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EFFECT OF HEATING METHOD 

ON STPESS-RUPTURE LIFE 

b y  Peter T. B i z o n  a n d  F r e d e r i c k  D. C s l f o  

L e w i s  R e s e a r c h  C e n t e r  

S U Y M A F Y  

P a r t s  s u c h  a s  t u r b i n e  b l a d e s  a s  well a s  o t h e r  h ~ q h  
t e m p e r a t u r e  m a c h i n e r y  c o m p o n e n t s  are s u b j e c t e d  t o  s u c ; + s i n e d  
loa t l s  d t  e l e v a t e d  t e m p r a t u r e s .  A l a b o r a t o r y  s t r ~ s s - r u p t l ~ r ~  
t e s t  ( t i m e - t o - r u p t u r e  u n d e r  f i x e d  l o a d  a t  a c o n s t a r , t  
e l e v a t e d  t e m p e r a t u r e )  i s  o f t e n  t h e  p r i n c i p a l  rn2ans  o f  
d e t e r m i n i n g  t h e  s u i t a L ~ i l i t y  o f  m a t e r i a l s  f o r  s u c h  
a p p l i c a t i o n s .  
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T u r b i n e  b l a d e s  a r e  s u b j e c t e d  t o  h e a t i n g  b v  3 gas s t r s a m  
i n  a c t u a l  u s a g e  w h i l e  t 4 e  l a b o r a t ~ r y  t e s t s  g e n + r a l l v   us^ 

I r a d i a n t  ( f u r n a c e )  o r  r e s i s t a ~ c e  ( e l e c t r i c  c u r r a n t )  h s a t i n g .  
T h i s  e x p e r i m e n t a l  p r o y r 3 m  was i n t e n d e d  t o  t3e ' termincr  t h t ?  
e f f e c t  o f  v a r i o u s  h e a t i n g  m e t f i o d s  on b o t h  + ,he  s t r a s s - r u p + u r ~  
life ar id  t h e  r u p t u r e  r e l u c t i o n  of a r e a  of s u p e r a l l o y s .  It 
was a l s o  i n t e n 4 e d  t o  i l l u s t r a t e  t h ~  i m p o r t a n c e  of p r o p e r  
s a l e c t i o n  of h e a t i n g  m e t h o d  i n  s i m u l a t i n q  e f f e c t i v e l y  a 
h a r d w a r e  a p p l i c a t i o n .  

U s i n g  c o n v e n t i o n a l  r a d i a n t  h e a t i n g ,  r e s i s t a n c e  t ~ ~ n t i n q ,  
o r  t h e  c o m b i n a t i o n  o f  r e s i q t a n c e  ar id  b u r n e r  ( h o t  q a s  s t ream)  
h e a t i n g ,  t h e  s t r e s s - r u s t u r e  p r o p e r t i e s  were d e t e r m i n e d  f o r  
t h e  n i c k e l - b a s e  a l l o y  1 J d i m e t  701) a t  three  t c m p G r a t  o r e s  arid 
t h e  c o b a l t - b a s e  a l l o y  Yar-M 5 0 9  at.  Q n o  t e m p e r a t u r e .  Tn 
a d d i t i o n ,  t h e  e f f e c t  o f  b u r n n r  b e a t i n g  was determine3 f o r  
I J d i m e t  7 9 0  a t  o n e  t e m p e r a t u r e .  S p e c i m e n s  wew a l w a y s  
d e a d -  w o i q h t  1oade.l.  t o  r e s u l t  i n  c o r ~ v e n t i o n a l  r a d i a n t  h e a t e d  
s t r e s s - r u p t u r e  lives o f  a b ~ ~ t  105-300  h o u r s ,  Some 
n o n - r i g o r o u s  t e s t s  ( i c t e r r u p t e d  a n d  w i t h o u t  s e r v o  
t e m p e r a t u r ?  c o n t r o l )  u s i n q  t h e  c o m b i n a t i o n  of r e s i s t a n c e  a n ?  
b u r n e r  h e a t i n g  wers c o n d u c t e d  f ~ r  t k e  a b o v e  t w o  a l i o y s  a? 
well a s  e i q h t  o t h e r  a l l o y s .  

T h e  s t r e s s - r u p t u r e  l i v e s  d e t e r m i n e d  b y  u s i n g  r e s i s t a n c e  
h e a t i n g  were a b o u t  20-36 p e r c e n t  of t h o s e  o h t a i n e d  b y  u s i n a  
r a i l i a n t  h e a t i n g  f o r  b o t h  a l l o y s .  No m e t a l l u r g i c a l  f ~ a t u r s s  
were f o u n d  t o  e x p l a i n  t h e  d e t r i m e n t a l  e f f ec t  o f  r ~ s i s t a n c c  



h e a t i n g  a s  c o m p a r e d  t o  r a d i a n t  h e a t i n g ,  I t  i s  r e c o m m e n d e d  
t h a t  a q o o d  e x p e r i m e n l a l  p r a c t i c e  would b e  t o  a v o i d  t h 2  u s e  
of r e s i s t a n c e  h e a t i n g  i n  s t r e s s - r u p t u r e  t e s t i n g  a n d  t o  u s e  
r a d i a n t  f u r n a c e  h e a t i n q  instead. 

T h e  s t r e s s - r u p t u r e  l i f s  d e t e r m i n e d  f r o t  t h e  t w o  b u r n e r  
h e a t e d  t e s t s  a l s o  s h o w e d  a r e d u c t i o n  ( a b o u t  51! p e r c e n t )  
c o m p a r e d  t o  t h e  r a d i a n t  h e a t e d  r e s u l t s  b u t  p a r t  of t h i s  
r a d u c t i o n  was a t t r i b u t e d  t o  t h e  b u r n e r  t e m p e r a t u r e  
f l u c t u a t i o n s .  R e s u l t s  from t h e  n o n - r i g o r o u s  t e s t s  c o n d u c t e - l  
w i t h  t e n  a l l o y s  t e n d e d  t o  c o n f i r m  t h a t  t h e  e f f e c t  of h e a t i n g  
o n  s t r e s s - r u p t u r e  l i f e  is  n o t  a l l o y  d e p e n d e n t .  I t  a p p e a r s  
t h a t  use o f  c o n v e n t i o n a l  r a d i a n t  h e a t e d  s t r e s s - r u p t u r e  d a t a  
w o u l d  r e s u l t  i n  a n o n - c o n s e r v a t i v e  l i f e  d ~ t e r m i n a t i o r l  f o r  ar: 
a p p l i c a t i o n  t h a t  i n v o l v e s  b u r n e r  heating s u c h  a s  a t u r b i n e  
b l a d a .  

F o r  l l d i m s t  700 a t  a l l  t h r e e  tes t  t e m p e r a t u r e s  t h o  
r u p t u r e  r e d u c t i o n  o f  a r e a  o b t a i n e d  from t h e  r e s i s t a n c e  
h e a t e d  t.ests was a b o u t  0-7-0.8 t h a t  o b t a i n e d  from t h ~  
r a d i a n t  h e a t e d  tests, T h e  l i f e  r a t i o  w a s  (3.2fl-0.25. l h i s  
i n d i c a t e s  t h a t  r e s i s t a n c l - ,  h s a t i n q  qav? a h i g h ~ r  a v e r a g e  
c r e e p  r a t e  t h a n  t h a t  o b t a i n e d  u i t h  r a d i a n t  I l c a t i n g .  

I N T  RODrJCT ION 

R e s e a r c h  p r o g r a m s  t o  e v a l u a t e  p r o m i s i n g  m a t e r i a l s  f o r  
s p a c e ,  a e r o n a u t i c a l ,  o r  e n e r q y  a p p l i c a t i o n s  r e q u i r e  a 
s u i t a b l e  m e a n s  o f  s i m u f a t i n q  i n  a l a b o r a t o r y ,  test. 
c o n d i t i o n s  w h i c h  c o r r e s p o n d  t o  t h ~  i n t e n d w l  o p e r a t i n s  
c o n d i t i o n s .  T h e s e  o p e r a t i n g  c o n ( 1 i t i o n s  a r e  s o m e t i r i l e s  
c h a r a c t e r i z e d  b v  h i . q h  r o t a t i o n a l  s p e e d s  o r  s u s t a i n s d  1 0 3 2 s  
a t  e l e v a t e d  t e m p e r a t u r e s  i n  a q g r e s s i v e  e n v i r o n m e n + s .  

A s t r e s s - r u p t u r e  t e s t  (time t o  r u p t u r e  u n d e r  F i x e d  l o a d  
a t  a c o n s t a n t  e L e v a t . e d  t e m p e r a t u r e )  i s  a laboratory m e a n s  of 
e v a l u a t i n g  m a t e r i a l s ,  Dea? w e i g h t ,  o r  sometimes 
s e r v o - c o n t r o l l e d  h y d r a r l l i c  l o a d i n g  i s  u s u a l l y  employp1-l t o  
s i m u l a t e  t h e  s u s t a i n e d  s t a t i c  l o a d i n q  o r  c e n t r i  f u q d l  l o a d i n q  
o f  t h e  c o m p o n e n t .  R a d i a n t  h e a t i n q  ( f u r n a c e )  a n d  sornet im.?~ 
r e s i s t a n c e  hea t i n q  ( e l e c t r i c  c!~rren+) are  u s ~ d  t o  . ; i m u l a t  e 
t h e  h e a t i n g  e n v i r o n m e n t  of t h e  a c t u a l  a p p l i c a t i o n .  Tt is 
t h i s  e f f e c t  of h e a t i n q  m q t h o d  o n  s t r e s s - r u p t u r e  p r o p e r t i e s  
o f  s u p e r a l l o y s  w h i c h  v a s  s t u d i z d  i n  t h i s  i n v e s t i g a t i o n .  

O t h e r  i n v e s t i g a t o r s  h a v e  a d d r e s s e d  some a s p e c t s  of t h i s  
s u b j e c t ,  C o m p a r i s o n s  cf the effect on s t r e s s - r u p + : l r e  l i f a  
o f  r a d i a n t  a n d  r e s i s t a n c e  h s a t i n q  a r e  g i v z n  i n  r e f ~ r e ~ c ~ s  1 
a n d  2 ,  T h e  i n v e s t i g a t i o n  o f  r e f e r e r i c e  7 s h o w s  n o  e f f e c t  or! 
l i f e  f o r  t h e  s h o r t  tirres ( l e s s  t h a n  17 minutes) t h a t  were 
s t u d i e d .  T h a t  of r e f e r e n c e  2 shows t h a t  r 2 s i s t a n c ~  h k 2 a t i n g  



h a d  a d e s t r u c t i v e  e f f e c t  a s  c o a p a r e d  t o  r a d i a n t  h e a t i n q  f3r  
t h e  l o n g e r  time tes ts  t h a t  were e v a l u a t e d  ( r a d i a n t  h e a t  
t e s t s  a v e r a g e  a b o u t  t h r e e  h o u r s ) ,  A series  o f  R u s s i a n  
r e p o r t s  ( r e f e r e n c e s  3-9) g i v e  r e s u l t s  f o r  t h e  e f f e c t  of 
r e s i s t a n c e  h e a t i n g  w i t h  a  s u p e r i m p o s e d  h i g h - s p e e d  c o l d  a i r  
f l o w  a c r o s s  f a i r l y  t h i n  s p e c i m e n s  a s  c o m p a r e d  t o  t e s t  
r e s u l t s  o b t a i n e d  when r a d i a n t  h e a t i n g  w i t h o u t  a s u p e r i m p o s e d  
a i r  flow was e m p l o y e d ,  T h e s e  t e s t s  s h o w e d  t h e  r e s u l t s  
o b t a i n s d  w i t h  t h e  f o r m e r  h e a t i n g  mot-hod t o  h a v e  much s h o r t e r  
l i v e s  t h a n  w i t h  t h e  l a t t e r  m e t h o d .  T h e  r a d i a n t  h e a t a t  t s 2 s t  

t imes were less t h a n  f i f t e e n  h o u r s .  

T h i s  e x p e r i m e n t a l  i n v e s t i g a t i o n  was p e r f o r m e : l  t o  
d e t e r m i n e  t h e  e f f ec t s  o f  h e a t i n g  m e t h o d  o n  t h s  i c t e r a 3 d i a t ?  
time (100-30i) h o u r )  s t r a s s - r u p t u r e  p r o p e r t i e s  ( l i f e  a n d  
r e d u c t i o n  o f  a rea)  of s u p e r a l l o y s .  I n  t h e  l a b o r a t o r y  
d e t e r m i n a t i o n  of t h e s e  p r o p e r t i e s  we a t t e m p t e d  t o  s i m u l a t e  
s u c h  e f f e c t s  of a e r o d y n a m i c  h e a t i n g  u n d e r  l o a d  a s  m i l ~ h t  b e  
e x p e r i e n c e d  b y  a h a r d w a r e  c o m p o n e n t  s u c h  a s  a t u r h i n s  h l a - l e .  
T h i s  s t u d y  is a l s o  i n t e n d e d  t o  i l l u s t r a t e  t h e  i m p o r t a i l c e  of 
p r o p e r  s e l e c t i o n  o f  h e a t i n g  m e t h o d  t o  e f f e c t i v e l y  s i m u l a t e  
t h e  h a r d w a r e  a p p l i c a t i o n .  

F o u r  t y p e s  of h e a t i n g  m e t h o d s  were c o n s i d e r e d - - c a d i a n t  
( f u r n a c e ) ,  r e s i s t a n c e  ( e l e c t r i c  c u r r e n t ) ,  b u r n e r  ( h o t  q a s  
s t ream),  a n d  t h e  c o m b i n a t i o n  of r e s i s t a n c e  a n d  b u r n e z  
h e a t i n q .  S o l i d  6.35 mlr: ( 0 . 2 5  i n , )  diameter r o u n d  b a r  
s p e c i m e n s  were d e a d  w e i g h t  L o a d e d .  S t r e s s  l e v e l s  were 
s e l e c t d  t o  o b t a i n  a b o u t  a 1 0 0 - 3 0 0  h o u r  s t r e s s - r u p t u r e  life 
u s i n g  r a d i a n t  h e a t i n g .  A l l  h e a t i n g  m e t h o d s  w i t h  t h e  
e x c e p t i o n  o f  b u r n e r  h e a t i n g  were e v a l u a t e d  f o r  17dimet  7C3 a t  
9 2 7 0 C  ( 1 7 Q O Q F ) ,  9 8 L O C  ( 1 8 0 0 0 F ) ,  a n d  7 0 3 8 0 C  ('t90n°F) an3 f o r  
Mar-"lo9 a t  9 8 2 Q C  ( 1 8 0 i j o F ) .  T h e  e f fec t  of b u z n e r  h e a t i n q  
o n  s t r e s s - r u p t u r e  v r o p e r t i e s  was s t u d i e d  o n l y  a t  9 8 2 O C  
(18Qn°F) f o r  U d i m e t  700, Some n o n - r i q o r o i i s  ( i n t e r r u p t ~ i i  a n d  
w i t h o u t  s e r v o  t e m p e r a t u r e  c o n t r o l )  t e s t s  u s i n g  t h e  
c o m b i n a t i o n  of b u r n e r  a n d  r e s i s t a n c e  h e a t i n g  were p e r f o r m e l ' f  
f o r  t h e  a b o v e  two a l l o y s  a s  well a s  e i g h t  o t h e r  a l l o y s .  
L i v e s  trcm t h e s e  t e s t s  were c o m p a r e d  t o  t h e  s t r e s s - r u p t u r c  
l i v e s  o b t a i n e d  from s e p a r a t e  r a d i a n t  h e a t e d  t e s t s  c o n d u c t e d  
w i t h  t h e  t e n  a l l o y s .  T h e  r u p t u r e  r e d u c t i o n  o f  a r ea  was 
d e t e r m i n e d  f o r  a l l  tes ts .  A l i m i t e d  m e t a l l u r q i c a l  
e x a m i n a t i o n  was a l s o  p e r f o r m e d .  

This w o r k  was c o n d u c t e n  u s i n g  t h e  c u s t o m a r y  11,s. sys tem 
o f  u n i t s ,  C o n v e r s i o n  t o  t h e  I n t e r n a t i o n a l .  System ~f U c i t s  
(SI) was made  f o r  r e p o r t i n g  p u r p o s e s  o n l y .  



MATERIALS A N D  SPECIMENS 

Pla t e r i a l s  

T h e  two a l l o y s  w h i c h  v e r e  e x t e n s i v e l y  i n v e s t i q a t e d  i n  
t h i s  p r o g r a m  were t h e  n i c k e l - b a s e  a l l o y  U d i m e t  700 a n d  t h ?  
c o b a l t - b a s e  a l l o y  Mar-M 509.  T a b l e  I g i v e s  t h e  h e a t  n u m b e r  
a n d  c h e m i c a l  a n a l y s e s  of t h e  b a r  s t o c k  f r o m  w h i c h  ? h e  
U d i m e t  700 s p e c i m a n s  were m a c h i n e d  a s  well a s  t h o s e  oi the 
remelt s t o c k  u s e d  t o  c a s t  t h e  Mar-M 509 s p e c i m e n s .  These 
a n a l y s e s  w h i c h  were p e r f o r m e d  b y  a n  i n d e p e n d e n t  t . e s t i n a  
l a b o r a t o r y  f a l l  w i t h i n  the r a n q e  s p e c i f i e f l  b y  the 
m a n u f a c t u r e r .  S p e c i m e n s  were t e s t e d  i n  tbe m a c h i n e d  o r  a s  
c a s t  c o n d i t i o n s  w i t h  n o  h e a t  t r e a t m e n t .  

Some n o n - r i g o r o u s  ( i n t e r r u p t e d  a n d  w i t h o u t  s e r v o  
t e m p e r a t u r e  c o n t r o l )  t e s t s  were p e r f o r m e d  o n  10 super alloy^ 
u s i n g  t h e  c o m b i n a t i o n  o f  r e s i s t a n c e  a n d  b u r n e r  h e a t i n u  arid 
t h e  r e s u l t s  c o m p a r e d  t o  t h o s e  o b t a i n e d  i n  r a d i a n t  h e a t e d  
t es t s .  The t e n  a l l o y s  were I N  1 6 2 ,  WI 52,  Mar-? 200,  
IN 713C,  N X  1 8 8 ,  Mar-M 302, d i r e c t i o n a l l y  s o l i d i f i e d  T Y  130 ,  
I J d i m e t  700 c a s t ,  I l d i m e t  7 0 0  wrought, a n d  Mar-Y. 5 T . Q .  The 
remelt s t o c k  o r  b a r  s t o c k  of t h e  a l l o y s  was o b t a i n e d  from 
c o m m e r c i a l  s o u r c e s  w i t h  t h e  s u p p l i e ?  c h e m i c d  a n a l y s e s  
s h o w i n g  a l l  a l l o y s  t o  L F  w i t h i n  s p e c i f i c a t i o n .  

S p e c i m e n s  

T h e  g e o m e t r y  o f  e a c h  t y p e  of s p e c i m e n  u s e 3  i n  t h i s  
i n v e s t i g a t i o n  i s  s h o w n  i n  f i q u r e  1. F i q u r e  1 ( a )  s t o w s  t h e  
c o n f i q u r a t i o n  u s e d  o n l y  f o r  tile r a d i a n t  h e a t e d  tests. 
F i q u r e  1 ( b )  s h o w s  the 9 2 0 m e t r y  u s e d  f o r  a l l  o t h e r  tests. 
T h e  two s p e c i m e n  d g s i g n s  d i f f e r e d  o n l y  i n  t h e  m e t h o d  u s e d  
f o r  h o l d i n g  them-- t h e  t e s t  s e c t i o n s  b e i n q  i d e n t i c a l ,  T h e  
r a d i a n t  h e a t e d  s p e c i m e n s  were q r i p p e r l  u s i n g  t h e  t a p e r e d  
p o r t i o n  w h i l e  t h e  o t h e r  s p e c i n r ~ : n s  were h e l ?  b v  the t h r e a f l ~ i !  
p o r t i o n .  

T h e  w r o u g h t  U d i m e t  700 s p e c i m e n s  were n i a c h i n e d  t o  t h e  
d i w e n s i o n s  g i v e n  i n  f i g u r e s  1 (a)  o r  1 (b )  . Flowever,  a l l  
o t h e r  a l l o y  s p e c i m e n s  were c a s t  t o  t h e  d i m e n s i o n s  g i  v c n  i ~ .  
f i g u r e  1  [ a ) .  T h e  c a s t  s p e c i m e n s  t e s t ed  u s i n g  o t h e r  t h a n  
r a d i a n t  h e a t i n g  h a d  a p i e c e  w e l d e d  ( c o n v e n t i o n a l  g e s  
t u n g s t e n  a rc  w e l d i n g  u s i n g  TNCO t 8 2  f i l l e r  m e t a l )  ro e a c h  
e n d  i n t o  w h i c h  t h r e a d s  were m a c h i n e d  t o  o b t a i n  t h e  f i g u r ~  
1 ( b )  c o n f i g u r a t i o n .  T h e s e  s p e c i m e n s  were hel;!  a r o i ~ n d  t h e  
t es t  s e c t i o n  for a l i g n m e n t  t o  l o c a t e  c e n t e r s  u s e d  f o r  



h o l d i n g  w h i l e  m a c h i n i n g  t h e  t h r e a d s .  

FACILITIES A N D  TEST PROCEDURS 

R a d i a n t  S e a t i n g  

F i q u r e  2 s h o w s  t h e  f a c i l i t y  t h a t  was u s e d  t o  p e r f o r m  
s t r e s s - r u p t u r e  tests  u s i n q  t h e  r a d i a n t  m e t h o d  o f  h e a t i n q .  pt 

s t a n d a r d  d e a d - w e i g h t  l e v e r -  l o a d e d  c r e e p  frame was u s e d  f o r  
t h e s e  c o n v e n t i o n a l  s t r e s s - r u p t u r e  tests. T h e  h e a t i n q  was 
s u p p l i e d  hy a c l a m s h e l l  f u r n a c e  w h i c h  was m o u n t e d  i n  t h e  
c l o s e d  p o s i t i o n  a r o u n d  t h e  s p e c i m e n  a s  s h o w n  i n  f i g u r e  2 { a ) .  
T h e  f u r n a c e  is s h o w n  o p e n e d  i n  f i g u r e  2(h). T h e  s p e c i m c n  
was d e a d - w e i g h t  l o a d e d  u s i n g  a 20  t o  I l e v e r  l o a d  frame, A 
u n i v e r s a l  j o i n t  was l o c a t e d  i n  t h e  l o a d  t r a i n  b o t h  a h o v e  a r ?  
b e l o w  t h e  s p e c i m e n .  S p e c i m e n  t e m p e r a t u r e  w a s  m e a s u r e r !  a n ?  
s e r v o  c o n t r o l l e d  b y  c h r o m e l / a l ~ i m e l  t h e r m o c ~ u p l e s  w h i c h  werc 
m o u n t e d  o n  t h e  s p e c i m e n  a s  s h o w n  i n  f i g u r e  2 ( h ) .  

Before t h e  l o a d  was a p p l i e d ,  t h e  s p e c i m e n  was b r o u g h t  
t o  t h e  t e s t  t e m p e r a t u r e  a n d  s t a b i l i z e d  f o r  a b o u t  t w o  h o u r s .  
As t h e  w e i g h t  p a n  was s l o w l y  l o w e r e d ,  t o  a p p l y  t h e  c o n s t a p t  
l o a d  t o  t h e  t e s t  s p e c i m e n ,  a time m ~ t e r  was  s t a r t e d .  When 
t h e  s p e c i m e n  s e p a r a t e d  i n t o  two p i e c e s ,  t h e  w e i g h t  p a n  
d r o p p e d ,  t r i g g e r i n g  a s w i t c h  t h a t  s t o p p e d  the time meter. 
T h e  e l a p s s d  time was t a k e n  a s  t h e  time t o  r u p t u r e ,  

U s i n g  r a d i a n t  heating, d u p l i c a t e  tes ts  o f  n d i m e t  700 
a l l o y  were r u n  a t  927OL'  (17C10°F), 982OC (18C\0°F) ,  a n d  1C:3R*C 
(1900°F). I n  a d d i t i o n ,  d u p l i c a t e  t e s t s  o f  Prar-t! 5509 were 
r u n  a t  982OC (1800°F). S t r e s s  l e v e l s  were s e l e c t e d  t o  q i v e  
l i v e s  r a n g i n g  f r o m  a b o u t  1 0 0  t o  300 h o u r s  f o r  U d i m e t  700 a n d  
a b o u t  150 h o u r s  f o r  Mar-M 509. T h e  r a d i a n t  heate? d u p l i c a t e  
t e s t s  o f  t h e  o t h e r  e i g h t  a l l o y s  were t e s t e d  a t  9 8 2 0 C  
(1800°F) w i t h  stress l e v e l s  s e l e c t e d  to g i v e  l i v e s  of 

a p p r o x i m a t e l y  100  h o u r s .  

R e s i s t a n c e  or  ~ o m b i n e d  R e s i s t a n c e  a n d  S m a l l  B u r n e r  H e a t i n q  

F i g u r e  3 s h o w s  t h ~  f a c i l i t y  t h a t  was u s e d  f o r  
s t r e s s - r u p t u r e  t e s t i n g  u s i n g  e i t h e r  r e s i s t a n c e  o r  a 
c o m b i n a t i o n  of r e s i s t a c c ~  a n d  sma l l  b u r n e r  h e a t i n q ,  F i g u r e  
3 ( a )  s h o w s  t h e  l o a d i n g  f r a m e  w i t h  a 1 0  t o  1 l e v e r  s y s t e m  t o  
a p p l y  d e a d - w e i g h t  l o a d .  Two u n i v e r s a l  i o i n ' i s  b o t h  a h o v e  a n 4  
b e l o w  t h e  s p e c i m e n  were l o c a t e d  i n  t h e  l o a d  t r a i n .  
R e s i s t a n c e  h e a t i n g  was a c c o m p l i s h e d  b y  p a s s l n q  a n  e l ec t r i c  
c u r r e n t  t h r o u g h  t h e  s p e c i m e n ,  F l e x i b l e  l s i l d s  { f i g .  3 ( h )  ) 
were c o n n e c t e d  t o  e a c h  e n d  o f  the s p e c i m e n  t o  c a r r y  t h e  



c u r r e n t .  T h e s e  l e a d s  d i d  n o t  i m p o s e  a n y  m e c h a n i c a l  l o a d  o n  
t h e  s p e c i m e n .  F o r  tests  w h e r e  t h e  s p e c i m e n  t e m p e r a t u r e  was 
s e r v o  c o n t r o l l e d ,  o u t p u t  f r o m  a n  i n f r a r e d  p y r o m e t e r  was u s e d  
f o r  t h e  f e e d b a c k  s i g n a l  a n d  t h e  o u t p u t  was a l s o  r e c o r d e d  o n  
a s t r i p c h a r t .  T e m p e r a t u r e  was d e t e r m i n e d  b y  a n  o p t i c a l  
p y r o m e t e r ,  T h e  l a t t e r  was c o r r e c t e d  f o r  m e a s u r i n g  t h r o u g h  a 
g l a s s  window a s  well as  f o r  t h e  e m i s s i v i t y  o f  t h e  s p e c i m e n s  
a s  d e t a i l e d  i n  t h e  Load a n d  T e m p e r a t u r e  C a l i b r a t i o n  s e c t i o n  
o f  t h i s  r e p o r t .  

Some t e s t s  were c o n d u c t e d  u s i n g  t h e  c o m b i n a t i o n  o f  
r e s i s t a n c e  a n d  smal l  b u r n e r  h e a t i n g .  B y  v a r y i n g  t h 2  r a t i o  
of b u r n e r  t o  r e s i s t a n c e  h e a t i n g  a s  well a s  by i n s t a l l i n g  a n  
i n s u l a t o r  ( f i r e b r i c k )  o n  t h e  s p e c i m e n  o p p o s i t e  t h e  s i d e  
w h e r e  t h e  b u r n e r  g a s  strsam i m p i n g e m e n t  o c c u r r e 3 ,  t h e  
t e m p e r a t u r e  across t h e  t e s t  s e c t i o n  c o u l d  b e  m a i n t a i n e d  
u n i f o r m .  T h e  f i r e b r i c k  r e d u c e d  r a d i a t i o n  l o s s e s .  I n  t h e s e  
t e s t s  t h e  A - l  f u e l  f l o w  was v a r i e d  t o  m a i n t a i n  a c o n s t a n t  
t e s t  t e m p e r a t u r e  w h e r e a s  t h e  resistance h e a t i n q  w a s  o p e r a t f ?  
a t  a  f i x e d  c u r r e n t  l e v e l .  Two d i f f e r e n t  n o z z l e  s h a p e s  wpre 
u s e d  e a c h  h a v i n g  a b o u t  t h e  same c r o s s - s e c t i o n a l  a r e a .  One 
n o z z l e  was  r o u n d  w i t h  a 1.6 cm ( 0 . 6 3  i n . )  d i a m e t e r ,  a n d  t h e  
o t h e r  was  e l l i p t i c a l  w i t h  d i m e n s i o n s  a p p r o x i m a t e l y  7 cm ( 1 . 2  
i n . )  by 0 . 6 3  cm (0 .25  i n . ) .  

F o r  t h e  t e s t s  u s i n g  r e s i s t a n c e  o r  c o m b i n e d  resistance 
a n d  b u r n e r  h e a t i n g  t h e  w e i g h t  was a p p l i e d  w h i l e  t h o  s p e c i m c n  
was  c o l d .  T h e  s p e c i m e n  was  b r o u g h t .  t o  t e m p e r a t u r e  a n d  
s t a b i l i z e d  w i t h i n  3-5 m i n u t e s .  E x t r e m e  c a r e  u a s  t a k e n  n o t  ' 

t o  o v e r s h o o t  t h e  t e s t  t e m p e r a t u r e .  After t h e  s p e c i m e n  
t e m p e r a t u r e  had b e e n  s t a b i l i z e d ,  a  time meter was  s t a r t e d  
w h i c h  s t o p p e d  when t h e  s p e c i m e n  f a i l e d .  T h e  e l a p s e d  time 
was  t a k e n  a s  t h e  time t o  r u p t u r e  f o r  t h e  s t r e s s - r u p t u r s  
t e s t ,  

U s i n g  t h e  c o m b i n a t i o n  of r e s i s t a n c e  a n d  e l l i p t i c a l  
n o z z l e  b u r n e r  h e a t i n g  o r  r e s i s t a n c e  h e a t i n q  q l ~ n e ,  d u p l i c a t e  
tes ts  o f  [ J d i a a t  700 were c o n d u c t e d  a t  9 2 7 O C  (170OUF), 9 5 2 O C  
( 1 8 0 0 ° F ) ,  a n d  1038°C ( 1 9 0 0 0 F ) ,  I n  a d d i t i o n ,  a t  these  t h r e e  
t e m p e r a t u r e s  a  s i n g l e  t e s t  of U d i m e t  730 u s i n q  t h e  
c o m b i n a t i o n  o f  r e s i s t a n c e  a n d  t h e  r o u n d  n o z z l e  b u r n e r  
h e a t i n g  was c o n d u c t e d ,  F o r  Mar-M 5 0 9  a l l o y ,  o n e  r e s i s t a n c e  
h e a t e d  t e s t  a n d  a d u p l i c a t e  t e s t  u s i n g  t h e  c o m b i n a t i o n  o f  
r e s i s t a n c e  a n d  e l l i p t i c a l  n o z z l e  b u r n e r  h e a t i n g  w e r e  
p e r f o r m e d  a t  98Z0C (18C8OF).  Some i n t e r r u p t e d  tests u s i n g  
n o n  s e r v o - c o n t r o l  of t e m p e r a t u r e  w i t h  t h e  c o m b i n a t i o n  of 
r e s i s t a n c e  a n d  t h e  e l l i p t i c a l  n o z z l e  b u r n e r  h e a t i n g  were 
p e r f o r m e d  o n  t e n  a l l o y s  a t  982OC [ 1 8 0 0 0 F ) ,  Tbi?se  tests were 
i n t e r r u p t e d  b y  u n l o a d i n g  a t  t h e  e n d  o f  a n  e i g h t  h o u r  s h i f t  
a n d  r e l o a d e d  t h e  n e x t  w o r k d a y .  



L a r g e  Burner H e a t i n g  

T h e  f a c i l i t y  f o r  s t r e s s - r u p t u r e  t e s t i n g  t h a t  u s e d  a  
l a r g e  b u r n e r  f o r  h e a t i n g  i s  s h a w n  i n  f i q u r s  4 ,  F o r  t 3 e s e  
tes ts  t h e  d e a d  w e i g h t  was a p p l i e d  d i r e c t l y  u n d e r  t h e  
s p e c i m e n  w i t h  n o  l a v e r  s y s t e m .  R u n i v e r s a l  joint was 
l o c a t e d  a b o v e  a n d  b e l o w  t h e  s p e c i m e n  a s  shown i n  f i q u r e  
4 ( a ) .  T h e  l a rqe  e l l i p t i c a l  n o z z l e  h a d  a 8 .23 cm ( 3 . 2 4  in,) 
m a j o r  a n d  3 .18  cm (1.25 i n . )  m i n o r  a x i s ,  T h e  c o m b i n a t i o n  of 
t h e  r e l a t i v e l y  small  s p e c i m e n  d i a m e t e r  ( 0 . 5 3 5  cm ( 9 . 2 5  i n . )  ) 
i n  r e l a t i o n  t o  t h e  b u r n e r  s tream s ize  a n 3  t h e  ilse cf 3 
r a d i a t i o n  s h i e l d  ( i n  t h i s  case  a p i p e  n i p p l e  s u s p e n d e d  
o p p o s i t s  t h e  b u r n e r  b e h i n d  t h e  s p e c i m e n  a s  s h o w n  i n  f i q u r e  
4  ( b ) )  were s u f f i c i e n t  t o  m a i n t a i n  a u n i f o r m  t e m p e r ; l t u r e  
a c r o s s  t h e  s p e c i m e n  t e s t  s e c t i o n .  T h e  s p e r i m e n  t e m p z r a t u r ~  
was s e r v o  c o n t r o l l e d  b y  u s i n g  t h e  o u t p u t  f r o m  a n  i n f r a r e d  
p y r o m e t e r  a s  a  f e e d b a c k  s i g n a l  f o r  a d j u s t i n g  t h e  fue l  f l o w .  
T h i s  o u t p u t  u a s  a l s o  r e c o r d e d  o n  a s t r i p c h a r t  t o  c o n f i r m  t h e  
i s o t h e r m a l  t e s t  c o n d i t - i o n .  O t h e r  d e t a i l s  of  t h e  test. 
p r o c e d u r e  f o r  tests c o n l i u c t e d  w i t h  t h e  n a t u r a l  g a s  b i ~ r r l e r  
were s i m i l a r  t o  t h o s e  u s e d  f o r  tests c o n d u c t e d  u i t h  t h e  
c o m b i n a t i o n  of r e s i s t a n c e  a n d  small  b u r n e r  h e a t i n g .  T t  i s  
e m p h a s i z e d  t h a t  n o  i n t e r r u p t i o n s  o c c u r r e d  b e t w e e n  s t a r t  9f 
t - e s t i n g  a n d  f a i l u r e  of t h e  s p e c i m e n .  

B e c a u s e  of  t h e  time a n d  c o m p l e x i t y  i n v o l v e d  i n  r u u n i n q  
t e s t s  i n  t h e  l a r g e  b u r n e r  f a c i l i t y ,  only two s t r e s s - r u p t u r e  
t e s t s  ware c o n d u c t e d  u s i n g  iJdiioet 7 0 0  a t  94Z0C ( 1 9 0 0 0 r " ) .  
F o r  c o m p a r i s o n  tests a t  9 2 7 0 C  (170@*F), t h e  R e c e s s a r y  
l o a d i n g  w o u l d  h a v e  r e q u i r e d  t h e  a d d i t i o n  of a l e v e r  l o a d i n ( 7  
s y s t e m ,  A t  1038OC (19Q9°F), t h e  d i r e c t  l o a d i n g  wor l ld  h a v e  
b e e n  p o s s i b l e  b u t  t h e  p r o j e c t e d  c o n t i n u o u s  t e s t  tiwe 
p r o b a b l y  woulrl  h a v e  b e e n  a b o u t  o n e  w e e k .  

Loa3 a n d  T e m p e r a t u r e  C a l i b r a t i o n  

A p p l i c a t i o n  of b o t h  a c o n s t a n t  l o a d  an$ t e m p e r a t u r e  i s  
n e c e s s a r y  t o  o e r f o r u  a v a l i d  stress- r u p t u r e  t e s t ,  
C a l i b r a t i o n s  were p e r f o r a e d  t o  i n s u r e  t h a t  t h e  e x a c t  a p p l i e d  
l o a d  a n d  t e m p e r a t u r e  wer? known i n  e a c h  o f  t h e  t h r e e  
f a c i l i t i e s  ( f i q s ,  2 -4 )  u s e d  f o r  t h i s  s t u d v ,  T h e  r a d i a n t  
h e a t i n g  f a c i l i t y  ( f l q .  2 )  i s  a c o n v e z l t i o n a l  c r e e p '  t e s t  f r a m e  
w h i c h  u s e s  l e v e r - l o a d e d  d e a d  w e i g h t  and  s t a r d a r d  
t h e r m o c ~ u p l e  ~ r o c e d u r e s  t o  m e a s u r e  a n d  c o n t r o l  t e m p e r a t u r e ,  
T h e  l o a d  frame a n d  t e m p e r a t u r e  i n s t r u m e n t a t i o n  a r e  
c a l i b r a t e d  o n  a c o n t i n u i n g  b a s i s  a s  a s t a n d a r d  o p e r a t i n g  
p r o c e d u r e .  



L o a d  c a l i b r a t i o n s  were p e r f o r m e d  i n  t h e  b u r n e r  
f a c i l i t i e s  ( f i g s .  3 a n d  4 ) .  D e a d  w e i q h t  l o a d  was a p p l i e d  
e i t h e r  w i t h  a l e v e r  s y s t e m  ( f i q .  3 )  or  d i r e c t l y  ( f i g ,  4 ) .  
F o r  t h e  l e v e r  s y s t e m ,  t h e  c o u n t e r b a l a n c e  was a d j u s t e d  t o  
l e v e l  t h e  beam w i t h  t h e  s p e c i m e n  i n s t a l l e d  b u t  w i t h o u t  t h e  
lower p u l l r o d  a s s e m b l y ,  A f t e r  b a l a n c i n g ,  a l o a d  i n d i c a t i n q  
g a g e  was i n s t a l l e d  i n  p l a c e  of t h e  s p e c i m e n  t o  c h e c k  t h e  
frame c a l i b r a t i o n .  S t a n d a r d  8 9  Y ( 2 0  l b )  w e i q h t s  were 
a p p l i e d  i n  f i v e  i n c r e m e n t s  t o  945 N ( 1 0 0  1.b) a n d  t h e  s a q c  
r a a d i n q s  n o t e d .  T h e  c a l i b r a t i o n  c o n f i r m e d  t h e  loail frame t o  
h a v e  a m a g n i f i c a t i o n  of t e n  t o  o n e  w i t h i n  one p e r c e n t .  F o r  
t h e  f a c i l i t y  w h e r e  t h e  w e i g h t  was a p p l i e i i  d i r e c t l y  ( f i g .  4 ) ,  
a l l  w e i g h t s  i n c l u d i n g  the w e i g h t  p a n ,  p u l l r o d ,  a n d  n n i v e r s a l  
j o i n t  l o c a t e d  b e l o w  t h e  s p e c i m e n  were w e i g h e d  t o  d e t e r m i n e  
the l o a d  a p p l i e d  t o  t h o  s p e c i m e n ,  

T h e  t e m p e r a t u r e  c a l i b r a t i o n  m e t h o d  u s e d  f o r  b o t h  h u r r ~ r  
h e a t i n g  f a c i l i t i e s  ( f i q s .  3 a n d  4 )  were i 4 e r i t i c a l ,  
T h e r m o c o u p l e s  t i e d  t o  t h e  e x t e r i o r  o f  a s p e c i m e n  w o u l d  g i v e  
f a l s e  r e a d i n q s  b e c a u s e  of the i n f l u e n c e  o f  the b u r n e r  
stream, T h e r e f o r e ,  o p t i c a l  p y r o m e t e r s  were u s e d  f o r  the 
t e m ~ e r a t u r e  s t a n d a r d .  As n o  o n e  c o u l d  s n t . e r  +.he f a c i l i t y  
d u r i n g  t e s t i ~ g  f o r  s a f e t y  r e a s o n s ,  t h e  o p t i c a l  p y r o m e t e r  was 
c o r r e c t e d  f o r  m e a s u r i n g  t h r o u g h  a g l a s s  window a s  well a s  
f o r  t h e  e m i s s i v i t y  o f  t h e  s p e c i m e n s .  T h e  p r o c e d u r e  t o  d o  
t h i s  was a s  f o l l o w s :  

1, Two o p t i c a l  p y r o m e t e r s  were c a l i b r a t e d  a q a i n s t  3 h 7 3 c k  
b o d y  t r a c e a b l e  t o  t h e  N a t i o n a l  E u r e a u  c f  S t a n d a r d s  ( N R S )  
b e t w e e n  90n°C ( 1 6 5 0 ° F )  a n d  1 1 2 0 ° C  ( 2 C 5 P ° F ) .  

2, An NBS l a m p  c o n n e c t e d  t o  a v a r i a b l e  t . ransformer f o r  
v a r y i n g  t h e  f i l a m e n t  t e m p e r a t u r e  was m o u n t e d  near t h e  
test. s p e c i m e n  location, T h e  two o p t i c a l  p y r o p e  ters were 
p o s i t i o n e d ,  o n e  n e a r  t h e  l a m p  a n 6  t h e  o t h e r  o u t s i d e  t h e  
f a c i l i t y  l o o k i n q  t h r o u g h  t h e  window. F e a s u r e m e n t s  t a k e r  
b e t c e e n  QOO°C (1 6 5 0 ° F )  a n d  11200C (2050°F) i n d i c a t e d  t h e  
d e c r e a s e  i n  o p t i c a l  r e a d i n a  required b y  the p r e s e c c e  of 
t h e  w i n d o v .  A s  s h o w n  i n  t a b l e  111, t h e  o p t i c a l  r e a 3 i n q  
h a d  t o  h e  l o w e r e d  b e t w e e n  1 5 O C  ( 2 7 0 F )  a n d  210c ( 3 5 O F ) .  

3 .  A s  t h e  o p t i c s 1  p v r o m e t e r  w l s  c a l i h r a . t c d  a g a i n s t  a 
b l a c k  b o d y  w h i c h  h a s  a  e m i s s i v i t y  of 1 - 0 ,  a  c o r r e c t i o n  
was n e c e s s a r y  t o  a c c o u n t .  f o r  t h e  lower e m i s s i v i t y  (0 .9)  
of the s p e c i m e n s .  R e f e r e n c e  1 0  q i v e s  t h e  n e c e s s a r y  
d e c r e a s e  i n  o p t i c a l  r e a d i n g  f o r  t h i s  e n i i s s i v i t y  
d i f f e r e n c e ,  A s  s h c w r t  i n  t a b l e  111, t h e  o p t i c a l  r e a d i n g  
h a d  t o  b e  l o w e r e d  b e t w e e n  6°C ( l l ° F )  a n d  8 O C  ( 1 5 0 F ) .  

4. T h e  c o r r e c t i o n s  f o r  r e a d i n q  t h r o u g h  the g l a s s  a n d  
e m i s s i v i t y  were s u ~ m e d  t o  g i v e  a n  o p t i c a l  p y r o m e t s r  
r e a d i n g  t o  o b t a i n  t h e  true s p e c i m e n  t e m p e r a t u r e .  F o r  
e x a m p l e ,  t a b l e  I11 s h o w s  t h a t  t o  o b t a i n  a 982OC ( I P O O ° F )  



s p e c i m e n  t e m p e r a t u r e  i n  t h e  l a r g e  b u r n e r ,  t h e  o p t i c a l  
r e a d i n g  o u t s i d e  the f a c i l i t y  w o u l d  be 954OC ( 1 7 4 9 O F ) ,  

5. A c h e c k  of t h i s  t e m p e r a t u r e  m e a s u r e m e n t  m e t h o d  was 
p e r f o r m e d  t o  d e t e r m i n e  i t s  a c c u r a c y .  k U d i m e t  700 
s p e c i m e n  f i g  1 ( )  was prepareiac  w i t h  a t h r o u g h  a x i a l  
h o l e  i n t o  w h i c h  a c h r o m e l / a l u m e l  t h e r m o c o u p l e  was 
i n s e r t e d  w i t h  t h e  b a l l  a t t a c h e d  s t  m i d - l e n g t h .  The 
s p e c i m e n  was h e a t e d  in t h e  l a r g e  b u r n e r  w i t h  t h e  
t h e r m o c o u p l e  c o n n e c t e d  t o  a s t r i p  c h a r t  recorder. W i t h  a 
t h e r m o c o u p l e  o u t p u t  of 982OC (18COOF) tiro o h s ~ r v e r s  a t  
two d i f f e r e n t  times o b t a i n e d  t h e  o p t i c a l  p y r o m e t e r  
r e a d i n g  of 954OC ( 1 7 4 g ° F )  w i t h i n  p l u s  o r  m i n u s  2OC ( 3 O F ) .  

I n  o r d e r  t o  i n s u r e  t h a t  t h e  t e m p e r a t u r e  w a s  u n i f o r m  
ac ross  t h e  t e s t  s e c t i o n  o f  t h e  s p e c i m e n  i n  t h e  h u r n e r  
f a c i l i t i e s ,  p h o t o q r a p h s  were t a k e n  of a s p e c i m e n  a l o n g  t h e  
h u r n e r  a x i s  i n  t h e  h o t  c o n d i t i o n  u s i n g  i n f r a r e d  s e n s i t i v e  
f i l m ,  T h e  d e n s i t y  o f  t h e  i m a g a  o n  t h e  f i l m  is p r o p o r t i o n 3 1  
t o  t h e  t e m p e r a t u r e .  P r o c e s s i n q  t h e  d e v e l o p e d  f i l m  t h r o u g h  
a n  o p t i c a l  d e n s i t o m e t e r  s h o w e d  t h e  i s o t h e r m s  o v e r  t h e  
s u r f a c e  o f  t h e  s p e c i m e n  t o  be u n i f o r m  ac ross  t h e  t e s t  
s e c t i o n .  

R e d u c t i o n  of Area a n d  P r e s s u r e  Y e a s u r ~ m e n t s  

T h e  r u p t u r e  r e d u c t i o n  o f  a r e a  was d e t e r m i n e d  f o r  
s t r e s s - . r u p t u r e  tes ts  from t h e  f o l l o w i n g  e x p r e s s i o n :  

w h e r e  di is the i n i t i a l  d i a m e t e r  a n d  df i s  t h e  f i n a l  
d i a m e t e r ,  T h r e e  i n i t i a l  d i a m e t e r  m e a s u r e r a s n t s  ( 1 2 0  degrees 
a p a r t )  were t a k e n  u s i n g  a a i q i t a l  micrometer b e f o r e  t es t ,  
T h r e e  f i n a l  d i a m e t e r  m e a s u r e m e n t s  ( a l s o  1 2 9  d ~ g r e e s  a p a r t )  
were t a k e n  u s i n q  a t r a v e l i n g  m i c r o s c o p e .  

P r e s s u r e  d i s t r i b u t i o n s  were d e t e r m i n e d  a r o u n d  a s i n g l e  
s p e c i m e n  p l a c e d  i n  t h e  t h r e e  d i f f e r e n t  h u r n e r  s t r e a ~ s  that 
were u s e d  i n  t h i s  i n v e s t i g a t i o n .  D i s t r i b u t i o n s  were 
d e t e r m i n e d  for  t h e  small h u r n e r  u s i n g  b o t h  t h e  r o u n d  a n d  
e l l i p t i c a l  n o z z l e s  a s  well a s  f o r  t h e  l a r g e  burner, T h e  
p r e s s u r e  m e a s u r e m e n t  s p e c i m e n  u a s  f a b r i c a t e d  t y  d r i l l i n g  a 
h o l e  l o n q i t u d i n a l l y  t o  t h e  c e n t e r  o f  t h e  test s e c t i o n  t o  
meet a n o t h e r  h o l e  w h i c h  was d r i l l e d  a l o n g  a r a d i u s  a t  t h e  
c e n t e r  of t h e  test  s e c " t o n ,  T h e  e n d  of t h e  c a l i b r a t i o n  
s p e c i m e n  was f i t t e d  w i t h  a t u b e  l e a d i n g  t o  a p r e s s u r e  g a g e  
a n d  t h e  s p e c i m e n  w a s  m o l i n t e d  i n  t h e  f a c i l i t y *  T h e  s p e c i m e n  
was r o t a t e d  t o  h a v e  t h e  r a d i a l  h o l e  a x i s  f o r m  different 



a n g l e s  ( n o m i n a l l y  f i f t e e n  d e g r e e  i n c r e m e n t s )  w i t h  t h e  b u r n e r  
stream, T h e  h u r n e r  were s t a r t e d  a n d  s h u t  down a f t e r  e a c h  
r e p o s i t i o n i n g  o f  t h e  p r s s s u r e  c a l i b r a t i o n  s p e c i m e n ,  

RESULTS A N D  DTSCDSSION 

S t r e s s - R u p t  u r e  L i f e  

T h e  times t o  f a i l u r e  f o r  t h e  s t r e s s - r u p t u r e  t e s t s  of 
U d i m e t  700 a n d  Far-M 5 5 3  u s i n g  the d i f f e r e n t  h e a t i n g  m e t h o d s  
a r e  l i s t e d  i n  t a b l e  TI a n d  p l o t t e d  i n  f i g u r e  q .  P i q u r e  5 ( a )  
s h o w s  t h e  m e a s u r e d  s t r e s s - r u p t u r e  l i v e s  w h i l e  f i g u r e  5 ( b )  
s h o w s  t h e  l i v e s  c h t a i n e d  u s i n q  t h e  d i f f e r e n t  h e a t i n g  m e t h o d s  
n o r m a l i z e d  w i t h  r e s p e c t  t o  t h e  r a a i a n t  h e a t e d  tes t  r 3 s u l t . s .  
As s h o w n  i n  f i g u r e  5, r e p r o d u c i b i l i t y  a s  i n d i c a t e d  b y  t h e  
d u p l i c a t e  tests was  g e n e r a l l y  g o o d ,  

F i q u r e  5 s h o w s  t h a t  t h e  r a d i a n t  h e a t i n g  m e t h o d  a l w a y s  
g a v e  t h e  l o n q e s t  s t r e s s - r u p t u r e  l i f e  c o m p a r e d  t o  t h e  o t h e r  
i n v e s t i q a t e d  h e a t i n g  m e t h o d s ,  F i q u r e  5(b) a l s o  s h o w s  t h a t  
r e s i s t a n c e  h e a t i n g  a l w a y s  g a v e  a b o u t  20-30 p e r c e n t  of t h e  
l i f e  o b t a i n e d  u s i n q  r a d i a n t  h e a t i n g .  T h i s  was t r u e  f o r  h 9 t h  
a l l o y s  a t  t h e  t e m p e r a t u r e s  i n v e s t i q a t e d ,  T h e s e  r e s u l t s  
a g r e e  w i t h  t h e  r e s u l t s  of r e f e r e n c e  2, T h e  l i m i t e d  b u r n e r  
h e a t i n g  d a t a  f o r  U d i m e t  700 s h o w e d  a h o u t  59 p e r c e n t  o f  t h ?  
s t r e s s - r u p t u r e  l i f e  o b t a i n e d  u s i n q  r a d i a n t  b e a t i n g ,  we 
b e l i e v e  a s m a l l  p a r t  o f  + h e  r e d u c t i o n  i n  l i f e  d u e  t o  b u r n e r  
h e a t i n g  c a n  b e  a t t r i b u t e d  t o  s l i g h t  f l u c t . t ~ a t . i o n s  i n  
t e m p e r a t u r e  a c r o s s  t h e  t e s t  s e c t i o n  c a u s e d  by t h t .  b u r n n r  
d u r i n g  t h e  a p p r o x i m a t e l y  40-50 h o u r s  of c o n t i n u o u s  t e s t i n q .  
T h e s e  t e m p e r a t u r e  f l u c t u a t i o n s  c a n  i n d u c e  smal l  t h e r m a l  
stressss i n  t h e  tes t  s p e c i m e n  w h i c h  c o u l d  l e a d  t o  e a r l i e r  
f a i l u r e .  

The s t r s s s - r u p t u r e  l i v e s  o b t a i n e d  u s i n q  t h e  c o n b i n a t i o n  
of r e s i s t a n c e  h ~ a t i n g  a n d  t h e  s p a 1 1  b u r n e r  m u s t  also he 
c o n s i d e r e d ,  n o t i n g  t h a t  t h e  s p e c i m e n  t e m p e r a t u r e  v a r i e d  more 
t h a n  w o u l d  b e  e x p e c t e d  w i t h  r e s i s t a n c e  h e a t i n g  a l o n e .  I t  i s  
s e e n  t h a t  t h e  l i v e s  o b t a i n e d  u s i n g  t h e  c o m b i n a t i o n  o f  
r e s i s t a n c e  a n d  e l l i p t i c a l  n o z z l e  b u r n e r  h e a t i n g  a p p r o a c h  t h e  
l i v e s  t h a t  were d e t e r m i n e d  u s i n g  r e s i s t a n c e  h e a t i n g  a l o n e .  
L i v e s  o b t a i n e d  u s i n g  r e s i s t a n c e  h e a t i n g  t o q e t h s r  w i t h  t h e  
r o u n d  n o z z l e  b u r n e r  h e a t i n g  a p p r o x i m a t e  t h e  50 p e r c e n t  
r e d u c t i o n  i n  l i v e s  o b t a i n e d  u s i n g  l a r g e  b a r n e r  h e a t i n g  
a l o n e .  

T h e  d i f f e r e n c e  i n  s t r e s s - r u p t u r e  l i v e s  e x p e r i e n c ~ d  
u s i n g  r e s i s t a n c e  h e a t i n g  o n l y  a s  c o m p a r e d  t o  t h e  c o m b i n a t i o n  
o f  t h e  sma l l  b u r n e r  w i t h  t h e  r o u n d  o r  e l l i p t i c a l  n o z z l e s  a n d  
r e s i s t a n c e  h e a t i n q  c a n  b e  e x p l a i n e d  by  r e f e r r i n g  t o  f i q u r e  



6. T h i s  f i g u r e  s h o w s  t h e  p r e s s u r e  d i s t r i b u t i o n  a r o u n d  a 
s p e c i m e n  l o c a t e d  i n  t h e s e  t h r e e  d i f f e r e n t  b u r n e r  g a s  
streams, P r e s s u r e  d i s t r i b u t i o n s  u e r e  t a k e n  a r o u n d  t h e  
s p e c i m e n  t o  d e t e r m i n e  t h e  n o z z l e  c h a r a c t e r i s t i c s  a n d  t o  
i n s u r e  a n  a c c u r a t e  m e a s u r e m e n t  o f  t h e  p r e s s u r e  a t  t h e  
s t a g n a t i o n  p o i n t  ( g o  a n g l e  b e t w e e n  t h e  b u r n e r  stream a n d  
s e n s i n g  h o l e  a x e s ) ,  N o t e  i n  f i q u r e  6 t h e  s i a i l a r i t y  of t h o  
d i s t r i b u t i o n s  f o r  t h e  smal l  h u r n e r  w i t h  t h e  r o u n d  n ~ z z l e  a n d  
t h e  l a r g e  b u r n e r .  Also, n o t e  t h a t  t h e  d e s i g n  of t h e  
e l l i p t i c a l  n o z z l e  was s u c h  t h a t  t h e  r e s u l t a n t  s t a g n a t i o n  
p r e s s u r e  was o n l y  h a l f  t h a t  o b t a i n e d  w i t h  t h e  r o u n d  n o z z l e  
a l t h o u g h  t h e  b u r n e r  p r e s s u r e  i n  b o t h  c a s e s  was i d e n t i c a l ,  
T h e  lower t h e  s t a g n a t i o ?  p r e s s u r e ,  t h e  g r e a t e r  was t'ne 
c o n t r i b u t i o n  o f  r e s i s t a n c e  h e a t i n g  i n  o b t a i n i n q  a g i v e n  
t e m p e r a t u r e  ( z e r o  p r e s s u r e  w o u l d  mean  r e s i s t a n c e  h e n  t i n g  
a l o n e ) ,  T h e  h i g h e r  t h e  s t a g n a t i o n  p r e s s u r e ,  t h e  g r q a t e r  was 
t h e  c o n t r i b u t i o n  o f  t h e  b u r n e r  h e a t i n q  t o  o b t a i n  a g i v e n  
t e m p e r a t u r e .  S i n c e  t h a  c o m b i n a t i o n  of r e s i s t a n c e  h e a t i n q  
w i t h  t h e  e l l i p t i c a l  n o z z l e  b u r n e r  r e s u l t e d  i n  a low 
s t a g n a t i o n  p r e s s u r e  ( a n d ,  h e n c e ,  low g a s  stream v e l o c i t i e s ) ,  
i t  w o u l d  h e  e x p e c t e d  t h a t  t h e  r e s i s t a n c e  h e a t i n g  
c o n t r i b u t i o n  p r e d o m i n a t . e d  a n d  t h a t  t h e  tes t  l i v e s  wo:114 
a p p r o a c h  t h e  v e r y  low l i v e s  o b t a i n e d  b y  resistance h e a t i n q  
a l o n e .  T h i s  was i n d e e d  the case. F o r  t h e  c o m 3 i n a t i a n  o f  
r e s i s t a n c e  h e a t i n g  w i t h  t h e  r o u n d  n o z z l e  b u r n e r ,  t h 2  
s t a g n a t i o n  p r e s s u r e  was h i q h .  T h i s  q a v e  h i g h  uas str-earn 
v e l o c i t i e s  s u g g e s t i n g  t h a t  t h e  r e s i s t a n c e  h e a t i n g  
c o n t r i b u t i o n  was a s e c o r i d a r v  effect .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  s i d e  p r e s s u r e  108t-I' iZcT on 
t h e  s p e c i m e n s  ( f i q ,  6 )  c a u s e d  b y  t h e  g a s  p r e s s u r e  was 
n e g l i g i b l e  i n  c o m p a r i s o n  t o  t h e  a p p l i e d  a x i a l  1 o a d i . n q .  The 
worst c a s e  o c c u r r e d  d u r i n g  tests w i t h  t h e  l a r g s  b u r n e r  w h e r e  
a q a s  p r e s s u r e  less t h a n  3.11 M!J/m* ( 1 6  p s i )  was m e a s u r e d  
w h i l e  t h e  a x i a l  stress a p p l i e d  t o  t h e  s p e c i m e n  was 34  MN/niz 
(5000  p s i ) ,  

T h e  9 8 2 O C  (19000F) i n t e r r c p t e d  a n d  w i t b o u t  s e r v o  
t e m p e r a t u r e  c o n t r o l  t e s t s  u s i n q  t h e  c o m b i n a t i o n  o f  
r e s i s t a n c e  a n d  e l l i p t i c a l  n o z z l e  b u r n e r  h e a t l n g  were n o t  
r i g o r o u s l y  c o n t r o l l e d  t e s t s .  T h e r e f o r e ,  o n l y  t h e  r a t i o  of 
t h e  l i v e s  o b t a i n e d  i n  t h e s e  tssts t o  t h o s e  o b t a i n e d  u s i n q  
r a d i a n t  h e a t i n g  is g i v e n  i n  t a b l e  IV. T h e  t e n  a l l o y s  
s t u d i e d  w h i c h  i n c l u d e d  f J d i m e t  703 a n d  Mar-M 5Q9, q a v r  l i f e  
r a t i o s  b e t w e e n  19-30 p e r c e n t -  S p e c i f  i c a l l p ,  b o t h  w r o u g h t  
U d i m e t  70Q a n d  Mar-M 539 h a d  life r a t i o s  of 30 a n d  2 5  
p e r c e n t  r e s p e c t i v e l y .  T h i s  c o m p a r e s  t o  r a t i o s  of a h o u t  27 
a n d  2 5  p e r c e n t  i n  t h e  s e r v o  t e m p e r a t u r e  r i g o r o u s  c o n t r o l l e d  
t e s t s  d e t a i l e d  i n  t a b l e  11. T h e  n o n - r i q o r o u s  t e s t  r e s u l t s  
s h o w  t h a t  life r e d u c t i o n  i n  these l a r g e l y  r e s i s t a n c e  h e a t ? d  
t e s t s  c o m ~ a r e d  t o  r a d i a n t l y  h e a t e d  t es t s  d o e s  n o t  a p p e a r  t c  
b e  a l l o y  d e p e n d e n t ,  



R e d u c t i o n  of Area 

T h e  r u p t u r e  r e d u c t i o n  of area for a l l  s t r e s s - r u p t u r e  
t e s t s  u s i n g  t h e  d i f f e r e n t  h e a t i n g  m e t h o d s  a r e  f i s t e d  i n  
t a b l e  I1 a n d  p l o t t e d  i n  f i g u r e  7, F i q u r e  7 ( a )  c o m p a r e s  t h e  
a c t u a l  m e a s u r e d  r u p t u r e  r e d u c t i o n  of a r e a s  w h i l e  ' f  i q u r e  7 ( b )  
c o m p a r e s  t h e  r u p t u r e  r e d u c t  i o n  of a r e a s  n o r m a l i z e d  wi+h 
r e s p e c t  t o  t h e  r a d i a n t  h e a t e d  t es t s .  A s  shown i n  f i q u r e  7 ,  
t h e  d e g r e e  o f  r e p r o d u c i h i l i t y  i n d i c a t e d  b y  the d u p l i c a t e  
t e s t s  was  q e n e r a l l y  good ,  

F i g u r e  7(h) s h o w s  t h a t  f o r  Ud ime t  7 0 0  a t  t h e  t h r e e  
t e m p e r a t u r e s  i n v e s t i g a t e d ,  r a d i a n t  h e a t i n g  a l w a y s  g a v a  th;! 
l a r g e s t  r u p t u r e  r e d u c t i o n  o f  area,  In t h e  case o f  
Mar-M 509, h o w e v e r ,  r a d i a n t  h e a t i n g  d i d  n o t  g i v e  t h e  highest 
v a l u e s  o f  r u p t u r e  r e d u c t i o n  o f  a r e a .  F o r  U d i m e t  7 0 0  a t  each 
o f  t h e  t e m p e r a t u r e s  i n v q s t i g a t e d ,  t h e  r u p t u r 2  r e d u c t i o n  o f  
a r e a  d e c r e a s e d  i n  t h e  s a m e  r e l a t i v e  o r d e r  a s  d i d  t h e  r u p t l l r e  
l i v e s  f o r  t h e  v a r i o u s  h e a t i n g  m e t h o d s  w i t h  t w o  
e x c e p t i o n s - - r e s i s t a n c e  w i t h  r o u n d  n o z z l e  h u r n e r  h z a t i n q  a t  
b o t h  927OC (1700°F)  and 982°C (18COQF) ,  I n  c o m p 3 r i ~ g  th;! 
r e s i s t a n c e  a n d  r a d i a n t  h e a t e d  tests, t h e  l o w e r  r u p t u r e  
r e d u c t i o n  o f  a r e a s  f o r  t h e  r e s i s t a n c e  h s a t e d  tes ts  c o n f i r m s  
t h e  r e s u l t s  o b s e r v e d  i n  r e f e r e n c e  1 w h e r e  l o w e r  r u p t u r ~  
e l o n g a t i o n s  were n o t e d  f o r  resistacce h e a t i n g  a . s  c o m p a r e d  t o  
r a d i a n t  h e a t i n g .  

R e f e r r i n g  a g a i n  t o  t h e  U d i m e t  700 r e s u l t s  a t  a l l  three 
t e s t  t e m p e r a t u r e s  ( f i g u r e  7 ( h ) )  i t  i s  n o t e d  t h a t  t h e  r a t i o  
of r u p t u r e  r e d u c t i o n  of  a r e a s  cf t h e  r e s i s t a n c e  t o  r a d i a n t  
h e a t e d  s p e c i n e n s  w a s  a b o u t  0 .3-0-8 w h i l e  figure 5(h) showe?  
the  s t r e s s - r u p t u r e  l i f e  r a t i o s  were a b o u t  0 , 2 5 - 0 - 3 .  T h i s  
i n d i c a t e d  t h a t  r e s i s t a n c e  h e a t i n g  g a v e  a  h i g h e r  a v e r a q e  
c r e e p  r a t e  t h a n  t h a t  w h i c h  was o b t a i n e d  wi+.h r a d i a n t  
h e a t i n g ,  S i m i l a r  r e s u l t s  were o b t a i n e d  w i t h  b u r n e r  h e a t i n g .  

M e t a l l c g r a p h y  

An e x a m i n a t i o n  was a l s o  p e r f o r m e d  t o  d e t e r m i n e  i f  
m e t a l l u r g i c a l  f e a t u r e s  c o u l d  b e  f o u n d  t o  f u r t h e r  a c c o u n t  f o r  
t h e  d i f f e r e n c e s  i n  s t r e s s - r u p t u r e  l i v e s  m e a s u r e d  b y  t h e  
d i f f e r e n t  h e a t i n q  m e t h o d s ,  T h r e e  Udirnet  700 s p e c i m e n s  each  
t e s t e d  t o  f a i l u r e  a t  982OC (18300F)  u s i n g  a d i f f e r e n t  
h e a t i n g  m e t h o d - - r a d i a n t ,  r e s i s t a n c e ,  o r  l a r q e  h u r n 5 r  were 
e x a m i n e d ,  A f t e r  f a i l u r e  b u t  b e f o r e  s e c t i o n i n g ,  e a c h  
s p e c i m e n  was e l e c t r o d e u o s i t e d  w i t h  c o p p e r  so  t h a t  ~ d q s s  
c o u l d  h e  p r e s e r v e d  i n  the s e c t i o n i n g  p r o c e s s ,  U s i n g  
c o n v e n t i o n a l  p r a c t i c e ,  t h e  specimens were t h e n  m o u n t e d ,  



s e c t i o n e d ,  p o l i s h e d  a n d  e t c h e d  b e f o r e  e x a m i n a t i o n .  T h e  
e t c h a n t  u s e d  was 3 3  p a r t s  n i t r i c  a c i d ,  3 3  p a r t s  a c s t i c  a c i d ,  
3 3  p a r t s  water, a n d  1 p a r t  h y d r o f l u o r i c  acid,  

F i g u r e  8 s h o w s  a p h o t o m a c r o g r a p h  a n d  p h o t o m i c r o g r a p h s  
a t  10X a n d  1 5 0 X  o f  eac6 of t h e  t h r e e  U d i m e t  700  s p e c i m e n s ,  
T h e  r e s i s t a n c e  h e a t e d  s p e c i m e n  h a d  m o r e  v o i d s  a l o n q  t h e  
s p e c i m e n  l e n g t h  t h a n  t h e  o t h e r  t w o  h e c a u s e  t h e  t e m p e r a t a r s  
was m a i n t a i n e d  o v e r  a  g r e a t e r  p o r t i o n  of t h e  s p e c i n e r t .  No 
l o c a l  m e l t i n g  was o b s e r v e d  o n  the f r a c t u r e  s u r f a c e  of t h e  
r e s i s t a n c e  h e a t e d  s p e c i m e n .  S u c h  m e l t i n g  m i g h t  h a v e  h a e n  
e x p e c t e d  u n d e r  c o n d i t i o n s  of  r e s i s t a n c e  h e a t i n q ,  Vo 
m e t a l l u r g i c a l  f e a t u r e s  were found, h o w e v e r ,  t o  explain t h e  
d e t r i m e n t a l  e f f e c t  o f  r e s i s t a n c e  a s  c o m p a r e d  t o  r a d i a n t  
h e a t i n g .  

O t h e r  I n v e s t i g a t o r s  F i n d i n g s  

R e s u l t s  o f  o t h e r  i n v e s t i g a t o r s  p e r t i n e n t  t o  t h i s  
i n v e s t i g a t i o n  a r e  g i v e n  i n  r e f e r e n c e s  1 t h r u  9. Soinn 
d e t a i l s  cf t h e  r e s e a r c h  o f  t h e s e  o t h e r  i n v e s t i q a t o r s  a s  we11 
a s  how t h e i r  r e s u l t s  c o m p a r e  t o  t h o s e  o b t a i n e d  i n  t h i s  s t l i i l y  
a r e  e x a m i n e d  i n  t h i s  s e c t i o n ,  

T h e  i n v e s t i g a t i o n  o f  r e f e r e n c e  1 was d r r e c t e d  towar3 
p r o v i d i n g  s p e c i f i c  d a t a  o n  c e r t a i n  i a u n c h  v e h i c l e  m a t e r i a l s  
t h a t  m i g h t  be s u h j e c t . e d  t o  r a p i d  h e a t i n q  w h i l e  u n d e r  
s u s t a i n e d  l o a d i n g  for r e l a t i v e l y  short p e r i o d s  of time. A 
c o m p a r i s o n  of r a d i a n t  a n d  r e s i s t a n c e  h e a t i n g  s h o w e d  no 
e f f e c t  o n  s t r ~ s s - r u p t u r e  l i f e  of t h e  T i - 5 A l - 5 Z r - S S n  a l l o y  
h e t u e e n  t e m p e r a t u r e s  o f  64g°C (12000F) a n d  871°C (16r?n°F). 
H o w e v e r ,  the test t imes were v e r y  s h o r t ,  i n  f a c t ,  o n l y  t h r e e  
r a d i a n t  h e a t e d  t e s t s  e x c e e d e d  s i x  m i n u t e s  w i t h  t h e  maxiqum 
time b e i n g  17 m i n u t e s ,  I t  i s  f e l t  t h a t  b e c a u s e  o f  t h e s e  
s h o r t  t e s t  times, a f u l l y  r e a l i s t i c  c o m p a r i s o n  of t h e  e f f e c t  
of r e s i s t a n c e  a n d  r a d l a  n t  h e a t i n q  o n  s t r e s s - r u p t u r e  
p r o p e r t i e s  was n o t  o b t a i n e d ,  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
f o r  t h e  t e s t s  o f  r e f e r e n c e  1 ,  t h e  r e s i s t a n c e  h e a t e d  
s p e c i m e n s  a l w a y s  h a d  e l o n g a t i o n s  80-85 p e r c e n t  of those  t h a t  
were r a d i a n t  h e a t e d .  T h i s  c o r r e s p o n d s  t o  the r e d u c t i o n  of 
a rea  f i n d i n g s  n o t e d  i n  t h i s  s t u d y  f o r  Ud imet  700. 

T h e  i n v e s t i g a t i o n  o f  r e f e r e n c e  2 was c o n d u c t e 4  t o  
determine t h e  e f f e c t  of r e s i s t a n c e  h e a t i n g  v e r s u s  r a d i a n t .  
h e a t i n g  o n  t h e  s t r e s s - r u p t u r e  p r o p e r t i e s  o f  coa t ed  c o l u m b i u ~  
a l l o y  C-103, T h e  d a t a  r e v e a l e d  t h a t  t h e  a l l o y  tested u n d e r  
r a d i a n t  h e a t i n g  h a d  a s t r e s s - r u p t u r e  l i f e  a p p r o x i m a t e l y  z i x  
t i n e s  q r e a t e r  t h a n  when tested u s i n g  r e s i s t a n c e  h e a t i ~ g  a t  
i d e n t i c a l  stress (962 nN/m* (9  k s i ) )  a n d  t e m p e r a t u r e  {1316nc 
(24000F) ) c o n d i t i o n s .  R e s i s t a n c e  h e a t e d  s p e c i m e n s  h a d  l i v ? s  
t h a t  a v e r a g e d  2 9  m i n u t e s  c o m p a r e d  t o  a n  a v e r a g e  o f  175  



m i n u t e s ' f o r  r a d i a n t  h e a t e d  s p e c i m e n s .  T h e  a u t h o r s  o f  
r e f e r e n c e  2 s p e c u l a t e  t h a t  t h e  r e d u c e d  life u s i n g  r e s i s t a n c e  
h e a t i n g  was m o s t  l i k e l y  d u e  t o  t h e  i n t e r n a l  t e a p e r a t u r e  o f  
t h e  r e s i s t a n c e  h e a t e d  s p e c i m e n s  b e i n g  h i g h e r  t h a n  t h a t  of 
t h e  r a d i a n t  h e a t e d  s p e c i m e n s ,  O n l y  s u r f a c e  t e n p e r a t u r a  
m e a s u r e m e n t s  were p e r f o r m e d  i n  t h a t  s t u d y  u s i n g  a n  o p t i c a l  
p y r o m e t e r ,  A s  was p o i n t e d  o u t  i n  s t e p  5 of t h e  Load  an3 
T e m p e r a t u r e  C a l i b r a t i o n  s e c t i o n  o f  t h e  p r e s e n t  s t u d y ,  the 
i n t e r n a l  s p e c i m e n  t e m p r a t u r e s  a g r e e  with s u r f a c e  
t e m p e r a t u r e s  w i t h i n  p l u s  o r  m i n u s  Z°C (3OF). T h i s  s u g g e s t s  
t h a t  t h e  r e d u c e d  l i f e  o f  t h e  r e s i s t a n c e  h e a t e d  s p e c i m 9 n s  
o b s e r v e d  i n  r e f e r e n c e  .2 may n o t  be d u e  t o  h i g h e r  
tem p e r a t u r e s .  

T r a n s l a t i o n s  o f  a s e r i e s  o f  R u s s i a n  r e p o r t s  ( r e f e r e n c e s  
3-9) g i v e  r e s u l t s  f o r  s t r e s s - r u p t u r e  l i f e  d e t e r m i n e d  by two 
h e a t i n g  m e t h o d s - - c o n v e n t i o n a l  r a d i a n t  h e a t i n g  a n d  t h e  
c o m b i n a t i o n  o f  r e s i s t a n c e  h e a t i n g  w i t h  a s u p e r i m p o s e d  h i a h  
s p e e d  c o l d  a i r  f low.  T h e  S u s s i a n  r e s u l t s  s h o w e d  t h a t  l i v e s  
o b t a i n e d  u s i n g  t h e  c o m b i n a t i o n  o f  r e s i s t a n c e  h e a t i n g  w i t h  a  
h i q h  s p e e d  a i r  flow (Mach 1 . 6 )  were 1/5 t o  1/13 of t h a  l i v e s  
o b t a i n e d  u s i n g  r a d i a n t  h e a t i n g .  The  R u s s i a n  i n v e s t i q a t o r s  
a t t r i b u t e d  t h e s e  r e d u c e d  l i v e s  p r i m a r i l y  t o  t h e  
c o r r o s i o n - e r o s i o n  e f f e c t s  d u e  t o  t h e  h i g h  s p e e d  a i r  f l c w  
w i t h  s e c c n d a r y  c o n t r i b u t i n g  e f f e c t s  due  t o  v i b r a t i o n s  of  t h e  
t h i n  (0.2 cm (0.08 i n . ) )  s h e e t  s p e c i m e n s  u s ~ d  i n  t h e i r  
tests ,  T h e  r e s u l t s  of t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  
r e s i s t a n c e  h e a t i n g  i s  t h e  p r e d o m i n a n t  c a u s e  f o r  t h e  lower 
s t r e s s - r u p t u r e  l i f e  w i t h  s t a n d a r d  size s p e c i m e c s .  B e c a u s e  
o f  t h e  t h i n  s p e c i m e n s  used by t h e  R u s s i a n  i n v e s t i g a t o r s ,  
c o r r o s i o n - e r o s i o n  a n d  v i b r a t i o n s  may i n d e e d  h a v e  p l a y e d  a n  
i m p o r t a n t  r o l e  i n  t h e i r  t e s t s .  

C D N C L U n I N G  SEMARKS 

Results of t h i s  a s  well a s  o t h e r  i n v e s t i q a t i o n s  ( ref .  
1-9)  show t h a t  i n  s e l e c t i n g  c o n d i t i o n s  t o  p e r f o r m  a 
l a b o r a t o r y  t e s t  p r o g r a m  o r  i n  u s i n g  h a n d b o o k  d a t a  for 
c e r t a i n  a p p l i c a t i o n s ,  the effect o f  h e a t i n g  me thod  o n  
i n t e r m e d i a t e  time s t r e s s - r u p t u r e  p r o p e r t i e s  s h o u l d  b e  
c o n s i d e r e d ,  I t  c a n n o t  h e  c o n c l u s i v e l y  s t a t e d  why t h e r e  i s  a 
d e t r i m e n t a l  e f fect  o n  s t r e s s - r u p t u r e  p r o p e r t i e s  when 
r e s i s t a n c e  hea  t . i nq  i s  u s e d  i n s t e a d  o f  r a d i a n t  h e a t j  ng. 
However ,  it does a p p e a r  t h a t  r e s i s t a n c e  h e a t i n g  i n t r o d u c e s  
a n  u n d e s i r a b l e  v a r i a b l e  i n t o  t h e  t e s t i n g  p r o c e d u r e ,  I t  i s  
recommended  t h a t  a good e x p e r i ~ e n t a l  p r a c t i c e  wou ld  b e  t o  
a v o i d  t h i s  w h e r e v e r  p o s s i b l e .  

I t  s h o u l d  a l s o  b e  p o i n t e d  o u t  t h a t  u s e  o f  
s t r e s s - r u p t u r u  d a t a  o b t a i n e d  by r a d i a n t  h e a t i n g  f o r  an 
a p p l i c a t i o n  t h a t  i n  v o l v e s  b u r n e r  h e a t i n g  i s  p r o b a b l y  



n o n - c o n s e r v a t i v e ,  T h e  b u r n e r  f l u c t u a t i o n s  r e s u l t  i n  
t e m p e r a t u r e  v a r i a t i o n s - a c r o s s  t h e  s p e c i m e n  t e s t  s e c t i o n  
w h i c h  would  a d d  t h e r m a l  stresses t h a t  d o  n o t  o c c u r  tinder t h e  
more  u n i f o r m  r a d i a n t  h e a t e d  c o n d i t i o n s ,  

S U H M W R Y  OY RESULTS 

T h e  e f f e c t  o f  h e a t i n g  me thod  on  t h e  s t r e s s - r u p t u r e  
p r o p e r t i e s  of a l l o y s  was e v a l u a t e d .  T h e  e f f e c t s  o f  r a d i a n t  
( f u r n a c e )  , r e s i s t a n c e  ( e l e c t r i c  c u r r e n t ) ,  a n d  a  c o m b i n a t i o n  
o f  r e s i s t a n c e  a n d  b u r n e r  ( h o t  qas stream) h e a t i n g  wnro  
s t u d i e d  a t  9270C ( 1 7 0 0 ° F ) ,  982OC (1800°F)  a n d  103RQC 
(1900°F)  f o r  Ud ime t  7 0 0  a n d  a t  982OC (1800°P)  f o r  I'lar-M: 539, 
A l s o  a t  982OC ( 1 8 0 0 Q F ) ,  t h e  effect o f  u s i n g  b u r n e r  h e a t i n q  
o n l y  f o r  U d i m e t  700  was e v a l u a t e d .  Some n o n - r i q o r o u s  t es t s  
( i n t e r r u p t e d  a n d  w i t h o u t  s e r v o  t e m p e r a t u r e  c o n t r o l )  u s i n g  
t h e  c o m b i n a t i o n  o f  r e s i s t a n c e  a n d  b u r n e r  h e a t i n g  f o r  t h e  
a b o v e  two a l l o y s  a s  well a s  e i g h t  o t h e r  alloys were 
c o n d u c t e d .  U s i n g  t h e  s t r e s s - r u p t u r e  p r o p e r t i e s  determined 
f r o m  r a d i s n t  h e a t i n g  a s  t h e  b a s e l i n e  f o r  c o m p a r i s o n  
p u r p o s e s ,  t h e  m a j o r  rs.sults a re  a s  f o l l o w s :  

1, R e s i s t a n c e  h e a t i n g  r e s u l t e d  i n  o n l y  a h o u t  20-30 p e r c e n t  
o f  t h e  s t r e s s - r u p t u r e  life t h a t  was o b s e r v e d  i n  t h e  base l ice  
r a d i a n t  h e a t e d  t e s t s  f o r  b o t h  U d i m e t  7 0 0  a n d  Var-Y 509. 

2, T h e  l i m i t e d  b u r n e r  h e a t i n g  d a t a  showed  a 5 0  p e r c e n t  l i f e  
r e d u c t i o n  a s  c o m p a r e d  t o  the r a d i a n t  h e a t e d  s - t r e s s - r u p t u r e  
d a t a .  P a r t  o f  t h i s  r e d u c t i o n  is a t t r i b u t e d  t o  t h e  b u r n e r  
t e m p e r a t u r e  f l u c t u a t i o n s  a s  c o m p a r e d  t.o t h e  mcre u n i f o r a  
f u r n a c e  t e m p e r a t u r e  c o n d i t i o n s .  

3, T h e  r a d i a n t  h e a t i n g  m e t h o d  a l w a y s  g a v e  t h e  l o n g e s t  
s t r e s s - r u p t u r e  l i v e s  o f  a l l  t h e  h e a t i n g  m e t h o 4 s  i n v e s t i q 3 t ~ d  
f o r  b o t h  U d i m e t  700  a n d  Har-M 5 0 9 ,  T h e  n o n - r i g o r o u s  t e s t s  
( i n t e r r u p t e d  a n d  w i t h o u t  s e r v o  t e m p e r a t u r e  c o n t r o l ) ,  w i t h  
t e n  s u p e r a l l o y s  t e n d  t o  c o n f i r n  t h a t  t h e  h e a t i n g  e f f e c t s  on 
s t r e s s - r u p t u r e  l i f e  a s ;  n o t  a l l o y  d e p e n d e n t .  

4. F o r  Ud ime t  700 a t  a l l  t h r e e  t e m p e r a t u r e s  t h e  r u p t u r e  
r e d u c t i o n  o f  a rea  o b t a i n e d  froill  t h e  r e s i s t a n c e  h e a t e d  t e s t s  
was a b o u t  0.7-0-8 t h a t  o b t a i n e l l  from t h e  r a d i a n t  h e a t e 3  
tests ,  T h e  l i f e  r a t i o  w a s  0 - 2 0 - 0 - 2 5 ,  T h i s  i n d i c a t e s  t h a t  
r e s i s t a n c e  h e a t i n g  g a v e  a  h i g h e r  a v e r a g e  c r e e p  r a t e  t h a n  
t h a t  o h t a i n e d  w i t h  r a d i a n t  h e a t i n g ,  

5, No m e t a l l u r g i c a l  f e a t u r e s  were found t o  e x p l a i n  t h e  
d e t r i m e n t a l  e f fec t  o f  r e s i s t a n c e  h e a t i n q  a s  c o m p a r e d  t o  
r a d i a n t  h e a t i n g *  
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TABLE I. - COMPOSITION O F  ALLOYS 

TABLE U. - COMPARISON OF STRESS-RUPTURE RESULTS OBTAINED BY VARIOUS HEATING METHODS 

Alloy 

Udimet 100 b a r  stock 

Mar-M 509 remelt  s tock 

Heat 
number 

8-1995 

T-3006 

Analyzed eompasition, wt. % 

Alloy 

Udimet 700 

t 

Udimet 700 

1 

Udimet 100 

'I 

Mar-M 509 

1 

Percent  

18.3 

15.4 
15.4 
15.0 

13.6 

14. 1 

20. 1 
23.2 
14.4 
15.2 

13.6 

11.6 

15.6 

20.0 
19.4 

38.7 
34, 
23.3 
26. 1 
23.0 

20.2 

26.6 

23.7 
20,6 

28.9 
22.3 

25 .6  

T i  

3.38 

0.19 

C 

0.07 

0.62 

Heating method 

Radiant 
Radiant 
Resistance heat 
Resistance heat 
Small bu rne r  and 

resistance heat 
Small  burner and 

resistance heal 
Small  bu rne r  and 

resistance heat 

Radiant 
Radiant 
Resistance heat 
Resistance heat 
Small  bu rne r  and 

resistance heat 
Small  burner and 

resistance heat 
Small  bu rne r  and 

reslstance heat 
La rge  burner 

Radiant 
Radiant 
Resistance heat 
Resistance heat 
Small burner and 

resistance heat 
Small  burner and 

resistance heat 
Small burner and 

resistance heat 

Radiant 
Radiant 

Resistance heal 
Small burner and 

resistance heat 
Small  burner and 

resistance heat 

Temperature 

OC 

921 

982 

7 

1036 

7 

982 

1 

Reduction 

Pe rcen t  of 
average 
radiant 

heat 
reduction 

of a r e a  

102.5 
91, 
66.3 
66.3 
84.0 

16.2 

19.0 

92.8 
1ol,2 
66.5 
70.2 
62.8 

53.6 

12. 1 

92.4 
89.6 

105.3 
94.7 
63.4 
71.0 
62.6 

55.0 

17 .8  

101.0 
93,0 

130.5 
100.1 

115.6 

of a r e a  

Zr 

<0.05 

0.54 

C r  

14.6 

23 .4  

Co 

19.0 

Bal  

Specimen 
number 

U76 
U72 5 
U732 
U143 
U l l l  

U720 

Ul11 

U78 
U123 
U134 
U136 
U116 

U12 1 

U112 

U741 
U144 

U110 
U124 
U737 
U738 
U719 

U722 

U713 

H50 
G50 
X50 
Y50 

250  

Small  bu rne r  
nozzle shape 

Elliptical 

Elliptical 

16 mm (0.63 in. ) diam 

Elliptical 

Elliptical 

16 m m  (0.63 in. 1 diam 

Elliptical 

Elliptical 

16 mm (0.63 in. diam 

Elliptical 

Elliptical 

OF 

1100 

V 

1800 

f 

1900 

1 

1800 

Average of 

Percent  

17.9 

15'4 

14.3 

21.7 

14" 

12.6 

19' 

36.8 

24" 

21.6 

22.2 

24.0 

A1 

4.46 

---- 

Ni 

Bal  

10.0 

Mo 

4.85 

---- 

Mn 

<0.1 

<0.1 

F e  

0.19 

<O. 1 

duplicate t e s t s  

Pe rcen t  of 
average radi-  

ant heat 
reduction 
of a r e a  

100.0 

66.3 

80. 1 

100.0 

68.4 

58. 2 

91.0 

100.0 

67.2 

58.8 

100.0 

108.1 

S 

0.003 

----- 

B 

0.021 

<0.01 

S i  

<O. 1 

<0.1 

Cn 

<0.1 

---- 

W 

---- 

6.95 

S t r e s s  

M N / ~ '  

172 

1 

9 1  

t 

34 

103 

1 

T a  

---- 
3.46 

ks i  

25 

! 

14 

1 

5 

! 

15 

'I 

Stress-rupture 

h r  

113.6 
186.9 
48.6 
39.8 
40.9 

25.0 

67.6 

99.4 
84.4 
24.1 

25.1 
28. 1 

21.0 

41.8 

40.6 
46.3 

309.1 
340.1 

88.6 
86.4 
66.5 

73.1 

160.3 

132.2 
150.6 

30.2 
30.3 

40.5 

Percent  of 
average 
radiant 

heat life 

75. 1 
124.9 
32.1 
26.3 
27.0 

16.5 

44.6 

106.2 
91 .8  
26.9 
28.0 
30.6 

22.9 

52.0 

44.4 
52.6 

95.2 
104.8 
27.2 
26.6 
20.4 

22.7 

49.3 

93.8 
106.8 
21.4 
21.5 

28. 7 

Life 

Average of 

h r  

151'3 

44'2 

33.0 

25 '2 

24. 5 

44.6 

325.2 

70. 1 

141'4 

35.4 

duplicate t e s t s  

Pe rcen t  of 
average radi - 
ant  heat life 

100.0 

29.2 

21.8 

100.0 

26. 7 

48'5 

100.0 

2b" 

21. 6 

100.0 

25. 1 



TABLE III. - CORRECTIONS TO OPTICAL PYROMETER READINGS 

FOR TEMPERATURE MEASUREMENT 

TABLE IV. - STRESS -RUPTURE RESULTS FOR 982' C (1800' F) 

NONRIGOROUS TESTS 

i 

Large 
burner 

982 

1800 

-21 

-38 

-7 

-13 

-28 

-51 

954 

1749 

a ~ n l y  one specimen tested using the combination of resistance and elliptical 
nozzle burner heating. 

Specimen temperature 

Correction for reading through glass 

Correction for emissivity of 0.9 
rather than 1.0 

Total of corrections for reading 
through glass and emissivity 

Optical reading to obtain the 
specimen temperature 

Average of duplicate tests except where noted. 

Small burner 

OC 

OF 

OC 

OF 

OC 

OF 

OC 

OF 

OC 

OF 

Alloy 

Udimet 700 wrought 

Mar -M 3 0 2 ~  

Mar-M 509 

Udimet 700 cast 

Mar-M 200 J 

NX 188 

WI 52 

IN 713ca 

IN 100 directionally solidified 

IN 162 

927 

1700 

-15 

-27 

-6 

-11 

-21 

-38 

906 

1662 

Ratio of stress-rupture lives obtained by the 
combination of resistance and elliptical 
burner heating divided by that obtained 

by radiant heating 

0.30 

0.29 

0.25 

0.22 

0.22 

0.21 

0.20 

0.20 

0.19 

0.19 

982 

1800 

-18 

-33 

-7 

-13 

-25 

-46 

957 

1754 

1038 

1900 

-21 

-38 

-8 

-15 

-29 

-53 

1009 

1847 



Diameter (typ) 

Radius. 0.769 LO. 303) 
Diameter, (O' 25) 0.635 (0.250) 

I 

1 d. 
1.264 diam - 
(0.498) 
t t I I 

I-. 7.62 ref.. 
(3.00) 

(a) Radiant heated specimens. 

(0.5)-13 NC-2 Diameter (typ) 

both ends: Radius, Diameter, 0.769 (0.303) 
lo0  ,' O' " (O' 7 0.635 (0. 250) I I 

Lb) Resistance andlor burner  heated specimens. 

Figure 1. - Geometry of test specimens. (All dimensions i n  cm (in.) unless indicated 
otherwise. 



(a) General view of facility. 

Figure 2 - Facility for stress rupture testing using radiant heating. 

&I) Close-up showing specimen with furnace opened. 

Figure 2 - Concluded. 



(a) General view of facility. 

Figure 3. - Facility for stress rupture testing using either resistance heating or 
resistance with small burner heatins. Specimen is shown undersolns a re- 

(b) Close-up showing the small 16 mm (0.63 in.) diameter burner nozzle. 

Figure 3. - Concluded. 
- .  - - 

sistance heating test. 



(a) General view showing direct loading on the specimen. 

Figure 4. - Facility for stress rupture testing using the large burner for heating. 

(b) Close-up showing radiation shield behind the specimen. 

Figure 4. - Concluded. 



Heating method . 
Radiant 
Resistance 
Resistance + ell iptical nozzle small burner  
Resistance + round nozzle small burner  
Large burner  

0 50 100 150 250 MO 350 

Life, h r  

(a) Measured stress rupture lives. 

Life 
Average radiant heated life at temperature 

(b) Stress rupture lives normalized with respect to the radiant heated tests. 

Figure 5. - Stress rupture  lives of Udimet 700 and MAR M509 as determined by using different heating methods. 



0 10 20 30 40 50 60 
0 (angle between burner  gas flow and hole axes), degrees 

Figure 6. - Pressure distr ibut ion around a specimen located i n  different burner  streams 
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(a) Radiant heating specimen U78 

(b) Resistance heating, specimen U 7 3  

(c) Large burner  heating, specimen U74I. 

Figure 8. - Stress rupture fai lures of Udimet 700at 98Z°C (1800~ F) as determined 
by using three dif ferent heating methods. 
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