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@  Nickel-chromium-molybdenum  alloy. 

A  nickel-chromium-molybdenum  alloy  having  high 
strength  and  resistance  to  corrosive  environments  such  as  are 
found  in  sour  gas  wells.  Preferred  alloys  have  good  tolerance 
to  the  temperatures  of  the  order  of  300° C  found  in  deep  wells, 
are  cold  workable  and  have  good  ductility. 



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   n i c k e l -  

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

r e s i s t a n c e   to   c o r r o s i o n   in  e n v i r o n m e n t s   s u c h   as  a r e  

f o u n d   in   s o u r   gas   w e l l s .  

A  n u m b e r   of  f o r m s   of   c o r r o s i o n   come  i n t o  

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

and  b r i n e ,   o f t e n   a t   o p e r a t i n g   t e m p e r a t u r e s   of  250  t o  

3 0 0 ° C .   Thus   t h e   m o s t   i m p o r t a n t   f o r m s   of   c o r r o s i o n   a n d  

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

c r a c k i n g   (HSSC)  r e s u l t i n g   f rom  H2S  e v o l u t i o n ,   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   (CSCC),   p i t t i n g   and   g e n e r a l  

c o r r o s i o n .   W e l l   a g i n g   may  a l s o   be  a  c a u s e   o f   e a r l y  

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

r e s u l t   f r o m   t h e   p r e s e n c e   of   b o t h   H2S  and   b r i n e   c a u s i n g  

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

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

t o   c r a c k i n g .   The  s u s c e p t i b i l i t y   o f   low  a l l o y   s t e e l s  

p r e v e n t s   t h e i r   p r o l o n g e d   u se   in   s o u r   gas   w e l l 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 ,   f r o m   r e l e a s e   of   c h l o r i d e  

i o n 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   a t   h i g h e r   o p e r a t i n g  

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

to   t h i s   f o r m   of   c o r r o s i o n   p r e v e n t s   t h e i r   u s e   in   s o u r   g a s  
w e l l s .   P i t t i n g   c o r r o s i o n   i s   a l s o   c a u s e d   by  c h l o r i d e  

a t t a c k ,   and  i s   a  p a r t i c u l a r   p r o b l e m   f o r   t h i n   w a l l   t u b i n g .  

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

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

p r e s s u r e   b e a r i n g   c a p a b i l i t i e s .   W e l l   a g i n g   i s   t h e  

t i m e - d e p e n d e n t   d e g r a d a t i o n   in   p r o p e r t i e s   d u r i n g   p r o l o n g e d  

e x p o s u r e   a t   e l e v a t e d   t e m p e r a t u r e s ,   o f   250°   o r   e v e n   3 0 0 ° C  

f o u n d   in   some  w e l l s .   T h i s   a f f e c t s   t h e   a b i l i t y   of   t h e  

a l l o y   t o   r e s i s t   g r o w t h   p r o p a g a t i o n .  

An  a l l o y   f o r   u se   in   s o u r   gas   w e l l s ,  

p a r t i c u l a r l y   t h o s e   g r e a t e r   t h a n   1 5 , 0 0 0   f e e t   d e e p   m u s t  



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

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

of   t h i n   w a l l   t u b i n g   a l l o w i n g   h i g h   v o l u m e   gas   f l o w   b u t  

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

The  a l l o y s   mus t   be  c o l d   w o r k a b l e   to   g e n e r a t e   t h e   s t r e n g t h  

r e q u i r e d   n e c e s s i t a t i n g   a  h i g h   l e v e l   of  work   h a r d e n i n g .  

A l s o   r e q u i r e d   i s   an  a c c e p t a b l e   l e v e l   of   " r e s i d u a l  

d u c t i l i t y " ,   t h e   d u c t i l i t y   r e m a i n i n g   a f t e r   c o l d   w o r k i n g ,  

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

in   s o u r   gas   w e l l   t u b i n g   in   s e r v i c e .   The  a l l o y   a l s o  

n e e d s   h o t   w o r k a b i l i t y   and  t h e   a b i l i t y   t o   be  f a b r i c a t e d .  

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

c o v e r y   t h a t   c e r t a i n   N i - C r - M o   a l l o y s   can   be  p r o d u c e d  

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

in   e x c e s s   of   1000  MN/m2.  

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

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

1000   MN/M2  and  r e s i s t a n c e   t o   c o r r o s i v e   e n v i r o n m e n t s   s u c h  

as  t h o s e   f o u n d   in  a  s o u r   gas   w e l l   h a v i n g   t h e   c o m p o s i t i o n  

by  w e i g h t   15  t o  3 0 %   c h r o m i u m ,   5  to   15%  m o l y b d e n u m   t h e  

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

r a n g e   29  t o   40%,  5  to   15%  i r o n   t h e   t o t a l   c o n t e n t   of   i r o n ,  

c h r o m i u m   and  m o l y b d e n u m   b e i n g   n o t   in   e x c e s s   of   46%,  c a r b o n  

up  t o   0 . 0 6 % ,   up  to   1%  a l u m i n i u m   a n d / o r   t i t a n i u m ,   up  t o  

1%  s i l i c o n ,   up  to   0.5%  n i o b i u m ,   l e s s   t h a n   0.3%  m a n g a n e s e  
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 .   Such   a l l o y s   e x h i b i t   a  h i g h   d e g r e e   of  r e s i s t a n c e  

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

h a v e   good  d u c t i l i t y   and  r e s i s t a n c e   t o   " w e l l   a g i n g " .  

I t   i s   p a r t i c u l a r l y   i m p o r t a n t   t h a t   p h o s p h o r o u s  

and   s u l p h u r   l e v e l s   be  k e p t   as   low  as  p o s s i b l e .   W h i l s t  

m a n g a n e s e   may  be  p r e s e n t   up  to   0 . 3 % ,   i t   i s   p r e f e r a b l y  

k e p t   b e l o w   0 . 2 % .   I n c i d e n t a l   e l e m e n t s  m a y   i n c l u d e   c o p p e r  
w h i c h   i s   n o t   r e q u i r e d   and  may  be  k e p t   t o   low  l e v e l s ,  

and  c o b a l t   up  to   a b o u t   25%.  B o r o n   up  t o   0.1%  a n d  

m i s c h m e t a l   up  to   0.1%  may  p r o v i d e   u s e f u l   r e f i n i n g  



a d d i t i o n s .   C a r b o n ,   w h i l e   v i r t u a l l y   u n a v o i d a b l y   p r e s e n t ,  

a f f e c t s   d u c t i l i t y .   M a g n e s i u m   and  z i r c o n i u m   can   be  u s e d  

f o r   g r a i n   r e f i n e m e n t .   T u n g s t e n   d o e s   n o t   o f f e r   a n y  

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

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

0 . 0 3 % ,   and  a m o u n t s   up  to   a b o u t   0 .1%  of   m a g n e s i u m   a n d / o r  

z i r c o n i u m   may  be  p r e s e n t .  

I t   i s   i m p o r t a n t   t h a t   a l l o y s   of   t h e   i n v e n t i o n  

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

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

l e v e l   d o e s   n o t   f a l l   b e l o w   20%  to   p r o v i d e   s u f f i c i e n t  

p i t t i n g   r e s i s t a n c e   and   HSSC  and   CSCC  r e s i s t a n c e .   T h e  

c h r o m i u m   n e e d   n o t   e x c e e d   30%.  When  c h r o m i u m   l e v e l s   o f  

b e l o w   15%  a r e   u s e d   i t   i s   n e c e s s a r y   to   p r o v i d e   h i g h   l e v e l s  

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

M o l y b d e n u m   m a r k e d l y   c o n t r i b u t e s   to   c o r r o s i o n  

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

L e v e l s   as  low  as  5%  may  be  u s e d   in   c o m p a r a t i v e l y   l e s s  

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

of   7%  or   more  a r e   p r e f e r r e d .   The  c o n t e n t  o f   c h r o m i u m  

p l u s   m o l y b d e n u m   s h o u l d   p r e f e r a b l y   be  a b o v e   32%  b u t   p r e -  

f e r a b l y   d o e s   n o t   e x c e e d   40%.  T h i s   i s   b e c a u s e   a l l o y  

b r i t t l e n e s s ,   and  o t h e r   h o t   w o r k i n g   p r o b l e m s   can   be  c a u s e d  

a t   s u c h   l e v e l s .   A l s o   a b o v e   15%  of   m o l y b d e n u m ,   t h e  

d u c t i l i t y   of  t h e   a l l o y   may  be  a f f e c t e d .   The  p r e f e r r e d  

c o n t e n t   of   m o l y b d e n u m   i s   7  t o   12%.  The  c o n t e n t   o f  

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

I t   h a s   f o u n d   to   be  d e s i r a b l e   t h a t   t h e   q u a n t i t y  %   C r  -  

2  (%  Mo)  i s   f r om  2  to   12  p r o v i d e s   f o r   o p t i m u m   r e s i d u a l  

d u c t i l i t y .  

I r o n   i s   p r e s e n t   in   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 t   l e v e l s   of   f rom  5  t o   15%,  more   p r e f e r a b l y   8  t o   1 2 % .  

E x c e s s i v e   i r o n   may  p r o d u c e   u n w a n t e d   m o r p h o l o g i c a l   p h a s e s ,  

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

c h r o m i u m   and  i r o n   i s   p r e f e r a b l y i b e l o w   46%.  

A l u m i n i u m   and  t i t a n i u m   may  be  u s e d   as  r e f i n i n g  

a d d i t i o n s ,   and  t h e y   c o n t r i b u t e   to   w o r k a b i l i t y .   P r e f e r a b l y  



a l l o y s   f o r   u se   in  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   0 . 0 5  

t o   0.5%  of   e i t h e r   or   b o t h   of  t h e s e   e l e m e n t s .   T h e  

p r e s e n c e   of  s i l i c o n   may  n o t   be  d e l e t e r i o u s ,   b u t   i t   i s  

p r e f e r a b l y   k e p t   b e l o w   0.5%  t o   a v o i d   a f f e c t i n g   t h e  

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

Thus   t h e   p r e f e r r e d   w r o u g h t   a l l o y   of   t h e  

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

of   1000  MN/M2  and  i n t e n d e d   f o r   u s e   in   c o r r o s i v e   e n v i r o n -  

m e n t s   s u c h   as  s o u r   gas   w e l l s ,   c o n s i s t s   o f ,   by  w e i g h t ,  

20  to   30%  c h r o m i u m , 7   to   12%  m o l y b d e n u m ,   t h e   sum  o f  

c h r o m i u m   p l u s   m o l y b d e n u m   b e i n g   in   t h e   r a n g e   29  t o   40%,  

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

b e i n g   in   t h e   r a n g e   2  t o   12%,  f r o m   5  t o   15%  i r o n ,   t h e  

sum  of   c h r o m i u m ,   m o l y b d e n u m   and  i r o n   n o t   e x c e e d i n g   46%,  

f r o m   0 . 0 5   to   0.5%  of   e i t h e r   or   b o t h   of   a l u m i n i u m   a n d  

t i t a n i u m ,   up  to   0 .06%  c a r b o n ,   up  t o   0.5%  n i o b i u m ,   up  t o  

0 .5%  s i l i c o n ,   up  to   0 .2%  m a n g a n e s e   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   b e i n g   n i c k e l .  

A l l o y s   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 ,  

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

a t   t e m p e r a t u r e s   in   t h e   r a n g e   1066  t o   1 1 7 7 ° C ,   p r e f e r a b l y  

1093  t o   1 1 7 7 ° C   f o r   0 . 5   t o   5  h o u r s ,   n o r m a l l y   1  t o   2 

h o u r s .   The  a l l o y s   a r e   c o o l e d ,   f o r   e x a m p l e   by  a i r  

c o o l i n g   and   a r e   c o l d   w o r k e d  i n   t h e   r a n g e   40  to   50%  o r  

more   t o   p r o v i d e   y i e l d   s t r e n g t h s   of   t h e   o r d e r   of   1 2 0 0  

MN/M2  or   m o r e .   S i n c e   o n l y   low  l e v e l s   of  a l u m i n i u m   a n d  

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

so  t h a t   a g i n g   t r e a t m e n t s   a r e   n o t   r e q u i r e d .  

Some  e x a m p l e s   w i l l   now  be  d e s c r i b e d .  

E x a m p l e   1 

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

i n v e n t i o n   w e r e   p r o d u c e d   in  a p p r o x i m a t e l y   45  kg  h e a t s  

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



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

15  mm  t h i c k ,   and  s o l u t i o n   a n n e a l i n g   f o l l o w e d   by  c o l d  

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

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

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

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

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

w h i c h   m a j o r   e l e m e n t   c o n c e n t r a t i o n s   w e r e   v a r i e d ,   a n d  

a l l o y s   b a s e d   n o m i n a l l y   on  N i - 2 5 %   C r  -   10%  Mo  i n   w h i c h  

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





I t   w i l l   be  o b s e r v e d   t h a t   a l l o y s   1  to   6  and  8  t o  

23  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   and  a l l o y s  

A  to  X  a r e   o u t s i d e   t h e   p r e s e n t   i n v e n t i o n .   A l l o y s   8 

to  23  a r e   t h e   p r e f e r r e d   a l l o y s   o f   t h e   i n v e n t i o n .  

The  s p e c i m e n s   w e r e   s u b j e c t e d   to   H2S  s t r e s s  

c o r r o s i o n   t e s t s   (NACE  S p e c .   S t a n d a r d   T M - 0 1 - 7 7 )   in   a  

s o l u t i o n   of   5g  g l a c i a l   a c e t i c   a c i d   and  50g  NaCl  i n  

945g  H20  s a t u r a t e d   w i t h   H2S  g a s .   T h i s   a l l o w s  

s e n s i t i v i t y   to   H2S  gas   a t   a m b i e n t   t e m p e r a t u r e s   to   b e  

t e s t e d .  

The  s p e c i m e n s   we re   3 - p o i n t   b e n t   beam  s a m p l e s  

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

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

u s u a l l y   100%.  The  c o l d   r o l l e d   m a t e r i a l s   w e r e   g i v e n  

" w e l l . a g i n g "   h e a t   t r e a t m e n t s   a t   2 6 0 ° - 3 1 5 ° C   f o r   v a r i o u s  

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

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

( N o t e :   e x t r a   s p e c i m e n s   w e r e   f i r s t   d e f o r m e d   to   d e t e r m i n e  

t h e   l o a d - d e f l e c t i o n   c h a r a c t e r i s t i c s . )   S p e c i m e n s   f o r  

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

d e f l e c t i o n   c o r r e s p o n d i n g   t o   d e s i r e d   s t r e s s   l e v e l s .   S o m e  

U - b e n d   s p e c i m e n   w e r e   a l s o   t e s t e d .   A l l   s a m p l e s   w e r e  

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

c o u p l i n g .  

Y i e l d   s t r e n g t h   (0 .2%  o f f s e t ) ,   a p p l i e d   s t r e s s  

l e v e l   and  HSSC  r e s u l t s   a r e   g i v e n   in   T a b l e   I I .   As  n o t e d  

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

f i v e   (5)  w e e k s .  

A d d i t i o n a l   r e s u l t s   a r e   r e p o r t e d   in   T a b l e   I I I  

i n v o l v i n g   U - b e n d   t e s t s   in   t h e   NACE  H2S  s o l u t i o n ,   t h e  

t e s t   p e r i o d   b e i n g   v a r i e d   as  i n d i c a t e d .  







E x a m p l e   2 

Some  U - b e n d   s p e c i m e n s   of  t h e   a l l o y s   o f  

E x a m p l e   1  w e r e   l o a d e d   w i t h   b o l t s   made  of  a l l o y   C 2 7 6  

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

25%  N a C l ,   0.5%  a c e t i c   a c i d   and  1  g / 1   e l e m e n t a l   s u l p h u r ,  

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

t h e   S o c i e t y   of   P e t r o l e u m   E n g i n e e r s   AIME,  P a p e r   No.  SPE 

9 2 4 0 ,   1980  by  V a u g h n   and  G r e e r .   R e s u l t s   o b t a i n e d   a r e  

i n d i c a t e d   in   T a b l e   I V .  



E x a m p l e   3 

Some  s p e c i m e n s   of   t h e   a l l o y s   of  E x a m p l e   1  

w e r e   t o t a l l y   i m m e r s e d   in   a  6%  f e r r i c   c h l o r i d e   s o l u t i o n  

a t   a b o u t   50°C  f o r  7 2   h o u r s   as  d e s c r i b e d   in   ASTM 

S t a n d a r d s   P a r t   10,   S e c t i o n   G.  (Good  c o r r e l a t i o n  

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

b e h a v i o u r   in   s o u r   gas   w e l l   e n v i r o n m e n t s   has   b e e n   o b s e r v e d  

in   t h e   l i t e r a t u r e ) .  

E l e c t r o c h e m i c a l   t e s t s   w e r e   c o n d u c t e d   a t   6 0 ° C  

in  1 0 , 0 0 0   ppm  NaCl  s o l u t i o n   a d j u s t e d   to   pH  2  w i t h  

h y d r o c h l o r i c   a c i d .   S c a n s   w e r e   r u n   a t   60  v / h r   t o  

c h a r a c t e r i z e   t h e   p i t t i n g   r e s i s t a n c e .   The  c u r r e n t   d e n s i t y  

d u r i n g   t h e   f o r w a r d   s c a n   a t   +0 .6   v  v s .   s t a n d a r d   c a l o m e l  

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

as  d e s c r i b e d   by  P . E .   M o r r i s   and  R .C.   S c a r b e r r y ,   C o r r o s i o n ,  

V o l .   28 ,   1 9 7 2 ,   p.   444 .   D a t a   i s   r e p o r t e d   in   T a b l e   V .  

The  r e s u l t s   o b t a i n e d   a r e   g i v e n   in   T a b l e   V .  



E x a m p l e   4 

In  o r d e r   to   a s s e s s   t h e   work   h a r d e n i n g   r a t e ,  

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

of  E x a m p l e   1  was  d e t e r m i n e d   by  t e n s i l e   t e s t s   in   w h i c h  

l o a d   and  s a m p l e   d i a m e t e r   were   d e t e r m i n e d   p e r i o d i c a l l y  

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

T a b l e   V I .  

E x a m p l e   5 

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

of   E x a m p l e   1 was  a s s e s s e d   b y - - m e a s u r i n g  t h e   s t r a i n   t o   f r a c t u r e  

m i n u s   t h e   s t r a i n   to   work   h a r d e n   t h e   a l l o y s   to   a  s t r e s s  

of  1241  MN/m2.  The  v a l u e s   shown  i n   T a b l e   VI I   a r e   a  

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

to   a  y i e l d   s t r e n g t h   of   1241  MN/m2 .  



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

o u t s i d e   t h e   i n v e n t i o n   d i d   e x h i b i t   a  s u f f i c i e n t   d e g r e e  

of  d u c t i l i t y   s u b s e q u e n t   to   c o l d   w o r k i n g .   A l l o y   D  i s  

s u c h   an  a l l o y .   A l l o y   1  i s   a  m a r g i n a l   c o m p o s i t i o n .  

M o r e o v e r ,   i t   d o e s   n o t   s a t i s f y   t h e   r e l a t i o n s h i p  %   C r  -  

2  (%  Mo)  i s   in   t h e   r a n g e   2  t o   12.   G i v e n   t h e   n u m e r o u s  

a l l o y s   w i t h i n   t h e   i n v e n t i o n   and  w h i c h   a r e   c h a r a c t e r i s e d  

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

i n c l u d i n g   r e s i d u a l   d u c t i l i t y ,   A l l o y   1  w o u l d   n o t   b e  

r e c o m m e n d e d   f o r   s o u r   gas   w e l l   a p p l i c a t i o n s .   A l l o y s   1 1 ,  

12  and  13  w e r e   e x c e l l e n t .  

From  t h e   f o r e g o i n g   e x a m p l e s   1  t o   5  i t   w i l l  

be  o b s e r v e d   t h a t   a l l o y s   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  

g a v e   q u i t e   good   r e s u l t s .   T h i s   i s   n o t   t r u e   of   t h e  

c o m p a r a t i v e   a l l o y s .   I t   w i l l   be  o b s e r v e d   t h a t   no  t e s t s  

w e r e   c a r r i e d   o u t   on  a l l o y s   M,N,  O  and  P  w h i c h   a l l   c r a c k e d  

d u r i n g   h o t   w o r k i n g .   T h i s   i s   a  r e s u l t   of   t h e i r   h i g h  

m o l y b d e n u m   or   m o l y b d e n u m   p l u s   c h r o m i u m   l e v e l s .   R e s u l t s  

on  c o m p a r a t i v e   c o m m e r c i a l   a l l o y s   f rom  t h e   l i t e r a t u r e  

s u g g e s t   t h a t   a l l o y   C273 ,   MP-35-N  and  a l l o y   625  a l l  

c r a c k   in   NACE  H2S  U - b e n d   t e s t s   w i t h i n   a  week  or   t w o .  

Some  of  t h e   a l l o y s   of   t h e   i n v e n t i o n   s u b j e c t e d   t o   t h e s e  

t e s t s   s u r v i v e d   a t   s t r e s s   l e v e l s   of  o v e r   1200   M N / m 2 ,  

and  d i d   w e l l   a t   t e m p e r a t u r e s   of  2 8 8 ° C .   C o m m e r c i a l  



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

E x a m p l e   6 

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

e v o l v e   i f   c o m m e r c i a l   s i z e   i n g o t s   we re   m a d e ,   f o u r  

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

w e r e   p r o d u c e d   as  136  kg  h e a t s   t h a t   we re   c a s t   i n t o  

2 0 . 3   cm  x  2 0 . 3   cm  x  3 5 . 6   cm  s a n d - m o u l d s   w i t h   e x o t h e r m i c  

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

t h a t   w o u l d   t a k e   p l a c e   in  i n g o t s   of   t h e   o r d e r   of  0 . 0 9   m2 

in   c r o s s   s e c t i o n a l   a r e a .  

The  n o m i n a l   c h e m i s t r i e s   of  t h e   i n g o t s   a r e  

g i v e n   in   T a b l e   V I I I :  

M e t a l l o g r a p h i c   e x a m i n a t i o n   o f   c r o s s - s e c t i o n s  

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

p h a s e   p a r t i c l e s   in   A l l o y  2 4 ,   b u t   s i g n i f i c a n t   a m o u n t s  

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

f o u r   c a s t i n g s   w e r e   s u c c e s s f u l l y   h o t   r o l l e d   a t   1 1 4 9 ° C   f r o m  

2 . 5 4   cm  t o   1 . 2 7   cm  t h i c k n e s s   w i t h   no  s i g n s   of   c r a c k i n g .  

No  s e c o n d   p h a s e   p a r t i c l e s   w e r e   s e e n   in   t h e   h o t   r o l l e d  

A l l o y   24 ,   b u t   s i g n i f i c a n t   a m o u n t s   w e r e   s t i l l   p r e s e n t  

in   X,  Y  and   Z.  The  c h e m i s t r i e s   o f   t h e   l a t t e r   a l l o y s  

w e r e   t o o   r i c h   in  Cr  +  Mo  +  Fe .   T h i s   t o t a l   sum  s h o u l d  

be  m a i n t a i n e d   a t   a  l e v e l   n o t   g r e a t e r   t h a n   a b o u t   4 6 .  

As  w e l l   as  b e i n g   u s e f u l   in   d e e p   s o u r   g a s   w e l l s ,  

t h e   a l l o y s   d e s c r i b e d   h e r e i n b e f o r e   can   be  u s e d   in   o t h e r  

c o r r o s i v e   e n v i r o n m e n t s   in   w h i c h   h i g h   s t r e n g t h   i s  

r e q u i r e d .   Such   a p p l i c a t i o n s   i n c l u d e ,   i n t e r m e d i a t e  

gas   w e l l s ,   a q u e o u s   and  m a r i n e   e n v i r o n m e n t s ,   s c r u b b e r s ,  

c h e m i c a l   p l a n t   e q u i p m e n t   ( s u c h   as   t u b i n g   and   p i p i n g ) ,  

a i r c r a f t   and   a e r o s p a c e   and  a p p l i c a t i o n s .   M i l l   p r o d u c t  



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

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

f a s t e n e r s ,   v a l v e s ,   p i n s ,   s h a f t s   and  r o t o r s .  



1.  A  w r o u g h t   a l l o y   h a v i n g   a  y i e l d   s t r e n g t h   i n  

e x c e s s   of   1000  MN/m2  and  r e s i s t a n c e   t o   c o r r o s i v e  

e n v i r o n m e n t s   s u c h   as  t h o s e   f o u n d   in   a  s o u r   gas   w e l l  

c h a r a c t e r i s e d   in   t h a t   i t   c o n s i s t s   by  w e i g h t   of   15  t o  

30%  c h r o m i u m ,  5   to   15%  m o l y b d e n u m ,   t h e   t o t a l   c o n t e n t  

of   c h r o m i u m   and  m o l y b d e n u m   b e i n g   in   t h e   r a n g e   29  to   4 0 % ,  

5  t o   15%  i r o n ,   t h e   t o t a l   c o n t e n t   of  i r o n ,   c h r o m i u m  

and  m o l y b d e n u m   b e i n g   n o t   in   e x c e s s   of   46%,  up  to   0 . 0 6 %  

c a r b o n ,   up  to   1%  a l u m i n i u m   a n d / o r   t i t a n i u m ,   up  t o  

1%  s i l i c o n ,   up  to   0.5%  n i o b i u m ,   l e s s   t h a n   0 .3%  m a n g a n e s e  

b a l a n c e   n i c k e l   a p a r t   f rom  i n c i d e n t a l   e l e m e n t s   a n d  

i m p u r i t i e s .  

2.  A  w r o u g h t   a l l o y   f o r   u s e   in   c o r r o s i v e   e n v i r o n -  

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

in   e x c e s s   o f   1000  MN/m2  c h a r a c t e r i s e d   in   t h a t   i t  

c o n s i s t s   by  w e i g h t   of   20  to   30%  c h r o m i u m ,   7  t o   12% 

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

in   t h e   r a n g e   29  t o   40%  t h e   q u a n t i t y   of   %  c h r o m i u m   l e s s  

t w i c e   t h e   %  m o l y b d e n u m   b e i n g   in   t h e   r a n g e   2  t o   1 2 % ,  
f r o m  5   to   15%  i r o n ,   t h e   sum  of  c h r o m i u m ,   m o l y b d e n u m  

and  i r o n   n o t   e x c e e d i n g   46%,  f r o m   0 . 0 5   to   0 .5%  o f  

e i t h e r   or   b o t h   of   a l u m i n i u m   and  t i t a n i u m ,   up  t o   0 . 0 6 %  

c a r b o n ,   up  to   0.5%  n i o b i u m ,   up  t o   0 .5%  s i l i c o n ,   up  t o  

0 .2%  m a n g a n e s e   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   b e i n g  

n i c k e l .  

3.  An  a l l o y   as  c l a i m e d   in   c l a i m   1  or   c l a i m   2  i n  

w h i c h   t h e   a l l o y   c o n t a i n s   f r o m   23  to   27%  c h r o m i u m   a n d  

7  t o   12%  m o l y b d e n u m   and  in   w h i c h   t h e   sum  of   c h r o m i u m  

p l u s   m o l y b d e n u m   i s   in   t h e   r a n g e   31  t o   3 8 % .  

4.  An  a l l o y   as  c l a i m e d   in   any  of   c l a i m s   1  to   3  

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

e x c e e d   0 . 0 3 % .  

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

p r e c e d i n g   c l a i m   in   a  s o u r   gas   w e l l   e n v i r o n m e n t .  



6.  A  m e t h o d   of   p r o d u c i n g   a  w r o u g h t   p r o d u c t  

h a v i n g   a  y e i l d   s t r e n g t h   in   e x c e s s   of   1000   MN/m2  f o r  

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

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

1  t o   4,  s o l u t i o n   a n n e a l i n g   t h e   a l l o y   in   t h e   t e m p e r a t u r e  

r a n g e   1050   t o   1 2 0 0 ° C ,   c o o l i n g   and  c o l d   w o r k i n g   t h e  

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