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©  Iron-nickel-chromium-molybdenum  alloy. 
  A  highly  carburization  resistant  alloy  characterized  by 
good  structural  stability  at  elevated  temperatures,  containing 
about  24%  to  35%  nickel,  about  19  to  25%  chromium,  about 
1.5  to  6%  molybdenum,  carbon  in  an  amount  not  exceeding 
about  0.12%,  up  to  1.5  or  2%  manganese,  up  to  1% 
aluminium,  up  to  1%  titanium,  up  to  1%  silicon  and  up  to 
about  0.3%  nitrogen,  the  balance,  apart  from  residual 
amounts  of  deoxidizing  and  cleaning  elements,  and  impuri- 
ties,  being  iron. 



The  s u b j e c t   i n v e n t i o n   is  d i r e c t e d   to  a  novel   i r o n - n i c k e l - c h r o m i u m  

(Fe-Ni -Cr )   a l l oy   c h a r a c t e r i z e d   by  a  high  degree  of  r e s i s t a n c e   t o  

c a r b u r i z a t i o n   and  which  a f f o r d s   a  combina t ion   of  o the r   d e s i r a b l e  

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

t e m p e r a t u r e s   of  ca.  980-1095°C,  the  a b i l i t y   to  be  both  hot  and  c o l d  

worked,   good  r e s i s t a n c e   to  c o r r o s i o n   i n c l u d i n g   r e s i s t a n c e   to  c h l o r i d e  

a t t a c k s ,   e t c .  

INVENTION  BACKGROUND 

As  is  known,  i r o n - b a s e ,   n i c k e l - c h r o m i u m   a l l o y s   are  e x t e n s i v e l y  

used  in  a  hos t   of  d i v e r s e   a p p l i c a t i o n s   by  reason   of  one  or  more  (and 

w i t h i n   l i m i t s )   s t r e n g t h ,   d u c t i l i t y ,   c o r r o s i o n   r e s i s t a n c e ,   e tc .   Such 

a t t r i b u t e s   n o t w i t h s t a n d i n g ,   t h i s   type  of  a l l o y   g e n e r a l l y   s u f f e r s   from  an 

i n a b i l i t y   to  r e s i s t   s a t i s f a c t o r i l y   the  d e s t r u c t i v e   t o l l   occas ioned   by  

c a r b u r i z a t i o n ,   a  phenomenon  by  which  the  a l l oy   s t r u c t u r e   i s  

e n v i r o n m e n t a l l y   degraded  from  the  su r f ace   inward.   As  a  consequence ,   t h e  

load  b e a r i n g   c a p a c i t y   of  the  a l l o y   is  a d v e r s e l y   a f f e c t e d   as  man i fe s t ed   by 

impa i r ed   s t r e n g t h   ( s t r e s s   r u p t u r e ,   c r e e p ) ,   lowered  d u c t i l i t y ,   e t c .  

U s u a l l y   the  i n i t i a l   a t t a c k   is  a long  the  g ra in   b o u n d a r i e s   and  th i s   t e n d s  

to  a c c e l e r a t e   f a i l u r e ,   or  at  l e a s t   premature   removal   of  a  given  a l l o y  

component  from  i t s   o p e r a t i o n a l   e n v i r o n m e n t .  



In  any  case ,   if  the  c a r b u r i z a t i o n   problem  could  be  s u b s t a n t i a l l y  

minimized  w i thou t   s u b v e r t i n g   o the r   p r o p e r t i e s ,   such  an  a l l o y   would  f i n d  

expanded  use  for  such  a p p l i c a t i o n s   as  the  p e t r o c h e m i c a l   and  c o a l  

g a s i f i c a t i o n   f i e l d s ,   e t hy l ene   p y r o l y s i s ,   e t c . ,   a reas   in  which  a l l o y s   a r e  

exposed  to  a  combina t ion   of  c a r b o n a c e o u s   env i ronmen t s   and  h i g h  

t e m p e r a t u r e .  

But  in   a d d r e s s i n g   the  problem  of  c a r b u r i z a t i o n   r e s i s t a n c e ,   i t  

would  be  s e l f - d e f e a t i n g   to  ach ieve   success   at  the  expense  of  o t h e r  

d e s i r e d   p r o p e r t i e s   as  con t emp la t ed   h e r e i n ,   e . g . ,   high  t e m p e r a t u r e  

s t r u c t u r a l   s t a b i l i t y   over  p ro longed   p e r i o d s   of  t ime,  e l e v a t e d   t e m p e r a t u r e  

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

SUMMARY  OF  THE  INVENTION 

I t  h a s   now  been  d i s c o v e r e d   tha t   an  i r o n - n i c k e l - c h r o m i u m   a l l o y   o f  

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

i r o n ,   n i c k e l ,   chromium,  molybdenum  and  carbon  and  c e r t a i n   o t h e r  

c o n s t i t u e n t s   d i s c u s s e d   he r e in   r e s u l t s   in  a  (i)  markedly  e n h a n c e d  

c a r b u r i z a t i o n   r e s i s t a n t   m a t e r i a l   at  t e m p e r a t u r e   l e v e l s   at  l e a s t   as  h i g h  

as  980-1095°C.  Moreover,   the  s u b j e c t   a l l o y   is  ( i i )   w o r k a b l e  ,   ( i i i )   n o t  

prone  to  form  d e l e t e r i o u s   amounts  of  t o p o l o g i c a l   c l o s e p a c k e d   p h a s e s  

p r e m a t u r e l y   such  as  sigma,  and  o t h e r w i s e   o f f e r s   ( iv)  s t r u c t u r a l   s t a b i l i t y  

over  s u b s t a n t i a l   p e r i o d s   of  time  upon  exposure   to  e l e v a t e d   t e m p e r a t u r e .  

F u r t h e r ,   the  a l l o y   is  (v)  weldab le   and  (vi)  a f f o r d s   a  high  degree  o f  

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

In  a d d i t i o n   to  the  f o r e g o i n g ,   i t   has  been  a l so   found  tha t   t h e  

c o n t e m p l a t e d   a l l o y   o f f e r s   enhanced  o x i d a t i o n   r e s i s t a n c e ,   a  phenomenon  by 
which  the  a l l o y   s u r f a c e   undergoes   a t t a c k   in  o x y g e n - c o n t a i n i n g  
e n v i r o n m e n t s   at  high  t e m p e r a t u r e .   As  a  consequence ,   the  m a t e r i a l  

c o n t i n u o u s l y   unde rgoes   weight  l o s s ,   the  s u r f a c e   " s p a l l s   o f f . "   As  would 

be  expec ted   the  o x i d a t i o n   problem  is  p a r t i c u l a r l y   acu te   in  " t h in   s e c t i o n "  

mil l   p roduc t   forms,   s t r i p ,   s h e e t ,   t h in   wall  t ub ing ,   e t c .  



DESCRIPTION  OF  THE  INVENTION 

G e n e r a l l y   speak ing ,   the  s u b j e c t   i n v e n t i o n   c o n t e m p l a t e s   a n  

i r o n - n i c k e l - c h r o m i u m   a l loy   c o n t a i n i n g   about  24%  to  35%  n i c k e l ,   about  19 

to  25%  chromium,  about  1.5  to  6%  molybdenum,  carbon  in  an  amount  n o t  

exceed ing   about   0.12%,  up  to  1.5  or  2%  manganese,   up  to  1%  aluminum,  u p  

to  1%  t i t a n i u m ,   up  to  1%  s i l i c o n   and  up  to  about  0.3%  n i t r o g e n ,   the  b a -  

l ance ,   a p a r t   from  r e s i d u a l   amounts  of  d e o x i d i z i n g   and  c l e a n i n g   e l e -  

men t s , and   i m p u r i t i e s ,   being  i r o n .  

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

t i o n   and  c la ims   are  by  w e i g h t .  

In  c a r r y i n g   the  i n v e n t i o n   i n t o   p r a c t i c e ,   molybdenum  p lays   a  

major  p o s i t i v e   r o l e   in  maximizing  r e s i s t a n c e   to  c a r b u r i z a t i o n .   Advan-  

t a g e o u s l y ,   the  molybdenum  c o n t e n t   should   be  m a i n t a i n e d   at  a  l e v e l   o f  

about   2%  or  more  in  s eek ing   optimum  c a r b u r i z a t i o n   r e s i s t a n c e .   P e r c e n -  

t ages   much  beyond  4%  do  not  o f f e r   an  a p p r e c i a b l e   advan tage   in  t h i s   r e -  

s p e c t ,   g iven   cos t   c o n s i d e r a t i o n s ,   and  g e n e r a l l y   i t   w i l l   not  e x c e e d  

4.5%.  However,  where  r e s i s t a n c e   to  c o r r o s i o n ,   p a r t i c u l a r l y   to  c h l o r i d e  

a t t a c k ,   is  i m p o r t a n t ,   the  molybdenum  can  be  as  high  as  about   6%. 

Chromium  impar t s   r e s i s t a n c e   to  c o r r o s i o n   but  should   not  e x c e e d  

about   24  or  25%  s ince   i t   lends  to  sigma  fo rma t ion   at  e l e v a t e d   t e m p e r a -  

t u r e   and  a t t e n d a n t   e m b r i t t l e m e n t   p rob lems .   A  range  of  20-23%  is  q u i t e  

s a t i s f a c t o r y .   The  t o t a l   chromium  p lus   molybdenum  c o n t e n t   p r e f e r a b l y  

does  not  exceed  26%  or  27%  s ince   molybdenum  a l so   lends   to  sigma  f o r m a -  

t i o n .   Where  high  t e m p e r a t u r e   a p p l i c a t i o n s   are  not  i n v o l v e d ,   the  c h r o -  

mium  p lus   molybdenum  con ten t   can  be  ex tended   to  29%. 

Nicke l   c o n t r i b u t e s   to  good  w o r k a b i l i t y   and  mechan ica l   p r o p e r -  
t i e s .   Should  the  n i c k e l   l eve l   f a l l   much  below  24%  the  s t a b i l i t y   of  t h e  

a l l o y   could  be  impa i r ed ,   p a r t i c u l a r l y   i f   the  chromium  and /o r   molybdenum 

is  at  the  high  end  of  t h e i r   r e s p e c t i v e   ranges .   On  the  o the r   h a n d ,  

n i c k e l   p e r c e n t a g e s   above  35%  (up  to  42%)  i n c r e a s e   cos t   w i thou t   s i g n i f i -  

can t   p r o p e r t y   d e g r a d a t i o n .   A  n i c k e l   range  of  28%  to  35%  is  c o n s i d e r e d  

most  b e n e f i c i a l .  



Carbon  in  exces s ,   say  0.3%,  d e t r a c t s   from  p i t t i n g   r e s i s t a n c e .  

In  a d d i t i o n ,   w o r k a b i l i t y   is  a d v e r s e l y   a f f e c t e d ;   however,   carbon  d o e s  

add  to  s t r e n g t h   and  o the r   p r o p e r t i e s   and,  a c c o r d i n g l y ,   a  range  of  a b o u t  

0.04  or  0.05  to  0.1%  is  deemed  d i s t i n c t l y   a d v a n t a g e o u s .  

For  w o r k a b i l i t y   and  o t h e r   b e n e f i t s   t i t a n i u m   should  be  p r e s e n t ,  

but   amounts  above  1%  are  not  r e q u i r e d .   A  range  from  0.1  or  0.2  t o  

0.75%  is  q u i t e   b e n e f i c i a l .   Aluminum  can  be  used  as  a  d e o x i d i z e r   and  a s  

an  aid  to  w o r k a b i l i t y .   A  range  of  0.05  to  0.5%  is  q u i t e   s a t i s f a c t o r y .  

By  so  c o n t r o l l i n g   the  ca rbon ,   t i t a n i u m ,   and  aluminum  as  w e l l  

as  the  high  p e r c e n t a g e   c o n s t i t u e n t s   (Mo,  Cr,  Ni)  the  a l l o y s   are  n o t  

only  workab le   but  can  be  produced  us ing   a i r   m e l t i n g   p r a c t i c e .   This  i s  

not   to  say  vacuum  p r o c e s s i n g   is  p r e c l u d e d   but  t h e r e   is  an  economic  a d -  

v a n t a g e   in  the  f o r m e r .  

Manganese  and  s i l i c o n   can  both  be  p r e s e n t   in  amounts  up  to  2% 

and  1%,  r e s p e c t i v e l y .   Higher  amounts  are  u n n e c e s s a r y .   Where  o x i d a t i o n  

r e s i s t a n c e   is  of  impor tance   manganese  should  not  exceed  about  0.6%. 

Manganese  promotes   w e l d a b i l i t y ,   p a r t i c u l a r l y   at  the  h i g h e r   end  of  i t s  

range  with  aluminum  at  the  lower  end  of  i t s   range.   I t   is  deemed  t h a t  

n i t r o g e n ,   a  p o t e n t   a u s t e n i t e   former ,   can  be  p r e s e n t ,   a  range  of  0 . 0 5  

to  0.25%  be ing   c o n s i d e r e d   s a t i s f a c t o r y .   N i t r o g e n   is  c o n s i d e r e d   to  b e  

b e n e f i c i a l   at  the   lower  n i c k e l   l e v e l s .  

One  advan tageous   c o m p o s i t i o n   compr ises   about   28  to  35%  n i c k e l ,  

20  to  24%  chromium,  at  l e a s t   1.5%  and  up  to  4.5%  molybdenum,  c a r b o n  

p r e s e n t   up  to  0.12%,  t i t a n i u m   p r e s e n t   up  to  1%,  up  to  1%  aluminum,  up  
to  2%  manganese ,   up  to  1%  s i l i c o n   and  up  to  0.3%  n i t r o g e n ,   the  b a l a n c e ,  

a p a r t   from  i m p u r i t i e s   and  r e s i d u a l   d e o x i d i z i n g   and  c l e a n i n g   e l e m e n t s ,  

be ing   i r o n .  

I m p u r i t i e s   t h a t   may  be  p r e s e n t   are  t hose   u s u a l l y   a s s o c i a t e d  

wi th   a l l o y s   of  t h i s   type ,   in  amounts  t h a t   do  not  a d v e r s e l y   a f f e c t   t h e i r  

b a s i c   c h a r a c t e r i s t i c s .  

The  f o l l o w i n g   i n f o r m a t i o n   and  da ta   are  given  as  i l l u s t r a t i v e  

of  the  i n v e n t i o n .  



C a r b u r i z a t i o n   R e s i s t a n c e  

14kg.  samples  of  v a r i o u s   compos i t i ons   were  a i r   melted  and  f o r g e d ,  

the  c o m p o s i t i o n s   being  given  in  Table  1,  Al loys   A,  B and  C  being  beyond 

and  Alloys  1  and  2  being  w i t h i n   the  i n v e n t i o n .  

to  a  gaseous  c a r b u r i z a t i o n   t e s t   in  which  specimens  were  machined  i n t o  

c y l i n d e r s   a p p r o x i m a t e l y   12  mm  diam.  and  25  mm  in  l e n g t h .   These  were  p l a c e d  

in  a  t ray   and  put  i n to   a  muff le   type  f u r n a c e ,   the  t e m p e r a t u r e   b e i n g  
982°C.  The  t e s t   was  conducted  for  100  hours  us ing  a  gaseous  a t m o s p h e r e  

of  2%  methane  plus  hydrogen .   Af te r   exposure ,   the  samples  were  w a t e r  

quenched  and  then  weighed  to  de te rmine   weight   gain  da t a .   The  r e s u l t s  

are  r e p o r t e d   in  Table  I I .  

As  can  be  observed  from  the  data  in  Table  I I ,   a  r a t h e r   d r a m a t i c  

improvement   o b t a i n e d   in  r e s p e c t   of  c a r b u r i z a t i o n   r e s i s t a n c e   with  r e g a r d  

to  Al loys   1  and  2.  Alloy  C  (7.87%  Mo)  showed  some  f u r t h e r   improvement  
but  the  cost   a s s o c i a t e d   with  such  molybdenum  l e v e l s   would  not  l i k e l y  

w a r r a n t   such  p e r c e n t a g e s   on  a  commercial   s c a l e .  



Weight  gain  is  e s s e n t i a l l y   a  measure  of  how  many  atoms  of  c a r b o n  

have  been  absorbed  but  wi thou t   regard   as  to  to  the  depth  of  e f f e c t .  

Thus,  c o n c e n t r a t i o n   ve rsus   depth  p r o f i l e s   were  de te rmined   and  Figure   1 

r e f l e c t s   t h i s   i n f o r m a t i o n .   F igure   1  con f i rms ,   in  e s sence ,   the  data  o f  

Table  I I .   As  is  m a n i f e s t ,   with  i n c r e a s i n g   molybdenum  p e r c e n t a g e s   t h e  

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

Figure   2  d e p i c t s   s u r f a c e   p o t e n t i a l   ve r sus   molybdenum  c o n t e n t .  

This  may  be  viewed  as  the  chemica l   e f f e c t   of  molybdenum  on  c a r b o n  

d i f f u s i o n ,   or  s p e c i f i c a l l y   the  e f f e c t   of  molybdenum  on  gas -meta l   r e a c t i o n  

at  the  s u r f a c e ,   carbon  s o l u b i l i t y ,   or  carbon  a c t i v i t y   c o e f f i c i e n t .   The 

s u r f a c e   p o t e n t i a l   appears   to  be  a  qu i t e   l i n e a r   d e c r e a s i n g   f u n c t i o n   o f  

molybdenum,  at  l e a s t   up  to  4X.  The  behav io r   at  8X  molybdenum  is  n o t  

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

We  have  a l so   de te rmined   t ha t   molybdenum  d e c r e a s e s   the  c a r b o n  

d i f f u s i o n   c o e f f i c i e n t .  

O x i d a t i o n   R e s i s t a n c e  

Tables   I I I ( c h e m i s t r y )   and  IV  (data)   a f f o r d   a  comparison  of  t h e  

o x i d a t i o n   r e s i s t a n c e   behav io r   of  a l l o y s   w i t h i n   the  i n v e n t i o n   v e r s u s  
commerc ia l   ( c o n t r o l )   a l l o y s   of  somewhat  s i m i l a r   c o m p o s i t i o n .  

The  o x i d a t i o n   t e s t   was  one  of  c y c l i c   o x i d a t i o n   using  14  k g .  

samples   ( a i r   mel ted)   forged  to  f l a t s ,   hot  r o l l e d   to  7.9  mτ  and  c o l d  
r o l l e d   to  3.2  mm.  The  t e s t   comprised  s u b j e c t i n g   specimens  for  15 
m i n u t e s   at  1093°C,  coo l ing   for  5  minutes   in  a i r ,   h e a t i n g   again  to  1093°C 

h o l d i n g   for  15  m inu te s ,   again   c o o l i n g   5  minutes   in  a i r ,   u n t i l   t e s t i n g   was 
c o m p l e t e d .   Specimens  were  checked  at  100  hr.   i n t e r v a l s .   P r io r   to  t e s t  
the  specimens   were  annea led   at  1177°C  and  water   quenched.   Oxide  was 
removed  bv  g r i n d i n g   to  120  g r i t .  



As  w i l l   be  o b s e r v e d ,   the  a l l o y s   w i t h i n   the  i n v e n t i o n   compared 

more  than  f a v o r a b l y   with  the  Con t ro l   a l l o y s .   M a i n t a i n i n g   manganese  a t  

low  l e v e l s ,   i . e . ,   below  0.6  or  0.5X  c o n t r i b u t e s   to  enhanced  o x i d a t i o n  

r e s i s t a n c e .  

Cyc l i c   o x i d a t i o n   Test  on  Alloy  4  in  the  form  of  0.76  mm  t h i c k  

sheet   a l so   compared  f a v o r a b l y   with  Con t ro l   Alloy  No.  1 as  r e f l e c t e d   i n  

Table  V. 



T e s t i n g   of  th in   gauge  specimens  is  markedly  more  severe   b e c a u s e  

warpage  is  much  more  l i k e l y   to  occur  on  coo l ing   thus  i n c r e a s i n g   t h e  

tendency  for  oxide  s c a l i n g .  

S t r u c t u r a l   (Phase)  S t a b i l i t y  

In  Table  VII  i n f r a   are  given  the  r e s u l t s   of  v a r i o u s   i m p a c t  

( a b i l i t y   to  absorb   impact)   t e s t s .   Charpy  V-Notch  impact  t e s t i n g   is  o f t e n  

used  as  a  means  of  p r e d i c t i n g   whether   an  a l l o y   w i l l   undergo  e m b r i t t l e m e n t  

on  being  exposed  to  e l e v a t e d   t e m p e r a t u r e s   for  p ro longed   p e r i o d s .  

While  a  1000  hour  t e s t   pe r iod   might  no rma l ly   be  deemed 

s u f f i c i e n t l y   s e v e r e ,   t e s t s   were  a lso   conducted  for  3000  hours  a t  

t e m p e r a t u r e s   of  760°C  and  816°C.  The  c o m p o s i t i o n   of  the  a l l o y s   t e s t e d  

are  given  in  Table  I I I .  

All  samples  annea led   at  1177°C  and  water   quenched  p r i o r   t o  

e x p o s u r e .  

The  a l l o y s   of  the  i n v e n t i o n   (Alloys  3  and  4)  were  qu i te   r e s i s t a n t  

to  p remature   e m b r i t t l e m e n t   as  ev iden t   from  Table  VII.  Even  upon  3000  h o u r  



t e s t i n g   the  a l l o y s   w i th in   the  i n v e n t i o n   performed  s a t i s f a c t o r i l y .   A l l o y  

D  (9.62%  Mo)  did  not  s tand  up  at  760°C/100  hr.  It   was  sigma  p r o n e .  

To  f u r t h e r   s tudy  s t a b i l i t y   a  commercial   s ize   (204  kg) 

c e n t r i f u g a l l y   cast   hol low  b i l l e t   was  ex t ruded   to  a  tube  s h e l l   and  c o l d  

worked  to  5.7  mm  d ia .   x  6.9  mm  wal l   tube .   (Compos i t ion :   0.06  C, 

0.03  Mn,  0.33  Si,  31.98  Ni,  21.55  Cr,  0.18  Al,  0.32  Ti,  3.12  Mo,  Fe 

b a l a n c e ) .   The  specimen  was  annea led   at  1177°C  for  an  hour  and  a i r   c o o l e d  

p r i o r   to  t e s t .   The  tube  was  r u p t u r e   t e s t e d   at  649°C/8.5  kgf/mm2 for  t h e  

t r emendous ly   long  pe r iod   of  26,394  hours  (3  yea r s )   and  then  d i s c o n t i n u e d ,  

no  f a i l u r e   having  o c c u r r e d .   A  m e t a l l o g r a p h i c   s tudy  showed  M23C6  c a r b i d e s  

and  very  f ine   p a r t i c l e s   of  sigma  w i t h i n   the  g r a i n s   which  were  deemed 

innocuous ,   p a r t i c u l a r l y   s ince   a  p o r t i o n   of  the  specimen  was  placed  in  a  

v i se   and  bent  to  a s c e r t a i n   i f   e m b r i t t l e m e n t   had  o c c u r r e d .   The  d u c t i l e  

n a t u r e   of  the  specimen  was  o b v i o u s .  

W e l d a b i l i t y  

Compos i t ions   for  w e l d a b i l i t y   are  given  in  Table  VI I I .   In  t h i s  

c o n n e c t i o n ,   two  a l l o y   s e r i e s   were  e v a l u a t e d   one  i n v o l v i n g   v a r i a t i o n s   i n  

aluminum  and  manganese  (Al loys   5 -8 ) ,   the  o the r   (Al loys   A,  B,  1,  2,  and  C) 

e x p l o r i n g   the  e f f e c t   of  molybdenum.  

M a t e r i a l   was  p rov ided   as  ½"  t h i ck   x  2"  wide  hot  forged  f l a t s  

which  were  o v e r h a u l e d   and  r o l l e d   to  7.87mm  t h i c k   x  50.8  mm  wide  f o r  

V a r e s t r a i n t   t e s t   samples .   I nc luded   for  purposes   of  compar ison   is  a  w e l l  

known  commercia l   a l l o y   ( C o n t r o l ) .  



A  t r a v e l   speed  of  12.7  an/min,   an  amperage  of  190  amps  and  a  v o l t a g e  

over  the  range  of  1 3 . 8 - 1 5 . 0   v o l t s   were  employed.  The  V a r e s t r a i n t   t e s t ,  

one  of  r e l a t i v e l y   c o n s i d e r a b l e   s e v e r i t y ,   was  conducted   on  both  a  127  cm  and  

63.5  cm  r a d i u s   b lock   with  the  r e s u l t s   g iven  in  Table  IX.  



All  the  specimens  per formed  at  l e a s t   as  (more)  s a t i s f a c t o r i l y   a s  

the  commercial   c o n t r o l   a l l o y .   Of  the  molybdenum  s e r i e s ,   the  h i g h  



molybdenum  m a t e r i a l   (Alloy  C,  7.87%  Mo)  was  more  s u s c e p t i b l e   to  c r a c k i n g .  

Regarding  the  Al/Mn  s e r i e s ,   the  low  aluminum,  high  manganese  m a t e r i a l  

(Alloy  8)  was  the  most  crack  r e s i s t a n t .   A c c o r d i n g l y ,   by  us ing  m o l y b d e n u m  

l e v e l s   w i t h i n   the  i n v e n t i o n ,   p a r t i c u l a r l y   with  low  aluminum,  0.04  t o  

0 .35,   and  high  manganese,   say  0.3  to  0.6%,  w e l d a b i l i t y   is  i m p r o v e d .  

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  

Data  r e p o r t e d   in  Table  X  give  an  i n d i c a t i o n   of  p i t t i n g  

r e s i s t a n c e .   Samples  were  c o l d - r o l l e d   to  3.46mm  and  annea led   at  e i t h e r  

1177°C'  or  1288°C  for  one  hour,   fo l lowed  by  water   quench ing .   Specimens  

(approx.  17.75  x  7.6  mm)  were  p r epa red   by  g r i n d i n g   to  320  g r i t   and  t h e n  

exposed  4  hours  at  35°C  in  a c i d i f i e d   10.8  2/o  FeC1.  6H2 O  (Smith  T e s t ) .  

Af te r   e x p o s u r e ,   weight   loss   per  un i t   s u r f a c e   area  was  de te rmined   and  t h e  

specimens  v i s u a l l y   e v a l u a t e d   for  the  appearance   of  p i t s .  

As  can  be  seen  from  Table  X,  carbon  at  the  h ighe r   l e v e l s   i s  

d e t r i m e n t a l   to  p i t t i n g   r e s i s t a n c e .   It  d e t r a c t s   from  the  r e s i s t a n c e   t o  

p i t t i n g   impar ted   by  molybdenum.  A c c o r d i n g l y ,   where  c o r r o s i o n   r e s i s t a n c e  

is  i m p o r t a n t   carbon  should  not  exceed  about  0.12%  Also,   for  s u c h  

pu rposes   the  molybdenum  can  be  ex tended   to  6X. 

I r r e s p e c t i v e   of  c a r b u r i z a t i o n   r e s i s t a n c e   and  o the r   a t t r i b u t e s ,   i f  

the  a l l o y s   are  unworkab le ,   then  they  would  f ind  l i t t l e   u t i l i t y .   However,  

a l l o y s   w i t h i n   the  i n v e n t i o n   are  both  hot  and  cold  workab le .   Using  A l l o y s  

3,  4  and  D  of  Table  VI,  these  a l l o y s   forged  r e a d i l y   and  the  f o r g i n g s  

upon  i n s p e c t i o n   were  of  high  q u a l i t y .  



Hardness  data  are  given  in  Table  XI  for  given  a n n e a l i n g  

t e m p e r a t u r e s .   Also  inc luded   is  h a r d n e s s   in  the  cold  worked  c o n d i t i o n .   In  

th i s   c o n n e c t i o n ,   specimens  were  cold  r o l l e d   to  about  3.2  mm  th ick   f rom 

t h i c k n e s s   given  in  Table  X I I .  

C o n s i d e r i n g   both  the  da ta   from  Tables   XI  and  XII ,   the  h a r d n e s s  

measurements   r e f l e c t   tha t   the  a l l o y s   are  r e l a t i v e l y   r e a d i l y   w o r k a b l e .  

From  Table  XII,   i t   w i l l   be  noted  tha t   cold  r e d u c t i o n s   of  more  than  60X 

could  be  ach ieved   wi thou t   i n t e r m e d i a t e   a n n e a l i n g .   This  t o g e t h e r   with  t h e  

h a r d n e s s   da ta   r e f l e c t s   tha t   the  a l l o y s   have  e x c e l l e n t   cold  w o r k a b i l i t y  

and  a  low  work  ha rden ing   r a t e .   It   might  be  added  t ha t   high  carbon  is  n o t  

b e n e f i c i a l   to  w o r k a b i l i t y .  



1.  An  i r o n - n i c k e l - c h r o m i u m - m o l y b d e n u m   a l l o y   c o n s i s t i n g ,   b y  

we igh t ,   of  about  24%  to  35%  n i c k e l ,   about   19  to  25%  chromium,  a b o u t  

1.5  t o   6%  molybdenum,  carbon  in  an  amount  not  exceed ing   about  0 .12%, 

up  to  1.5  or  2%  manganese,   up  to  1%  aluminum,  up  to  1%  t i t a n i u m ,   up  t o  

1%  s i l i c o n   and  up  to  about  0.3%  n i t r o g e n ,   the  b a l a n c e ,   a p a r t   from  r e s i -  

dual   amounts  of  d e o x i d i z i n g   and  c l e a n i n g   e l e m e n t s ,   and  i m p u r i t i e s ,   b e -  

ing  i r o n .  

2.  An  a l l o y   accord ing   to  c la im  1  in  which  the  n i c k e l   c o n -  

t e n t   is   from  28  to  35%,  the  chromium  c o n t e n t   is   from  20  to  24%,  t h e  

molybdenum  c o n t e n t   does  not  exceed  4.5%,  and  t i t a n i u m   is  p r e s e n t .  

3.  An  a l l o y   accord ing   to  c la im  2  c o n t a i n i n g   29  to  33% 

n i c k e l ,   20.5  to  23%  chromium,  about  2  to  4%  molybdenum,  0.04  to  0.1% 

carbon  and  0.2  to  0.75%  t i t a n i u m .  

4.  An  a l l o y   acco rd ing   to  any  p r e c e d i n g   claim  in  which  t h e  

sum  of  chromium  p lus   molybdenum  does  not   exceed  26%. 

5.  An  a l l o y   accord ing   to  any  p r e c e d i n g   c la im  in  which  t h e  

aluminum  c o n t e n t   does  not  exceed  0.5%  and  the  manganese  c o n t e n t   i s  

f r an   0.5  to  1%. 

6 .  A n   a l l oy   accord ing   to  any  p r e c e d i n g   c la im  in  which  t h e  

aluminum  c o n t e n t   is  from  0.04  to  0.35%  and  the  manganese  c o n t e n t   i s  

from  0.3  to  0 .6%. 

7.  An  a l l o y   accord ing   to  any  p r e c e d i n g   c la im  which  c o n t a i n s  

n i t r o g e n   up  to  about   0.25%. 

8.  An  a l l o y   accord ing   to  any  p r e c e d i n g   c la im  in  w r o u g h t  

fo rm.  



9.  The  use  of  an  a l l oy   acco rd ing   to  any  p r e c e d i n g   claim  f o r  

a p p l i c a t i o n s   r e q u i r i n g   a  combina t ion   of  r e s i s t a n c e   to  c a r b u r i s a t i o n  

and  s t r u c t u r a l   s t a b i l i t y   at  e l e v a t e d   t e m p e r a t u r e s .  

10.  The  use  of  an  a l l o y   acco rd ing   to  c la im  5  or  c la im  6  f o r  

welded  p r o d u c t s   r e q u i r i n g   a  c a n b i n a t i o n   of  r e s i s t a n c e   to  c a r b u r i s a t i o n  

and  s t r u c t u r a l   s t a b i l i t y   at  e l e v a t e d   t e m p e r a t u r e s .  
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