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Method  of  producing  two-phase  separation  type  Fe-Cr-Co  series  permanent  magnets. 
5t)  A  method  of  producing  a  two-phase  separation  type  Fe- 
>-Co  series  permanent  magnet  is  disclosed,  which  compris- 
ss  forming  a  rapidly  solidified  tape  or  a  thin  sheet  from  a  melt 
laving  an  alloy  composition  of  Fe100  «  vCr„Cov  or  Feioo-K  V. Cr.COyM,  and  subjecting  to  a  heat  treatment.  In  this  case, 
Jermanent  magnets  having  excellent  magnetic  properties  in 
my  direction  among  the  longitudinal,  widthwise  and  thick- 
less  directions  can  be  produced  by  performing  the  heat  treat-  F l f *   A  
nent  under  particular  conditions.  *  '  * Comparative  Example 
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6 0 - 2 0 4 , 3 0 0   c o m b .  

METHOD  OF  PRODUCING  TWO-PHASE 
SEPARATION  TYPE  F e - C r - C o   SERIES  PERMANENT  MACNfTo 

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

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

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

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

05  p r o p e r t i e s .  

P e r m a n e n t   m a g n e t s   a re   m a t e r i a l s   c a p a b l e   o f  

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

e l e c t r i c a l   e n e r g y   irora  the  o u t s i d e ,   w h i c h   a re   u s u a l l y  

e v a l u a t e d   by  a  maximum  e n e r g y   p r o d u c t   (BH)max.   In  o r d e r  

10  to  i n c r e a s e   the   v a l u e   of  (BH)max,   i t   is  n e c e s s a r y   t o  

make  a  c o e r c i v e   f o r c e   He  and  a  r e s i d u a l   m a g n e t i c   f l u x  

d e n s i t y   Br  as  l a r g e   as  p o s s i b l e .  

In  t h i s   c o n n e c t i o n ,   the   r e l a t i o n   among  t h e s e  

p a r a m e t e r s   is   shown  in  F i g .   1,  f rom  w h i c h   i t   can  b e  

15  s e e n   t h a t   the   l a r g e r   v a l u e s   of  Br  and  He  become  b e t t e r  

in  the   p e r m a n e n t   m a g n e t .   He  is  a  m e a s u r e   fo r   m a g n e t i c  

f o r c e   r e t a i n i n g   Br  a g a i n s t   d e m a g n e t i z i n g   f i e l d .  

(BH)max  is  a  maximum  v a l u e   on  an  e n e r g y   p r o d u c t   c u r v e  

o b t a i n e d   by  c a l c u l a t i n g   p r o d u c t   of  B  and  H  at  a  d e m a g -  

20  n e t i z a t i o n   c u r v e   in  a  s e c o n d   q u a d r a n t   of  F ig .   1,  w h i c h  

means  a  maximum  v a l u e   of  e n e r g y   pe r   u n i t   vo lume   b o r n   b y  

the   m a g n e t .  

L a t e l y ,   the   p r o d u c t i o n   of  p e r m a n e n t   m a g n e t s  

is   on  the   i n c r e a s e   w i t h   the  a d v a n c e   of  e l e c t r o n   t e c h n i c s .  
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F u r t h e r ,   t h e s e   p e r m a n e n t   m a g n e t s   a r e   u s e d   o v e r   w i d e  

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

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

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

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

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

h y s t e r e s i s   m o t o r   and  so  o n .  

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

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

10  b r i t t l e   as  in  a l n i c o   m a g n e t ,   f e r r i t e   m a g n e t   and  r a r e  

e a r t h   s e r i e s   m a g n e t .   For   t h i s   r e a s o n ,   t h e r e   i s   a  g r e a t  

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

m a g n e t s .   For   i n s t a n c e ,   t he   p r o d u c t i o n   of  a l n i c o   m a g n e t  

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

15  of   f e r r i t e   and  r a r e   e a r t h   s e r i e s   m a g n e t s   i s   r e s t r i c t e d  

to  a  p o w d e r   s i n t e r i n g   p r o c e s s .   For   t h i s   r e a s o n ,   t h e s e  

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

s h a p e d   i n t o   b l o c k s   f rom  a  v i e w p o i n t   of   p r o d u c t i o n  

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

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

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

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

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

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

25  the   a l n i c o ,   f e r r i t e   and  r a r e   e a r t h   s e r i e s   m a g n e t s .  

R e c e n t l y ,   F e - C r - C o   s e r i e s   a l l o y s   a r e   d e s c r i b e d  

in  J a p a n e s e   P a t e n t   l a i d   open   No.  5 9 - 8 3 7 5 1   a r e   l a r g e l y  

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



-  3  -  
0 2 1 6 4 5 7  

h a v e   an  e n e r g y   p r o d u c t   (BH)max  l a r g e r   t h a n   t h a t   of  t h e  

c o n v e n t i o n a l   e a s y - w o r k a b l e   c u n i f e ,   c u n i c o   and  v i c a l l o y  

m a g n e t s .   H o w e v e r ,   (BH)max  of   t he   F e - C r - C o   s e r i e s   a l l o y  

is   s t i l l   low  as  c o m p a r e d   w i t h   t h a t   of  t he   a l n i c o   a n d  

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

f u r t h e r   i m p r o v e   the   p r o p e r t i e s   of  the   F e - C r - C o   s e r i e s  

a l l o y .  

I t   i s ,   t h e r e f o r e ,   an  o b j e c t   of  t he   i n v e n t i o n  

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

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

t w o - p h a s e   s e p a r a t i o n   t y p e   F e - C r - C o   s e r i e s   p e r m a n e n t  

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

p r o p e r t i e s   . 

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

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

t y p e   F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t ,   w h i c h   c o m p r i s e s  

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

ing   f o r m u l a :  

F e 1 0 0 - x - y C r x C o y  

F e 1 0 0 - x - y - z C r x C o A  

,  w h e r e i n   M  is   at   l e a s t   one  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  Ti  ,  Zr ,   V,  Nb,  Ta,   Mo,  B,  W,  A£  , 

Cu,  S i ,   Sn,  P,  Mn,  Zn,  Be,  Hf  and  r a r e   e a r t h   e l e m e n t s ,  

x  is   3  to  40  wt%,  y  i s   2  to  40  wt%  and  z  is   0 . 0 1   t o  

35  wt%  in  t o t a l ,   s u b j e c t i n g   the   r e s u l t i n g   m e l t   t o  
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a  r a p i d   s o l i d i f i c a t i o n   p r o c e s s   to  l o r a   «*  m c t d x n ,  

or  to  u s u a l   i n g o t   m a k i n g -   s l a b b i n g   or   c o n t i n u o u s   c a s t i n g ,  

ho t   r o l l i n g   and  c o l d   r o l l i n g   p r o c e s s   to  fo rm  a  t h i n  

s h e e t ,   and   t h e n   s u b j e c t i n g   t he   r e s u l t i n g   t a p e   or   s h e e t  

>  to  a  h e a t   t r e a t m e n t   w i t h i n   a  g i v e n   t e m p e r a t u r e   r a n g e .  

In  a  f i r s t   p r e f e r r e d   e m b o d i m e n t   of  t h e  

i n v e n t i o n ,   t he   F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t s   h a v i n g  

a  h i g h l y   a l i g n e d   { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   a r e   p r o d u c e d   b y  

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

0  at   a  d r a f t   of  30-95%  p r i o r   to  t he   h e a t   t r e a t m e n t   a n d  

t h e n   p e r f o r m i n g   the   h e a t   t r e a t m e n t   t h a t   t h e   r o l l e d   t a p e  

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

at   a  t e m p e r a t u r e   of  8 0 0 - 1 3 0 0 ° C ,   a  t w o - p h a s e   s e p a r a t i o n  

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

5  6 0 0 - 7 5 0 ° C   and  an  age  a n n e a l i n g   a t   a  t e m p e r a t u r e   b e l o w  

the   s e p a r 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   in   t h i s   o r d e r .  

In  t he   s e c o n d   p r e f e r r e d   e m b o d i m e n t   of  t h e  

i n v e n t i o n ,   t he   F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t s   h a v i n g  

a  h i g h l y   a l i g n e d   { 1 0 0 } < 0 1 1 >   o r i e n t a t i o n   a r e   p r o d u c e d   b y  

>0  r o l l i n g   t h e   t a p e   or  s h e e t   of   t he   a b o v e   a l l o y   c o m p o s i t i o n  

at  a  d r a f t   of  n o t   l e s s   t h a n   40%  p r i o r   to  t h e   h e a t  

t r e a t m e n t   and  t h e n   s u b j e c t i n g   t he   r o l l e d   t a p e   or   s h e e t  

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

a n n e a l i n g   a t   a  t e m p e r a t u r e   of  5 0 0 - 7 5 0 ° C   as  t he   h e a t  

25  t r e a t m e n t .  

In  a  t h i r d   p r e f e r r e d   e m b o d i m e n t   of  t h e  

i n v e n t i o n ,   t he   F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t s   h a v i n g  

e a s y   m a g n e t i z a t i o n   a x e s   in  r a d i a l   d i r e c t i o n   of   t h e i r  
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p l a n e   a r e   p r o d u c e d   by  s u b j e c t i n g   t h e   t a p e   or   s h e e t   o f  

—  the   a b o v e   a l l o y   c o m p o s i t i o n   to  a  t w o - p h a s e   s e p a r a t i o n  

a n n e a l i n g   a t   a  t e m p e r a t u r e   of   6 0 0 - 7 5 0 ° C   in  a  m a g n e t i c  

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

05  a p p l i e d   to  t he   t a p e   or  s h e e t   in  a  p l a n e   p a r a l l e l   t h e r e t o  

and  an  age  a n n e a l i n g   a t   a  t e m p e r a t u r e   b e l o w   the   s e p a r 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   in  t h i s   o r d e r   as  the   h e a t  

t r e a t m e n t   . 

In  a  f o u r t h   p r e f e r r e d   e m b o d i m e n t   of  t h e  

10  i n v e n t i o n ,   t he   F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t s   h a v i n g  

a  h i g h l y   a l i g n e d   { 1 0 0 } < 0 0 1 >   o r i e n t a t i o n   a r e   p r o d u c e d   b y  

s u b j e c t i n g   t he   t a p e   or  h o t - r o l l e d   s h e e t   of  the   a b o v e  

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

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

15  t h a n   10%  and  a  s e c o n d   d r a f t   of   5 0 - 8 0 %   p r i o r   to  the   h e a t  

t r e a t m e n t   and  t h e n   p e r f o r m i n g   t he   h e a t   t r e a t m e n t   t h a t  

t he   r o l l e d   t a p e   or   s h e e t   i s   s u b j e c t e d   to  a  r e c r y s t a l -  

l i z a t i o n   a n n e a l i n g   at   a  t e m p e r a t u r e   of   8 0 0 - 1 3 0 0 ° C   a n d  

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

20  a t   a  t e m p e r a t u r e   of  5 0 0 - 7 5 0 ° C .  

In  a  f i f t h   p r e f e r r e d   e m b o d i m e n t   of  t h e  

i n v e n t i o n ,   the   F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t s   h a v i n g  

an  e a s y   m a g n e t i z a t i o n   a x i s   in  a  d i r e c t i o n   p e r p e n d i c u l a r  

to  p l a n e   a r e   p r o d u c e d   by  s u b j e c t i n g   the   t a p e   of  t h e  

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

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

6 0 0 - 7 5 0 ° C   w h i l e   a p p l y i n g   the   m a g n e t i c   f i e l d   in  a  d i r e c -  

t i o n   p e r p e n d i c u l a r   to  the   p l a n e   of   t he   t a p e   and  an  a g e  
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a n n e a l i n g   a t   a  t e m p e r a t u r e   b e l o w   t h e   s e p a r 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   in  t h i s   - o r d e r   as  t he   h e a t  

t r e a t m e n t .  

The  i n v e n t i o n   w i l l   be  d e s c r i b e d   w i t h   r e f e r e n c e  

35  to  t h e   a c c o m p a n y i n g   d r a w i n g s ,   w h e r e i n :  

F i g .   1  i s   a  g r a p h   s h o w i n g   d e m a g n e t i z a t i o n  

c u r v e   and  e n e r g y   p r o d u c t   c u r v e   of   a  p e r m a n e n t   m a g n e t ;  

F i g .   2  i s   ( 2 0 0 )   p o l e   f i g u r e s   i l l u s t r a t i n g  

c r y s t a l   t e x t u r e   of  F e 6 o " C r 2 5 ~ C o 1 5   a l l ° y   t a P e   a f t e r   t n e  

10  r o l l i n g   and  a n n e a l i n g   as  a  p a r a m e t e r   of  d r a f t ;  

F i g s .   3 a - 3 d   a r e   p o l e   f i g u r e s   s h o w i n g   a  c h a n g e  

of   c r y s t a l   t e x t u r e   of  F e - C o - C r   s e r i e s   a l l o y   in  a c c o r d a n c e  

w i t h   t h e   c h a n g e   of  d r a f t   at   c o l d   r o l l i n g ,   r e s p e c t i v e l y ;  

F i g .   A  is   a  m a g n e t i c   t o r q u e   c u r v e   of  a  

15  p e r m a n e n t   m a g n e t   h a v i n g   a  h i g h l y   a l i g n e d   { 1 0 0 } < 0 1 1 >  

o r i e n t a t i o n   a c c o r d i n g   to  the   i n v e n t i o n ;  

F i g s .   5 a - 5 c   and  F i g s .   6 a - 6 c   a r e   d e m a g n e t i z i n g  

c u r v e s   of   r i n g - l i k e   t a p e   and  s h e e t   a f t e r   t he   t w o - p h a s e  

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

20  a  u n i d i r e c t i o n a l   m a g n e t i c   f i e l d   and  n o n - m a g n e t i c   f i e l d ,  

r e s p e c t i v e l y   ; 

F i g .   7  i s   a  g r a p h   s h o w i n g   i n f l u e n c e s   of   f i r s t  

d r a f t   and  s e c o n d   d r a f t   in  t he   r o l l i n g   on  c r y s t a l  

o r i e n t a t i o n   of  the   t a p e ;  

25  F i g .   8  i s   a  g r a p h   s h o w i n g   a  r e l a t i o n   b e t w e e n  

t h e   r e v o l u t i o n   n u m b e r   of   t he   c o o l i n g   r o l l   and  the   t a p e  

t h i c k n e s s   ; 

F i g .   9  i s   a  g r a p h   s h o w i n g   a  r e l a t i o n   b e t w e e n  
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i_ne  t a p e   t n i c i c n e s s   and  t he   c o l u m n a r   g r a i n   r a t e ;  

F i g s .   10a  and  10b  a r e   m i c r o p h o t o g r a p h   i n  

s e c t i o n   and  ( 2 0 0 )   p o l e   f i g u r e   of   c r y s t a l   t e x t u r e   o f  

F e 6 2 " C r 2 2 " C o 1 5 ' M n l   a l l ° y   t a P e   h a v i n g   a  c o l u m n a r   g r a i n  

05  r a t e   o f   more   t h a n   90%  at   a s - c a s t   s t a t e ,   r e s p e c t i v e l y ;  

F i g s .   11a  and  l i b   a r e   m i c r o p h o t o g r a p h   i n  

s e c t i o n   and  ( 2 0 0 )   p o l e   f i g u r e   o f   c r y s t a l   t e x t u r e   a f t e r  

the   t a p e   of   F i g .   10  is   s u b j e c t e d   to  r e c r y s t a l l i z a t i o n  

a n n e a l i n g   a t   1100°C  fo r   10  m i n u t e s ,   r e s p e c t i v e l y ;  

10  F i g s .   12a  and  12b  a r e   m i c r o p h o t o g r a p h   i n  

s e c t i o n   and  ( 2 0 0 )   p o l e   f i g u r e   of   c r y s t a l   t e x t u r e   o f  

F e 6 2 ~ C r 2 2 " C o 1 5 ~ M n l   a l l ° v   t a P e   h a v i n g   a  c o l u m n a r   g r a i n  

r a t e   of   l e s s   t h a n   30%  at   as  c a s t   s t a t e ,   r e s p e c t i v e l y ;  

a n d  

[5  F i g s .   13a  and  13b  a r e   m i c r o p h o t o g r a p h   i n  

s e c t i o n   and  ( 2 0 0 )   p o l e   f i g u r e   of   c r y s t a l   t e x t u r e   a f t e r  

the   t a p e   of   F i g .   12  i s   s u b j e c t e d   to  r e c r y s t a l l i z a t i o n  

a n n e a l i n g   a t   1100°C  f o r   10  m i n u t e s ,   r e s p e c t i v e l y .  

The  i n v e n t i o n   w i l l   be  d e s c r i b e d   in  d e t a i l  

:0  b e l o w .  

At  f i r s t ,   the   r e a s o n   why  the   c h e m i c a l  

c o m p o s i t i o n   of   the   F e - C r - C o   s e r i e s   a l l o y   a c c o r d i n g   t o  

the   i n v e n t i o n   i s   l i m i t e d   to  t h e   a b o v e   r a n g e   i s   a s  

f o l l o w s   . 

5  Cr:  3 - 4 0 %  

Cr  i s   an  e f f e c t i v e   e l e m e n t   f o r   t h e   f o r m a t i o n  

of  a  m a t r i x   b e i n g   C r - r i c h   n o n m a g n e t i c   a2  p h a s e .  

When  t he   Cr  amoun t   i s   l e s s   t h a n   3%,  t he   a2  p h a s e  
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Ls  not   a  m a t r i x   but  is  a  p r e c i p i t a t i o n   p h a s e   a l t e r  

the  t w o - p h a s e   s e p a r a t i o n ,   w h i l e   F e - r i c h   ax  p h a s e  

is  a  m a t r i x ,   so  t h a t   s a t i s f a c t o r y   p r o p e r t i e s  

as  a  p e r m a n e n t   m a g n e t   can  no t   be  o b t a i n e d .  

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

l o w e r s ,   so  t h a t   a  l o n g   t i m e   is   r e q u i r e d   fo r   t h e  

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

3n  the   o t h e r   h a n d ,   when  the   Cr  amoun t   e x c e e d s   40%,  

F e - C r   s e r i e s   a  p h a s e   b e g i n s   to  l o c a l l y   p r e c i p i t a t e  

in  t he   F e - C r - C o   s e r i e s   a l l o y   and  the  r e s u l t i n g  

t a p e   or   s h e e t   is  v e r y   b r i t t l e   and  d i f f i c u l t   in  t h e  

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

t e m p e r a t u r e   l o w e r s   to  r e q u i r e   a  l o n g   t ime   f o r  

t w o - p h a s e   s e p a r a t i o n ,   and  a l s o   F e - r i c h   aj  p h a s e  

b e c o m e s   s m a l l e r   to  d e g r a d e   the   p r o p e r t i e s   of  t h e  

p e r m a n e n t   m a g n e t .   T h e r e f o r e ,   the   Cr  amount   i s  

r e s t r i c t e d   to  a  r a n g e   of  3 -407o .  

2 - 4 0 %  

Co  e f f e c t i v e l y   c o n t r i b u t e -   no t   o n l y   to  r a i s e  

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

F e - C r - C o   s e r i e s   a l l o y   f o r   c o m p l e t i n g   t w o - p h a s e  

s e p a r a t i o n   in  a  s h o r t   t ime   but   a l s o   to  r a i s e   t h e  

C u r i e   t e m p e r a t u r e   f o r   more  e n h a n c i n g   the   e f f e c t   o f  

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

t i o n .   When  the   Co  amoun t   is   l e s s   t h a n   2%, 

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

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

d e c o m p o s i t i o n   t e m p e r a t u r e   and  C u r i e   t e m p e r a t u r e  
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can   n o t   be  o b t a i n e d .   W h i l e ,   when  t h e   Cr  a m o u n t  

e x c e e d s   40%,  Fe  and  Co  o r d e r e d   p h a s e s   a r e   l o c a l l y  

p r e c i p i t a t e d   to   d e g r a d e   t he   w o r k a b i l i t y ,   and  t h e  

a d d i t i o n   e f f e c t   i s   s a t u r a t e d   to  c a u s e   t he   c o s t - u p .  

°5  T h e r e f o r e ,   t h e   Co  a m o u n t   i s   r e s t r i c t e d   to  a  r a n g e  

of  2 - 4 0 % .  

M:  0 . 0 1 - 3 5 %   in  t o t a l  

M  i s   at   l e a s t   one  e l e m e n t   s e l e c t e d   f rom  Ti  , 

Zr ,   V,  Nb,  Ta,   Mo,  B,  W,  AJL  ,  Cu  ,  S i ,   Sn,  P,  Mn  , 

1°  Zn,  Be,  Hf  and  r a r e   e a r t h   e l e m e n t s ,   w h i c h   f o r m s  

a  p h a s e   by  r e a c t i n g   w i t h   Fe  to  p r e v e n t   t h e  

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

a l l o y   and  n a r r o w   the   r a n g e   of   y+a  t r a n s f o r m a t i o n  

in  t h e   c o o l i n g .   M o r e o v e r ,   t h e   r a r e   e a r t h   e l e m e n t  

15  means   to  i n c l u d e   Y,  La,  Ce,  P r ,   Nd,  Pm,  Sm,  E u ,  

Gd,  Tb,  Dy,  Ho,  Er ,   Tm,  Yb  and  Lu.  In  t h e s e  

F e - C r - C o   s e r i e s   a l l o y s ,   s i n g l e   a  p h a s e   i s   n e c e s s a r y  

to  e x i s t   as  a  s u p e r s a t u r a t i o n   c o o l a n t   p r i o r   t o  

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

10  of  y  p h a s e   can  no t   g i v e   good   p r o p e r t i e s   a s  

a  p e r m a n e n t   m a g n e t .   When  t he   a m o u n t   of   M  i s  

l e s s   t h a n   0 . 0 1 %   in  t o t a l ,   y  p h a s e   r e m a i n s   d u r i n g  

t he   c o o l i n g   down  to  room  t e m p e r a t u r e   and  t h e  

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

15  can   n o t   be  a t t a i n e d ,   so  t h a t   i t   i s   d i f f i c u l t   t o  

s e p a r a t e   t h e   s i n g l e   a  p h a s e   i n t o   Oj  p h a s e   and  cr2 

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

Y  p h a s e   i s   l o c a l l y   e x i s t e n t   in  the   a  p h a s e   t o  
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d e g r a d e   t h e   m a g n e t i c   p r o p e r t i e s .   W h i l e ,   when  t h e  

a m o u n t   of  M  e x c e e d s   35%  in  t o t a l ,   t h e   r e s u l t i n g  

t a p e   or   s h e e t   b e c o m e s   b r i t t l e   and  t he   w o r k a b i l i t y  

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

05  d e n s i t y   l o w e r s   to  f i n a l l y   d e g r a d e   ( B H ) m a x .  

T h e r e f o r e ,   t h e   a m o u n t   of   M  is   r e s t r i c t e d   to  a  r a n g e  

of   0 . 0 1 - 3 5 %   in  t o t a l .  

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

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

10  b e l o w .  

At  f i r s t ,   the   m e l t   of  t he   a f o r e m e n t i o n e d  

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

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

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

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

a b o u t   0 . 0 5 - 5 . 0   mm  ( h e r e i n a f t e r   r e f e r r e d   to  as  a  b a s e  

p l a t e )   . 

When  t he   t h i c k n e s s   of  t he   b a s e   p l a t e   i s   l e s s  

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

20  w h i c h   i s   c a r r i e d   ou t   p r i o r   to  s u b s e q u e n t   h e a t   t r e a t m e n t  

i f   n e c e s s a r y ,   a t   a  s u f f i c i e n t   d r a f t ,   w h i l e   when  t h e  

t h i c k n e s s   e x c e e d s   5 .0   mm,  the   c r a c k i n g   i s   a p t   to  b e  

c a u s e d   and  t he   h a n d l i n g   i s   d i f f i c u l t .  

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

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

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

p l a t e   i s   s u b j e c t e d   to  warm  or  c o l d   r o l l i n g   a t   a  f i n a l  

d r a f t   of   30 -95%  so  as  to  p r o v i d e   a  f i n a l   p r o d u c t  
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t h i c k n e s s   p r i o r   to  t h e   s u b s e q u e n t   h e a t   t r e a t m e n t .   When  

t h e   f i n a l   d r a f t   i s   l e s s   t h a n   30%,  t he   a l i g n m e n t   o f  

{ 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   w i t h   r e s p e c t   to  t h e   r o l l i n g  

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

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

p r o p e r t i e s   can  n o t   be  o b t a i n e d ,   w h i l e   when  i t   e x c e e d s  

95%,  the   a l i g n m e n t   of   { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   w i t h  

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

the   r o l l i n g   i t s e l f   b e c o m e s   d i f f i c u l t   and  t he   c o s t - u p   i s  

10  c a u s e d .  

A f t e r   t he   a b o v e   r o l l i n g ,   the   r o l l e d   b a s e  

p l a t e   is   s u b j e c t e d   to  a  h e a t   t r e a t m e n t   as  m e n t i o n e d  

b e l o w .  

F i r s t l y ,   t he   r o l l e d   b a s e   p l a t e   i s   s u b j e c t e d  

15  to  r e c r y s t a l l i z a t i o n   a n n e a l i n g   a t   a  t e m p e r a t u r e   o f  

8 0 0 - 1 3 0 0 ° C   to  h i g h l y   a l i g n   { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   w i t h  

r e s p e c t   to  t he   r o l l i n g   d i r e c t i o n .   When  t h e   r e c r y s t a l -  

l 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   i s   l o w e r   t h a n   8 0 0 ° C ,  

a  l o n g   t ime   is   r e q u i r e d   f o r   t he   r e c r y s t a l l i z a t i o n   a n d  

20  the   a l i g n m e n t   of  { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   i s   a p t   to  b e  

d i s p e r s e d ,   w h i l e   when  i t   e x c e e d s   1 3 0 0 ° C ,   t he   s u r f a c e   o f  

the   b a s e   p l a t e   may  s o l u t e   d e p e n d i n g   upon  the   a l l o y  

c o m p o s i t i o n   and  t he   d i s a d v a n t a g e s   in  t he   e q u i p m e n t   a n d  

o p e r a t i o n   become   c o n s p i c u o u s .  

25  In  t h i s   c o n n e c t i o n ,   t he   m e l t   of  ^ G ( f Q " ^ r 2 5 ~ ^ ° l ^  

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

t a p e   of  0 . 5   mm  in  t h i c k n e s s   t h r o u g h   t w i n   r o l l   p r o c e s s ,  

r o l l e d   at   a  g i v e n   d r a f t   r a n g i n g   f rom  10%  to  95%  a n d  
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t h e n   s u b j e c t e d   to  r e c r y s t a l l i z a t i o n   a n n e a l i n g   a t   1 2 5 0 ° C  

f o r   30  m i n u t e s .   T h e r e a f t e r ,   t he   c r y s t a l   t e x t u r e   of   t h e  

r e s u l t i n g   t a p e   was  e x a m i n e d   to  o b t a i n   ( 2 0 0 )   p o l e   f i g u r e s  

shown  in  F i g .   2 .  

05  As  s e e n   f rom  F i g .   2,  when  t he   d r a f t   i s   n o t  

l e s s   t h a n   30%,  the   good  a l i g n m e n t   of  { 1 1 0 } < 0 0 1 >  

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

r e s u l t s   a r e   o b t a i n e d   a t   a  d r a f t   of   4 0 - 7 0 % .  

A l t h o u g h   t he   p e r m a n e n t   m a g n e t   m a t e r i a l   h a v i n g  

10  a  h i g h l y   a l i g n e d   { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   w i t h   r e s p e c t   t o  

t he   r o l l i n g   d i r e c t i o n   i s   f o r m e d   at  the   s t e p s   o f  

r o l l i n g   -*■  r e c r y s t a l l i z a t i o n   a n n e a l i n g ,   t he   m a g n e t i c  

p r o p e r t i e s   a r e   more   i m p r o v e d   by  s u b j e c t i n g   to  t w o - p h a s e  

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

15  as  t he   h e a t   t r e a t m e n t .  

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

c a u s e   the   s o - c a l l e d   s p i n o d a l   d e c o m p o s i t i o n .   When  t h e  

s e p a r 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   is   l o w e r   t h a n   6 0 0 ° C ,  

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

20  d e c o m p o s i t i o n ,   w h i l e   when  i t   e x c e e d s   7 5 0 ° C ,   i t   i s   v e r y  

d i f f i c u l t   to  s e p a r a t e   t he   s i n g l e   a  p h a s e   i n t o   a±  and  a 2  

p h a s e s ,   and  a l s o   the   s e p a r 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  

a p p r o a c h e s   to  t h e   C u r i e   p o i n t   of  t he   a l l o y ,   so  t h a t   t h e  

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

25  a l i g n e d   in  the   d i r e c t i o n   of   m a g n e t i c   f i e l d   when  t h e  

m a g n e t i c   f i e l d   i s   a p p l i e d   to  t he   a l l o y .   T h e r e f o r e ,   t h e  

s e p a r 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   in  the   m a g n e t i c   f i e l d  

is   r e s t r i c t e d   to  a  r a n g e   of  6 0 0 - 7 5 0 ° C .   In  t h i s   c a s e ,  
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t he   i n t e n s i t y   of  m a g n e t i c   f i e l d   i s   d e s i r e d   to  be  n o t  

l e s s   t h a n   0 . 5   k O e .  

F o l l o w i n g   to  t h e   t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g  

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

05  a  t e m p e r a t u r e   b e l o w   t h e   s e p a r 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 ,  

f o r   e x a m p l e   a t   a  t e m p e r a t u r e   b e l o w   600°C .   T h i s   a g e  

a n n e a l i n g   i s   to  a c h i e v e   the   e q u i l i b r i u m   s t a t e   in   e a c h  

of  a  j  and  a2  p h a s e s   s e p a r a t e d   by  t he   s p i n o d a l   d e c o m p o s i -  

t i o n   and  p r o v i d e   n o n m a g n e t i z a t i o n   of   a2  p h a s e   ( M - r i c h  

10  p h a s e )   at  room  t e m p e r a t u r e .   When  the   age  a n n e a l i n g  

t e m p e r a t u r e   is   h i g h e r   t h a n   the   s e p a r 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 he   r e s u l t i n g   a2  p h a s e   e x h i b i t s   a  s t r o n g  

m a g n e t i s m   at   room  t e m p e r a t u r e   and  the   d i f f e r e n c e   i n  

m a g n e t i z a t i o n   i n t e n s i t y   b e t w e e n   dj  p h a s e   ( F e - r i c h  

15  p h a s e )   and  a2  p h a s e ,   r e s u l t i n g   in  the   d e c r e a s e   o f  

c o e r c i v e   f o r c e   r e p r e s e n t e d   by  He  «  ( I s p   - I s ^ ) .  

In  t he   p r o d u c t i o n   of  t he   a f o r e m e n t i o n e d  

u n i d i r e c t i o n a l l y   o r i e n t e d   p e r m a n e n t   m a g n e t ,   0 . 0 0 5 -  

0 . 0 6   wt%  of  C,  0 . 0 0 5   - 0 . 1 0   wt%  in  t o t a l   of   at   l e a s t   o n e  

20  e l e m e n t   s e l e c t e d   f rom  S,  Se  and  Te  a n d / o r   0 . 0 0 3 - 0 . 3 0   wt% 

in  t o t a l   of  a t   l e a s t   one  e l e m e n t   s e l e c t e d   f rom  Bi ,   S b  

and  As  may  be  a d d e d   to  t he   m e l t   of  the   F e - C r - C o   s e r i e s  

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

r e a s o n   on  the   r e s t r i c t e d   r a n g e   of  s u c h   an  a d d i t i o n a l  

25  e l e m e n t   i s   as  f o l l o w s :  

C:  0 . 0 0 5 - 0 . 0 6 %  

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

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

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

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

g r a i n s .   When  t h e   C  a m o u n t   i s   l e s s   t h a n   0 . 0 0 5 % ,  

t5  t h e   t a n g l i n g   of   d i s l o c a t i o n   i s   i n s u f f i c i e n t ,   w h i l e  

when  i t   e x c e e d s   0 . 0 6 % ,   t he   t r a n s f o r m a t i o n   t o  

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

p r o p e r t i e s .   T h e r e f o r e ,   t h e   C  a m o u n t   i s   r e s t r i c t e d  

to  a  r a n g e   of   0 . 0 0 5 - 0 . 0 6 % .  

L0  S,  Se,   Te:  0 . 0 0 5 - 0 . 1 0 %   in  t o t a l  

S,  Se  and  Te  a r e   e l e m e n t s   u s e f u l   f o r   f o r m i n g  

i n h i b i t o r s   s u c h   as  MnS,  MnSe,  MnTe  and  t he   l i k e   b y  

r e a c t i n g   w i t h   Mn.  When  the   a m o u n t   of   t h e s e   e l e m e n t s  

is   l e s s   t h a n   0 . 0 0 5 %   in  t o t a l ,   t he   g i v e n   a m o u n t   o f  

l5  t he   i n h i b i t o r   can  n o t   be  m a i n t a i n e d ,   w h i l e   when  i t  

e x c e e d s   0 . 1 0 %   in  t o t a l ,   t he   c o a r s e n i n g   of   t h e  

i n h i b i t o r   i s   c a u s e d   to  damage   the   e f f e c t   o f  

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

t i o n   g r a i n s .   T h e r e f o r e ,   t he   a m o u n t   of  t h e s e  

20  e l e m e n t s   is   l i m i t e d   to  a  r a n g e   of  0 . 0 0 5 - 0 . 1 0 %   i n  

t o t a l .   M o r e o v e r ,   in  c a s e   of  the   F e i o O - x - y C r x C o y  

c o m p o s i t i o n ,   i t   i s   n e c e s s a r y   to  add  0 . 0 1 - 0 . 1 5 %   o f  

Mn  s e p a r a t e l y .  

B i ,   As,  Sb:  0 . 0 0 3 - 0 . 3 0 %   in  t o t a l  

25  T h e s e   e l e m e n t s   s e g r e g a t e   in  t he   v i c i n i t y   o f  

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

g r a i n s   to  e x h i b i t   t he   e f f e c t   of  c o n t r o l l i n g   n o r m a l  

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

0 . 0 0 3 %   in  t o t a l ,   the   e f f e c t   of   c o n t r o l l i n g   s u c h  

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

0 . 3 0 %   in  t o t a l ,   t he   s e g r e g a t i o n   a m o u n t   in   t h e  

05  v i c i n i t y   of   t he   g r a i n   b o u n d a r y   b e c o m e s   l a r g e r ,  

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

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

b r i t t l e   s t a t e .   T h e r e f o r e ,   t he   a m o u n t   of  t h e s e  

e l e m e n t s   i s   r e s t r i c t e d   to  a  r a n g e   of   0 . 0 0 3 - 0 . 3 0 %  

10  in  t o t a l .  

The  b a s e   p l a t e   of  F e - C r - C o   s e r i e s   a l l o y  

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

e l e m e n t s   was  r o l l e d   at  a  f i n a l   d r a f t   of  3 0 - 9 5 % ,   a n d  

t h e n   the   r e l a t i o n   b e t w e e n   the   f i n a l   d r a f t   and  ( B H ) m a x  

15  was  e x a m i n e d   to  o b t a i n   r e s u l t s   as  shown  in  t he   f o l l o w i n g  

T a b l e   1.  In  t h i s   c a s e ,   t he   m o l t e n   a l l o y   c o n t a i n i n g   25% 

of  Cr,   15%  of   Co,  1%  of  S i ,   0 . 0 3 5 %   of   C,  0 . 06%  of   Mn,  

0 . 0 1 8 %   of  Se  and  0 . 0 0 5 %   of  Te  was  s h a p e d   i n t o   an  i n g o t  

of  10  kg,   w h i c h   was  hot   r o l l e d   to  a  t h i c k n e s s   o f  

20  3 .0   mm.  T h e n ,   t he   r e s u l t i n g   h o t   r o l l e d   p l a t e   w a s  

s u b j e c t e d   to  a  c o l d   r o l l i n g   a t   a  f i n a l   d r a f t   shown  i n  

T a b l e   1  to  fo rm  a  c o l d   r o l l e d   s h e e t   of  0 . 5   mm  i n  

t h i c k n e s s .   T h i s   s h e e t   was  s u b j e c t e d   to  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 t   900°C  and  f u r t h e r   to  r e c r y s t a l l i z a t i o n  

>5  a n n e a l i n g   a t   1 2 0 0 ° C   f o r   2  h o u r s   and  t h e n   f o r c e d l y  

c o o l e d   in  a i r .   T h e r e a f t e r ,   t he   s h e e t   was  s u b j e c t e d   t o  

t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   665°C  f o r   15  m i n u t e s  

w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of   2  kOe  to  t he   s h e e t  



t h e   r o l l i n g   d i r e c t i o n   emu  i u i   ^ v , !   -~  —  o-  ^  

n e a l i n g   a t   600°C  f o r   5  h o u r s ,   a t   575°C  f o r   5  h o u r s ,  

550°C  f o r   5  h o u r s   and  a t   500°C  f o r   10  h o u r s .  

1UXC  X 

) r a f t   (%)  0  20  30  AO  50  60  /0  »U  y o  

,BH)max  (MGOe  )  2.  A  3 .2   5 .3   6 .5   8 .2   9 .0   8 .7   7 . 2   5 . 8  

As  s e e n   i roiu  l d u i c   x,  v - n . ^ - - . -  

BH)max  i s   o b t a i n e d   w i t h i n   a  f i n a l   d r a f t   r a n g e   o f  

0 - 9 5 % .  

M o r e o v e r ,   i t   i s   e f f e c t i v e   t h a t   t he   b a s e   p l a t e  

f  0 . 1 - 5 . 0   nun  in   t h i c k n e s s   p r i o r   to  t he   r o l l i n g   i s  

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

b o u t   8 0 0 - 1 1 0 0 ° C   in  o r d e r   to  i m p r o v e   t he   m a g n e t i c  

, r o p e r t i e s .   And  a l s o ,   i t   i s   j u s t i f i a b l e   to  p e r f o r m  

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

:o  t he   f i n a l   r o l l i n g .  

In  t h e   F e - C r - C o   s e r i e s   a l l o y   c o n t a i n i n g   t h e  

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

i e c a r b u r i z a t i o n   a n n e a l i n g   a t   a  t e m p e r a t u r e   of  8 0 0 - 1 3 0 0 ° C  

a f t e r   t he   f i n a l   a n n e a l i n g   and  b e f o r e   t he   h e a t   t r e a t m e n t ,  

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

l e s s   t h a n   0 . 0 0 5 %   d e g r a d i n g   no  m a g n e t i c   p r o p e r t i e s .  

In  t h i s   c a s e ,   when  the   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   i s   l o w e r   t h a n   800°C ,   t h e   l o n g   a n n e a l i n g  

t i m e   is   much  t a k e n   to  r a i s e   t he   c o s t ,   w h i l e   when  i t  
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e x c e e d s   1 3 0 0 ° C ,   t he   b a s e   p l a t e   i s   a t   a  f u s e d   s t a t e   i n  

a c c o r d a n c e   w i t h   t he   k i n d   of   t h e   a l l o y ,   so  t h a t   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   i s   r e s t r i c t e d   t o  

a  r a n g e   of   8 0 0 - 1 3 0 0 ° C .  

A f t e r   t he   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 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 n n e a l i n g   i s   c a r r i e d   ou t   a t  

a  t e m p e r a t u r e   of   8 0 0 - 1 3 0 0 ° C ,   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   { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   a r e   p r e f e r e n t i a l l y   g r o w n  

two  t i m e s   or   more  f rom  t he   p r i m a r y   r e c r y s t a l l i z a t i o n  

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

o r i e n t a t i o n s   and  t h e n   c o a r s e n e d .   When  the   t r e a t i n g  

t e m p e r a t u r e   i s   l o w e r   t h a n   8 0 0 ° C ,   a  l o n g   t i m e   i s   t a k e n  

f o r   t he   g r o w t h   of  s e c o n d a r y   g r a i n s ,   w h i l e   when  i t  

e x c e e d s   1 3 0 0 ° C ,   t he   d i s s o c i a t i o n   i s   s t a r t e d   a c c o r d i n g  

to  t he   k i n d   of   t h e   i n h i b i t o r   and  i t   i s   d i f f i c u l t   t o  

c o n t r o l   t he   g r o w t h   of  p r i m a r y   c r y s t a l   g r a i n s   h a v i n g  

an  o r i e n t a t i o n   o t h e r   t h a n   { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   a n d  

c o n s e q u e n t l y   t he   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   can  n o t  

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

s h e e t   or  t a p e   may  be  f u s e d   a c c o r d i n g   to  the   a l l o y  

c o m p o s i t i o n   . 

M o r e o v e r ,   when  t h e   age  a n n e a l i n g   i s   c a r r i e d  

ou t   a f t e r   t he   t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   i n  

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

l a r l y   p r e f e r a b l e   to  p e r f o r m   m u l t i - s t a g e   age  a n n e a l i n g  

by  g r a d u a l l y   l o w e r i n g   t h e   age   a n n e a l i n g   t e m p e r a t u r e .  

In  t he   p e r m a n e n t   m a g n e t   of   t he   a f o r e m e n t i o n e d  

F e - C r - C o   s e r i e s   a l l o y   c o m p o s i t i o n ,   h i g h   c o e r c i v e   f o r c e  
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is   o b t a i n e d   by  u t i l i z i n g   t w o - p h a s e   s e p a r a t i o n   p h e n o m e n o n  

c a l l e d   as  s p i n o d a l   d e c o m p o s i t i o n .   E s p e c i a l l y ,   t h e  

p e r m a n e n t   m a g n e t s   h a v i n g   { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   a n d  

more   i m p r o v e d   m a g n e t i c   p r o p e r t i e s   can   be  o b t a i n e d   b y  

)5  a p p l y i n g   a  h i g h e r   m a g n e t i c   f i e l d   a t   t h e   i n i t i a l   s t a g e  

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

Such  an  a n i s o t r o p i c   m a g n e t i z a t i o n   of   t w o - p h a s e  

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

a t t a i n e d   by  g r o w i n g   the   s e p a r a t e d   aa  p h a s e   in  < 1 0 0 >  

10  d i r e c t i o n   n e a r   t he   m a g n e t i c   f i e l d   d i r e c t i o n   l o n g e r .  

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

r e s u l t s   f rom  t he   f a c t   t h a t   c r y s t a l   g r a i n s   g r o w i n g   i n  

t he   d i r e c t i o n   n e a r   t he   m a g n e t i c   f i e l d   d i r e c t i o n   h a v e  

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

15  g r o w t h   g r o w i n g   in  a  d i r e c t i o n   p e r p e n d i c u l a r   to  t h e  

a b o v e   d i r e c t i o n .  

L a t e l y ,   i t   is   s t r o n g l y   d e m a n d e d   to  d e v e l o p  

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

m a g n e t i z a t i o n   in  a d d i t i o n   to  t h e   a b o v e   u n i d i r e c t i o n a l l y  

20  o r i e n t e d   o n e s .  

In  g e n e r a l ,   t h e   f i n a l l y   s t a b l e   o r i e n t a t i o n   o f  

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

{ 1 0 0 } < 0 1 1 >   o r i e n t a t i o n   c a l l e d   as  a  s l a n t   c u b e .   In  t h i s  

c o n n e c t i o n ,   t he   i n v e n t o r s   h a v e   e x a m i n e d   w i t h   r e s p e c t   t o  

25  the   w o r k e d   c r y s t a l   t e x t u r e   of   F e - C o - C r   s e r i e s   a l l o y  

a f t e r   the   c o l d   r o l l i n g   and  f o u n d   t h a t   ( 1 0 0 )   c r y s t a l  

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

t h e r e o f   and  [010]   and  [ 1 0 0 ]   o r i e n t a t i o n s   as  an  e a s y  
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m a g n e t i z a t i o n   a x i s   of  t h i s   c r y s t a l   f a c e   a r e   e x i s t e n t   i n  

two  d i r e c t i o n s   i n c l i n e d   a t   45°  w i t h   r e s p e c t   to  t h e  

r o l l i n g   d i r e c t i o n .  

Now,  t h e   b a s e   p l a t e   o f   t he   a f o r e m e n t i o n e d  

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

or  c o l d   r o l l i n g   in  o r d e r   to  h i g h l y   a l i g n   { 1 0 0 } < 0 1 1 >  

o r i e n t a t i o n .   In  t h i s   c a s e ,   t he   d r a f t   in  the   r o l l i n g   i s  

r e q u i r e d   to  be  at  l e a s t   407o. 

The  c h a n g e   of  c r y s t a l   t e x t u r e   in  t he   F e - C r - C o  

10  s e r i e s   a l l o y   was  e x a m i n e d   by  v a r y i n g   the   d r a f t   in  t h e  

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

in  F i g s .   3 a - 3 d .  

As  a p p a r e n t   from  F i g .   3,  t he   { 1 0 0 } < 0 1 1 >  

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

15  d r a f t .   A c c o r d i n g   to  t he   i n v e n t i o n ,   t he   d r a f t   i s  

r e s t r i c t e d   to  a t   l e a s t   40%  in  v i e w   of  t he   d e v e l o p i n g  

e f f e c t s   . 

T h e n ,   t h e   a s - r o l l e d   t a p e   or  s h e e t   is   s u b j e c t e d  

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

20  a n n e a l i n g   as  a  h e a t   t r e a t m e n t .   In  t h i s   c a s e ,   t h e  

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

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

a  r a n g e   of   5 0 0 - 7 5 0 ° C .   When  the   a n n e a l i n g   t e m p e r a t u r e  

is   l o w e r   t h a n   5 0 0 ° C ,   a  l o n g   a n n e a l i n g   t ime   is   r e q u i r e d ,  

25  w h i l e   when  i t   e x c e e d s   7 5 0 ° C ,   i t   is   d i f f i c u l t   to  o b t a i n  

f i n e   two  s e p a r a t e d   p h a s e s .  

F i g .   4  shows   a  m a g n e t i c   t o r q u e   c u r v e   of   t h e  

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

o r i e n t a t i o n ,   w h i c h   means   t h a t   t he   p e r m a n e n t   m a g n e t   h a s  

b i d i r e c t i o n a l l y   e a s y   m a g n e t i z a t i o n   a x e s .   M o r e o v e r ,  

>  d o t t e d   l i n e s   shows   a  m a g n e t i c   t o r q u e   c u r v 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   p r o d u c e d   by  t he   u s u a l  

p r o d u c t i o n   p r o c e s s .  

In  a d d i t i o n   to  t he   { 1 0 0 } < 0 1 1 >   o r i e n t a t i o n ,  

t h e   e a s y   m a g n e t i z a t i o n   a x i s   may  be  f o r m e d   in  r a d i a l  

0  d i r e c t i o n   in  p l a n e .   In  t h i s   c a s e ,   i t   is  s u f f i c i e n t   t o  

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

t w o - p h a s e   s e p a r a t i o n .   For  t h i s   p u r p o s e ,   t h e   t w o - p h a s e  

s e p a r a t i o n   a n n e a l i n g   is   c a r r i e d   ou t   in  a  r o t a t i n g  

m a g n e t i c   f i e l d   or   w h i l e   r o t a t i n g   t h e   r o l l e d   p l a t e  

5  in  a  m a g n e t i c   f i e l d .  

For   e x a m p l e ,   the   m e l t   of  F e ^ C ^ C o - ^ V ^   a l l o y  

c o m p o s i t i o n   was  r a p i d l y   s o l i d i f i e d   by  c o n t i n u o u s l y  

f e e d i n g   i n t o   a  c o n t a c t   p o r t i o n   b e t w e e n   the   two  r o t a t i n g  

r o l l s   to  form  a  t a p e   of  0 . 5 0   mm  in  t h i c k n e s s .   A  r i n g -  

10  l i k e   s a m p l e   of  30  mm  in  o u t e r   d i a m e t e r   and  10  mm  i n  

i n n e r   d i a m e t e r   was  p u n c h e d   ou t   f rom  the   t a p e ,   a n d  

s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   660°C  i n  

a  r o t a t i n g   m a g n e t i c   f i e l d   w i t h   an  i n t e n s i t y   of  10  k O e  

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

25  of   10  kOe  or  in   t he   a b s e n c e   of  m a g n e t i c   f i e l d   f o r  

10  m i n u t e s ,   h e l d   a t   610°C  f o r   24  h o u r s   w i t h o u t   a p p l y i n g  

t h e   m a g n e t i c   f i e l d ,   c o o l e d   down  to  500°C  a t   a  r a t e   o f  

1 0 ° C / h r ,   and  t h e n   s u b j e c t e d   to  age  a n n e a l i n g   a t   5 0 0 ° C  
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f o r   24  h o u r s .  

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

r i n g - l i k e   s a m p l e s   were   m e a s u r e d   to  o b t a i n   r e s u l t s   a s  

shown  in  F i g s .   5 a - 5 c ,   w h e r e i n   F ig .   5a  is   the   c a s e   o f  

05  a n n e a l i n g   in  the   r o t a t i n g   m a g n e t i c   f i e l d ,   F i g .   5b  i s  

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

f i e l d   and  F i g .   5c  is   the   c a s e   cf  a n n e a l i n g   in  t h e  

n o n - m a g n e t i c   f i e l d .   In  F i g .   5b,  \\  
^  

is  a  c a se   t h a t   t h e  

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

10  d i r e c t i o n   of  the   m a g n e t i c   f i e l d   a p p l i e d ,   and  i s  

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

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

a p p l i e d   . 

As  a p p a r e n t   from  F ig .   5,  the   e x c e l l e n t  

15  m a g n e t i c   p r o p e r t i e s   a re   o b t a i n e d   when  a p p l y i n g   t h e  

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

On  t he   o t h e r   h a n d ,   the   m e l t   of  F e ^ g C ^ ^ C o ^ W ^  

a l l o y   c o m p o s i t i o n   was  p o u r e d   i n t o   a  mold  to  f o r m  

an  i n g o t   ,  w h i c h   was  h e a t e d   at  1280°C  f o r   30  m i n u t e s   a n d  

20  hot   r o l l e d   to  form  a  hot   r o l l e d   s h e e t   of  0 .65   mm  i n  

t h i c k n e s s .   T h i s   s h e e t   was  s u b j e c t e d   to  a  s o l u t i o n  

t r e a t m e n t   at   1 2 8 0 ° C ,   from  w h i c h   a  r i n g - l i k e   s a m p l e   o f  

30  mm  in  o u t e r   d i a m e t e r   and  10  mm  in  i n n e r   d i a m e t e r   w a s  

p u n c h e d   o u t .   The  r e s u l t i n g   s a m p l e   was  s u b j e c t e d   to  t h e  

25  same  h e a t   t r e a t m e n t   as  d e s c r i b e d   above   ( i . e .   t w o - p h a s e  

s e p a r a t i o n   a n n e a l i n g   in  the   p r e s e n c e   or  a b s e n c e   o f  

m a g n e t i c   f i e l d   and  f u r t h e r   age  a n n e a l i n g ) ,   and  t h e r e a f t e r  

the   m a g n e t i c   p r o p e r t i e s   were   m e a s u r e d   to  o b t a i n   r e s u l t s  
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•  a s u r e r a e n t .   is  p e r f o r m e d   in  a  d i r e c t i o n   p a r a l l e l   to  t h e  

> l l i n g   d i r e c t i o n   and  Rx  is   a  c a s e   t h a t   t he   m e a s u r e m e n t  

j  p e r f o r m e d   in  a  d i r e c t i o n   p e r p e n d i c u l a r   to  the   r o l l i n g  

t r e c t i o n   . 

As  s e e n   from  F i g .   6,  the   m a g n e t i c   p r o p e r t i e s  

re  l a r g e l y   i m p r o v e d   by  a p p l y i n g   the  r o t a t i n g   m a g n e - i c  

i e l d .   On  the   c o n t r a r y ,   in  c a s e   of  the   a n n e a l i n g   i n  

he  u n i d i r e c t i o n a l   m a g n e t i c   f i e l d ,   t h e r e   is  a  g r e a t  

i f f e r e n c e   in  t he   c o e r c i v e   f o r c e   b e t w e e n   \\  
/f  or  R/y  a n d  

,  or  Rj_,  w h i l e   in  c a s e   of  the   a n n e a l i n g   in  n o n - m a g n e t i c  

i e l d ,   l a r g e   c o e r c i v e   f o r c e   can  not   be  o b t a i n e d .  

In  the   p r o d u c t i o n   of  the   p e r m a n e n t   m a g n e t  

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

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

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

,r  d i s c   by  p u n c h i n g ,   e t c h i n g   or  w i r e   c u t t i n g   b e f o r e   t h e  

lea t   t r e a t m e n t ,   i f   n e c e s s a r y .   T h e r e a f t e r ,   t he   b a s e  

> l a t e   or   i t s   r i n g   or  d i s c   is   s u b j e c t e d   to  t w o - p h a s e  

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

i r e a t m e n t   w h i l e   r o t a t i n g   the   m a g n e t i c   f i e l d   a p p l i e d   t o  

the  p l a t e   in  a  p l a n e   p a r a l l e l   t h e r e t o   or  r o t a t i n g   t h e  

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

f i e l d .   In  t h i s   c a s e ,   t he   d i r e c t i o n   of  m a j o r   a x i s   in  cra 

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

to  form  a  s o - c a l l e d   r a d i a l   a n i s o t r o p y   w h e r e i n   the  m a j o r  

a x i s   r a d i a l l y   e x t e n d s   in  the   p l a n e .   T h e r e a f t e r ,   t h e  

age  a n n e a l i n g   i s   p e r f o r m e d   as  the   h e a t   t r e a t m e n t   f o r  
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mute   x inFi .uvxng  m e   m a g n e t i c   p r o p e r t i e s   o b t a i n e d   by  t h e  

t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g .   T h u s ,   t h e r e   a r e  

o b t a i n e d   p e r m a n e n t   m a g n e t s   h a v i n g   e a s y   m a g n e t i z a t i o n  

a x e s   in  r a d i a l   d i r e c t i o n   o f   p l a n e .  

05  From  a  v i e w p o i n t   o f   t h e   i m p r o v e m e n t   on  t h e  

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

r a d i a l   a n i s o t r o p y   as  m e n t i o n e d   a b o v e ,   i t   is   m o r e  

a d v a n t a g e o u s   t h a t   t he   b a s e   p l a t e   or   i t s   r i n g   or  d i s c   i s  

s u b j e c t e d   to  a  s o l u t i o n   t r e a t m e n t   p r i o r   to  the   t w o - p h a s e  

10  s e p a r a t i o n   a n n e a l i n g .  

T h i s   s o l u t i o n   t r e a t m e n t   is   to  r e n d e r   t h e  

s t r u c t u r e   of   t he   b a s e   p l a t e   i n t o   s i n g l e   a  p h a s e .   When 

the   t r e a t i n g   t e m p e r a t u r e   i s   l o w e r   t h a n   9 0 0 ° C ,   a  l o n g  

t i m e   is   t a k e n   f o r   t he   s o l u t i o n   t r e a t m e n t ,   w h i l e   when  i t  

15  e x c e e d s   1 3 0 0 ° C ,   t h e   s u r f a c e   of   t h e   b a s e   p l a t e   may  b e  

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

to  be  c a r r i e d   o u t   a t   a  t e m p e r a t u r e   of   9 0 0 - 1 3 0 0 ° C .  

As  t he   b a s e   p l a t e ,   i t   i s   p a r t i c u l a r l y  

p r e f e r a b l e   to  use   the   t a p e   o b t a i n e d   by  r a p i d l y   s o l i d i f y -  

0  i n g   the   m e l t   of   t he   f u n d a m e n t a l   a l l o y   c o m p o s i t i o n   a s  

a p p a r e n t   f rom  t h e   f o l l o w i n g :  

( i )   The  s i n g l e   a  p h a s e   i s   o b t a i n e d   w i t h o u t  

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

c o o l e d ;  

5  ( i i )   S i n c e   the   s o l u t i o n   t r e a t m e n t   a t   h i g h  

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

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

g r a i n s   of   t he   t a p e ;   a n d  
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( i i i )   S i n c e   t h e   o r i e n t a t i o n   in  p l a n e   or  t n e  

t a p e   i s   { 1 0 0 } < 0 v w > ,   many  e a s y   m a g n e t i z a t i o n   a x e s  

a r e   e x i s t e n t   in   t h e   t a p e   p l a n e .  

In  c a s e   o f   u s i n g   s u c h   a  t a p e ,   when  t h e   c o o l i n g  

)5  r a t e   d u r i n g   r a p i d   s o l i d i f i c a t i o n   is   l o w e r   t h a n   1 0 3 o C / s e c ,  

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

s o l i d i f i c a t i o n   to  o b t a i n   no  s i n g l e   a  p h a s e ,   so  t h a t   t h e  

c o o l i n g   r a t e   i s   n e c e s s a r y   to   be  no t   l o w e r   t h a n   1 0 3 o C / s e c .  

F u r t h e r ,   when  t h e   t h i c k n e s s   of   t he   t a p e   i s   l e s s   t h a n  

10  0 . 0 5   mm,  t h e r e   a r e   c a u s e d   many  d e f e c t s   and  i t   i s  

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

i t   e x c e e d s   1 .0   mm,  u n s o l i d i f i e d   p o r t i o n   r e m a i n s   in  t h e  

t a p e   and  the   c o o l i n g   r a t e   of   n o t   l o w e r   t h a n   1 0 3 o C / s e c  

is   h a r d l y   a c h i e v e d ,   so  t h a t   t h e   t h i c k n e s s   i s   r e s t r i c t e d  

15  to  a  r a n g e   of  0 . 0 5 - 1 . 0   mm. 

T h e n ,   t he   i n v e n t i o n   w i l l   be  d e s c r i b e d   w i t h  

r e s p e c t   to  t w o - p h a s e   s e p a r a t i o n   t y p e   F e - C r - C o   s e r i e s  

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

the   c r y s t a l   t e x t u r e   of  { 1 0 0 } < 0 0 1 >   o r i e n t a t i o n .  

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

is   d e s c r i b e d   in   d e t a i l   b a s e d   on  the   f o l l o w i n g   e x p e r i -  

m e n t a l   d a t a .  

M o l t e n   s t e e l   c o m p r i s i n g   23%  of  Cr,   12%  of  C o ,  

0 .1%  of   T i ,   0 .1%  of   Si  and  t h e   b a l a n c e   of   Fe  was  s h a p e d  

25  i n t o   a  t a p e   of   0 . 0 5   mm,  0 . 1   mm,  0 . 1 5   mm,  0 . 2   mm,  0 .3   mm 

or  0 . 5   mm  in  t h i c k n e s s   by  a  t w i n   r o l l   p r o c e s s .   Each  o f  

the   r e s u l t i n g   t a p e s   o t h e r   t h a n   the   t a p e   of  0 . 0 5   mm  i n  

t h i c k n e s s   was  s u b j e c t e d   to   a  f i r s t   r o l l i n g   a t   v a r i o u s  
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a r a r t ,   a n n e a l e d   in  a  n o n - o x i d i z i n g   a t m o s p h e r e   a t   8 5 0 ° C  

f o r   5  m i n u t e s   and  t h e n   r o l l e d   to  a  t h i c k n e s s   of  0 . 0 5   mm. 

S e p a r a t e l y ,   e a c h   of  t he   a b o v e   t a p e s   was  r o l l e d   t o  

a  t h i c k n e s s   o f   0 . 0 5   mm  a t   o n c e .   M o r e o v e r ,   t he   a s - c a s t  

05  t a p e   of   0 . 0 5   mm  in  t h i c k n e s s   was  n o t   s u b j e c t e d   t o  

a  r o l l i n g .  

T h e s e   t a p e s   we re   p i l e d   one  upon  the   o t h e r  

t h r o u g h   A2203  p o w d e r   as  a  p a r t i n g   a g e n t ,   a n n e a l e d  

in  a  h y d r o g e n   a t m o s p h e r e   a t   1 2 0 0 ° C   f o r   60  m i n u t e s ,   a n d  

10  i m m e d i a t e l y   c o o l e d   w i t h   w a t e r .   A f t e r   the   s u r f a c e   o f  

e a c h   of  t he   t a p e s   was  c l e a n e d ,   i t   was  cu t   ou t   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   to  m e a s u r e   ( 2 0 0 )   p o l e   f i g u r e .  

The  m e a s u r e d   r e s u l t s   on  t h e   a l i g n m e n t   d e g r e e   o f  

{ 1 0 0 } < 0 0 1 >   o r i e n t a t i o n   in  e a c h   t a p e   a r e   shown  in  F i g .   7 ,  

15  w h e r e i n   m a r k s   ©   and  O   a r e   a  c a s e   t h a t   t he   d i s p l a c e m e n t  

a n g l e   f rom  ( 1 0 0 j < 0 0 1 >   o r i e n t a t i o n   i s   w i t h i n   10°  a n d  

show  a  good   a l i g n m e n t   d e g r e e .  

As  a p p a r e n t   f rom  F i g .   7,  when  the   d i s p l a c e m e n t  

a n g l e   f rom  ( 1 0 0 } < 0 0 1 >   o r i e n t a t i o n   i s   w i t h i n   1 0 ° ,   t h e  

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

f i r s t   d r a f t   i s   n o t   l e s s   t h a n   10%  and  the   s e c o n d   d r a f t  

is   w i t h i n   a  r a n g e   of  5 0 - 8 0 % .  

In  g e n e r a l ,   i t   i s   known  t h a t   when  the   t a p e   o f  

a b o u t   0 . 1 - 0 . 2   mm  in  t h i c k n e s s   i s   a n n e a l e d   a t   a  h i g h  

5  t e m p e r a t u r e   of   a b o u t   1 2 0 0 ° C ,   c r y s t a l   g r a i n s   h a v i n g  

( 1 0 0 )   f a c e   p a r a l l e l   to  t he   p l a n e   of  the   t a p e   g r o w  

a b n o r m a l l y ,   b u t   t he   o r i e n t a t i o n   in  p l a n e   is   r andom  a n d  

e x h i b i t s   { 1 0 0 } < 0 k £ >   o r i e n t a t i o n .   H o w e v e r ,   when  t h e  
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a f o r e m e n t i o n e d   r o l l i n g - i n t e r m e d i a t e   a n n e a l i n g   a r e  

c a r r i e d   o u t   b e f o r e   t he   o c c u r r e n c e   of   a b n o r m a l   g r o w t h ,  

t h e   r a t e   of   c r y s t a l   g r a i n s   h a v i n g   { 1 0 0 } < 0 0 1 >   o r i e n t a t i o n  

can   p a r t i c u l a r l y   be  i n c r e a s e d   among  g r a i n s   of  { 1 0 0 } < 0 k £ >  

j  o r i e n t a t i o n .  

In  t h i s   e m b o d i m e n t ,   t he   r o l l e d   t a p e   i s  

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

of   8 0 0 - 1 3 0 0 ° C   as  a  h e a t   t r e a t m e n t .   When  t h e   t e m p e r a t u r e  

i s   l o w e r   t h a n   8 0 0 ° C ,   t he   g r o w t h   of   c r y s t a l   g r a i n s   o f  

0  ( 1 0 0 } < 0 0 1 >   o r i e n t a t i o n   i s   i n s u f f i c i e n t   and  i t   i s  

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

U 0 0 } < 0 0 1 >   o r i e n t a t i o n ,   w h i l e   when  i t   e x c e e d s   1 3 0 0 ° C ,  

t h e   i n d u s t r i a l i z a t i o n   is   d i f f i c u l t   f rom  a  v i e w p o i n t   o f  

t e c h n i q u e   and  c o s t .  

5  T h e n ,   t h e   t h u s   t r e a t e d   t a p e   i s   s u b j e c t e d   t o  

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

a t   a  t e m p e r a t u r e   of  5 0 0 - 7 5 0 ° C   as  a  f u r t h e r   h e a t   t r e a t m e n t ,  

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

c o e r c i v e   f o r c e .   When  t he   t e m p e r a t u r e   is   l o w e r   t h a n  

»0  5 0 0 ° C ,   t h e   d e c o m p o s i t i o n   r a t e   i s   s low  and  t he   a g e a b i l i t y  

i s   c o n s i d e r a b l y   d e g r a d e d ,   w h i l e   when  i t   e x c e e d s   7 5 0 ° C ,  

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

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

M o r e o v e r ,   the   l a t t e r   a n n e a l i n g   may  be  c a r r i e d  

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

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

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

<100>  o r i e n t a t i o n .  
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The  t h u s   o b t a i n e d   t a p e   has   { 1 0 0 } < 0 0 1 >  

o r i e n t a t i o n ,   so  t h a t   t he   i m p r o v i n g   e f f e c t   of   m a g n e t i c  

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

a p p l i e d   to  t h e   t a p e   in  any  d i r e c t i o n   s e l e c t e d   f rom  t h e  

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

d i c u l a r   to  t he   l o n g i t u d i n a l   d i r e c t i o n   and  d i r e c t i o n  

p e r p e n d i c u l a r   to  t he   p l a n e   of   t h e   t a p e .  

In  o r d e r   to  more  i m p r o v e   the   m a g n e t i c  

p r o p e r t i e s ,   m u l t i - s t a g e   age  a n n e a l i n g   may  be  c a r r i e d  

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

F u r t h e r ,   t he   i n v e n t i o n   w i l l   be  d e s c r i b e d   w i t h  

r e s p e c t   to  t he   p r o d u c t i o n   of   t w o - p h a s e   s e p a r a t i o n   t y p e  

p e r m a n e n t   m a g n e t s   h a v i n g   an  e a s y   m a g n e t i z a t i o n   a x i s   i n  

a  d i r e c t i o n   p e r p e n d i c u l a r   to  t h e   p l a n e   or   <001>  a x i s   i n  

15  t h e   d i r e c t i o n   p e r p e n d i c u l a r   to  p l a n e .  

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

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

t i o n   p r o c e s s .   As  t he   r a p i d   s o l i d i f i c a t i o n   p r o c e s s ,  

t h e r e   may  be  u s e d   t he   c o n v e n t i o n a l l y   w e l l - k n o w n  

20  p r o c e s s e s   such   as  s i n g l e   r o l l   p r o c e s s ,   t w i n   r o l l   p r o c e s s  

and  t h e   l i k e .  

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

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

p o s i t i v e l y   u t i l i z e d   f o r   a l i g n i n g   t he   e a s y   m a g n e t i z a t i o n  

25  a x i s   in  t h e   d i r e c t i o n   p e r p e n d i c u l a r   to  t he   p l a n e   of  t h e  

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

c r y s t a l   t e x t u r e   so  t h a t   t he   s o l i d i f i c a t i o n   s t r u c t u r e   o f  

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

As  t h e   f a c t o r   c o n t r o l l i n g   t h e   r a t e   of   c o l u m n a r  

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

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

)5  b e t w e e n   m e l t   and  r o l l   and  so  on.  For   i n s t a n c e ,   w h e n  

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

the   same  c o o l i n g   r o l l   a r e   c o n s t a n t ,   t he   r a t e   of   c o l u m n a r  

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

by  t h e   c o o l i n g   r a t e   to  t h e   t a p e   t h i c k n e s s .   U n d e r   s u c h  

10  c o n d i t i o n s ,   t h e r e f o r e ,   t h e r e   can  be  f o u n d   s i m p l e  

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

r o l l   and  t h e   t a p e   t h i c k n e s s   and  b e t w e e n   t h e   t a p e  

t h i c k n e s s   and  t h e   r a t e   of   c o l u m n a r   g r a i n   in  t h e  

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

15  F e 6 3 C r 2 2 C o 1 5   a l l o y '   f o r   e x a m P l e >   t he   a b o v e   r e l a t i o n s  

a r e   as  shown  in  F i g s .   8  and  9,  f rom  w h i c h   i t   can  b e  

s e e n   t h a t   when  t h e   t a p e   h a s   a  t h i c k n e s s   of   n o t   m o r e  

t h a n   0 . 5   mm  and  a  c o l u m n a r   g r a i n   r a t e   of  a t   l e a s t   3 0 % ,  

t h e   c o o l i n g   may  be  p e r f o r m e d   a t   a  r e v o l u t i o n   n u m b e r   o f  

20  c o o l i n g   r o l l   of   n o t   l e s s   t h a n   103  rpm.  S i n c e   t h e  

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

of  c o o l i n g   r o l l ,   t h e   c o o l i n g   r a t e   in  t h i s   e x a m p l e   i s   a t  

l e a s t   1 0 3 o C / s e c .   M o r e o v e r ,   when  t he   t a p e   t h i c k n e s s   i s  

more  t h a n   0 . 5   mm  a t   t he   c o l u m n a r   g r a i n   r a t e   of   a t   l e a s t  

25  30%,  i t   i s   s u f f i c i e n t   to   c h a n g e   t he   c o o l i n g   r a t e   i n t o  

n o t   l e s s   t h a n   1 0 4 o C / s e c .  

H e r e ,   t he   c o l u m n a r   s t r u c t u r e   a t   a s - c a s t   s t a t e  

means   a  s t r u c t u r e   t h a t   {100}  f a c e   i s   p a r a l l e l   to  t h e  
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p l a n e   of   t he   t a p e   and  <001>  o r i e n t a t i o n   i s   p e r p e n d i c u l a r  

to  t h e   p l a n e .  

F i g .   10a  i s   a  m i c r o p h o t o g r a p h   in   s e c t i o n  

of   a  r a p i d l y   s o l i d i f i e d   t a p e   of   F e ^ 2 C r 2 2 C o ^   ̂ Mn^  a l l o y  

05  c o m p o s i t i o n   w i t h   a  t h i c k n e s s   of   0 . 3   mm  a t   a s - c a s t   s t a t e  

and  F i g .   10b  i s   ( 2 0 0 )   p o l e   f i g u r e   t h e r e o f ,   w h e r e i n   t h e  

r a t e   of   c o l u m n a r   g r a i n   i s   more  t h a n   90%.  When  t h i s  

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

1 1 0 0 ° C   f o r   10  m i n u t e s ,   t he   c r y s t a l   g r a i n s   a r e   c o a r s e n e d  

10  to  form  a  m a c r o g r a i n   p a s s i n g   t h r o u g h   t he   t h i c k n e s s   o f  

t he   t a p e   as  shown  in  F i g .   11a .   In  t h i s   c a s e ,   as  s h o w n  

in  F i g .   l i b ,   the   a l i g n e d   t e x t u r e   v i e w e d   f rom  the   p o l e  

f i g u r e   i s   { 1 0 0 } < 0 u w > ,   so  t h a t   <001>  o r i e n t a t i o n   i s  

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

15  the   p l a n e   of  t he   t a p e .   Such  <001>  o r i e n t a t i o n   i s  

an  e a s y   m a g n e t i z a t i o n   a x i s   l i k e w i s e   t h e   c a s e   of  BCC 

a l l o y s   r e p r e s e n t e d   by  F e .  

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

t a p e   o b t a i n e d   by  t he   same  m e t h o d   as  m e n t i o n e d   a b o v e   h a s  

20  a  c o l u m n a r   g r a i n   r a t e   of  l e s s   t h a n   30%  ( o r   a  r a t e   o f  

c u b i c   s y s t e m   of  more  t h a n   70%)  as  shown  in  F i g .   1 2 a ,  

even   i f   t he   r e c r y s t a l l i z a t i o n   a n n e a l i n g   i s   c a r r i e d   o u t  

a t   1 1 0 0 ° C   f o r   10  m i n u t e s ,   t he   c r y s t a l   g r a i n   d o e s   n o t  

p a s s   t h r o u g h   the   t h i c k n e s s   of  t he   t a p e   as  shown  i n  

25  F i g .   13a .   M o r e o v e r ,   as  s e e n   f rom  t h e   p o l e   f i g u r e   o f  

F i g .   12b ,   t he   a l i g n e d   t e x t u r e   a t   a s - c a s t   s t a t e   i s  

{ 1 0 0 } < 0 v w > ,   b u t   t he   t e x t u r e   a f t e r   t he   r e c r y s t a l l i z a t i o n  

a n n e a l i n g   i s   r e n d e r e d   i n t o   r a n d o m   d i r e c t i o n   as  shown  i n  
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F i g .   13b.   T h a t   i s ,   t h e   l a t t e r   t e x t u r e   i s   r a n d o m   to  t n e  

p l a n e   of   t he   t a p e   b u t   n o t   p e r p e n d i c u l a r   to  t h e   p l a n e .  

Such   a  b e h a v i o r   of   c r y s t a l   g r a i n   g r o w t h   i s   due  to  t h e  

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

15  p o r t i o n   of  the   t a p e   a t   a s - c a s t   s t a t e   i s   l a r g e .  

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

t h a t   t he   c o l u m n a r   g r a i n   r a t e   i s   n o t   l e s s   t h a n   30%  o r  

t h e   r a t e   of  c u b i c   s y s t e m   i s   l e s s   t h a n   70%  in  o r d e r   t o  

a l i g n   t he   e a s y   m a g n e t i z a t i o n   a x i s   in  t he   d i r e c t i o n  

10  p e r p e n d i c u l a r   to  t he   p l a n e   of  t he   t a p e .   M o r e o v e r ,   t h e  

t h u s   o b t a i n e d   t a p e   may  be  s u b j e c t e d   to  a  s k i n   p a s s  

r o l l i n g   w i t h o u t   t r o u b l e s .  

T h e n ,   t he   r a p i d l y   s o l i d i f i e d   t a p e   h a v i n g  

a  c o l u m n a r   g r a i n   r a t e   of   n o t   l e s s   t h a n   30%  may  b e  

15  s u b j e c t e d   to  a  r e c r y s t a l l i z a t i o n   a n n e a l i n g   a t   a  t e m p e r a -  

t u r e   of  8 0 0 - 1 3 0 0 ° C   to  grow  c r y s t a l   g r a i n s .   A f t e r   t h e  

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

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

a  t e m p e r a t u r e   of  6 0 0 - 7 5 0 ° C   and  age  a n n e a l i n g   a t  

20  a  t e m p e r a t u r e   b e l o w   t h e   s e p a r 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  

as  a  h e a t   t r e a t m e n t   to  t h e r e b y   i m p r o v e   t h e   m a g n e t i c  

p r o p e r t i e s .   In  t he   t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g ,   i t  

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

a  d i r e c t i o n   p e r p e n d i c u l a r   to  t he   p l a n e   of   t he   t a p e   a n d  

25  t h e   i n t e n s i t y   of   m a g n e t i c   f i e l d   i s   d e s i r a b l e   to  be  n o t  

l e s s   t h a n   a b o u t   0 .5   kOe.  In  t h e   a c t u a l   o p e r a t i o n ,   i t  

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

o u t   in  a  c o n t i n u o u s   f u r n a c e   or   t h e   l i k e   c a p a b l e   o f  



-  31  -  
0 2 1 6 4 5 7  

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

d i c u l a r   to  t h e   p l a n e   of   t h e   t a p e .  

The  f o l l o w i n g   e x a m p l e s   a r e   g i v e n   in   t h e  

i l l u s t r a t i o n   of   t h e   i n v e n t i o n   and  a r e   n o t   i n t e n d e d   a s  

05  l i m i t a t i o n s   t h e r e o f .  

E x a m p l e   1 

A  m e l t   o f   Fe6o<"r25<"°15  a ^ ^ o v   c o m p o s i t i o n   w a s  

i n j e c t e d   f rom  an  i n j e c t i o n   n o z z l e   o n t o   a  c o n t a c t   p o r t i o n  

b e t w e e n   two  r o t a t i n g   c o o l e d   r o l l s   to  form  a  t a p e   o f  

10  0 . 5   mm  in  t h i c k n e s s .   T h e n ,   t he   r e s u l t i n g   t a p e   w a s  

s u b j e c t e d   to  a  c o l d   r o l l i n g   a t   a  d r a f t   v a r y i n g   f rom  0% 

to  95%  and  f u r t h e r   to  r e c r y s t a l l i z a t i o n   a n n e a l i n g   a t  

1 2 5 0 ° C   f o r   a b o u t   30  m i n u t e s .   The  t a p e s   o b t a i n e d   b y  

r o l l i n g   a t   a  d r a f t   of   3 0 - 9 5 %   among  t h e   a b o v e   t a p e s   w e r e  

15  c o n f i r m e d   to  h a v e   { 1 1 0 } < 0 0 1 >   o r i e n t a t i o n   and  t h e n  

s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   6 6 0 ° C  

f o r   20  m i n u t e s   w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of   2  k O e  

to  t he   t a p e   t o w a r d   <001>  o r i e n t a t i o n .   T h e r e a f t e r ,   t h e  

t a p e   was  i m m e d i a t e l y   c o o l e d   down  to  600°C  and  s u b j e c t e d  

20  to  age  a n n e a l i n g   f rom  600°C  to  500°C  a t   a  c o o l i n g   r a t e  

of   5 ° C / h r .  

The  c o e r c i v e   f o r c e   He  and  maximum  e n e r g y  

p r o d u c t   (BH)max  w e r e   m e a s u r e d   w i t h   r e s p e c t   to  t he   t h u s  

t r e a t e d   t a p e s   to  o b t a i n   r e s u l t s   as  shown  in  t he   f o l l o w i n g  

25  T a b l e   2 .  
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able  2 

Draf t   (%)  0  10  20  30  40  50  60  70  80  90  95 

Hc(kOe)  0.40  0.41  0.43  0.51  0.55  0.79  0.98  0.92  0.88  0.80  0 . 7 6  

(BH)max  4 2   4.5  5.2  5.5  6.7  9.2  11.8  10.1  9.5  8.9  8 . 2  
(MGOe) 

As  s e e n   f rom  T a b l e   I ,   when  t h e   a r a r t   i s  

w i t h i n   t h e   r a n g e   d e f i n e d   in  t h e   i n v e n t i o n ,   b e t t e r  

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

Example   2  

A  m e l t   of  F e 6 0 C r 2 3 C o 1 5 S i 2   a l l o y   c o m p o s i t i o n  

tfas  i n j e c t e d   f rom  an  i n j e c t i o n   n o z z l e   o n t o   a  c o n t a c t  

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

a  t a p e   o f   0 . 5   mm  in  t h i c k n e s s .   The  r e s u l t i n g   t a p e   w a s  

r o l l e d   a t   a  d r a f t   of   65%  and  t h e n   s u b j e c t e d   to  r e -  

c r y s t a l l i z a t i o n   a n n e a l i n g   a t   1 0 0 0 ° C   f o r   40  m i n u t e s .  

T h e r e a f t e r ,   t h e   t a p e   was  s u b j e c t e d   to  t w o - p h a s e  

s e p a r a t i o n   a n n e a l i n g   in  a  m a g n e t i c   f i e l d   of   2  kOe  a t  

655°C  f o r   30  m i n u t e s ,   i m m e d i a t e l y   c o o l e d   down  to  6 0 0 ° C  

and  t h e n   s u b j e c t e d   to  age  a n n e a l i n g   f rom  600°C  to  5 0 0 ° C  

at   a  c o o l i n g   r a t e   of  5 ° C / h r .   The  c o e r c i v e   f o r c e   a n d  

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

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

T a b l e   3 .  

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

s u b j e c t e d   to   t h e   same  h e a t   t r e a t m e n t   as  d e s c r i b e d   a b o v e  

and  t h e n   t h e   m a g n e t i c   p r o p e r t i e s   w e r e   m e a s u r e d   t o  
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o b t a i n   r e s u l t s   shown  in  T a b l e   3 .  

f a b l e   3 

D r a f t   (%)  -  6 5  

H c ( k O e )   0 . 4 0   0 . 9 6  

(BH)max(MGOe)   4 . 2   1 0 . 9  

E x a m p l e   3 

A  m e l t   of  Fe5g  8 8 7 C r 2 5 C o 1 5 M 1 C 0 > 0 3 5 M n 0 > 0 6 S e 0   0 1 g  

a l l o y   c o m p o s i t i o n   was  s h a p e d   i n t o   an  i n g o t   of   10  k g ,  

w h i c h   was  ho t   r o l l e d   to  form  a  s h e e t   of   3 . 0   mm  i n  

t h i c k n e s s .   T h i s   s h e e t   was  a n n e a l e d   a t   900°C  f o r  

5  m i n u t e s ,   c o l d   r o l l e d   a t   a  d r a f t   of   70%  to  a  t h i c k n e s s  

of   0 . 9   mm  and  t h e n   s u b j e c t e d   to  an  i n t e r m e d i a t e   a n n e a l i n g  

a t   950°C  f o r   5  m i n u t e s .   The  t h u s   t r e a t e d   s h e e t   w a s  

s u b j e c t e d   to  a  c o l d   r o l l i n g   a t   a  s e c o n d   d r a f t   of   60%  t o  

form  a  t h i n   s h e e t   of  0 . 3 6   mm  in  f i n a l   t h i c k n e s s ,   w h i c h  

was  s u b j e c t e d   to  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 t   850°C  f o r  

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

900°C  f o r   5  h o u r s .   The  t h u s   t r e a t e d   t h i n   s h e e t   w a s  

s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   6 6 0 ° C  

f o r   10  m i n u t e s   w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of  2  kOe 

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

a n n e a l i n g   a t   600°C  f o r   5  h o u r s ,   a t   575°C  f o r   5  h o u r s ,  

a t   550°C  f o r   5  h o u r s   and  a t   500°C  f o r   10  h o u r s .  

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

f  the   n o n - r o l l e d   t a p e   c o n t a i n i n g   no  C,  Mn  and  Se  t o  

b t a i n   r e s u l t s   as  shown  in  t h e   f o l l o w i n g   T a b l e   4 .  

a o i e   *4 

M a g n e t i c   p r o p e r t i e s  

H c ( O e )   B r ( k G )   ( B H ) m a x ( M G O e )  

C o m p a r a t i v e   4g()  u   4 . 7 5  
E x a m p l e  

E x a m p l e   3  870  14  1 0 . 9 6  

Example  4  

A  m e l t   of   F e 5 9 ^ 8 2 1 C r 2 3 C o 1 5 W 2 C 0 > 0 3 3 B i 0 > 0 6 6 S b 0 > 0  

i l l o y   c o m p o s i t i o n   was  s h a p e d   i n t o   an  i n g o t   of  10  k g ,  

tfhich  was  h o t   r o l l e d   to  fo rm  a  s h e e t   of  2 .7   mm  i n  

t h i c k n e s s .   T h i s   s h e e t   was  a n n e a l e d   at  900°C  f o r  

5  m i n u t e s ,   c o l d   r o l l e d   at  a  d r a f t   of  a b o u t   88%  t o  

a  t h i c k n e s s   of   0 . 3 2 5   mm  and  t h e n   s u b j e c t e d   to  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 t   850°C  and  f u r t h e r   t o  

r e c r y s t a l l i z a t i o n   a n n e a l i n g   a t   1100°C  f o r   2  h o u r s .  

Then ,   t h e   t h u s   t r e a t e d   t h i n   s h e e t   was  s u b j e c t e d   t o  

t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   660°C  f o r   10  m i n u t e s  

w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of   2  kOe  in  t he   r o l l i n g  

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

600°C  f o r   5  h o u r s ,   a t   575°C  f o r   5  h o u r s   and  at   5 5 0 ° C  

f o r   10  h o u r s .  

The  t h u s   o b t a i n e d   t h i n   s h e e t   had  a  m a x i m u m  

e n e r g y   p r o d u c t   (BH)max  of   8 . 9   MGOe. 
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E x a m p l e   o 

A  r a p i d l y   s o l i d i f i e d   t a p e   of   0 . 7 0   mm  i n  

t h i c k n e s s   was  p r o d u c e d   f rom  a  m e l t   o f   Fe&2  8 0 8 C r 2 2 C o 1 4  

T i l C 0 . 0 3 0 M n 0 . 0 6 S 0 . 0 2 2 S b 0 . 0 8 0   a l l o y   c o m p o s i t i o n   b y  

05  a  t w i n   r o l l   p r o c e s s .   T h i s   t a p e   was  a n n e a l e d   a t   9 0 0 ° C  

f o r   5  m i n u t e s ,   r o l l e d   a t   a  d r a f t   of   60%  to  a  t h i c k n e s s  

of   0 . 2 8   mm,  s u b j e c t e d   to  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  a  h y d r o g e n   a t m o s p h e r e   a t   8 5 0 ° C ,   r e c r y s t a l l i z a t i o n  

a n n e a l i n g   a t   8 0 0 - 9 0 0 ° C   f o r   30  h o u r s   and  n o r m a l i z i n g  

10  a n n e a l i n g   a t   1200°C  f o r   3  h o u r s ,   and  t h e n   c o o l e d   w i t h  

w a t e r .   The  t h u s   t r e a t e d   t a p e   was  s u b j e c t e d   to  t w o - p h a s e  

s e p a r a t i o n   a n n e a l i n g   a t   670°C  f o r   15  m i n u t e s   w h i l e  

a p p l y i n g   a  m a g n e t i c   f i e l d   of  2  kOe  in  t he   r o l l i n g  

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

15  600°C  f o r   5  h o u r s ,   a t   575°C  f o r   5  h o u r s ,   at   5 5 0 ° C  

f o r   5  h o u r s   and  at   500°C  f o r   10  h o u r s   w i t h o u t   t h e  

a p p l i c a t i o n   of  m a g n e t i c   f i e l d .  

The  t h u s   o b t a i n e d   t a p e   had  a  maximum  e n e r g y  

p r o d u c t   (BH)max  of  8 .5   MGOe  . 

20  E x a m p l e   6 

A  m e l t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

in  t he   f o l l o w i n g   T a b l e   5  was  i n j e c t e d   from  an  i n j e c t i o n  

n o z z l e   o n t o   a  c o n t a c t   p o r t i o n   b e t w e e n   two  r o t a t i n g  

r o l l s   to  form  a  r a p i d l y   s o l i d i f i e d   t a p e   of  a b o u t   0 .5   mm 

25  in  t h i c k n e s s   and  a b o u t   10  cm  in  w i d t h .   T h i s   t a p e   w a s  

i m m e d i a t e l y   c o l d   r o l l e d   a t   a  d r a f t   of   60%  to  a  t h i c k n e s s  

of   a b o u t   0 .2   mm,  a n n e a l e d   a t   1 2 0 0 ° C   f o r   1  h o u r   a n d  

r a p i d l y   c o o l e d .  
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T h e n ,   a  s e t   or  ZU  t a p e s   p i x e a   one  upon  u i c  

o t h e r   was  s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g  

a t   670°C  f o r   a b o u t   1  h o u r   w h i l e   a p p l y i n g   a  m a g n e t i c  

f i e l d   of   3  kOe  in  t h e   r o l l i n g   d i r e c t i o n ,   r a p i d l y   c o o l e d  

5  down  to  6 2 0 ° C ,   s l o w l y   c o o l e d   f rom  600°C  to  500°C  o v e r  

50  h o u r s   and  t h e n   c o o l e d   in   a i r .   The  m a g n e t i c   p r o p e r t i e s  

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

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

e x a m p l e   to  o b t a i n   r e s u l t s   as  shown  in  T a b l e   5 .  

5 

10 

25 
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Table  5 

Magnetic  p r o p e r t i e s  
Chemical  compos i t ion   (wt%) 

Hc(Oe)  Br(kG)  < g £ »  

Fe6lCr28Col l   680  13-5  8 -3  

Fe60Cr25Col lZr2VlTi l   720  13-2  8 -6  

Fe62Cr25ConHb1>5Cu0>5  660  13.7  8 . 2  

Fe6lCr25Col lSn2.5Mn0.5   670  13'5  S-1 

F e 6 l . 8 C r 2 5 C ° l l M 2 S i 0 . 1 T a 0 . 1   820  " - l   9 . 7  

Fe6 lCr25C° l lZn2 .5Be0 .5   990  13'2  n ' 5  

Examp.eble  Fe60Cr25C° l lMn0.5P0 .5M3  690  U ' 2   8 ' 8  

Fe60Cr25C°llMo2W2  700  13-9  8*7 

Fe59Cr25CollMo3Hf2  920  12*5  10-2 

^ ^ s . s ^ n ^ . o ^ . s   800  12-7  9 - °  

Fe63Cr10CollNd15.7B0.3  690  13-°  8 ' 2  

Fe48Cr10CollCe30Aiil  600  H ' 5   6 ' 3  

Fe46Cr10Co20Sm20A£2.5B1.5  580  1CK6  5 ' 5  

F e 6 l C r 2 5 C ° l l M 2 S i l   420  1311  3 ' 3  

S S I " " ™   ^ 6 0 ^ 2 5 C ° n » ° 2 K 2   « •   » . 5   2 . 8  

Fe56Cr23.5ConMM9.0B0.5  400  12-J  3 ' 2  

'*  Note)  MM  •••  Misch  M e t a l  

e x a m p l e   /  

An  i n g o t   was  p r o d u c e d   f rom  a  m e t l   o f  

? ' e g 1 C r 2 5 C o 1 1 M 2 S i 1   a l l o y   c o m p o s i t i o n   in  t he   u s u a l  

n a n n e r ,   w h i c h   was  ho t   r o l l e d   to  a  t h i c k n e s s   of  2  mm. 

rhe  r e s u l t i n g   ho t   r o l l e d   s h e e t   was  a n n e a l e d   a t   9 0 0 ° C  
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or   5  m i n u t e s ,   c o l d   r o l l e d   a t   a  o r a i t   snown  in  u u c  

o l l o w i n g   T a b l e   6,  s u b j e c t e d   to  r e c r y s t a l l i z a t i o n  

n n e a l i n g   at  a  t e m p e r a t u r e   shown  in  T a b l e   6  f o r   a b o u t  

h o u r ,   and  t h e n   r a p i d l y   c o o l e d .   T h e n ,   a  s e t   of   20  t o  

0  c o l d   r o l l e d   s h e e t s   p i l e d   one  upon   t h e   o t h e r   w a s  

u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   6 7 0 ° C  

or  a b o u t   1  h o u r   w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   o f  

kOe  in  t he   r o l l i n g   d i r e c t i o n ,   r a p i d l y   c o o l e d   down  t o  

,20°C,   s l o w l y   c o o l e d   f rom  620°C  to  500°C  o v e r   50  h o u r s  

md  t h e n   c o o l e d   in  a i r .   The  maximum  e n e r g y   p r o d u c t  

BH)max  of  t he   t h u s   o b t a i n e d   s h e e t   s e t   was  m e a s u r e d   t o  

» b t a i n   r e s u l t s   as  shown  in  T a b l e   6 .  

LaDie  t> 

\ A n n e a l i n g   (BH)max  (MGOe) 
\   c o n d i -   -■  / o o \  \   t i o n   r e c r y s t a l l i z a t i o n   t e m p e r a t u r e   ( ° C )  

( a n n e a l i n g   t i m e :   1  h r )  

D r a ( % )   700  800  1000  1200  1300  1 3 5 0  

0  1 . 8   2 . 5   3 .1   2 .9   3 .2   3 . 2  

10  1 . 8   2 . 6   3 .0   2 . 8   2 . 8   3 . 2  

20  2 .0   2 . 6   3 .1   2 .9   3 .0   2 . 9  

30  3 .0   4 . 5   A.  9  5 .3   4 . 8   3 . 5  

50  3 .1   5 . 5   8 .2   9 .8   6 .1   3 . 8  

70  3 .5   5 . 6   1 0 . 7   9 .0   6 .8   3 . 1  

90  3 . 4   4 . 9   8 . 8   8 .8   5 .2   3 . 1  

95  3 . 4   4 . 5   5 .8   5 .5   4 .7   3 . 0  

97  3 .3   3 .0   2 .9   2 .8   2 .5   2 . 7  
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An  i n g o t   was  p r o d u c e d   f rom  a  m e l t   o f  

F e 6 1 . 8 C r 2 5 C o 1 0 M o 3 S b 0 . 0 7 M n 0 . 0 7 S € 0 . 0 3 C 0 . 0 3   a l l o v   c o m p o s i -  

t i o n ,   w h i c h   was  h o t   r o l l e d   to  a  t h i c k n e s s   of   2  mm  i n  
35  t he   u s u a l   m a n n e r .   T h e n ,   t h e   r e s u l t i n g   h o t   r o l l e d   s h e e t  

was  a n n e a l e d   at   900°C  f o r   5  m i n u t e s ,   c o l d   r o l l e d   a t  

a  d r a f t   shown  in  t h e   f o l l o w i n g   T a b l e   7  and  t h e n   s u b j e c t e d  

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

in  T a b l e   7.  T h e n ,   a  s e t   o f   20  to  50  c o l d   r o l l e d   s h e e t s  
0  p i l e d   one  upon  the   o t h e r   was  s u b j e c t e d   to  t w o - p h a s e  

s e p a r a t i o n   a n n e a l i n g   a t   680°C  f o r   a b o u t   1  h o u r   w h i l e  

a p p l y i n g   a  m a g n e t i c   f i e l d   of   3  kOe  in  t he   r o l l i n g  

d i r e c t i o n ,   r a p i d l y   c o o l e d   down  to  6 4 0 ° C ,   s l o w l y   c o o l e d  

from  640°C  to  500°C  o v e r   50  h o u r s ,   and  t h e n   c o o l e d  

5  in  a i r .   The  maximum  e n e r g y   p r o d u c t   (BH)max  of   t he   t h u s  

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

shown  in  T a b l e   7'. 
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T a b l e   7 

\ A n n e a l i n g   (BH)max  (MGOe) 
\ c o n d i -  

N a t i o n   r e c r y s t a l l i z a t i o n   t e m p e r a t u r e   ( ° C )  
( a n n e a l i n g   t i m e :   1  h r )  

D r a f t   \   1  ,  ,  1 
(%)  \   700  800  1000  1200  1300  1 3 5 0  

0  2 . 5   2 .7   2 .7   3 . 0   2 . 5   2 . 5  

10  2 . 5   2 .5   2 . 5   2 . 6   2 . 4   2 . 5  

20  2 . 6   2 . 6   3 . 2   3 . 0   2 .5   2 . 4  

30  3 . 0   4 .5   5 .0   6 .1   4 . 8   3 . 2  

50  3 .1   5 .3   8 .1   9 . 0   5 . 0   3 . 1  

70  3 . 0   6 .0   1 1 . 1   9 . 5   5 .3   2 . 8  

90  3 . 2   5 .0   9 .0   7 . 8   4 . 5   2 . 9  

95  3 . 2   4 . 8   5 . 2   5 . 1   4 . 3   2 . 5  

97  3 . 1   3 .2   2 .5   2 . 8   3 .0   2 . 6  

E x a m p l e   9 

A  m e l t   h a v i n g   an  a l l o y   c o m p o s i t i o n   shown  i n  

t h e   f o l l o w i n g   T a b l e   8  was  i n j e c t e d   f rom  an  i n j e c t i o n  

n o z z l e   o n t o   a  c o n t a c t   p o r t i o n   b e t w e e n   two  r o t a t i n g  

c o o l e d   r o l l s   to   fo rm  a  r a p i d l y   s o l i d i f i e d   t a p e   of  a b o u t  

0 . 5   mm  in  t h i c k n e s s   and  a b o u t   10  cm  in  w i d t h .   T h e n ,  

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

a  t h i c k n e s s   of   a b o u t   0 .1   mm,  s u b j e c t e d   to  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 t   1 0 0 0 ° C ,   q u e n c h e d   and  t h e n   s u b j e c t e d  

to  n o r m a l i z i n g   a n n e a l i n g   a t   1 2 0 0 ° C   f o r   2  h o u r s ,   w h e r e b y  

t h e   c o n t e n t   of   e a c h   of  C,  S,  Se  and  Te  was  r e d u c e d   t o  

n o t   more  t h a n   0 . 0 0 3 % .   T h e r e a f t e r ,   a  s e t   of  50  c o l d  

r o l l e d   t a p e s   p i l e d   one  upon  the   o t h e r   was  s u b j e c t e d   t o  
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k " " - -   a v . H a L a L i u u   a n n e a l i n g   a t   b / o " C   t o r   a b o u t  

1  h o u r   w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of  3  kO<Tin   t h e  

r o l l i n g   d i r e c t i o n ,   r a p i d l y   c o o l e d   down  to  6 0 0 ° C ,   s l o w l y  
c o o l e d   f rom  600°C  to  500°C  o v e r   50  h o u r s   and  t h e n  

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

t r e a t e d   t a p e   s e t   were   m e a s u r e d   to  o b t a i n   r e s u l t s   a s  
shown  in  T a b l e   8 .  
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As  s e e n   i rom  E x a m p l e s   1 - 9 ,   t he   c r y s t a l   t e x t u r e  

of  { 1 1 0 } < 0 0 1 >   is   h i g h l y   a l i g n e d   by  t h e   c o m b i n a t i o n   o f  

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

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

v a l u e   of   ( B H ) m a x .  

E x a m p l e   10  

An  i n g o t   was  p r o d u c e d   f rom  a  m e l t   o f  

F e 6 0 C r 2 5 C o 1 5   a l l o v   c o m p o s i t i o n ,   w h i c h   was  h o t   r o l l e d   t o  

a  t h i c k n e s s   of   3 .0   mm  in  t he   u s u a l   m a n n e r .   T h e n ,   t h e  

r e s u l t i n g   h o t   r o l l e d   s h e e t   was  a n n e a l e d   a t   1 3 0 0 ° C   f o r  

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

at  a  d r a f t   of   90%  to  form  a  c o l d   r o l l e d   s h e e t   of   0 . 3 0   mm 

in  t h i c k n e s s .   A  d i s c   of  20  mm  in  d i a m e t e r   was  p u n c h e d  

out   f rom  the   c o l d   r o l l e d   s h e e t ,   w h i c h   was  s u b j e c t e d   t o  

t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   660°C  f o r   60  m i n u t e s  

and  f u r t h e r   to  age  a n n e a l i n g   a t   600°C  f o r   5  h o u r s .  

The  t h u s   o b t a i n e d   s h e e t   had  a  h i g h e r   v a l u e   o f  

c o e r c i v e   f o r c e   He  of  620  Oe  in  a  d i r e c t i o n   of  two  e a s y  

n a g n e t i z a t i o n   d i r e c t i o n s   and  a  m a g n e t i c   t o r q u e   c u r v e  

shown  in  F i g .   4 .  

Example  11  

A  m e l t   of   F e 6 0 C r 2 ( j C o 1 3 B 0   5 S i 6   5  a l l o y  

i m p o s i t i o n   was  i n j e c t e d   f rom  an  i n j e c t i o n   n o z z l e   o n t o  

i  c o n t a c t   p o r t i o n   b e t w e e n   two  r o t a t i n g   r o l l s   to  f o r m  

i  r a p i d l y   s o l i d i f i e d   t a p e   of  0 . 5 0   mm  in  t h i c k n e s s ,  

' h i s   t a p e   was  c o l d   r o l l e d   a t   a  d r a f t   of   82%  to  a  

: h i c k n e s s   of  0 . 0 9   mm,  f rom  w h i c h   was  p u n c h e d   o u t   a  d i s c  

>f  20  mm  in  d i a m e t e r .   The  r e s u l t i n g   d i s c   was  s u b j e c t e d  
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to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   670°C  f o r   60  

m i n u t e s   and  f u r t h e r   to  m u l t i - s t a g e   age  a n n e a l i n g   a t  

620°C   f o r   1  h o u r   and  a t   600°C  f o r   2  h o u r s .  

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

35  v a l u e   o f   c o e r c i v e   f o r c e   He  of   590  Oe  in   a  d i r e c t i o n   o f  

two  e a s y   m a g n e t i z a t i o n   d i r e c t i o n s   and   had   t h e   s a m e  

m a g n e t i c   t o r q u e   c u r v e   as  shown  in  F i g .   4 .  

E x a m p l e   1 2  

An  i n g o t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

10  in  t h e   f o l l o w i n g   T a b l e   9  was  h o t   r o l l e d   to  a  t h i c k n e s s  

of   3  mm  in  t h e   u s u a l   m a n n e r .   A f t e r   t he   r e m o v a l   o f  

s c a l e ,   t h e   h o t   r o l l e d   s h e e t   was  c o l d   r o l l e d   a t   a  d r a f t  

of   a b o u t   90%  to  a  f i n a l   t h i c k n e s s   of   0 . 3   mm.  As  a  r e s u l t  

o f   an  X - r a y   a n a l y s i s ,   t he   c r y s t a l   t e x t u r e   of   t h e  

15  r e s u l t i n g   c o l d   r o l l e d   s h e e t   had  { 1 0 0 } < 0 1 1 >   o r i e n t a t i o n .  

T h e r e a f t e r ,   t h e   c o l d   r o l l e d   s h e e t   was  s u b j e c t e d   to  a g e  

a n n e a l i n g   a t   680°C  f o r   90  m i n u t e s   as  a  h e a t   t r e a t m e n t .  

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

m e a s u r e d   in  a  c l o c k w i s e   d i r e c t i o n   a t   an  a n g l e   of   4 5 °  

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

as  shown  in   T a b l e   9.  M o r e o v e r ,   t h e   m e a s u r e d   r e s u l t s   o f  

n o n - r o l l e d   s h e e t   as  a  c o m p a r a t i v e   e x a m p l e   a r e   a l s o  

shown  in  T a b l e   9 .  

25 
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C h e m i c a l ( e o , p o s i t i o n   B r ( k G )   | H c ( 0 e ) [ < ™ > - »  

F e 4 7 C r 3 0 C o 2 3   8 . 5   360  2 . 5  

F e 4 6 C r 3 0 C o 2 3 A £ l   8 . 2   410  2 . 8  

F e 4 4 C r 3 0 C o 2 3 W 3   9 .1   400  3 . 1  

C o m p a r a t i v e   '  5  '   '  '  ^   3  '  1 

E x a m p l e   F e 4 5 C r 3 0 C o 2 3 N b 2   8 . 9   385  2 . 9  

F e 4 6 C r 3 0 C o 2 3 Z r l   8 . 8   450  3 . 5  

F e 5 5 C r 2 5 C o 1 0 S m 1 0   9 . 6   430  3 . 7  

F e 3 5 C r 2 5 C o 1 0 P r 1 0   8 . 5   425  3 . 1  

F e 5 0 C r 2 5 C o 5 P r 1 0 N d 1 0   9 . 4   450  3 . 7  

F e 4 7 C r 3 0 C o 2 3   1 2 - 1   610  6 . 8  

F e 4 6 C r 3 0 C o 2 3 M l   1 2 . 7   650  7 . 6  

F e 4 4 C r 3 0 C o 2 3 W 3   1 2 . 0   620  6 . 9  

F e 4 6 . 5 C r 3 0 C o 2 3 V 0 . 5   1 2 . 9   650  5 . 7  

F e 4 5 C r 3 0 C o 2 3 N b 2   1 2 . 1   730  6 . 2  

F e 4 6 C r 3 0 C o 2 3 Z r l   1 1 . 9   750  6 . 4  

F e 4 0 C r 2 8 C 2 2 M n l   1 0 . 9   750  5 . 5  

F e 4 9 . 5 C r 2 8 C o 2 2 Z n 0 . 5   11  •  5  680  5 - 3  
F e 4 9 ^ r 2 8 C o 2 2 S n l   1 2 . 0   630  5 . 0  

F e 4 9 . 5 C r 2 8 C o 2 2 P 0 . 5   1 2 . 5   610  5 . 2  
A c c e p t a b l e   Fe,  8 C r 2 8 C o 2 ? T a 9   

'  
1 1 . 6   620  4 . 8  

Example   „  _  
°  

„ .  F e 3 4 C r 3 5 C o 3 0 S l l   1 1 . 1   750  5 . 8  

F e 3 3 . 5 C r 3 5 C o 3 0 C u 1 . 5   1 1 , 5   760  6 - l  
F e 3 4 . 5 C r 3 5 C o 3 0 B e 0 . * 5   11  '  8  \  7™  6 . 6  

F e 6 2 C r 2 2 C o 1 5 B l   1 2 . 9   660  6 . 0  

F e 6 0 C r 2 2 C o 1 5 M o 3   1 4 . 5   780  7 . 5  

F e 6 1 C r 2 2 C o 1 5 H f 2   1 4 . 9   760  7 . 6  

F e 6 0 C r 2 2 C o 1 5 M o 2 T i l   1 4 . 5   800  8 . 2  

F e 6 3 C r 2 5 C o 1 0 S i 1 T i 1   1 3 . 8   720  7 . 1  

F e 5 5 C r 2 5 C o 1 0 S m 1 0   1 3 . 8   660  6 . 6  

F e 5 5 C r 2 5 C o 1 0 P r 1 0   1 3 . 5   640  5 . 9  

F e 5 0 C r 2 5 C o 5 P r 1 0 N d 1 0   1 3 . 1   690  6 . 5  
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Example  1 3  

An  i n g o t   of   10  kg  was  p r o d u c e d   f rom  -a  m e l t   o f  

' e 5 7 C r 2 3 C o 1 5 M 3 T i 2   a l l o y   c o m p o s i t i o n ,   w h i c h   was  h o t  

r o l l e d   to   a  t h i c k n e s s   of   3 . 0   mm.  The  r e s u l t i n g   h o t  

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

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

i  c o l d   r o l l e d   s h e e t   of  0 . 3 0   mm  in  t h i c k n e s s .   A  d i s c   o f  

10  mm  in   d i a m e t e r   was  i m m e d i a t e l y   p u n c h e d   o u t   f rom  t h e  

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

s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   in   a  

r o t a t i n g   m a g n e t i c   f i e l d   of  10  kOe  at   660°C  f o r   30  

n i n u t e s   and  f u r t h e r   to  m u l t i - s t a g e   age   a n n e a l i n g   a t  

580°C  f o r   1  h o u r ,   a t   560°C  f o r   1  h o u r ,   a t   540°C  f o r  

L  h o u r ,   a t   520°C  f o r   1  h o u r   and  a t   500°C  f o r   5  h o u r s .  

The  c o e r c i v e   f o r c e   He  of  t h e   t h u s   t r e a t e d  

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

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

as  shown  in  t h e   f o l l o w i n g   T a b l e   1 0 .  

r a b l e   l u  

H c ( O e )  
M a g n e t i c  

f i 6 l d   
H ,   HX  H r o t  

E x a m p l e   13  r o t a t i o n   -  -  5 3 0  

C o m p a r a t i v e   u n i d i r e c t i o n   540  420  -  
E x a m p l e  
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E x a m p l e  

A  m e l t   of   F e 6 i C r 2 3 C o i 4 M o 2   a l l o v   c o m p o s i t i o n  

was  i n j e c t e d   f rom  an  i n j e c t i o n   n o z z l e   o n t o   a  c o n t a c t  

p o r t i o n   b e t w e e n   two  r o t a t i n g   r o l l s   a t   a  c o o l i n g   r a t e   o f  

1 0 4 o C / s e c   to  form  a  r a p i d l y   s o l i d i f i e d   t a p e   of  0 . 5 0   mm 

-  in  t h i c k n e s s .   A  r i n g   of  30  mm  in  o u t e r   d i a m e t e r   a n d  

10  mm  in  i n n e r   d i a m e t e r   was  p u n c h e d   ou t   from  t he   t a p e ,  

s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   in  a  

r o t a t i n g   m a g n e t i c   f i e l d   of   10  kOe  or  a  u n i d i r e c t i o n a l  

m a g n e t i c   f i e l d   of  10  kOe  or  in  t he   a b s e n c e   of  m a g n e t i c  

f i e l d   at  650°C  f o r   60  m i n u t e s ,   h e l d   at   600°C  f o r  

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

c o o l e d   down  to  500°C  a t   a  c o o l i n g   r a t e   of  1 0 ° C / h r   a n d  

t h e n   s u b j e c t e d   to  age  a n n e a l i n g   a t   500°C  f o r   24  h o u r s .  

The  m e a s u r e d   r e s u l t s   on  the   c o e r c i v e   f o r c e   He 

of   the   t h u s   t r e a t e d   r i n g   a r e   shown  in  the   f o l l o w i n g  

T a b l e   1 1 .  

[ a b l e   11  

M a g n e t i c   H c ( 0 e )  

f i e l d   u  it  t. none  H«  Hi  H  t  /   -1-  r o t  

C o m p a r a t i v e   0rtA 
S a m p l e   none   300  -  -  

C o m p a r a t i v e   . . .   fc  .  C„A  .  _A 
• x a m p l e   

u n i d i r e c t i o n   -  520  470  -  

Zxample  14  r o t a t i o n   -  5 0 0  
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x a m p l e   1 5  

A  m e l t   of   F e 5 7 C r 2 4 C o l 5 V 4   a l l o y   c o m p o s i t i o n  

as  r a p i d l y   s o l i d i f i e d   by  a  t w i n   r o l l   p r o c e s s   to  f o r m  

t a p e   of   0 . 4 0   mm  in  t h i c k n e s s .   A  d i s c   of  30  mm  i n  

i a m e t e r   was  p u n c h e d   o u t   f rom  t h e   t a p e ,   s u b j e c t e d   t o  

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

i e l d   of  10  kOe  or   a  u n i d i r e c t i o n a l   m a g n e t i c   f i e l d   o f  

0  kOe  or  in  t h e   a b s e n c e   of   m a g n e t i c   f i e l d   a t   680°C  f o r  

!0  m i n u t e s ,   h e l d   a t   600°C  f o r   24  h o u r s   w i t h o u t   t h e  

i p p l i c a t i o n   of   m a g n e t i c   f i e l d ,   c o o l e d   down  to  500°C  a t  

1  c o o l i n g   r a t e   of   1 0 ° C / h r   and  t h e n   s u b j e c t e d   to  a g e  

i n n e a l i n g   a t   500°C  f o r   24  h o u r s .  

The  c o e r c i v e   f o r c e s   He  of   the   t h u s   t r e a t e d  

l i s c s   a r e   shown  in   t he   f o l l o w i n g   T a b l e   1 2 .  

t a o i e   i z  

H c ( O e )  
M a g n e t i c  

f i e l d   
none   H /   Hj_  H r Q t  

C o m p a r a t i v e   nQne  310  -  -  
E x a m p l e  

C o m p a r a t i v e   u n i d i r e c t i o n   -  550  400  -  
E x a m p l e  

E x a m p l e   15  r o t a t i o n   -  5 1 0  

E x a m p l e   1 6  

A  m e l t   of  F e 5 7 C r 2 4 C o 1 5 W 4   a l l o y   c o m p o s i t i o n  

was  p o u r e d   f rom  a  m e l t i n g   f u r n a c e   i n t o   a  m o l d .  

The  r e s u l t i n g   i n g o t   was  h e a t e d   a t   1300°C  and  t h e n  
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s u b j e c t e d   to  t h e   u s u a l   h o t   r o l l i n g   and  c o l d   r o l l i n g   t o  

form  a  t h i n   s h e e t   of   0 . 6 5   mm  in  t h i c k n e s s .   A f t e r   t h e  

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

1 3 0 0 ° C ,   a  r i n g   of   30  mm  in  o u t e r   d i a m e t e r   and  10  mm  i n  

i n n e r   d i a m e t e r   was  p u n c h e d   o u t   t h e r e f r o m ,   s u b j e c t e d   t o  

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

f i e l d   of   10  kOe  a t   660°C  f o r   10  m i n u t e s ,   h e l d   a t   6 1 0 ° C  

f o r   24  h o u r s   w i t h o u t   t he   a p p l i c a t i o n   of   m a g n e t i c   f i e l d ,  

c o o l e d   down  to  500°C  a t   a  c o o l i n g   r a t e   of  1 0 ° C / h r   a n d  

t h e n   s u b j e c t e d   to  age  a n n e a l i n g   a t   500°C  f o r   24  h o u r s .  

The  c o e r c i v e   f o r c e   He  of   the   t h u s   t r e a t e d   r i n g   i s   s h o w n  

in  t he   f o l l o w i n g   T a b l e   1 3 .  

For   t h e   c o m p a r i s o n ,   t he   r i n g   was  s u b j e c t e d   t o  

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

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

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

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

t r e a t e d   r i n g   was  m e a s u r e d   to  o b t a i n   r e s u l t s   as  shown  i n  

T a b l e   1 3 .  

T a b l e   1 3  

M a g n e t i c   H c ( 0 e >  

f i 6 l d   
H/  Hl  H r o t   n o n e  

C o m p a r a t i v e   /AA  , , A  
E x a m p l e   none   "  "  "  4 0 0 - 4 1 0  

C o m p a r a t i v e   u n i d i r e c t i o n   510  4 7 0  
E x a m p l e  

E x a m p l e   16  r o t a t i o n   -  -  4 9 0 - 5 0 0  
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Example   17  

An  i n g o t   of  10  kg  was  p r o d u c e d   f r o m   a  m e l t   o f  

' e 5 8 C r 2 2 C o 1 5 V 5   a l l o y   c o m p o s i t i o n ,   w h i c h   was  h e a t e d   a t  

L300°C  f o r   30  m i n u t e s   and  t h e n   s u b j e c t e d   to  t h e   u s u a l  

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

) . 4 0   mm  in  t h i c k n e s s .   A f t e r   t h e   t h i n   s h e e t   w a s  

s u b j e c t e d   to  a  s o l u t i o n   t r e a t m e n t   at   1 2 5 0 ° C ,   a  d i s c   o f  

30  mm  in  d i a m e t e r   was  p u n c h e d   ou t   t h e r e f r o m ,   s u b j e c t e d  

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

f i e l d   of  10  kOe  or   a  u n i d i r e c t i o n a l   m a g n e t i c   f i e l d   o f  

LO  kOe  or  in  t he   a b s e n c e   of  m a g n e t i c   f i e l d   a t   650°C  f o r  

20  m i n u t e s ,   h e l d   at   600°C  f o r   24  h o u r s   w i t h o u t   t h e  

a p p l i c a t i o n   of  m a g n e t i c   f i e l d ,   c o o l e d   down  to  500°C  a t  

a  c o o l i n g   r a t e   of  1 0 ° C / s e c   and  t h e n   s u b j e c t e d   to  a g e  

a n n e a l i n g   a t   500°C  f o r   12  h o u r s .  

The  m e a s u r e d   r e s u l t s   on  the   c o e r c i v e   f o r c e   o f  

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

T a b l e   1 4 .  

T a b l e   14  

H c ( O e )  
M a g n e t i c  

f i e l d   
H/7  HX  H r o t   n o n e  

C o m p a r a t i v e   nQne  _  _  .  3 5 0 - 4 0 0  
E x a m p l e  

C o m p a r a t i v e   u n i d i r e c t i o n   480  4 0 0  
E x a m p l e  

E x a m p l e   17  r o t a t i o n   -  -  5 1 0 - 5 2 0  
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E x a m p l e   1 0  

A  m e l t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

in  t h e   f o l l o w i n g   T a b l e   15  was  i n j e c t e d   f rom  an  i n j e c t i o n  

n o z z l e   o n t o   a  c o n t a c t   p o r t i o n   b e t w e e n   two  r o t a t i n g  

05  c o o l e d   r o l l s   to  fo rm  a  r a p i d l y   s o l i d i f i e d   t a p e   of   a b o u t  

0 . 5   mm  in  t h i c k n e s s   and  a b o u t   10  cm  in  w i d t h .   A f t e r  

t h e   t a p e   was  s h a p e d   i n t o   a  d i s c ,   a  s e t   of   a b o u t   10  d i s c s  

p i l e d   one  upon  t he   o t h e r   was  s u b j e c t e d   to  t w o - p h a s e  

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

10  a b o u t   3  kOe  a t   670°C  f o r   a b o u t   1  h o u r ,   c o o l e d   f r o m  

600°C  to  500°C  o v e r   a b o u t   50  h o u r s   and  t h e n   c o o l e d  

in  a i r .   The  m a g n e t i c   p r o p e r t i e s   of   t he   t h u s   t r e a t e d  

d i s c   s e t   were   m e a s u r e d   to  o b t a i n   r e s u l t s   as  shown  i n  

T a b l e   15.  For  t he   c o m p a r i s o n ,   t he   m a g n e t i c   p r o p e r t i e s  

■5  of   the   d i s c   s e t   s u b j e c t e d   to  t h e   t w o - p h a s e   s e p a r a t i o n  

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

shown  in  T a b l e   1 5 .  

0 
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able  15 

Magnetic  p r o p e r t i e s  
Chemical  composi t ion   —  -■- 

< " »   HcCOe)Br(kG)  < * g «  

Fe55Cr30C°15  510  11  '5  4 ' °  

FeccCr_cCo1t.A>2/Zn1  520  9.8  4 . 2  
55  zb  Id  4  1 

FeccCrocCo.,-AJ>  Sn0  530  8.7  5 . 0  
55  lb  3  £■ 

Fe55Cr25C°15Zr3Ti2  510  8*9  4 " °  

Fe55Cr25C°15Ta3M°2  490  9-°  3 ' 6  

Accep tab le   Fe  Cr  Co  m,  W  490  10.2  3 . 8  
Example  55  25  15  3  I  

Fe6l .5Cr25C°12B1.0Cu0.5   480  n ' 8   3 ' 5  

Fe61.5Cr25C°12Hf1.0Be0.5   470  3 ' 5  

Fe60Cr22C°8.0Nd9.0B1.0  500  10  '  9  3 ' 8  

Fe57Cr22C°8.0Pr12B1.0  520  10-5  4 ' 5  

Fe51Cr22C°7.0Sm10Nd10  580  8'2  5"5 

Fe51Cr22C°7.0Y10SmlO  570  8'5  
•  

5 ' 2  

Fe55Cr25C°15M4Znl  360  2 ' 6  

s ; r i v e   ^ 1 . 5 ^ 1 2 ^ 0 . 5   350  io-9  2 -8  

Fe60Cr22C°8.0Nd9Bl  300  n ' 8  

Fe51Cr22C°7.0Y10Sm10  280  |  12  '  5  1>5 

E x a m p l e   19  

An  i n g o t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

in  t he   f o l l o w i n g   T a b l e   16  was  h o t   r o l l e d   in  t he   u s u a l  

m a n n e r   a t   a  f i n a l   t e m p e r a t u r e   of  a b o u t   800°C  to  f o r m  

a  ho t   r o l l e d   s h e e t   of  1  mm  in  t h i c k n e s s .   T h e n ,   t h e  

r e s u l t i n g   s h e e t   was  s u b j e c t e d   to  a  s o l u t i o n   t r e a t m e n t  
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uy  a n n e d i i n g   a t   i o r   l  h o u r   and  q u e n c h i n g .  

—  -  The  t h u s   t r e a t e d   s h e e t   was  s h a p e d   i n t o   a  d i s c   a n d  

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

a  r o t a t i n g   m a g n e t i c   f i e l d   of   a b o u t   3  kOe  a t   675°C  f o r  

05  a b o u t   50  m i n u t e s .   T h e r e a f t e r ,   t h e   d i s c   was  c o o l e d   f r o m  

650°C  to  500°C  o v e r   a b o u t   50  h o u r s   and  t h e n   c o o l e d  

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

d i s c   were   m e a s u r e d   to  o b t a i n   r e s u l t s   as  shown  i n  

T a b l e   16.  For   the   c o m p a r i s o n ,   t h e   m a g n e t i c   p r o p e r t i e s  

10  of  t he   d i s c   w i t h o u t   the   s o l u t i o n   t r e a t m e n t   a r e   a l s o  

shown  in  T a b l e   1 6 .  
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Table  16 

Magnetic  p r o p e r t i e s  
Chemical  compos i t ion   1  1 

(wt%)  Hc(Oe)  Br(kG) 

Fe55Cr3QCo15  480  10.5  3 . 2  

FeccCrocCo.II.A£/Zn1  500  9.2  3 . 8  
o  j  zd  Id  4  1 

FeccCrocCo1cA£0Sn0  520  8.5  4 . 2  
DD  ZD  ID  J  /  

FeccCrocCo1i:Zr0Ti0  510  8.6  4 . 0  55  25  15  3  2 

FeccCrocCo1cTa0Mo0  470  8.9  3 .7  
DD  ZD  ID  D  Z 

Accep tab le   Fe  Cr  Co  m,  w  460  9.5  3 . 5  
Example  55  25  15  3  2 

Fe6l .5Cr25C°12B1.0Cu0.5   480  9"8  3"5 

Fe6l .5Cr25C°12Hf1 .0Be0 .5   470  10"2  3 ' 6  

Fe60Cr22C°8.0Nd9.0B1.0  490  9'2  4 ' °  

Fe57Cr22C°8.0Pr12B1.0  500  9A  4 ' 3  

Fe51Cr22C°7.0Sml0Nd10  550  7-8  4 ' 6  

Fe51Cr22C°7.0Y10Sm10  550  7'5  4 ' 5  

Fe55Cr25Co15A£AZn1  330  9.7  2 . 7  

^ ^ n V - o . s   320  9-9  2-3  

Fe60Cr22C°8.0Nd9Bl  270  10-2  K 9  

Fe51Cr22C°7.0Y10Sm10  220  1 ' 3  

As  s e e n   f rom  E x a m p l e s   1 3 - 1 9 ,   a c c o r d i n g   to  the   j 

i n v e n t i o n ,   t h e r e   can  be  o b t a i n e d   p e r m a n e n t   m a g n e t s  

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

be  o b t a i n e d   in  t he   c o n v e n t i o n a l   t e c h n i q u e .   P a r t i c u l a r l y ,  

when  t h e   r a p i d l y   s o l i d i f i e d   t a p e   i s   u s e d   as  a  b a s e  

p l a t e ,   t he   s o l u t i o n   t r e a t m e n t   may  be  o m i t t e d ,   r e s u l t i n g  
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in  t h e   s i m p l i f i c a t i o n   of   s t e p s   and  t h e   e n e r g y -   s a v i n g .  

E x a m p l e   2 0  

A  m e l t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

in   t h e   f o l l o w i n g   T a b l e   17  was  r a p i d l y   s o l i d i f i e d   b y  

05  a  t w i n   r o l l   p r o c e s s   to  form  a  t a p e   o f   0 . 5   mm  in  t h i c k n e s s  

and  20  mm  in  w i d t h .   T h e n ,   t h e   r e s u l t i n g   t a p e   w a s  

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

d r a f t s   shown  in  T a b l e   17  t h r o u g h   an  i n t e r m e d i a t e  

a n n e a l i n g   in  N2  a t m o s p h e r e   a t   830°C  f o r   6  m i n u t e s   t o  

10  o b t a i n   a  r o l l e d   t a p e   of   0 .1   mm  in  t h i c k n e s s .  

T h e r e a f t e r ,   t he   r o l l e d   t a p e   was  h e a t e d   a t  

1 1 8 0 ° C ,   s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g  

u n d e r   a  v a c u u m   of  2 x l 0 ~ 3   T o r r   f o r   3  h o u r s ,   c o o l e d   w i t h  

w a t e r   and  t h e n   s u b j e c t e d   to  age  a n n e a l i n g   a t   680°C  f o r  

15  90  m i n u t e s .  

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

t a p e   h a v i n g   a  h i g h l y   a l i g n e d   { 1 0 0 } < 0 0 1 >   o r i e n t a t i o n  

were   m e a s u r e d   in  o n l y   the   r o l l i n g   d i r e c t i o n   ( o r   l o n g i -  

t u d i n a l   d i r e c t i o n   of  t he   t a p e )   to  o b t a i n   r e s u l t s   a s  

20  shown  in  T a b l e   17.  For   t he   c o m p a r i s o n ,   the   m a g n e t i c  

p r o p e r t i e s   of   t he   r a p i d l y   s o l i d i f i e d   t a p e   of  0 . 1   mm  i n  

t h i c k n e s s ,   w h i c h   was  s u b j e c t e d   o n l y   to  t h e   age  a n n e a l i n g  

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

shown  in  T a b l e   1 7 .  
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E x a m p l e   2 1  

A  m e l t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

in   t h e   f o l l o w i n g   T a b l e   18  was  r a p i d l y   s o l i d i f i e d   b y  

a  t w i n   r o l l   p r o c e s s   to  fo rm  a  t a p e   o f   0 . 2   mm  in   t h i c k n e s s  

05  and  30  mm  in  w i d t h .   The  r e s u l t i n g   t a p e   was  r o l l e d  

to  a  t h i c k n e s s   of  0 . 1 5   mm  ( d r a f t :   25%) ,   a n n e a l e d   i n  

H2+N2  a t m o s p h e r e   a t   870°C  f o r   3  m i n u t e s   and  f u r t h e r  

r o l l e d   to  a  t h i c k n e s s   of   0 . 0 7   mm  ( d r a f t :   a b o u t   5 3 % ) .  

The  t h u s   t r e a t e d   t a p e   was  a n n e a l e d   in  a  h y d r o g e n  

10  a t m o s p h e r e   a t   1250°C  f o r   2  h o u r s ,   c o o l e d   w i t h   w a t e r   a n d  

s u b j e c t e d   to   t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   6 9 0 ° C  

f o r   60  m i n u t e s   w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of   2  kOe 

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

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

15  530°C   f o r   10  h o u r s .  

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

t a p e   w e r e   m e a s u r e d   to  o b t a i n   r e s u l t s   as  shown  in   T a b l e   1 8 .  

For   t h e   c o m p a r i s o n ,   t he   m a g n e t i c   p r o p e r t i e s   of   t h e  

r a p i d l y   s o l i d i f i e d   t a p e   of  0 .1   mm  in  t h i c k n e s s ,   w h i c h  

10  was  s u b j e c t e d   o n l y   to  t he   age  a n n e a l i n g   w i t h o u t   r o l l i n g  

and  s e p a r a t i o n   a n n e a l i n g ,   a r e   a l s o   shown  in  T a b l e   1 8 .  
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T a b l e   1 8  

C h e m i c a l   c o m p o s i t i o n   (wt%)~  B r ( k G )   H c ( O e )  

F e 6 g C r 2 2 C o 1 0   1 4 . 0   6 3 0  

F e 6 1 C r 2 6 C o l l V l N b l   13  •  9  6 6 0  

C o m p a r a t i v e   ~.  n  n  „  .  ,  c 
E x a m p l e   F e 6 l C r 2 3 C o 1 5 Z r l   14  '  5  7 7 0  

F e 5 2 C r 2 2 C o 2 5 S i 1   1 5 . 4   6 2 0  

F e 5 9 C r 3 0 C o 1 0 M o l   1 3 , 5   6 5 0  

F e 6 8 C r 2 2 C o 1 0   15-1   7 8 0  

F e 6 1 C r 2 6 C o l l V l N b l   1 5 , 2   8 0 0  

F e 6 1 C r 2 3 C o 1 5 Z r l   1 5 , 6   7 9 0  

F e 5 2 C r 2 2 C o 2 5 S i l   1 5 , 4   7 7 0  

F e 5 9 C r 3 0 C o 1 0 M o l   1 4 , 9   8 0 0  

A c c e p t a b l e   Fe64  .  5Cr25Co10Mn0   .  5  14  ■  8  7 9 0  

E x a m p l e   
F e 6 6 C r 2 2 C o 1 ( ) T i 2   1 4 . 5   8 2 0  

F e 6 6 . 5 C r 2 2 C o 1 0 S i l B 0 . 5   1 3 ' 7   7 6 0  

F e 6 6 C r 2 2 C o 1 0 S i l A £ l   1 3 , 3   7 3 0  

F e 6 6 . 9 C r 2 2 C o 1 0 C 0 . 1 N b l   14  -1  8 1 0  

F e 6 6 . 7 C r 2 2 C o 1 0 P 0 . 8 Z n 0 . 5   13  '  9  7 8 0  

F e 6 5 . 3 C r 2 2 C o 1 0 V 0 . 7 P l M o l   14  '°   7 9 0  

E x a m p l e   2 2  

A  m e l t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

in  t he   f o l l o w i n g   T a b l e   19  was  r a p i d l y   s o l i d i f i e d   b y  

a  t w i n   r o l l   p r o c e s s   to  form  a  t a p e   of   0 . 5   mm  in  t h i c k n e s s .  

T h e n ,   the   r e s u l t i n g   t a p e   was  s u b j e c t e d   to  t w o - s t a g e  

r o l l i n g   at   f i r s t   and  s e c o n d   d r a f t s   shown  in  T a b l e   19  

t h r o u g h   an  i n t e r m e d i a t e   a n n e a l i n g   in  N2  a t m o s p h e r e   a t  
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830°C   f o r   6  m i n u t e s   to  o b t a i n   a  r o i l e d   t a p e   of  0 . 1   mm 

in  t h i c k n e s s .   T h i s   r o l l e d   t a p e   was  s u b j e c t e d   t o  

t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   690°C  f o r   60  m i n u t e s  

w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of   2  kOe  in   a  d i r e c t i o n  

)5  p e r p e n d i c u l a r   to  t he   l o n g i t u d i n a l   d i r e c t i o n   o f   t h e   t a p e  

and  f u r t h e r   to   age  a n n e a l i n g   a t   530°C  f o r   10  h o u r s .  

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

t a p e   w e r e   m e a s u r e d   to  o b t a i n   r e s u l t s   as  shown  in  T a b l e   1 9 .  

For   t h e   c o m p a r i s o n ,   t he   m a g n e t i c   p r o p e r t i e s   of   t h e  

10  r a p i d l y   s o l i d i f i e d   t a p e   of  0 . 1   mm  in  t h i c k n e s s ,   w h i c h  

was  s u b j e c t e d   o n l y   to  t he   age  a n n e a l i n g   w i t h o u t   t h e  

r o l l i n g   and  s e p a r a t i o n   a n n e a l i n g ,   a r e   a l s o   shown  i n  

T a b l e   1 9 .  
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As  s e e n   r rom  t x a m p x e s   z u - z z ,   d t L u i u i u g   ^   <-»<̂  

i n v e n t i o n ,   t h e r e   can   be  p r o v i d e d   p e r m a n e n t   m a g n e t s   -  

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

w i d t h w i s e   and  t h i c k n e s s   d i r e c t i o n s .  

>  E x a m p l e   2 3  

A  m e l t   of   F e 6 5 C r 2 2 C o 1 2 M n 1   a l l o y   c o m p o s i t i o n  

was  r a p i d l y   s o l i d i f i e d   by  a  t w i n   r o l l   p r o c e s s   u n d e r  

c o n d i t i o n s   t h a t   t h e   i n j e c t i o n   p r e s s u r e   was  1 .5   a t m ,   t h e  

i n j e c t i o n   a m o u n t   was  0 .5   k g / s e c   and  t he   r e v o l u t i o n  

0  n u m b e r   was  1200  rpm  or   700  rpm  to  o b t a i n   a  t a p e   A  o f  

0 .3   mm  in  t h i c k n e s s   or  a  t a p e   B  of  0 .5   mm  in  t h i c k n e s s .  

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

was  a b o u t   80%  in  t h e   t a p e   A  or  a b o u t   28%  in  t he   t a p e   B.  

Each   of   t h e s e   t a p e s   A  and  B  was  s u b j e c t e d   t o  

5  r e c r y s t a l l i z a t i o n   a n n e a l i n g   a t   1000°C  f o r   10  m i n u t e s ,  

t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   at   660°C  f o r   10  m i n u t e s  

w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of  2  kOe  in  a  d i r e c t i o n  

p e r p e n d i c u l a r   to  t h e   p l a n e   of  t he   t a p e ,   and  m u l t i - s t a g e  

age  a n n e a l i n g   a t   600°C  f o r   5  h o u r s ,   at  575°C  f o r   5  h o u r s ,  

>0  at   550°C  f o r   5  h o u r s   and  a t   500°C  f o r   10  h o u r s .  

When  t h e   m a g n e t o m o t i v e   f o r c e   of  t h e   t h u s  

t r e a t e d   t a p e   was  m e a s u r e d   by  means   of  a  g a u s s   m e t e r ,  

the   t a p e   A  was  600  G,  w h i l e   t he   t a p e   B  was  350  G.  F r o m  

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

25  a x i s   i s   a l i g n e d   in  t he   d i r e c t i o n   p e r p e n d i c u l a r   to  t h e  

p l a n e   of  t he   t a p e   in  t h e   t a p e   A  r a t h e r   t h a n   in  t h e  

t a p e   B.  
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E x a m p l e   2 4  

A  m e l t   of   F e 6 o C r 2 3 C o 1 5 S i l   a l l ° y   c o m p o s i t i o n  

was  r a p i d l y   s o l i d i f i e d   by  a  t w i n   r o l l   p r o c e s s   u n d e r  

c o n d i t i o n s   t h a t   t he   i n j e c t i o n   p r e s s u r e   was  1 . 6   a tm,   t h e  

05  i n j e c t i o n   a m o u n t   was  0 . 6   k g / s e c   and  the   r e v o l u t i o n  

n u m b e r   of   t h e   r o l l   was  300  rpm,   600  rpm  or   1200  rpm  t o  

o b t a i n   a  t a p e   C  of   0 . 2 0   mm  in  t h i c k n e s s ,   a  t a p e   D  o f  

0 . 3 5   mm  in  t h i c k n e s s   or  a  t a p e   E  of   0 . 5 2   mm  in  t h i c k n e s s .  

The  c o l u m n a r   g r a i n   r a t e s   of  t h e s e   t a p e s   C,  D 

10  and  E  we re   95%,  58%  and  28%,  r e s p e c t i v e l y .  

Each   o f   t h e s e   t a p e s   C,  D  and  E  was  s u b j e c t e d  

to  r e c r y s t a l l i z a t i o n   a n n e a l i n g   a t   980°C  f o r   12  m i n u t e s ,  

t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   665°C  f o r   10  m i n u t e s  

w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d   of   2  kOe  in  a  d i r e c t i o n  

15  p e r p e n d i c u l a r   to  the   p l a n e   o f   t he   t a p e ,   and  m u l t i - s t a g e  

age  a n n e a l i n g   a t   600°C  f o r   5  h o u r s ,   a t   575°C  f o r   5  h o u r s ,  

a t   550°C  f o r   5  h o u r s   and  a t   500°C  f o r   10  h o u r s .  

When  t he   m a g n e t o m o t i v e   f o r c e   of   t he   t h u s  

t r e a t e d   t a p e   was  m e a s u r e d   by  means   of   a  g a u s s   m e t e r ,  

10  the  t a p e s   C  and  D  were   600  G,  w h i l e   the   t a p e   E  was  o n l y  

370  G. 

E x a m p l e   2 5  

A  m e l t   of   F e 5 5 C r 2 0 ^ ° l 5   a i l ° y   c o m p o s i t i o n   w a s  

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

>5  a  t a p e   of  0 . 5   mm  in  t h i c k n e s s .   The  r e s u l t i n g   t a p e   w a s  

s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   6 5 0 ° C  

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

10  kOe  in  t he   t h i c k n e s s   d i r e c t i o n   of  the   t a p e   w i t h o u t  
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t h e   s o l u t i o n   t r e a t m e n t   and  r u r t n e r   to  age  a n n e a l i n g   a t  

5 6 0 ° C   f o r   50  h o u r s .   The  maximum  e n e r g y   p r o d u c t   ( B H ) m a x  

of  t h e   t h u s   t r e a t e d   t a p e   was  3 . 5   MOe. 

T h e n ,   t h e   t a p e   was  t o r o i d a l l y   wound  t w i c e   t o  

5  f o r m   a  r i n g ,   w h i c h   was  e a s i l y   m a g n e t i z e d   so  as  t o  

e x h i b i t   S  p o l e   in  t h e   i n s i d e   of   t he   r i n g   and  N  p o l e   i n  

t h e   o u t s i d e   t h e r e o f .  

E x a m p l e   2 6  

A  m e l t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

0  in  t h e   f o l l o w i n g   T a b l e   20  was  i n j e c t e d   f rom  an  i n j e c t i o n  

n o z z l e   o n t o   a  c o n t a c t   p o r t i o n   b e t w e e n   two  r o t a t i n g  

c o o l e d   r o l l s   to  fo rm  a  r a p i d l y   s o l i d i f i e d   t a p e   o f  

0 . 5   mm  in  t h i c k n e s s   and  10  cm  in  w i d t h .   A f t e r   a  d i s c  

of   20  mm  in  d i a m e t e r   was  p u n c h e d   o u t   f rom  t he   t a p e ,  

l5  a  s e t   of   100  d i s c s   p i l e d   one  upon   t h e   o t h e r   w a s  

s u b j e c t e d   to  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g   a t   6 6 5 ° C  

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

10  kOe  in  t he   p i l e d   d i r e c t i o n   of   t h e   t a p e ,   c o o l e d   f r o m  

6A0°C  to  500°C  o v e r   50  h o u r s   and  t h e n   c o o l e d   in  a i r .  

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

w e r e   m e a s u r e d   to  o b t a i n   r e s u l t s   as  shown  in  T a b l e   2 0 .  

Fo r   t h e   c o m p a r i s o n ,   t h e   m a g n e t i c   p r o p e r t i e s   of  the   t h i n  

s h e e t s ,   w h i c h   w e r e   p r o d u c e d   f rom  t h e   same  m e l t   t h r o u g h  

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

25  to   t h e   same  h e a t   t r e a t m e n t   as  m e n t i o n e d   a b o v e ,   a r e   a l s o  

shown  in  T a b l e   2 0 .  
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T a b l e   2 0  

—  M a g n e t i c   p r o p e r t i e s  
C h e m i c a l   c o m p o s i t i o n   1  1 

(wt%)  H c ( Q e )   B r ( k G )   ( B H ) m a x  

F e 6 0 C r 2 4 C o 1 6   580  1 3 . 8   4 . 0  

F e 6 0 C r 3 0 C o 1 0   550  1 3 . 6   4 . 2  

F e 6 ( ) C r 2 ^ C o 1 3 S n 3   620  1 3 . 1   5 . 2  

F e 6 0 C r 2 4 C o 1 3 M 3   600  1 3 . 5   5 . 3  

F e 6 0 C r 2 4 C o 1 3 T a 3   630  1 3 , 1   5 , 7  

F e 6 ( ) C r 2 ^ C o 1 3 H f 2 C u 1   Q  680  1 2 . 8   6 . 0  

E x ^ p J f 1 6   F e 6 0 C r 2 4 C ° 1 3 Z r 2 Z n 1 . 0   660  1 3 - °   5 ' 9  

F e 6 1 C r 2 3 C o 1 3 M 2 B l   0  670  1 3 , 2   6 , 0  

F e 6 1 C r 2 3 C o 1 3 S i 2 B l   0  i  700  1 3 , 3   5 , 9  

F e 5 9 C r 1 7 C o 1 0 N d 1 3 B l   0  720  1 1 , 5   6 , 6  

F e 5 3 C r 1 7 C o 1 0 P r 1 5 N d 5   750  1 0 , 9   6 , 7  

F e 5 7 C r 1 7 C o 1 0 Y l 5 B i   Q  720  1 1 . 2   6 . 5  

F e 5 7 C r 1 7 C o 1 0 P r 1 5 B 1   Q  710  1 1 . 5   6 . 2  

F e 6 ( ) C r 2 ^ C o 1 3 A £ 3   300  1 0 . 2   2 . 5  

S p [ f   
^   

F e 6 0 C ^ C o 1 3 H f 2 C u l   310  10-1   2 - 4  

F e 5 9 C r 1 7 C o 1 0 N d 1 3 B l   340  9 , 8   2 , 1  

E x a m p l e   27  

A  m e l t   h a v i n g   an  a l l o y   c o m p o s i t i o n   as  s h o w n  

in  t he   f o l l o w i n g   T a b l e   21  was  r a p i d l y   s o l i d i f i e d   b y  

a  t w i n   r o l l   p r o c e s s   to  form  a  t a p e   of   0 . 4   mm  in  t h i c k n e s s  

and  10  cm  in  w i d t h .   In  t h i s   c a s e ,   t he   t a p e   h a v i n g  

a  c o l u m n a r   g r a i n   r a t e   of  0 -100%  was  f o r m e d   by  v a r y i n g  
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t he   c o o l i n g   c o n d i t i o n s .   A l t e r   t ne   r e s u l t i n g   t a p e   w d b  

s u b j e c t e d   to  r e c r y s t a l l i z a t i o n   a n n e a l i n g   a t   1 2 0 0 ° C   a n d  

q u e n c h e d ,   a  d i s c   o f   20  mm  in  d i a m e t e r   was  p u n c h e d   o u t  

f rom  t h e   t a p e .   A  s e t   of   100  d i s c s   p i l e d   one  u p o n   t h e  

5  o t h e r   was  s u b j e c t e d   to  a  t w o - p h a s e   s e p a r a t i o n   a n n e a l i n g  

a t   665°C  f o r   30  m i n u t e s   w h i l e   a p p l y i n g   a  m a g n e t i c   f i e l d  

of   10  kOe  in   t h e   p i l e d   d i r e c t i o n   of   t he   t a p e ,   c o o l e d  

f rom  640°C  to  500°C  o v e r   50  h o u r s   and  t h e n   c o o l e d   i n  

a i r .   The  maximum  e n e r g y   p r o d u c t   (BH)max  of  t h e   t h u s  

0  t r e a t e d   d i s c   s e t   was  m e a s u r e d   to  o b t a i n   a  r e s u l t s   a s  

shown  in  T a b l e   2 1 .  

.5 

20 

25 
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T a b l e   21  

(BH)max  (MGOe) 

c o m p o s i t i o n   (wt%)  C o l u m n a r   g r a i n   r a t e   (%)  

0  20  30  50  70  1 0 0  

F e 5 1 C r 2 8 C o 1 7 S n 4   3-5   3 -8   4 , 8   5 , 0   5 , 1   5 , 0  

F e 5 1 C r 2 8 C o 1 7 T a 3 Z n l   3 , 6   3 , 6   5 , 2   5 ,5   5 , 4   5 , 4  

F e 5 1 C r 2 8 C o 1 7 M o 3 B l   2 , 8   3 ,9   6 ,2   6 ,0   6 ,1   6 , 0  

F e 5 1 C r 2 8 C o 1 7 W 3 B l   2 , 8   3 ,5   6 ,2   6 ,3   6 , 4   6 , 4  

F e 5 1 C r 2 8 C o 1 7 Z r 3 B l   3 ,0   3 ,2   5 ,5   5 ,7   5 , 8   5 ' 9  

F e 5 5 C r 2 2 C o 1 2 S m 1 0 B l   3 , 6   3 , 4   5 ,0   5 ,3   5 , 3   5 ' 1  

F e 5 5 C r 2 2 C o 1 2 N d 1 0 B l   3 , 5   3 ,5   5-0   5 , 0   5 , 0   5 , 2  

F e 5 5 C r 2 2 C o 1 2 P r 1 0 B l   3 , 5   3 , 8   5 ,1   5 ,0   5 ,1   5 ' 1  

F e 5 5 C r 2 2 C o 1 2 H f 1 0 B l   3-4   3 ,7   5 ,2   5 ,2   5 , 3   5 , 3  

F e 6 2 C r 2 2 C o 1 2 T i 3 B l   3 , 4   3 ,7   5 , 8   5 ,7   5 ' 9   5 , 8  

F e 5 g C r 2 g C o 1 2 M n 1 T i 1   3 . 2   3 .6   4 . 8   5 .1   5 . 3   5 . 3  

F e 5 6 C r 2 8 C o 1 2 M n 3 A i 4   2 , 8   2 ,9   4 , 2   5 ,0   4 - 8   4 , 8  

Fe59  5 C r 2 3 C o 1 7   5  3 , 0   3 , 0   4 , 5   4 , 4   4 , 5   4 , 6  

Fe54  5 C r 2 g C o 1 7   5  2 . 9   3 .2   4 . 8   4 . 9   5 . 2   5 . 2  

As  s e e n   f rom  E x a m p l e s   23  to  27  ,  in  t h e  

F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t ,   t he   e a s y   m a g n e t i z a t i o n  

a x i s   can  be  a l i g n e d   in  a  d i r e c t i o n   p e r p e n d i c u l a r   t o  

p l a n e   by  p o s i t i v e l y   u t i l i z i n g   t he   a r r a n g e m e n t   of   c r y s t a l  

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

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

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

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

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

be  p r o d u c e d   in   an  i n d u s t r i a l   s c a l e .   M o r e o v e r ,   when  t h e  

p l a t e -   l i k e   m a g n e t   m a t e r i a l   i s   wound  i n t o   a  t o r o i d a l  

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

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

m a g n e t i z a t i o n   in   r a d i a l   d i r e c t i o n   of   r i n g   i s   e a s y .  

10 

15 

20 

25 
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C l a i m s  

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

t y p e   F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t ,   w h i c h   c o m p r i s e s  

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

f o l l o w i n g   f o r m u l a :  

F e 1 0 0 - x - y C r x C o y  

F e 1 0 0 - x - y - z C r x C o y M z  

,  w h e r e i n   M  is   a t   l e a s t   one  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   Ti  ,  Zr ,   V,  Nb,  Ta,   Mo,  B,  W,  A £ ,  

Cu,  S i ,   Sn,  P,  Mn,  Zn,  Be,  Hf  and  r a r e   e a r t h   e l e m e n t s ,  

x  i s   3  to  40  wt%,  y  i s   2  to  40  wt%  and  z  i s   0 . 0 1   t o  

35  wt%  in  t o t a l ,   s u b j e c t i n g   t h e   r e s u l t i n g   m e l t   t o  

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

and  t h e n   s u b j e c t i n g   the   r e s u l t i n g   t a p e   to  a  h e a t  

t r e a t m e n t   w i t h i n   a  g i v e n   t e m p e r a t u r e   r a n g e .  



-  72  -  0 2 1 6 4 5  

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

t y p e   F e - C r - C o   s e r i e s   p e r m a n e n t   m a g n e t ,   w h i c h   c o m p r i s e s  

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

f o l l o w i n g   f o r m u l a :  

F e 1 0 0 - x - y C r x C o y  

F e , A n   Cr  Co  M 
1 0 0 - x - y - z   x  y  z  

,  w h e r e i n   M  is   a t   l e a s t   one  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   Ti  ,  Zr ,   V,  Nb,  Ta,   Mo,  B,  W,  AS,  , 

Cu,  S i ,   Sn,  P,  Mn,  Zn,  Be,  Hf  and  r a r e   e a r t h   e l e m e n t s ,  

x  i s   3  to  AO  wt%,  y  i s   2  to  AO  wt%  and  z  is   0 . 0 1   t o  

35  wt%  in  t o t a l ,   s u b j e c t i n g   t h e   r e s u l t i n g   m e l t   to  u s u a l  

i n g o t   m a k i n g -   s l a b b i n g   or   c o n t i n u o u s   c a s t i n g ,   h o t   r o l l i n g  

and  c o l d   r o l l i n g   p r o c e s s   to  fo rm  a  t h i n   s h e e t ,   and  t h e n  

s u b j e c t i n g   the   r e s u l t i n g   s h e e t   to  a  h e a t   t r e a t m e n t  

w i t h i n   a  g i v e n   t e m p e r a t u r e   r a n g e .  

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

s a i d   t a p e   or  s h e e t   made  f rom  s a i d   m e l t   of  t he   g i v e n  

a l l o y   c o m p o s i t i o n   i s   r o l l e d   a t   a  d r a f t   of  30-957o  p r i o r  

to  t h e   h e a t   t r e a t m e n t   and  t h e n   s u b j e c t e d   to  a  r e c r y s t a l -  

l i z a t i o n   a n n e a l i n g   a t   a  t e m p e r a t u r e   of   8 0 0 - 1 3 0 0 ° C ,  

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

a  t e m p e r a t u r e   of   6 0 0 - 7 5 0 ° C   and  an  age  a n n e a l i n g   a t  

a  t e m p e r a t u r e   b e l o w   t h e   s e p a r 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  

in  t h i s   o r d e r   as  t he   h e a t   t r e a t m e n t   to  h i g h l y   a l i g n  

{ 1 0 0 } < 0 0 1 >   o r i e n t a t i o n .  
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m e   meLnoa   a c c o r d i n g   to  c l a i m   3,  w h e r e i n   s a i d  

m e l t   f u r t h e r   c o n t a i n s   0 . 0 0 5 - 0 . 0 6   wt%  of   C  and  0 . 0 1 -  

0 . 1 5   wt%  in  t o t a l   of  a t   l e a s t   one  of   S,  Se  and  Te,   a n d  

s a i d   t a p e   or  s h e e t   i s   s u b j e c t e d   to  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   a t   8 0 0 - 1 3 0 0 ° C   a f t e r   t he   r o l l i n g   and  b e f o r e   t h e  

h e a t   t r e a t m e n t .  

5.  The  m e t h o d   a c c o r d i n g   to  c l a i m   3,  w h e r e i n   s a i d  

n e l t   f u r t h e r   c o n t a i n s   0 . 0 0 5 - 0 . 0 6   wt%  of  C  and  0 . 0 0 3 -  

3.30  wt%  in  t o t a l   of   at   l e a s t   one  of   Bi ,   Sb  and  As,  a n d  

sa id   t a p e   or   s h e e t   is  s u b j e c t e d   to  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   a t   8 0 0 - 1 3 0 0 ° C   a f t e r   t he   r o l l i n g   and  b e f o r e  

:he  h e a t   t r e a t m e n t .  

6.  The  m e t h o d   a c c o r d i n g   to  c l a i m   3,  w h e r e i n   s a i d  

l e l t   f u r t h e r   c o n t a i n s   0 . 0 0 5 - 0 . 0 6   wt%  of  C,  0 . 0 0 5 - 0 . 1 0   wt% 

n  t o t a l   of   a t   l e a s t   one  of  S,  Se  and  Ti  and  0 . 0 0 3 -  

».30  wt%  in  t o t a l   of  at   l e a s t   one  of   Bi  ,  Sb  and  As,  a n d  

:aid  t a p e   or   s h e e t   is   s u b j e c t e d   to  a  d e c a r b u r i z a t i o n  

n n e a l i n g   a t   8 0 0 - 1 3 0 0 ° C   a f t e r   t he   r o l l i n g   and  b e f o r e  

he  h e a t   t r e a t m e n t .  

7.  The  m e t h o d   a c c o r d i n g   to  c l a i m   1  or   2,  w h e r e i n  

a id   t a p e   or   s h e e t   made  from  s a i d   m e l t   of  the   g i v e n  

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

0%  p r i o r   to  the   h e a t   t r e a t m e n t   and  t h e n   s u b j e c t e d  

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

0 0 - 7 5 0 ° C   as  t he   h e a t   t r e a t m e n t   to  h i g h l y   a l i g n  

100}<011>  o r i e n t a t i o n .  
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8.  The  m e t h o d   a c c o r d i n g   to  c l a i m   1  o r   2,  w h e r e i n  

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

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

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

6 0 0 - 7 5 0 ° C   w h i l e   r o t a t i n g   a  d i r e c t i o n   o f   t h e   m a g n e t i c  

f i e l d   a p p l i e d   to  t he   t a p e   or   s h e e t   in  a  p l a n e   p a r a l l e l  

t h e r e t o   and  an  age  a n n e a l i n g   a t   a  t e m p e r a t u r e   b e l o w   t h e  

s e p a r 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   in  t h i s   o r d e r   as  t h e  

h e a t   t r e a t m e n t   to  a l i g n   an  e a s y   m a g n e t i z a t i o n   a x i s   i n  

r a d i a l   d i r e c t i o n   of  t he   p l a n e .  

9.  The  m e t h o d   a c c o r d i n g   to  c l a i m   8,  w h e r e i n   s a i d  

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

a t   a  t e m p e r a t u r e   of  9 0 0 - 1 3 0 0 ° C   p r i o r   to  t h e   h e a t  

t r e a t m e n t   . 

10.   The  m e t h o d   a c c o r d i n g   to  c l a i m   1  o r   2,  w h e r e i n  

s a i d   t a p e   or   s h e e t   a f t e r   t he   h o t   r o l l i n g   made  f rom  s a i d  

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

t w o - s t a g e   c o l d   r o l l i n g   a t   a  f i r s t   d r a f t   of   n o t   l e s s  

th  an  10%  and  a  s e c o n d   d r a f t   of   50 -80%  t h r o u g h   a n  

i n t e r m e d i a t e   a n n e a l i n g   p r i o r   to  t he   h e a t   t r e a t m e n t   a n d  

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

a  t e m p e r a t u r e   of   8 0 0 - 1 3 0 0 ° C   and  an  age  a n n e a l i n g   a t  

a  t e m p e r a t u r e   of   5 0 0 - 7 5 0 ° C   as  t he   h e a t   t r e a t m e n t   t o  

h i g h l y   a l i g n   { 1 0 0 } < 0 0 1 >   o r i e n t a t i o n .  
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11.  The  m e t h o d   a c c o r d i n g   to  c l a i m   l  or   w n e r e i n  

a i d   t a p e   made  f rom  s a i d   m e i t   of  t h e   g i v e n   a l l o y  

o m p o s i t i o n   is   s u b j e c t e d   to  a  t w o - p h a s e   s e p a r a t i o n  

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

0 0 - 7 5 0 ° C   w h i l e   a p p l y i n g   the   m a g n e t i c   f i e l d   in  a  

i r e c t i o n   p e r p e n d i c u l a r   to  the   p l a n e   of  t he   t a p e   a n d  

n  age  a n n e a l i n g   a t   a  t e m p e r a t u r e   b e l o w   the   s e p a r a t i o n  

m n e a l i n g   t e m p e r a t u e   as  the  h e a t   t r e a t m e n t   to  a l i g n  

in  e a s y   m a g n e t i z a t i o n   a x i s   in  t he   d i r e c t i o n   p e r p e n d i c u l a r  

o  the  p l a n e   of  the   t a p e .  

12.  The  m e t h o d   a c c o r d i n g   to  c l a i m   11,  w h e r e i n  

; a id   t a p e   c o n t a i n s   a t   l e a s t   30%  of  c o l u m n a r   g r a i n   b y  

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

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

it  a  t e m p e r a t u r e   of   8 0 0 - 1 3 0 0 ° C   p r i o r   to  t he   h e a t  

. r e a t m e n t .  
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