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ALLOYS  RESISTANT  TO  STRESS  CORROSION  CRACKING 

FIELD  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   r e l a t e s   t o   i r o n ,  

n i c k e l ,   and  c o b a l t   b a s e d   a l l o y s   c o n t a i n i n g   1 2 - 5 0   wt.%  C r  

a n d   0 . 0 0 1   to   0 . 2   w t . %   c a r b o n ,   w h i c h   a l l o y s   a r e   ' 

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

a t   t e m p e r a t u r e s   f r o m   a b o u t   4 2 5 ° C   -  7 5 0 ° C .  

BACKGROUND  OF  THE  INVENTION 

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

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

r e s i s t a n t   to   s e n s i t i z a t i o n   c a u s e d   by  c h r o m i u m   c a r b i d e  

p r e c i p i t a t i o n   a t   e l e v a t e d   t e m p e r a t u r e s .   S e n s i t i z a t i o n  

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

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

and   t h e   c o n s e q u e n t   d e p l e t i o n   of  c h r o m i u m   in  t h e   m a t r i x  

a d j a c e n t   to  t h e   g r a i n   b o u n d a r i e s .   I t   i s   a c c e p t e d   in  t h e  

a r t   t h a t   t h e   d e p l e t i o n   o f   c h r o m i u m   f r o m   t h e   m a t r i x  

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

and  s t r e s s   c o r r o s i o n   c r a c k i n g .  

T h e s e   p h e n o m e n a   g e n e r a l l y   r e s u l t   when   t h e  

t h e   a l l o y   i s   e x p o s e d   s u b s e q u e n t   t o   s e n s i t i z a t i o n   to   a n  

a q u e o u s   m e d i u m .   In  s u c h   e n v i r o n m e n t s ,   c o n v e n t i o n a l   j 

a l l o y s   s u c h   as  s t a i n l e s s   s t e e l s   o f t e n   f a i l   b e c a u s e   of   | 

i n t e r g r a n u l a r   c o r r o s i o n ,   s t r e s s   c o r r o s i o n   c r a c k i n g ,   o r  

b o t h ,   w h i c h   a r e   a t t r i b u t e d   to   t h e   p r i o r   p r e c i p i t a t i o n  

of  c h r o m i u m   c a r b i d e s   a t   t h e   g r a i n   b o u n d a r i e s .   P r e c i p i t a -  

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

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

a b o u t   4 2 5 ° C   to   a b o u t   7 5 0 ° C .   T h i s   t e m p e r a t u r e   i s   a  : 
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c o m m o n   s e r v i c e   t e m p e r a t u r e   f o r   many  c o m m e r c i a l   a p p l i c a -  

t i o n s .   C h r o m i u m   c a r b i d e s   may  a l s o   f o rm  d u r i n g   f a b r i c a -  

t i o n   o f   t h e   a l l o y s   r  p a r t i c u l a r l y   d u r i n g   w e l d i n g .   T h e  

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

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

a t e d   w i t h   d e p l e t i o n   of  c h r o m i u m   a t ,   and  a d j a c e n t   t o ,   t h e  

g r a i n   b o u n d a r i e s .   B e l o w   a b o u t   4 2 5 ° C ,   t h e   k i n e t i c s   of  t h e  

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

c a r b i d e s ,   w h i l e   a b o v e   a b o u t   7 5 0 ° C ,   c h r o m i u m   f r o m   t h e  

g r a i n   i n t e r i o r   d i f f u s e s   to   t h e   g r a i n   b o u n d a r y ,   t h e r e b y  

r e p l e n i s h i n g   t h e   g r a i n   b o u n d a r y   w i t h   c h r o m i u m .   T h e  

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

r e s u l t i n g   in  p r e m a t u r e   f a i l u r e   of  t h e   a l l o y s .  

C o n s i d e r a b l e   e f f o r t   h a s   b e e n   s p e n t   in  t h e  

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

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

s e r v i c e .   One  s u c h   e f f o r t   i s   d i r e c t e d   a t   a  means   f o r  

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

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

t i o n ,   g e n e r a l l y   b e l o w   a b o u t   0 . 0 0 1   w t . % ,   i s   t o o   low  a  

c o n c e n t r a t i o n   to   be  c o m m e r c i a l l y   f e a s i b l e .   O t h e r  

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

e l e m e n t s ,   s u c h   a  n i o b i u m   and  t i t a n i u m ,   w h i c h   t i e - u p   t h e  

c a r b o n   in   t h e   f o r m   of   n i o b i u m   and   t i t a n i u m   c a r b i d e s .  

S u c h   c a r b i d e s ,   w h e n   f o r m e d ,   a r e   g e n e r a l l y   n o t   f o u n d   a t  

t h e   g r a i n   b o u n d a r i e s   as  c h r o m i u m   c a r b i d e s   a r e .   A l t h o u g h  

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

c h r o m i u m   c a r b i d e s ,   a t   e q u i l i b r i u m ,   in   t h e i r   p r e s e n c e ,  
t h e r e   i s   s t i l l   e n o u g h   c a r b o n   l e f t   in   t h e   m a t r i x   a t  

e q u i l i b r i u m   to   c a u s e   p r e c i p i t a t i o n   of   c h r o m i u m   c a r b i d e s  

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

4 2 5 ° C   to   7 5 0 ° C .  
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N e i t h e r   o n e   o f   t h e s e   a p p r o a c h e s   h a s   b e e n  

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

t i o n   o f   c h r o m i u m   c a r b i d e s .   C o n s e q u e n t l y ,   t h e r e   i s   s t i l l  

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

c o n t a i n   s u b s t a n t i a l l y   no  c h r o m i u m   c a r b i d e s   d u r i n g  

s e r v i c e   a n d   w h i c h   a r e   t h e r e f o r e   r e s i s t a n t   t o  

i n t e r g r a n u l a r   c o r r o s i o n   and  s t r e s s   c o r r o s i o n   c r a c k i n g .  

SUMMARY  OF  THE  INVENTION 

In   a c c o r d a n c e   w i t h   t h e   p r e s e n t   i n v e n t i o n ,  

t h e r e   i s   p r o v i d e d   i r o n ,   n i c k e l ,   a n d   c o b a l t   b a s e d  

a u s t e n i t i c   a l l o y s '   c o n t a i n i n g   f rom  a b o u t   1 2 - 5 0   wt .%  C r ,  

f r o m   a b o u t   0 . 0 0 1   -  0 . 2   w t .%  C,  and  a t   l e a s t   o n e   c a r b i d e  

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

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

g e n e r a t e s   a  c a r b o n   c o n c e n t r a t i o n   in   s o l u t i o n   w h i c h   i s  

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

f r o m   a b o u t   4 2 5 ° C   -  7 5 0 ° C .  

In   p r e f e r r e d   e m b o d i m e n t s   of   t h e   p r e s e n t  

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

1 2 - 2 5   wt .%  C r ,  

5 - 3 5   wt .%  N i ,  

0-3  wt .%  Mo 

0 - 0 . 5   wt .%  S i  

0 . 0 0 1 -   0 . 2   wt .%  C ,  

Hf  a n d / o r   Ta  in   an  a m o u n t   f r o m   a b o u t  

10(C+O+N)  t o   30(C+O+N)   w h e r e i n   t h e   c o n c e n -  

t r a t i o n   of   c a r b o n   (C),   o x y g e n   ( 0 ) ,   and  n i t r o -  

gen  ( N ) ,   a r e   e x p r e s s e d   in  w t . % ,  

t h e   b a l a n c e   b e i n g   F e .  
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I n   o t h e r   p r e f e r r e d   e m b o d i m e n t s   off  t h e  

p r e s e n t   i n v e n t i o n ,   up  t o   3  w t . %   Mn,  up  to   0 . 2   w t . %   A l  

a n d   up  to  0.5%  Si  a r e   p r e s e n t .  

In   s t i l l   o t h e r   p r e f e r r e d   e m b o d i m e n t s   of  t h e  

p r e s e n t   i n v e n t i o n ,   t h e   a l l o y s   c o n t a i n   a b o u t   1 5 - 2 5   w t . %  

C r ,   7 0 - 8 0   w t . %   H i ,   0 . 0 0 1   -  0 . 2   w t . %   C,  a n d   Hf  in   a n  

a m o u n t   f rom  a b o u t   10(C+O+N)  to   a b o u t   3 0 ( C + O + N ) ,   w h e r e   C ,  

O,  and   N  a r e   b a s e d   on  w t . % .  

B R I E F   DESCRIPTION  Of  THE  F IGURES 

The   F i g u r e   h e r e o f   a r e   p h o t o m i c r o g r a p h s  

s h o w i n g   t h e   m i c r o s t r u c t u r e   of   a l l o y s   A,  B,  D,  a n d   E  o f  

t h e   e x a m p l e s ,   a f t e r   e x p o s u r e   a t   1 0 4 0 ° C   f o r   o n e   h o u r  

f o l l o w e d   by  e x p o s u r e   a t   5 9 0 ° C   f o r   1 0 0 0   h o u r s .   T h e s e  

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

t h e   g r a i n   b o u n d a r i e s   by  t h e   o x a l i c   a c i d   e t c h   a s  

e v i d e n c e d   by  v o i d s ,   or  h o l e s . ,   a t   t h e   g r a i n   b o u n d a r i e s .  

I t   c a n   be  o b s e r v e d   in   t h e s e   p h o t o m i c r o g r a p h s   t h a t   t h e  

g r a i n   b o u n d a r i e s   o f   a l l o y   E  a r e   n o t   a t t a c k e d   by  t h e  

o x a l i c   a c i d   e t c h ,   t h i s   i s   b e c a u s e   of  t h e   a b s e n c e   o f  

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

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

D E S C R I P T I O N   OF  THE  INVENTION 

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

d e t r i m e n t a l   to   t h e   i n t e r g r a n u l a r   c o r r o s i o n   a n d   s t r e s s  

c o r r o s i o n   c r a c k i n g   r e s i s t a n c e   o f   a u s t e n i t i c   a l l o y s  

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

r e g i o n s   n e i g h b o r i n g   t h e   g r a i n   b o u n d a r i e s ,   of  c h r o m i u m .  

By  p r a c t i c e   of   t h e   p r e s e n t   i n v e n t i o n ,   t h e   f o r m a t i o n   o f  

c h r o m i u m   c a r b i d e s   i s   a v o i d e d   by  t h e   a d d i t i o n   of   one  o r  

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

s t a b l e   t h a n   c h r o m i u m   c a r b i d e   and   w h i c h   a l l o y ,   a t  
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e q u i l i b r i u m ,   has   a  c a r b o n   c o n c e n t r a t i o n ,   in  t h e   m a t r i x ,  

w h i c h   i s   i n s u f f i c i e n t   to   f o r m   c h r o m i u m   c a r b i d e s   a t   a  

t e m p e r a t u r e   f rom  a b o u t   4 2 5 ° C   to  7 5 0 ° C .  

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

f o r   u s e   in  t h e   p r e s e n t   i n v e n t i o n   a r e   h a f n i u m   f o r   i r o n ,  

n i c k e l ,   and  c o b a l t   b a s e d   a l l o y s ,   and  t a n a t a l u m ,   f o r   i r o n  

b a s e d   a l l o y s .   Such   c a r b i d e   f o r m i n g   e l e m e n t s   a r e  

p r e s e n t   in  an  a m o u n t   s u f f i c i e n t   so  t h a t   t h e   c o n -  

c e n t r a t i o n   of  c a r b o n   in  t h e   m a t r i x   i s   t o o   low  to   c a u s e  

p r e c i p i t a t i o n   o f   c h r o m i u m   c a r b i d e s .   T h i s   a m o u n t ,  

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

g r e a t e r   t h a n ,   a b o u t   10  (C+O+N)  b u t   l e s s   t h a n   o r   e q u a l   t o  

a b o u t   30  (C+O+N)  ,  p r e f e r a b l y   a b o u t   15  ( C + O + N ) .   F o r  

e c o n o m i c a l   r e a s o n s   i t   may  be  d e s i r a b l e   to   u s e   l o w e r   c o s t  

H f - Z r   a l l o y s   as  o p p o s e d   to   t h e   more   e x p e n s i v e   e l e m e n t a l  

H f .   S u c h   H f - Z r   a l l o y s   a r e   a  b y - p r o d u c t   of   t h e  

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

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

c o s t   of  Hf.   I f   H f - Z r   a l l o y s   a r e   u s e d   in  t h e   p r a c t i c e   o f  

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

m o r e   t h a n   0 . 7 5   w t . %   Zr  i s   p r e s e n t   in   t h e   f i n a l   a l l o y .  

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

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

c h r o m i u m "   c a r b i d e s   a t   t h e   g r a i n   b o u n d a r i e s ,   t h u s  

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

i n t e r g r a n u l a r   c o r r o s i o n   and  s t r e s s   c o r r o s i o n   c r a c k i n g .  

B e c a u s e   t h e   c o n c e n t r a t i o n   of   o x y g e n   and  n i t r o g e n  

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

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

t a n t a l u m   may  be  s a t i s f i e d   by  c o n s i d e r i n g   t h e  

c o n c e n t r a t i o n   of   c a r b o n   a l o n e . . I n   c a s e s   w h e r e   t h e  

c o n c e n t r a t i o n s   o f   o x y g e n   a n d   n i t r o g e n   a r e   u n u s u a l l y  

h i g h ,   a l l   t h r e e   e l e m e n t s   s h o u l d   be  c o n s i d e r e d   e q u a l l y  

f o r   s a t i s f y i n g   t h e   a b o v e   c r i t e r i a .   When  Hf  a n d   Ta  a r e  
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u s e d   b e l o w   a b o u t   10  (C+O+H)  ,  t h e   a l l o y ,   a t   e q u i l i b r i u m ,  

c o n t a i n s   s u f f i c i e n t   a m o u n t s   of   c a r b o n   in   t h e   m a t r i x   t o  

f o r m   c h r o m i u m   c a r b i d e s .   When  Hf  and   Ta  a r e   u s e d   a b o v e  

a b o u t   3 0 ( C + 0 + N ) ,   i n t e r m e t a l l i c   p h a s e s   w i l l   f o r m ,   w h i c h  

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

t h e   a l l o y .  

The   e l e m e n t s ,   and   t h e i r   c o n c e n t r a t i o n s ,   | 

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

i m p o r t a n t   b e c a u s e   t h e i r   c o m b i n a t i o n   r e s u l t s   in  a  c l a s s   ' 

o f   a l l o y s   h a v i n g   u n e x p e c t e d l y   g o o d   r e s i s t a n c e   t o   
' 

i n t e r g r a n u l a r   c o r r o s i o n   and  s t r e s s   c o r r o s i o n   c r a c k i n g .   ' 

i 
C h r o m i u m   i s   i m p o r t a n t   in   t h e   a l l o y s   o f   t h e   ! 

p r e s e n t   i n v e n t i o n   b e c a u s e   i t   i n c r e a s e s   t h e   o v e r a l l   i 

c o r r o s i o n   r e s i s t a n c e   o f   t h e   a l l o y .   I t   w i l l   be  n o t e d   ' 

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

f o r m a t i o n   of   s i g m a ,   o r   o t h e r   s i m i l a r   i n t e r m e t a l l i c   > 

p h a s e s .   
'  The   a m o u n t   o f   c h r o m i u m   n e e d e d   to   p r o v i d e   ! 

c o r r o s i o n   r e s i s t a n c e   f o r   t h e   a l l o y s   o f   t h e   p r e s e n t  

i n v e n t i o n   i s   a t   l e a s t   a b o u t   12  w t . % ,   w h i l e   a  c h r o m i u m  

c o n t e n t   o f   up  t o   a b o u t   50  w t . %   may  be  n e e d e d   in   m o r e   : 

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

A n o t h e r   p r e f e r r e d   a l l o y   i s   c o m p r i s e d   o f   ' 

a b o u t   19  t o   23  w t . %   C r ,   a b o u t   30  t o   35  wt .%  N i ,   a b o u t  

1 . 5   w t . %   Mn,  a b o u t   0 . 0 6   to  0 . 1   wt.%  C,  a b o u t   0 . 0 6   to  0 . 1  

w t . %   A l ,   up  to   a b o u t   0 . 5   w t . %   S i ,   Hf  in   an  a m o u n t   o f  

a b o u t   20  (C+O+N)  ,  t h e   b a l a n c e   b e i n g   F e .   M o r e   p r e f e r r e d  

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

17  t o   19  wt .%  C r ,   a b o u t   9  to   12  w t . %   N i ,   a b o u t   1 . 5   t o  

2 . 5   w t . %   Mn,  up  t o   a b o u t   0 . 5   w t .%  S i ,   l e s s   t h a n   a b o u t  

0 . 0 8   w t . %   C,  Hf  i n   an  a m o u n t   of   a b o u t   20  (C+O+N)  ,  t h e  

b a l a n c e   b e i n g   F e .   i 

i 
i 
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The   u s e   of   h a f n i u m   a n d / o r   t a n t a l u m   in  t h e  

i r o n   b a s e d   a l l o y s   and  h a f n i u m   in   t h e   i r o n ,   n i c k e l ,   a n d  

c o b a l t   b a s e d   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   r e s u l t s   i n  

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

c a r b i d e s .   The  f o r m a t i o n   of   h a f n i u m   and  t a n t a l u m   c a r b i d e s  

d e c r e a s e s   t h e   c a r b o n   c o n c e n t r a t i o n   of   t h e   m a t r i x ,  

t h e r e b y   l e a v i n g   t h e   c o n c e n t r a t i o n   of  c a r b o n   t o o   low  f o r  

t h e   p r e c i p i t a t i o n   of   c h r o m i u m   c a r b i d e s .   The  u s e   of  o t h e r  

k n o w n   c a r b i d e   f o r m i n g   e l e m e n t s ,   s u c h   as   n i o b i u m   a n d  

t i t a n i u m ,   in  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 ,   w e r e  

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

e f f e c t   as   h a f n i u m   and   t a n t a l u m .   T h a t   i s ,   a l t h o u g h  

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

m a t r i x   and  r e s u l t   in  t h e   f o r m a t i o n   of   s t a b l e   n i o b i u m  

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

t h e   m a t r i x ,   a t   e q u i l i b r i u m   a t   a  t e m p e r a t u r e   o f   a b o u t  

4 2 5 ° C   t o   7 5 0 ° C ,   t o   r e s u l t   in  f o r m a t i o n   o f   c h r o m i u m  

c a r b i d e s .   For   p u r p o s e s   of  t h e   p r e s e n t   i n v e n t i o n ,   H f  

is   t h e   p r e f e r r e d   c a r b i d e   f o r m i n g   e l e m e n t .  

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   m a y  
c o n t a i n   i n c i d e n t a l   i m p u r i t i e s   s u c h   as  B,  Sn,   Pb,   Zn,  B i ,  

e t c . ,   e a c h   in  an  a m o u n t   l e s s   t h a n   a b o u t   0 . 0 1   w t . % ,   a s  

l o n g   as   t h e y   do  n o t   r e n d e r   an  a d v e r s e   e f f e c t   on  t h e  

p r o p e r t i e s   of   t h e   a l l o y .  

The   f o l l o w i n g   e x a m p l e s   s e r v e   to   more   f u l l y  

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

i n v e n t i o n   as   w e l l   as   to   s e t   f o r t h   t h e   b e s t   m o d e s   c o n -  

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

t i o n .   I t   i s   to  be  u n d e r s t o o d   t h a t   t h e s e   e x a m p l e s   in  n o  

way  s e r v e   to  l i m i t   t h e   t r u e   s c o p e   of  t h i s   i n v e n t i o n ,   b u t  

a r e   p r e s e n t e d   f o r   i l l u s t r a t i v e   p u r p o s e s .   < 
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E x a m p l e   1 

The   e x p e r i m e n t a l   a l l o y s   u s e d   h e r e i n   w e r e  

p r e p a r e d   f r o m   s u b s t a n t i a l l y   p u r e - e l e m e n t   raw  m a t e r i a l s .  

The   i n d i v i d u a l   e l e m e n t s   w e r e   w e i g h e d   to   c o n s t i t u t e   a b o u t  

50  l b s   and  m e l t e d   in   a  v a c u u m   i n d u c t i o n   f u r n a c e .   O n c e  

t h e   m a j o r   a l l o y i n g   e l e m e n t s   w e r e   m o l t e n ,   t h e   m o l t e n  

m e t a l   was  p o u r e d   i n t o   a  2 - 1 / 2   i n c h   d i a m e t e r   c a s t   i r o n  

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

m o l d ,   h o m o g e n i z e d   a t   1 2 0 0 ° C ,   and  h o t   r o l l e d   a t   1000°C  t o  

p r o d u c e   1 /2   i n c h   t h i c k   p l a t e s .  

T a b l e   I  b e l o w   s e t s   f o r t h   t h e   a l l o y   c o m p o s i -  

t i o n s   u s e d   in  t h i s   e x a m p l e .  

TABLE  I  

C o m p o s i t i o n ,   wt-.%  * 

A l l o y   Fe  Cr  Mi  Hn  C  Ti  Nb  Hf  C o m m e n t s  

A  Ba l   1 8 . 3   9 . 9   2 . 2   . 067   .27  T i / C « 4  

B  Ba l   18*  10*  2*  .07   @  0 . 6   .28  T a  

G  Ba l   1 8 . 3   9 . 9   1 .8   .073   .4  .28  H f / C » 3 . 8  

D  Ba l   1 7 . 3   1 0 . 2   2 . 3   .07   .46  .54   H f / C « 7 . 7  

E  Ba l   1 8 . 9   1 0 . 2   1 . 9   . 073   .4  1 . 0 5   H f / C = 1 4 . 4  

*  n o m i n a l   ( n o t   a n a l y z e d )   c o m p o s i t i o n s  

A l l o y s   A  a n d   B  a r e   c o m m e r c i a l l y   a v a i l a b l e  

a l l o y   c o m p o s i t i o n s   w i t h   A l l o y   A  c o n t a i n i n g   Ti  and  A l l o y   B 

c o n t a i n i n g   Nb  and  Ta .   A l l o y   B  is   c o n s i d e r e d   to  be  t h e  

b e s t   .  c o m m e r c i a l l y   a v a i l a b l e   c o n v e n t i o n a l   a l l o y   in   t h e  

i n d u s t r y   to   r e s i s t   p o l y t h i o n i c   a c i d   s t r e s s   c o r r o s i o n  

c r a c k i n g .   A l l o y s   C,  D  and  E  a r 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 .   T h e s e   a l l o y s   c o n t a i n   Hf /C   r a t i o s   r a n g i n g   f r o m  
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3 . 8   f o r   a l l o y   C,  to   1 4 . 4   f o r   a l l o y   E.  A l t h o u g h   A l l o y s   C ,  

D,  and   E  c o n t a i n   T i ,   t h e y   a l l   c o n t a i n   e n o u g h   Hf ,   b a s e d   o n  

t h e   a m o u n t   of   c a r b o n ,   t o   p r e v e n t   t h e   f o r m a t i o n   o f  

c h r o m i u m   c a r b i d e s .  

E x a m p l e   2 

T h r e e   c o u p o n s   of   e a c h   of  t h e   a b o v e   a l l o y s  

w e r e   s o l u t i o n   t r e a t e d   a t   1 0 4 0 ° C   f o r   1  h r   a n d   w a t e r  

q u e n c h e d .   One  c o u p o n   of   e a c h   a l l o y   was  r e t a i n e d   i n   t h e  

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

t i o n s .   A n o t h e r   c o u p o n   of  e a c h   a l l o y   was  e x p o s e d   a t  

5 9 0 ° C   f o r   a  p e r i o d   of   100  h r s . ,   and  t h e   t h i r d   c o u p o n   o f  

e a c h   a l l o y   was  e x p o s e d   a t   590°C  f o r   1000  h r s .   The   h e a t  

t r e a t e d   c o u p o n s   w e r e   e x a m i n e d   by  s c a n n i n g   a n d   t r a n s -  

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

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

r e s u l t s   of  t h e s e   s t u d i e s   a r e   shown  in  T a b l e   I I   b e l o w :  

TABLE  I I  

R e l a t i v e   A b u n d a n c e   of  S e c o n d   P h a s e   P a r t i c l e s  
of  t h e   H e a t   T r e a t e d   C o u p o n s *  

1 0 4 0 ° C / l   Hr  1 0 4 0 ° C / l   H r  
A l l o y   1 0 4 0 ° C / l   Hr  + 5 9 0 ° C / 1 0 0   Hrs  + 5 9 0 ° C / 1 0 0 0   H r s  

A  TiC  T i C ,   Cr23Cg  T i C ,   C ^ C g  

B  ( N b , T a ) C   ( N b , T a ) C   ( N b , T a ) C , C r 2 3 C 6  
F e 2 N b  

C  T i C ,   HfC  T i C ,   HfC,  T i C ,   HfC,   C r 2 3 C g  
C r 2 3 C 6  

D  HfC,  TiC  HfC,   TiC  HfC,   T i C ,   C r 2 3 C 6  

E  HfC  HfC,   F e ? ( H f , T i )   HfC,   F e 9 ( H f , T i )  

*  p h a s e s   l i s t e d   in  d e c r e a s i n g   o r d e r   of  a b u n d a n c e .  
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The   d a t a   in   T a b l e   I I   s h o w   t h a t   a l l   of   t h e  

a l l o y s   c o n t a i n e d   p r i m a r y   c a r b i d e s   ( T i ,   Nb,  T a ,  

H f - c a r b i d e s )   b e f o r e   a g i n g ,   w i t h   t h e   t y p e   and   a m o u n t   o f  

c a r b i d e   v a r y i n g   f r o m   a l l o y   to   a l l o y .   The   c o m m e r c i a l  

a l l o y s   A  a n d   B  c o n t a i n   TiC  and  ( N b , T a ) C ,   r e s p e c t i v e l y ,  

w h i l e   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   c o n t a i n   T i C  

a n d   H f C .   The   t y p e   o f   c a r b i d e   in   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   d e p e n d s   on  t h e   H f / C   r a t i o .   T h a t   i s ,  

f o r   a l l o y s   in   w h i c h   H f / C   <15 ,   t h e   p r i m a r y   c a r b i d e   i s   a  

m i x t u r e   o f   T iC   a n d   H f C ,   w h i l e   f o r   H f / C   *  15 ,   t h e  

p r i m a r y   c a r b i d e   is.  e n t i r e l y   H f C .  

A f t e r   a g i n g   f o r   100  h r s . ,   t h e   s a m p l e s   w e r e  

e x a m i n e d   in   a  t r a n s m i s s i o n   e l e c t i o n   m i c r o s c o p e   and   t h e  

t y p e s   o f   p h a s e s   w e r e   c h a r a c t e r i z e d   by  x - r a y  

m i c r o a n a l y s i s   and  e l e c t i o n   d i f f r a c t i o n   a n a l y s i s .   T h e  

r e s u l t s   a r e   s h o w n   i n   T a b l e   I I .   C o m m e r c i a l   a l l o y   A 

and   a l l o y   C  f o r m   c h r o m i u m   c a r b i d e s   w h i l e   a l l o y   B  a n d  

a l l o y   D  d i d   n o t   f o r m   a n y   Cr  c a r b i d e s   o r   a n y   o t h e r  

p r e c i p i t a t e s .   A l l o y   E  f o r m e d   s m a l l   a m o u n t s   of   F e 2 ( H f , T i )  

i n t e r m e t a l l i c   p r e c i p i t a t e s   b o t h   in  t h e   g r a i n s   and  a t   t h e  

g r a i n   b o u n d a r i e s .   T h i s   was   c a u s e d   by  t h e   p r e s e n c e   o f  

t i t a n i u m   w h i c h   i s   n o r m a l l y   n o t   r e q u i r e d   in  t h e   a l l o y .  

A f t e r   1000  h r s .   of  a g i n g ,   b o t h   t h e   c o m n e r c i a l  

a l l o y s   (A  and   B)  and  t h e   e x p e r i m e n t a l   a l l o y s   (C  and  D) 

f o r m e d   c a r b i d e   p r e c i p i t a t e s .   In   t h e   a l l o y s   t h a t   h a d  

f o r m e d   c h r o m i u m   c a r b i d e s   a f t e r   100  h r s . ,   ( a l l o y s   A  a n d  

C)  ,  t h e   d e n s i t y   of  c h r o m i u m   c a r b i d e s   had   i n c r e a s e d   a f t e r  

1 0 0 0   h r s .   A l l o y   B  a n d   a l l o y   D  a l s o   f o r m e d   c h r o m i u m  

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

c a r b i d e s   was  a l l o y   E .  
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F i g u r e   1  s h o w s   t h e   m l c r o s t r u c t u r e   o f   t h t  

a l l o y s   a f t e r   1000  h r s .   of   a g i n g .   In   t h e s e   m i c r o g r a p h s ,  

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

a t   t h e   g r a i n   b o u n d a r i e s .   T h e s e   h o l e s   a r e   t h e   r e s u l t   o f  

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

. a r o u n d   t h e   c a r b i d e s   by  a  10%  o x a l i c   a c i d   e t c h   u s e d   t o  

r e v e a l   t h e   s t r u c t u r e   o f   t h e   a l l o y s .   A l l o y s   A,  B,  and  D 

w e r e   e t c h e d   f o r   15  s e c o n d s   and  a l l o y   E  f o r   45  s e c o n d s .  

A l l o y   E  was   e t c h e d   f o r   45  s e c o n d s   b e c a u s e   a f t e r   1 5  

s e c o n d s   no  s i g n   of   a t t a c k   a t   - t h e   g r a i n   b o u n d a r i e s   w a s  

o b s e r v e d .   E v e n   a f t e r   e t c h i n g   f o r   45  s e c o n d s ,   A l l o y   E 

s h o w e d   no  s i g n   of  g r a i n   b o u n d a r y   a t t a c k .   The   a b s e n c e   o f  

c h r o m i u m   c a r b i d e s   in   a l l o y   E  i s   t h e   r e s u l t   of   Hf  a d d i -  

t i o n   in   s u f f i c i e n t   q u a n t i t i e s   to   t i e   up  a l l   or   m o s t   o f  

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

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

m e n t .   The   r e d u c e d   c a r b o n   l e v e l   a t   e q u i l i b r i u m   a t   a  

t e m p e r a t u r e   of   4 2 5 ° C   t o   7 5 0 ° C   i s   b e l o w   t h a t   l e v e l   a t  

w h i c h   c h r o m i u m   c a r b i d e   c a n   f o r m .   The   d a t a   s h o w   t h a t  

p r e c i p i t a t i o n   of   c h r o m i u m   c a r b i d e   c a n   be  p r e v e n t e d   b y  

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

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

c o n c e n t r a t i o n   of   d i s s o l v e d   c a r b o n   in   t h e   m a t r i x   t o   a  

l e v e l   b e l o w   t h a t   a t   w h i c h   c h r o m i u m   c a r b i d e   c an   f o r m .   I t  

h a s   b e e n ' u n e x p e c t e d l y   f o u n d   t h a t   c o n v e n t i o n a l l y   u s e d  

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

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

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

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

l e v e l s .   The  d a t a   a l s o   s h o w   t h a t   no  o t h e r   p r i m a r y  

c a r b i d e ,   s u c h   as  TiC  or   NbC  i s   c a p a b l e   o f   t y i n g   up  a l l  

t h e   c a r b o n   in  t he   a l l o y .  

1  pound   ( l b )   =  4 5 3 . 6   g .  

1  i n c h   =  2 . 5 4   c m .  



0 2 4 6 0 9 2  

-  12  -  

CLAIMS; 

1.  An  a u s t e n i t i c   i r on ,   n i c k e l ,   or  c o b a l t   based  a l loy   c o m p r i s e d  

of  about  12-50  wt.S  Cr,  0  -  3  wt.55  Mo,  0  -  3  wt.JS  Mn,  0  -  0.2  vt .%  A l ,  

0  -  0 .75   wt.SS  I t ,   0 .001  -  0 .2   wt.Ss  C,  and  at  l e a s t   one  ca rb ide   f o r m i n g  

e lement   whose  c a r b i d e   is  more  s t a b l e   than  chromium  c a r b i d e   and,  which  a l l o y  

at  e q u i l i b r i u m ,   has  a  c a r b o n   c o n c e n t r a t i o n   in  s o l u t i o n   which  i s  

i n s u f f i c i e n t   to  form  chromium  c a r b i d e s   at  a  t e m p e r a t u r e   from  a b o u t  

425°C-750°C .  

2.  The  a l loy   of  claim  1  wherein  the  c o n c e n t r a t i o n   of  Cr  is  f rom 

about   15  to  25  w t . 3 .  

3.  The  a l l o y   of  c l a i m   1  or  c la im  2  where in   the  said  c a r b i d e -  

forming  element  is  s e l e c t e d   from  hafnium  or  t a n t a l u m   or  a  combinat ion  of  Hf 

and  T a .  

4.  The  a l l o y   of  c la im  3  wherein  the  c o n c e n t r a t i o n   of  c a r b i d e -  

forming  element  s e l e c t e d   from  Hf  and/or   Ta  is  p r e s e n t   in  a  c o n c e n t r a t i o n   o f  

from  abou t   10  (C+O+N)  to  about  30  (C+O+N)  wherein  C,  0  and  N  are  e x p r e s s e d  

in  weight  p e r c e n t .  

5.  The  a l l o y   of  claim  4  wherein  the  Hf  and /or   Ta  is  p resen t   i n  

a  c o n c e n t r a t i o n   of  about  15  (C+O+N)  w h e r e i n   C,  0  and  N  are  e x p r e s s e d   i n  

weight  p e r c e n t .  
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6.  The  a l l o y   of  any  one  of  c l a i m s   3  to  5  w h e r e i n   the  Hf  i s  

p rov ided   as  a  Hf-Zr  a l loy   such  tha t   the  c o n c e n t r a t i o n   of  Zr  in  the  f i n a l  

i ron  |  n i c k e l   or  c o b a l t - b a s e d   a l loy   is  no  more  than  0.75  wt.S  Z r .  

7.  The  a l loy   of  any  one  of  c la ims   1  to  6  which  is  c o m p r i s e d   o f  

abou t   17  to  19  wt .S   Cr,  9  to  12  wt .S   Ni,  1.5  to  2.5  wt .S   Mn,  Hf  in  an 

amount  such  tha t   Hf  =  about  20  (C+O+N),  where  C,  0,  and  N  are  e x p r e s s e d   i n  

wt.S,  and  the  ba lance   is  i r o n .  

8.  The  a l l oy   of  any  one  of  c la ims   1  to  6  which  is  comprised  o f  

about  19  to  23  wt.S  Cr,  30  to  35  wt.S  Ni,  1.5  to  2.0  wt .S  Mn,  0 .05   to  0 . 1  

wt .S   Al,  up  to  0 .5  wt.S  Si,  0.05  to  0.1  wt.S  C,  Hf  in  an  amount  such  t h a t  

Hf  =  about  20  (C+O+N),  where  C,  0,  and  N  are  e x p r e s s e d   in  w t . S ,   and  t h e  

ba lance   is  i r o n .  

9.  The  a l l oy   of  any  one  of  c la ims   1  to  6  which  is  comprised  o f  

15  to  25  wt.S  Cr,  70  to  80  wt.S  Ni,  0 .001  to  0.2  wt .S  C,  and  Hf  in  an  

amount  from  about  10  (C+O+N)  to  30  (C+O+N)  where  C,  0,  and  N  are  e x p r e s s e d  

in  w t . S .  

10.  An  a u s t e n i t i c   a l loy   which  is  r e s i s t a n t   to  s t r e s s   c o r r o s i o n  

c r a c k i n g   as  in  any  one  of  claims  1  to  9  compr i s ing   no  more  than  0.08  w e i g h t  

pe rcen t   carbon,   the  ba lance   being  i r o n .  
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