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©  Corrosion  resistant  high  strength  nickel-based  alloy. 

A  nickel-based  alloy  which  has  high  strength  and  which 
is  resistant  to  hydrogen  embrittlement  and  chloride  stress 
corrosion  cracking  is  provided.  The  alloy  contains  15-22% 
chromium,  10-28%  iron,  6-9%w  molybdenum,  2.5  to  5% 
niobium,  1-2%  titanium  and  up  to  1%  aluminium.  Wrought 
products  made  from  the  alloy  are  useful  in  deep  oil  or  gas 
wells  for  example  for  petroleum  production  tubing,  and  in 
sulphur  dioxide  gas  scrubbers. 



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

r e s i s t a n t   n i c k e l   b a s e d   a l l o y s   w h i c h   h a v e   h i g h   s t r e n g t h .  

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

' 6 8 9 . 5   MN/m2,  or  a d v a n t a g e o u s l y   e v e n   1034  MN/m2  a r e  

r e q u i r e d   in   some  a p p l i c a t i o n s ,   f o r   s u s t a i n i n g   s t r e s s  

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

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

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

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

b e n d i n g ,   or   to   e n a b l e   c o l d   f o r m i n g   t o   be  c a r r i e d   o u t .  

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

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

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

m e d i a   s u c h   as  c h l o r i d e s ,   a c i d s   and  s u c h   c o m p o u n d s   a s  

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

r e s i s t a n c e   to   c o r r o s i v e   p i t t i n g ,   s t r e s s   c o r r o s i o n   c r a c k i n g  

and  h y d r o g e n   e m b r i t t l e m e n t ,   as  w e l l   as  h i g h   s t r e n g t h .  

INCONEL  a l l o y   718 ,   as  d i s c l o s e d   and  c l a i m e d  

in   U . S .   p a t e n t   3  046  108 ,   i s   an  a g e - h a r d e n a b l e   h i g h  

s t r e n g t h   a l l o y   f o r   s e r v i c e   o v e r   a  w i d e   t e m p e r a t u r e   r a n g e ,  
f r o m   - 2 5 0 ° C   to   700°C, .   and  o f f e r s   g o o d   c o r r o s i v e  

r e s i s t a n c e   to   a  w i d e   v a r i e t y   of  e n v i r o n m e n t s .   S i n c e  

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

and  f a t i g u e   s t r e n g t h ,   i t   has   b e e n   u s e d   in   d o w n - h o l e  

s e r v i c e   in   o i l   w e l l s .   H o w e v e r   t h e   a l l o y   h a s   i n s u f f i c i e n t  

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

e n v i r o n m e n t s   f o u n d   in  " s o u r   w e l l "   c o n d i t i o n s ,   a n d ,  

a l t h o u g h   h a v i n g   h i g h   a s - c o l d - d r a w n   s t r e n g t h ,   has   l o w  

d u c t i l i t y .  

The  p r e s e n t   d i s c o v e r y   i s   b a s e d   on  t h e   d i s c o v e r y  

of  a  new  a l l o y ,   d e v e l o p e d   f rom  a l l o y   7 1 8 ,   w h i c h   h a s   a n  

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

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

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



A c c o r d i n g   t o   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   an  a l l o y   c o n s i s t i n g   o f ,   by  w e i g h t   15%  to   22% 

c h r o m i u m ,   10%  to   28%  i r o n ,   6%  to   9%  m o l y b d e n u m ,   2 . 5 %  

to   5%  n i o b i u m ,   1%  to   2%  t i t a n i u m ,   up  to   1%  a l u m i n i u m ,  

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

b e i n g   n i c k e l   in   a  p r o p o r t i o n   of  45%  t o  5 5 %   of   t h e  

a l l o y .   I n c i d e n t a l   e l e m e n t s   w h i c h   may  be  p r e s e n t   i n  

s m a l l   a m o u n t s   i n c l u d e   up  t o   0.1%  c a r b o n ,   up  to   0 . 3 5 %  

s i l i c o n ,   up  to   0 .35%  m a n g a n e s e ,   up  to   0 .01%  b o r o n ,   a n d ,  

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

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

can   r e m a i n   f rom  a d d i t i o n s   t o t a l i n g   up  to   0 .2%  of   t h e  

f u r n a c e   c h a r g e .   I m p u r i t i e s   p r e s e n t   may  i n c l u d e   u p  

to   0 .5%  c o p p e r ,   up  to   0 . 0 1 5 %   s u l p h u r   and  up  to   0 . 0 1 5 %  

p h o s p h o r u s .  

C o m m e r c i a l   s o u r c e s   of  m o l y b d e n u m   and   n i o b i u m  

a r e   o f t e n   a s s o c i a t e d   w i t h   t u n g s t e n   and  t a n t a l u m ,   and  m a y  
be  p r e s e n t   a t   l e v e l s   o f   a b o u t   0 .1%  t u n g s t e n   and  0 . 1 %  

t a n t a l u m .   The  t u n g s t e n   l e v e l   m u s t   be  c o n t r o l l e d   a t   a  

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

s u c h   as   L a v e s   p h a s e .   A l t h o u g h   t a n t a l u m   may  be  s u b s t i -  

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

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

w e i g h t .  

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

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

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

in   h i g h l y   c o r r o s i v e   e n v i r o n m e n t s .   To  o p t i m i s e   t h e s e  

p r o p e r t i e s ,   a  p r e f e r r e d   c o m p o s i t i o n   c o n t a i n s   18 .5%  t o  

20 .5%  c h r o m i u m ,   13.5%  to   18%  i r o n ,   6.5%  to   7 . 5 %  

m o l y b d e n u m ,   1.3%  to   1.7%  t i t a n i u m ,   0 .05%  t o   0 . 5 %  

a l u m i n i u m ,   b a l a n c e   n i c k e l ,   a p a r t   f r om  i m p u r i t i e s   a n d  

i n c i d e n t a l   e l e m e n t s .  

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

c o n t e n t s   of  t h e   a l l o y   a r e   c l o s e l y   c o n t r o l l e d   s u c h   t h a t  

%  Ti  +  ½ (%  N b ) ≥   3%  <  4%.  P r e f e r a b l y   t h e  



a l l o y   c o n t a i n s   1.3%  t o   1.7%  t i t a n i u m   and  3.6%  to   4 . 4 %  

Nb,  and  m o s t   p r e f e r a b l y   1.5%  Ti  and  4%  N b .  

The  a l l o y   h a s   g o o d   w o r k a b i l i t y ,   b o t h   h o t  

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

c o l d   r o l l e d   s t r i p   and   e x t r u d e d   t u b i n g .   A p p r o p r i a t e  

p r o c e s s   t r e a t m e n t s   may  be  u s e d   to   e n h a n c e   t h e   s t r e n g t h s  

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

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

c o m b i n a t i o n s   of  t h e   t w o .   The  a l l o y   may  be  a n n e a l e d   a t  

a  t e m p e r a t u r e   of  871°C   t o   1 1 4 9 ° C ,   and  a g e d   a t   593°C  t o  

7 6 0 ° C ,   or   even   8 1 6 ° C .   D i r e c t   a g i n g   t r e a t m e n t s   of  h e a t i n g  

t h e   c o l d - w o r k e d   a l l o y   a t   649°C  to   760°C  f o r   f rom  0 . 5   t o  

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

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

s t r e n g t h   and   d u c t i l i t y .  

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 f t e r  

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

s t r e n g t h   (0.2%  o f f s e t )   of  in   e x c e s s   of  1034  MN/ml,   w i t h  

an  e l o n g a t i o n   of  8%,  and   p r e f e r r e d   a l l o y s   h a v e   s t r e n g t h s  

of  m o r e   t h a n  1 3 1 0   MN/m2  and  e l o n g a t i o n   of   a r o u n d   15%.  

Some  e x a m p l e s   w i l l   now  be  g i v e n .  

E x a m p l e   1 

T h r e e   a l l o y s   of   t h e   i n v e n t i o n   and  a  c o m p a r a -  
t i v e   a l l o y   w e r e   p r e p a r e d .   The  a l l o y   c o m p o s i t i o n s   a r e  

s e t   o u t   in   T a b l e   1 .  





A l l o y   1  was  p r e p a r e d   by  v a c u u m   i n d u c t i o n  

m e l t i n g   and   was  c a s t   to   i n g o t   f o r m .   I n g o t s   of   a l l o y   1 

w e r e   h e a t e d   a t   1 1 2 1 ° C   f o r   16  h o u r s   f o r   h o m o g e n i z a t i o n  

and   t h e n   f o r g e d   f l a t   f r o m   1 1 2 1 ° C .   F l a t s   w e r e   h o t  

r o l l e d   a t   1 1 2 1 ° C   t o   r e d u c e   a b o u t   4  mm  ( 0 . 1 6   g a u g e ) ,  

a n n e a l e d   a t   1 0 6 6 ° C   f o r   1  h o u r   and   c o l d   r o l l e d   to   2 .5   mm 

( 0 . 1   g a u g e )   s t r i p ,   w h i c h   was  a g a i n   a n n e a l e d   a t   1 0 6 6 ° C  

f o r   1  h o u r .   S e p a r a t e   p o r t i o n s   of  t h e   a n n e a l e d   2 .5   mm 

s t r i p   w e r e   c o l d   r o l l e d   d i f f e r e n t   a m o u n t s   to   make  1 . 5 7 ,  

1 . 8   and  2 . 1 1   mm  s i z e s   ( 0 . 0 6 2 ,   0 . 0 7 1   and  0 . 0 8 3   g a u g e  

r e s p e c t i v e l y )   and  t h e n  e a c h   s i z e   ( i n c l u d i n g   t h e   2 . 5   mm 

s i z e   was  a g a i n   a n n e a l e d   a t   1 0 6 6 ° C   f o r   1  h o u r   and  c o l d  

r o l l e d   down  t o   f i n a l   g a u g e   of  a b o u t   1 . 2 7   mm  ( 0 . 0 5   g a u g e )  

r e s u l t i n g   in   c o l d   w o r k   r e d u c t i o n   of  a b o u t   20%,  30%,  40% 

and   50%.  

H a r d e n a b i l i t y ,   i n c l u d i n g   work   h a r d e n a b i l i t y  

and  age  h a r d e n a b i l i t y ,   of   a l l o y   1  was  c o n f i r m e d   w i t h  

h a r d n e s s   m e a s u r e m e n t s ,   as  shown  in   T a b l e   I I ,   on  s p e c i m e n s  

of   t h e   1 . 2 7   mm  ( 0 . 0 5   g a u g e )   s t r i p   b e f o r e   and  a f t e r  

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

i n   t h e   H e a t   T r e a t m e n t   S c h e d u l e   ( T a b l e   I I I ) .  



A n n e a l e d   h a r d n e s s e s   of   20%  CR  s t r i p   on  R o c k w e l l   B 

s c a l e   a f t e r   t r e a t m e n t s   of  954°C  f o r   h o u r ,   1 0 3 8 ° C   f o r   1  

h o u r   and  1 1 4 9 ° C   f o r   h o u r   w e r e   97,  93  and  7 8 . C o r r e s p o n d i n g  

r e s u l t s   w i t h   40%  CR  s t r i p   w e r e   2 3 . 5   Rc,  94  Rb  and  78  R b .  



T e n s i l e   s p e c i m e n s   a b o u t   1 . 2 7   mm  ( 0 . 0 5   g a u g e )  

s t r i p   of  a l l o y   1  w e r e   e v a l u a t e d   f o r   m e c h a n i c a l   p r o p e r t i e s  

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

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

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

r e s u l t s   s e t   f o r t h   in  t h e   f o l l o w i n g   T a b l e   IV.  W i t h  

c o l d - w o r k e d   e m b o d i m e n t s   of  t h e   a l l o y   of   t h e   i n v e n t i o n ,  

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

a g e - h a r d e n i n g   t e m p e r a t u r e   d i r e c t l y   ( w i t h o u t   o t h e r   h e a t  

t r e a t m e n t   i n t e r v e n i n g   b e t w e e n   c o l d   w o r k i n g   and  a g i n g )  

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

of   1034  MN/m2  and  h i g h e r ,   w i t h   g o o d   r e t e n t i o n   o f  

d u c t i l i t y ;   m o r e o v e r ,   t h e   649°C  d i r e c t   age   p r o v i d e d  

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

e x c e e d i n g   1103  MN/M2  and  20%  e l o n g a t i o n .  

The  e n d u r a n c e   of  d u c t i l i t y   of   a l l o y   1  in   a  

v a r i e t y   of  c o n d i t i o n s   when  s u b j e c t e d   t o   h y d r o g e n   c h a r g i n g  

was  t e s t e d   by  h o l d i n g   r e s t r a i n e d   2 5 . 4   mm  w i d t h   c o l d -  

f o r m e d   U - b e n d   s p e c i m e n s   a t   s t r e s s e s   g r e a t e r   t h a n   100% 

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

a  5%  s u l p h u r i c   a c i d   s o l u t i o n   a t   10  m i l l i a m p s   t o t a l  

c u r r e n t   f o r   5 0 0 - h o u r   p e r i o d s .   S u c c e s s f u l   s u r v i v a l  

t h r o u g h o u t   t h e   5 0 0 - h o u r   c h a r g i n g   p e r i o d s   was  s h o w n  

w i t h   a l l o y   1  in  t w e l v e   p r o c e s s i n g   t r e a t m e n t   c o n d i t i o n s ,  



as  b r i e f l y   s t a t e d   b e l o w ,  

ACR  20%,  30%,  40%  and  50%;  

HT-1  f o l l o w i n g   20%,  30%,  40%  and   50%  CR;  

20%  CR  p l u s   HT-8 ;   20%  CR  p l u s   H T - 9 ;  

20%  CR  p l u s   H T - 1 0 ;   20%  CR  p l u s   H T - 1 1 .  

In  c o n t r a s t ,   two  r e s t r a i n e d   U - b e n d   s p e c i m e n s   of   20% 

c o l d   r o l l e d   s t r i p   of   a l l o y   1  in   c o n d i t i o n s   r e s u l t i n g  

f rom  l o n g - t i m e   ( i n   t h e s e   i n s t a n c e s ,   o v e r   16  h o u r s )  

d i r e c t   a g e   t r e a t m e n t s   HT-5  and   HT-6  f a i l e d   a f t e r  

u n s a t i s f a c t o r i l y   b r i e f   s u r v i v a l s   o f  5   h o u r s   and  2  h o u r s ,  

r e s p e c t i v e l y ,   w h e n  s u b j e c t e d   t o   t h e   same  h y d r o g e n  

c h a r g i n g   c o n d i t i o n s .  

Good  r e s i s t a n c e   to   c o n t a c t   w i t h   a c i d   c h l o r i d e  

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

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

s p e c i m e n s   of  a l l o y   1  of   1 0 . 2   cm  x  7 . 6 2   cm  in   t h e   40% 

c o l d - r o l l e d   c o n d i t i o n .   Two  s p e c i m e n s   w e r e   i m m e r s e d  

in   a q u e o u s   10%  FeCl3   +  0 . 5   HC1  s o l u t i o n s   a t   66°C  f o r  

24  h o u r s .   The  w e i g h t   l o s s e s   w e r e   s a t i s f a c t o r i l y   low 

v a l u e s   o f   0 . 0 3   and  0 . 5 2   m g / c m a .   V i s u a l   i n s p e c t i o n  

f o r   a p p e a r a n c e s   of   p i t t i n g   s h o w e d   t h a t   o n l y   one   p i t  

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

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

C a p a b i l i t y   of   t h e   a l l o y   to   p r o v i d e   r e s i s t a n c e  

a g a i n s t   s t r e s s - c o r r o s i o n   c r a c k i n g   was  shown   b y  

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

U - b e d   s p e c i m e n   o f . 5 0 %   c o l d - r o l l e d   a l l o y   1  d u r i n g   a  
7 2 0 - h o u r   e x p o s u r e   in   b o i l i n g   42%  M g C l 2 .  

E x a m p l e   2 

A l l o y   2  and  a l l o y   3  w e r e   a i r   i n d u c t i o n   m e l t e d  

and  c e n t r i f u g a l l y   c a s t   w i t h   p r o t e c t i o n   o f   an  a r g o n  
s h r o u d   in   a  m e t a l   m o u l d   h a v i n g   a  1 0 . 8   cm  I . D .   a n d  

1300   rpm  r o t a t i o n   s p e e d   to   p r o d u c e   c a s t   c e n t r i f u g a l l y  
s o l i d i f i e d   t u b e   s h e l l s   of   a l l o y   2  and   3.  C a s t  
d i m e n s i o n s   w e r e   1 0 . 8   cm  O.D.  and  1 .9   cm  w a l l   t h i c k n e s s .  

The  s h e l l   was  c l e a n e d   up  to   1 0 . 2   cm  O.D.  and  1 . 1 1  

cm  w a l l   t h i c k n e s s .  



A  l e a d e r   t u b e   was  w e l d e d   o n t o   t h e   s h e l l   a n d  

p r o c e s s i n g   p r o c e e d e d   as  f o l l o w s .   The  t u b e   s h e l l   w a s  

a n n e a l e d   a t   1 1 4 9 ° C ,   p i c k l e d   and  c o l d   d r a w n   ( a b o u t   1 5 . 8 % )  

to   9 . 5 2 5   cm  O.D.  x  0 . 9 9   cm  w a l l ,   r e - a n n e a l e d   a t   1 1 4 9 ° C  

and  p i c k l e d ,   t h e n   c o l d   d r a w n   to   8 . 8 9   cm  O.D.  x  0 . 8 8 9   cm 

w a l l   ( a l s o   15.8%  r e d u c t i o n ) ,   r e - a n n e a l e d   a t   l 1 4 9 ° C   a n d  

p i c k l e d ,   t h e n   t u b e   r e d u c e d   to   6 . 6 6 8   cm  O.D.  x  0 . 7 6 2   cm 

w a l l   ( a b o u t   36.7%  r e d u c t i o n   in   a r e a ) .  

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

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

t h e   t u b e   w a l l   and  a r e   s e t   o u t   in   T a b l e   V .  

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

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

a l l o y s   2  a n d  3 ,   e s p e c i a l l y   w i t h   one  to   two  h o u r   d i r e c t  

a g e s   a t   704°C  to  7 6 0 ° C .  

A  t r a n s v e r s e   s p e c i m e n   t a k e n   f rom  t h e   e x t r u d e d  



and   704°C   d i r e c t   a g e d   p r o d u c t   of   a l l o y   3  was  of   ASTM 

g r a i n   s i z e   N o .  3 ½   ; o p t i c a l   m i c r o s c o p y   of   t h e   s p e c i m e n  

s h o w e d   an  a b s e n c e   of  i n t e r g r a n u l a r   c a r b i d e s   and   i n d i c a t e d  

t h a t   t h e   e x t r u d e d ,   c o l d - r e d u c e d   and  h e a t - t r e a t e d  

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

r e s o l v a b l e   a t   1 0 0 0 x .  

E x a m p l e   3 

A l l o y s   2,  3  and  E  w e r e   m e l t e d ,   and  c e n t r i f u g a l l y  

c a s t   to   t u b e   s h e l l s   and  p r o c e s s e d   t o   6 . 6 7   cm  O.D.  t u b e  

w i t h   0 . 7 6 2   cm  w a l l   t h i c k n e s s   by  t h e   p r o c e s s   d e s c r i b e d   i n  

E x a m p l e   2.  T a b l e   VI  c o m p a r e s   c h l o r i d e   s t r e s s   c o r r o s i o n  

c r a c k i n g   d a t a   f o r   t h e s e   a l l o y s   a t   177°C   and   2 0 4 ° C .  

The  a l l o y   s a m p l e s   w e r e   p r e p a r e d   as  s t r e s s e d   C - r i n g  

s p e c i m e n s   and  s u b j e c t e d   to   a  s i m u l a t e d   d e e p   s o u r   g a s  
w e l l   e n v i r o n m e n t   c o m p r i s i n g   a  25%  s o l u t i o n   of   s o d i u m  

c h l o r i d e   p l u s   0.5%  a c e t i c   a c i d   and   1  g / 1   s u l p h u r ,   t h e  

s o l u t i o n   s a t u r a t e d   w i t h   h y d r o g e n   s u l p h i d e   to   an  H2S  

o v e r p r e s s u r e   of   861  K N / m 2 .  

The  t e s t   c o n d i t i o n s   c h o s e n   f o r   a l l o y   E  w e r e   t h o s e  

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



t h a n   t h e   c o l d   w o r k e d   +  a g e d   s a m p l e s   of  a l l o y s   2  and  3 .  

D e s p i t e   t e s t i n g   a t   l o w e r   s t r e s s   t h e   c o m p a r a t i v e   a l l o y  

f a i l e d   e a r l i e r   t h a n   a l l o y s   of  t h e   i n v e n t i o n .  

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

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

s t e e l   in   s o l u t i o n   of  5%  s o d i u m   c h l o r i d e   +  0.5%  a c e t i c  

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

a r e   shown  in  T a b l e   V I I .  

The  room  t e m p e r a t u r e   t e n s i l e   d a t a   c o r r e s p o n d i n g  

t o   t h e   a b o v e   c o r r o s i o n   d a t a   i s   s u m m a r i s e d   i n   T a b l e   V I I I .  

I t   w i l l   be  o b s e r v e d   t h a t   t h e   c o m m e r c i a l   a l l o y  

E  h a s   v e r y   h i g h   as  c o l d   d r a w n   s t r e n g t h   and  low  d u c t i l i t y ,  



and  t h i s   was   why  a l l o y   E  was  t e s t e d   in   c o r r o s i o n   t e s t s  

a t   a  s t r e s s   l e s s   t h a n   100%  of  RT  y i e l d   s t r e n g t h .  

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

a l l o y s   2,  3  of   t h e   p r e s e n t   i n v e n t i o n   and  t h e   c o m m e r c i a l  

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

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

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

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

t i m e   h o w e v e r   t h e   a l l o y s   of  t h e   i n v e n t i o n   e x h i b i t   a  

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

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   u s e f u l  

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

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

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

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

h y d r o c a r b o n   f u e l s .   In   d e e p   o i l   o r   g a s   w e l l   s e r v i c e ,  

p o s s i b l y   in   o f f - s h o r e   i n s t a l l a t i o n s . ,   t h e   a l l o y s   a r e  

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

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

b r i n e   s o l u t i o n s   s o m e t i m e s   p r e s e n t   w i t h   p e t r o l e u m .   A l s o ,  

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

s u l p h u r   d i o x i d e   gas   s c r u b b e r s   a n d - a r e   u s e f u l   f o r   s e a l s ,  

d u c t i n g ,   f a n s ,   and  s t a c k   l i n e s   in   s u c h   e n v i r o n m e n t s .  

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

e l e v a t e d   t e m p e r a t u r e s   up  t o   648°C   and  p o s s i b l y   h i g h e r .  



1.  A  h i g h   s t r e n g t h   c o r r o s i o n   r e s i s t a n t   a l l o y  

c o n s i s t i n g   o f ,   by  w e i g h t ,   15  to   22%  c h r o m i u m ,   10  to   28% 

i r o n ,   6  t o   9%  m o l y b d e n u m ,   2 .5   to   5%  n i o b i u m ,   1  to   2% 

t i t a n i u m ,   up  to   1%  a l u m i n i u m ,   t h e   b a l a n c e   a p a r t   f r o m  

i m p u r i t i e s   and  i n c i d e n t a l   e l e m e n t s   b e i n g   n i c k e l   in   a  

p r o p o r t i o n   of   45  to   55%  of   t h e   a l l o y .  

2.  An  a l l o y   as  c l a i m e d   in  c l a i m   1  w h e r e i n   t h e  

a m o u n t s   of   t i t a n i u m   and  n i o b i u m   a r e   c o r r e l a t e d   in   a c c o r d -  

a n c e   w i t h   t h e   r e l a t i o n s h i p   %Ti  +   ( % N b )  ≥   3  <  4 .  

3.  An  a l l o y   as  c l a i m e d   in  c l a i m   2  c o n t a i n i n g  

1 .3   to   1.7%  t i t a n i u m   and  3 . 6   to   4.4%  n i o b i u m .  

4.  An  a l l o y   as  c l a i m e d   in  any  p r e c e d i n g   c l a i m  

c o n s i s t i n g   of   1 8 . 5   to   20.5%  c h r o m i u m ,   1 3 . 5   to   18%  i r o n ,  

6 . 5   t o   7.5%  m o l y b d e n u m ,   1 .3   to   1.7%  t i t a n i u m ,   0 . 0 5   t o  

0.5%  a l u m i n i u m ,   b a l a n c e   n i c k e l   a p a r t   f r om  i n c i d e n t a l  

e l e m e n t s   and   i m p u r i t i e s .  

5.  A  w r o u g h t   p r o d u c t   c o m p r i s i n g   an  a l l o y   a s  

c l a i m e d   i n   any  p r e c e d i n g   c l a i m   w h i c h   has   b e e n   h o t   w o r k e d  

or   c o l d   w o r k e d ,   and  h e a t   t r e a t e d   to   d e v e l o p   a  y i e l d  

s t r e n g t h   (0 .2%  o f f s e t )   of  in   e x c e s s   of  1034  MN/m2  a n d  

an  e l o n g a t i o n   of  g r e a t e r   t h a n   8%. 

6.  A  w r o u g h t   p r o d u c t   as  c l a i m e d   in   c l a i m   5 

w h i c h   i s   a n n e a l e d   a t   a  t e m p e r a t u r e   in   t h e   r a n g e   8 7 1 °  

to   1 1 4 9 ° C   and  a g e d   a t   a  t e m p e r a t u r e   in   t h e   r a n g e  
593°  to   8 1 6 ° C .  

7.  A  w r o u g h t   p r o d u c t   as  c l a i m e d   in   c l a i m   5  w h i c h  

h a s   b e e n   p r o d u c e d   by  c o l d   w o r k i n g   and  has   b e e n   a g e d   a t  

a  t e m p e r a t u r e   in   t h e   r a n g e   649°C  to  7 6 0 ° C  f o r   f r o m  

0 .5   to   5  h o u r s   a f t e r   c o l d   w o r k i n g .  

8.  A  w r o u g h t   p r o d u c t   as  c l a i m e d   in   any  o n e  

of  c l a i m s   5  to   7  w h i c h   a f t e r   t h e r m o m e c h a n i c a l   p r o c e s s i n g  
e x h i b i t s   a  y i e l d   s t r e n g t h   of  g r e a t e r   t h a n   1310  MN/m2 

and  .an  e l o n g a t i o n   of  15%  or  m o r e .  



9.  Use  of  a  w r o u g h t   p r o d u c t   as  c l a i m e d   in   a n y  

of   c l a i m s   5  to   8  f o r   p a r t s   in   d e e p   o i l   or   gas   w e l l  

s e r v i c e ,   or   in  s u l p h u r   d i o x i d e   c o n t a i n i n g   e n v i r o n m e n t s .  
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