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ABSTRACT 

The molybdenum-base a l l o y s  TZC and TZM, and the tantalum-base a l l o y s  
T-111, Ta-1OW and ASTAR 8 1 1 C  a re  being creep tested a t  temperaturBs o f  
1600"F-26OO0F (870 t o  1427°C) i n  a vacuum environment o f  < 1  x 10- t o r r .  
Test parameters a re  genera l l y  chosen t o  prov ide extensions o f  0.5 t o  1 %  
i n  t e s t s  as long as 15,000 hours. 

Test r e s u l t s  from TZC and TZM show the e f f e c t s  o f  v a r i a t i o n s  i n  
composit ion and thermal mechanical processing h i s t o r y  on 1/2% creep l i f e .  
Analysis o f  these data us ing the Larson-Mi l ler  parameter i n d i c a t e  t h a t  a t  
h igher  s t ress  l e v e l s  and lower temperatures a s p e c i a l l y  processed l o t  o f  
TZM, having a somewhat h igher  than normal carbon content,  i s  super io r  t o  
TZC i n  the s t ress  r e l i e v e d  cond i t ion .  A t  lower stresses and h igher  tempera- 
tures, however, the behavior o f  the two m a t e r i a l s  i s  comparable. 

Resul ts o f  a sequent ia l  t e s t  on W-25% Re a l l o y  show t h a t  t h i s  a l l o y  
do s no creep i n  the 1600 t o  1800°F (870 t o  982°C) range a t  10 K s i  (6.89 x 
10 N/m > .  Pre l im inary  r e s u l t s  i n d i c a t e  t h a t  so e c r  ep may be occur r ing  i n  
t h i s  same temperature range a t  15 K s i  (10.4 x 10 7 5  

7 5  
N/m ) .  

Creep data f o r  f i v e  d i f f e r e n t  heats o f  tantalum-base T-111 a l l o y  show 
good agreement between heats, and s u f f i c i e n t  data a re  presented t o  prov ide 
a Larson-Mi 1 l e r  design curve. 

Progressive s t ress  r e s u l t s  i n d i c a t e  t h a t  T-111 creeps a t  essent ia l  l y  
the same ra tes  i n  t h i s  type o f  t e s t  as i n  s t a t i c  t e s t s  a t  equiva lent  s t ress 
l e v e l s .  This r e s u l t  has permi t ted  development o f  a s t r a i n  r a t e  i n t e g r a t i o n  
technique f o r  p r e d i c t i o n  o f  progress ive s t ress  creep l i v e s  which appears a t  
l e a s t  as good and poss ib ly  b e t t e r  than the Larson-Mi l le r  i n t e g r a t i o n  tech- 
nique discussed i n  the Nine Month Summary Report, 

Pre l im inary  r e s u l t s  from a Ta-1OW sequent ia l  t e s t  i n d i c a t e  t h a t  the 
creep res is tance o f  t h i s  a l l o y  w i l l  l i e  near the  upper edge of the T-111 
s c a t t e r  band on a Larson-Mi l le r  p l o t ,  

Results a t  a s i n g l e  creep t e s t  i n  progress on ASTAR-811CY a r e l a t i v e l y  
new d ispers ion  strengthened tantalum-base a l l o y  developed by Westinghouse f o r  NASA 
show e x c e l l e n t  agreement w i t h  data publ ished by the developer which i n d i c a t e  
s i g n i f i c a n t l y  b e t t e r  creep res is tance than 1 - 1 1 1 ,  
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INTRODUCTION 

Refractory  metal a l l o y s  a r e  c u r r e n t l y  s p e c i f i e d  or  considered f o r  a 
v a r i e t y  o f  a p p l i c a t i o n s  i n  space e l e c t r i c  power systems. Among these i s  
the proposed use o f  the molybdenum base a l l o y s  TZC and TZM as t u r b i n e  com- 
ponents, and the tantalum-base a l l o y s  T-111, Ta-IOW, and ASTAR 8 1 1 C  f o r  
tub ing o r  rad io iso tope capsule f a b r i c a t i o n .  Long t ime creep s t r e n g t h  i s  a 
c r i t i c a l  p roper ty  I n  these a p p l i c a t i o n s  because o f  the h igh  serv ice  tempera- 
tu res .  Since the  systems w i l l  operate e i t h e r  i n  the  vacuum o f  o u t e r  space 
o r  i n  l i q u i d  metal environments where the p a r t i a l  pressure o f  r e a c t i v e  gases 
i s  extremely low, i t  i s  necessary t o  creep t e s t - s a n d i d a t e  m a t e r i a l s  i n  a non- 
contaminating envi  ronment i n  o rder  t o  generage representat ive design data 
because o f  the s e n s i t i v i t y  o f  creep behavior t o  i n t e r s t i t i a l  contaminants. 
The purpose of t h i s  program i s  t o  develop the requ i red  creep data f o r  TZM, 
TZC, and the  tantalum base a1 loys i n  an u l  t r a - h i g h  vacuum o f  <1 x lom8 t o r r  
a t  temperatures and stresses chosen t o  prov ide 1/2% t o  1% creep i n  times up 
t o  15,000 hours. 

Considerat ion o f  T-111 f o r  radiosotope capsule f a b r i c a t i o n  has created 
a need t o  study the  creep behavior o f  t h i s  mater ia l  under the in f luence o f  
p rogress ive ly  increas ing s t resses.  The isotopes invo lved generate he l ium 
gas as a decay product,  so t h a t  the sealed capsule i s  subjected t o  cont inuously 
increas ing pressure dur ing operat ion,  as w e l l  as a decreasing temperature be- 
cause o f  decay. Two approaches a r e  being taken t o  o b t a i n  the requ i red  data; 
f i r s t ,  a n a l y t i c a l  techniques are  being developed t o  p r e d i c t  the progressive 
s t ress  1 %  creep l i f e  of T-111 from convent ional  constant load creep t e s t  data. 
Second, creep t e s t s  are being conducted on T-11.1 w i t h  p rogress ive ly  increas ing 
loads i n  order  t o  evaluate the a n a l y t i c a l  p r e d i c t i o n s .  Methods f o r  c o r r e l a t i n g  
the  s t ress  r a t e  and temperature dependence o f  t h e  experimental progress ive s t r e s s  
creep l i v e s  are  a l s o  being s tud ied.  

i n  a d d i t i o n  t o  long-t ime creep t e s t i n g ,  several  a u x i l i a r y  s tud ies are  
being made under t h i s  program. A sequent ia l  creep t e s t  i s  being performed on 
Ta-lOW a l l o y  t o  a i d  i n  the s e l e c t i o n  o f  parameters f o r  long t ime tes ts ,  w h i l e  
an annealing study i s  being made on ASTAR 8 1 1 C  i n  order  t o  s e l e c t  the optimum 
heat treatment f o r  t h i s  a l l o y  p r i o r  t o  i n i t i a t i o n  o f  a long t ime t e s t  program. 
A sequent ia l  t e s t  I s  a l s o  i n  pregress on W-25% Re t o  evaluate the s u i t a b i l i t y  
o f  t h i s  a l l o y  f o r  s t ressed diaphram o r  h i g h  temperature s p r i n g  a p p l i c a t i o n s .  

1 



TR WIMC. EQUIPIUEMT LABORATORIES 

EXPERIMENTAL DETAILS 

Mate r ia l s  

Sources o f  the t e s t  ma te r ia l s  and d e t a i l s  o f  the a v a i l a b l e  processing 
Chemical analyses o f  each o f  h i s t o r i e s  have been presented elsewhere ( 1 ) .  

the heats tes ted  a r e  shown i n  Table 1. 

TZM has been evaluated i n  th ree  forms -- swaged bar  '(Heat 74631, a 'convention- 
a l l y  processed d i s c  forged a t  2200°F (1204°C) (Heat 7502), and a sec t i on  o f  
another d i s c  which has a h igher  than normal carbon l e v e l  and was f a b r i c a t e d  
w i t h  a sequence designed t o  produce improved creep res is tance (2 ) .  TZM i s  
being evaluated p r i m a r i l y  i n  the s t ress  r e l i e v e d  cond i t i on .  

The tantalum-base a l l o y s  a re  being evaluated i n  the  f b r m  o f  0,030 inch 
sheet. T-111 and Ta-1OW are  r e c r y s t a l l  ized 1 hour a t  3000°F (1649°C) p r i o r  
t o  t e s t i n g ,  w h i l e  the specimen o f  ASTAR 8 1 1 C  c u r r e n t l y  being tes ted  was 
annealed 1 /2  hour a t  3600°F (1982°C). 

Tes t P roced u res 

The experimental program involves creep t e s t i n g  o f  sheet and bar speci -  
mens a t  temperatures ranging from 1600 t o  2 6 0 0 " ~  (870 o 1 27"C), and a t  
stresses between 500 and 65,000 p s i  (0.34 t o  44.8 x 10 N/m ) ,  A combination 
o f  parameters i s  genera l l y  se lected which w i l l  p rov ide  1/2 t o  1 %  t o t a l  creep 
I n  5000 t o  15,000 hours. Two inch gauge length  button-head bar  type speci -  
mens and double-shoulder p i n  loaded sheet-type specimens a re  used respec t i ve l y  
f o r  t e s t i n g  o f  p l a t e  and sheet- type ma te r ia l s .  
men w i t h  respect t o  the working d i r e c t i o n  i s  g iven below: 

f $  

The o r i e n t a t i o n  of the speci -  

M a t e r i a l  Form Specimen Axis  P a r a l l e l  t o  

Disc Forging Radius o f  d i s c  

P l a t e  Ext rud ing d i r e c t i o n  

Sheet Ro l l  i ng D i  r e c t  ion  (except where 
1" nd icated)  

Both the cons t ruc t i on  and opera t i on  o f  the t e s t  chambers and the ser -  
v i c e  instruments i n  the labora tory  have been descr ibed i n  d e t a i l  i n  prev ious 
repor ts  (Appendix 1 ) .  The creep t e s t  procedure i nvo l ve  i n i t i a l  evacuat ion 
o f  the t e s t  chamber t o  a pressure o f  less  than 5 x lo- ' '  t o r r  a t  room 
temperature, fo l lowed by heat ing  of  the t e s t  specimen a t  such a r a t e  t h a t  
the pressure never r i s e s  above 1 x t o r r .  Pre tes t  heat treatments a r e  
performed i n  s i t u ,  and complete thermal e q u i l i b r i u m  o f  the specimen i s  i n -  
sured by a two hour ho ld  a t  the t e s t  temperature p r i o r  t o  load app l i ca t i on .  

2 
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-8 The pressure i s  always below 1 x 10 t o r r  dur ing  the t e s t s  and genera l l y  
f a l l s  i n t o  the 1 x 10-l' o r  1 x 
extension 'is determined over a two inch gauge length  w i t h  an o p t i c a l  extenso- 
meter which measures the d is tance between two scr ibed reference marks t o  an 
accuracy of - + 50 microinches e 

Specimen temperature i s  estab l i shed a t  the  beginning o f  each t e s t  us ing 

range as t e s t i n g  proceeds. Specimen 

a W-3% Re - W-25% Re thermocouple. Since thermocouples o f  a l l  types are  
subject  t o  a t ime dependent change i n  EMF outpu t  under isothermal cond i t ions ,  
the absolute temperature dur ing  t e s t  i s  maintained by an o p t i c a l  pyrometer. 
I n  p r a c t i c e  the specimen i s  brought t o  the des i red t e s t  temperature us ing 
the 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 i s  cont inued dur ing  the temperature 
s t a b i l i z a t i o n  per iod  which l a s t s  50 t o  100 hours. A t  t h i s  t ime a new reference 
I s  es tab l i shed us ing an o p t i c a l  pyrometer having the a b i l i t y  t o  de tec t  a tempera- 
t u r e  d i f f e r e n c e  o f  + l F " ,  and t h i s  reference i s  used subsequently as the pr imary 
temperature standar7. 

4 
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RESULTS AND D I  SCUSS I ON 

A complete t a b u l a t i o n  o f  a l l  t e s t s  conducted on the creep program i s  
presented i n  Appendix I I ,  w h i l e  creep curves f o r  each t e s t  invo lved i n  the 
cur ren t  r e p o r t i n g  p e r i o d  are  compiled i n  Appendix I l l .  

The proper ty  genera l l y  used t o  charac ter ize  creep behavior i s  t h e  
time requi red t o  reach 1/2% o r  1 %  creep, as measured from a loaded s t a r t .  
The Larson-Mi l l e r  parameter i s  employed f o r  c o r r e l a t i o n  and presenta t ion  
o f  the design data. 

Molybdenum Base A l l o y s  

The f i n a l  t e s t  i n  the TZC program (8-37) has been completed, and the 
r e s u l t s  are summarized together  w i t h  a l l  o f  the TZC data on a Larson-Mi l le r  
p l o t  i n  F igure 1 .  S i g n i f i c a n t  v a r i a t i o n  o f  p r o p e r t i e s  i s  observed between 
the var ious heats and heat treatments s tud ied,  but the data can be used t o  
i n d i c a t e  the general c a p a b i l i t i e s  o f  t h i s  mater ia l  f o r  comparison w i t h  o ther  
r e f r a c t o r y  a 1 1 oys . 

The ex t rapo la ted  creep l i f e  o f  a s i n g l e  t e s t  s t i l l  i n  progress on TZMHeat 
KDTZM-1175 (8-38) i s  shown on a Larson-Mi l le r  p l o t  i n  F igure 2 together  w i t h  
the TZM data from Appendix 1 I .  This heat (KDTZM-1175) received a specia l  
processing i n v o l v i n g  a very h igh  temperature s i d e  f o r g i n g  (3400°F) (1870°C) 
fo l lowed by pancake f o r g i n g  i n  the 2800-2100°~ (1538 t o  1147°C) range, and 
t h i s  specia l  processing has prov ided improved creep res is tance.  Comparison 
o f  the TZM r e s u l t s  w i t h  those i n  F igure  1 shows t h a t  a t  h igher  s t ress  l e v e l s  
and lower temperatures t h i s  mater ia l  i s  super io r  t o  TZC. However, a t  lower 
s t ress  l e v e l s  and h igher  temperatures the behavior o f  the two m a t e r i a l s  i s  
comparable. 

W-25% Re A l l o y  

Resul ts o f  a sequent ia l  t e s t  ser ies  (S-55A-E) performed on W-25% Re 
s t ress  r e l i e v e d  1 hour a t  2550°F (1400°C) have shown e s s e n t i a l l y  no creep 
On the  temperature range o f  1600 t o  1800°F (870 t o  982°C) a t  10 K s i .  
second t e s t  program (S-61) i n v o l v i n g  f i v e  successive 200 hour t e s t s  a t  50F" 
i n t e r v a l s  between 1600 and 1 8 0 0 " ~  (870 and 982°C) has there fore  been i n i t i a t e d  
a t  15 Ksi on the same sample. Resul ts o f  the f i r s t  two sequences again show 
l i t t l e  o r  no creep a t  1600 and 1650°F (869 and 9OO"C), but i t  appears t h a t  a 
s m a l l  amount o f  creep (approximately .008% i n  200 hours) has occurred a t  1700°F 
(927°C). Resul ts o f  the completed t e s t  ser ies  w i l l  be analyzed i n  the next 
q u a r t e r l y  repor t .  

A 

5 
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FIGURE 1 .  PARAMETRIC REPRESENTATION OF TZC 0.5% CREEP TEST RESULTS. 
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Tantalum Base A1 loys  

The t e s t  program on unal loyed tanta lum was completed dur ing  t h i s  
The ex t rapo la ted  1% r e p o r t  pe r iod  w i t h  the te rmina t ion  o f  t e s t  B-42B. 

creep l i f e  o f  t h i s  t e s t  i s  e s s e n t i a l l y  the same as t h a t  repor ted i n  the 
15th q u a r t e r l y .  

One percent creep l i f e  r e s u l t s  from the th ree  tantalum base a l l o y s  
T-111, Ta-lOW, and ASTAR 8 1 1 C  a re  summarized on a Larson-Mi l le r  p l o t  i n  
F igure 3, together  w i t h  data from the l i t e r a t u r e  on ASTAR 8 1 1 C  (3 ) .  
Exce l len t  agreement i s  shown i n  t h i s  f i g u r e  between the  f i v e  heats o f  T-111 
tes ted  t o  date.  

Ta-lOW A I  l oy  

The Ta-1OW t e s t  r e s u l t s  i n  F igure  3 i n d i c a t e  t h a t  the creep r e s i s t -  
ance o f  t h i s  a l l o y  w i l l  l i e  a t  about the upper edge o f  the T-111 s c a t t e r  
band. Based on t h i s  observat ion a long t ime t e s t  a t  2000°F (1093°C) and 
16 Ksi (11.0 x 107 N/m2) w i l l  be i n i t i a t e d  dur ing  the coming repo r t  per iod .  

ASTAR 8 1 1 C  

Resul ts of a s i n g l e  t e s t  i n  progress on ASTAR 8 1 1 C  annealed 1/2 hour 
a t  3600°F (1882°C) a re  p l o t t e d  i n  F igure  3 together  w i t h  a se r ies  o f  t e s t  
r e s u l t s  from the Westinghouse Ast ronuclear  Laboratory,  the developer of  t h i s  
a l l o y .  While the creep res is tance o f  ASTAR 8 1 1 C  i s  s i g n i f i c a n t l y  b e t t e r  than 
T-111 i n  a l l  cond i t ions  o f  heat t reatment,  the specimens annealed i n  the 
3600°F (1982°C) range possess p a r t i c u l a r l y  good creep s t rength .  However, 
some concern I s  f e l t  over  the g r a i n  growth which may have occurred a t  the 
h igh  anneal ing temperature, and an anneal ing study has the re fo re  been 
i n i t i a t e d  on ASTAR 8 1 1 C  t o  develop a heat t reatment which prov ides the 
optimum compromise between creep s t reng th  and g r a i n  s i ze .  

Data from Westinghouse i n d i c a t e  t h a t  the improved creep res is tance i s  
no t  produced by anneal ing as h igh  as 3450°F (1300"C), thereby narrowing the 
range o f  eva lua t i on  necessary I n  t h i s  program. Resul ts o f  the Westinghouse 
study on g r a i n  growth i n  ASTAR 8 1 1 C  (4 ) :a re  shown on a Larson-Mi l le r  p l o t  i n  
F igure 4 ,  where mean g r a i n  diameter (mm) i s  p l o t t e d  against  a Larson-Mi l le r  
parameter ca l cu la ted  w i t h  a constant o f  8, us ing the t ime and temperature 
of heat t reatment as va r iab les .  A lso shown on t h i s  p l o t  a re  g r a i n  growth 
data generated a t  TRW on the same m a t e r i a l .  The two sets  o f  r e s u l t s  agree 
reasonably w e l l ,  a l though the TRW r e s u l t s  tend t o  be somewhat h igher .  
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A r b i t r a r i l y  s e l e c t i n g  a mean diameter o f  0.1 mm (0.004 i n . )  as the  
maximum acceptable g r a i n  s i z e  i n  a 0.035 i n .  sheet, a Larson-Mi l ler  parameter 
can be  chosen from the  upper edge o f  the  s c a t t e r  band and the  var ious  t ime- 
temperature combinations necessary t o  achieve t h i s  g r a i n  s i z e  can then be 
ca l cu la ted .  The requ i red  treatment times i n  the  3450 t o  360OOF (1900 t o  1982°C) 
range a re  shown i n  F igure  5 .  Dur ing the  coming r e p o r t  per iod,  experiments w i l l  
be conducted t o  evaluate the  p o t e n t i a l  creep res i s tance  o f  samples heat t r e a t e d  
i n  t h i s  range. 

T-111 Progressive Stress Tests 

Results o f  the  progress ive s t r e s s  t e s t s  completed o r  i n  progress t o  
date a re  summarized i n  Table 2. Several techniques are  c u r r e n t l y  being 
evaluated f o r  ana lys is  o f  these r e s u l t s .  The f i r s t  invo lves  p l o t t i n g  creep 
s t r a i n  as a f u n c t i o n  o f  s t ress ,  which provides a c l a s s i c a l  s t r e s s - s t r a i n  
diagram on which progress ive s t ress  data can be compared t o  conventional 
tens ion  t e s t  r e s u l t s  (Figure 6 ) .  This form o f  ana lys is  i s  p a r t i c u l a r l y  
use fu l  f o r  v i s u a l i z i n g  the  i n f l uence  o f  s t ress  r a t e  and temperature on the 
r e l a t i v e  shapes o f  the tens ion  and creep t e s t  curves. A t  the h ighe r  t e s t  
temperatures and lower s t ress  ra tes ,  t he  curves show e a r l y  " y ie ld "  fo l lowed 
by a g radua l l y  decreasing slope, w h i l e  a t  the lower t e s t  temperatures and 
h ighe r  s t r e s s  ra tes ,  a g rea te r  p o r t i o n  o f  the deformat ion i s  e l a s t i c ,  and the 
t r a n s i t i o n  t o  p l a s t i c  deformat ion i s  much sharper. The tendency f o r  most o f  
the deformat ion t o  be e l a s t i c  a t  the  lower temperatures and h ighe r  s t ress  ra tes  
provides an e x c e l l e n t  r a t i o n a l i z a t i o n  o f  the l i m i t i n g  s t ress  r a t e  concept 
proposed i n  the Nine Month Summary Report.  Under these t e s t  cond i t ions ,  ve ry  
1 i t t l e  p l a s t i c  deformat ion occurs u n t i l  the s t r e s s  approaches a h igh  percentage 
o f  the  y i e l d  s t rength ,  a t  which p o i n t  the curve breaks ra the r  sharp ly  and s i g -  
n i f i c a n t  deformation i s  achieved i n  a r e l a t i v e l y  s h o r t  t ime. 

Another approach t o  ana lys i s  o f  the  progress ive  s t ress  data involves 
comparison o f  s t a t i c  and progress ive s t r e s s  creep ra tes .  I t  has been shown 
i n  a previous r e p o r t  t h a t  the s t a t i c  steady s t a t e  creep r a t e  o f  r e c r y s t a l l i z e d  
T-111 can be'descr ibed a n a l y t i c a l l y  as 

BO -AH/RT k = A e  e 

i n  the temperature and s t ress  ranges of 1800 t o  24OOOF (982 t o  
2400 t o  20,000 p s i  (1.65 t o  13.8 x l a 7  N/m2), Th is  expression 
comparison o f  s t a t i c  and progress ive s t ress  r e s u l t s  s ince  i t  a 
s t r a i n  ra tes  t o  be d isp layed on a s i n g l e  p l o t  o f  s t r e s s  versus 

3 1 6 " ~ )  and 
s usefu l  f o r  

o%h,w+l o f  the 
e . The 

s t r a i n  r a t e  a t  var ious stresses i n  the  progress ive s t ress  t e s t s ,  which were 
obtained by s imple numerical d i f f e r e n t i a t i o n  o f  t he  creep curves, a r e  p l o t t e d  
according t o  t h i s  form i n  F igu re  7 together w i t h  the s t a t i c  data. Although 
the  s c a t t e r  i s  somewhat g rea ter ,  the  s t r a i n  ra tes  achieved i n  the  progressive 
s t ress  t e s t s  a re  S'n-the same'range as the s t a t i c  t e s t  data. 
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TABLE 2 

Test 
No. - 

S-36 

S-38 

S -46 

s-49 

S - 5 1  

S-52 

s-53 

s-54 

S-56 

s-5 7 

Heat No. 

65080 

65080 

65079 

65079 

D-1183 

65079 

65079 

65079 

65079 

65079 

Summary o f  Progressive Stress Tests 
on T-111 Annealed 1 hour at 3000°F 

Temp a O F  

2200 

2200 

2200 

1800 

2200 

2000 

2200 

2000 

1800 

2200 

Loading Rate 1 %  Creep Life 
osi/hr. Predicted ( 1 1 Observed Predictedl2) 

16 

1 

16 

20 

16 

13 

5 

5 

5 

1 

485 

4260 

880 

1200/1700** 

880 

2000 

2200 

4400 

8900 

7700 

Jc Extrapolated 

** Based upon rate of approach to yield strength 

*** Insufficient to extrapolate 

600 

3830 

1 ooo* 

1660 

1080 

i 600 

2240 

4000* 

* ** 
*** 

- 
- 
895 

1430 

895 

1540 

2260 

3500 

4990 

7340 

( 1 )  Predicted by the Larson-Miller integration technique. 
(2) Predicted by integration o f  inStantaneous static strain rates. 
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FIGURE 5. ANNEALING T I M E  REQUIRED FOR O.lmm GRAIN DIAMETER I N  ASTAR 
81 1 C  COLD ROLLED TO 85% R.A. (HEAT NASV-20-WS). 
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The above r e s u l t  i s  s i g n i f i c a n t  because i t  means t h a t  i n t e g r a t i o n  o f  
the  s t a t i c  creep t e s t  steady s t a t e  s t r a i n  ra tes should p r e d i c t  the progress ive 
s t ress  creep l i v e s .  The s t r a i n  a t  any p o i n t  i n  a progress ive s t ress  t e s t  i s  
s imply the i n t e g r a l  o f  the s t r a i n  r a t e  as a f u n c t i o n  o f  time: 

E = 1: t ( t )  d t  (2) 

I f  the  f u n c t i o n a l  r e l a t i o n s h i p  o f  t o  s t ress  and the t ime dependence o f  
s t ress  are known, t h i s  equat ion can be expressed i n  the form: 

We know the form o f  s(a) f rom Equation (1) and a ( t )  i s  s imply 

o =  6 t  (4) 

f o r  the l i n e a r l y  increas ing s t ress  t e s t .  I n s e r t i n g  these two expressions 
i n  ( 3 )  y i e l d s :  

Bbt -AH/RTdt ( 5 )  
= I: Ae e 

which can be in tegra ted  a n a l y t i c a l l y  t o  evaluate the upper l i m i t  (which i s  
creep l i f e )  f o r  any des i red s t r a i n .  Choosing E = .01 r e s u l t s  i n  an expression 
f o r  1% creep 1 i f e  o f  the form: 

Ae -AH/RT (eBzrL-1) 0.01 = 

o r ,  rearranging, 

0.OlBb + 1 -j L = - 1 i n {  -A H/RT 

Ae B6 (7) 

Using appropr ia te values o f  A, B, and A H  as l i s t e d  i n  ( 5 ) ,  the 1 %  creep l i f e  
o f  each o f  the progress ive s t ress  t e s t s  has been ca lcu la ted  and l i s t e d  i n  
Table 2. 
eva lua t ion  o f  the p r e d i c t i o n s ,  i t  appears t h a t  they a r e  a t  l e a s t  as good and 
perhaps b e t t e r  than those made by the Larson-Mi 1 l e r  i n t e g r a t i o n  technique 
descr ibed i n  the Nine Month Summary Report. 

Although s u f f i c i e n t  data are no t  p r e s e n t l y  a v a i l a b l e  f o r  a c r i t i c a l  

16 
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SUMMARY 

1 .  

2. 

3. 

4 .  

5. 

6. 

Larson-Mi l ler  ana lys i s  o f  creep t e s t  r e s u l t s  on molybdenum-base TZC 
and TZM a l l o y s  shows t h a t  a t  h ighe r  s t ress  l e v e l s  and lower tempera- 
tu res  a s p e c i a l l y  processed l o t  o f  TZM having a somewhat h ighe r  than 
normal carbon content i s  super io r  t o  TZC i n  the  s t ress  r e l i e v e d  con- 
d i t i o n ,  whereas a t  h ighe r  temperatures and lower stresses, the behavior 
o f  the two mate r ia l s  i s  comparable. 

W-25% Re undergoes no detectable creep a t  10 k s i  (6.89 x 10 
i n  the  temperature range from 1600 t o  1800OF (870 t o  982°C). 

Design data f o r  T-111 i n  the temperature and s t r e s s  range of 1809 t o  
2600°F (980 t o  1427OC) and 0.5 t o  20 k s i  (.394 t o  14.0 x 10 N/m ) a r e  
presented i n  the form o f  a Larson-Mi l le r  p l o t  f o r  1 %  creep l i f e .  

7 2  N/m ) 

T-111 a l l o y  creeps a t  e s s e n t i a l l y  the  same r a t e  i n  p rogress ive  
s t ress  t e s t s  as i n  s t a t i c  t e s t s  a t  equ iva len t  s t ress  l e v e l s .  A s t r a i n  
r a t e  i n t e g r a t i o n  technique has been developed t o  p r e d i c t  the 1 %  creep 
l i f e  o f  a p rogress ive  s t ress  t e s t ,  and the  r e s u l t s  appear a t  l e a s t  as 
good and poss ib l y  b e t t e r  than those from the  Larson-Mi l ler  i n t e g r a t i o n  
technique. 

The creep res i s tance  o f  Ta-1OW appears t o  be s l i g h t l y  b e t t e r  than T-111. 

Resul ts o f  a s i n g l e  t e s t  on ASTAR 8 1 1 C  a r e  i n  good agreement w i t h  data 
from Westinghouse, the  developer o f  t h i s  a l l o y ,  which show i t  t o  have 
s i g n i f i c a n t l y  b e t t e r  creep res is tance than T-111. 
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FIGURE I 11-5. CREEP TEST DATA, TA-1OW HEAT NO. 630003 ANNEALED 1 HOUR AT 3000'F (1649'C) PRIOR TO TESTING 
AND 1/4 HOUR AT 3OOO'F (1649'C) BETWEEN EACH SEQUENCE. 
SEQUENTIAL TEST PROGRAM, TESTED I N  A VACUUM ENVIRONMENT OF < 1 x 10-2 TORR. ARROWS ON THE 
CURVES INDICATE CHAMBER PRESSURE AT VARIOUS INTERVALS DURING THE TEST. 
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TEST NOS. 5-40,  S-48, AN0 S-50, TESTED 
ARROWS ON THE CURVES INDICATE CHAMBER PRESSURE AT 
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