
Q f J J   Eur0pea"  Pat6nt  0ffiCe  ©  Publication  number:  0   2 1 8   3 7 9  

Office  europeen  des  brevets A 1  

©  EUROPEAN  PATENT  APPLICATION 

©  Application  number:  86306987.8  @  Int.  CI.4:  C  22  C  1 9 / 0 5  

@  Date  of  filing  :  1  0.09.86 

European  Patent  Office  ©  Publication  number: 
Office  europeen  des  brevets 

(§)  Priority:  12.09.85  AU  2397/85  @  Applicant:  BELL-IHH  PROPRIETARY  LIMITED, 24.09.85  AU  2587/85  32  Paramatta  Road,  Lldcombe  New  South 07.05.86  AU  5792/85  Wales  2141  (AU) 

^  „  ©  Inventor:  Burley,  Noel  Arthur,  28  Somen  Street, ®  Date  of  publication  of  application  :  15.04.87  Mltcham  Victoria  3132  (AU) Bulletin  87/16 

©  Representative  :  Needle,  Jacqueline  et  al,  PAGE,  WHITE 
o,  n  . . .   _  &FARRER  5  Plough  Place  New  Fetter  Lane,  London i$  Designated  Contracting  States  :  DE  FR  GB  IT  EC4A  1  HY  (GB) 

155)  NicKei-oasea  alloys  tor  high  temperature  applications. 

©  A  nickel-based  alloy  containing  by  weight: 
13.5%  to  14.5%  chromium 
1.0%  to  1.5%  silicon 

at  least  one  element  selected  from  the  group  consisting  of 
molybdenum  1  .0  to  5.0% 
tungsten  0.5  to  1.0% 
niobium  1.0  to  3.0% 
tantalum  1  .0  to  2.0% 

optionally  also  containing  up  to  0.5%  magnesium  and/or  up  to 
0.2%  cerium. 

The  alloys  of  the  invention  possess  a  comprehensive  range of  enhanced  properties  at  high  temperatures. 

79 
0  
P» 
M 

3  

L  
II 

UIUHUM  Au 



0 2 1 8 3 7 9  

-  1  -  

NICKEL-  BASED  ALLOYS  FOR  HIGH  TEMPERATURE  APPLICATIONS 

T h i s   i n v e n t i o n   r e l a t e s   to   n i c k e l - b a s e d   a l l o y s   f o r  
5  h i g h - t e m p e r a t u r e   s e r v i c e .  

The  a l l o y s   of  t h e   p r e s e n t   i n v e n t i o n   p o s s e s s   a  
c o m p r e h e n s i v e   r a n g e   of  e n h a n c e d   p r o p e r t i e s   a t   h i g h  
t e m p e r a t u r e s   and  a r e   t h e r e f o r e   s u i t a b l e   f o r   a  wide   v a r i e t y   o f  
a p p l i c a t i o n s   among  w h i c h   may  be  m e n t i o n e d   s t r u c t u r a l  

LO  c o m p o n e n t s   of  s o l i d   fo rm  in  a  v a r i e t y   of  s e c t i o n s   i n c l u d i n g  
t u b u l a r   s e c t i o n s   f o r   f u r n a c e s ,   r e t o r t s   and  o t h e r   h e a t e d  
e n c l o s u r e s   of  many  k i n d s ,   p r o t e c t i v e   s h e a t h i n g   f o r   a  number   o f  
d e v i c e s   i n c l u d i n g   t h e r m o c o u p l e s ,   t h e r m o c o u p l e   c a b l e s ,  
r e s i s t i v e   h e a t i n g   e l e m e n t s ,   h e a t   s e n s i n g   and  h e a t   t r a c i n g  

L5  c a b l e s ,   as  w e l l   as  i g n i t e r   d e v i c e s ,   r o c k e t   n o z z l e s   and  o t h e r  

c o m p o n e n t s   f o r   many  o t h e r   a p p l i c a t i o n s .   A  p a r t i c u l a r  
a p p l i c a t i o n   of  t h e   a l l o y s   of  t h i s   i n v e n t i o n   i s   f o r   t h e  
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s h e a t h i n g   m a t e r i a l   of  m i n e r a l - i n s u l a t e d   m e t a l - s h e a t h e d  

e l e c t r i c a l   c o n d u c t o r   c a b l e   f o r   t h e r m o c o u p l e s   and  o t h e r   d e v i c e s  

i n c l u d i n g   t h e r m o c o u p l e s   w h e r e   t he   s h e a t h   fo rms   one  of  t h e  

t h e r m o e l e m e n t   c o n d u c t o r s   of  t he   t h e r m o c o u p l e .  
5  The  a l l o y s   of  t h i s   i n v e n t i o n   have   i m p r o v e d  

h i g h - t e m p e r a t u r e   p r o p e r t i e s   and  a re   c h a r a c t e r i z e d ,   i n  

p a r t i c u l a r ,   by  p o s s e s s i n g   p r o p e r t i e s   i n c l u d i n g   : -  

( i )   O u t s t a n d i n g   r e s i s t a n c e   to  h i g h - t e m p e r a t u r e  

gas  c o r r o s i o n ,   more  p a r t i c u l a r l y   o x i d a t i o n  

10  r e s i s t a n c e   u n d e r   c o n d i t i o n s   of  b o t h   c o n s t a n t  

t e m p e r a t u r e   and  a l s o   c y c l i n g   t e m p e r a t u r e s   o f  

e i t h e r   a  c o n t i n u o u s   or  i n t e r m i t t e n t   k i n d   a n d  

o v e r   a  wide   r a n g e   of  p a r t i a l   p r e s s u r e s   o f  

o x y g e n ,  
15  ( i i )   h i g h l y   s t a b l e   t h e r m o e l e c t r i c   p r o p e r t i e s   m o r e  

p a r t i c u l a r l y   u l t r a - h i g h   s t a b i l i t y   o f  

t h e r m o e l e c t r o m o t i v e   f o r c e   and  S e e b e c k  

c o e f f i c i e n t   o v e r   a  wide   r a n g e   of  t e m p e r a t u r e s  

and  u n d e r   c o n d i t i o n s   of  b o t h   c o n s t a n t  

20  t e m p e r a t u r e   and  c y c l i n g   t e m p e r a t u r e s   o f  

e i t h e r   a  c o n t i n u o u s   or  i n t e r m i t t e n t   k i n d   a n d  

o v e r   a  wide   r a n g e   of  p a r t i a l   p r e s s u r e s   o f  

o x y g e n   and  w h i c h   p r o p e r t i e s   a r e   s i g n i f i c a n t l y  

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

25  o t h e r   n i c k e l - b a s e   a l l o y s   f o r   h i g h - t e m p e r a t u r e  

a p p l i c a t i o n s ,  

( i i i )   h i g h   v a l u e s   of  t e n s i l e   s t r e n g t h   at  h i g h  

t e m p e r a t u r e s   and  a  h i g h   d e g r e e   of  r e t e n t i o n  

of  t e n s i l e   s t r e n g t h   at   h i g h   t e m p e r a t u r e s ,   a n d  

30  ( i v )   a  h i g h   d e g r e e   of  m e c h a n i c a l   w o r k a b i l i t y   a t  

h i g h   t e m p e r a t u r e s   by  p r o c e s s e s   such   as  h o t  

e x t r u s i o n   and  at  low  t e m p e r a t u r e s   b y  

p r o c e s s e s   such   a  c o l d   d r a w i n g ,   c o l d   s w a g i n g  

and  c o l d   p i l g e r i n g .  

35  The  a l l o y s   of  t h i s   i n v e n t i o n   may  be  u s e d   as  c a s t ,  

and  in  t he   h o t - w o r k e d ,   c o l d - w o r k e d   or  f u l l y   a n n e a l e d  

c o n d i t i o n s .   W h i l e   t h e s e   a l l o y s   have   e x c e l l e n t   p r o p e r t i e s   i n  
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b o t h   t he   c a s t   and  w r o u g h t   c o n d i t i o n s ,   t h e s e   p r o p e r t i e s   can  be  ' 
i m p r o v e d   and  s t a b i l i z e d   by  a n n e a l i n g   t r e a t m e n t s   a t  
t e m p e r a t u r e s   a b o v e   t h e i r   minimum  r e c r y s t a l l i z a t i o n  
t e m p e r a t u r e s .   T h i s   s t a b i l i z a t i o n   a p p l i e s   p a r t i c u l a r l y   t o  

5  t h e i r   t h e r m o e l e c t r i c   p r o p e r t i e s .  
W h i l s t   t h e r e   a r e   s e v e r a l   n i c k e l - b a s e   a l l o y s   w h i c h  

have   some  but   no t   a l l   of  t he   a b o v e m e n t i o n e d   f a v o u r a b l e  
p r o p e r t i e s   t h e r e   a r e   n o n e ,   to   our   k n o w l e d g e ,   t h a t   p o s s e s s   a l l  
t h e s e   p r o p e r t i e s   in  t h e   one  a l l o y .  

10  Tne  mos t   common  a l l o y s   c o n v e n t i o n a l l y   u s e d   f o r   t h e  
p a r t i c u l a r   a p p l i c a t i o n   of  s h e a t h i n g   m a t e r i a l s   o f  
m e t a l - s h e a t h e d   m i n e r a l - i n s u l a t e d   c o n d u c t o r   c a b l e s   a r e   v a r i o u s  
g r a d e s   of  s t a i n l e s s   s t e e l   and  i n c o n e l .   T h e s e   a l l o y s   a r e  
s i g n i f i c a n t l y   d e f i c i e n t   in  one  or  more  of  t h e   p r o p e r t i e s   o f  

L5  w h i c h   t h e   a l l o y s   of  t h e   p r e s e n t   i n v e n t i o n   a r e   p o s s e s s e d   a l l   i n  
e x c e l l e n t   h i g h   m e a s u r e .  

The  p r e s e n t   i n v e n t o r   has   p r o p o s e d   ( A u s t r a l i a n   P e t t y  
P a t e n t   No.  548519   of  D e c e m b e r   3,  1985 ,   and  A u s t r a l i a n   P a t e n t  
A p p l i c a t i o n   No.  41675  of  A p r i l   24,  1985)  t h a t   t he   b e s t  

!0  e x i s t i n g   a l l o y s   f o r   t h e   p a r t i c u l a r   a p p l i c a t i o n   of  s h e a t h i n g  
m a t e r i a l s   of  m i n e r a l - i n s u l a t e d   m e t a l - s h e a t h e d   c o n d u c t o r   c a b l e  
a r e   a l l o y s   h i t h e r t o   no t   u s e d   f o r   t h i s   p u r p o s e ,   n a m e l y   t h e  
n i c k e l   a l l o y s   of  h i s   own  i n v e n t i o n   known  as  NICROSIL 
( t y p i c a l l y   c o n t a i n i n g   14.2%  wt .   Cr  and  1.4%  wt .   Si)   and  N I S I L  

5  ( t y p i c a l l y   c o n t a i n i n g   4.4%  wt .   Si  and  0.1%  wt  .  Mg)  .  W h i l s t  
t h e s e   a l l o y s   show  most   e x c e l l e n t   r e s i s t a n c e   t o  
h i g h - t e m p e r a t u r e   gas   c o r r o s i o n   and  a r e   p o s s e s s e d   of  u l t r a - h i g h  
t h e r m o e l e c t r i c   s t a b i l i t y ,   t h e y   do  not   e x h i b i t   t h e   d e s i r e d  
e x c e l l e n t   d e g r e e s   of  t e n s i l e   s t r e n g t h   at  h i g h   t e m p e r a t u r e s  

0  w h i c h   a r e   r e q u i r e d   f o r   s h e a t h i n g   a l l o y s   f o r   m e t a l - s h e a t h e d  
m i n e r a l - i n s u l a t e d   c a b l e s   f o r   t h e   most   d e m a n d i n g   of  t he   w i d e  
v a r i e t y   of  a p p l i c a t i o n s   i n v o l v e d .   Such  most   d e m a n d i n g  
a p p l i c a t i o n s   i n c l u d e   some  f o u n d ,   f o r   e x a m p l e s   a m o n g s t   o t h e r s ,  
in  t h e   n u c l e a r ,   a e r o s p a c e   and  e l e c t r o n i c s   i n d u s t r i e s .  

5  O t h e r   a l l o y s   w h i c h   have   a c t u a l   or  p o t e n t i a l  
a p p l i c a t i o n   as  s h e a t h i n g   f o r   m e t a l - s h e a t h e d   m i n e r a l - i n s u l a t e d  
c a b l e s ,   such   as  s t a i n l e s s   s t e e l ,   i n c o n e l ,   n i c r o s i l   and  n i s i l ,  
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a re   d e f i c i e n t   in  some  or  a l l   of  t he   a s p e c t s   of  v e r y   h i g h  

r e s i s t a n c e   to  gas  c o r r o s i o n ,   u l t r a - h i g h   t h e r m o e l e c t r i c  

s t a b i l i t y ,   v e r y   h i g h   t e n s i l e   s t r e n g t h   and  r e t e n t i o n   o f  

s t r e n g t h   at  t h e   h i g h e s t   a p p l i c a t i o n   t e m p e r a t u r e s   i n v o l v e d .  

5  B e c a u s e   t h e   a l l o y s   of  t he   p r e s e n t   i n v e n t i o n   p o s s e s s  

a  c o m p r e h e n s i v e   r a n g e   of  t h e s e   e n h a n c e d   p r o p e r t i e s ,   t h e y   a r e  

s u i t a b l e   f o r   a  wide   v a r i e t y   of  a p p l i c a t i o n s   at  h i g h  

t e m p e r a t u r e s .   T h e s e   a p p l i c a t i o n s   may  o c c a s i o n a l l y   r e q u i r e  

o n l y   one  or  a  c o m b i n a t i o n   of  t h e   i m p r o v e d   p r o p e r t i e s .   T h e  

10  e x c e l l e n t   r e s i s t a n c e   to  h i g h - t e m p e r a t u r e   gas  c o r r o s i o n   a n d  

e x c e l l e n t   h i g h - t e m p e r a t u r e   t e n s i l e   s t r e n g t h   of  t he   new  a l l o y s  

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

c o m p o n e n t s   in  f u r n a c e s ,   r e t o r t s ,   r e a c t o r   v e s s e l s ,   h e a t e d  

e n c l o s u r e s   of  many  k i n d s ,   gas   t u r b i n e   e n g i n e s ,   r o c k e t   n o z z l e s  

15  and  a  wide   r a n g e   of  s i m i l a r   e q u i p m e n t .   The  u l t r a - h i g h  

t h e r m o e l e c t r i c   s t a b i l i t y   of  t h e   new  a l l o y s   is  i m p o r t a n t   f o r  

w i r e s   and  t u b e s   f o r   t h e r m o e l e m e n t   c o n d u c t o r s   and  p r o t e c t i v e  

s h e a t h i n g ,   r e s p e c t i v e l y ,   f o r   t h e r m o c o u p l e s   p a r t i c u l a r l y   of  t h e  

m e t a l - s h e a t h e d   m i n e r a l - i n s u l a t e d   t y p e   of  c o n s t r u c t i o n .  

20  A  p a r t i c u l a r   a p p l i c a t i o n   of  t he   new  a l l o y s   is   i n  

m i n e r a l - i n s u l a t e d   m e t a l - s h e a t h e d   c o n d u c t o r   c a b l e s   f o r  

t h e r m o c o u p l e s ,   h e a t e r   e l e m e n t s ,   h e a t   s e n s i n g   and  h e a t   t r a c i n g  

c a b l e s ,   s t a g n a t i o n   p r o b e   t r a n s d u c e r s   f o r   gas  t u r b i n e   e n g i n e s ,  

gas   f l u e s ,   and  l i k e   a p p l i c a t i o n s .   I t   is   in  such   a p p l i c a t i o n s  

25  t h a t   t h e   u n i q u e   c o m b i n a t i o n   of  e x c e l l e n t   p r o p e r t i e s   at   h i g h  

t e m p e r a t u r e   of  t h e   a l l o y s   of  t h i s   i n v e n t i o n   of  g a s - c o r r o s i o n  

r e s i s t a n c e ,   t h e r m o e l e c t r i c   s t a b i l i t y   and  r e t a i n e d   h i g h   t e n s i l e  

s t r e n g t h   a r e   of  o p t i m u m   b e n e f i t .   In  some  of  t h e s e  

a p p l i c a t i o n s   a  c o m b i n a t i o n   of  t h e   h i g h e s t   p o s s i b l e   v a l u e s   o f  

30  t h e s e   p r o p e r t i e s   i s   e s s e n t i a l .  

In  t h i s   r e s p e c t ,   our   s t u d i e s   and  e x t e n s i v e   t e s t  

p r o g r a m m e s   have   shown  t h a t   t h e   d e s i r e d   c o m b i n a t i o n   of  h i g h  

p r o p e r t y   v a l u e s   of  gas  c o r r o s i o n   r e s i s t a n c e   and  t h e r m o e l e c t r i c  

s t a b i l i t y   a r e   a c h i e v a b l e   u s i n g   a  b a s e - a l l o y   c o m p o s i t i o n   o f  

35  n i c k e l - c h r o m i u m - s i l i c o n   in  c o m p o n e n t   c o n c e n t r a t i o n s   w h i c h  

o p t i m i z e   t h e s e   p r o p e r t i e s   w h i l s t   r e t a i n i n g   a  s i n g l e   s o l i d  

s o l u t i o n   p h a s e   s t r u c t u r e ,   w h i c h   i s   an  i m p o r t a n t   f e a t u r e   of  t h e  
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p r e f e r r e d   a l l o y s   of  t he   i n v e n t i o n .   The  e n h a n c e d  

h i g h - t e m p e r a t u r e   s t r e n g t h   is   a c h i e v e d   by  t h e   a d d i t i o n   of  o n e  
or  more  s u p p l e m e n t a r y   e l e m e n t a l   c o m p o n e n t s .   I t   is   b e l i e v e d  

t h a t   such   a d d i t i o n   a c h i e v e s   t he   r e q u i r e d   s t r e n g t h e n i n g   e f f e c t  
5  by  a  m e c h a n i s m   of  c r y s t a l   l a t t i c e   m o d i f i c a t i o n   a p p r o p r i a t e   t o  

s i n g l e   s o l i d   s o l u t i o n   s t r u c t u r e s .   The  d e s i r e d   e f f e c t   o f  

s t r e n g t h e n i n g   at  h i g h   t e m p e r a t u r e s   c a n ,   in  f a c t ,   be  a c h i e v e d  

by  a  number   of  o p t i o n a l   c o m p o s i t i o n a l   v a r i a n t s   w h i c h   a re   t h e  
r e s u l t   of  t h e   a d d i t i o n   of  one  or  a  number   of  o p t i o n a l  

10  s t r e n g t h e n i n g   e l e m e n t s   to  t h e   b a s e   n i c k e l - c h r o m i u m - s i l i c o n  

l a t t i c e   s t r u c t u r e .  

The  p r e f e r r e d   e m b o d i m e n t s   of  t h e   r a n g e   of  p o s s i b l e  

a l l o y s   a r e   s e t   down  in  T a b l e   1 .  
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?ABLE  1 

A l l o y   O p t i o n   ( c o m p o s i t i o n   -  p e r   c e n t   w e i g h t )  

C o m p o n e n t  

5  E l e m e n t   1 2   3  4  5  6 

Cr  13 .5   to   1 4 . 5  

Si  1.0  to  1 . 5  

L0 

Mg  0.2  m a x i m u m  

Ce  0-2  m a x i m u m  

L 5 M o   1.0  to   -  -  -  1-0  3 . 0  

5 . 0  

W  -  0 .5   to   -  -  0 .5   1 . 0  

1 . 0  

20 

Nb  -  1 .0   to  -  1 . 0  

3 . 0  

Ta  -  -  -  1 .0   to  1 .0  -  

25  2 . 0  

Ni  B a l a n c e  

In  t h e   e n s u i n g   d i s c u s s i o n   r e f e r e n c e   is   made  to   t n e  

30  a c c o m p a n y i n g   f i g u r e s   and  d i a g r a m s ,   w h e r e i n :  

F i g u r e   1  shows  g r a p h i c a l   p l o t s   of  l o n g - t e r m   d r i f t s  

in   t h e r m o e l e c t r o m o t i v e   f o r c e   of  3 .3   mm  d i a m e t e r   t h e r m o e l e m e n t s  

of  ( I n s t r u m e n t   S o c i e t y   of  A m e r i c a )   t y p e   KP  a l l o y  

N i - 9 . 3 C r - 0 . 4 S i   ( p e r   c e n t   w e i g h t )   v e r s u s   p l a t i n u m ,   and  o f  

35  s i m i l a r   t h e r m o e l e m e n t s   of  N i - 1 4 . 2 C r - l . 4 S i - 0 . 0 5 M g   ( p e r   c e n t  
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w e i g h t )   v e r s u s   p l a t i n u m   on  e x p o s u r e   in  a i r   at  1200°C  a n d  
1250°C ,   r e s p e c t i v e l y .   The  d r i f t s   a r e   c h a n g e s   f r o m  
t h e r m o e l e c t r o m o t i v e   f o r c e   o u t p u t   v a l u e s   e x i s t e n t   a f t e r   100  
h o u r s   of  c o n s t a n t   t e m p e r a t u r e   e x p o s u r e ;  

5  F i g u r e   2  a r e   p h o t o m i c r o g r a p h s   w h i c h   show  o x i d e  
s t r u c t u r e s   in  I n s t r u m e n t   S o c i e t y   of  A m e r i c a   t y p e   KP  a l l o y  
N i - 9 . 3 C r - 0 . 4 S i   ( p e r   c e n t   w e i g h t )   ( top   two  p a n e l s )   and  in  a l l o y  
N i - 1 4 . 2 C r - l . 4 S i - 0 . 0 5 M g   (pe r   c e n t   w e i g h t )   ( b o t t o m   p a n e l )  
r e s u l t i n g   f rom  c o n s t a n t - t e m p e r a t u r e   e x p o s u r e   of  3 .3   mm 

10  d i a m e t e r   s p e c i m e n s   in  a i r   f o r   800  h o u r s   at  1 2 0 0 ° C .   The  o u t e r  
w h i t e   a n n u l a r   zone  is   a  l a y e r   of  e l e c t r o d e p o s i t e d   c o p p e r   w h i c h  
was  a p p l i e d   to  s u p p o r t   t h e   f r a g i l e   o x i d e s ;  

F i g u r e   3  shows  a  g r a p h i c a l   p l o t   of  t he   u l t i m a t e  
t e n s i l e   s t r e n g t h   of  N i - 1 4 . 3 C r - l . 4 S i - 0 . l M g   a l l o y   ( p e r   c e n t  

15  w e i g h t )   as  a  f u n c t i o n   of  t e m p e r a t u r e .   The  g r a p h   a l s o   shows  a  
p l o t   of  t h e   t e n s i l e   s t r e n g t h s   of  one  of  t he   p r e f e r r e d  
e m b o d i m e n t s   of  t h e   a l l o y s   of  t h i s   i n v e n t i o n   as  a  f u n c t i o n   o f  
t e m p e r a t u r e ;   T a b l e s   2  and  3  b e l o w   i n c l u d e   f u r t h e r   e x p e r i m e n t a l  
d a t a ;   and  • 

20  F i g u r e   4  a r e   p h o t o m i c r o g r a p h s   w h i c h   show  t h e   g r a i n  
s t r u c t u r e ,   m a g n i f i e d   500  t i m e s ,   of  i n i t i a l l y   a s - r o l l e d   ( to   85% 
r e d u c t i o n   of  c r o s s - s e c t i o n   o r i g i n a l l y   8  mm) 

N i - 1 4 . 3 C r - l . 4 S i - 0 . l M g   a l l o y   ( p e r   c e n t   w e i g h t )   as  a  f u n c t i o n   o f  
a n n e a l i n g   f o r   one  h o u r   a t   t e m p e r a t u r e s   of  600°C ,   800°C,   a n d  

>5  1 0 0 0 ° C .  

In  o r d e r   to   a c h i e v e   t h e   d e s i r e d   o p t i m u m   c o m b i n a t i o n  
of  p r o p e r t i e s   in  t h e   a l l o y s   of  t h i s   i n v e n t i o n ,   t h e   a l l o y  
m i c r o s t r u c t u r e   mus t   c o m p r i s e   o n l y   one  e q u i l i b r i u m   p h a s e   w h i c h  
is   a  t e r m i n a l   s o l i d - s o l u t i o n .   The  b a s e   t e r n a r y   a l l o y   o f  

50  n i c k e l - c h r o m i u m - s i l i c o n ,   in  t he   c o n c e n t r a t i o n   r a t i o s   d e s c r i b e d  
in  t h e   p r e f e r r e d   e m b o d i m e n t s   of  T a b l e   1,  is  of  s u c h   s i n g l e  
s o l i d - s o l u t i o n   e q u i l i b r i u m   s t r u c t u r e .   In  p r a c t i c e ,   we  h a v e  
f o u n d   t h a t   t h e   a d d i t i o n   of  t he   p r e f e r r e d   s t r e n g t h e n i n g  
e l e m e n t s   m o l y b d e n u m ,   t u n g s t e n ,   n i o b i u m   and  t a n t a l u m ,   e i t h e r   i n  

15  t h e   s i n g l e   or  in  t h e   c o m b i n e d   c o n c e n t r a t i o n s   of  t he   p r e f e r r e d  
e m b o d i m e n t s ,   does   not   e x c e e d   l i m i t s   of  s o l i d   s o l u b i l i t y   in  t h e  
t e r n a r y   N i - C r - S i   b a s e   a l l o y . .   T h e r e f o r e   no  s e c o n d   p h a s e s ,  
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e i t h e r   s o l i d - s o l u t i o n s   or  i n t e r m e t a l l i c   c o m p o u n d s ,   a re   r o r m e u .  

F u r t h e r m o r e ,   we  have   f o u n d   t h a t   t he   p r e f e r r e d   a l l o y s   a r e  

a m e n a b l e   to  b o t h   ho t   and  c o l d   m e c h a n i c a l   w o r k i n g   to  c h a n g e  

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

5  t h a t   t h e i r   m i c r o s t r u c t u r a l   r e c r y s t a l l i z a t i o n   t e m p e r a t u r e s   a r e  

a b o u t   800°C  so  t h e y   can  r e a d i l y   be  s o f t e n e d   by  a n n e a l i n g   a b o v e  

t h i s   t e m p e r a t u r e   when  t h e y   a r e   work  h a r d e n e d   by  c o l d  

d e f o r m a t i o n .   F u r t h e r m o r e ,   any  p r o p e r t y   v a r i a t i o n s   a c r o s s   a  

s e c t i o n   of  t h e   p r e f e r r e d   a l l o y s   due  to  c o m p o s i t i o n a l  

.0  i n h o m o g e n e i t i e s   in  a s - c a s t   s t r u c t u r e s   can  be  r e a d i l y   m i n i m i z e d  

by  h o m o g e n i z i n g   h e a t - t r e a t m e n t s .  

The  c o m p o s i t i o n s   of  t h e   a l l o y s   in  t h e   p r e s e n t  

i n v e n t i o n   r e q u i r e   t h e   c a r e f u l   s e l e c t i o n   of  c o m p o n e n t   e l e m e n t s  

of  v e r y   h i g h   p u r i t y   and  t h e   a c h i e v e m e n t   of  t h e   c o r r e c t  

L5  p r o p o r t i o n s   of  e a c h   by  a d e q u a t e   c o n t r o l   of  m e l t i n g   and  c a s t i n g  

t e c h n i q u e s .   In  a l l   c a s e s   t h e   e f f e c t s   of  one  c o m p o n e n t   e l e m e n t  

d e p e n d   on  t h o s e   of  t h e   o t h e r s   and  h e n c e   t h e r e   i s   a  s y n e r g i s t i c  

i n t e r d e p e n d e n c e   of  t h e   e l e m e n t s   w i t h i n   t h e   o v e r a l l  

c o m p o s i t i o n s .   In  " g e n e r a l ,   c o n c e n t r a t i o n s   of  a l l o y i n g   e l e m e n t s  

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

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

p r o p e r t y   v a l u e s   of  g a s - c o r r o s i o n   r e s i s t a n c e ,   t h e r m o e l e c t r i c  

s t a b i l i t y   and  t e n s i l e   s t r e n g t h ,   a l l   a t   h i g h   t e m p e r a t u r e s .  

N i c k e l - c h r o m i u m - s i l i c o n   a l l o y s   of  t h e   s i n g l e  

25  s o l i d - s o l u t i o n   p h a s e   t y p e ,   in  t h e   c o n c e n t r a t i o n   r a n g e s   (9  t o  

15)  %  wt .   Cr  and  ( 0 . 3   to   1 . 5 )   %  wt  .  Si  show  r e l a t i v e l y   h i g h  

t h e r m o e l e c t r i c   s t a b i l i t y   a t   e l e v a t e d   t e m p e r a t u r e s   in  a i r .   T h e  

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

o u t p u t   and  S e e b e c k   c o e f f i c i e n t   a r e   f u n c t i o n a l   no t   o n l y   u p o n  

30  t e m p e r a t u r e   of  e x p o s u r e   and  t h e   o x y g e n   p a r t i a l   p r e s s u r e   of  t h e  

a i r ,   bu t   a l s o   upon  t h e   s p e c i f i c   s o l u t e   c o n c e n t r a t i o n s   o f  

c h r o m i u m   and  s i l i c o n   in  t h e   b a s e   n i c k e l .   The  h i g h e s t   d e g r e e  

of  s t a b i l i t y   of  t h e r m o e l e c t r o m o t i v e   f o r c e   i s   a c h i e v a b l e   o n l y  

by  s e l e c t i n g   o p t i m u m   c r i t i c a l   c o n c e n t r a t i o n s   of  c h r o m i u m   a n d  

35  s i l i c o n   in  n i c k e l .  
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F i g u r e   1  shows  t he   d e g r e e   of  t h e r m o e l e c t r i c  

i n s t a b i l i t y   e x h i b i t e d   by  t h e   most   common  N i - C r - S i   a l l o y s   u s e d  
as  t h e r m o c o u p l e   t h e r m o e l e m e n t s ,   n a m e l y   t he   N i - 9 . 3 %   w t . C r ^ 0 . 4 %  
w t . S i   a l l o y   d e s i g n a t e d   t y p e   KP  by  t h e   I n s t r u m e n t   S o c i e t y   o f  

5  A m e r i c a .   T h i s   i n s t a b i l i t y   is   e x p r e s s e d   as  d r i f t   i n  
t h e r m o e l e c t r o m o t i v e   f o r c e   in  m i c r o v o l t   as  a  f u n c t i o n   of  t i m e  
of  e x p o s u r e   in  a i r   at  12  00°C.   The  f i g u r e   a l s o   shows  t h e  
g r e a t l y   e n h a n c e d   t h e r m o e l e c t r i c   s t a b i l i t y   of  t h e   b a s e   N i - C r - S i  
a l l o y   w h i c h   is   t h e   p r e f e r r e d   e m b o d i m e n t   of  t h i s   i n v e n t i o n .  

LO  For   e x a m p l e   i t   can  be  s e e n   t h a t   t h e   d r i f t   in  t h e  
t h e r m o e l e c t r o m o t i v e   f o r c e   of  t h e   t y p e   KP  a l l o y   a f t e r   700  h o u r s  
is   a b o u t   minus   400  m i c r o v o l t   at   1 2 0 0 ° C ,   bu t   t h e   N i - C r - S i   b a s e  
a l l o y   w h i c h   is   t h e   p r e f e r r e d   e m b o d i m e n t   of  t h i s   i n v e n t i o n  
shows  v i r t u a l l y   no  d r i f t   in  t h e r m o e l e c t r o m o t i v e   f o r c e   even   a t  

L5  t h e   h i g h e r   t e m p e r a t u r e   of  1 2 5 0 ° C .  

F i g u r e   2  shows  t h e   d e g r e e   of  o x i d a t i o n   o c c u r r i n g   i n  
t h e   same  t y p e   KP  a l l o y   a f t e r   e x p o s u r e   f o r   800  h o u r s   in  a i r   a t  
1200  C.  I t   i s   e v i d e n t   t h a t   no t   o n l y   i s   t h e r e   m a s s i v e   e x t e r n a l  
s c a l e   d e v e l o p e d   on  t he   s u r f a c e   of  t h e   a l l o y   bu t   a l s o   t h a t   a  

!0  p r o c e s s   of  i n t e r n a l   o x i d a t i o n   has   r e s u l t e d   in  t h e   m a s s i v e  
p r e c i p i t a t i o n   of  o x i d e   p a r t i c l e s   of  t h e   c o m p o n e n t   e l e m e n t s  
c h r o m i u m   and  s i l i c o n   in  t h e   i n t e r n a l   m a t r i x   of  t h e   a l l o y .   We 
have   f o u n d   t h a t   t h i s   l a t t e r   p r o c e s s   of  i n t e r n a l   o x i d a t i o n  
p r o d u c e s   g r o s s   c h a n g e s   in  t h e   s o l u t e   c o n c e n t r a t i o n s   o f  

5  c h r o m i u m   and  s i l i c o n   and  i t   is   t h e s e   c h a n g e s   in  c o n c e n t r a t i o n ,  
w h i c h   a r e   t e m p o r a l l y   p r o g r e s s i v e ,   t h a t   a r e   t h e   c a u s e   of  t h e  
r e l a t i v e l y   h i g h   d e g r e e   of  i n s t a b i l i t y   of  t h e r m o e l e c t r o m o t i v e  
f o r c e   in  t h e   KP  a l l o y s   u n d e r   t h e   s t a t e d   c o n d i t i o n s .   O f  
c o n s i d e r a b l e   s i g n i f i c a n c e   is   t h e   e v i d e n c e   in  t h e   same  f i g u r e  

0  t h a t   f o r   t h e   N i - C r - S i   b a s e   a l l o y   of  t h e   p r e f e r r e d   e m b o d i m e n t s  
of  t h i s   i n v e n t i o n   t h e r e   i s   v e r y   l i t t l e   o x i d e ,   e i t h e r   a s  
e x t e r n a l   s c a l e   or  as  i n t e r n a l   o x i d e   p r e c i p i t a t e s .   T h e  
c o n s e q u e n t   v i r t u a l   a b s e n c e   of  c o m p o s i t i o n a l   c h a n g e s   in  s o l u t e  
c o n c e n t r a t i o n s   i s   t he   r e a s o n   f o r   t h e   u l t r a - h i g h   t h e r m o e l e c t r i c  

5  s t a b i l i t y   of  t h i s   b a s e   a l l o y .  
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The  p r e f e r r e d   s t r e n g t h e n i n g   e l e m e n t s   of  t h i s  

i n v e n t i o n ,   n a m e l y   m o l y b d e n u m ,   t u n g s t e n ,   n i o b i u m   and  t a n t a l u m ,  

e i t h e r   in  t he   s i n g l e   or  t he   c o m b i n e d   c o n c e n t r a t i o n s   of  t h e  

p r e f e r r e d   e m b o d i m e n t s ,   w i l l   no t   d e l e t e r i o u s l y   a f f e c t   t h e  

5  o x i d a t i o n   r e s i s t a n c e   of  t h e s e   p r e f e r r e d   a l l o y s   in  a n y  

s i g n i f i c a n t   w a y .  
Vacuum  m e l t e d   i n g o t s   of  e ach   s e p a r a t e   a l l o y   w e r e  

e x t r u d e d   i n t o   d e s i r e d   s h a p e s   f rom  w h i c h   s p e c i a l   t e s t - p i e c e s  

were   m a c h i n e d .   T e s t s   to  d e t e r m i n e   t e n s i l e   s t r e n g t h   a n d  

L0  d u c t i l i t y   at   v a r i o u s   t e m p e r a t u r e s   were   c a r r i e d   out   u s i n g   a  

s t a n d a r d   t e s t - p i e c e   80mm  l o n g   x  12.7mm  d i a m e t e r ,   w i t h   a  

n a r r o w e d   p o r t i o n   32mm  l o n g .   The  g a u g e   l e n g t h   =  5 .65   /A,  w h e r e  

A  =  c r o s s - s e c t i o n a l   a r e a   of  t h e   t e s t - p i e c e .   A  KN  Z w i c k  

u n i v e r s a l   t e s t i n g   m a c h i n e ,   s p e c i a l l y   m o d i f i e d   to  f a c i l i t a t e  

15  t h e   h i g h - t e m p e r a t u r e   t e s t s ,   was  u s e d .   Each  t e s t   i n v o l v e d  

s t r a i n i n g   t h e   t e s t - p i e c e   a t   a  r a t e   of  0 . 0 0 2   mm/mm/min.   up  t o  

t h e   0.5%  p r o o f   s t r e s s   and  t h e n   a t   3 .2   mm/min.   u n t i l   f r a c t u r e .  

D u c t i l i t y   was  a s s e s s e d   by  m e a s u r i n g   t h e   e l o n g a t i o n   of  t h e  

t e s t - p i e c e   b e t w e e n   g a u g e   marks   and  t he   r e d u c t i o n   o f  

20  c r o s s - s e c t i o n a l   a r e a   of  t h e   f r a c t u r e   f a c e .  

F i g u r e   3  shows  t h e   t e n s i l e   s t r e n g t h   of  t he   N i - C r - S i  

b a s e   a l l o y   w h i c h   is   t h e   p r e f e r r e d   e m b o d i m e n t   of  t h i s   i n v e n t i o n  

as  a  f u n c t i o n   of  t e m p e r a t u r e   in  t h e   f u l l y   a n n e a l e d   c o n d i t i o n .  

W h i l s t   t h e   t e n s i l e   s t r e n g t h   of  t h i s   a l l o y   a b o v e   1000°C  i s  

25  a d e q u a t e   f o r   many  g e n e r a l   p u r p o s e s   f o r   w h i c h   t h e   a l l o y s   o f  

t h i s   i n v e n t i o n   a r e   i n t e n d e d ,   t h e r e   a r e   a  number   of  c r i t i c a l  

a p p l i c a t i o n s   in  t h e   n u c l e a r ,   a e r o s p a c e ,   e l e c t r o n i c s   a n d  

g e n e r a l   e n g i n e e r i n g   f i e l d s   f o r   w h i c h   t he   s t r e n g t h   v a l u e s   s h o w n  

in  F i g u r e   2  a r e   i n a d e q u a t e .   The  N i - C r - S i   a l l o y   wh ich   is  t h e  

30  b a s e   a l l o y   of  t h i s   i n v e n t i o n   is   s i g n i f i c a n t l y   s t r e n g t h e n e d   a t  

h i g h   t e m p e r a t u r e s   by  t h e   a d d i t i o n   of  s m a l l   a m o u n t s   of  one  o r  

more   of  t h e   e l e m e n t s   m o l y b d e n u m ,   t u n g s t e n ,   n i o b i u m   a n d  

t a n t a l u m .  

The  s u p e r i o r   p r o p e r t i e s   of  s p e c i f i c   e x a m p l e s   o f  

3  5  a l l o y s   a c c o r d i n g   to   t h e   i n v e n t i o n   a r e   shown  in  t h e   f o l l o w i n g  

T a b l e s   2  and  3 .  
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Al l   a l l o y s   t e s t e d   show  s u b s t a n t i a l   h i g h - t e m p e r a t u r e   s t e n g t h  
i n c r e a s e s   o v e r   t h a t   of  t he   b a s e   a l l o y .   It  is  of  g r e a t  
i n t e r e s t   t h a t   t he   b e s t   of  them  has  a  s i m p l e   a d d i t i o n   o f  

3 . 0 % - w t .   n i o b i u m .  

5  The  s t r e n g t h   i n c r e a s e s   f o r   t h e s e   a l l o y s   r a n g e   f r o m  

a b o u t   25%  to  a b o u t   75%.  D e s p i t e   t he   v e r y   h i g h   s t r e n g t h   of  t h e  

3-Nb  a l l o y ,   i t s   d u c t i l i t y   has  no t   been   a d v e r s e l y   a f f e c t e d ;  

i n d e e d   i t   is   s o m e w h a t   more  d u c t i l e   t h a n   t h e   b a s e   a l l o y .  
T a b l e   4  s u m m a r i z e s   t h e   r e s u l t s   of  a n o t h e r  

10  e x p e r i m e n t ,   in  w h i c h   t he   b a s e   a l l o y   was  n i c r o s i l .   The  a l l o y s  
of  t h e   p r e s e n t   i n v e n t i o n   were   c o m p a r e d   w i t h   i n c o n e l - 6 0 0   a n d  

s t a i n l e s s   s t e e l - 3 1 0 .  
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ABLE  4 

ALLOY  ULTIMATE  TENSILE  STRENGTH 
(N.mm-2) 

IDENT.  COMPOSITION  a t   800  °C  %  i n c r e a s e / d e c r e a s e  
( w e i g h t   %)  ( + ) ( - )  

SIICROSIL  Base   a l l o y   1 7 5  
( N i - 1 4 . 2   C r -  
1 .4   S i )  

HPX-1  Base   +  0 .5   W  217  + 2 4  

SPX-2  Base   +  3 .0   Mo  263  + 5 0  

NPX-3  Base   +  3 .0  Nb  311  + 7 8  

NPX-4  Base   +  1 .0   Ta  222  + 4 3  

NPX-5  Base   +  1 .0  Mo  278  + 2 7  
+  0.5W  +  l . O N b  
+  1 .0   T a  

SS  310  *  F e - 2 5   C r - 2 0   Ni -   205  +17  ( B a s e )  
2 .0   M n - 1 . 5   Si  -34  (NPX-3)  

INC  600  *  (Ni  +  Co)  - 1 6 C r   135  -23  ( B a s e )  
- 1 \   Fe  -  1 .0   Mn  -57  (NPX-3)  
- i   Si  -  i  Cu 

t  SS  310  =  s t a i n l e s s   s t e e l   3 1 0  

INC  600  =  I n c o n e l   6 0 0  
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I n c o n e l - 6 0 0   is  a b o u t   23%  w e a k e r   t h a n   n i c r o s i l   a n d  

n e a r l y   60%  w e a k e r   t h a n   NPX-3.  S t a i n l e s s   s t e e l - 3 1 0   is  a b o u t  
25%  s t r o n g e r   t h a n   n i c r o s i l ,   but   is  a b o u t   35%  w e a k e r   t h a n  
N P X - 3 .  

5  N i c r o s i l   is  more  o x i d a t i o n   r e s i s t a n t   t h a n   e i t h e r  
s t a i n l e s s   s t e e l - 3 1 0   or  i n c o n e l - 6 0 0 .   T h e r e   is  some  e v i d e n c e   t o  

s u g g e s t   t h a t   n i o b i u m   i m p r o v e s   t he   o x i d a t i o n   r e s i s t a n c e   o f  
N i - C r - S i   a l l o y s ,   p a r t i c u l a r l y   in  a t m o s p h e r e s   of  low  o x y g e n  
p a r t i a l   p r e s s u r e .  

10  The  s t r e n g t h e n i n g   e l e m e n t s ,   n a m e l y   Mo,  W,  Nb  and  T a ,  
when  a d d e d   to  t h e   p r e f e r r e d   b a s e   a l l o y   of  N i - C r - S i ,   in  a n y  
c o m b i n a t i o n ,   have   e f f e c t s   one  w i t h   a n o t h e r   as  s t a t e d   a b o v e .  
T h e s e   e l e m e n t s   a r e   t h e r e f o r e   i n t e r c h a n g e a b l e   to  a  c e r t a i n  
d e g r e e .   A l l o y s   of  t he   i n v e n t i o n   may  t h e r e f o r e   b e  

15  c o m p o s i t i o n a l l y   v a r i a n t   in  r e s p e c t   of  t h e i r   Mo,  W,  Nb  and  T a  
c o n t e n t s   to  a  g r e a t e r   d e g r e e   t h a n   is   i n d i c a t e d   by  t h e  

p r e f e r r e d   e m b o d i m e n t s   d e s c r i b e d   in  T a b l e   1.  A  s e c o n d   g r o u p   o f  
p r e f e r r e d   e m b o d i m e n t s   of  t h e   a l l o y s   of  t h i s   i n v e n t i o n   a r e  
t h e r e f o r e   d e s c r i b e d   as  f o l l o w s : -  

E l e m e n t   C o n c e n t r a t i o n   (%  w t . )  
Cr  13 .5   to   1 4 . 5  
Si  1 .0   to   1 . 5  

M<?  0 .5   max imum 
Ce  0 .2  m a x i m u m  
Mo  5 .0   m a x i m u m  
w  1.0  m a x i m u m  
Nb  3 .0   m a x i m u m  

2.0   m a x i m u m  
Ni  r e m a i n d e r ,   a p a r t   f r o m  

JU  i m p u r i t i e s .  

An  i m p o r t a n t   f e a t u r e   of  the   a l l o y s   of  t h i s   i n v e n t i o n  
is   t h a t   t h e   k i n e t i c   p r o c e s s e s   g o v e r n i n g   t he   v a r i a t i o n   of  t h e  
s i z e   and  s h a p e   of  t h e i r   c r y s t a l   g r a i n s   must   o c c u r   w i t h  

s u f f i c i e n t l y   h i g h   v e l o c i t y   to  make  p o s s i b l e   a  p r e d e t e r m i n e d  
15  c h o i c e   of  g r a i n   s i z e   by  a  s i m p l e   h e a t   t r e a t m e n t   in  w h i c h   t h e  

p a r a m e t e r s   of  t e m p e r a t u r e   and  ,  ( r e l a t i v e l y   s h o r t )   t i m e   a r e  
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m u t u a l l y   v a r i a b l e .   T h i s   is  b e c a u s e   in  d i f f e r e n t   a p p l i c a t i o n s  

of  t h e   a l l o y s   d i f f e r e n t   a v e r a g e   g r a i n   s i z e s   a re   d e s i r a b l e   e v e n  

o b l i g a t o r y .  

F i g u r e   4  shows  t h a t   t he   g r a i n   s i z e s   of  t he   N i - C r - S i  

b a s e   a l l o y   of  t h e   p r e f e r r e d   e m b o d i m e n t s   of  t h i s   i n v e n t i o n   a r e  

i n h e r e n t l y   r e a d i l y   v a r i a b l e   as  a  f u n c t i o n   of  t e m p e r a t u r e .  

The  s t r e n g t h e n i n g   e l e m e n t s   Mo,  W,  Nb,  and  Ta,  o f  

t h i s   i n v e n t i o n   do  no t   have   u n d u l y   l a r g e   i n h i b i t o r y   e f f e c t s  

e i t h e r   in  t h e   e l e v a t i o n   of  r e c r y s t a l l i z a t i o n   t e m p e r a t u r e s   o r  

i  in  t h e   r a t e s   of  g r a i n   g r o w t h   in  i n d i v i d u a l   a l l o y   e m b o d i m e n t s .  

I t   w i l l   be  c l e a r l y   u n d e r s t o o d   t h a t   t he   i n v e n t i o n   i n  

i t s   g e n e r a l   a s p e c t s   is   no t   l i m i t e d   to  t h e   s p e c i f i c   d e t a i l s  

r e f e r r e d   to  h e r e i n a b o v e  
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1.  A  n i c k e l - b a s e d   a l l o y   c o n t a i n i n g   by  w e i g h t   13.5%  to  1 4 . 5 %  

c h r o m i u m   and  1.0%  to  1.5%  s i l i c o n ,   c h a r a c t e r i s e d   in  t h a t   i t  

a l s o   c o n t a i n s   at  l e a s t   one  e l e m e n t   s e l e c t e d   f rom  the   g r o u p  
5  c o n s i s t i n g   of  m o l y b d e n u m ,   t u n g s t e n ,   n i o b i u m   and  t a n t a l u m .  

2.  An  a l l o y   a c c o r d i n g   to  c l a i m   1  h a v i n g   the   f o l l o w i n g   c o m p o s i t i o n  

by  w e i g h t :  

% 

Cr  13 .5   to  1 4 . 5  

L0  Si  1.0  to  1 . 5  

Mo  (when  p r e s e n t )   1.0  to   1 . 5  

W  (when  p r e s e n t )   0 .5   to  1 . 0  

Nb  (when  p r e s e n t )   1.0  to   3 . 0  

Ta  (when  p r e s e n t )   1 .0   to  2 . 0  

L5  and  t h e   b a l a n c e   n i c k e l ,   a p a r t   f rom  i m p u r i t i e s .  

3.  An  a l l o y   a c c o r d i n g   to   c l a i m   2  c o n t a i n i n g   1.0%  Mo,  0.5%  W,  1 . 0 %  

Nb  and  1.0%  T a .  

4.  An  a l l o y   a c c o r d i n g   to  c l a i m   2  c o n t a i n i n g   3.0%  Mo  and  1.0%  W. 

5.  An  a l l o y   a c c o r d i n g   to  c l a i m   1,  a l s o   c o n t a i n i n g   up  to  0 . 5 %  

10  m a g n e s i u m   a n d / o r   up  to  0.2%  c e r i u m .  

6.  An  a l l o y   a c c o r d i n g   to  c l a i m   1,  a l s o   c o n t a i n i n g   up  to  0 . 2 %  

m a g n e s i u m   a n d / o r   up  to  0.2%  c e r i u m .  
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An  a l l o y   a c c o r d i n g   to  c l a i m   5  h a v i n g   the   f o l l o w i n g   c o m p o s i t i o n  

by  w e i g h t :  

r  13 .5   to  1 4 . 5  

i  1 .0   to  1 . 5  

g  0 .5  m a x i m u m  

e  0 .2  m a x i m u m  

[o  5.0  m a x i m u m  

]  1.0  m a x i m u m  

to  3.0  m a x i m u m  

?a  2 .0   m a x i m u m  

li  r e m a i n d e r ,   a p a r t   f r o m  
i m p u r i t i e s   . 

8.  An  a l l o y   a c c o r d i n g   to  c l a i m   l  or  c l a i m   o  c o n c a i n m y  

to  0.20%  m a g n e s i u m .  

9.  An  a l l o y   a c c o r d i n g   to   c l a i m   1  or  c l a i m   5  c o n t a i n i n g   f rom  0 . 0 2 %  

to  0 .0  6%  c e r i u m .  

10.  An  a l l o y   a c c o r d i n g   to  c l a i m   1  or  c l a i m   5  c o n t a i n i n g   a b o u t  

0.15%  m a g n e s i u m .  

LI.  An  a l l o y   a c c o r d i n g   to   c l a i m   1  or  c l a i m   5  c o n t a i n i n g   a b o u t  

0.04%  c e r i u m .  

12.  An  a l l o y   a c c o r d i n g   to  any  one  of  c l a i m s   1  to   4,  a l s o  

c o n t a i n i n g   0.15%  m a g n e s i u m   and  0.04%  c e r i u m .  





R d u r e   2  
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A n n e a l i n g   T r i a l s   0 2 1 8 3 7 9  

(a )   As  r o l l ed   x 5 0 0  (b)  1  h o u r   6 0 0   d e g . C   x 5 0 0  

(c)  1  h o u r   8 0 0   d e g . C   x 5 0 0   (d)  1  h o u r   1 0 0 0   d e g . C   x 5 0 0  

F i g u r e   4  
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