1533 
1589 
1644 
1700 
1755 
181 1 
1866 
1922 

- 

131 1 

St ress Factor  (F) 
ps i /F"  MN/m2/Ko 

78.3 97 1 
73.4 91 1 
68.9 8 54 
64.7 802 
60.7 7 53 
57.1 708 
53.7 666 
50.6 630 
47.6 59 1 
44.9 557 
42.4 526 
40.2 598 
38.1 472 
36.1 448 
34.3 426 

Table V I  I 

Test Condi t ions f o r  T-111 A1 l o y  Exponent ia l  l y  Va ry in2  
Stress and Temperature Creep Tests 

Test No. 

S-145 
S-152 

s-110 
s-11 1 
s - l o g  
S- 140 
s-151 
S - 1 5 3  
S- 130 
S- 133 
s-137 

s-154 

S t a r t  i ng 
"F 

2400 
2400 
2400 

- 

2600 
2600 
2600 

2600 
2600 
2600 

2800 
2800 
2800 

Temperature 
"K 

1589 
1589 
1589 
1700 
1700 
1700 

1700 
1700 
1700 

181 1 
181 1 
181 1 

- Stress Level 
(Dimensionless) 

1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
0.65 
0.65 
0.65 

0.65 
0.65 
0.65 

36 

H a l f  L i f e  
Hours 

400 
1000 
2000 

100 
.170 
400 

400 
1000 
2000 

- 100 
170 
400 

Decay Constant (A) 
hour' 

-3  1.73 x 
6.93 x 
3.47 x 10 

4.08 x 10:; 
1.73 x 10 

-3 1.73 x 
6.93 x 
3.47 x 10 

-3 6.93 x l o e 3  
4.08 x 
1.73 x 10 

6.93 10-3 



Table V I I I  

Comparison o f  Pred ic ted  and Observed T-111 S t a l l  S t ra ins  

Test No. 

S- 145 
S- 152 
S- 154 
s-110 
s-111 
s- 109 

S- 140 
S - 1 5 1  
S-153 
S- 130 
S- 133 
S- 137 

S t a l l ,  Strein, .  Percent 
Pred i c t e d  Observed 

0.23 
1 .oo 
2.25 

50 
1 .oo 
2.90 

0.25 
1.10 
2.50 

0.40 
0.85 
2.50 

1.719 
2.484 I 

5.177 
1.195 
1.464 
3.012 

0.209 
0.643 
0.987 

0.271 
0.610 
1.327 

Table I X  

Conventional ( I s o s t a t i c ,  Isothermal)  Vacuum Creep 
Test Resul ts  for  T-1 1 1 Heat 650028 

Test  No. 
Tempera t u  r e  
"F "K - -  Stress 

MN/mT - ks i - 
S-68 2560 1678 1 .o 6.9 
S-69 1625 1158 30 207 
s-99 2700 1755 0.5 3.4 
S-103 1500 1089 40 276 
S- 105 1700 1200 35 24 1 

Rate Rat io*  

0.648 
0.246 
0.531 
J .670 
0.189 

+. R a t i o  o f  the  exper imenta l l y  observed minimum creep r a t e  t o  t h a t  p red ic ted  
i n  Equat ion (9).  
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Table X 

Oxygen Analys is  Before and A f t e r  VTVS Creep Tes t ing  o f  T-111 A l l o y  

Test No. . ppm..Oxygen , 

Pre tes t  30 
S- 145 
S-152 
S -  154 
s-110 
s-111 
s- 1 og 
S-  140 
s- 151 
S-  153 
S-130 
S- 133 
S -  137 

;k Not a v a i l a b l e  

Table X I  

Grain Growth Data for  T-111 VTVS Tests 

Tes t Tempera t u r e  H a l f  L i f e  
O K  Hours - O F  - Test No. 

- - - Pre tes t  

S- 145 2400 1589 400 
S-152 2400 1589 1000 
S- 154 2400 1589 2000 

s-110 2600 1700 100 
s-111 2600 1700 170 
s-log 2600 1700 400 

S- 140 2600 1700 400 
S-151 2600 1700 1000 
S-153 2600 1700 2000 

S-130 2800 181 1 100 
S-133 2800 181 1 170 
S-137 2800 181 1 400 

I Not a v a i l a b l e  
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Table X I 1  

Comparison o f  Exper imenta l ly  Observed S t a l l  S t r a i n s  
f o r  Long Time Tests w i t h  P red ic t i ons  Made 

From Short  Time Tests Using a Three Term 
C o r r e l a t i n g  Parameter f o r  1 - 1 1 1  V T V S  T e z s  

H a l f  L i f e ,  S t a l l  S t ra in ,  Percent Percent 
Test No. Hours Pred ic ted  0 bse rved D i f f e rence  

s-151 1000 0.618 0.643 3.9 

S- 153 2000 1.553 0.987 57.3 
S-152 1000 1.945 2.484 21.7 

s-154 2000 4.891 5.177 5.5 

Pred i c t  i ng Equa t i o n  : 

Parameter = log(ha1f  l i f e )  - ,- 35 200 - 0.75 log(percent  s t a l l  s t r a i n )  
ToF+ 0 

Table X I I I  

I n f l uence  o f  Anneal ing Treatment on the  Gra in S ize  
and 1 %  Creep L i f e  of ASTAR 811C Creep Tested 

a t  2400°F (1589°K) and 15 k s i  (103 MN/mZ) 

Annea 1 i ng Treatment 
Temperature 

"F  O K  - -  Time, Hours 

1 .O 
0.5 

5.0 

24.0 

100.0 
100.0 

3000 1922 

3600 2255 

3450 2172 

3270 2072 

3000 1922 
3000 1922 

Average 
Grain Size 

urn 

10 

100 

120 

150 
120 
120 

1% Creep L i f e  
Hours 

9: Resu l ts  o f  dupl i c a t e  t e s t s .  
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F igu re  1 .  M i c r o s t r u c t u r e  of T-111 Heat 650050 annealed 1 hour 
a t  3000°F (1922°K) p l u s  1 hour a t  2400°F (1489°K). 
M a g n i f i c a t i o n  l O O X  

40 



Figure 2. Microstructure o f  T-111 Heat 650028 annealed 1 hour 
at 300OOF (1922OK). Magnification l O O X  

Y 

.3 

3 

4 1  



F l u o r i d e  depos i t  

- 
C h l o r i d e  
depos i t 

I 

F igu re  3. Photomicrograph o f  CVD tungsten annealed 100 hours 
a t  3272OF (2173°K). M a g n i f i c a t i o n  50X 
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a )  V A R I A T I O N  OF LOAD WITH TIME 

SOLID LINE REPRESENTS D E S I R E D  
LOAD CALCULATED FROM THE 
EQUAT I ON : 

WHERE F = 42.4594 PSI/Fo ( 1  1.0924 MN/m2/K0) 
A = .01491 I N . 2  (9.619 mm2) 

TA = 75OF (297OK) 
To = 260OOF (17OOOK) 

A =  .001733 H R . - l  

\ b) VARIATION OF TEMPERATURE WITH T I M E  

SOLID L I N E  REPRESENTS TEMPERATURE CALCULATED 
\ FROM THE EQUATION: 

\ W H E R E  TA = 75OF (297OK) 

To = 2600°F (17OOOK) \- A =  .001733 HR' l  

DATA PO I NTS REPRESENT MEASURED 
VALUES OF TEMPERATURE 

I I I I I I I I I I  I I I I I I I I I 

0 40 80 120 160 200 240 280 320 360 400 

TIME, HOURS 
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F igure  4. Comparison o f  des i red and exper imental  load  and 
temperature v a r i a t i o n  for VTVS Test  S-109. 
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a)  Pre-Exposure 
GC = 28 0 = 104 DDm 

b) 1K-1800* ~ s = 2 7  
Vacuum 0=24 ppm 

d)  Duplex;: GS=26 e) 5K-2400* G S = l l O  
Vacuum 0=29- ppm Vacuum 0=30 ppm Vacuum 0=4 ppm 

f )  1K-18005: GS=27 g)  1K-2400:k GS=43 h) Duplex* GS=28 i) 5K-2400* GS=119 
L i t h i u m  0=12 ppm L i t h i u m  0=3 ppm L i t h i u m  0=4 ppm L i t h i u m  O=6 ppm 

F i g u r e  5. I n f l u e n c e  of  long t ime  e leva ted  temperature exposure t o  l i t h i u m  and t o  lo- '  t o r r  
vacuum on t h e  m i c r o s t r u c t u r e  o f  T-111 a l l o y  annealed 1 hour a t  3000°F (1922°K) 
p l u s  1 hour a t  2400°F (1589°K). O r i g i n a l  m a g n i f i c a t i o n  l O O O X ,  reduced 50% f o r  
rep roduc t i on .  Gra in  s i ze ,  'IG.S." i n  urn. ''0" r e f e r s  t o  oxygen a n a l y s i s .  - - - " - - - " - - " "  
* 

See Tab le  I I  f o r  exp lana t ion  of exposure codes. 

- 
2 
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a) Specimen Current  Image. 
O r i g i n a l  m a g n i f i c a t i o n  1600X. 
Enlarged 250% f o r  rep roduc t  ion.  

b )  Oxygen X-ray i n t e n s i t y .  

ir c )  Hafnium X-ray i n t e n s i t y .  

I 

F i g u r e  6. E l e c t r o n  probe r e s u l t s  on t h e  T-111  dup lex  vacuum specimen showing hafn ium 
and oxygen enr ichment  i n  t h e  p r e c i p i t a t e .  
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Figure 7e. Creep t e s t  condit ions 2 4 O O O F  (1589'K) and 5 ks i  
(34 MN/m2). 
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b)  H I G H  TEMPERATURE 

KEY TO EXPOSURES 

v PPE-EXPOSURE 
0 1K-2400 VACUUM 

1K-2400 L I T H I U M  

a )  LOW TEMPERATURE 

KEY TO EXPOSURES 

0 PRE-EXPOSURE 
0 1K-1800 VACUUM 
0 1K-1800 L I T H I U M  
Q DUPLEX VACUUM 
A DUPLEX L I T H I U M  

3 2  34 36 38 40 42 44 46 48 50 5 2  

PARAMETER = To (15 + l o g  t)  x 
R 

i g u r e  8. In f luence of long t ime e leva ted  temperature exposure t o  l i t h i u m  
and t o  10-9 t o r r  vacuum on t h e  1 %  creep l i f e  (hours) of T-111 
a 1 loy. 
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Figure 9. inf luence of g r a i n  s i z e  on the  1% creep l i f e  o f  T-111 a l l o y  
exposed t o  l i t h i u m  and to vacuum a t  2400°F (1589OK)  f o r  the 
indicated periods. 
and 16 ksi  ( 1 1 0  MN/m2). 

Creep t e s t  condit ions a r e  2200°F (1478°K) 

I I I I I I I I  I - - - 
KEY TO EXPOSURES 

0 PRE-EXPOSED - 
- 

0 1 K - 2 4 0 0  VACUUM - 
I K - ~ ~ O O  L I T H I U M  

0 5 K - 2 4 0 0  VACUUM 

5 K - 2 4 0 0  L I T H I U M  - - 

- - - 
- SLOPE = .7 A P E  .8 - 
- CY 

I I I I I I I I  I 
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1 oo 

b I 
e)  CREEP 

TEST 
COND I T I  ONS 

24OOOF 

5 K S I  
(1589OK)  - 

( 3 4  M N / ~ )  

I 

10-1 

1 o-2 

10-3 

cz 
3 
0 
I 

0 

I- 
i 

w -5 
a 10 

W 
u 
cz 

W 2 l o o  
LL 
W 
W 
CT 
0 

10-1 

1 o-2 

10-3 

1 o-4 

F igu re  10. 

1 I 7 I 

I 
ZERO CREEP RATE FOR 
9 2  HOURS AT 0.170"/, CREEP 

J )  CREEP TEST CONDITIONS 

1650°F ( 1  172°K) 
5 0  K S I  ( 3 4 4  MNM) 

J I I I I 

1 2 4 6 8 

'c) CREEP 
TEST 

CONDITIONS 

2000°F 
( 1366%) 

2 4  K S I  
( I 6 5  MN/ 

J 
0 2 

I I 

ZERO CREEP RATE 
FOR 4 2  HOURS A T  
0.12% CREEP 

b)  CREEP TEST CONDITION 

18OO0F ( 1255OK) 
35 K S I  ( 2 4 1  MN/rn2) 

I I I I 
d) CREEP TEST CONDITIONS 

2200OF (1478°K)  
I 6  K S I  ( 1 1 0  MN/ IT I~ )  

0 2 4 6 
PERCENT CREEP 

2 4 

In f luence of creep t e s t  temperature on t h e  creep curve shape f o r  
unexposed T-111 a l l o y .  
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a)  Scanning e l e c t r o n  micrograph - 540X (no te  e t c h  p i t t i n g )  

b) Trans imiss ion  e l e c t r o n  micrograph of t w o  s tage 
( c e l l u l o s e  n i t ra te /ca rbon)  rep1 ica.  5000X 

F i g u r e  22. Photomicrographs o f  ASTAR 8 1 1 C  annealed 1/2 hour a t  3600°F 
(2255°K). Average g r a i n  s i ze -0. Im. 

L n  4 
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a)  Scanning e l e c t r o n  mic rograph - 540X 

b )  Transmiss ion  e l e c t r o n  mic rograph o f  two-stage 
( c e l l u l o s e  n i t r a t e / c a r b o n )  rep1 ica .  5000X 

F i g u r e  23. Photomicrographs of ASTAR 8 1 1 C  annealed 1 hour a t  3000°F 
(1922°K). Average g r a i n  s i z e  20.01mm. L e t t e r e d  ar rows 
on mic rograph r e f e r  t o  e x p l a n a t i o n s  g i v e n  i n  t h e  t e x t .  
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ASTAR 8 1 1 C  Heat 650056 annealed 30 minutes a t  3600°F (2255°K) 

A s  above, creep t e s t e d  a t  2900°F (1866°K) and 1.5 k s i  
(10.3 MN/m2) 

F i g u r e  27. I l l u s t r a t i n g  g r a i n  growth which occur red  d u r i n g  creep 
t e s t i n g  o f  ASTAR 811C a l l o y  a t  2900°F (1866°K). l O O X  
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a) Scanning e l e c t r o n  m ic rog raph  - 540X 
(Note severe e t c h  p i t t i n g )  

b) Transmiss ion  e l e c t r o n  mic rograph o f  two s tage  
( c e l l u l o s e  n i t ra te /Carbon)  rep1 ica .  Note 
t h a t  unusual f e a t u r e s  w i t h i n  g r a i n  a r e  assumed 
t o  be a r t i f a c t s .  5000X 

F i g u r e  28. Photomicrographs o f  ASTAR 8 1 1 C  a l l o y  annealed 1 hour a t  3000°F 
(1922°K) and c reep tes ted  a t  2400°F (1589°K) and 15 k s i  
(103 MN/m2). 
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a) Scanning E lec t ron  micrograph - 540X 

b )  Transmission e l e c t r o n  micrograph o f  two-stage 
( c e l l u l o s e  n i t ra te /ca rbon)  rep1 ica.  5000X 

F igu re  29. Photomicrographs of ASTAR 8 1 1 C  a l l o y  annealed 1/2 hour a t  360OOF 
(2255°K) and creep tes ted  a t  2400°F (1589°K) and 15 k s i  
(103 MN/m2). 
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a) Scanning electron micrograph - 540X 

b )  Transmission electron micrograph of two stage 
(cellulose nitrate/carbon) rep1 ica. 5000X 

Figure 30. Photomicrographs o f  ASTAR 8 1 1 C  alloy annealed 1/2 hour at 
360OOF (2255'K) and creep tested at 260OOF (1700°K) and 
2 k s i  (13.8 MN/m2). 
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a. 540X 

b. 5000X 

F igu re  34. M i c r o s t r u c t u r e  of ASTAR 811C annealed 1/2 hour at 3600'~ 
(2255OK) plus 2 hours at 2400°F (1589OK). 
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APPENDIX I I 

SUMMARY OF ULTRAHIGH VACUUM CREEP TEST RESULTS GENERATED 
ON THE REFRACTORY ALLOY CREEP PROGRAM 
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16. Abstract 
Four separate s tud ies of var ious aspects o f  the vacuum creep behavior o f  two tantalum a l l o y s  

The f i r s t  p a r t  o f  the program ( T - I l l  and ASTAR 8 l l C )  and of pure CVD tungsten are reported. 
involved a study o f  the i n f l uence  o f  h igh  temperature pre-exposure t o  vacuum or t o  l i q u i d  l i t h i u m  
on the subsequent creep behavior T-111 a l l o y .  Results o f  t h i s  study revealed s i g n i f i c a n t  e f f e c t s  
of pre-exposure on the  1 %  creep l i f e  o f  T - I l l ,  w i th  l i f e  reductions o f  about 3 orders o f  magnitude 
being observed i n  extreme cases. These e f f e c t s  are i n te rp re ted  i n  terms o f  v a r i a t i o n s  i n  the  g r a i n  
s i z e  and res idual  oxygen i n  s o l i d  s o l u t i o n  caused by the exposures. The second p a r t  of t h i s  study 
involved an i n v e s t i g a t i o n  o f  the creep behavior of T-111 under condi t ions o f  cont inuously  increas ing 
s t ress  and decreasing temperature which simulated the cond i t i ons  a n t i c i p a t e d  i n  rad io isotope capsule 
service. Results o f  t h i s  study showed t h a t  such t e s t  cond i t i ons  produced a creep curve having a 
very unusual shape, and l e d  t o  t h e  i d e n t i f i c a t i o n  o f  a new creep design parameter f o r  t h i s  type o f  
service. Methods were a l so  i nves t i ga ted  f o r  the p r e d i c t i o n  o f  long t ime v a r i a b l e  s t ress  and 
temperature creep behavior from short t ime results, 
o f  the i n f l uence  o f  heat treatment on the microst ructure and creep behavior o f  ASTAR 8 1 1 C .  
o f  t h i s  study establ ished t e n t a t i v e  design data fo r  ASTAR 8 1 l C  annealed f o r  1/2 hour a t  360OoF 
(2255°K) and f o r  1 hour a t  3000'F (1922'K) and led t o  a hypothesis concerning the  r o l e  o f  t he  
carb ide i n  strengthening t h i s  a l l o y .  A t h i r d  heat treatment cyc le ,  100 hours a t  300OoF (192Z°K) 
was def ined f o r  t h i s  a l l o y  which maximized the  advantages and minimized the disadvantages associated 
w i t h  the o the r  two treatments. The f o u r t h  p a r t  o f  the program was d i r e c t e d  toward a p re l im ina ry  
c h a r a c t e r i z a t i o n  o f  the 1 %  creep l i f e  of CVD tungsten as obtained from two d i f f e r e n t  sources. The 
creep data obtained i n  t h i s  study was i n s u f f i c i e n t  t o  d e f i n e  a s i g n i f i c a n t  d i f f e r e n c e  between 
mate r ia l s  from these two sources. 

The t h i r d  area of i n v e s t i g a t i o n  was a study 
Results 
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