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Martensitic  stainless  steels  for  seamless  steel  pipe. 
  Martensitic  stainless  steels  that  enable  the  fabrication  of 
high-strength  seamless  steel  pipe  suited  for  use  in  oil-well 
pipe  and  pipeline  tubing  by  means  of  a  Mannesmann  plug 
mill  or  Mannesmann  mandrel  mill  process,  without  the 
formation  of  defects  during  production.  The  heat  workability 
of  these steels,  which  contain  no  more  than  0.30%  by  weight 
of  carbon  and  from  11  to  14%  by  weight  of  chromium,  and 
have  a  ferrite  content  of  a  least  40%  at  1200°C,  has  been 
vastly  improved  by  holding  the  phosphorus  and  sulfur  levels 
therein  to  no  more  than  0.020%  and  0.003%  by  weight, 
respectively. 

Optional  elements  are  nickel,  copper,  molydenum,  col- 
umbium,  vanadium,  calcium  and  rare  elements. 

Boron  may  be  present  from  0.001  to  0.008  %  by  weight, 
aluminium  from  0.005  to  0.10  %  by  weight. 



BACKGROUND  OF  THE  INVENTION 

This   i n v e n t i o n   r e l a t e s   to  m a r t e n s i t i c   s t a i n l e s s   s t e e l s   u s e d  

in  s e a m l e s s   s t e e l   p ipe   such  as  o i l - w e l l   p ipe  and  p i p e l i n e   t u b i n g .  

M a r t e n s i t i c   s t a i n l e s s   s t e e l s ,   two  r e p r e s e n t a t i v e   g r ades   of  w h i c h  

are  SUS  410  and  SUS  420  (Japan  I n d u s t r i a l   S t a n d a r d   [ J I S )  

d e s i g n a t i o n s ) ,   have  e x c e l l e n t   c o r r o s i o n   r e s i s t a n c e   in  h i g h l y  

c o r r o s i v e   e n v i r o n m e n t s   c o n t a i n i n g   C02.  These  m a t e r i a l s   are  t h u s  

r e g a r d e d   as  e x c e l l e n t   c a n d i d a t e s   for  use  in  o i l - w e l l   p i p e ,  

g e o t h e r m a l   we l l   p ipe ,   and  p i p e l i n e   t u b i n g .  

The  s t r e n g t h   of  o i l - w e l l   p ipe   is  n o r m a l l y   r e q u i r e d   to  b e  

. l e a s t   e q u i v a l e n t   to  t h a t   of  Amer ican   P e t r o l e u m   I n s t i t u t e   (API)  

s t a n d a r d   L80  g rade   s t e e l   ( y i e l d   s t r e n g t h  >   80  k s i ) .   P i p e l i n e  

t u b i n g   shou ld   g e n e r a l l y   have  a  s t r e n g t h   at  l e a s t   equal   to  t h a t   o f  

API  s t a n d a r d   X60  grade   s t e e l   ( y i e l d   s t r e n g t h  >  6 0   k s i ) .  

M a r t e n s i t i c   s t a i n l e s s   s t e e l s   h a v i n g   a  v a r i e t y   of  s t r e n g t h s  

can  be  o b t a i n e d   by  the  a p p l i c a t i o n   of  s p e c i f i c   t ypes   of  h e a t  

t r e a t m e n t ,   such  as  q u e n c h - t e m p e r i n g ,   n o r m a l i z i n g - t e m p e r i n g ,   o r  

j u s t   t e m p e r i n g .   However,   i t   is  known  t h a t   the  r e s i s t a n c e   t o  

s t r e s s - c o r r o s i o n   c r a c k i n g   of  m a r t e n s i t i c   s t a i n l e s s   s t e e l s   in  C 0 2 -  

c o n t a i n i n g   e n v i r o n m e n t s   f a l l s   when  t e m p e r i n g   is  p e r f o r m e d   at  a 

t e m p e r a t u r e   of  l e s s   than  600°C.  We  t e m p e r e d   the  m a r t e n s i t i c  

s t a i n l e s s   s t e e l s   in  Table   1  at  v a r i o u s   t e m p e r a t u r e s   and  cut   o u t  

t e s t   p i e c e s   120  mm  long  by  20  mm  wide  by  3  mm  t h i c k .   T h e s e  

p i e c e s   were  s u b j e c t e d   to  U-bend  t e s t s  a t   a  b e n d i n g   r a d i u s   o f  

15  mm  in  a  3.5%  aqueous   s o l u t i o n   of  NaCl  h e a t e d   to  80°C  and  



having   a  ca rbon   d i o x i d e   p a r t i a l   p r e s s u r e   of  1  a t m o s p h e r e .   As 

shown  in  Tab le   1,  each  of  t hese   s t e e l s   d e v e l o p 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   when  t e m p e r e d   at  l e s s   than  600°C,  but  none  d e m o n s t r a t 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   when  t e m p e r e d   at  600°C  or  more  (a  c r o s s  

"X"  in  Tab le   2  i n d i c a t e s   the  p r e s e n c e   of  s t r e s s - c o r r o s i o n  

c r a c k i n g ;   an  open  c i r c l e   "0"  i n d i c a t e s   the  a b s e n c e   of  s t r e s s -  

c o r r o s i o n   c r a c k i n g ) .   Hence,  to  a c h i e v e   good  r e s i s t a n c e   t o  

s t r e s s - c o r r o s i o n   c r a c k i n g   in  C 0 2 - c o n t a i n i n g   e n v i r o n m e n t s ,   an  

i m p o r t a n t   p r o p e r t y   of  m a r t e n s i t i c   s t a i n l e s s   s t e e l s ,   i t   is  c l e a r  

t h a t   the  s t e e l   must  be  t empered   at  a  t e m p e r a t u r e   of  at  l e a s t  

6 0 0 ° C .  

As  is  we l l   known,  the  s t r e n g t h   of  m a r t e n s i t i c   s t a i n l e s s  

s t e e l s   d e c r e a s e s   as  the  f e r r i t e   c o n t e n t   of  the  s t e e l   s t r u c t u r e  

i n c r e a s e s .   When  the  f e r r i t e   c o n t e n t   at  1200°C  exceeds   40%,  t h e  



f e r r i t e   c o n t e n t   in  the  normal   q u e n c h i n g   or  n o r m a l i z i n g  

t e m p e r a t u r e   r ange   of  900-1000°C  r i s e s   to  20%  or  more,  making  i t  

d i f f i c u l t   to  a c h i e v e   the  high  s t r e n g t h   r e q u i r e d   in  l i n e p i p e  

t u b i n g   and  o i l - w e l l   p ipe   by  t e m p e r i n g   at  600°C  or  m o r e .  

A c c o r d i n g l y ,   to  a l l o w   t e m p e r i n g   to  be  p e r f o r m e d   at  t h e  

t e m p e r a t u r e s   of  600°C  or  more  n e c e s s a r y   to  i m p a r t   good  r e s i s t a n c e  

to  s t r e s s - c o r r o s i o n   c r a c k i n g ,   and  at  the   same  t ime   s a t i s f y   t h e  

h i g h - s t r e n g t h   r e q u i r e m e n t s   for  use  in  p i p e l i n e   t u b i n g   and  o i l -  

we l l   p ipe ,   m a r t e n s i t i c   s t a i n l e s s   s t e e l s   must  be  composed  of  n o t  

more  than  40%  f e r r i t e   at  1200°C.  

C o m p o s i t i o n s   in  which  the  a u s t e n i t e   phase   (which  b e c o m e s  

m a r t e n s i t e   at  room  t e m p e r a t u r e )   e x i s t s   in  c o m b i n a t i o n   wi th   a 

f e r r i t e   phase  c o m p r i s i n g   20-30%  of  the  c o m p o s i t i o n   have  the  w o r s t  

ho t   w o r k a b i l i t y .   When  the  amount  of  f e r r i t e   is  about   40%,  t h e  

hot  w o r k a b i l i t y   is  about   the  same  as  t h a t   of  a u s t e n i t i c   s i n g l e -  

phase   s t e e l s   (which   become  m a r t e n s i t i c   s i n g l e - p h a s e   s t e e l s   a t  

room  t e m p e r a t u r e   or  below  the  Ms  p o i n t ) .   The  hot  w o r k a b i l i t y  

r i s e s   s h a r p l y   wi th   i n c r e a s i n g   f e r r i t e   c o n t e n t   above  t h i s   p o i n t .  

Thus,  because   m a r t e n s i t i c   s t a i n l e s s   s t e e l s   wi th   a  f e r r i t e   c o n t e n t  

of  40%  or  l e s s   at  1200°C  h a v e  i n f e r i o r   hot   w o r k a b i l i t y ,   t h e i r   u s e  

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

p r o c e s s e s   d e s c r i b e d   below  t ends   to  r e s u l t   in  d e f e c t s ,  

c o m p l i c a t i n g   pipe  m a n u f a c t u r e .  

S e a m l e s s   s t a i n l e s s   s t e e l   pipe  is  g e n e r a l l y   p roduced   e i t h e r  

by  an  i n c l i n e d   r o l l i n g   method  such  as  the   p lug   m i l l   or  m a n d r e l  

m i l l   p r o c e s s ,   or  by  a  hot  e x t r u s i o n   me thod ,   of  which  the  U g i n e -  

S e j o u r n e t   and  E r h a r t   pushbench   p r o c e s s e s   are   t y p i c a l .   H o w e v e r ,  

c e r t a i n   types   of  m a r t e n s i t i c   s t a i n l e s s   s t e e l s   (namely ,   t hose   w i t h  



a  f e r r i t e   c o n t e n t   of  40%  or  l e s s   at  1200°C),  have  poor  h o t  

w o r k a b i l i t y .   When  s e a m l e s s   s t e e l   p ipe   is  m a n u f a c t u r e d   from  t h e s e  

s t e e l s   by  a  c ro s s   r o l l i n g   p r o c e s s   such  as  the  plug  m i l l  

p r o c e s s   or  the  mandre l   m i l l   p r o c e s s ,   d e f e c t s   a r i s e   on  both  t h e  

o u t s i d e   and  i n s i d e   w a l l s   of  the  pipe  d u r i n g   p i e r c i n g   of  t h e  

b i l l e t   on  a  p i e r c i n g   m i l l .   For  t h i s   r e a s o n ,   s e a m l e s s   p ipe   made 

of  t h i s   type  of  s t e e l   is  g e n e r a l l y   p roduced   by  a  hot   e x t r u s i o n  

p r o c e s s ,   such  as  the  U g i n e - S e j o u r n e t   p r o c e s s .  

However ,   when  a  hot   e x t r u s i o n   p r o c e s s   is  employed   and  t h e  

b i l l e t   d i r e c t l y   p i e r c e d   (a  p r o c e s s   known  as  d i r e c t   p i e r c i n g ) ,   a  

b i l l e t   l e n g t h   5-7  t i m e s   the  d i a m e t e r   r e s u l t s   in  a  g r e a t e r  

e c c e n t r i c i t y   in  the  w a l l   t h i c k n e s s   of  the  p ipe .   Th is   makes  i t  

d i f f i c u l t   to  p roduce   long  p ipe .   A  p a r t i a l   s o l u t i o n   to  t h i s  

p r o b l e m   is  p r o v i d e d   by  a  p r o c e s s   for  p r o d u c i n g   long  p ipe   t h a t  

makes  use  of  what  is  known  as  the  e x p a n s i o n   method.   Th is   m e t h o d  

c o n s i s t s   of  m e c h a n i c a l l y   o p e n i n g   a  gu ide   ho le   in  the  c e n t e r   o f  

the  b i l l e t ,   then  e x t e n d i n g   the  ho le .   However ,   even  wi th   the  u s e  

of  t h i s   e x p a n s i o n   method  the  b i l l e t   l e n g t h   is  s t i l l   l i m i t e d   t o  

only   about   15  b i l l e t   d i a m e t e r s .   Another   p r o b l e m   c o n c e r n s   t h e  

g l a s s   l u b r i c a n t   used  in  the  U g i n e - S e j o u r n e t   hot   e x t r u s i o n  

p r o c e s s .   This   must  be  p e e l e d   o f f   f o l l o w i n g   r o l l i n g ,   a  p r o c e s s  

t h a t   is  both  t i m e - c o n s u m i n g   and  c o s t l y .  

The  l i m i t s   on  b i l l e t   l e n g t h   i n h e r e n t   in  the  U g i n e - S e j o u r n e t  

and  o t h e r   hot  e x t r u s i o n   p r o c e s s e s   make  i t   i m p o s s i b l e   to  r a i s e  

p r o d u c t i v i t y   above  a  c e r t a i n   l e v e l .   Moreove r ,   the  use  of  s h o r t  

b i l l e t s   i n e v i t a b l y   r e s u l t s   in  a  low  y i e l d   and  is  t h e r e f o r e   a l s o  

d i s a d v a n t a g e o u s   in  t e r m s   of  c o s t .   In  c o n t r a s t ,   bo th   the  p l u g  

m i l l   and  mandre l   m i l l   p r o c e s s e s   i n v o l v e   p i e r c i n g   the  b i l l e t   on  a 



p i e r c i n g   m i l l   t h a t   u t i l i z e s   the  Mannesmann  e f f e c t .   T h e s e  

p r o c e s s e s   p e r m i t   the  m a n u f a c t u r e   of  l o n g e r   pipe  than  is  p o s s i b l e  

by  the  U g i n e - S e j o u r n e t   and  o t h e r   hot  e x t r u s i o n   p r o c e s s e s .   T h e s e  

p r o c e s s e s   are  thus   known  to  be  a d v a n t a g e o u s   in  t e rms   o f  

p r o d u c t i v i t y   and  c o s t .   However,   as  i n d i c a t e d   above,  c e r t a i n  

types   of  m a r t e n s i t i c   s t a i n l e s s   s t e e l s   are  not  s u i t a b l e   for   use  i n  

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

d e f e c t s   d u r i n g   p ipe   m a n u f a c t u r e .  

The  p r e s e n t   i n v e n t i o n   was  a r r i v e d   at  f o l l o w i n g   c a r e f u l  

c o n s i d e r a t i o n   of  the  p r o b l e m s   d e s c r i b e d   above.  The  o b j e c t   o f  

t h i s   i n v e n t i o n   is  to  e n a b l e   the  p r a c t i c a l   a p p l i c a t i o n   of  the  p l u g  

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

p a r t i c u l a r l y   t h o s e   hav ing   a  f e r r i t e   c o n t e n t   of  40%  or  l e s s   a t  

12000C,  for  which  the  m a n u f a c t u r e   of  s e a m l e s s   s t e e l   p ipe  by  t h e  

plug  m i l l   and  mandre l   m i l l   p r o c e s s e s   has  h i t h e r t o   b e e n  

c o m p l i c a t e d   by  the  f o r m a t i o n   of  d e f e c t s   d u r i n g   pipe  f a b r i c a t i o n ,  

and  by  making  i t   p o s s i b l e   to  use  t h e s e   p r o c e s s e s ,   to  e n a b l e   t h e  

m a n u f a c t u r e   of  s e a m l e s s   s t e e l   p ipe   from  t h i s   type  of  m a r t e n s i t i c  

s t a i n l e s s   s t e e l   at  high  p r o d u c t i v i t y   and  low  c o s t .  

To  r e c a p i t u l a t e ,   i t   has  h i t h e r t o   been  p o s s i b l e   t o  

m a n u f a c t u r e   s e a m l e s s   s t e e l   pipe  made  of  m a r t e n s i t i c   s t a i n l e s s  

s t e e l   by  the  plug  m i l l   p r o c e s s   or  the  mandre l   m i l l   p r o c e s s  

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

f e r r i t e   c o n t e n t   is  g r e a t e r   than  40%  at  1200oC.  However,  when  

s t e e l s   h a v i n g   a  f e r r i t e   c o n t e n t   of  40%  or  l e s s   at  12000C  a r e  

used,   numerous   d e f e c t s   a r i s e   on  the  i n s i d e   and  o u t s i d e   w a l l s   o f  

the  pipe  d u r i n g   m a n u f a c t u r e ,   and  c r a c k i n g   at  the  ends  of  the  p i p e  

is  a l so   common.  This   has  made  i t   d i f f i c u l t   to  use  t h e s e  



p r o c e s s e s   in  the  p r o d u c t i o n   of  s e a m l e s s   s t e e l   p ipe.   A f t e r  

c a r e f u l l y   i n v e s t i g a t i n g   the  c auses   of  such  d e f e c t s   in  s t e e l s   w i t h  

a  f e r r i t e   c o n t e n t   of  40%  or  l e s s ,   we  d i s c o v e r e d   t h a t   i m p u r i t i e s  

such  as  P  and  S  in  the  s t e e l   e x e r t   a  l a r g e   i n f l u e n c e   on  t h e  

f o r m a t i o n   of  t h e s e   d e f e c t s .   F u r t h e r   e x a m i n a t i o n   r e v e a l e d   t h a t   by  

h o l d i n g   the  l e v e l   of  S  to  0.003%  or  l e s s   and  the  l e v e l   of  P  t o  

0.020  or  l e s s ,   s e a m l e s s   s t e e l   p ipe  can  be  p roduced   on  a  p r a c t i c a l  

bas i s   by  both  the  plug  m i l l   p r o c e s s   and  the  mandre l   m i l l   p r o c e s s .  

This  d i s c o v e r y   led  u l t i m a t e l y   to  the  p r e s e n t   i n v e n t i o n .  

SUMMARY  OF  THE  INVENTION 

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

use  in  s e a m l e s s   s t e e l   p ipe   c o n t a i n i n g   not  more  than  0.30%  by  

we igh t   of  C,  not  more  than  1.0%  by  w e i g h t   of  Si,  not  more  t h a n  

2.0%  by  w e i g h t   of  Mn,  11-14%  by  w e i g h t   of  Cr,  0.005-0.10%  b y  

we igh t   of  Al,  and  not  more  than  0.10%  by  w e i g h t   of  N,  t h e  

r e m a i n d e r   be ing   Fe  and  u n a v o i d a b l e   i m p u r i t i e s ,   of  which  t h e  

i m p u r i t i e s   P  and  S  are  held  r e s p e c t i v e l y   to  l e v e l s   of  not  m o r e  

than  0.02%  and  0.003%  by  w e i g h t ,   the  f e r r i t e   c o n t e n t   of  t h e s e  

s t e e l s   be ing   no  more  than  40%  by  w e i g h t   at  1200°C.  

This  i n v e n t i o n   a l so   c o n t e m p l a t e s   m a r t e n s i t i c   s t a i n l e s s  

s t e e l s   for  use  in  s e a m l e s s   s t e e l   p ipe   hav ing   the  c o n t e n t s   of  C, 

Si,  Mn,  Cr,  Al,  and  N  noted  above,   and  c o n t a i n i n g   one  or  m o r e  

e l e m e n t s   s e l e c t e d   from  the  group  c o n s i s t i n g   of  up  to  3.5%  by 

w e i g h t   of  Ni,  up  to  2%  by  w e i g h t   of  Cu,  up  to  2.5%  by  w e i g h t   o f  

Mo,  up  to  0.10%  by  w e i g h t   of  Nb,  and  up  to  0.10%  by  w e i g h t   of  V, 

the  r e m a i n d e r   be ing   Fe  and  u n a v o i d a b l e   i m p u r i t i e s ,   of  which  t h e  

i m p u r i t i e s   P  and  S  are  held  at  the  l e v e l s   c i t e d   above,  t h e  



f e r r i t e   c o n t e n t   of  t h e s e   s t e e l s   be ing   no  more  than  40%  by  w e i g h t  

at  1 2 0 0 ° C .  

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

s t a i n l e s s   s t e e l s   for  use  in  s e a m l e s s   s t e e l   pipe  hav ing   the  a b o v e -  

s t a t e d   l e v e l s   of  C,  Si,  Mn,  Cr,  Al,  and  N,  and  c o n t a i n i n g   one  o r  

more  e l e m e n t s   s e l e c t e d   from  the  group  c o n s i s t i n g   of  the  r a r e  

e a r t h   e l e m e n t s ,   Ca,  and  B,  the  amount  of  the  r a r e   e a r t h   e l e m e n t s  

r a n g i n g   f rom  4x(%  of  S)  to  20x(%  of  S),  t h a t   of  Ca  f rom  1x(%  o f  

S)  to  10x(%  of  S),  and  t h a t   of  B  f rom  0.001  to  0.008%  by  w e i g h t ,  

the  r e m a i n d e r   be ing   Fe  and  u n a v o i d a b l e   i m p u r i t i e s ,   of  which   t h e  

i m p u r i t i e s   P  and  S  are  held  at  the  l e v e l s   c i t e d   above,   t h e  

f e r r i t e   c o n t e n t   of  t h e s e   s t e e l s   be ing   no  more  than  40%  by  w e i g h t  

at  1200°C .  

L a s t l y ,   the   i n v e n t i o n   a l so   c o n t e m p l a t e s   m a r t e n s i t i c  

s t a i n l e s s   s t e e l s   for  use  in  s e a m l e s s   s t e e l   pipe  hav ing   the  a b o v e -  

s t a t e d   l e v e l s   of  C,  Si,   Mn,  Cr,  Al,  and  N,  and  a l so   c o n t a i n i n g  

one  or  more  e l e m e n t s   s e l e c t e d   from  the  group  c o n s i s t i n g   of  N i ,  

Cu,  Mo,  Nb,  and  V,  as  wel l   as  one  or  more  e l e m e n t s   s e l e c t e d   f r o m  

the  group  c o n s i s t i n g   of  the  r a r e   e a r t h   e l e m e n t s ,   Ca,  and  B,  t h e s e  

a l l   be ing   p r e s e n t   in  the  ranges   i n d i c a t e d   above,   the  r e m a i n d e r  

being  Fe  and  u n a v o i d a b l e   i m p u r i t i e s ,   of  which  the  i m p u r i t i e s   P  

and  S  are  he ld   at  the  l e v e l s   c i t e d   above,   the  f e r r i t e   c o n t e n t   o f  

t hese   s t e e l s   be ing   no  more  than  40%  by  w e i g h t   at  1200°C.  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

The  m a r t e n s i t i c   s t a i n l e s s   s t e e l s   of  the  p r e s e n t   i n v e n t i o n  

s h a l l   now  be  d e s c r i b e d   in  d e t a i l .   We  s h a l l   begin  by  e x p l a i n i n g  

the  r e a s o n s   for   each  of  the  l i m i t s   p l a c e d   on  the  c o n t e n t s   of  t h e  



b a s i c   c o n s t i t u e n t s   in  the  s t e e l s   of  the  i n v e n t i o n .  

Carbon  is  n e c e s s a r y   for  s t r e n g t h .   However ,   b e c a u s e  

c o r r o s i o n   r e s i s t a n c e   d e c l i n e s   at  a  carbon  c o n t e n t   in  e x c e s s   o f  

0.30%,  the  upper  l i m i t   on  carbon  c o n t e n t   has  been  se t   at  O.30%. 

Chromium  m a r k e d l y   i n c r e a s e s   c o r r o s i o n   r e s i s t a n c e   in  C02-  

c o n t a i n i n g   e n v i r o n m e n t s .   The  a d d i t i o n   of  at  l e a s t   11%  i s  

i n t e n d e d   to  p r e v e n t   p i t t i n g   and  c r e v i c e   c o r r o s i o n .   However ,   t h i s  

e l e m e n t   a l so   is  f e r r i t e - f o r m i n g .   The  a d d i t i o n   of  more  than  14% 

t h e r e f o r e   i n c r e a s e s   the  amount  of  f e r r i t e ,   making  i t   d i f f i c u l t   t o  

a c h i e v e   the  d e s i r e d   s t r e n g t h   under  the  hea t   c o n d i t i o n s   ( t e m p e r i n g  

t e m p e r a t u r e )   n e c e s s a r y   to  p r e s e r v e   r e s i s t a n c e   of  the  s t e e l   t o  

s t r e s s - c o r r o s i o n   c r a c k i n g .   The  range  in  the   chromium  c o n t e n t   w a s  

thus   se t   at  11-14%. 

S i l i c o n   is  e f f e c t i v e   as  a  d e o x i d i z e r   and  shou ld   p r e f e r a b l y  

be  i n c l u d e d   at  a  l e v e l   of  at  l e a s t   0.2%.  A  c o n t e n t   of  m o r e  

than  1.0%  r e d u c e s   t o u g h n e s s ,   so  we  se t   an  upper   l i m i t   of  1.0%. 

Manganese  a c t s   to  s t r e n g t h e n   the  s t e e l   and  i m p r o v e  

t o u g h n e s s .   T h e r e f o r e   a  c o n t e n t   of  not  l e s s   than  0.5%  i s  

d e s i r a b l e .   However,   no  f u r t h e r   i m p r o v e m e n t   in  s t r e n g t h   and  

t o u g h n e s s   can  be  g a i n e d   from  the  a d d i t i o n   of  more  than  2.0%. 

Hence,  the  Mn  c o n t e n t   was  se t   at  not  more  than  2.0%. 

Aluminum  a c t s   as  a  d e o x i d i z e r ,   r e d u c i n g   the  l e v e l   of  o x y g e n  

in  the  s t e e l   by  oxygen  f i x a t i o n ,   e n h a n c i n g   the  hot  w o r k a b i l i t y .  

The  s t a b i l i z i n g   e f f e c t s   of  Al  a d d i t i o n   are  not   o b s e r v e d   at  l e s s  

than  0.005%;  t h e s e   e f f e c t s   r each   a  s a t u r a t i o n   l e v e l   at  0.10%.  T h e  

c o n t e n t   of  Al  was  t hus   l i m i t e d   to  a  range  of  from  0.005%  to  0.10%. 

N i t r o g e n   i n c r e a s e s   the  s t r e n g t h   and  c o r r o s i o n   r e s i s t a n c e   o f  

the  s t e e l   up  to  a  c o n c e n t r a t i o n   of  0.10%,  beyond  which  a d d i t i o n a l  



i m p r o v e m e n t   is  not  o b s e r v e d .   For  t h i s   r e a s o n ,   the  N  c o n t e n t   was  

s e t   at   no t   more  t han   0 . 1 0 % .  

S u l f u r   is  p r e s e n t   in  the  s t e e l   as  an  u n d e s i r a b l e   i m p u r i t y  

t h a t   s e v e r e l y   r e d u c e s   the  hot   w o r k a b i l i t y   of  the  s t e e l s   in  t h e  

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

d u r i n g   p i e r c i n g   of  the  b i l l e t   on  a  p i e r c i n g   m i l l   when  t h e  

s e a m l e s s   pipe  is  f a b r i c a t e d   by  the  plug  m i l l   p r o c e s s   or  t h e  

m a n d r e l   m i l l   p r o c e s s .   A  s u l f u r   l e v e l   in  e x c e s s   of  0.003%  makes  

i t   d i f f i c u l t   to  p roduce   s c r a t c h - f r e e   s e a m l e s s   p ipe ,   which  is  why 

the  S  c o n t e n t   must  be  he ld   to  no  more  than  0.003%. 

P  is  a n o t h e r   i m p u r i t y   u n a v o i d a b l y   p r e s e n t   in  s t e e l s .   I t  

p r o d u c e s   a  marked  d e t e r i o r a t i o n   in  the  hot  w o r k a b i l i t y   of  t h e  

s t e e l   at  high  t e m p e r a t u r e s   of  1200°C  and  above.  Th is   e l e m e n t  

c a u s e s   s c r a t c h   f o r m a t i o n   on  the  i n s i d e   wal l   of  the  tube   d u r i n g  

p i e r c i n g   of  the  b i l l e t   on  a  p i e r c i n g   m i l l .   P i e r c i n g   w i t h o u t  

s c r a t c h   f o r m a t i o n   is  d i f f i c u l t   at  a  P  l e v e l   above  0.02%,  and  so  

t h i s   mus t   be  h e l d   to  0.02%  or  l e s s .  

In  a d d i t i o n   to  the  above  b a s i c   c o n s t i t u e n t s ,   the  m a r t e n s i t i c  

s t a i n l e s s   s t e e l s   of  the  p r e s e n t   i n v e n t i o n   may  a l so   c o n t a i n   one  o r  

more  e l e m e n t s   s e l e c t e d   from  the  group  c o n s i s t i n g   of  Ni,  Cu,  Mo, 

Nb,  and  V,  and  one  or  more  e l e m e n t s   chosen  from  the  g r o u p  

c o n s i s t i n g   of  r a r e   e a r t h   m e t a l s ,   Ca,  and  B.  The  r e a s o n s   for  t h e  '  

l i m i t s   se t   to  the  c o n t e n t s   for  each  of  t hese   are  g iven  b e l o w .  

N i c k e l :   Ni  i n c r e a s e s   c o r r o s i o n   r e s i s t a n c e .   The  a d d i t i o n   of  more  

than  3.5%,  however ,   p r o d u c e s   no  f u r t h e r   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 .   Because  Ni  is  e x p e n s i v e ,   the  upper  l i m i t   of  a d d i t i o n  

was  s e t   at  3.5%. 

Molybdenum:  Mo  enhances   the  s t r e n g t h   and  c o r r o s i o n   r e s i s t a n c e   o f  



the  s t e e l .   At  l e v e l s   of  under  0.01%,  t h i s   e f f e c t   is  not  f u l l y  

e x h i b i t e d ,   wh i l e   the  a d d i t i o n   of  more  than  2.5%  p roduces   no 

c o r r e s p o n d i n g   i n c r e a s e   in  e f f e c t .   Because   Mo  too  is  a  h i g h -  

p r i c e d   m e t a l ,   Mo  a d d i t i o n   was  l i m i t e d   to  a  range   of  from  0.01%  t o  

2 . 5 % .  

Niobium:  Nb  i n c r e a s e s   s t e e l   s t r e n g t h ,   but  is  i n e f f e c t i v e   a t  

l e v e l s   of  under   0.01%.  The  a d d i t i o n   of  over   0.10%  f a i l s   t o  

produce   a d d i t i o n a l   i m p r o v e m e n t .   The  r ange   of  Nb  a d d i t i o n   w a s  

t h u s   s e t   at  0 . 0 1 - 0 . 1 0 % .  

Vanadium:  V  i n c r e a s e s   the  s t r e n g t h   of  the   s t e e l ,   but  is  n o t  

e f f e c t i v e   at  l e v e l s   below  0.1%.  F u r t h e r   i m p r o v e m e n t   does  n o t  

r e s u l t   from  the  a d d i t i o n   of  more  than  0.10%.  The  range  in  t h e  

c o n t e n t   of  V  was  thus   se t   at  0 . 0 1 - 0 . 1 0 % .  

Copper:   Copper  i m p r o v e s   the  s t r e n g t h   and  c o r r o s i o n   r e s i s t a n c e   o f  

the  s t e e l .   However,   b e c a u s e   the  a d d i t i o n   of  more  than  2.0% 

r e d u c e s   hot  w o r k a b i l i t y ,   the  upper   l i m i t   on  copper   a d d i t i o n  

was  s e t   at  2 .0%.  

Rare  e a r t h   m e t a l s   (REM),  c a l c i u m :   The  r a r e   e a r t h   m e t a l s   a n d  

c a l c i u m   are  p o w e r f u l   s u l f i d e - f o r m i n g   e l e m e n t s .   The  f o r m a t i o n   o f  

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

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

the  hot  w o r k a b i l i t y   of  the  s t e e l .   However  when  the  amount  o f  

r a r e   e a r t h   e l e m e n t s   is  four   t i m e s   as  g r e a t   as  the  s u l f u r   c o n t e n t  

(wt%)  or  the  amount  of  c a l c i u m   l e s s   than  e q u i v a l e n t   to  the  a m o u n t  

of  s u l f u r ,   t h i s   e f f e c t   is  minor.   On  the  o t h e r   hand,  when  t h e  

l e v e l   of  r a r e   e a r t h   e l e m e n t s   is  g r e a t e r   than  20  t i m e s ,   or  t h e  

l e v e l   of  c a l c i u m   g r e a t e r   than  10  t i m e s ,   the  amount  of  s u l f u r ,  

t h i s   e f f e c t   r e a c h e s   a  s a t u r a t i o n   p o i n t   and  the  ox ides   and  



s u l f i d e s   of  t h e s e   e l e m e n t s   may  even  have  the  o p p o s i t e   e f f e c t   o f  

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

amount  of  r a r e   e a r t h   m e t a l s   to  a  range   of  from  4x(%S)  to  20x(%S),  

and  the  amount   of  c a l c i u m   to  a  range  of  from  1x(%S)  to  10x(%S).  

Boron:  The  a d d i t i o n   of  a  t r a c e   amount  of  boron  i m p r o v e s   the  h o t  

w o r k a b i l i t y   of  the   s t e e l .   This  e f f e c t   does  not  a r i s e   at  a  l e v e l  

of  l e s s   than  0.001%.  However,  the  a d d i t i o n   of  more  than  0.0O8% 

of  boron  has  the  o p p o s i t e   e f f e c t   of  r e d u c i n g   the  hot  w o r k a b i l i t y  

at  t e m p e r a t u r e s   of  1200°C  and  over .   We  t h e r e f o r e   l i m i t e d   b o r o n  

a d d i t i o n   to  a  r ange   of  0 .001 -0 .008%.  

We  have  a l s o   s e t   a  f e r r i t e   c o n t e n t   for   the  s t e e l s   of  t h e  

p r e s e n t   i n v e n t i o n   of  40%  or  l e s s   at  1200°c.   This   is  b e c a u s e ,   a s  

we  have  seen  above ,   even  the  plug  m i l l   and  mandre l   m i l l   p r o c e s s e s  

can  be  used  to  m a n u f a c t u r e   s e a m l e s s   pipe  w i t h o u t   h i n d r a n c e   o r  

d e f e c t s   from  s t e e l s   hav ing   a  f e r r i t e   c o n t e n t   of  more  than  40%  a t  

1200°c.  The  f e r r i t e   c o n t e n t   (%)  at  1200°C  is  d e f i n e d   by  Eq.  (1 )  

b e l o w :  



We  s h a l l   now  d e s c r i b e   a  method  for  f a b r i c a t i n g   s e a m l e s s  

s t e e l   p ipe  u s ing   the  m a r t e n s i t i c   s t a i n l e s s   s t e e l s   of  the  p r e s e n t  

i n v e n t i o n .  

F i r s t ,   a  bloom  o b t a i n e d   by  c o n t i n u o u s   c a s t i n g   or  b l o o m i n g . i s  

r o l l e d   i n t o   a  round  b i l l e t .   Th is   b i l l e t   is  then  h e a t e d   to  a 

g iven   t e m p e r a t u r e ,   p r e f e r a b l y   from  1200  to  12500c,   and  p i e r c e d  

and  r o l l e d   by  means  of  the  Mannesmann  plug  m i l l   p r o c e s s   or  t h e  

Mannesmann  mandre l   m i l l   p r o c e s s .   When  the  Mannesmann  plug  m i l l  

p r o c e s s   is  employed ,   the  b i l l e t   is  f i r s t   p i e r c e d   on  a  p i e r c e r ,  

then  r o l l e d   by  an  e l o n g a t o r ,   a  plug  m i l l ,   a  r e e l e r   and  a  s i z e r ,  

in  t h a t   o r d e r .   When  the  Mannesmann  mandre l   m i l l   p r o c e s s   is  u s e d ,  

the  b i l l e t   is  f i r s t   p i e r c e d   on  a  p i e r c e r   then  r o l l e d   r e s p e c t i v e l y  

on  a  m a n d r e l   m i l l   and  h o t - s t r e t c h   r e d u c e r .   F o l l o w i n g   t h i s ,   t h e  

pipe  is  h e a t - t r e a t e d   e i t h e r   in  a  b a t c h - t y p e   f u r n a c e   or  by 

i n d u c t i o n   h e a t i n g .   Th is   hea t   t r e a t m e n t   may  c o n s i s t   of  q u e n c h -  

t e m p e r i n g ,   n o r m a l i z e - t e m p e r i n g ,   or  s imp ly   t e m p e r i n g .   This   g i v e s  

s t e e l   pipe  of  the  d e s i r e d   s t r e n g t h .   In  the  case   of  o i l - w e l l   p i p e ,  

i t   is  more  common  to  f i r s t   i n c r e a s e   the  wa l l   t h i c k n e s s   at  the  t u b e  

ends  by  u p s e t t i n g ,   then  h e a t - t r e a t .  

Tab le   2  shows  the  c h e m i c a l   c o n s t i t u e n t s   and  w h e t h e r   or  n o t  

d e f e c t s   were  formed  for   a  n u m b e r   of  example s   i l l u s t r a t i n g   t h e  

p r e s e n t   i n v e n t i o n   and  s e v e r a l   c o m p a r a t i v e   e x a m p l e s .   In  e a c h  

case ,   a  b i l l e t   hav ing   a  d i a m e t e r   of  175  mm  was  h e a t e a   to  1230°C 

and  p i e r c e d  o n   a  p i e r c e r   to  form  a  tube  wi th   an  o u t s i d e   d i a m e t e r  

of  185mm  and  a  wa l l   t h i c k n e s s   of  19.76mm.  The  i n s i d e   and  o u t s i d e  

w a l l s   of  the  tube  were  e x a m i n e d .   An  "X"  in  the  t a b l e   d e n o t e s  

t h a t   d e f e c t s   such  as  s c r a t c h e s   or  c r a c k s   were  found  on  the  t u b e  

w a l l .   An  open  c i r c l e   @   i n d i c a t e s   t h a t   no  d e f e c t s   w e r e  



o b s e r v e d ,   or  only  minor   f a u l t s   of  no  p r a c t i c a l   c o n s e q u e n c e   n o t e d .  

T h e f e r r i t e ( % )   shown  in  T a b l e   l s h o w s t h e f e r r i t e   c o n t e n t s ( % )  

at  1200°  which  were  c a l c u l a t e d   u s i n g   Eq.  (1).  I f   the  c o m p u t e d  

v a l u e   was  n e g a t i v e ,   t h i s   was  i n d i c a t e d   in  the  t a b l e   as  0.  The 

r a r e   e a r t h   m e t a l s   used  in  the  example s   shown  in  Table   2  c o n s i s t e d  

p r i m a r i l y   of  c e s ium  ( app rox .   50%). 

The  P  and  S  l e v e l s   of  s p e c i m e n s   21-26  ( c o m p a r a t i v e   e x a m p l é s )  

in  Tab le   2  a l l   exceed   the  upper   l i m i t s   of  the  r a n g e s   se t   in  t h e  

p r e s e n t   i n v e n t i o n .   D e f e c t s   were  o b s e r v e d   in  each  of  t h e s e  

s p e c i m e n s .   S i m i l a r l y ,   the  l e v e l s   of  the  r a r e   e a r t h   m e t a l s ,   B, 

and  Ca  in  s p e c i m e n s   27-29  ( c o m p a r a t i v e   e x a m p l e s )   a l l   exceeded   t h e  

upper   l i m i t s   d e f i n e d   above.   D e f e c t s   were  aga in   noted   in  each  o f  

t h e s e .  

As  we  have  i n d i c a t e d   in  the  p r e c e d i n g   e x p l a n a t i o n ,   t h e  

m a r t e n s i t i c   s t a i n l e s s   s t e e l s   for  use  in  s e a m l e s s   s t e e l   tube  o f  

the  p r e s e n t   i n v e n t i o n   r a i s e s   the  hot  w o r k a b i l i t y ,   and  e s p e c i a l l y  

the  hot   p i e r c a b i l i t y ,   of  s t e e l s   hav ing   f e r r i t e   c o n t e n t s   of  40%  o r  

l e s s   at  1200oC,  d e s p i t e   the  d i f f i c u l t y   p r e v i o u s l y   e n c o u n t e r e d   i n  

m a n u f a c t u r i n g   s e a m l e s s   pipe  from  such  s t e e l s   by  a  plug  m i l l   or  a 

m a n d r e l   m i l l   p r o c e s s .   This   is  a c h i e v e d   by  h o l d i n g   down  the  P  and  

the  S  c o n t e n t s   of  the  s t e e l .   As  a  r e s u l t ,   s e a m l e s s   s t e e l   p i p e  

need  no  l o n g e r   be  m a n u f a c t u r e d   by  a  hot  e x t r u s i o n   p r o c e s s ,   and  

can  now  be  m a n u f a c t u r e d   f r ee   of  d e f e c t s   by  a  p lug   m i l l   or  a 

m a n d r e l   m i l l   p r o c e s s .   Because   t h i s   p e r m i t s   the  use  of  plug  m i l l  

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

from  t h i s   type  of  s t e e l ,   h i g h e r   p r o d u c t i v i t y   can  be  a c h i e v e d ,  

a long   wi th   i n c r e a s e d   y i e l d   and  r educed   c o s t s .  

This   i n v e n t i o n   a l so   p r o v i d e s   m a r t e n s i t i c   s t a i n l e s s   s t e e l s  



for   use  in  s e a m l e s s   s t e e l   pipe  w h e r e i n ,   in  a d d i t i o n   t o  

r e s t r i c t i n g   the  l e v e l s   of  P  and  S,  one  or  more  e l e m e n t s   s e l e c t e d  

from  the  r a r e   e a r t h   m e t a l s ,   c a l c i u m ,   and  boron  are  added,  f u r t h e r  

i n c r e a s i n g   the  hot  p i e r c a b i l i t y   of  the  s t e e l .   This  p e r m i t s   t h e  

m a n u f a c t u r e   of  d e f e c t - f r e e   s e a m l e s s   s t e e l   p ipe  by  means  of  a 

mandre l   m i l l   or  plug  m i l l   p r o c e s s .  





1.  M a r t e n s i t i c   s t a i n l e s s   s t e e l s   for  use  in  s e a m l e s s   s t e e l   p i p e  

c o n t a i n i n g   not  more  than  0.30%  by  w e i g h t   of  C,  not  more  than  1.0% 

by  w e i g h t   of  Si,   not  more  than  2.0%  by  w e i g h t   of  Mn,  11-14%  by 

we igh t   of  Cr,  0.005-0.10%  by  w e i g h t   of  Al,  and  not  more  t h a n  

0.10%  by  w e i g h t   of  N,  whe re in   the  amount  of  P  is  he ld   to  no  more  

than  0.02%  by  w e i g h t   and  the  amount  of  S  to  no  more  than  0.003% 

by  w e i g h t ,   the   r e m a i n d e r   t h e r e o f   be ing   s u b s t a n t i a l l y   Fe,  s a i d  

' s t e e l s   h a v i n g   a  f e r r i t e   c o n t e n t   of  not   more  than  40%  by  w e i g h t   a t  

1200°C.  

2.  M a r t e n s i t i c   s t a i n l e s s   s t e e l s   for  use  s e a m l e s s   s t e e l   p i p e  

c o n t a i n i n g   not   more  than  0.30%  by  w e i g h t   of  C,  not  more  than  1.0% 

.by  w e i g h t   of  Si,  not  more  than  2.0%  by  w e i g h t   of  Mn,  11-14%  by 

w e i g h t   of  Cr,  0.005-0.10%  by  w e i g h t   of  Al,  and  not  more  t h a n  

0.10%  by  w e i g h t   of  N,  and  c o n t a i n i n g   a l s o   one  or  more  e l e m e n t s  

s e l e c t e d   from  the  group  c o n s i s t i n g   of  up  to  3.5%  by  w e i g h t   of  Ni ,  

up  to  2%  by  w e i g h t   of  Cu,  up  to  2.5%  by  w e i g h t   of  Mo,  up  to  0 .10% 

by  w e i g h t   of  Nb,  and  u p   0.10%  by  w e i g h t   of  V,  w h e r e i n   t h e  

amount  of  P  is  held  to  no  more  than  0.02%  by  we igh t   and  t h e  

amount  of  S  to  no  more  than  0.003%  by  w e i g h t ,   the  r e m a i n d e r   b e i n g  

s u b s t a n t i a l l y   Fe,  sa id   s t e e l s   hav ing   a  f e r r i t e   c o n t e n t   of  n o t  

more  than  40%  by  w e i g h t   at  1200oC. 

3.  M a r t e n s i t i c   s t a i n l e s s   s t e e l s   for  use  in  s e a m l e s s   s t e e l   p i p e  

c o n t a i n i n g   not  more  than  0.30%  by  w e i g h t   of  C,  not  more  than  1.0% 

by  w e i g h t   of  Si,  not  more  than  2 .0%  by  w e i g h t   of  Mn,  11-14%  by 

w e i g h t   of  Cr,  0.005-0.10%  by  w e i g h t   of  Al,  and  not  more  t h a n  



0.10%  by  w e i g h t   of  N,  and  c o n t a i n i n g   a l so   one  or  more  e l e m e n t s  

s e l e c t e d   from  the  group  c o n s i s t i n g   of  the  r a r e   e a r t h   e l e m e n t s ,  

Ca,  and  B,  the  amount  of  the  r a r e   e a r t h   e l e m e n t s   r a n g i n g   f r o m  

4x(%  of  S)  to  20x(%  of  S),  t h a t   of  Ca  from  1x(%  of  S)  to  10x(%  o f  

S),  and  t h a t   of  B  from  0.001  to  0.008%  by  w e i g h t ,   w h e r e i n   t h e  

amount   of  P  is  held  to  no  more  than  0.02%  by  w e i g h t   and  t h e  

amount   of  S  to  no  more  than  0.003%  by  w e i g h t ,   the  r e m a i n d e r   b e i n g  

s u b s t a n t i a l l y   Fe,  s a id   s t e e l s   hav ing   a  f e r r i t e   c o n t e n t   of  n o t  

more  than  40%  by  w e i g h t   at  1200°C.  

4.  M a r t e n s i t i c   s t a i n l e s s   s t e e l s   for  use  in  s e a m l e s s   s t e e l   p i p e  

c o n t a i n i n g   not  more  than  0.30%  by  we igh t   of  C,  not  more  than  1.01 

by  w e i g h t   of  Si,  not  more  than  2.0%  by  w e i g h t   of  Mn,  11-14%  by 

w e i g h t   of  Cr,  0.005-0.10%  by  w e i g h t   of  Al,  and  not  more  t h a n  

0.10%  by  w e i g h t   of  N,  and  c o n t a i n i n g   one  or  more  e l e m e n t s  

s e l e c t e d   from  the  group  c o n s i s t i n g   of  up  to  3.5%  by  w e i g h t   of  N i ,  

up  to  2%  by  w e i g h t   of  Cu,  up  to  2.5%  by  w e i g h t   of  Mo,  up  to  0 .10% 

by  w e i g h t   of  Nb,  and  up  to  0.10%  by  we igh t   or  l e s s   of  V,  as  w e l l  

as  one  or  more  e l e m e n t s   s e l e c t e d   from  the  group  c o n s i s t i n g   of  t h e  

r a r e   e a r t h   e l e m e n t s ,   Ca,  and  B,  the  amount  of  the  r a r e   e a r t h  

e l e m e n t s   r a n g i n g   from  4x(%  of  S)  to  20x(%  of  S),  t h a t   of  Ca  f r o m  

1x(%  of  S)  to  10x(%  of  S),  and  t h a t   of  B  f rom  0.001  to  0.008%  by  

w e i g h t ,   whe re in   the  amount   of  P  is  held  to  no  more  than  0.02%  by  

w e i g h t   and  the  amount  of  S  to  no  more  than  0.003%  by  w e i g h t ,   t h e  

r e m a i n d e r   being  s u b s t a n t i a l l y   Fe,  sa id   s t e e l s   hav ing   a  f e r r i t e  

c o n t e n t   of  not  more  than  40%  at  1200°C.  
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