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H>  Grain-oriented  silicon  steel  sheet  and  process  for  producing  the  same. 

(§7)  Extremely  low  watt-loss  of  W17/50  §  0.88  w/kg  is  provi- 
ded  by  the  combination  of  extremely  low  carbon,  silicon  and  ni- 
trogen  contents;  a  thin  sheet  thickness  of  0.15  to  0.23  mm;  a 
high  magnetic  flux  density  Bio  S  1-89  T;  and  copresence  of 
coarse  and  fine  (2  mm  or  less)  grains,  the  distance  (ND)  bet- 
ween  the  fine  grains  controlled  to  2.0  to  8.0  mm. 
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  Extremely  low  watt-loss  of  W17/50 @  0.88  w/kg  is  provi- 
ded  by  the  combination  of  extremely  low  carbon,  silicon  and  ni- 
trogen  contents;  a  thin  sheet  thickness  of  0.15  to  0.23  mm;  a 
high  magnetic  flux  density  B10 @  1.89  T;  and  copresence  of 
coarse  and  fine  (2  mm  or  less)  grains,  the  distance  (ND)  bet- 
ween  the  fine  grains  controlled  to  2.0  to  8.0  mm. 



BACKGROUND  OF  THE  INVENTION 

1.  F i e l d   of   t h e   I n v e n 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  g r a i n -  

o r i e n t e d   s t e e l   s h e e t   h a v i n g   a  s o - c a l l e d   { 1 1 0 } < 0 0 1 >   G o s s  

t e x t u r e   and  u s e d   as  c o r e   m a t e r i a l   f o r  t r a n s f o r m e r s   a n d  

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

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

2.  D e s c r i p t i o n   of   t h e   R e l a t e d   A r t  

One  of  t h e   r e c e n t   t r e n d s   in  t h e   p r o d u c t i o n   o f  

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

use   of  s i l i c o n   s t e e l s   h a v i n g   l o w e r   w a t t   l o s s ,   w h i c h   m a y  
be  r e p r e s e n t a t e d   by  t h e   e x p r e s s i o n   W 1 7 / 5 0 ,   i . e . ,   e n e r g y  
l o s t   u n d e r   a  m a g n e t i z i n g   f o r c e   of  17  kG  a t   50  Hz.  ' I n  

a d d i t i o n ,   e n d e a v o r s   h a v e   b e e n   made  to   i m p r o v e   m a g n e t i c  

f l u x   d e n s i t y ,   w h i c h   may  be  r e p r e s e n t e d   by  B 1 0 ,   i . e . ,  

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

m a g n e t i z i n g   f o r c e   of   1000  A / m .  

To  i m p r o v e   t h e   w a t t - l o s s   c h a r a c t e r i s t i c ,  

e n d e a v o r s   h e r e t o f o r e   h a v e   b e e n   made  to   o r i e n t   t h e  

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

In  a d d i t i o n ,   a t t e n t i o n   has   b e e n   p a i d   to   t h e   c r y s t a l - g r a i n  

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

i n f l u e n c e   t h e   w a t t - l o s s   c h a r a c t e r i s t i c .  

N e v e r t h e l e s s ,   t h e r e   a r e   o n l y   a  few  m e t h o d s ,  

a t   p r e s e n t ,   w h i c h   can  p r o v i d e   a  low  w a t t . l o s s   o f  

W 1 7 / 5 0  `   1 .0   w / k g .   F u r t h e r ,   t h e s e   m e t h o d s   a r e   e i t h e r  

u n s u i t e d   f o r   i n d u s t r i a l - s c a l e   o p e r a t i o n s   or  p r o d u c e  

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

e l e c t r i c a l   m a c h i n e r y   and  a p p a r a t u s .  

For   e x a m p l e ,   one  m e t h o d   p r o p o s e s   to   i n c r e a s e  

t h e   s i l i c o n   c o n t e n t   so  as  to  r a i s e   t h e   r e s i s t i v i t y .  

T h i s ,   h o w e v e r ,   i m p a i r s   t h e   w o r k a b i l i t y .   T h u s ,   t h e  



maximum  s i l i c o n   c o n t e n t   i s   r e s t r i c t e d   by  t h e   w o r k a b i l i t y .  
O t h e r   m e t h o d s   aim  a t   i m p r o v i n g   t h e   w a t t - l o s s  

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

t h i s   e n d ,   J a p a n e s e   E x a m i n e d   P a t e n t   P u b l i c a t i o n   ( K o k o k u )  

No.  5 1 - 1 2 4 5 1   d i s c l o s e s   a  m e t h o d   f o r   i m p r o v i n g   t h e  

q u a l i t y   of   a  f o r s t e r i t e   c o a t i n g ,   and  J a p a n e s e   E x a m i n e d  

P a t e n t   P u b l i c a t i o n   No.  5 3 - 2 8 3 7 5   d i s c l o s e s   a  m e t h o d   f o r  

t o p   c o a t i n g .   W h i l e   t h e   t e n s i o n a l   f o r c e   can  be  i n c r e a s e d  

w i t h   an  i n c r e a s e   in   t h i c k n e s s   of   t h e s e   c o a t i n g s ,   t h e  

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

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

c o r e   as  t h e   s p a c e   f a c t o r   i s   l e s s e n e d   w i t h   t h e   i n c r e a s e  

in  t h e   c o a t i n g   t h i c k n e s s .   S t i l l   o t h e r   m e t h o d s   aim  a t  

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

m a r k i n g - o f f   m e t h o d s ,   d i s c l o s e d   in  J a p a n e s e   E x a m i n e d  

P a t e n t   P u b l i c a t i o n   No.  5 8 - 5 9 6 8 ,   and  t h e   l a s e r - i r r a d i a t i o n  

m e t h o d ,   d i s c l o s e d   in   J a p a n e s e   E x a m i n e d   P a t e n t   P u b l i c a t i o n  

No.  5 8 - 2 6 4 0 5 .   T h e s e ,   h o w e v e r ,   can   o n l y   be  a p p l i e d   f o r  

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

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

by  t h e   m a r k i n g - o f f   and  t h e   l i k e   i s   l o s t   by  s t r e s s - r e l i e f  

a n n e a l i n g .   A l s o   w e l l   known  as  a  m e t h o d  f o r   w a t t - l o s s  

r e d u c t i o n   i s   g r a i n - r e f i n i n g .   J a p a n e s e   U n e x a m i n e d   P a t e n t  

P u b l i c a t i o n   ( K o k a i )   No.  5 7 - 4 1 3 2 6   d i s c l o s e s   w a t t - l o s s  

r e d u c t i o n   of   t h i n   s h e e t s   by  g r a i n - r e f i n i n g .   The  g r a i n -  

r e f i n e m e n t ,   h o w e v e r ,   g e n e r a l l y   makes   a  h i g h   m a g n e t i c  

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

d e n s i t y   and  low  w a t t - l o s s   c a n n o t   be  o b t a i n e d   in   t h e  

g r a i n - r e f i n i n g   m e t h o d .  

SUMMARY  OF  THE  INVENTION 

I t   i s   an  o b j e c t   of   t h e   p r e s e n t   i n v e n t i o n   t o  

l e s s e n   t h e   w a t t - l o s s   a t   l e a s t   10%,  as  c o m p a r e d   w i t h  

W 1 7 / 5 0  _ '   1 . 0 0 / k g   a t t a i n e d   by  t h e   p r i o r   a r t ,   by  m e a n s  

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

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

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

to  0 . 1 5   to   0 . 2 3   mm  t h i c k   g r a i n - o r i e n t e d   s i l i c o n   s t e e l  



s h e e t s   h a v i n g   B10 @  1 . 9 0   T .  

I t   i s   a  f u r t h e r   o b j e c t   of   t h e   p r e s e n t   i n v e n t i o n   t o  

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

c a l   s t e e l   s h e e t   h a v i n g   a  low  w a t t - l o s s .  

In  a c c o r d a n c e   w i t h   an  a s p e c t   of   t h e   p r e s e n t  

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

s t e e l   s h e e t   c o n t a i n i n g   f rom  2.3%  to   4.3%  s i l i c o n   a n d  

0 .0020%  or   l e s s   of   e a c h   of  c a r b o n ,   n i t r o g e n ,   and  s u l f u r  

and  h a v i n g   a  s h e e t   t h i c k n e s s   of   f r o m   0 . 1 5   to   0 . 2 3   mm, 
w h e r e i n   c r y s t a l   g r a i n s   h a v i n g   2  mm  or  l e s s   c i r c l e -  

e q u i v a l e n t   d i a m e t e r   a r e   p r e s e n t   in   an  a m o u n t   of   f rom  15% 

to  70%  by  a r e a   b a s e d   on  t h e   t o t a l   c r y s t a l   g r a i n s ;   a n d ,  
f u r t h e r   an  a v e r a g e   v a l u e   of   n e a r e s t   i n t e r - g r a i n   d i s t a n c e  

(ND)  of   t h e   c r y s t a l   g r a i n s   of  2  mm or   l e s s   i s   f r om  2 . 0  

to   8 .0   mm  (ND  =  2 .0   to   8 .0  mm);  and  B10 @  1 . 8 9   T  a n d  

W17/50  @  0 . 8 8   w / k g .  

In  a c c o r d a n c e   w i t h   a n o t h e r   a s p e c t   of  t h e   p r e s e n t  

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

s u c h   a  g r a i n - o r i e n t e d   s i l i c o n   s t e e l   s h e e t   c h a r a c t e r i z e d  

by  h o t - r o l l i n g   a  s t a r t i n g   m a t e r i a l   c o n s i s t i n g   of   f r o m  

0.02%  to   0.10%  c a r b o n ,   f r o m   2.3%  to   4.3%  s i l i c o n ,   f r o m  

0.04%  to   0.4%  t i n ,   f r om  0 . 0 1 5 % . t o   0 .040%  a c i d   s o l u b l e  

a l u m i n u m   (an  i n h i b i t o r   e l e m e n t ) ,   f rom  0 . 0 0 4 0 %   to  0 . 0 1 0 0 %  

n i t r o g e n ,   f rom  0 .030%  to   0 .150%  m a n g a n e s e ,   f rom  0 . 0 1 5 %  

to  0.04%  s u l f u r ,   and  i r o n   and  i m p u r i t i e s   in   b a l a n c e ;  

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

s h e e t ,   i f   n e c e s s a r y ;   h e a t - t r e a t i n g ,   p r i o r   to   f i n a l  

c o l d - r o l l i n g ,   by  (a)  h o l d i n g   a  t e m p e r a t u r e   r a n g e   of   f r o m  

900°C  to  1200°C   f o r   10  to   600  s e c o n d s   or   (b)  h o l d i n g   a  

t e m p e r a t u r e   r a n g e   of  f rom  1050°C  to  1200°C  f o r   3 0 0  

s e c o n d s   or   l e s s ,   f o l l o w e d   by  c o o l i n g   down  to  100°C  in  a  

t i m e   of  5  to  50  s e c o n d s ;   p i c k l i n g ;   f i n a l l y   c o l d - r o l l i n g  

a t   a  s c r e w - d o w n   r a t i o   of   f rom  81%  to   93%,  t h e r e b y  

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

of  f rom  0 . 1 5   to   0 . 2 3   mm;  d e c a r b u r i z a t i o n - a n n e a l i n g ;  

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

m a i n l y   c o m p o s e d   of  MgO;  and  f i n i s h - a n n e a l i n g .  



BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

F i g u r e   1  i s   a  g r a p h   s h o w i n g   t h e   r e l a t i o n s h i p  
b e t w e e n   B10  and  W 1 7 / 5 0 ;  

F i g .   2  i s   a  g r a p h   s h o w i n g   t h e   r e l a t i o n s h i p   b e t w e e n  

s h e e t   t h i c k n e s s   and  W 1 7 / 5 0 ;  
F i g .   3  i s   a  g r a p h   s h o w i n g   t h e   r e l a t i o n s h i p   b e t w e e n  

" d " ,   w h i c h   i s   t h e   c i r c l e - e q u i v a l e n t   d i a m e t e r   of   t h e  

m a c r o s t r u c t u r e   of  S a m p l e s   A,  B,  and  C,  o b t a i n e d   by  t h e  

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

of  t h e   d  (mm)  c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l   g r a i n s ;  

F i g .   4  i s   a  g r a p h   s h o w i n g   t h e   r e l a t i o n s h i p   b e t w e e n  

t h e   a v e r a g e   n e a r e s t   i n t e r g r a i n   d i s t a n c e   (ND)  and  W 1 7 / 5 0  '  
a l s o   s h o w i n g   t h e   p r o p o r t i o n   of  f i n e   g r a i n s   as  a  p a r a m e -  
t e r ;  

F i g s .   5(A)  and  5(B)  show  t h e   m a c r o s t r u c t u r e   of   t h e  

m a t e r i a l   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   and  of  a  

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

F i g .   6  i s   a  g r a p h   s h o w i n g   t h e   r e l a t i o n s h i p   b e t w e e n  

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

W17/50  and  a l s o   s h o w i n g   t h e   s h a p e   f a c t o r   (SF)  as  a  

p a r a m e t e r .  

DESCRIPTION  OF  THE  PREFERRED  EMBODIMENTS 

The  0 . 1 5   to   0 . 2 3   mm  t h i c k   g r a i n - o r i e n t e d   e l e c t r i c a l  

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

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

p r o d u c t i v i t y ,   b u t   i t   i s   v e r y   a d v a n t a g e o u s   a t   an  e n e r g y -  

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

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

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

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

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

i t s   c o m p o n e n t s   and  i s   t h a t   t h e   c o n t e n t   of  s i l i c o n   b e  

f rom  2.3%  to   4.3%  and  t h e   c o n t e n t   of  e a c h   of  c a r b o n ,  

n i t r o g e n ,   and  s u l f u r ,   as  i m p u r i t i e s ,   be  r e s t r i c t e d   t o  

0 .0020%  or   l e s s .   The  a b o v e   c o n t e n t s   a r e   c r i t i c a l   f o r  

o b t a i n i n g   W17 /50  @  0 . 8 8   w / k g .   Such   a  c o n t e n t   of  s i l i c o n  



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

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

h y s t e r e s i s   l o s s ,   h o w e v e r ,   t h a t   r e c o g n i t i o n   was  q u a l i t a -  

t i v e   and  d i d   n o t   e s t a b l i s h   t h e   q u a n t i t a t i v e   k n o w l e d g e   t o  

r e d u c e   t h e   W17/50  to   0 . 8 8   w / k g   or   l e s s .  

The  s e c o n d   r e q u i r e m e n t   i s   t h a t   t h e   s h e e t   t h i c k n e s s  

of   t h e   g r a i n - o r i e n t e d   s i l i c o n   s t e e l   s h e e t   be  f rom  0 . 1 5  

to  0 . 2 3   mm.  I t   has   h e r e t o f o r e   b e e n   b r o a d l y   known  t h a t  

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

by  r e d u c i n g   t h e   s h e e t   t h i c k n e s s .   N e v e r t h e l e s s ,  

W17 /50  @  0 . 8 8   w /kg   c a n n o t   be  a t t a i n e d   s i m p l y   b y  

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

o r i e n t e d   s i l i c o n   s t e e l   s h e e t s .  

The  t h i r d   r e q u i r e m e n t   i s   a  m a g n e t i c   f l u x   d e n s i t y  

of  B10 @  1 .89   T.  I f   t h e   m a g n e t i c   f l u x   d e n s i t y   B10 
i s   l e s s   t h a n   1 . 8 9 ,   t h e   a b s o l u t e   v a l u e   of   t h e   e d d y -  

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

w 1 7 / 5 0  @   0 . 8 8   w / k g   c a n n o t  b e   a t t a i n e d   r e g a r d l e s s   o f  

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

The  f o u r t h   r e q u i r e m e n t   i s   t h e   c r u x   of  t h e   p r e s e n t  

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

on  a  p r i n c i p l e ,   i . e . ,   a  d i s p e r s i v e  l o c a t i o n   of   g r a i n s  

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

k n o w n .  

S p e c i f i c a l l y ,   t h e   f o u r t h   r e q u i r e m e n t   i s   t h a t   2  mm 

or  l e s s   c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l   g r a i n s   a r e  

p r e s e n t   in   t h e   p r o d u c t   in  an  a m o u n t   of   f rom  15%  to   70% 

by  a r e a   a n d ,   f u r t h e r ,   t h e   a v e r a g e   n e a r e s t   i n t e r g r a i n  

d i s t a n c e   (ND)  of  t h e   2  mm  or   l e s s   c i r c l e - e q u i v a l e n t  

d i a m e t e r   g r a i n s   i s   f rom  2 .0   to   8 .0   mm.  In  t h i s   r e g a r d ,  

t h e   " c i r c l e - e q u i v a l e n t   d i a m e t e r "   means   t h e   d i a m e t e r   of  a  

c i r c l e   w h i c h   has   t h e   same  a r e a   of  a  c r y s t a l   g r a i n .   T h e  

" n e a r e s t   i n t e r g r a i n   d i s t a n c e   (ND)"  means   t h e   m i n i m u m  

v a l u e   of  t h e   d i s t a n c e   b e t w e e n   t h e   c e n t e r s   of  t h e   2  mm  o r  

l e s s   c i r c l e e q u i v a l e n t   c r y s t a l   g r a i n s .   The  " a v e r a g e  

n e a r e s t   i n t e r g r a i n   d i s t a n c e   (ND)"  means   t h e   a v e r a g e  
v a l u e s   of   t h e   n e a r e s t   i n t e r g r a i n   d i s t a n c e   (ND)  w h i c h   a r e  



m e a s u r e d   f o r   e a c h   2  mm  or  l e s s   d i a m e t e r   g r a i n .   T h e  

p h y s i c a l   s i g n i f i c a n c e   of   ND  i s   e x p l a i n e d   l a t e r .  

The  a b o v e   f o u r   r e q u i r e m e n t s   a r e   a l l   n e c e s s a r y   f o r  

a t t a i n i n g   t h e   o b j e c t s   of   t h e   p r e s e n t   i n v e n t i o n .   T h a t  

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

o b j e c t s   of   t h e   p r e s e n t   i n v e n t i o n   c a n n o t   be  a t t a i n e d .  

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

a l l o w i n g   them  to   o b s e r v e   t h e   s e c o n d a r y   r e c r y s t a l l i z e d  

s t r u c 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 h e   " m a c r o -  

s t r u c t u r e " )   of   g r a i n - o r i e n t e d   s i l i c o n   s t e e l   s h e e t s .   T h e  

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

an  a q u e o u s   h y d r o c h l o r i c   a c i d   s o l u t i o n .   T h i s   r e m o v e d   t h e  

s u r f a c e   c o a t i n g ,   s u c h   of  t h e   f o r s t e r i t e   c o a t i n g ,   a n d  

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

The  p r e s e n t   i n v e n t o r s   t h e n   c o n d u c t e d   e x t e n s i v e  

e x p e r i m e n t s   to   p r o d u c e   a  n u m b e r   of   t h e   0 . 1 0   t o   0 . 3 5   mm 

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

w e r e   p r o d u c e d   n o t   o n l y   by  known  m e t h o d s   b u t   a l s o   by  t e s t  

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

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

to   a t t a i n  a   W17 /50  @  0 . 8 8   w / k g .  

The  p r e s e n t   i n v e n t o r s   t o o k   n o t e   of   t h e   f a c t   t h a t  

t h e   w a t t - l o s s   i s   l e s s e n e d   when  t h e   s h e e t   t h i c k n e s s   i s  

s m a l l .   T h i s   r e l a t i o n s h i p   has   b e e n   p r e v i o u s l y   k n o w n .  

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

in   s i z e   of   t h e   m a c r o s t r u c t u r e .  

The  p r e s e n t   i n v e n t o r s   a l s o   n o t e d   t h a t   some  of   t h e  

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

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

w e r e   a  member   of   i n c o n s i s t e n c i e s   when  t r y i n g   to   e x p l a i n  

why  a  low  w a t t - l o s s   i s   o b t a i n e d   u n d e r   a  p a r t i c u l a r   s i z e  

of   m a c r o s t r u c t u r e .  

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

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

of   c o a r s e   and  f i n e   g r a i n s   of   t h e   m a c r o s t r u c t u r e .  

The  p r e s e n t   i n v e n t o r s   t r i e d   to   q u a n t i t a t i v e l y  

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



m a c r o s t r u c t u r e .   They  s u b j e c t e d   t h e   s t e e l   s h e e t s   d e -  

s c r i b e d   a b o v e   to   d a t a - p r o c e s s i n g   by  means   of   an  i m a g e  

a n a l y z i n g   p r o c e s s o r   c o n n e c t e d   to   a  c o m m e r c i a l   c o m p u t e r .  
T h i s   image   a n a l y z i n g   p r o c e s s o r   was  of  t h e   t y p e   w h i c h   h a s  

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

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

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

t h e   a v e r a g e   n e a r e s t   i n t e r g r a i n   d i s t a n c e   (ND)  of   n -mm 

c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l   g r a i n s ,   "n"  b e i n g   a  

p r e d e t e r m i n e d   min imum  v a l u e .   They   a l s o   c a r r i e d   o u t   a  

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

a m o u n t s   of   c a r b o n ,   n i t r o g e n ,   and  s u l f u r .  

The  p r e s e n t   i n v e n t i o n   i s   now  e x p l a i n e d   w i t h  

r e f e r e n c e   to   t h e   d r a w i n g s .   F i g u r e   1  shows   t h e   B10 
and  W17/50  of   t h e   p r o d u c t s   p r o d u c e d   in   t h e   e x t e n s i v e  

e x p e r i m e n t s   and  h a v i n g   W 1 7 / 5 0  <   1 . 0 0   w / k g .   The  s t e e l s  

of  t h e   p r o d u c t s   c o n t a i n e d   f rom  2.3%  to   4.3%  of   s i l i c o n ,  

f rom  0 .0002%  to   0 .0057%  of  c a r b o n ,   f r o m   0 . 0 0 0 3 %   t o  

0 .0046%  of  n i t r o g e n ,   and  f rom  0 . 0 0 0 3 %   to   0 . 0 0 3 8 %   o f  

s u l f u r .   The  c o m p o n e n t s   of   f i l m s   w e r e   e x c l u d e d   f o r   t h e  

d e t e r m i n a t i o n   of   t h e s e   c o n t e n t s .   The  p r o d u c t s   had  o n l y  

a  f o r s t e r i t e .  c o a t i n g   or  a  f o r s t e r i t e   c o a t i n g   and  a  

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

F i g .   1  t h a t   in   o r d e r   to   o b t a i n   W 1 7 / 5 0  @   0 . 8 8   w / k g ,  

B10 @  1 . 8 9   T  i s   n e c e s s a r y .   From  t h i s   v i e w p o i n t ,   t h e  

i n v e n t o r s   n u m e r i c a l l y   l i m i t e d   B10  to   be  a t   l e a s t  

1 .89   T .  

As  a l s o   a p p a r e n t   f rom  F i g .   1,  e a c h   of   t h e   s u l f u r ,  

n i t r o g e n ,   and  c a r b o n   c o n t e n t s   m u s t   be  0 .0020%  or   l e s s   i n  

o r d e r   to   o b t a i n   W 1 7 / 5 0  <   0 . 8 8   w / k g .   W i t h i n   t h e   r a n g e  
of  t h e   s i l i c o n   c o n t e n t   of  t h e   p r o d u c t s   t e s t e d ,   a  h i g h  

s i l i c o n   c o n t e n t   g e n e r a l l y   r e s u l t s   in   a  low  w a t t - l o s s .  

When  t h e   s i l i c o n   c o n t e n t   i s   t h e   l o w e s t   v a l u e   of  2 . 3 % ,  

t h e   w a t t - l o s s   W17/50  e x c e e d s   0 . 8 8   w / k g   w i t h   r e g a r d   t o  

s e v e r a l   s a m p l e s .   W i t h   r e g a r d   to   2.3%  s i l i c o n   s a m p l e s  

e x h i b i t i n g   l e s s   t h a n   0 . 8 8   w / k g ,   s u c h   p r o p e r t i e s   o t h e r  

t h a n   t h e   s i l i c o n   c o n t e n t ,   s u c h   as  t h e   s h e e t   t h i c k n e s s ,  



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

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

s h e e t   t h i c k n e s s   and  W17/50  was  i n v e s t i g a t e d   w i t h  

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

r e q u i r e m e n t s .   The  r e s u l t s   a r e   shown  in  F i g .   2.  As  i s  

a p p a r e n t   f r o m   F i g .   2,  a  s h e e t   t h i c k n e s s   of   f rom  0 . 1 5   t o  

0 . 2 3   mm  i s   n e c e s s a r y   f o r   o b t a i n i n g   W 1 7 / 5 0  <   0 . 8 8  

( t h e   f i r s t   r e q u i r e m e n t ) .  

The  o b j e c t i v e   w a t t - l o s s   of   W 1 7 / 5 0  @   0 . 8 8   m a y  

o c c a s i o n a l l y   n o t   be  o b t a i n e d   e v e n   by  f u l f i l l i n g   t h e  

a b o v e   t h r e e   r e q u i r e m e n t s .   In  o r d e r   to   d e t e r m i n e   f u r t h e r  

r e q u i r e m e n t s ,   t h e   i n v e n t o r s   s e l e c t e d   s a m p l e s   A,  B,  and  C 

( F i g .   2 ) ,   h a v i n g   a  s h e e t   t h i c k n e s s   of   a p p r o x i m a t e l y  

0 . 2 1   mm  and  f u l f i l l i n g   t h e   f i r s t   and  t h i r d   r e q u i r e m e n t s ,  

f rom  t h e   s a m p l e s   shown  in  F i g .   2  and  m e a s u r e d   t h e  

c i r c l e - e q u i v a l e n t   d i a m e t e r   (d)  of  i n d i v i d u a l   g r a i n s   a n d  

c o u n t e d   t h e   n u m b e r   of   g r a i n s   h a v i n g   t h e   d i a m e t e r   (d)  b y  

means   of  an  i m a g e - a n a l y z i n g   p r o c e s s o r .   The  p e r c e n t a g e  

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

l e n t   d i a m e t e r s   (d)  i s   shown  in  F i g .   3 .  

In  s a m p l e   A,  w h i c h   had   W 1 7 / 5 0  @   0 . 8 8   w / k g ,  2   mm 

or  l e s s   c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l   g r a i n s  

a c c o u n t e d   f o r   43%  of  t h e   t o t a l   g r a i n s .   N o t w i t h s t a n d i n g  

t h e   r e l a t i v e l y   l a r g e   n u m b e r   of   f i n e   g r a i n s ,   t h e r e   w e r e  

a l s o   r e l a t i v e l y   c o a r s e   g r a i n s   a p p r o x i m a t e l y   10  mm  t o  

20  mm  in   s i z e .   The  p r e s e n c e   of   t h e   r e l a t i v e l y   c o a r s e  

g r a i n s   i s   b e l i e v e d   to   be  due  to   t h e   h i g h   B10  of   s a m p l e   A ,  

as  d e s c r i b e d   h e r e i n b e l o w .   T h o r o u g h ,   d e t a i l e d   o b s e r v a t i o n  

r e v e a l e d   t h e   2  mm  or   l e s s   c i r c l e - e q u i v a l e n t   d i a m e t e r  

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

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

i n t e r g r a i n   d i s t a n c e s   (ND)  b e t w e e n   t h e   2  mm  or  l e s s  

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

c o n s t a n t .  

In  s a m p l e   B,  w h i c h   had   a  W17/50   of   0 . 9 2   w / k g ,   t h e  

2  mm  or   l e s s   c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l   g r a i n s  

a c c o u n t e d   f o r   57%  of  t h e   t o t a l   g r a i n s .   The  l a r g e s t  



g r a i n s   w e r e   10  mm  in  s i z e   and  no  c o a r s e   g r a i n s   w e r e  

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

s t r u c t u r e   r e v e a l e d   a  few  2  mm  or  l e s s   c i r c l e - e q u i v a l e n t  
d i a m e t e r   c r y s t a l   g r a i n s   c l u s t e r e d   w i t h   e a c h   o t h e r .  

In  s a m p l e   C,  w h i c h   had   t h e   l o w e s t   W 1 7 / 5 0 ,   t h e  

2  mm  or  l e s s   c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l   g r a i n s  

a c c o u n t e d   f o r   o n l y   s l i g h t l y   l e s s   t h a n   20%.  C o a r s e  

g r a i n s ,   s u c h   as  30  mm  c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l  

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

a b o v e   r e v e a l e d   t h a t   t h e   p r o p o r t i o n   of   2  mm  or  l e s s  

c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l   g r a i n s   and  t h e  

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

p r o v i d i n g   a  low  w a t t - l o s s .   A c c o r d i n g l y ,   t h e   i n v e n t o r s  

m e a s u r e d   t h e   c e n t e r s   of   g r a v i t y   of   t h e   2  mm  or   l e s s  

c i r c l e - e q u i v a l e n t   d i a m e t e r   c r y s t a l   g r a i n s   and  t h e n  

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

g r a v i t y ,   i . e . ,   t h e   a v e r a g e   n e a r e s t   i n t e r g r a i n   d i s t a n c e  

(ND)  by  u s i n g   t h e   i m a g e - a n a l y z i n g   p r o c e s s o r .   T h e  

r e s u l t s   a r e   shown  in  T a b l e   1 .  





AS  i s   u n d e r s t o o d   f r o m   T a b l e   1,  i t   i s   d i f f i c u l t   t o  

o b t a i n   W17 /50  @  0 . 8 8   w / k g   when  t h e   ND  has   a  s m a l l   v a l u e  

( s a m p l e   B)  or  a  l a r g e   v a l u e   ( s a m p l e   C ) .  

The  c o n s i d e r a t i o n s   as  d e s c r i b e d   a b o v e   r e v e a l e d   t h a t  

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

o b t a i n i n g   W17 /50  @  0 . 8 8   w / k g .   The  p r e s e n t   i n v e n t o r s  

made  f u r t h e r   e x t e n s i v e   e x p e r i m e n t s   and  o b t a i n e d   a  n u m b e r  

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

o r d e r   to   c l a r i f y   t h e   r e l a t i o n s h i p   b e t w e e n   W17/50  a n d  

t h e   a v e r a g e   n e a r e s t   i n t e r g r a i n   d i s t a n c e   (ND).  W i t h  

r e g a r d   to   t h e   f i r s t   r e q u i r e m e n t s ,   t h e   c o n d i t i o n s   in  t h e  

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

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

d e s u l f u r i z e   t h e   s t e e l .   The  s e c o n d   r e q u i r e m e n t   was  m e t  

by  s e t t i n g   t h e   s h e e t   t h i c k n e s s   of   a l l   of   t h e   t e s t  

s a m p l e s   in   t h e   r a n g e   of   f rom  0 . 1 5   to   0 . 2 3   mm. 

W i t h   r e g a r d   to   t h e   t h i r d   r e q u i r e m e n t ,   to   e a s i l y  

p r o v i d e   B10 @  1 . 8 9   T,  t h e   s t e e l s   w e r e   p r o d u c e d   b y  

m e l t i n g   and  A1N  was  u s e d   as  t h e   i n h i b i t o r .   A n n e a l i n g  

f o l l o w e d   by  q u e n c h i n g   was  c a r r i e d   o u t   b e f o r e   t h e   f i n a l  

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

was  81%  or   m o r e .  

F i g u r e   4  shows   t h e   r e l a t i o n s h i p   b e t w e e n   W 1 7 / 5 0  
and  t h e   a v e r a g e   n e a r e s t   i n t e r g r a i n   d i a m e t e r   (ND)  w i t h  

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

t h i r d   r e q u i r e m e n t s .   In  F i g .   4 ,  t h e   d a t a   i s   c l a s s i f i e d  

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

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

i n v e s t i g a t i o n s   on  t h e   i n f l u e n c e   of  t h e   c i r c l e - d i a m e t e r  

e q u i v a l e n t   (d)  upon   t h e   w a t t - l o s s .   The  p r e l i m i n a r y  

i n v e s t i g a t i o n s   r e v e a l e d   t h a t   when  2 mm  or  l e s s   c i r c l e -  

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

a m o u n t   of   f rom  a p p r o x i m a t e l y   15%  to  70%,  t h e   w a t t - l o s s  

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

I t   i s   c l e a r   f rom  F i g .   4  t h a t ,   f o r   t h e   f o u r t h  

r e q u i r e m e n t ,   ND  s h o u l d   be  f rom  2  to   8  mm  and  t h e   2  mm  o r  



l e s s   c i r c l e - e q u i v a l e n t   d i a m e t e r   g r a i n s   s h o u l d   be  p r e s e n t  
f rom  15%  t o   70%.  

Now,  c o n s i d e r a t i o n   i s   g i v e n   to   why  an  i m p r o v e d   w a t t -  

l o s s   c h a r a c t e r i s t i c   can   be  a t t a i n e d   by  f u l f i l l i n g   t h e  

a b o v e   f o u r   r e q u i r e m e n t s .   I n v e s t i g a t i o n s   by  t h e   p r e s e n t  
i n v e n t o r s   on  t h e   g r a i n   o r i e n t a t i o n   in  i n d i v i d u a l   g r a i n -  
o r i e n t e d   s i l i c o n   s t e e l   s h e e t s   showed   t h a t ,   g e n e r a l l y ,  

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

c l o s e l y   o r i e n t e d   to   t h e   { 1 1 0 } < 0 0 1 >   d i r e c t i o n   as  c o m p a r e d  

to   s m a l l - d i a m e t e r   g r a i n s ;   t h e   d e v i a t i o n   of  s m a l l - d i a m e t e r  

g r a i n s   f r o m   t h e   { 1 1 0 } < 0 0 1 >   d i r e c t i o n   i s   g e n e r a l l y   g r e a t ;  
and  t h e   w i d t h   of   m a g n e t i c   d o m a i n s   of   l a r g e - d i a m e t e r  

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

s m a l l - d i a m e t e r   g r a i n s .   Such   a  d i f f e r e n c e   in   t h e   w i d t h  

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

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

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

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

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

t h e   m a g n e t i c   d o m a i n s .   When  e a c h   s m a l l - d i a m e t e r   g r a i n s  

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

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

to   t h e   s t r a i n   g e n e r a t e d   a t   t h e   g r a i n   b o u n d a r i e s   of   t h e  

s m a l l - d i a m e t e r   g r a i n s .   When  t h e   f o r s t e r i t e   or  t e n s i o n  

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

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

a b o v e   can   be  p a r t i c u l a r l y   e n h a n c e d .   The  l a r g e - d i a m e t e r  

g r a i n s   h a v e   a  h i g h   B 1 0 ,   due  to   t h e i r   c l o s e   o r i e n t a t i o n  

to   t h e   { 1 1 0 } < 0 0 1 >   d i r e c t i o n .   When  t h e   m a g n e t i c   d o m a i n s  

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

i s t i c   i s   d r a s t i c a l l y   i m p r o v e d .  

The  s m a l l   t h i c k n e s 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 p p e a r s   to   make  t h e   c o a t i n g s ,   s u c h   a s  

f o r s t e r i t e   and  t e n s i o n   c o a t i n g s ,   more   e f f e c t i v e   t h a n  

in  t h e   c a s e   of  t h i c k   g r a i n - o r i e n t e d   s i l i c o n   s t e e l  

s h e e t s .  

The  p r e s e n t   i n v e n t o r s   i n v e s t i g a t e d   and  e x p e r i m e n t e d  



w i t h   o t h e r   r e q u i r e m e n t s   a s i d e   f rom  t h e   f o u r   r e q u i r e m e n t s  

so  as  to   f u r t h e r   l e s s e n   W 1 7 / 5 0 .   As  a  r e s u l t   of   t h e i r  

i n v e s t i g a t i o n s   and  e x p e r i m e n t s ,   t h e   p r e s e n t   i n v e n t o r s  

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

e x t r e m e l y   i m p r o v e d   w a t t - l o s s .   T h e s e   r e q u i r e m e n t s   a r e  
d e f i n e d   by  an  SF  v a l u e   and  t h e   t e n s i o n   v a l u e   and  a r e  

i n d i s p e n s a b l e   f o r   o b t a i n i n g   W 1 7 / 5 0  <   0 . 8 6   w / k g .  

"SF"  i s   an  a b b r e v i a t i o n   of   s h a p e   f a c t o r .   The  SF 

v a l u e   i s   d e f i n e d   b y :  

The  SF  v a l u e   i n d i c a t e s   t h e   s h a p e   of   t h e   g r a i n   b o u n d a r y .  
When  a  c r y s t a l   g r a i n   a p p e a r s   r o u n d   on  t h e   s u r f a c e   of   a  

s t e e l   s h e e t ,   t h e   SF  v a l u e   i s   e q u a l   to   1.  The  SF  v a l u e  

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

g r a i n   b o u n d a r y ,   n o r m a l i z e d   by  1.  The  SF  v a l u e   b e c a u s e  

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

For   e x a m p l e ,   when  t h e   s h a p e   of   a  c r y s t a l   g r a i n   i s  

h e x a g o n a l ,   t h e   SF  v a l u e   i s   e q u a l   to   0 . 8 8 .  

The  p r e s e n t   i n v e n t o r s   c o n d u c t e d   a d d i t i o n a l   e x p e r i -  

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

in   F i g .   4 .   The  d a t a   of   s a m p l e s   w h i c h   f u l f i l l e d   t h e  

f i r s t   to   f o u r t h   r e q u i r e m e n t s   d e s c r i b e d   a b o v e   w e r e  

f u r t h e r   i n v e s t i g a t e d   w i t h   r e g a r d   to   W 1 7 / 5 0 ,   t h e  

t e n s i o n a l   f o r c e ,   and  t h e   SF  v a l u e .   The  SF  v a l u e   w a s  

m e a s u r e d   by  means   of   an  i m a g e - a n a l y z i n g   p r o c e s s o r .   T h e  

i n v e s t i g a t i o n   r e s u l t s   a r e   shown  in   F i g .   6  w i t h   r e g a r d   t o  

0 . 2 0   mm  t h i c k   s a m p l e s .   In  F i g .   6,  t h e   a v e r a g e   SF 

v a l u e   ( S F ) ,   w h i c h   i s   o b t a i n e d   by  t a k i n g   t h e   a v e r a g e   SF 

o v e r   t h e   c r y s t a l   g r a i n s   of   a  s t e e l   s h e e t ,   i s   s h o w n .  

As  i s   a p p a r e n t   f r o m   F i g .   5,  when  SF  i s   0 . 60   o r  

m o r e ,   W17/50  <  0 . 8 6   w / k g   i s   d i f f i c u l t   to   e n s u r e ,   a n d  

t h e r e   i s   no  c l e a r   c o r r e l a t i o n   b e t w e e n   W17/50  and  t h e  

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

h a n d ,   when  SF  is   l e s s   t h a n   0 . 6 0 ,   W 1 7 / 5 0  <   0 . 8 6   w / k g  

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



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

W 1 7 / 5 0  ,   i . e . ,   W17/50  t e n d s   to   l e s s e n   w i t h   an  i n c r e a s e  

in  t h e   t e n s i l e   f o r c e .  

As  i s   a l s o   a p p a r e n t   f r o m   F i g .   5,  i t   i s   p r e f e r r e d  
t h a t   t h e   t e n s i l e   s t r e s s   w h i c h   i s   a p p l i e d ,   b e f o r e   t h e  

s t r e s s - r e l i e f   a n n e a l i n g ,   to   a  s t e e l   s h e e t ,   by  a  
f o r s t e r i t e   c o a t i n g   or  t e n s i o n   c o a t i n g   be  in   t h e   r a n g e  
of  f r o m   0 . 2 0   to   1 .0   k g / m m 2 .  

One  of   t h e   a d d i t i o n a l   r e q u i r e m e n t s   i s   t h e r e f o r e  

SF  <  0 . 6 0 .   The  o t h e r   a d d i t i o n a l   r e q u i r e m e n t   i s   t h e r e f o r e  

a  t e n s i o n a l   s t r e s s   of   f rom  0 . 2 0   to   1 .0  kg /mm2.   How  t h e s e  

r e q u i r e m e n t s   i n f l u e n c e   t h e   w a t t - l o s s   i s   n o t   c l e a r ,   b u t   i s  

c o n s i d e r e d   as  f o l l o w s .   In  h i g h - m a g n e t i c   f l u x   d e n s i t y  

g r a i n - o r i e n t e d   s i l i c o n   s t e e l   s h e e t s ,   e a c h   c r y s t a l   g r a i n  

has   a  d i f f e r e n c e   in   o r i e n t a t i o n   a t   t h e   g r a i n   b o u n d a r i e s .  

Such  a  d i f f e r e n c e   i s   a p p r o x i m a t e l y   4°  to   5°  a t   t h e  

maximum.   When  s u c h   g r a i n   b o u n d a r i e s   a r e   s u b j e c t e d   t o  

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

a r i e s   and  t h e i r   v i c i n i t y .   The  s t r a i n   a t   t h e   s t r a i n   s i t e s  

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

i n t r i c a t e ,   t h a t   i s ,   t h e   SF  v a l u e   i s   s m a l l .   The  s t r a i n  

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

m a g n e t i c   d o m a i n s - w h e n   t h e   SF  v a l u e   i s   s m a l l .   As  a  

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

l o s s ,   a r e   l e s s e n e d .  

Now,  an  e x p l a n a t i o n   i s   made  of  t h e   p r o c e s s   a n d  

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

s i l i c o n   s t e e l   s h e e t   w h i c h   f u l f i l l s   t h e   f i r s t   to   f o u r t h  

r e q u i r e m e n t s .  

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

of  t h e   s t a r t i n g   m a t e r i a l   a r e   f rom  2.3%  to   4.3%  of  s i l i c o n ,  

f rom  0.02%  to   0.10%  of   c a r b o n ,   f rom  0 .015%  to  0 .040%  o f  

a c i d - s o l u b l e   a l u m i n u m ,   and  f rom  0 .0040%  to   0 .0100%  o f  

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

m a t e r i a l .   The  a c i d - s o l u b l e   a l u m i n u m   and  n i t r o g e n   a c t   a s  

i n h i b i t o r s .  

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



t h e   e d d y - c u r r e n t   l o s s .   When  t h e   s i l i c o n   c o n t e n t   i s   l e s s  

t h a n   2 .3%,   t h e   t r a n s f o r m a t i o n   p h a s e   i s   d i s a d v a n t a g e o u s l y  

f o r m e d   d u r i n g   t h e   f i n i s h i n g   a n n e a l i n g ,   so  t h a t   t h e  

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

s i l i c o n   c o n t e n t   i s   more   t h a n   4 .3%,   t h e   s t e e l   d r a s t i c a l l y  

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

a n n e a l i n g ,   on  t h e   s u r f a c e   of   a  s t e e l   s h e e t   and  i s  

i n c l u d e d   in   t h e   o x i d e s ,   s u c h   as  f o r s t e r i t e .   The  s i l i c o n  

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

a m o u n t   of   f rom  0.1%  to   0 . 2 % .  

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

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

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

good  p r i m a r y - r e c r y s t a l l i z e d   g r a i n s .   On  t h e   o t h e r   h a n d ,  

i f   t h e   c a r b o n   c o n t e n t   i s   more  t h a n   0 . 1 0 % ,   t h e   d e c a r b u -  

r i z a t i o n   p r o p e r t y   i s   i m p a i r e d .   The  c a r b o n   c o n t e n t   i s  

t h e r e f o r e   f rom  0.02%  to   0 . 1 0 % .  

A l u m i n u m   and  n i t r o g e n   a r e   u s e d   in   t h e   p r e s e n t  

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

t h e   AlN  i n h i b i t o r   makes   i t   p o s s i b l e   to   e a s i l y   o b t a i n   a  

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

B10  and  f i n e   g r a i n s   a r e   p r e s e n t .   When  t h e   c o n t e n t   o f  

a c i d - s o l u b l e   a l u m i n u m   i s   l e s s   t h a n   0 . 0 1 5 % ,   a n d ,   f u r t h e r ,  

t h e   n i t r o g e n   c o n t e n t   i s   l e s s   t h a n   0 . 0 0 4 0 % ,   an  a p p r e c i a b l e  

a m o u n t   of  A1N  e f f e c t i v e   as  t h e   i n h i b i t o r   c a n n o t   b e  

e n s u r e d .   On  t h e   o t h e r   h a n d ,   when  t h e   c o n t e n t   of   a c i d -  

s o l u b l e   a l u m i n u m   i s   more   t h a n   0 .040%  and  t h e   n i t r o g e n  

c o n t e n t   i s   more   t h a n   0 . 0 1 0 0 % ,   t h e   a c i d - s o l u b l e   a l u m i n u m  

and  n i t r o g e n   a r e   s o l i d - d i s s o l v e d   i n s a t i s f a c t o r i l y .  

O t h e r   known  i n h i b i t o r   e l e m e n t s ,   f o r   e x a m p l e ,   0 . 0 4 %  

or  l e s s   of   s u l f u r   and  s e l e n i u m   and  0.4%  or   l e s s   of  o n e  

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

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

m a t e r i a l .   When  t h e s e   e l e m e n t s   e x c e e d   t h e   m a x i m u m  

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

i s   r e t a r d e d .  



A  h o t - r o l l e d   s t e e l   p l a t e   w h i c h   f u l f i l l s   t h e   c o m p o -  
s i t i o n   r e q u i r e m e n t s   d e s c r i b e d   a b o v e   i s   t h e   s t a r t i n g  
m a t e r i a l   f o r   p r o d u c i n g   a  g r a i n - o r i e n t e d   s i l i c o n   s t e e l  

s h e e t .   The  h o t - r o l l e d   s t e e l   p l a t e   i s   a n n e a l e d ,   i f  

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

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

p l a t e   h e l d   a t   900°C  to   1200°C  f o r   10  to   600  s e c o n d s ,   o r  
1050°C  to   1200°C  f o r   300  s e c o n d s   or   l e s s   f o l l o w e d   b y  

b e i n g   h e l d   a t   800°C  to   1000°C  f o r   30  to   500  s e c o n d s ,   a n d  

c o o l i n g   down  to   100°C  in   5  to   50  s e c o n d s .   The  a n n e a l i n g  

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

f i n e l y   d i s p e r s i n g   t h e   i n h i b i t o r ,   t h e r e b y   e n h a n c i n g   B 1 0 .  
T h i s   s t e p   i s   a l s o   i m p o r t a n t   f o r   p r o v i d i n g   a  c o n d i t i o n   o f  

s t e e l   m a t r i x   a p p r o p r i a t e   f o r   i m p r o v e d   s h a p e   and  d i s t r i -  

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

s t e p .   In  t h e   c a s e   of   a n n e a l i n g   a t   900°C  to   1200°C  f o r  

10  to   600  s e c o n d s ,   t h e   l o w e s t   t e m p e r a t u r e   of   900°C  a n d  

t h e   s h o r t e s t   t i m e   of  10  s e c o n d s   a r e   d e t e r m i n e d   f o r  

p r e v e n t i n g   i n c o m p l e t e   p r e c i p i t a t i o n   of   t h e   i n h i b i t o r .  

The  h i g h e s t   t e m p e r a t u r e   of   1200°C   and  t h e   l o n g e s t  

t i m e   of  600  s e c o n d s   a r e   d e t e r m i n e d   f o r   f a c i l i t a t i n g  

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

p a t t e r n   of   1 0 5 0 ° C   to  1200°C   f o r   300  s e c o n d s   or  l e s s   a n d  

t h e n   800°C  to   1000°C  f o r   30  to   500  s e c o n d s   i s   p a r t i c u l a r -  

ly  a d v i s a b l e   f o r   s t e e l   h a v i n g   a  h i g h   s i l i c o n   c o n t e n t ,  

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

p e r i o d   of   t i m e   a t   a  t e m p e r a t u r e   of   f rom  1050°C  t o  

1 2 0 0 ° C ,   w h i c h   i s   e f f e c t i v e   f o r   d e c o m p o s i n g   S i 3 N 4  ,  
and  t h e n   A1N  and  o t h e r   i n h i b i t o r s   a r e   p r e c i p i t a t e d   i n  

t h e   l a t t e r   h o l d i n g .  

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

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

e n s u r i n g   t h e   m a g n e t i c   p r o p e r t i e s .   When  q u e n c h i n g   d o w n  

to   100°C  f o r   a  t i m e   l e s s   t h a n   5  s e c o n d s ,   t h e   s e c o n d a r y  

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

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

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



o b t a i n   t h e   2  mm  or  l e s s   c i r c l e - e q u i v a l e n t   d i a m e t e r  

g r a i n s .   A  c o o l i n g   t i m e   more  t h a n   50  s e c o n d s   i s   d i s a d v a n -  

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

h a v i n g   a  h i g h   m a g n e t i c   f l u x   d e n s i t y .  

The  a n n e a l e d   s h e e t   i s   p i c k l e d   so  as  to   s u f f i c i e n t l y  

r e m o v e   t h e   s c a l e   f o r m e d   on  t h e   s h e e t   s u r f a c e   and  c o m -  

p l e t e l y   e x p o s e   t h e   s h e e t   s u r f a c e .   The  d e g r e e   of  r e m o v a l  

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

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

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

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

of  i n s u f f i c i e n t   s c a l e   r e m o v a l ,   when  t h e   s h e e t - t h i c k n e s s  

i s   t h i n .  

The  p r e f e r r e d   t h i c k n e s s   of   t h e   h o t - r o l l e d   s t e e l  

s t r i p   i s   in   t h e   r a n g e   of  f rom  1 .6   to   2 .5   mm.  T h e  

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

t he   s h e e t   t h i c k n e s s   of   t h e   p r o d u c t .   Fo r   e x a m p l e ,   w h e n  

t h e   s i l i c o n   c o n t e n t   i s   more  t h a n   3 . 5 % ,   t h e   h o t - r o l l e d  

s t e e l   s t r i p   i s   d e s i r a b l y   t h i n   in   t h e   l i g h t   of  t h e  

b e n d i n g   e m b r i t t l e m e n t .   When  t h e   p r o d u c t   i s   t h i n ,   s u c h  

as  a p p r o x i m a t e l y   0 . 1 5   mm,  d o u b l e - s t a g e   c o l d - r o l l i n g   i s  

c a r r i e d   o u t   and  t h e   h o t - r o l l e d   s t e e l   s t r i p   m u s t   h a v e   a  

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

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

f rom  0 . 1 5   to   0 . 2 3   mm  i s   o b t a i n e d .   The  s c r e w - d o w n   d e g r e e  

a t   t h e   f i n a l   c o l d - r o l l i n g   i s   f r om  81%  to  93%.  I f   t h e  

s c r e w   down  d e g r e e   i s   l e s s   t h a n   81%,  B 1 0  >   1 .89   T  i s  

d i f f i c u l t   to   o b t a i n .   On  t h e   o t h e r   h a n d ,   i f   t h e   s c r e w -  

down  d e g r e e   i s   more   t h a n   93%,  s t a b l e   s e c o n d a r y   r e c r y s t a -  

l l i z a t i o n   b e c o m e s   d i f f i c u l t .  

The  known  d e c a r b u r i z a t i o n   a n n e a l i n g   i s   t h e n   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  f rom  800°C  to  8 6 0 ° C .   U s u a l l y ,   t h e  

d e c a r b u r i z a t i o n - a n n e a l i n g   t i m e   is   s h o r t   when  t h e   s h e e t  

t h i c k n e s s   i s   t h i n .   H o w e v e r ,   in  t h e   p r e s e n t   i n v e n t i o n ,   a  

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

is   p r e f e r r e d   so  as  to   d e c r e a s e   t h e   c a r b o n   c o n t e n t   to   a  



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

An  a n n e a l i n g   s e p a r a t o r   m a i n l y   c o m p o s e d   of  MgO  i s  

t h e n   a p p l i e d   on  t h e   d e c a r b u r i z a t i o n - a n n e a l e d   s h e e t  

s u r f a c e ,   and  t h e   f i n i s h i n g   a n n e a l i n g   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   1150°C  or  more  f o r   10  h o u r s   or  m o r e .  
The  s o a k i n g   t i m e   of  t h e   f i n i s h i n g   a n n e a l i n g   i s  

p r e f e r a b l y   30%  to   50%  l o n g e r   t h a n   t h e   c o n v e n t i o n a l   o n e  

so  as  to   t h o r o u g h l y   p u r i f y   n i t r o g e n   and  s u l f u r .  

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

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

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

c a r r i e d   o u t   so  as  n o t   to   g e n e r a t e   t h e r m a l   s t r a i n   in   t h e  

s t e e l   s h e e t ,   b e c a u s e ,   due  to   t h e   t h i n   s h e e t - t h i c k n e s s ,  

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

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

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

to   c o m p r e s s i o n   s t r e s s .  

I n c i d e n t a l l y ,   when  t h e   c o n t e n t   of   a c i d - s o l u b l e  

a l u m i n u m   i s   0 .027%  or   more   in   t h e   s t e e l   s t r i p ,   t h e  

d e c a r b u r i z a t i o n - a n n e a l e d   s t e e l   s t r i p   i s   a d v i s a b l y   h e l d  

a t   a  t e m p e r a t u r e   r a n g e   of   f rom  900°C  to   11000C  f o r   a  

t i m e   p e r i o d   of  f rom  1  to   1000  s e c o n d s .   T h i s   h e a t -  

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

of  s e c o n d a r y   r e c r y s t a l l i z a t i o n   of   t h e   t h i n ,   0 . 1 5   t o  

0 . 2 3   mm  t h i c k   s h e e t   p r o d u c t   by  t h e   t h i n   s h e e t   t h i c k n e s s .  

T h i s   h e a t - t r e a t m e n t   t h u s   makes   i t   p o s s i b l e   to   e a s i l y  

o b t a i n   a  h i g h   B10  v a l u e .   I t   a p p e a r s   t h a t ,   s i n c e   t h e  

t e m p e r a t u r e   of   t h i s   h e a t   t r e a t m e n t   i s   h i g h e r   t h a n   t h e  

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

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

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

h i g h   and  t h e   t i m e   i s   e x c e s s i v e l y   l o n g ,   t h e   i n h i b i t o r  

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

b e c o m e s   d i f f i c u l t .  

F i g .   5A  shows  t h e   m a c r o s t r u c t u r e   of  t h e   p r o d u c t  

p r o d u c e d   by  t h e   a b o v e - d e s c r i b e d   p r o c e s s .   F i g u r e   5B 

shows  t h e   m a c r o s t r u c t u r e   of   t h e   p r o d u c t   p r o d u c e d   by  a  



c o n v e n t i o n a l   p r o c e s s .   P a r t i c u l a r s   of  t h e s e   p r o d u c t s  

f o l l o w :  

As  i s   a p p a r e n t   f r o m   F i g s .   5A  and  5B,  f i n e   and  c o a r s e  

g r a i n s   a r e   d i s p e r s e d   and  f i n e   g r a i n s   a r e   s e p a r a t e d   f r o m  

e a c h   o t h e r   by  c o a r s e   g r a i n s   in  t h e   p r o d u c t   of  p r e s e n t  
i n v e n t i o n   ( F i g .   5A) ,   w h i l e   t h e   f i n e   g r a i n s   c l u s t e r   i n  

t h e   c o n v e n t i o n a l   p r o d u c t   ( F i g .   5 B ) .  

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

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

e f f e c t i v e   f o r   f u r t h e r   l e s s e n i n g   t h e   w a t t - l o s s .   In  t h i s  

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

s c r e w - d o w n   r a t i o   of  f r o m   81%  to   93%  so  as  to   o b t a i n   t h e  

s h e e t   t h i c k n e s s   of   f rom  0 . 1 5   to   0 . 2 3   mm.  B e t w e e n   t h e  

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

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

i t   to   a  t e m p e r a t u r e   r a n g e   of  f rom  150°C  to   300°C  f o r   30  

s e c o n d s   or   m o r e .   H e a t - t r e a t m e n t   c a r r i e d   o u t   u n d e r   t h e  

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

S F  o f   l e s s   t h a n   0 . 6 0 .   The  maximum  p a s s e s   of  t h e   f i n a l  

c o l d - r o l l i n g   s t e p   a r e   e i g h t   f rom  a  p r a c t i c a l  p o i n t   o f  

v i e w ,   s i n c e   more   p a s s e s   a r e   w a s t e f u l .  

The  p r e s e n t   i n v e n t i o n   i s   h e r e i n a f t e r   e x p l a i n e d   b y  

way  of   e x a m p l e s .  

E x a m p l e   1 

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



f u r n a c e .   The  i n g o t s   c o n t a i n e d   s i l i c o n   in  an  a m o u n t  

of  f rom  1.1%  to   3 .6%,   c a r b o n   in   an  a m o u n t   of   f r o m  

0 .0055%  to   0 . 0 7 1 % ,   and  d i f f e r e n t   a m o u n t s   of   a c i d - s o l u b l e  

a l u m i n u m ,   n i t r o g e n ,   m a n g a n e s e ,   s u l f u r ,   and  s e l e n i u m .  

The  p r i n c i p a l   i n h i b i t o r   was  A1N.  

The  i n g o t s   w e r e   h e a t e d   to   1 3 5 0 ° C   and  t h e n   h o t - r o l l e d  

to  a  s h e e t - t h i c k n e s s   of   2 .0   mm.  The  c o m p o s i t i o n   of  h o t -  

r o l l e d   s h e e t s   i s   shown  in  t h e   l e f t   c o l u m n   of   T a b l e   2 .  

The  h o t - r o l l e d   s h e e t s   w e r e   d i v i d e d   i n t o   two  g r o u p s   X,  Y ,  

f o r   e a c h   c h a r g e .   The  h o t - r o l l e d   s h e e t s   of  t h e   Y  g r o u p  
were   p i c k l e d .   The  h o t - r o l l e d   s h e e t s   of   t h e   X,  Y  g r o u p s  
were   c o l d - r o l l e d   to   a  t h i c k n e s s   of   1 .4   mm  and  s u b s e -  

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

was  s e t   a t   1 1 4 0 ° C .   As  soon   as  t h e   t e m p e r a t u r e   of  t h e  

s t e e l   s h e e t s   r o s e   to   1 1 3 5 ° C ,   t h e   s t e e l   s h e e t s   w e r e  

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

to   9 3 0 ° C .   The  s t e e l   s h e e t s   w e r e   k e p t   in   t h e   f u r n a c e   f o r  

100  s e c o n d s   and  t h e n   i m m e r s e d   in   h o t   w a t e r   of   70°C  t o  

c o o l .   A f t e r   t h e   a b o v e   s t e p s ,   t h e   s t e e l   s h e e t s   w e r e  

f u r t h e r   d i v i d e d   i n t o   U  and  V  g r o u p s   a t   to   c a r r y   o u t   t w o  

k i n d s   of   p i c k l i n g .   In  t h e   U  g r o u p ,   t h e   a p p e a r a n c e   o f  

t h e   s t e e l   s h e e t s   was  c h e c k e d   in   t h e   c o u r s e   of   p i c k l i n g  

to   d e t e c t   t h e   t i m e   a t   w h i c h   t h e   s c a l e   d i s a p p e a r .   T h e  

p i c k l i n g   was  c a r r i e d   o u t   t w i c e .   In  t h e   V  g r o u p ,   t h e  

p i c k l i n g   was  c a r r i e d   o u t   f o r   a  t i m e   p e r i o d   of  a p p r o x i -  

m a t e l y   7 / 1 0   t i m e   t h e   t i m e   a t   w h i c h   t h e   s c a l e   a p p a r e n t l y  

d i s a p p e a r s .   S u b s e q u e n t l y ,   t h e   c o l d - r o l l i n g   was  c a r r i e d  

o u t .   The  s h e e t   of  t h e   X  g r o u p   and  Y  g r o u p   w e r e   c o l d -  

r o l l e d   to   0 . 2 3   mm  and  0 . 1 8   mm,  r e s p e c t i v e l y .   The  s h e e t s  

we re   i m m e r s e d   in   an  i s o t h e r m a l   t a n k   of  250°C  f o r  

20  m i n u t e s   in   t h e   c o u r s e   of  c o l d - r o l l i n g   to   0 . 1 7   mm, 

0 . 1 2   mm,  0 . 0 7   mm,  and  0 . 0 4   mm  w i t h   r e g a r d   to   t h e   X  g r o u p  
and  1 .1   mm,  0 . 0 7   mm,  and  0 . 0 4   mm  w i t h   r e g a r d   to  t h e   Y 

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

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

a t   800°C  f o r   300  s e c o n d s   in  a  w e t - h y d r o g e n   s t r e a m .  

A f t e r   c o o l i n g   down  to  room  t e m p e r a t u r e ,   MgO  was  a p p l i e d  



on  t h e   s t e e l   s h e e t .   The  s t e e l   s h e e t s   we re   t h e n   h e a t e d  

to  1200°C  a t   a  t e m p e r a t u r e - e l e v a t i o n   r a t e   of  20°C  p e r  

h o u r ,   and  t h e n   p u r i f i c a t i o n - a n n e a l e d   a t   1200°C  f o r  

25  h o u r s .   A f t e r   f u r n a c e - c o o l i n g   down  to   room  t e m p e r -  

a t u r e ,   t h e   r e s i d u a l   MgO  was  r i n s e d   w i t h   w a t e r .  

I n s u l a t i v e   t e n s i o n   c o a t i n g ,   known  f rom  J a p a n e s e   E x a m i n e d  

P a t e n t   P u b l i c a t i o n   No.  5 3 - 2 8 3 7 5 ,   was  a p p l i e d   on  t h e  

s t e e l   s h e e t .   The  i n s u l a t i v e   t e n s i o n   c o a t i n g   was  b a k e d  

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

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

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

c o a t i n g   and  t h e   i n s u l a t i v e   c o a t i n g   was  m e a s u r e d .   A f t e r  

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

i n v e s t i g a t e d   to   d e t e r m i n e   t h e   n u m b e r   of   2  mm  or  l e s s  

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

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

of   t h e   2  mm  or   l e s s   c i r c l e - e q u i v a l e n t   d i a m e t e r   g r a i n s .  

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

a n a l y z e d .  

The  r e s u l t s   a r e   g i v e n   in   T a b l e   2 .  





E x a m p l e   2 

The  same  e x p e r i m e n t s   as  t h e   c o m p o s i t i o n   C  a n d  

Group   U  w e r e   c a r r i e d   o u t   e x c e p t   f o r   an  a d d i t i o n a l   s t e p  

d i r e c t l y   a f t e r   t h e   d e c a r b u r i z a t i o n - a n n e a l i n g .   In  t h e  

a d d i t i o n a l   s t e p ,   t h e   s t e e l   s h e e t s   w e r e   h e l d   a t   970°C  f o r  

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

a t m o s p h e r e   was  e s t a b l i s h e d .  

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

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

C  c o m p o n e n t   and  U  g r o u p   of   E x a m p l e   1,  i t   i s   a p p a r e n t  
t h a t   B10  i s   e n h a n c e d   and  W17/50  i s   i m p r o v e d   b y  

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

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

E x a m p l e   3 

A  n u m b e r   of   2 .3   mm  t h i c k   h o t - r o l l e d   s h e e t s   c o n -  

t a i n i n g   2.5%  to   4.3%  s i l i c o n ,   0 .04%  to   0.09%  c a r b o n ,  

0 .020%  to   0 .032%  a c i d - s o l u b l e   a l u m i n u m ,   0 .0050%  t o  

0 .0100%  n i t r o g e n ,   0 .050%  to   0 .150%  m a n g a n e s e ,   0 .014%  t o  

0 .035%  s u l f u r ,   0.08%  to   0.15%  c o p p e r   and  0.05%  to  0 . 2 0 %  

t i n   w e r e   p r e p a r e d .   The  h o t - r o l l e d   s h e e t s   w e r e   a n n e a l e d  

by  one  of   t h e   f o l l o w i n g   h e a t   c y c l e s :   h o l d i n g   a t   1 1 5 0 ° C  

f o r   30  s e c o n d s ,   t h e n   h o l d i n g   a t   900°C  f o r   1  m i n u t e ,   a n d  

w a t e r - c o o l i n g   down  to  100°C  in  20  to   30  s e c o n d s ;   a n d  

h o l d i n g   a t   1150°C  f o r   30  s e c o n d s ,   t h e n   h o l d i n g   a t   9 0 0 ° C  

f o r   1  m i n u t e ,   and  a i r - c o o l i n g   down  to  100°C  in  60  t o  

70  s e c o n d s .   The  s h e e t s   w e r e   t h e n   c o l d - r o l l e d   down  t o  

0 . 2 1   mm  or   0 . 1 8   mm  in  f i v e   p a s s e s   w i t h   or  w i t h o u t  

i n t e r m e d i a t e   h e a t - t r e a t m e n t .   In  t h e   c a s e   of  h e a t -  

t r e a t m e n t ,   t h e   s t e e l   s h e e t   w e r e   i m m e r s e d ,   t h r e e   t i m e s ,  



in   an  i s o t h e r m a l   b a t h   of  250°C  f o r   20  m i n u t e s .   S u b s e -  

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

of  a n n e a l i n g   s e p a r a t o r   w e r e   c a r r i e d   o u t   by  a  k n o w n  

m a n n e r .   In  t h e   f i n i s h i n g   a n n e a l i n g ,   t h e   a n n e a l i n g  

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

10%  N 2  -   90%  H2  or   80%  N2  -20%  H2.  The  t e n s i o n  

c o a t i n g   known  f rom  J a p a n e s e   E x a m i n e d   P a t e n t   P u b l i c a t i o n  

No.  5 3 - 2 8 3 7 5  w a s   a p p l i e d   on  t h e   s t e e l   s h e e t s .   T h u s ,  

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

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

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

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

of  f l u o r i c   a c i d   and  n i t r i c   a c i d ,   and  t h e   ND  and  SF  o f  

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

m e a s u r e d   by  u s i n g   an  i m a g e - a n a l y z i n g   p r o c e s s o r .   T h e  

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

t h e   s t e e l   w e r e   m e a s u r e d .   The  r e s u l t s   a r e   g i v e n   i n  

T a b l e   3 .  





S a m p l e   Nos .   10,  11,  and  12,   in   w h i c h   t h e   c o o l i n g  

t i m e   in   t h e   a n n e a l i n g   of  t h e   h o t - r o l l e d   s h e e t s   d i d   n o t  

f a l l   w i t h i n   t h e   r a n g e   of  t h e   p r e s e n t   i n v e n t i o n ,   e x h i b i t e d  

an  SF  of   more   t h a n   0 . 6 0   and  h i g h   W 1 7 / 5 0 .   S a m p l e s   Nos .   2 

and  6,  in   w h i c h   no  h e a t - t r e a t m e n t   b e t w e e n   t h e   c o l d -  

r o l l i n g   p a s s e s   was  c a r r i e d   o u t ,   e x h i b i t e d   a  g r e a t   S F .  

W17/50  of   S a m p l e   Nos .   2  and  6  e x c e e d e d   t h e   l e v e l   o f  

0 . 8 8   w / k g .   S a m p l e   N o .  4   (80%  N2  and  20%  H2)  d i d   n o t  

a t t a i n   an  S F   of   0 . 6 0   or   l e s s .   S a m p l e   Nos .   7  and  9 ,  

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

c o n t e n t s   e x c e e d e d   t h e   l e v e l   of  t h e   p r e s e n t   i n v e n t i o n ,  

a t t a i n e d   a n  S F   of  0 . 6 0   or   l e s s   b u t   e x h i b i t e d   a  h i g h  

W 1 7 / 5 0 .   C o n t r a r y   to   t h e   a b o v e   s a m p l e s ,   S a m p l e s   1,  3 ,  

5,  and  8  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 t t a i n e d  

W 1 7 / 5 0  <   0 . 8 6 .  



1.  A  g r a i n - o r i e n t e d   s i l i c o n   s t e e l   s h e e t ,   c o n -  

t a i n i n g   f rom  2.3%  to   4.3%  of  s i l i c o n   and  0 .0020%  or   l e s s  

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

s h e e t   t h i c k n e s s   of  f rom  0 . 1 5   to   0 . 2 3   mm,  c h a r a c t e r i z e d  

in  t h a t   c r y s t a l   g r a i n s   h a v i n g   2  mm  or  l e s s   c i r c l e - e q u i v a -  

l e n t   d i a m e t e r s   a r e   p r e s e n t   in  an  a m o u n t   of  f rom  15%  t o  

70%  by  a r e a   b a s e d   on  t h e   t o t a l   c r y s t a l   g r a i n s ;   in  t h a t  

an  a v e r a g e   v a l u e   n e a r e s t   i n t e r g r a i n   d i s t a n c e   (ND)  o f  

s a i d   c r y s t a l   g r a i n s   of   2  mm  or  l e s s   c i r c l e - e q u i v a l e n t  
d i a m e t e r   i s   f rom  2 .0   to   8 .0   mm  (ND  =  2 .0   to   8 .0  mm) ;  

B10 @  1 . 8 9  T   and  W  <   0 . 8 8   w / k g .  
2.  A  g r a i n - o r i e n t e d   s i l i c o n   s t e e l   s h e e t   a c c o r d i n g  

to  c l a i m   1,  c h a r a c t e r i z e d   in   t h a t   t h e   t o t a l   c r y s t a l  

g r a i n s   i n c l u d i n g   s a i d , c r y s t a l   g r a i n s   of   2  mm  or   l e s s  

c i r c l e - e q u i v a l e n t   d i a m e t e r   h a v e   a  g r a i n - b o u n d a r y   s h a p e  
w h i c h   i s   i n d i c a t e d  b y   0 . 6 0   or   l e s s   of   an  a v e r a g e   SF  w i t h  

r e g a r d   to  t h e   t o t a l   c r y s t a l   g r a i n s ,   SF  b e i n g   d e f i n e d   b y :  

3.  A  g r a i n - o r i e n t e d   s i l i c o n   s t e e l   s h e e t   a c c o r d i n g  

to   c l a i m   1  or   2,  h a v i n g ,   in   t h e   s t e e l   s h e e t ,   r e s i d u a l  

t e n s i o n a l   s t r e s s   of   f r o m   0 . 2 0   to   1 .0   kg /mm2,   m e a s u r e d  

b e f o r e   any  s t r e s s - r e l i e f   a n n e a l i n g .  

4.  A  p r o c e s s   f o r   p r o d u c i n g   a  g r a i n - o r i e n t e d  

s i l i c o n   s t e e l   s h e e t   a c c o r d i n g   to   c l a i m   1,  2,  or   3 ,  

c h a r a c t e r i z e d   by  h o t - r o l l i n g   s t a r t i n g   m a t e r i a l   c o n s i s t i n g  

of  f rom  0.02%  to   0.10%  c a r b o n ,   f rom  2.3%  to   4.3%  s i l i c o n ,  

f rom  0.04%  to   0.4%  t i n ,   f r om  0 .015%  to   0 .040%  a c i d -  

s o l u b l e   a l u m i n u m ,   f rom  0 .0040%  to  0 .0100%  n i t r o g e n ,   f r o m  

0 .030%  to  0 .150%  m a n g a n e s e ,   f rom  0 .015%  to   0.04%  s u l f u r ,  

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

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

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

by  (a)  h o l d i n g   a  t e m p e r a t u r e   r a n g e   of   f rom  900°C  t o  

1200°C  f o r   10  to   600  s e c o n d s   or  (b)  h o l d i n g   a  t e m p e r -  



a t u r e   r a n g e   of   f rom  1050°C   to   1200°C  f o r   300  s e c o n d s   o r  

l e s s ,   f o l l o w e d   by  c o o l i n g   down  to  100°C  in  a  t i m e   of   5 

to   50  s e c o n d s ;   p i c k l i n g ;   f i n a l l y   c o l d - r o l l i n g   a t   a  

s c r e w - d o w n   r a t i o   of   f r o m   81%  to   93%,  t h e r e b y   o b t a i n i n g   a  

c o l d - r o l l e d   s h e e t   h a v i n g  a   f i n a l   t h i c k n e s s   of   f rom  0 . 1 5  

to  0 . 2 3   mm;  d e c a r b u r i z a t i o n - a n n e a l i n g ;   a p p l y i n g   on  t h e  

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

of  MgO;  and  f i n i s h - a n n e a l i n g ,   t h e r e b y   o b t a i n i n g   a  

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

0 . 8 8  W17/50  @  0 . 8 8   w / k g .  

5.  A  p r o c e s s   a c c o r d i n g   to   c l a i m   4,  w h e r e i n   s a i d  

s t a r t i n g   m a t e r i a l   f u r t h e r   c o n t a i n s   0.4%  or  l e s s   of   a t  

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

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

s e l e n i u m .  

6.  A  p r o c e s s   a c c o r d i n g   to   c l a i m   4,  w h e r e i n   t h e  

s t e e l   s h e e t   i s   h e a t e d ,   a t   l e a s t   t w i c e ,   b e t w e e n   p a s s e s   o f  

t h e   c o l d   r o l l i n g   to   a  t e m p e r a t u r e   r a n g e   of   f rom  150°C  t o  

300°C  and  in  m a i n t a i n e d   in   s a i d   t e m p e r a t u r e   r a n g e   f o r   a  

t i m e   p e r i o d   of  a t   l e a s t   30  s e c o n d s .  

7.  A  p r o c e s s   a c c o r d i n g   to   c l a i m   6,  w h e r e i n   t h e  

d e c a r b u r i z a t i o n - a n n e a l e d   s t e e l   s h e e t   i s   h e l d ,   b e f o r e  

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

f rom  900°C  to   1 1 0 0 ° C   f o r   a  t i m e   p e r i o d   of  f rom  1  t o  

1000  s e c o n d s .  



a ture   range  of  from  1050°C  to  1200°C  for  300  seconds  or  l e s s ,  

fo l lowed  by  coo l ing   down  to  100°C  in  a  time  of  5  to  50  s e c o n d s ;  

p i c k l i n g ;   f i n a l l y   c o l d - r o l l i n g   at  a  screw-down  r a t i o   of  from  18%  t o  

93%,  the reby   o b t a i n i n g   a  c o l d - r o l l e d   shee t   having  a  f i n a l   t h i c k n e s s  

of  from  0.15  to  0.23  mm;  d e c a r b u r i z a t i o n - a n n e a l i n g   so  as  to  ob ta in   i n  

the  f i n a l   p roduc t   the  C  con ten t   of  0.0020%  or  l e s s ;   app ly ing   on  t h e  

shee t   s u r f a c e   an  a n n e a l i n g   s e p a r a t o r   mainly  composed  of  MgO;  and  

f i n i s h - a n n e a l i n g ,   the reby   o b t a i n i n g   a  g r a i n - o r i e n t e d   s i l i c o n   s t e e l  

sheet   having  w a t t - l o s s   W17/50 @  0.88  w/kg .  

5.  A  p rocess   acco rd ing   to  Claim  4,  wherein  sa id   s t a r t i n g  

m a t e r i a l   f u r t h e r   c o n t a i n s   0.4%  or  l ess   of  at  l e a s t   one  i n h i b i t o r  

element  s e l e c t e d   from  the  group  c o n s i s t i n g   of  antimony,  c o p p e r ,  

a r s e n i c ,   b ismuth ,   and  s e l e n i u m .  

6.  A  p rocess   acco rd ing   to  Claim  4,  wherein  the  s t e e l   s h e e t  

is  hea ted ,   at  l e a s t   twice ,   between  passes   of  the  cold  r o l l i n g   to  a  

t e m p e r a t u r e   range  of  from  150°C  to  300°C  and  in  ma in t a ined   in  s a i d  

t e m p e r a t u r e   range  for  a  time  pe r iod   of  at  l e a s t   30  s e c o n d s .  

7.  A  p roces s   acco rd ing   to  Claim  6,  wherein  the  d e c a r b u r i z a t i o n -  

annealed   s t e e l   shee t   is  held ,   be fore   the  f i n i s h i n g   a n n e a l i n g ,   in  a  

t e m p e r a t u r e   range  of  from  900°C  to  1100°C  for  a  time  p e r i o d  o f   f rom 

1  to  1000  s e c o n d s .  
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