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Nickel-chromium  alloy. 

(g)  The  present  invention  provides  a  nickel-chromium  alloy  in 
which  it  has  an  excellent  mechanical  character  and  improves  a 
pitting  corrosion  resistance,  a  stress  corrosion  cracking  resist- 
ance  and  a  crystal  boundary  etching  resistance,  and  the  Ni-Cr 
alloy  is  obtained  by  carrying  out  an  annealing  treatment  under 
required  conditions,  said  alloy  having  the  following  composi- 
tion: 

in  therms  of  %  by  weight, 
40  -  70%  of  Ni; 
0.015%  or  less  of  C; 
1  .0%  or  less  of  Si; 
25  -  35%  of  Cr; 
1  .0%  or  less  of  Mn; 
0.030%  or  less  of  P; 
0.020%  or  less  of  S  and 
the  residue  comprising  Fe  and  impurities. 
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 T h e   present  invention  provides  a  nickel-chromium  alloy  in 
which  it  has  an  excellent  mechanical  character  and  improves  a 
pitting  corrosion  resistance,  a  stress  corrosion  cracking  resist- 
ance  and  a  crystal  boundary  etching  resistance,  and  the  Ni-Cr 
alloy  is  obtained  by  carrying  out  an  annealing  treatment  under 
required  conditions,  said  alloy  having  the  following  composi- 
tion: 

in  therms  of  %  by  weight, 
40 -  70%  of  Ni; 
0.015%  or less of C; 
1.0%  or  less  of  Si; 
25 -  35%  of  Cr; 
1.0%  or  less  of  Mn; 
0.030%  or  less  of  P; 
0.020%  or  less  of  S and 
the  residue  comprising  Fe  and  impurities. 



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  a  n o n - d e p o s i t i o n  

h a r d e n i n g   t y p e   n i c k e l   b a s e d   a l l o y   w h i c h   w i l l   be  s u b j e c t e d  

to  a  h i g h - t e m p e r a t u r e   and  h i g h - p r e s s u r e   w a t e r   or  v a p o r  

and  w h i c h   has  a  r e m a r k a b l y   i m p r o v e d   c r y s t a l   b o u n d a r y  

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

c o r r o s i o n   r e s i s t a n c e ,   in  a d d i t i o n   to  the   m a i n t e n a n c e   o f  

a  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 ,   and  f u r t h e r   h a s  

a  b e t t e r e d   s t r e s s   c o r r o s i o n   r e s i s t a n c e   in  an  a q u e o u s  

NaOH  s o l u t i o n .  

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  a  n i c k e l - c h r o m i u m  

a l l o y   e x c e l l e n t   in  a  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 ,  

more  s p e c i f i c a l l y ,   to  a  n i c k e l - c h r o m i u m   a l l o y   in  w h i c h  

the   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   is   n o t i c e a b l y  

i m p r o v e d   by  d e p o s i t i n g   an  i n s o l u b i l i z e d   c a r b i d e   in   g r a i n s  

t h e r e o f   and  by  s t r e n g t h e n i n g   a  c o a t i n g   on  the   s u r f a c e  

t h e r e o f .  

The  p r e s e n t   i n v e n t i o n   a l s o   r e l a t e s   to  an  a l l o y   f o r  

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

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

H e r e t o f o r e ,   as  m a t e r i a l s ,   f o r   a  c o n t a i n e r   f o r   g i v i n g  

o f f   v a p o r   in  a  n u c l e a r   r e a c t o r ,   w h i c h   w i l l   be  e x p o s e d   t o  

the   h i g h - t e m p e r a t u r e   and  h i g h - p r e s s u r e   w a t e r   or  v a p o r ,  

f o r   e x a m p l e ,   at  200  to  400°C  and  a t   50  to  200  a tm,   a n d  

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

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



INCOROI  800  ( t r a d e   n a m e ) ,   and  INCONEL  600  ( t r a d e   n a m e )  

and  INCONEL  690  ( t r a d e   name)  s e t   f o r t h   in  T a b l e   1  b e l o w .  

In  r e c e n t   y e a r s ,   t h e s e   a l l o y s   have   f u r t h e r   b e e n   t r e a t e d  

by  h e a t i n g   them  at   a  r a t h e r   l o w e r   t e m p e r a t u r e   t h a n   a  l e v e l  

( h e r e i n a f t e r   r e f e r r e d   to  as  T ° C ) ,   a t   w h i c h   a  c a r b i d e   i s  

t h o r o u g h l y   s o l u b i l i z e d ,   a l t e r n a t i v e l y   by  f u r t h e r   a d d i -  

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

t e m p e r a t u r e   of  650  to  750°C ,   in  o r d e r   to  i m p r o v e   t h e  

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

H o w e v e r ,   t he   n i c k e l   b a s e d   a l l o y s   w h i c h   have   u n d e r g o n e  

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

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

In  v i e w   of  t he   a b o v e - m e n t i o n e d   c o n v e n t i o n a l   t e c h n i q u e s ,  

an  o b j e c t   of  t he   p r e s e n t   i n v e n t i o n   is   to  p r o v i d e   a  m e t h o d  

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

such   d r a w b a c k s   a b o v e ,   i . e .   a  m e t h o d   f o r   a  t h e r m a l   t r e a t -  

ment   of  a  n i c k e l   b a s e d   a l l o y   by  w h i c h   i t s   m e c h a n i c a l  

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

can  be  i m p r o v e d .  

For  the   a f o r e s a i d   o b j e c t ,   t he   summary   of  t he   p r e s e n t  

i n v e n t i o n   is  d i r e c t e d   to  a  n i c k e l   b a s e d   a l l o y ,   c h a r a c t e r i z e d  

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



s u b j e c t e d   to  a  h i g h - t e m p e r a t u r e   and  h i g h - p r e s s u r e   w a t e r  

or  v a p o r   c o m p r i s e s ,   in  t e r m s   of  %  by  w e i g h t ,   58%  or  m o r e  

of  Ni,   25  to  35%  of  Cr,  0 .003%  or  l e s s   of  B,  0 . 0 1 2   t o  

0 .035%  of  C,  1%  or  l e s s   of  Mn,  0.5%  or  l e s s   of  S i ,   0 . 0 1 5 %  

or  l e s s   of  P,  0 .015%  or  l e s s   of  S,  and  the   r e s i d u e   of  F e  

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

s a i d   n i c k e l   b a s e d   a l l o y   is   h e a t e d   and  r e t a i n e d   at   a  

t e m p e r a t u r e   of  T°C  to  (T  +  1 0 0 ) ° C   and  is   c o o l e d   a t   a  g r e a t e r  

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

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

r e t a i n e d   a t   a  t e m p e r a t u r e   of  600  to  750°C  and  a  t e m p e r a t u r e  

w i t h i n   a  s e n s i t i z a t i o n   r e c o v e r y   r a n g e   f o r   a  p e r i o d   o f  

0 .1   to  100  h o u r s   and  is   c o o l e d   a t   a  g r e a t e r   c o o l i n g   r a t e  

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

H e r e t o f o r e ,   f o r   t u b e s ,   c o n t a i n e r s   and  t h e i r   f i t t i n g s  

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

Cl  i o n s   in  n u c l e a r   r e a c t o r s ,   c h e m i c a l   p l a n t s   and  the   l i k e ,  

many  n i c k e l   b a s e d   a l l o y s   w h i c h   a r e   c o n s i d e r e d   to  be  e x c e l -  

l e n t   in  the   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   have   b e e n  

u s e d .   H o w e v e r ,   i t   has  b e e n   r e p o r t e d   t h a t   even   in  the   c a s e  

of  a  30%  Cr-60%  Ni  s y s t e m   a l l o y   w h i c h   has  g e n e r a l l y   b e e n  

u s e d ,   the   o c c u r r e n c e   of  the   s t r e s s   c o r r o s i o n   c r a c k i n g  

c a n n o t   be  a v o i d e d   in  c e r t a i n   e n v i r o n m e n t s .  

T h u s ,   an  o b j e c t   of  the   p r e s e n t   i n v e n t i o n   is  t o  

p r o v i d e   an  a l l o y   w h i c h   can  o v e r c o m e   such   a  d r a w b a c k  



i n h e r e n t   in  t he   30%  Cr-60%  Ni  s y s t e m   a l l o y   and  w h i c h   i s  

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

the   t u b e s ,   the   c o n t a i n e r s   and  t h e i r   f i t t i n g s   in  the   n u c l e a r  

r e a c t o r s ,   t he   c h e m i c a l   p l a n t s   and  the   l i k e   in   t he   form  o f  

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

The  i n v e n t o r s   of  the   p r e s e n t   c a s e   have   p a i d   m u c h  

a t t e n t i o n   to  t he   f a c t   t h a t   the   a f o r e s a i d   30%  Cr-60%  N i  

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

t e m p e r a t u r e   of  980  to  1150°C  in  c o m p l i a n c e   w i t h   a  c a r b o n  

c o n t e n t   and  i s   u s e d   in  a  s t a t e   of  i n c l u d i n g   no  i n s o l u b i l i z e d  

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

a  m o r p h o l o g y   of  t he   c a r b i d e   in   t he   a l l o y   s y s t e m   and  i t s  

c o r r o s i v e n e s s .   As  a  r e s u l t ,   i t   has   b e e n   f o u n d   t h a t   a n  

a c t i v e   d e p o s i t i o n   of  the   c a r b i d e ,   i f   in  t he   g r a i n s  

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

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 .   F u r t h e r ,   in  v i e w  

of  t he   r e p o r t   t h a t   in   e n v i r o n m e n t s   of  a  h i g h - t e m p e r a t u r e  

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

o c c u r   s t a r t i n g   f rom  p i t t i n g   c o r r o s i o n s ,   t he   a d d i t i o n   o f  

Mo,  W and  V,  w h i c h   a r e   known  as  e l e m e n t s   e f f e c t i v e   f o r  

the   i m p r o v e m e n t   in  t he   p i t t i n g   c o r r o s i o n   r e s i s t a n c e ,   h a s  

b e e n   a t t e m p t e d   w i t h   the   i n t e n t i o n   of  s t r e n g t h e n i n g   t h e  

c o a t i n g .   In  c o n s e q u e n c e ,   i t   has   b e e n   f o u n d   t h a t   t h e  

c o r r o s i o n   r e s i s t a n c e ,   i . e .   the   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   of  the   o b t a i n e d   a l l o y   is  n o t i c e a b l y   i m p r o v e d  

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

of  the   c a r b i d e ,   and  the   p r e s e n t   i n v e n t i o n   has  now  b e e n  

a c h i e v e d .  

The  g i s t   of  the   p r e s e n t   i n v e n t i o n   is   d i r e c t e d   to  a  

n i c k e l - c h r o m i u m   a l l o y   e x c e l l e n t   in  a  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   w h i c h   is  o b t a i n e d   by  c a r r y i n g   ou t   a n  

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

h a v i n g   the   f o l l o w i n g   c o m p o s i t i o n :  

in  t e r m s   of  %  by  w e i g h t ,  

0.04%  or  l e s s   of  C;  1.0%  or  l e s s   of  S i ;  

1.0%  or  l e s s   of  Mn;  0 .030%  or  l e s s   of  P ;  

0.02%  or  l e s s   of  S;  40  to  70%  of  N i ;  

25  to  35%  of  Cr;  0 .1   to  0 .5  %  of  A l ;  

0 .05   to  1.0%  of  T i ;  

0.5  to  5.0%  in  a l l   of  one  or  more  of  Mo,  W and  V;  a n d  

the   r e s i d u e   c o m p r i s i n g   s u b s t a n t i a l l y   F e .  

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

ing  c o n d i t i o n s   w i t h i n   a  r a n g e   (Y)  s u r r o u n d e d   by  p o i n t s  

A,  B,  C,  D  and  E  in  F i g u r e   4  a t t a c h e d   h e r e t o   or  a n  

a n n e a l i n g   o p e r a t i o n   at  a  t e m p e r a t u r e   of  900  to  9 7 5 ° C .  

H o w e v e r ,   in  t he   c a s e   of  the   l a t t e r ,   0 .2   to  5.0%  of  Nb  i s  

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

c o n d i t i o n   t h a t   the   c o n t e n t   of  T i - i s   0 .2   to  1.0%  and  N b / C  

is  10  to  1 2 5 .  



The  a f o r e s a i d   r a n g e   (Y)  i s   d e t e r m i n e d   by  A  (C  =  0%, 

9 1 0 ° C ) ,   B  (C  =  0%,  8 5 0 ° C ) ,   C  (C  =  0 . 0 2 % ,   8 5 0 ° C ) ,   D  (C  = 

0 . 0 4 % ,   900°C)   and  E  (C  =  0 . 0 4 % ,   1 0 0 0 ° C ) .  

If  t he   o p e r a t i o n   is   made  u n d e r   the   a n n e a l i n g   c o n d i -  

t i o n s   in  t he   r a n g e   (Y),   the   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   of  the   N i - C r   a l l o y ,   w h i c h   i s   h e r e t o f o r e   i n s u f -  

f i c i e n t ,   can  be  r e m a r k a b l y   i m p r o v e d .   Such  an  u n e x p e c t e d  

e f f e c t   wou ld   be  c o n s i d e r e d   to  be  due  to  a  s y n e r g i s t i c  

e f f e c t   of  ( i )   t he   r e q u i r e m e n t   t h a t   the   C  c o n t e n t   i s  

l i m i t e d   to  0.04%  or  l e s s   and  a  f i n a l   a n n e a l i n g   is  c a r r i e d  

ou t   a t   a  r e l a t i v e l y   low  t e m p e r a t u r e   in  c o m p l i a n c e   w i t h  

the   C  c o n t e n t ,   and  ( i i )   the   r e q u i r e m e n t   t h a t   a t   l e a s t   o n e  

of  Mo,  W and  V  i s   a d d e d   as  an  e l e m e n t   f o r   r e i n f o r c i n g  

t he   c o a t i n g .  

When  the   a n n e a l i n g   o p e r a t i o n   is   c a r r i e d   ou t   at   t h e  

a f o r e s a i d   t e m p e r a t u r e   of  900  to  975°C  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 ,   t he   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  

of  t he   N i - C r   a l l o y ,   w h i c h   i s   h e r e t o f o r e   i n s u f f i c i e n t ,  

can  a l s o   be  r e m a r k a b l y   i m p r o v e d .   Such  an  e f f e c t   w o u l d   b e  

c o n s i d e r e d   to  be  due  to  a  s y n e r g i s t i c   e f f e c t   of  ( i )   t h e  

f a c t   t h a t   when  the   C  c o n t e n t   is   l i m i t e d   to  0.04%  or  l e s s  

and  the   f i n a l   a n n e a l i n g   o p e r a t i o n   i s   c a r r i e d   ou t   a t   a  

r e l a t i v e l y   low  t e m p e r a t u r e   of  900  to  9 7 5 ° C ,   in  t he   c a s e  

of  the   Ni  b a s e d   a l l o y   i n c l u d i n g   40%  or  more  of  Ni,   Nb  h a s  

a  g r e a t e r   c a r b o n - f i x i n g   e f f e c t   t h a n   T i ,   t h e r e f o r e   a  l e s s  



amoun t   of  Cr  c a r b i d e   w i l l   d e p o s i t   on  c r y s t a l   b o u n d a r i e s ,  

and  ( i i )   the   i n t e n t i o n   t h a t   a t   l e a s t   one  of  Mo,  W and  V 

is   a d d e d   fo r   the   r e i n f o r c e m e n t   of  the   c o a t i n g s .  

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

in  a  n u c l e a r   r e a c t o r   such   as  a  p r e s s u r i z e d   w a t e r   r e a c t o r  

is   made  of  an  o n l y   a n n e a l e d   a l l o y   or  A l l o y   600  ( t r a d e   n a m e ,  

7 5 % N i - 1 5 % C r - 8 % F e )   w h i c h   has  f u r t h e r   b e e n   s u b j e c t e d   t o  

a  s p e c i f i c   t h e r m a l   t r e a t m e n t   ( 7 0 0 ° C  x   15  h r ) .   H o w e v e r ,  

r e c e n t   r e s e a r c h e s   have   r e v e a l e d   t h a t   A l l o y   600  w h i c h   i s  

t he   a l l o y   f o r   the   h e a t   t r a n s f e r   p i p e   has  the   f o l l o w i n g  

p r o b l e m s .   Tha t   is   to  s a y ,   a  s t r e s s   c o r r o s i o n   c r a c k i n g  

s o m e t i m e s   o c c u r s   owing   to  an  a l k a l i n e   c o n c e n t r a t e   in  t h e  

gap  b e t w e e n   the   h e a t   t r a n s f e r   p i p e   and  a  p i p e - s u p p o r t i n g  

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

ammonia   and  h y d r a z i n e   and  h a v i n g   a  pH  of  9 .2   to  9 .5  a n d  

a  t e m p e r a t u r e   of  280°C)   on  the   s e c o n d a r y   s i d e   of  t h e  

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

p l a c e   owing   to  Cl-   i o n s   in  l e a k e d   s e a w a t e r   in  t he   s a m e  

e n v i r o n m e n t s   on  the   s e c o n d a r y   s i d e   of  the   n u c l e a r   r e a c t o r .  

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

t h e   number   of  the   p i t t i n g   c o r r o s i o n s   w i l l   a u g m e n t   w i t h  

the   i n c r e a s e   in  a  c o n c e n t r a t i o n   of  the   Cl  i o n s .  

H e r e t o f o r e ,   i t   is  known  t h a t   the   s p e f i f i c   t h e r m a l  

t r e a t m e n t   is   g i v e n   to  a  n i c k e l   b a s e d   a l l o y   f o r   t he   s a k e  

of  t he   i m p r o v e m e n t   in  a  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  



( h e r e i n a f t e r   r e f e r r e d   to  as  t he   SCC  r e s i s t a n c e ) .   F o r  

e x a m p l e ,   J a p a n e s e   P a t e n t   D i s c l o s u r e   No.  2 5 2 1 6 / 1 9 7 9   d i s -  

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

t he   a l l o y   is  s u c c e s s i v e l y   h e a t e d   and  r e t a i n e d   at   a  t e m p e r -  

a t u r e   of  550  to  850°C  f o r   a  p e r i o d   of  1  to  100  h o u r s   i n  

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

h e i g h t e n i n g   the   SCC  r e s i s t a n c e .   Even  by  s u c h   a  c o n v e n t i o n a l  

t e c h n i q u e ,   h o w e v e r ,   a  r e s i s t a n c e   to  t he   s t r e s s   c o r r o s i o n  

c r a c k i n g   c a u s e d   by  the   a l k a l i n e   c o n c e n t r a t e ,   i . e .   an  a l k a l i  

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   and  t h e   p i t t i n g  

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

t he   n i c k e l   b a s e d   a l l o y   o b t a i n e d   by  such   a  c o n v e n t i o n a l  

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

of  t he   a l k a l i   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   a n d  

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

T h u s ,   an  o b j e c t   of  the   p r e s e n t   i n v e n t i o n   is  to  p r o v i d e  

an  a l l o y   f o r   a  h e a t   t r a n s f e r   p i p e   e x c e l l e n t   in  t he   c o r r o -  

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

p i p e   e x c e l l e n t   in  the   a l k a l i   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   and  t he   p i t t i n g   c o r r o s i o n   r e s i s t a n c e .  

A n o t h e r   o b j e c t   of  t he   p r e s e n t   i n v e n t i o n - i s   to  p r o v i d e  

an  a l l o y   f o r   a  h e a t   t r a n s f e r   p i p e   w h i c h   can  be  u s e d  

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

a  s t e a m   g e n e r a t o r   of  a  p r e s s u r i z e d   w a t e r   r e a c t o r .  

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



c a r r i e d   on  r e s e a r c h e s   f o r   t he   a c h i e v e m e n t   of  such   o b j e c t s ,  

and  t h e y   have   a c q u i r e d   the   f o l l o w i n g   k n o w l e d g e s :  

(1)  The  a d d i t i o n   of  one  or  more  of  e l e m e n t s   Mo,  W 

and  V  w h i c h   a r e   e f f e c t i v e   f o r   t he   p i t t i n g   c o r r o s i o n   r e s i s t -  

ance   p e r m i t s   h e i g h t e n i n g   a  p a s s i v e   c o a t i n g   on  t he   a l l o y  

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

(2)  The  a l k a l i   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  

can  be  r e m a r k a b l y   i m p r o v e d   by  f i r s t   h e a t i n g   and  r e t a i n i n g  

the   a l l o y   f o r   1  m i n u t e   or  more  a t   a  t e m p e r a t u r e   no t   l e s s  

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

s o l u b i l i z e d ,   in  o r d e r   to  c a r r y   o u t   an  a n n e a l i n g   t r e a t m e n t ;  

c o o l i n g   i t   to  a  t e m p e r a t u r e   of  200°C  or  l e s s ;   and  a c c o m -  

p l i s h i n g   the   s p e c i f i c   t h e r m a l   t r e a t m e n t   f o r   i t   at   a  

t e m p e r a t u r e   of  600  to  750°C  f o r   a  p e r i o d   of  0 . 1   to  1 0 0  

h o u r s .  

(3)  Such  an  a l k a l i   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   can  be  i m p r o v e d ,   t o g e t h e r   w i t h   the   a f o r e s a i d  

b e t t e r m e n t   in  the   p i t t i n g   c o r r o s i o n   r e s i s t a n c e ,   by  v i r t u e  

of  t he   a d d i t i o n   of  one  or  more  of  Mo,  W and  V. 

S i n c e   the   n i c k e l   b a s e d   a l l o y ,   i n t e r   a l i a   the   h i g h  

C r - N i   b a s e d   a l l o y   i n c l u d i n g   25  to  35%  of  Cr  is  s m a l l   i n  

t he   s o l u b i l i t y   of  C  t h e r e i n ,   Cr  c a r b i d e   d e p o s i t s   o n  

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

use   a f t e r   the   a n n e a l i n g   s t e p   in  o r d e r   to  form  C r - p o o r  

l a y e r s   t h e r e o n ,   so  t h a t   the   s t r e s s   c o r r o s i o n   c r a c k i n g  



w i l l   t a k e   p l a c e   t h e r e o n .   T h e r e f o r e ,   when  c a r b o n   is   e n o u g h  

s o l u b i l i z e d   d u r i n g   the   a n n e a l i n g   s t e p   and  t he   a l l o y   i s  

once   c o o l e d   to  a  t e m p e r a t u r e   of  200°C  or  l e s s   and  t h e  

t h e r m a l   t r e a t m e n t   is   t h e n   c a r r i e d   ou t   by  h e a t i n g   i t   a g a i n  

at  a  t e m p e r a t u r e   w i t h i n   t he   r a n g e   of  600  to  750°C  f o r   a t  

mos t   100  h o u r s ,   t he   d e p o s i t i o n   of  Cr  c a r b i d e   ( C r 2 3 C 6 )   w i l l  

be  a c c e l e r a t e d ,   b u t   t he   f o r m a t i o n   of  t he   C r - p o o r   l a y e r s  

w i l l   p o s i t i v e l y   be  i n h i b i t e d   owing   to  t he   f a c i l i t a t i o n   o f  

a  Cr  d i f f u s i o n   f rom  i t s   i n t e r i o r   w h i c h   i s   b r o u g h t   a b o u t  

by  d o i n g   t he   t r e a t m e n t   at   a  h e a t i n g   t e m p e r a t u r e   f o r   a  

r e t e n t i o n   t i m e   in  F i g u r e   2.  Such  an  e f f e c t   w i l l   l e a d   t o  

the   i m p r o v e m e n t   in  t he   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 ,  

p a r t i c u l a r l y   t he   a l k a l i   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  

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

w i t h   t he   a f o r e s a i d   e f f e c t   b a s e d   on  t he   a d d i t i o n   of  one  o r  

more  of  Mo,  W and  V.  In  t h i s   c o n n e c t i o n ,   t he   i n v e n t o r s  

have   known  t h a t   a f t e r   t he   f i n a l   a n n e a l i n g ,   by  once   c o o l i n g  

t he   a l l o y   to  a  t e m p e r a t u r e   of  200°C  or  l e s s   at  w h i c h   n o  

d i f f u s i o n   of  Cr  s u b s t a n t i a l l y   o c c u r s   in  t he   a l l o y ,   t h e  

d e p o s i t i o n   r a t e   of  t he   c a r b i d e   at   t he   t i m e   of  t he   s u b -  

s e q u e n t   t h e r m a l   t r e a t m e n t   i s   u n e x p e c t e d l y   r e m a r k a b l y  

a c c e l e r a t e d ,   as  c o m p a r e d   w i t h   t h e   c a s e   w h e r e   t h e   t h e r m a l  

t r e a t m e n t   is   s u c c e s s i v e l y   c a r r i e d   ou t   a f t e r   t h e   f i n a l  

a n n e a l i n g .  

A c c o r d i n g l y ,   t he   p r e s e n t   i n v e n t i o n   is  c h a r a c t e r i z e d  



by  an  a l l o y   f o r   h e a t   t r a n s f e r   p i p e s   e x c e l l e n t   in  an  a l k a l i  

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   w h i c h   is  o b t a i n e d   b y  

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

the   r a n g e   of  a  t e m p e r a t u r e   ( T ° C ) ,   at   w h i c h   a  c a r b i d e   i n  

s a i d   a l l o y   is  t h o r o u g h l y   s o l u b i l i z e d ,   to  T  +  100°C  f o r  

1  m i n u t e   or  more ;   c o o l i n g   i t   once   to  a  l e v e l   of  200°C  o r  

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

w i t h i n   a  h a t c h e d   r a n g e   Z  in  F i g u r e   15,  s a i d   a l l o y  

c o m p r i s i n g :  

in  t e r m s   of  %  by  w e i g h t ,  

0.15%  or  l e s s   of  C;  1.0%  or  l e s s   of  S i ;  

1.0%  or  l e s s   of  Mn;  25  to  35%  of  C r ;  

40  to  70%  of  Ni;  0.5%  or  l e s s   of  A l ;  

0 . 0 1   to  1.0%  of  T i ;  

0 .5   to  5 .0%,   in  a l l ,   of  one  or  more  of  Mo,  W and  V; 

0 .030%  or  l e s s   of  P;  0 .020%  or  l e s s   of  S ;  

and  t he   r e s i d u e   of  Fe  and  i m p u r i t i e s .  

As  d e f i n i t e   f rom  the   f o r e g o i n g ,   t he   p r e s e n t   i n v e n t i o n  

is   d i r e c t e d   to  t he   a l l o y   f o r   a  h e a t   t r a n s f e r   p i p e   w h i c h   i s  

e x c e l l e n t   in  t he   a l k a l i   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  

a n d  t h e   p i t t i n g   c o r r o s i o n   r e s i s t a n c e   in  t he   a l k a l i n e  

e n v i r o n m e n t s ,   bu t   in  a  p r e f e r r e d   e m b o d i m e n t ,   i t   i s   d i r e c t e d  

to  t he   a l l o y   f o r   a  h e a t   t r a n s f e r   p i p e   on  the   s e c o n d a r y  

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

p i p e   of  a  s t e a m   g e n e r a t o r   in  a  p r e s s u r i z e d   w a t e r   r e a c t o r .  



B r i e f   D e s c r i p t i o n   of  t h e   D r a w i n g s :  

F i g u r e   1  i s   a  s c h e m a t i c   d i a g r a m   i l l u s t r a t i n g   a  

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

and  a  t e m p e r a t u r e   r a n g e   in   a  f i r s t   t h e r m a l   t r e a t m e n t  

p r o c e s s ;  

F i g u r e   2  is   a  d i a g r a m   i l l u s t r a t i n g   an  i n f l u e n c e   o f  

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

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

r e s i s t a n c e ;   a n d  

F i g u r e   3  i s   a  d i a g r a m   i l l u s t r a t i n g   i n f l u e n c e s   of  a  

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

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

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

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

F i g u r e s   4  to  8  i l l u s t r a t e   t he   c a s e   w h e r e   a n n e a l i n g  

c o n d i t i o n s   a r e   in   a  r a n g e   (Y),   F i g u r e   4  shows  a  g r a p h   o f  

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

in  t he   p r e s e n t   i n v e n t i o n ;  

F i g u r e s   5  to  7  a r e   g r a p h s   s h o w i n g   t e s t   r e s u l t s   o f  

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

ing   to  t h e   p r e s e n t   i n v e n t i o n ;   F i g u r e   8  i s   a  g r a p h   l i k e w i s e  

s h o w i n g   t e s t   r e s u l t s   of  a  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 ;  

F i g u r e s   9  to  13  i l l u s t r a t e   t h e   c a s e   w h e r e   0 .2  to  5 . 0 %  

of  Nb  is   a d d i t i o n a l l y   a d d e d   s u b j e c t   to  Ti  =  0 .2   to  1 . 0 %  



and  N b / C  =   10  to  125  and  an  a n n e a l i n g   t e m p e r a t u r e   is   9 0 0  

to  975°C ,   and  t h e y   a r e   g r a p h s   s h o w i n g   t e s t   r e s u l t s   o f  

E x a m p l e s   a c c o r d i n g   to  t he   p r e s e n t   i n v e n t i o n .  

F i g u r e   14  is  a  g r a p h   s h o w i n g   a  t e m p e r a t u r e   r a n g e   o f  

an  a n n e a l i n g   t r e a t m e n t   r e g a r d i n g   the   p r e s e n t   i n v e n t i o n  

w i t h   r e s p e c t   to  a  c o n t e n t   of  c a r b o n ;  

F i g u r e   15  is  a  g r a p h   d r awn   by  p l o t t i n g   a l k a l i   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 s   w i t h   r e s p e c t   to  h e a t i n g  

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

c o n d i t i o n s ;   a n d  

F i g u r e   16  is   a  g r a p h   s h o w i n g   r e l a t i o n s   b e t w e e n   c o n -  

t e n t s   of  Mo,  V  and  W and  c o r r o s i o n   a m o u n t s .  

D e t a i l e d   D e s c r i p t i o n   of  t he   I n v e n t i o n :  

Now,  r e f e r r i n g   to  FIGS.   1  to  3,  the   d e t a i l e d   d e s -  

c r i p t i o n   w i l l   be  made  to  an  a l l o y   to  be  t r e a t e d .  

A l l o y   to  be  t r e a t e d :  

The  c o n t e n t   of  Ni  is  58%  or  m o r e ,   s i n c e   when  i t   i s  

b e l o w   58%,  t h e   a l l o y   w i l l   be  p o o r   in  an  a l k a l i   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 .  

When  the   c o n t e n t   of  Cr  is  l e s s   t h a n   25%,  t h e   a l l o y  

w i l l   have   a  l e s s   c r y s t a l   b o u n d a r y   e t c h i n g   r e s i s t a n c e   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 ;   when  i t   is  more  t h a n  

35%,  a b n o r m a l   s u b s t a n c e s   w i l l   d e p o s i t   in  the   s e c o n d  

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

d e t e r i o r a t i o n   in  d u c t i l i t y .   T h e r e f o r e ,   t he   c o n t e n t   o f  



Cr  is   w i t h i n   t he   r a n g e   of  25  to  35%. 

With  r e g a r d   to  t h e   e l e m e n t   B,  when  i t s   c o n t e n t   i s  

a b o v e   0 . 0 0 3 % ,   t he   a l l o y   w i l l   be  p o o r   in  t h e   c r y s t a l  

b o u n d a r y   e t c h i n g   r e s i s t a n c e .   T h e r e f o r e ,   t he   c o n t e n t   o f  

B  is   0 .003%  or  l e s s .  

When  the   c o n t e n t   of  C  is   l e s s   t h a n   0 . 0 1 2 % ,   the   a l l o y  

w i l l   h a v e   an  i n s u f f i c i e n t   s t r e n g t h ;   when  i t   is   in   e x c e s s  

of  0 . 0 3 5 % ,   i t   w i l l   be  poor   in  t he   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 .   T h e r e f o r e ,   t he   c o n t e n t   of  C  i s   w i t h i n   t h e  

r a n g e   of  0 . 0 1 2   to  0 . 0 3 5 % .  

E l e m e n t s   P,  S  and  t he   l i k e   a r e   i n c o r p o r a t e d   i n t o   t h e  

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

m a n u f a c t u r e   or  s t e e l   m a n u f a c t u r e ,   b u t   too  much  i m p u r i t i e s  

have   bad  i n f l u e n c e   upon  t he   c o r r o s i o n   r e s i s t a n c e .   T h e r e -  

f o r e ,   t he   c o n t e n t   of  P  i s   0 .015%  or  l e s s   and  t h a t   of  S 

is  a l s o   0 .015%  or  l e s s .  

F u r t h e r ,   Mn  and  Si  a r e   a d d e d   f o r   t he   s a k e   of  a  

d e o x i d a t i o n ,   a  r e i n f o r c e m e n t   of  a  m a t r i x   and  a  r e i n f o r c e -  

ment   of  g r a i n   b o u n d a r i e s ,   bu t   when  the   c o n t e n t   of  Mn  i s  

more  t h a n   1%,  the   a l l o y   w i l l   be  h a r d   to  m e l t ,   and  w h e n  

the   c o n t e n t   of  Si  is   more  t h a n   0 .5%,   t he   a l l o y   w i l l   b e  

p o o r   in  w e l d i n g   p r o p e r t i e s .   T h e r e f o r e ,   t he   c o n t e n t   of  Mn 

is   1%  or  l e s s ,   and  t h a t   of  Si  is   l i m i t e d   to  0.5%  or  l e s s .  

F i r s t   t h e r m a l   t r e a t m e n t   p r o c e s s :  

A  t e m p e r a t u r e   T°C  at  w h i c h   the   c a r b i d e   of  the   n i c k e l  



b a s e d   a l l o y   is  t h o r o u g h l y   s o l u b i l i z e d   v a r i e s   w i t h   t h e  

c o n t e n t   of  C , a s   e l u c i d a t e d   by  t he   s c h e m a t i c   v i e w   in  F i g u r e  

1.  If  t h i s   t h e r m a l   t r e a t m e n t   p r o c e s s   i s   c a r r i e d   o u t   a t   a  

t e m p e r a t u r e   l e s s   t h a n   T°C,  t he   c a r b i d e   w i l l   d e p o s i t ,  

t h e r e b y   u n r e a s o n a b l y   i n c r e a s i n g   a  t e n s i l e   s t r e n g t h ,   0 . 2 %  

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

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 t .   On  the   c o n t r a r y ,  

i f   at  a  t e m p e r a t u r e   more  t h a n   (T  +  1 0 0 ) ° C ,   a  g r a i n   s i z e  

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

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

p r o v i d i n g   t h e  i n s u f f i c i e n t   t e n s i l e   s t r e n g h t ,   0.2%  y e l d   p o i n t  

and  h a r d n e s s .  

F u r t h e r ,   i t   is   n a t u r a l   t h a t   t he   r e t e n t i o n   t ime   i s  

p r o l o n g e d   w i t h   the   i n c r e a s e   in  t he   w a l l   t h i c k n e s s   of  t h e  

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

r e t e n t i o n   t i m e .   H o w e v e r , g e n e r a l l y   s p e a k i n g ,   t he   r e t e n t i o n  

t i m e   t a k e s   30  m i n u t e s   or  so  pe r   2 . 5 4   cm  (1  i n c h )   of  t h e  

m a t e r i a l   t h i c k n e s s ,   and  in   t he   c a s e   t h a t   t he   m a t e r i a l  

t h i c k n e s s   is  2 . 5 4   cm  or  l e s s ,   1  to  30  m i n u t e s   w i l l   be  u s u a l -  

ly  t a k e n .   F u r h t e r ,   s i n c e   an  a b n o r m a l l y   p r o l o n g e d   t ime   w i l l  

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

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

r e t e n t i o n   t ime   is   w i t h i n   the   r a n g e   of  1  m i n u t e   to  2  h o u r s .  

Then ,   t he   a l l o y   is   c o o l e d ,   f o r   e x a m p l e ,   f rom  a  l e v e l  

of  200°C  to  room  t e m p e r a t u r e .  



With  r e g a r d   to  a  c o o l i n g   r a t e   of  t he   a l l o y ,   t he   c o o l i n g  

r a t e   l e s s   t h a n   a  f u r n a c e   c o o l i n g   r a t e   i s   no t   a d v a n t a g e o u s ,  

bu t   any  r a t e   of  t he   f u r n a c e   c o o l i n g   r a t e   or  more  i s   i n  

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

r a t e   or  more  can  be  o b t a i n e d   by,   f o r   e x a m p l e ,   t h e   f u r n a c e  

c o o l i n g ,   an  a i r   c o o l i n g ,   gas  c o o l i n g ,   o i l   c o o l i n g ,   w a t e r  

c o o l i n g   and  the   l i k e .  

S e c o n d   t h e r m a l   t r e a t m e n t   p r o c e s s :  

A f t e r   r e t a i n e d   at  a  t e m p e r a t u r e   of  T°C  to  (T  +  1 0 0 ) ° C  

f o r   a  p e r i o d   of  30  m i n u t e s   and  w a t e r   c o o l e d   in  t he   f i r s t  

t h e r m a l   t r e a t m e n t   p r o c e s s ,   s p e c i m e n s   of  T a b l e   2  b e l o w   w e r e  

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

p e r i o d s   of  t i m e   and  were   c o o l e d   in  t he   same  m a n n e r   as  i n  

t he   a f o r e s a i d   f i r s t   p r o c e s s .   Then ,   t h e y   were   i m m e r s e d  

in  a  b o i l i n g   s o l u t i o n   of  65%  HN03  and  0 . 1 - N   HF  f o r   a  p e r i o d  

of  4  h o u r s .   O b t a i n e d   t e s t   r e s u l t s   a r e   shown  in  F i g u r e   2 

b e l o w .   In  a  s e n s i t i z a t i o n   r a n g e   in   F i g u r e   2,  C r - f r e e  

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

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

F u r t h e r ,   in  t he   c a s e   of  t he   a l l o y s   in  an  u n s e n s i t i z a t i o n  

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

s e n s i t i z e d   d u r i n g   t h e i r   use   as  the   r e a l   m a t e r i a l s   at   a  

h i g h   t e m p e r a t u r e ,   t h e r e f o r e   t h e y   a re   a l s o   l i a b l e   to  b r i n g  

a b o u t   t he   c r y s t a l   b o u n d a r y   e t c h i n g .   In  c o n s e q u e n c e ,   t h e  

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



p r o c e s s   must   be  in  a  s e n s i t i z a t i o n   r e c o v e r y   r a n g e   in  w h i c h  

the   C r - f r e e   l a y e r s   r e c o v e r .   F u r t h e r m o r e ,   when  the   r e t e n t i o n  

t e m p e r a t u r e   is  more  t h a n   750°C ,   a  s o l u b i l i t y   of  C  w i l l   b e  

g r e a t   and  a  s o l u b i l i t y   d i f f e r e n c e   w i l l   r e s u l t   f rom  a  

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

a  t e m p e r a t u r e   at  t he   t ime   of  a  c o o l i n g   or  a  p r a c t i c a l   u s e .  

As  a  r e s u l t ,   a  c a r b i d e   t e n d s   to  d e p o s i t   on  the   c r y s t a l  

b o u n d a r i e s .   When  the   r e t e n t i o n   t e m p e r a t u r e   is  l e s s   t h a n  

6 0 0 ° C ,   t he   r e t e n t i o n   t ime   more  t h a n   100  h o u r s   w i l l   b e  

r e q u i r e d ,   w h i c h   f a c t   is  no t   e c o n o m i c a l .   T h e r e f o r e ,   t h e  

r e t e n t i o n   t e m p e r a t u r e   i s   l i m i t e d   to  t he   r a n g e   of  600  t o  

750°C .   M o r e o v e r ,   when  the   r e t e n t i o n   t ime   is   l e s s   t h a n   1 0 - 1  

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

at  the   a f o r e s a i d   t e m p e r a t u r e ;   t he   r e t e n t i o n   t i m e   m o r e  

t h a n   100  h o u r s   i s   no t   e c o n o m i c a l .   T h e r e f o r e ,   i t   s h o u l d   b e  

w i t h i n   t he   r a n g e   of  10 -1   to  100  h o u r s .   With  r e g a r d   t o  

t he   c o o l i n g   r a t e   in  t h i s   c a s e ,   any  r a t e   of  t he   f u r n a c e  

c o o l i n g   r a t e   or  more  i s   s a t i s f a c t o r y ,   as  in  t he   f i r s t  

t h e r m a l   t r e a t m e n t   p r o c e s s .  

A f t e r   r e t a i n e d   at  a  t e m p e r a t u r e   of  T°C  to  (T  +  1 0 0 ) ° C  

f o r   a  p e r i o d   of  30  m i n u t e s   in  t he   f i r s t   t h e r m a l   t r e a t m e n t  

p r o c e s s ,   s p e c i m e n s   were   h e a t e d   and  r e t a i n e d   at   a  t e m p e r a t u r e  

of  700°C  and  were   a i r   c o o l e d ,   and  t h e y   were   t h e n   i m m e r s e d  

in  a  b o i l i n g   s o l u t i o n   of  65%  HN03  and  0 .2   g  of  C r 6 + / l i t e r  

f o r   a  p e r i o d   of  24  h o u r s .   O b t a i n e d   r e s u l t s   of  c r y s t a l  



b o u n d a r y   e t c h i n g   r e s i s t a n c e   t e s t s   a r e   e x h i b i t e d   in  F i g u r e  

3  b e l o w .   As  the   same  d r a w i n g   i n d i c a t e s ,   t he   s e n s i t i z a t i o n  

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

the   c o o l i n g   r a t e   in  t he   f i r s t   t h e r m a l   t r e a t m e n t   p r o c e s s ,  

and  i t   has   b e e n   f o u n d   t h a t   any  c a s e   g e t s   i n t o   t h e   s e n s i t i z a -  

t i o n   r e c o v e r y   r a n g e   w i t h i n   100  h o u r s .  

In  T a b l e   3,  r e s u l t s   of  a  v a r i e t y   of  t e s t s   f o r   t h e  

s p e c i m e n s   in  T a b l e   2  a r e   s u m m a r i z e d .   A c c o r d i n g   to  t h e  

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

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

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

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

a l k a l i   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 ,   in   c o n t r a s t  

w i t h   t he   c o n v e n t i o n a l .  

As  d e s c r i b e d   in  d e t a i l   in   t he   f o r e g o i n g ,   t he   n i c k e l  

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

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

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

i n v e n t i o n   is   mos t   s u i t a b l e   f o r   t he   t h e r m a l   t r e a t m e n t   f o r  

m a t e r i a l s   w h i c h   w i l l   be  s u b j e c t e d   to  a  h i g h - t e m p e r a t u r e  

and  h i g h - p r e s s u r e   w a t e r   of  200  to  4 0 0 ° C ,   f o r   e x a m p l e ,  

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

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

the   n u c l e a r   r e a c t o r .  









*1)  E l e c t r o   P o t e n t i o k i n e t i c   R e a c t i v a t i o n :   A  m e t h o d  

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

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

a  p e a k   c u r r e n t   g e n e r a t e d   when  a  v o l t a g e   w h i c h  

has   b e e n   r a i s e d   up  to   a  l e v e l   of   a  p a s s i v e  

s t a t e   r a n g e   i s   d r o p p e d .  

*2)  R e t e n t i o n   was  made  a t   360°C  f o r   1000  h o u r s   in   a  

r u n n i n g   d e g a s s e d   w a t e r .  

*3)  R e t e n t i o n   was  made  a t   300°C  f o r   1000  h o u r s   in   a  

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

500  ppm  of   C l .  

*4)  R e t e n t i o n   was  made  a t   325°C  f o r   1000  h o u r s   in   a  

d e g a s s e d   w a t e r   i n c l u d i n g   10%  of   NaOH.  

*5)  R e t e n t i o n   was  made  a t   288°C  f o r   1000  h o u r s   in   a  

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

100  ppm  of   C l .  



T h e n ,   t h e   p r e s e n t   i n v e n t i o n ,   r e f e r r i n g   to   F IGS.   4  t o  

8,  w i l l   be  d e s c r i b e d   b e l o w .  

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

as  f o l l o w s :  

C:  

S i n c e   C  i s   an  e l e m e n t   h a r m f u l   to  t h e   SCC  r e s i s t a n c e ,  

i t s   c o n t e n t   i s   l i m i t e d   to   0.04%  or   l e s s .  

S i ,   Mn  and  A l :  

T h e s e   e l e m e n t s   a l l   a r e   d e o x i d i z e r s ,   and  t h e y   a r e  

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

c o n d i t i o n s .   H o w e v e r ,   when  t h e   c o n t e n t s   of   S i ,   Mn  and  A l  

e x c e e d   u p p e r   l i m i t s   of  1 . 0 % ,   1.0%  and  0 .5%,   r e s p e c t i v e l y ,  

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

F u r t h e r ,   when  b e i n g   l e s s   t h a n   0 .1%,   Al  i s   n o t   e f f e c t i v e .  

N i :  

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

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

r e s i s t a n c e   and  t h e   SCC  r e s i s t a n c e   in   a  h i g h - t e m p e r a t u r e  

w a t e r   i n c l u d i n g   C 1   i o n s .   Fo r   t h e   a c h i e v e m e n t   of  t h e s e  

e f f e c t s ,   t h e   c o n t e n t   of   Ni  i s   r e q u i r e d   to   be  40%  or   m o r e ,  

and  i t s   u p p e r   l i m i t   i s   s e t   to   70%,  t a k i n g   a d d i t i o n  

p r o p o r t i o n s   of   a l l o y   e l e m e n t s   of  Cr ,   Mo,  W,  V  and  t h e   l i k e  

i n t o   c o n s i d e r a t i o n .  

C r :  



The  e l e m e n t   Cr  i s   e s s e n t i a l   f o r   t h e   i m p r o v e m e n t   i n  

t h e   c o r r o s i o n   r e s i s t a n c e ,   b u t   i t s   a m o u n t   l e s s   t h a n   25% 

i s   i n s u f f i c i e n t   to  e n h a n c e   t h e   SCC  r e s i s t a n c e .   On  t h e  

c o n t r a r y ,   when  i t   i s   more   t h a n   35%,  a  h o t   w o r k a b i l i t y   w i l l  

r e m a r k a b l y   d e t e r i o r a t e .   T h e r e f o r e ,   t h e   c o n t e n t   of  Cr  i s  

l i m i t e d   to   t h e   r a n g e   of   25  to  35%  in   t h e   p r e s e n t   i n v e n t i o n .  

P :  

The  e l e m e n t   P  i s   p r e s e n t   in   t h e   a l l o y   as  an  i m p u r i t y .  

I f   i t s   c o n t e n t   i s   a b o v e   0 . 0 3 0 % ,   i t   w i l l   e x e r t   a  h a r m f u l  

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

S :  

The  e l e m e n t   S  i s   a l s o   one  of   t h e   i m p u r i t i e s .   I f   b e i n g  

p r e s e n t   in   an  a m o u n t   more   t h a n   0 . 0 2 % ,   i t   w i l l   b e  d e l e t e r i o u s  

to  t h e   a c i d   r e s i s t a n c e   and  h o t   w o r k a b i l i t y ,   as  in   t h e   c a s e  

of  P .  

T i :  

T h i s   e l e m e n t   Ti  i s   a d d e d   as  a  s t a b i l i z i n g   a g e n t .  

T h a t   i s   to   s a y ,   e v e n   i f   t h e   c o n t e n t s   of  P  and  S  a r e  

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

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

i n v e n t i o n ,   Ti  i s   a d d e d   in   an  a m o u n t   of   0.05%  or   more   t o  

a s s u r e   t h e   d e s i r e d   h o t   w o r k a b i l i t y .   On  t h e   c o n t r a r y ,  

when  t h e   c o n t e n t   of   Ti  i s   more   t h a n   1 .0%,   i t s   e f f e c t   w i l l  

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

e l e m e n t   i s   to   be  s e t   to   1 . 0 % .  



Mo,  W and   V :  

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

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

i n c l u d i n g   C l -   i o n s .   When  t h e   c o n t e n t   of   a t   l e a s t   one  o f  

t h e s e   e l e m e n t s   i s   l e s s   t h a n   0.5%  in  a l l ,   t h e   p a s s i v e  

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

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

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 .   On  t h e   c o n t r a r y ,  

when  t h e   c o n t e n t   of  a t   l e a s t   one  of   them  i s   more   t h a n  

5.0%  in  a l l ,   t h e   e f f e c t   of   t h e   i m p r o v m e n t   in   t h e   p i t t i n g  

c o r r o s i o n   r e s i s t a n c e   w i l l   r e a c h   a  c e i l i n g   l e v e l ,   and  t h e  

h o t   w o r k a b i l i t y   w i l l   n o t i c e a b l y   be  d e t e r i o r a t e d .   T h e r e -  

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

of   Mo,  W and   V  to  be  a d d e d   i s   l i m i t e d   to   t h e   r a n g e   of   0 . 5  

to  5.0%  in  a l l .  

N b :  

In  t h e   n i c k e l   b a s e d   a l l o y   ( w h i c h   i n c l u d e s   40%  or   m o r e  

of   N i ) ,   Nb  i s   g r e a t e r   in   t h e   e f f e c t   of   a  c a r b o n   f i x a t i o n  

t h a n   T i .   In  t h e   p r e s e n t   i n v e n t i o n ,   t h e   c o n t e n t   of  Nb  i s  

s e t   to   t h e   r a n g e   of   0 .2   to  5 .0%.   In  t h i s   r a n g e ,   t h e   r a t i o  

of  Nb/C  w i l l   b e c o m e   10  to  125 .   In  t h e   c a s e   of  i t s   a m o u n t  

b e i n g   0.2%  or   l e s s ,   t h e   e f f e c t   of   f i x i n g   c a r b o n   i s   s m a l l  

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

t h e   SCC  ( s t r e s s   c o r r o s i o n   c r a c k i n g ) .   On  t h e   c o n t r a r y ,  

when  t h e   c o n t e n t   of  Nb  i s   more   t h a n   5%,  t h e   e f f e c t   ( c a r b o n  



f i x a t i o n )   w i l l   r e a c h   a  c e i l i n g   l e v e l ,   and   a d d i t i o n a l l y   t h e  

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

i t s   u p p e r   l i m i t   i s   s e t   to   5 . 0 % .  

I .   Now,  r e f e r e n c e   w i l l   be  made  to   t h e   a n n e a l i n g  

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

r a n g e   ( Y ) .  

R e f e r r i n g   f i r s t   to  F i g u r e   4,  l i n e s   BC  and  CD  r e p r e s e n t  

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

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

CD,  no  r e c r y s t a l l i z a t i o n   w i l l   o c c u r ,   so  t h a t   t h e   s t r e n g t h  

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

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

i s   r e q u i r e d   to   be  c a r r i e d   o u t   a t   a  t e m p e r a t u r e   a b o v e   t h e  

l e v e l s   of   t h e   l i n e s   BC  and  CD  in   a c c o r d a n c e   w i t h   a  C 

c o n t e n t   in   t h e   a l l o y .   On  t h e   o t h e r   h a n d ,   a  l i n e   AE  in   t h e  

same  d r a w i n g   m e a n s   an  u p p e r   l i m i t   of  t e m p e r a t u r e s   a t   w h i c h  

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

A c c o r d i n g l y ,   so  l o n g   as  t h e   a n n e a l i n g   t r e a t m e n t   i s   c a r r i e d  

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

be  p r e s e n t   in   t h e   g r a i n s .   H o w e v e r ,   i f   t h e   a n n e a l i n g   o p e r a -  

t i o n   i s   done   a t   a  t e m p e r a t u r e   a b o v e   a  l e v e l   of   t h e   l i n e   A E ,  

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

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

a t   a  t e m p e r a t u r e   of  600°C  f o r   a  p e r i o d   of   3  h o u r s .   T h i s  



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

e t c h i n g   r e s i s t a n c e .   T h e r e f o r e ,   t h e   f i n a l   a n n e a l i n g   i s  

r e q u i r e d   to   be  c a r r i e d   o u t   a t   a  t e m p e r a t u r e   b e l o w   t h e  

l e v e l   of   t h e   l i n e   A E .  

Now,  t h e   p r e s e n t   i n v e n t i o n   w i l l   f u r t h e r   be  d e s c r i b e d  

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

E x a m p l e s   1  to   29  

A l l o y s   ( A l l o y   Nos .   of  t h e   p r e s e n t   i n v e n t i o n   1  to   2 9 ,  

c o n v e n t i o n a l   a l l o y s   Nos .   30  to   37  and  c o m p a r a t i v e   a l l o y s  

Nos .   38  to  41)  of   c o m p o s i t i o n s   c o m p r i s i n g   c h e m i c a l   c o m -  

p o n e n t s   e x h i b i t e d   in   T a b l e   1  b e l o w   w e r e   d i s s o l v i n g l y   f o r m e d  

in  a  1 7 - k g   v a c u u m   f u r n a c e   and  s u b j e c t e d   to   a  f o r g i n g ,   h o t  

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

t h e y   w e r e   t h e n   c o l d   r o l l e d   as  much  as  30%,  f o l l o w e d   b y  

a n n e a l i n g   a t   a  v a r i e t y   of  t e m p e r a t u r e s .   F u r t h e r ,   a  t h e r m a l  

t r e a t m e n t ,   i . e .   a  s e n s i t i z a t i o n   t r e a t m e n t   on  c o n d i t i o n s ,  

600°C  x  3  h o u r s ,   w h i c h   w e r e   s e t   on  t h e   b a s i s   of   a  s u p p o s e d  

l i f e   in   p r a c t i c a l   use   was  c a r r i e d   o u t ,   and  3 - m m - t h i c k   x  

1 0 - m m - w i d e   x  4 0 - m m - l o n g   s p e c i m e n t s   f o r   c r y s t a l   b o u n d a r y  

e t c h i n g   t e s t s   and  2 - m m - t h i c k   x  1 0 - m m - w i d e   x  7 5 - m m - l o n g  

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

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

e m e r y   p a p e r   No.  320  and  w e r e   t h e n   e m p l o y e d   f o r   t h e   t e s t s  

b e l o w .  

F i r s t ,   t h e   s p e c i m e n s   f o r   t h e   s t r e s s   c o r r o s i o n   c r a c k i n g  



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

e v e r y   2  s p e c i m e n s   and  e a c h   p a i r   of   them  was  b e n t   i n t o   a  

U - s h a p e   to  p r e p a r e   d o u b l e   U - b e n t   s p e c i m e n t s .   The  t h u s  

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

1000  ppm  of   Cl  (as  NaCl)   a t   325°C  f o r   1500  h o u r s   by  t h e  

u s e   of   an  a u t o c l a v e   (a  h i g h - t e m p e r a t u r e   and  h i g h - p r e s s u r e  

c o n t a i n e r ) .   A f t e r   t h e   c o m p l e t i o n   of   t h e   t e s t s , c r a c k s   o n  

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

d e p t h   by  a  m i c r o s c o p e .  

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

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

i n c l u d i n g   60%  of   HNO3  and   0.1%  of   HF  f o r   4  h o u r s ,   and   a  

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

O b t a i n e d   t e s t   r e s u l t s   a r e   shown  by  g r a p h s   in   F i g u r e s  

5  to  8.  R e f e r e n c e   n u m e r a l s   in   t h e   g r a p h s   r e p r e s e n t   t h e  

n u m b e r s   of   t h e   s p e c i m e n   a l l o y s   in   T a b l e   4 .  

A  v a r i e t y   of   a m o u n t s   of   Ni  was  a d d e d   to   e a c h   f u n d a m e n t -  

a l   c o m p o s i t i o n   c o m p r i s i n g   0 . 0 2   to   0.03%  of  C,  25%  of   C r  

and  0.6%  of  Mo  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   t o  

p r e p a r e   a l l o y   s p e c i m e n s ,   and  an  a n n e a l i n g   t r e a t m e n t   w a s  

t h e n   c a r r i e d   o u t   by  h e a t i n g   t h e   s p e c i m e n s   a t   1 1 5 0 ° C   f o r  

30  m i n u t e s .   A f t e r   w a t e r   c o o l i n g ,   a  s e n s i t i z a t i o n   t r e a t m e n t  

was  c a r r i e d   o u t   by  h e a t i n g   t hem  a t   600°C  f o r   3  h o u r s   a n d  

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

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



d a t a .   F i g u r e   5  e x h i b i t s   t h e   t h u s   o b t a i n e d   d a t a .   T h e  

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

t h e   p r e s e n t   i n v e n t i o n .  

Even  in   t h e   c a s e   of  t h e   a l l o w   h a v i n g   t h e   same  c o m -  

p o s i t i o n   as  t h e   a l l o y   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 f   t h e   a n n e a l i n g   t e m p e r a t u r e   i s   h i g h   and  when  3  h o u r s '  

h e a t i n g   a t   600°C  ( t h e   s e n s i t i z a t i o n   t r e a t m e n t )   and  an  a i r  

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

w i l l   a l l   d e p o s i t   on  t h e   c r y s t a l   b o u n d a r i e s   and  C r - f r e e  

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

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

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

The  g r a p h s   in   F i g u r e   6  show  t h e   c r y s t a l   b o u n d a r y  

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

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

a l l o h s .   The  a l l o y s   in   b o t h   t h e   g r o u p s   w h i c h   had  t h e  

c o m p o s i t i o n   of  0 . 02   to   0.03%  of  C  and  0.6%  of   Mo  w e r e  

h e a t e d   a t   900°C  f o r   30  m i n u t e s   to  a c c o m p l i s h   t h e   a n n e a l i n g  

t r e a t m e n t .   A f t e r   w a t e r   c o o l i n g ,   t h e y   w e r e   h e a t e d   a t   6 0 0 ° C  

f o r   3  h o u r s   to   a c c o m p l i s h   t h e   s e n s i t i z a t i o n   t r e a t m e n t ,  

f o l l o w e d   by  a i r   c o o l i n g .   In  F i g u r e   6,  w h i t e   and  b l a c k  

c i r c l e s   r e p r e s e n t   t h e   a l l o y s   i n c l u d i n g   more   t h a n   30%  o f  

Cr  and  t h o s e   i n c l u d i n g   25  to   30%  of   Cr ,   r e s p e c t i v e l y .  

As  u n d e r s t o o d   f rom  t h e   g r a p h s   in   t h i s   d r a w i n g ,   t h e   a l l o y s  

i n c l u d i n g   an  Ni  a m o u n t   b e l o w   40%  a r e   a l l   g r e a t   in   a  



c o r r o s i o n   r a t e ;   t h e   a l l o y s   i n c l u d i n g   an  Ni  a m o u n t   o f  

40%  or   more   h a v e   an  i m p r o v e d   c r y s t a l   b o u n d a r y   e t c h i n g  

r e s i s t a n c e .   T h e r e f o r e ,   t h e   Ni  c o n t e n t   of   40%  or   m o r e  

i s   n e c e s s a r y .  

One  or  more   of   Mo,  V  and  W  w e r e   a d d e d   to   e a c h   f u n d a -  

m e n t a l   c o m p o s i t i o n   c o m p r i s i n g   0.02%  of   C,  25%  of  Cr  a n d  

50%  of  Ni  in   o r d e r   to   p r e p a r e   a l l o y   s p e c i m e n s ,   and  a n  

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

p r e p a r e d   s p e c i m e n s   a t   900°C  f o r   30  m i n u t e s .   A f t e r   w a t e r  

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

h e a t i n g   t hem  a t   600°C  f o r   3  h o u r s   and  t h e y   was  t h e n   a i r  

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

e t c h i n g   t e s t s   a r e   e x h i b i t e d   i n   F i g u r e   7.  T h i s   d r a w i n g  

i n d i c a t e s   t h a t   when  t h e   t o t a l   a m o u n t   of   a t   l e a s t   one   o f  

Mo,  V  and  W  i s   l e s s   t h a n   0 .5%,   any  i m p r o v e m e n t   in   c o r r o -  

s i o n   r e s i s t a n c e   i s   n o t   s e e n ,   b u t   when  i t s   c o n t e n t   i s   0 . 5 %  

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

up.   T h i s   w o u l d   be  c o n s i d e r e d   to   a l l o w   a  c r 2 0 3   c o a t i n g  

f o r m e d   on  t h e   a l l o y   s u r f a c e   to   s t a b l y   e x i s t ,   b e c a u s e   t h e  

a d d e d   Mo,  V  and  W  s t r e n g t h e n   t h e   p a s s i v e   c o a t i n g .   H e n c e ,  

t h e   t o t a l   a m o u n t   of  one  or   more   of  t h e   a d d e d   Mo,  V  and  W 

i s   r e q u i r e d   to   be  0.5%  or   m o r e .  

The  g r a p h s   in   F i g u r e   8  show  i n f l u e n c e s   of   an  N i  

c o n t e n t ( % )   and  Cr  c o n t e n t   (%)  upon   t h e   SCC  r e s i s t a n c e .  

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



t r e a t m e n t   of  30  m i n u t e s '   h e a t i n g   a t   9 0 0 ° C ,   w a t e r   c o o l i n g ,  

s e n s i t i z a t i o n   t r e a t m e n t   of   3  h o u r s '   h e a t i n g   a t   6 0 0 ° C ,   a n d  

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

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

t h o s e   w i t h   some  c r a c k s   of  2 0  p   or   m o r e .  

I t   i s   a p p a r e n t   t h a t   e v e n   i f   t h e   Cr  c o n t e n t   i s   20%  o r  

more   as  in   t h e   p r e s e n t   i n v e n t i o n ,   when  t h e   Ni  c o n t e n t   i s  

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

c r a c k s   w i l l   o c c u r .   T h e r e f o r e ,   t h e   Ni  c o n t e n t   i s   r e q u i r e d  

to  be  40%  or   m o r e .  









I I .   N e x t ,   t h e   f o l l o w i n g   w i l l   be  made  to   t h e   a n n e a l -  

i n g   t r e a t m e n t   a t   a  t e m p e r a t u r e   of   900  to  9 7 5 ° C .  

In  t h e   p r e s e n t   i n v e n t i o n ,   t h e   a n n e a l i n g   t r e a t m e n t   i s  

c a r r i e d   o u t   a t   a  t e m p e r a t u r e   of  900  to  9 7 5 ° C .   H o w e v e r ,  

when  t h i s   a n n e a l i n g   t e m p e r a t u r e   i s   l e s s   t h a n   9 0 0 ° C ,   r e -  

c r y s t a l l i z a t i o n   c a n n o t   be  e f f e c t e d .   T h e r e f o r e ,   t h e   t r e a t e d  

a l l o y   has   a  h i g h   s t r e n g t h   and  i s   i n s u f f i c i e n t   in   t h e   c o r r o -  

s i o n   r e s i s t a n c e .   On  t h e   c o n t r a r y ,   when  t h e   a n n e a l i n g  

t e m p e r a t u r e   i s   more   t h a n   9 7 5 ° C ,   t h e   c a r b o n   in   t h e   a l l o y  

w i l l   be  t h o r o u g h l y   s o l u b i l i z e d   d u r i n g   t h e   a n n e a l i n g   o p e r a -  

t i o n ,   so  t h a t   no  c a r b i d e   w i l l   e x i s t   in   t h e   g r a i n s   any  m o r e .  

T h e r e f o r e ,   when  a  t e m p e r a t u r e   a b o v e   975°C  i s   e m p l o y e d   f o r  

t h e   a n n e a l i n g   o p e r a t i o n   and  when  t h e   c o n d i t i o n s   of  600°C  x  

5  h o u r s   a r e   t a k e n   f o r   t h e   s e n s i t i z a t i o n   t r e a t m e n t ,   t h e  

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

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

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

i n v e n t i o n   i s   c a r r i e d   o u t   a t   a  t e m p e r a t u r e   of   900  to  9 7 5 ° C .  

R e f e r r i n g   to  FIGS  9  to  13,   t h e   p r e s e n t   i n v e n t i o n  

w i l l   be  d e s c r i b e d   b e l o w .  

E x a m p l e s   30  to  65  

A l l o y s   ( A l l o y   Nos .   of   t h e   p r e s e n t   i n v e n t i o n   1  to  36 

and  c o m p r a t i v e   a l l o y s   Nos .   37  to   63)  of  c o m p o s i t i o n s  

c o m p r i s i n g   c h e m i c a l   c o m p o n e n t s   e x h i b i t e d   in   T a b l e   5  b e l o w  

w e r e   d i s s o l v i n g l y   f o r m e d   in   a  1 7 - k g   v a c u u m   f u r n a c e   a n d  



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

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

much  as  30%,  f o l l o w e d   by  a n n e a l i n g   a t   a  v a r i e t y   of   t e m p e r -  

a t u r e s .   F u r t h e r ,   a  t h e r m a l   t r e a t m e n t ,   i . e .   a  s e n s i t i z a t i o n  

t r e a t m e n t   on  c o n d i t i o n s ,   600°C  x  5  h o u r s ,  w h i c h   w e r e   s e t  

on  t h e   b a s i s   of   a  s u p p o s e d   l i f e   in   p r a c t i c a l   u se   w a s  

c a r r i e d   o u t ,   and  3 - m m - t h i c k   x  1 0 - m m - w i d e   x  4 0 - m m - l o n g  

s p e c i m e n s   f o r   c r y s t a l   b o u n d a r y   e t c h i n g   t e s t s   and  2 - m m - t h i c k  

x  1 0 - m m - w i d e   x  7 5 - m m - l o n g   s p e c i m e n s   f o r   s t r e s s   c o r r o s i o n  

c r a c k i n g   t e s t s   w e r e   t h e n   p r e p a r e d .   T h e s e   s p e c i m e n s   w e r e  

p o l i s h e d   by  t h e   u se   of   e m e r y   p a p e r   No.  320  and   w e r e   t h e n  

e m p l o y e d   in   t e s t s   b e l o w .  

F i r s t ,   t h e   s p e c i m e n s   f o r   t h e   s t r e s s   c o r r o s i o n   c r a c k i n g  

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

e v e r y   2  s p e c i m e n s   and  w e r e   b e n t   i n t o   a  U - s h a p e   to   p r e p a r e  

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

i m m e r s e d   in   a  s o l u t i o n   i n c l u d i n g   1000  ppm  of   Cl  (as  N a C l )  

a t   330°C  f o r   1500  h o u r s   by  t h e   u s e   of   an  a u t o c l a v e   (a  h i g h -  

t e m p e r a t u r e   and   h i g h - p r e s s u r e   c o n t a i n e r ) .   A f t e r   t h e   c o m -  

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

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

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

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

i n c l u d i n g   60%  of   HNO3  and  0.1%  of   HF  f o r   4  h o u r s ,   and   a  

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



G r a p h s   in  F i g u r e   9  show  c r y s t a l   b o u n d a r y   e t c h i n g  

t e s t   r e s u l t s   of   t h e   a l l o y s   in  w h i c h   a b o u t   0.6%  of  Mo,  W 

and  V  was  r e s p e c t i v e l y   a d d e d   to  t h e   25%  Cr-55%  Ni  s y s t e m  

a l l o y   and  v a r i o u s   a m o u n t s   of  Nb  we re   a d d e d   t h e r e t o   v a r y i n g  

t h e   r a t i o   of   Nb/C.   In  e a c h   c a s e ,   an  a n n e a l i n g   t r e a t m e n t  

was  c a r r i e d   o u t   by  h e a t i n g   t h e   a l l o y   s p e c i m e n s   a t   9 5 0 ° C  

f o r   30  m i n u t e s .   A f t e r   w a t e r   c o o l i n g ,   t h e   s e n s i t i z a t i o n  

t r e a t m e n t   was  c a r r i e d   o u t   by  h e a t i n g   them  a t   600°C  f o r  

5  h o u r s   and  t h e y   we re   t h e n   a i r   c o o l e d .   F i g u r e   9  i n d i c a t e s  

t h a t   t h e   a l l o y s   in   w h i c h   t h e   r a t i o   of   Nb/C  i s   l e s s   t h a n  

10  i s   v e r y   bad  in  t h e   c r y s t a l   b o u n d a r y   e t c h i n g   r e s i s t a n c e ,  

b u t   when  t h i s   r a t i o   i s   10  or   m o r e ,   t h e   c r y s t a l   b o u n d a r y  

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

w o u l d   be  p r e s s u m e d   as  f o l l o w s :   I f   Nb  i s   n o t   a d d e d   to   t h e  

a l l o y   in   a  p l e n t y   a m o u n t ,   t h e   s e n s i t i z a t i o n   t r e a t m e n t   w i l l  

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

b o u n d a r i e s ,   and  C r - f r e e   l a y e r s   w i l l   t h u s   be  f o r m e d   i n  

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

t h e   d e t e r i o r a t i o n   in   t h e   c o r r o s i o n   r e s i s t a n c e .   In  o r d e r  

to  a c c o m p l i s h   t h e   f i x a t i o n   of   c a r b o n ,   t h e r e f o r e ,   an  e n o u g h  

a m o u n t   of  N b ,  i . e .   t h e   g r e a t   r a t i o   of   Nb/C  i s   n e c e s s a r y ,  

and  a  v a l u e   of  t h i s   r a t i o   i s   r e q u i r e d   to  be  10  or   m o r e .  

F i g u r e   10  shows  SCC  t e s t   r e s u l t s   of   t h e   a l l o y s   i n  

w h i c h   t h e   Nb/C  was  15  to   20;  a  Cr  c o n t e n t   was  25%;  Mo,  W 

and  V  w e r e   r e s p e c t i v e l y   i n c l u d e d   in   an  a m o u n t   of   0 .6%;   a n d  



an  Ni  c o n t e n t   was  c a u s e d   to   v a r y   w i t h i n   t h e   r a n g e   of   1 8  

to  75%.  The  u s e d   a l l o y   s p e c i m e n s   w e r e   p r e p a r e d   by  h e a t i n g  

them  a t   950°C  f o r   30  m i n u t e s   to  a c c o m p l i s h   t h e   a n n e a l i n g  

t r e a t m e n t ,   f o l l o w e d   by  w a t e r   c o o l i n g .  

The  d r a w i n g   a b o v e   i n d i c a t e s   t h a t   i f   t h e   Ni  c o n t e n t   i s  

l e s s   t h a n   40%,  e v e n   t h e   25%  Cr  a l l o y   in   w h i c h   t h e   Nb/C  i s  

10  or  more   and  Mo,  V  and  W  a r e   e a c h   c o n t a i n e d   in   an  a m o u n t  

of   0.6%  w i l l   b r i n g   a b o u t   some  s t r e s s   c o r r o s i o n   c r a c k s .  

T h e r e f o r e ,   i t   i s   d e f i n i t e   t h a t   when  t h e   Ni  c o n t e n t   i s   40% 

or   m o r e ,   a  r e s p o n s i v e n e s s   to  t h e   SCC  w i l l   be  h i g h .  

G r a p h s   in   F i g u r e   11  i n d i c a t e   t h e   p r e s e n c e   of   a  p i t t i n g  

c o r r o s i o n   on  t h e   Cr-V-W  a l l o y s   in   a  h i g h - t e m p e r a t u r e   a n d  

h i g h - p r e s s u r e   s o l u t i o n   i n c l u d i n g   1000  ppm  of   Cl  i o n s ,  

in   w h i c h   a l l o y   t h e   Nb/C  was  12  o r   more   and  t h e   Ni  c o n t e n t  

was  40%  or   m o r e .   The  a l l o y   s p e c i m e n s   w e r e   u s e d   w h i c h   w e r e  

p r e p a r e d   by  h e a t i n g   them  a t   950°C  f o r   30  m i n u t e s   in   o r d e r  

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

c o o l i n g .   In  F i g u r e   11,   c i r c l e   and  t r i a n g l e   m a r k s   r e p r e s e n t  

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

i n c l u d i n g   W,  r e s p e c t i v e l y .   As  s e e n   f rom  t h e   d r a w i n g ,   i f  

t h e   Cr  c o n t e n t   i s   l e s s   t h a n   25%,  t h e   p i t t i n g   c o r r o s i o n  

w i l l   o c c u r ,   e v e n   t h o u g h   t h e   c o n t e n t s   of   V  and   W  e a c h   a r e  

0.6%  or   more   and  t h e   r a t i o   of   t h e   Nb/C  i s   12  or   m o r e .  

F u r t h e r ,   i f   t h e   c o n t e n t s   o f   V  and   W  e a c h   a r e   l e s s   t h a n  

0 .5%,   t h e   p i t t i n g   c o r r o s i o n   w i l l   o c c u r   e v e n   i f   t h e   C r  



c o n t e n t   i s   more   t h a n   25%.  T h e r e f o r e ,   i t   i s   n e c e s s a r y   f o r  

t h e   i n h i b i t i o n   of   t h e   p i t t i n g   c o r r o s i o n   t h a t   t h e   Cr  c o n t e n t  

i s   25%  or   more   and  t h e   V  or   W  c o n t e n t   i s   0 .5%,   p r e f e r a b l y  

0 .6%.   I t   c an   be  c o n s i d e r e d   f rom  t h e   f o r e g o i n g   t h a t   t h e  

p a s s i v e   c o a t i n g   o n l y   i n c l u d i n g   25%  of  Cr  i s   i n s u f f i c i e n t  

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

t h e   a d d i t i o n   of  a t   l e a s t   one  of   V  and  W  in   t h e   t o t a l   a m o u n t  

of   0.5%  or   more   p e r m i t s   s t r e n g t h e n i n g   t h e   p a s s i v e   c o a t i n g  

and  w i t h s t a n d i n g   an  a t t a c k   of   Cl  i o n s .   T h u s ,   i t   i s  

a p p a r e n t   t h a t   t h e   p i t t i n g   c o r r o s i o n   r e s i s t a n c e   can   b e  

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

a d d i t i o n   of   Cr ,   V  a n d / o r   W. 

F i g u r e   12  s h o w s ,   as  in   F i g u r e   11,   d a t a   r e g a r d i n g   t h e  

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

Mo  or   a  g r o u p   of   Mo,  W  a n d   V  i s   f u r t h e r   i n c l u d e d   in   a d d i -  

t i o n   to   s u c h   a  s y n e r g i s t i c   e f f e c t .   The  a l l o y   s p e c i m e n s  

w e r e   u s e d   w h i c h   w e r e   p r e p a r e d   by  h e a t i n g   them  a t   9 5 0 ° C  

f o r   30  m i n u t e s   in   o r d e r   to   a c c o m p l i s h   t h e   a n n e a l i n g   t r e a t -  

m e n t ,   f o l l o w e d   by  w a t e r   c o o l i n g .   In  F i g u r e   9,  c i r c l e   a n d  

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

t h e   g r o u p   of   Mo,  W and   V,  r e s p e c t i v e l y .  

I t   can   be  u n d e r s t o o d   f rom  t h e   g r a p h s   in   t h i s   d r a w i n g  

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

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

of   Cr  i s   25%  or   more   and  t h e   c o n t e n t   of   Mo  or   t h e   g r o u p   o f  



Mo,  V  and  W  i s   0.5%  or   m o r e ,   p r e f e r a b l y   0.6%  or   m o r e .  

The  g r a p h s   in  F i g u r e   13  show  i n f l u e n c e   of   t h e   a n n e a l -  

i n g   t e m p e r a t u r e s   upon   t h e   s t r e s s   c o r r o s i o n   c r a c k i n g .   I n  

t h i s   c a s e ,   t h e   s p e c i m e n s   of  a l l o y   Nos .   1  and  12  e x h i b i t e d  

in   T a b l e   5  w e r e   e m p l o y e d ,   and  t h e   a n n e a l i n g   o p e r a t i o n   w a s  

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

w i t h i n   t h e   r a n g e   of   850  to  1 0 5 0 ° C .   T h e n ,   t h e   s e n s i t i z a t i o n  

t r e a t m e n t   was  c a r r i e d   o u t   by  h e a t i n g   t hem  a t   600°C  f o r  

5  h o u r s   and  t h e y   w e r e   t h e n   a i r   c o o l e d .   S t r e s s   c o r r o s i o n  

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

to  m e a s u r e   a  d e p t h   of   c r a c k s .   As  be  d e f i n i t e   f r o m   t h e  

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

a t   a  t e m p e r a t u r e   of   900  to  975°C  a r e   e x c e l l e n t   in   t h e   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 .   T h i s   r e a s o n   w o u l d   be  t h a t  

NbC  d e p o s i t s   in   o r d e r   to   f i x   t h e   s o l u b i l i z e d   c a r b o n .  













F u r t h e r m o r e ,   r e f e r r i n g   to   F i g u r e s   14  to   16,   t h e   p r e s e n t  

i n v e n t i o n   w i l l   be  d e s c r i b e d   b e l o w .  

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

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

m e n t i o n e d   a b o v e   in   t h e   p r e s e n t   i n v e n t i o n   i s   as  f o l l o w s :  

C a r b o n   ( C ) :  

The  e l e m e n t   C  i s   h a r m f u l   to  t h e   SCC  r e s i s t a n c e ,   t h e r e -  

f o r e   i t s   c o n t e n t   in   t h e   p r e s e n t   i n v e n t i o n   i s   0.15%  or   l e s s .  

S i l i c o n   (Si)   a n d  m a n g a n e s e   ( M n ) :  

Si  and  Mn  b o t h   a r e   d e o x i d i z e r s ,   and  e a c h   a m o u n t   o f  

them  is   r e q u i r e d   to   be  1.0%  or   l e s s .   H o w e v e r ,   when  e a c h  

a m o u n t   of   t h e   e l e m e n t s   i s   a b o v e   1 .0%,   t h e   a l l o y   w i l l   h a v e  

d e t e r i o r a t e d   w e l d i n g   p r o p e r t i e s   and   c l e a n n e s s .  

C h r o m i u m   ( C r ) :  

The  e l e m e n t   Cr  i s   an  e s s e n t i a l   c o m p o n e n t   f o r   t h e   m a i n -  

t e n a n c e   of   t h e   c o r r o s i o n   r e s i s t a n c e   of   t h e   a l l o y   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 .   When  t h e   c o n t e n t   of   Cr  i s   l e s s  

t h a n   25%,  i t   w i l l   be  i m p o s s i b l e   to   o b t a i n   s u c h   a  c o r r o s i o n  

r e s i s t a n c e   as  t h e   p r e s e n t   i n v e n t i o n   r e q u i r e s .   On  t h e  

c o n t r a r y ,   when  i t   i s   a b o v e   35%,  a  h o t   w o r k a b i l i t y   of   t h e  

a l l o y   w i l l   r e m a r k a b l y   d e t e r i o r a t e .   T h e r e f o r e ,   t h e   c o n t e n t  

of   Cr  i s   l i m i t e d   to   t h e   r a n g e   of   25  to  35%  in   t h e   p r e s e n t  

i n v e n t i o n .  

A l u m i n u m   ( A l ) :  

Al  i s   a l s o   n e c e s s a r y   as  a  d e o x i d i z e r ,   b u t   when  i t   i s  



a b o v e   0 .5%,   t h e   c l e a n n e s s   o f   t h e   a l l o y   w i l l   be  p o o r .  

T h e r e f o r e ,   i t s   c o n t e n t   i s   l i m i t e d   to  0.5%  or   l e s s .  

T i t a n i u m   ( T i ) :  

When  0.01%  or   more  of  Ti  i s   a d d e d   to  t h e   a l l o y ,   i t s  

h o t   w o r k a b i l i t y   w i l l   be  e n h a n c e d ;   when  i t   i s   a d d e d   t h e r e t o  

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

l e v e l .   T h e r e f o r e ,   i t s   u p p e r   l i m i t   i s   1 . 0 % .  

P h o s p h o r u s   ( P ) :  

The  e l e m e n t   P  i s   i n c l u d e d   as  an  i m p u r i t y   in   t h e   a l l o y ;  

I f   i t s   c o n t e n t   i s   in   e x c e s s   of   0 . 0 3 0 % ,   i t   w i l l   be  h a r m f u l  

to  t h e   SCC  r e s i s t a n c e   and  t h e   h o t   w o r k a b i l i t y .  

S u l f u r   ( S ) :  

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

a l l o y .   I f   i t s   c o n t e n t   i s   a b o v e   0 . 0 2 0 % ,   i t   w i l l   be  h a r m f u l  

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

w o r k a b i l i t y .  

M o l y b d n u m   (Mo),  t u n g s t e n   (W)  and  v a n a d i u m   ( V ) :  

T h e s e   e l e m e n t s   a l l   a r e   e f f e c t i v e   to  h e i g h t e n   t h e  

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

w a t e r   i n c l u d i n g   C l  i o n s .   When  t h e   c o n t e n t   of  a t   l e a s t  

one  of   t h e s e   e l e m e n t s   i s   0.5%  or  l e s s   in   a l l ,   a  p a s s i v e  

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

t h e   p i t t i n g   c o r r o s i o n   w i l l   t h u s   o c c u r .   On  t h e   c o n t r a r y ;  

when  t h e   t o t a l   c o n t e n t   t h e r e o f   i s   more   t h a n   5 .0%,   i t s  

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



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

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

in   an  a m o u n t   of   1.0%  or   more   in   a l l .  

A n n e a l i n g   t r e a t m e n t :  

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

a  t e m p e r a t u r e   ( h e r e i n a f t e r   r e f e r r e d   to   as  T°C)  a t   w h i c h  

t h e   c a r b i d e   in   t h e   a l l o y   i s   t h o r o u g h l y   s o l u b i l i z e d ,   a  

t e n s i l e   s t r e n g t h ,   0.2%  y i e l d   p o i n t   and  h a r d n e s s   of  t h e  

a l l o y   w i l l   become   u n r e a s o n a b l y   g r e a t .   On  t h e   c o n t r a r y ,  

when  i t   i s   done   a t   a  t e m p e r a t u r e   a b o v e   T  +  1 0 0 ° C ,   t h e  

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

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

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

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

t h e   t e n s i l e   s t r e n g t h ,   0.2%  y i e l d   p o i n t   and  h a r d n e s s   c a n n o t  

be  o b t a i n e d  a t   p r e d e t e r m i n e d   l e v e l s .   T h e r e f o r e ,   t h e   a n n e a l -  

i n g   t e m p e r a t u r e   in   t h e   p r e s e n t   i n v e n t i o n   a r e   f r o m   T°C  t o  

T  +  1 0 0 ° C .   Fo r   e x a m p l e ,   in   an  e m b o d i m e n t   of   t h e   a l l o y  

i n c l u d i n g   0.02%  of  C,  an  a n n e a l i n g   t e m p e r a t u r e   of  1050  t o  

1150°C   i s   p r e f e r a b l e .   F u r t h e r ,   w i t h   r e g a r d   to   a  r e t e n t i o n  

t i m e ,   f o r   e x a m p l e ,   a  p e r i o d   of   1  to  120  m i n u t e s   or   1  to   30 

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

of   t h e   p i p e   to   be  f o r m e d .   W i t h   r e g a r d   to  a  c o o l i n g  r a t e ,  

a  h i g h   c o o l i n g   r a t e   as  in   t h e   c a s e   of   a  w a t e r   c o o l i n g   i s  

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



c o o l i n g   as  w e l l   as  a  low  r a t e   in   t h e   c a s e   of   f u r n a c e  

c o o l i n g   a r e   a l s o   a c c e p t a b l e .   S p e c i a l   r e s t r i c t i o n   i s   n o t  

i m p o s e d   on  t h i s   p o i n t .   By  s u c h   a  c o o l i n g   m e a n s ,   t h e   a l l o y  

is   c o o l e d   t o ,   e . g .   200°C  to  room  t e m p e r a t u r e .  

The  a b o v e - m e n t i o n e d   t e m p e r a t u r e   a t   w h i c h   t h e   c a r b i d e  

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

c o n t e n t   as  e x h i b i t e d   in   F i g u r e   14,  b u t   i t   i s ,   e . g .   9 5 0 ° C  

a t   0.01%  c a r b o n   c o n t e n t ,   1050°C   a t   0.02%  c o n t e n t   and  1 1 0 0 ° C  

a t   0.03%  c o n t e n t .  

T h e r m a l   t r e a t m e n t  

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

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

of   600  to  750°C  f o r   0 .1   to   100  h o u r s   as  shown  in  F i g u r e  

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

t h e   c r y s t a l   b o u n d a r i e s   and  t h e   C r - p o o r   l a y e r s   in   t h e  

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

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

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

(Z)  in   F i g u r e   15  i s   as  f o l l o w s :   On  t h e   l e f t   s i d e   of  t h e  

h a t c h e d   r a n g e   (Z)  in   F i g u r e   15,  t h e   r e t e n t i o n   t i m e   i s  

l a c k i n g .   As  a  r e s u l t ,   t h e   Cr  c a r b i d e   w i l l   d e p o s i t   on  t h e  

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

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

c a n n o t   be  o b t a i n e d   to   a  s a t i s f a c t o r y   d e g r e e .   On  t h e   r i g h t  



s i d e   in   F i g u r e   15,   t h e   h a t c h e d   r a n g e   (Z)  t e r m i n a t e s   a t   a  

p o s i t i o n   c o r r e s p o n d i n g   to   100  h o u r s .   Such   a  r e s t r i c t i o n  

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

h e a t i n g   t r e a t m e n t   i s   good   f o r   t h e   SCC  r e s i s t a n c e .   M o r e o v e r ,  

w i t h   r e g a r d   to  t e m p e r a t u r e ,   when  i t   i s   l e s s   t h a n   6 0 0 ° C ,  

d i f f u s i o n   r a t e s   of  Cr  and  C  w i l l   be  low.   H e n c e ,   in   o r d e r  

to  c a u s e   t h e   C r - p o o r   l a y e r s   to   r e c o v e r   and  to   i m p r o v e   t h e  

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

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

p r a c t i c a l .   T h e r e f o r e ,   t h e   l o w e r   l i m i t   o f   t h e   t e m p e r a t u r e  

i s   s e t   to  6 0 0 ° C .  

On  t h e   o t h e r   h a n d ,   when  t h e   t e m p e r a t u r e   i s   a b o v e   7 5 0 ° C ,  

t h e   r e c o v e r y   of   t h e   C r - p o o r   l a y e r s   and  t h e   b e t t e r m e n t   i n  

t h e   SCC  r e s i s t a n c e   w i l l   be  a c h i e v e d   in   an  e x t r e m e l y   s h o r t  

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

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

a t u r e   (300°C  or   so)  i s   g r e a t ,   t h e   s o l u b i l i z e d   c a r b o n   w i l l  

d e p o s i t   in   l a r g e   q u a n t i t i e s   in   t h e   f o rm  of   t h e   c a r b i d e   i n  

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

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

to  be  r e m a r k a b l y   s e n s i t i z e d .   H o w e v e r ,   i f   t h e   s p e c i f i c  

h e a t i n g   t e m p e r a t u r e   i s   750°C  or   l e s s ,   t h e   s e n s i t i z a t i o n  

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

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

c a r b o n   w i l l   be  s m a l l .   T h e r e f o r e ,   t h e   t h e r m a l   t r e a t m e n t  

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



h a t c h e d   r a n g e   (Z)  s u r r o u n d e d   by  p o i n t s   A  (101  h o u r s ,  

7 5 0 ° C ) ,   B  (102  h o u r s ,   750°C)   and  C  (102  h o u r s ,   600°C)  i n  

F i g u r e   1 5 .  

Now,  t h e   p r e s e n t   i n v e n t i o n   w i l l   be  d e s c r i b e d   i n  

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

and  do  n o t   i n t e n d   to   l i m i t   t h e   p r e s e n t   i n v e n t i o n   a t   a l l .  

E x a m p l e s   1  to   18  

By  a  v a c u u m   s o l u b i l i z a t i o n ,   6 0 % N i - 3 0 % C r   a l l o y s   ( A l l o y  

N o s . l t o   18  and  c o m p a r a t i v e   A l l o y s   Nos.   19  to  26)  c h e m i c a l  

c o m p o s i t i o n s   of   w h i c h   we re   s e t   f o r t h   in  T a b l e   6  w e r e  

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

a t   a  t e m p e r a t u r e   of   950  to  800°C  to  fo rm  t hem  i n t o   p l a t e s  

of  25  mm  in  t h i c k n e s s   and  w e r e   t h e n   h o t   r o l l e d   a t   1 1 0 0 ° C  

up  to   a  t h i c k n e s s   of   7  mm.  N e x t ,   t h e y   w e r e   c o l d   r o l l e d  

up  to  a  t h i c k n e s s   of  4 .9   mm  and  w e r e   r e t a i n e d   a t   a  f i n a l  

a n n e a l i n g   t e m p e r a t u r e   of  1100°C   f o r   20  m i n u t e s .   S u b -  

s e q u e n t l y ,   w a t e r   c o o l i n g   was  c a r r i e d   o u t   to   c o o l   them  t o  

room  t e m p e r a t u r e   and  3  h o u r s '   t h e r m a l   t r e a t m e n t   a t   6 0 0 ° C  

f o l l o w e d   ( u n d e r   c o n d i t i o n s   b a s e d   on  a  s u p p o s e d   l i f e   i n  

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

From  t h e s e   m a t e r i a l s ,   t h e r e   we re   p r e p a r e d   2 - m m - t h i c k  

x  1 0 - m m - w i d e   x  7 5 - m m - l o n g   s p e c i m e n s   f o r   an  a l k a l i   s t r e s s  

c o r r o s i o n   c r a c k i n g   t e s t   and  3 - m m - t h i c k   x  1 0 - m m - w i d e   x  

4 0 - m m - l o n g   s p e c i m e n s   f o r   a  c o r r o s i o n   t e s t .  

The  a l k a l i   s t r e s s   c o r r o s i o n   c r a c k i n g   t e s t   w a s  



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

No.  320;   b e n d i n g   t hem  i n t o   a  U - s h a p e   and  h o l d i n g   t hem  w i t h  

b o l t s   and  n u t s ;   i m m e r s i n g   t hem  in  a  s o l u t i o n   i n c l u d i n g   30% 

of  NaOH  in  an  a u t o c l a v e   c o n t a i n e r   (a  h i g h - t e m p e r a t u r e   a n d  

h i g h - p r e s s u r e   c o n t a i n e r )   a t   325°C  f o r   2000  h o u r s ;   a n d ,  

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

a  d e p t h   of  c r a c k s   by  a  m i c r o s c o p e .  

On  t h e   o t h e r   h a n d ,   t h e   c o r r o s i o n   t e s t   was  a c c o m p l i s h e d  

by  p o l i s h i n g   t h e   s p e c i m e n s   w i t h   e m e r y   p a p e r   No.  3 2 0 ;  

i m m e r s i n g   t hem  in  a  s o l u t i o n   i n c l u d i n g   100  ppm  of   C l   i o n s  

and  h a v i n g   a  pH  of  4 .5   in   an  a u t o c l a v e   c o n t a i n e r   a t   2 8 8 ° C  

f o r   2000  h o u r s ;   and  m e a s u r i n g   a  c o r r o s i o n   a m o u n t .  

O b t a i n e d   r e s u l t s   a r e   shown  in   F i g u r e s   15  and  16  i n  

t h e   f o rm  of   summary   g r a p h s .   N u m e r a l s   in   F i g u r e   16  c o r -  

r e s p o n d   to   t h e   a l l o y   n u m b e r s   in   T a b l e   6 .  

F i g u r e   15  p r e s e n t s   t h e   s t r e s s   c o r r o s i o n   c r a c k i n g   t e s t  

r e s u l t s   of   t h e   s p e c i m e n s   of   a l l o y   N o .  1   u n d e r   t h e   a b o v e -  

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

c i r c l e s   and  b l a c k   c i r c l e s   r e p r e s e n t   s p e c i m e n s   h a v i n g   c r a c k s  

l e s s   t h a n   2 5  p   in   d e p t h   and  t h o s e   h a v i n g   c r a c k s   more   t h a n  

25  µ   in  d e p t h ,   r e s p e c t i v e l y .   As  be  a p p a r e n t   f r o m   t h e  

d r a w i n g ,   t h e   s p e c i m e n s   in   t h e   h a t c h e d   r a n g e   (Z)  s u r r o u n d e d  

by  p o i n t s   A,  B  a n d   C  h a v e   good   a l k a l i   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 .   In  t h i s   c o n n e c t i o n ,   i t   was  c o n f i r m e d  

t h a t   t h e   a l l o y s   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   o t h e r  



t h a n   a l l o y   N o .  1   a l s o   had  s u b s t a n t i a l l y   s i m i l a r   r e s u l t s .  

The  d a t a   r e g a r d i n g   t h e   c o r r o s i o n   r e s i s t a n c e   in   F i g u r e  

16  i n d i c a t e   t h a t   when  t h e   t o t a l   c o n t e n t   of  a t   l e a s t   one  o f  

Mo,  V  and  W  i s   l e s s   t h a n   0 .5%,   t h e   e f f e c t   of  t h e   c o r r o s i o n  

r e s i s t a n c e   w i l l   n o t   be  s e e n ,   b u t   i f   i t s   c o n t e n t   i s   0 . 5 %  

or   m o r e ,   t h e   c o r r o s i o n   r e s i s t a n c e   w i l l   be  i m p r o v e d .   T h i s  

r e a s o n   w o u l d   be  t h a t   t h e   e l e m e n t s   of   Mo,  V  and  W  p e r m i t  

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

C r 2 0 3 .  

T a b l e   7  s u m m a r i z e s   t h e   r e s u l t s   of   t h e   c o r r o s i o n  

r e s i s t a n c e   u n d e r   t h e   same  c o n d i t i o n s   as  in   F i g u r e   16.  I n  

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

s p e c i m e n s   n o t   h a v i n g   any  p i t t i n g   c o r r o s i o n ,   t h o s e   h a v i n g  

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

c o r r o s i o n s .   I t   can   be  u n d e r s t o o d   f rom  t h e s e   r e s u l t s   t h a t  

t h e   a l l o y s   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   a r e   m o r e  

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

w i t h   t h e   c o n v e n t i o n a l   a l l o y s .   P a r t i c u l a r l y ,   when  t h e   t o t a l  

a m o u n t   of  Mo,  V  and  W  to  be  a d d e d   i s   1.0%  or   m o r e   t h e  

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

r e s i s t a n c e .  

As  be  d e f i n i t e   f rom  t h e   f o r e g o i n g ,   t h e   a l l o y   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   e x c e l l e n t   in   t h e   p i t t i n g   c o r -  

r o s i o n   r e s i s t a n c e ,   t h e   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  

and  t h e   a l k a l i   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 ,   a n d ,  



in   p l a c e   of  t h e   c o n v e n t i o n a l   A l l o y   600,   t h e   a l l o y   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   can   be  t h u s   u s e d ,   f o r   e x a m p l e ,  

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

in   a  p r e s s u r i z e d   w a t e r   r e a c t o r .  









1.  A  n i c k e l - c h r o m i u m   a l l o y   c h a r a c t e r i z e d   in   t h a t  

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

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

c o m p o s i t i o n :  

in   t e r m s   of  %  by  w e i g h t ,  

2 5  -   35%  of   Cr;  4 0  -   70%  of   N i ;  

1.0%  or  l e s s   of  Mn;  0 .015%  or   l e s s   of   C; 

0 .030%  or   l e s s   of   P;  1 . 0 % = o r   l e s s   of  S i ;  

0 .020%  or   l e s s   of  S  a n d  

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

2.  A  n i c k e l - c h r o m i u m   a l l o y   a c c o r d i n g   to   c l a i m   1 

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

w i l l   be  s u b j e c t e d   to   a  h i g h - t e m p e r a t u r e   and  h i g h - p r e s s u r e  

w a t e r   or   v a p o r   c o m p r i s e s ,   in   t e r m s   of   %  by  w e i g h t ,   58% 

or  more   of   Ni ,   25  to   35%  of  Cr ,   0 .003%  or   l e s s   of  B,  0 . 0 1 2  

to  0 .035%  of   C,  1%  or  l e s s   of   Mn,  0.5%  or   l e s s   of  S i ,  

0 .015%  or  l e s s   of   P,  0 .015%  or   l e s s   of   S,  and  t h e   r e s i d u e  

of   Fe  and  u s u a l   i m p u r i t i e s ;   in   a  f i r s t   t h e r m a l   t r e a t m e n t  

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

a t   a  t e m p e r a t u r e   of  T°C  ( a t   w h i c h   a  c a r b i d e   i s   t h o r o u g h l y  

s o l u b i l i z e d )   to   (T  +  1 0 0 ) ° C   and  i s   c o o l e d   a t   a  c o o l i n g  

r a t e   of  a  f u r n a c e   c o o l i n g   r a t e   or   m o r e ,   and  in   a  s e c o n d  

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

r e t a i n e d   a t   a  t e m p e r a t u r e   of  600  to  750°C  and  a t   a  



t e m p e r a t u r e   w i t h i n   a  s e n s i t i z a t i o n   r e c o v e r y   r a n g e   f o r  

a  p e r i o d   of   0 .1   to  100  h o u r s   and  i s   c o o l e d   a t   a  c o o l i n g  

r a t e   of  s a i d   f u r n a c e   c o o l i n g   r a t e   or   m o r e .  

3.  A  n i c k e l - c h r o m i u m   a l l o y   a c c o r d i n g   to   c l a i m   1 

w h e r e i n   s a i d   n i c k e l - c h r o m i u m   a l l o y   i s   o b t a i n e d   by  c a r r y -  

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

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

in  t e r m s   of   %  by  w e i g h t ,  

0.04%  or   l e s s   of  C;  1.0%  or   l e s s   of  S i ;  

1.0%  or   l e s s   of   Mn;  0 .030%  or  l e s s   of  P ;  

0.02%  or   l e s s   of   S;  40  to   70%  of  N i ;  

25  to   35%  of  Cr;   0 . 1   to   0.5%  of  A l ;  

0 . 0 5   to   1.0%  of  T i ;  

0 .5   to  5.0%  in  a l l   of   one  or   more   of  Mo,  W  a n d   V;  a n d  

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

4.  A  n i c k e l - c h r o m i u m   a l l o y   a c c o r d i n g   to   c l a i m   3 

w h e r e i n   s a i d   r e q u i r e d   c o n d i t i o n s   a r e   in  a  r a n g e   (Y)  s u r -  

r o u n d e d   by  p o i n t s ,   A,  B ,C,   D  and  E  in   F i g u r e   4 .  

5.  A  n i c k e l - c h r o m i u m   a l l o y   a c c o r d i n g   to  c l a i m   3 

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

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

r a n g e   of  900  to  975°C  and  s a i d   c o m p o s i t i o n   f u r t h e r  

i n c l u d e s   0 .2   to  5.0%  of  Nb  s u b j e c t   to   Nb/C  =  10  to  1 2 5  

and  Ti  =  0 .2   to   1 . 0 % .  

6.  A  n i c k e l - c h r o m i u m   a l l o y   f o r   h e a t   t r a n s f e r   p i p e s  



a c c o r d i n g   to  c l a i m   1  w h e r e i n   s a i d   n i c k e l - c h r o m i u m   a l l o y  

is   o b t a i n e d   by  h e a t i n g   and   r e t a i n i n g   s a i d   a l l o y   a t   a  

t e m p e r a t u r e   w i t h i n   t h e   r a n g e   of   a  t e m p e r a t u r e   ( T ° C ) ,   a t  

w h i c h   a  c a r b i d e   in   s a i d   a l l o y   i s   t h o r o u g h l y   s o l u b i l i z e d ,  

to   T  +  100°C  f o r   1  m i n u t e   or   m o r e ;   c o o l i n g   i t   once   t o  

a  l e v e l   of   200°C  or   l e s s ;   and  c a r r y i n g   o u t   a  t h e r m a l  

t r e a t m e n t   u n d e r   c o n d i t i o n s   w i t h i n   a  h a t c h e d   r a n g e ( Z ) i n  

F i g u r e   15,  s a i d   a l l o y   c o m p r i s i n g :  

in   t e r m s   of  %  by  w e i g h t ,  

0.15%  or   l e s s   of   C;  1.0%  or  l e s s   of  S i ;  

1.0%  or   l e s s   of   Mn;  25  to   35%  of   C r ;  

40  to  70%  of  Ni ;   0.5%  or   l e s s   of   A l ;  

0 . 0 1   to   1.0%  of   T i ;  

0 .5   to   5 .0%,   in   a l l ,   of  one  or   more   of  Mo,  W and   V;  

0 .030%  or   l e s s   of   P;  0 .020%  or   l e s s   of   S ;  

and  t h e   r e s i d u e   of   Fe  and  i m p u r i t i e s .  
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