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©  Hot  pressed  permanent  magnet  having  high  and  low  coercivity  regions. 
  In  accordance  with  a  preferred  embodiment  of  the 
invention,  an  arcuate  magnet  (36)  is  formed  by  selectively 
hot-working  a  composition  including  iron,neodymium  and 
or  praseodymium,  and  boron  so  that  an  edge  (40)  of  the 
arcuate  magnet  has  greater  apparent  coercivity  than  a 
central  region  (38)  and  the  central  region  (38)  has  a  higher 
remanence  than  the  edge  (40). 



T h i s   i n v e n t i o n   r e l a t e s   to  ho t   w o r k e d   u n i t a r y  

p e r m a n e n t   m a g n e t s   h a v i n g   at   l e a s t   two  s e p a r a t e   r e g i o n s  

of  d i f f e r e n t   m a g n e t i c   a l i g n m e n t .   More  p a r t i c u l a r l y ,  

t h i s   i n v e n t i o n   r e l a t e s   to  i r o n ,   n e o d y m i u m   a n d / o r  

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

b o d i e s   t h a t   have   been   ho t   worked   so  as  to  c o n t a i n  

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

r e l a t i v e l y   h i g h   a p p a r e n t   c o e r c i v i t y   and  one  o f  

r e l a t i v e l y   h i g h   r e m a n e n c e .  

B a c k g r o u n d  

High   e n e r g y   p r o d u c t ,   h i g h   c o e r c i v i t y  

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

i r o n ,   n e o d y m i u m   a n d / o r   p r a s e o d y m i u m ,   and  b o r o n   a n d  

m e t h o d s   of  m a k i n g   them  a r e   d i s c l o s e d   in  E u r o p e a n  

p u b l i s h e d   p a t e n t   a p p l i c a t i o n s   EP-A-0  108  474  and  E P - A - 0  

144  112.   An  i l l u s t r a t i v e   c o m p o s i t i o n ,   e x p r e s s e d   i n  

a t o m i c   p r o p o r t i o n s ,   is  N d 0 . 1 3 ( F e 0 . 9 5 B 0 . 0 5 ) 0 . 8 7 .  I t   i s  

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

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

when  f o r m e d   as  f i n e   c r y s t a l l i t e s   a b o u t   20  to   4 0 0  

n a n o m e t e r s   in  l a r g e s t   d i m e n s i o n .  

M e l t s   of  s u i t a b l e   i r o n - l i g h t   r a r e   e a r t h  

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

such   as  by  m e l t - s p i n n i n g ,   to  p r o d u c e   a  s o l i d   m a t e r i a l ,  

e . g . ,   a  t h i n   r i b b o n .   When  the   r a t e   of  c o o l i n g   has  b e e n  

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

m i c r o s t r u c t u r e   (20  nm  to  400  nm),  the   m a t e r i a l   h a s  

e x c e l l e n t   p e r m a n e n t   m a g n e t   p r o p e r t i e s .   On  t he   o t h e r  

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

m a t e r i a l   w i t h   s m a l l e r   c r y s t a l l i t e s   and  l o w e r  

c o e r c i v i t y .   H o w e v e r ,   as  d i s c l o s e d ,   s u c h   o v e r q u e n c h e d  

m a t e r i a l   can  be  a n n e a l e d   to  form  the   s u i t a b l e   c r y s t a l  



s i z e   w i t h   the   a s s o c i a t e d   h i g h   c o e r c i v i t y   and  h i g h  

e n e r g y   p r o d u c t .  

An  i n t e r e s t i n g   and  u s e f u l   p r o p e r t y   of  t h i s  

n e o d y m i u m - i r o n - b o r o n   c o m p o s i t i o n   ( f o r   e x a m p l e )   is  t h a t  

i t   is   s u b s t a n t i a l l y   m a g n e t i c a l l y   i s o t r o p i c .   A  f i n e  

g r a i n ,   m e l t - s p u n   r i b b o n   can  be  b r o k e n   up  i n t o   f l a t  

p a r t i c l e s .   The  p a r t i c l e s  c a n   be  p r e s s e d   in  a  d i e   a t  

room  t e m p e r a t u r e   to  form  a  u n i t a r y   body  of  a  d e n s i t y  

a b o u t   85%  t h a t   of  the   m a t e r i a l .   B o n d i n g   a g e n t s   can  b e  

e m p l o y e d   b e f o r e   or  a f t e r   t he   c o m p a c t i o n .   The  m a k i n g   o f  

such   b o n d e d   m a g n e t s   is  d i s c l o s e d   in  E u r o p e a n   p u b l i s h e d  

p a t e n t   a p p l i c a t i o n   EP-A-0  125  752 .   I t   was  s u r p r i s i n g  

to  f i n d   t h a t   s u c h   bonded   m a g n e t s   d i s p l a y e d   no  p r e f e r r e d  

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

or  maximum  e n e r g y   p r o d u c t   were   no t   d e p e n d e n t  u p o n   t h e  

d i r e c t i o n   of  t he   a p p l i e d   m a g n e t i c   f i e l d .   T h e r e   was  n o  

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

and  m a g n e t i c a l l y   a l i g n i n g   t he   p a r t i c l e s   b e f o r e  

c o m p a c t i o n .  

Such  m a g n e t i c a l l y   i s o t r o p i c   m a t e r i a l s   a r e  

v e r y   u s e f u l   b e c a u s e   t h e y   can  be  e a s i l y   p r e s s e d   ( w i t h o u t  

m a g n e t i c   a l i g n m e n t )   i n t o   b o n d e d   s h a p e s .   The  s h a p e s   c a n  

be  m a g n e t i z e d   in  the   most   c o n v e n i e n t   d i r e c t i o n .  

The  i r o n ,   n e o d y m i u m ,   b o r o n   t y p e   c o m p o s i t i o n s  

have   a l s o   been   p r o c e s s e d   by  h o t - p r e s s i n g   a n d  

h o t - w o r k i n g   so  t h a t   at   l e a s t   a  p o r t i o n   of  t h e   g r a i n s   o r  

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

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

p u b l i s h e d   p a t e n t   a p p l i c a t i o n   EP-A-0   133  758 ,   s u c h  

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

m a g n e t i z a t i o n .   In  one  fo rm  of  t he   p r a c t i c e   d i s c l o s e d  

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



t e r m s   of  a t o m i c   p r o p o r t i o n s ,   N d 0 . 1 3 ( F e 0 . 9 5 B 0 . 0 5 ) 0 . 8 7  i s  
c o o l e d   e x t r e m e l y   r a p i d l y ,   as  by  m e l t - s p i n n i n g ,   to  f o r m  

a  t h i n   r i b b o n   of  s o l i d   m a t e r i a l   t h a t   d id   no t   h a v e  

p e r m a n e n t   m a g n e t   p r o p e r t i e s .   The  m a t e r i a l   w a s  

a m o r p h o u s   in  m i c r o s t r u c t u r e .   The  r i b b o n   was  b r o k e n  

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

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

a b o u t   700°C  or   h i g h e r   in  a  d i e   and  p r e s s e d   w i t h   p u n c h e s  

in  t h e   d i e   u n d e r   p r e s s u r e   of  at   l e a s t   6 8 9 4 7 . 6   k P a  

( 1 0 , 0 0 0   p s i ) .   Such  h o t - w o r k i n g ,   h e r e a f t e r   t e r m e d  

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

d e n s e   b o d y .  

If   t he   h o t - w o r k i n g   is   s t o p p e d   a t   t h e   p o i n t   a t  

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

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

the   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   p a r a l l e l   to  t h e   p r e s s  
d i r e c t i o n .   The  d e m a g n e t i z a t i o n   c u r v e   ( room  t e m p e r a -  

t u r e ,   s e c o n d   q u a d r a n t ,   47r M  v e r s u s   H  p l o t )   of  s u c h   a  

d e n s i f i e d   m a g n e t   is  l i k e   t h a t   of  c u r v e   A  in  F i g u r e   1 

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

When  the   f u l l y   d e n s e   c o m p a c t   is  r e - p r e s s e d  

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

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

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

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

h o t - w o r k i n g   is  t e r m e d   d i e - u p s e t t i n g ,   and  i t   p r o d u c e s  

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

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

d i r e c t i o n .   The  d e m a g n e t i z a t i o n   c u r v e   f o r   s u c h   a  

d i e - u p s e t   body  is  l i k e   t h a t   of  c u r v e   B  in  F i g u r e   1  o f  

t he   a c c o m p a n y i n g   d r a w i n g s .   E x a m i n a t i o n   of  t h e  

d e m a g n e t i z a t i o n   c u r v e s   of  F i g u r e   1  shows  t h a t   t h e  



h o t - p r e s s e d   m a g n e t   ( c u r v e   A)  and  t he   d i e - u p s e t   m a g n e t  

( c u r v e   B)  have   s u b s t a n t i a l l y   d i f f e r e n t   d e g r e e s   o f  

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

r e l a t i v e l y   h i g h e r   c o e r c i v i t y   and  l o w e r   r e m a n e n c e   in  t h e  

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

d i e - u p s e t   m a g n e t   has  a  h i g h e r   maximum  e n e r g y   p r o d u c t ,  

bu t   i t   is   e a s i e r   to  d e m a g n e t i z e   t h a n   t he   h o t - p r e s s e d  

body  of  the   same  c o m p o s i t i o n .   T h e r e   a r e   a p p l i c a t i o n s  

f o r   m a g n e t s   in  wh ich   i t   is  d e s i r a b l e   to  i n c o r p o r a t e  

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

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

p r o v i d e   a  m e t h o d   of  h o t - w o r k i n g   a  p e r m a n e n t   m a g n e t   b o d y  

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

d i m e n s i o n   of  the   body  and  h a v i n g   d i f f e r e n t   d e s i r e d  

m a g n e t i c   a l i g n m e n t s .   G e n e r a l l y   s p e a k i n g ,   one  of  t h e  

r e g i o n s   w i l l   have   h i g h e r   a p p a r e n t   c o e r c i v i t y   bu t   l o w e r  

r e m a n e n c e   t h a n   the   o t h e r   r e g i o n .   A p p l i c a t i o n   of  t h e  

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

n e o d y m i u m   a n d / o r   p r a s e o d y m i u m   and  b o r o n   i s  

p a r t i c u l a r l y   c o n t e m p l a t e d .  

I t   is  a n o t h e r   o b j e c t   of  t he   i n v e n t i o n   t o  

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

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

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

of  s u c h   a  m a g n e t i c   s t r u c t u r e   is  an  a r c u a t e   m a g n e t   f o r   a  

p e r m a n e n t   m a g n e t   m o t o r .   I t   is  c o n t e m p l a t e d   t h a t   one  o r  

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

w o r k e d   so  as  to  have  r e l a t i v e l y   h i g h   c o e r c i v i t y   and  t h e  

c e n t r a l   p o r t i o n   of  the   a r c   w o u l d   have   a  r e l a t i v e l y  

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

t h a t   t he   m a g n e t   would   be  of  t he   a b o v e   d e s c r i b e d  

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



B r i e f   S u m m a r y  

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

t he   i n v e n t i o n ,   t h e s e   and  o t h e r   o b j e c t s   and  a d v a n t a g e s  

a r e   a c c o m p l i s h e d   as  f o l l o w s .  

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

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

p r a s e o d y m i u m ,   and  b o r o n .   An  e x a m p l e   of  a  s u i t a b l e  

c o m p o s i t i o n   i s   one  c o n s i s t i n g ,   in  t e r m s   of  a t o m i c  

p r o p o r t i o n ,   of  N d 0 . 1 3 ( F e 0 . 9 5 B 0 . 0 5 ) 0 . 8 7 .   The  s t a r t i n g  

m a t e r i a l   is  a m o r p h o u s   in  m i c r o s t r u c t u r e   o r  

c h a r a c t e r i z e d   by  an  e x t r e m e l y   f i n e   c r y s t a l l i n e  

s t r u c t u r e .   I t   is  p r e f e r r e d   to  s t a r t   w i t h   such   a n  

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

h o t - w o r k i n g   can  be  c a r r i e d   o u t   w i t h o u t   l o s s   of  s u i t a b l e  

c o e r c i v i t y   in  the   f i n a l   p r o d u c t .  

P a r t i c l e s   of  m e l t - s p u n   m a t e r i a l   a re   p l a c e d   i n  

t he   c a v i t y   of  an  o p e n - e n d e d   d i e   b e t w e e n   two  o p p o s i n g  

p u n c h e s .   The  p a r t i c l e s   a r e   h e a t e d   in  t he   d i e   to  a  

t e m p e r a t u r e ,   s u i t a b l y   a b o u t   700°C  or  h i g h e r ,   a n d  

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

d e n s i f i e d   b o d y .   S p l i t - r a m   p u n c h e s   may  be  e m p l o y e d ,   a s  

w i l l   be  d e s c r i b e d ,   s u c h   t h a t   t h e   c o n s o l i d a t e d   body  h a s  

a  s t e p w i s e   v a r i a t i o n   in  t h i c k n e s s   o v e r   i t s   c r o s s -  

s e c t i o n   w i t h i n   t he   d i e .   W h i l e   s t i l l   in  t he   ho t   d i e ,  

the   r e s p e c t i v e   punch   e d g e s   (of   t h e   s p l i t   ram)  may  t h e n  

be  b r o u g h t   i n t o   a l i g n m e n t   and  moved   in  c o n c e r t   t o  

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

h o t - w o r k i n g .   Such  h o t - w o r k i n g   s t r a i n s   t he   t h i c k  

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

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

c r o s s - s e c t i o n   p r o d u c e s   two  r e g i o n s   of  g e n e r a l l y  

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



h i g h l y   s t r a i 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 r e s s   d i r e c t i o n   is  more  h i g h l y   a l i g n e d   and  has   a  

d e m a g n e t i z a t i o n   c u r v e   l i k e   t h a t   of  c u r v e   B  in  F i g u r e   1 .  

The  r e g i o n   t h a t   was  no t   d e f o r m e d   (o r   l e s s   d e f o r m e d )   b y  

the   s e c o n d   p r e s s   o p e r a t i o n   has   l e s s   m a g n e t i c   a l i g n m e n t  

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

in  F i g u r e   1 .  

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

h o t - w o r k i n g   d i f f e r e n t   r e g i o n s   of  an  i r o n ,   n e o d y m i u m  

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

u n i t a r y   body   is  f o r m e d   h a v i n g   r e g i o n s   i n t e n t i o n a l l y  

p r o d u c e d   of  d i f f e r e n t   m a g n e t i c   a l i g n m e n t .   A  t y p i c a l  

a p p l i c a t i o n   f o r   the   i n v e n t i o n   is   an  a r c u a t e   m o t o r  

m a g n e t   in  w h i c h   the   l e a d i n g   edge   of  t he   a r c u a t e  

m a g n e t   ( i n   a  m o t o r   t h a t   r o t a t e s   in  one  d i r e c t i o n   o n l y )  

is  s u b j e c t e d   to  a  h i g h e r   d e m a g n e t i z a t i o n   f o r c e   t h a n   t h e  

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

l e a d i n g   edge   of  t he   a r c u a t e   m a g n e t   w o u l d   be  p r o c e s s e d  

so  as  t o   have   h i g h   a p p a r e n t   c o e r c i v i t y   ( m e a s u r e d  

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

r e s t   of  t he   a r c u a t e   m a g n e t   w o u l d   be  h o t - w o r k e d   so  as  t o  

have  r e l a t i v e l y   h i g h   r e m a n e n c e   and  maximum  e n e r g y  

p r o d u c t .  

A  b e t t e r   u n d e r s t a n d i n g   of  t he   i n v e n t i o n   w i l l  

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

f o l l o w s .   R e f e r e n c e   w i l l   be  had  to  t h e   a c c o m p a n y i n g  

d r a w i n g s ,   in  w h i c h :  

F i g u r e   1  is  a  s e c o n d   q u a d r a n t ,   r o o m  

t e m p e r a t u r e ,   4D-M  v e r s u s   H  p l o t   of  a  h o t - p r e s s e d   m a g n e t  

( c u r v e   A)  and  a  d i e - u p s e t   m a g n e t   ( c u r v e   B ) ;  

F i g u r e s   2 ( a ) - ( c )   a r e   s c h e m a t i c   d r a w i n g s ,  

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



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

a r c u a t e   m a g n e t ;  

F i g u r e s   3 ( a )   and  (b)  a r e   s c h e m a t i c  

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

s p l i t - r a m   d i e   in  two  d i f f e r e n t   modes   of  o p e r a t i o n ;  

F i g u r e s   4 ( a )   and  (b)  a r e   s c h e m a t i c   c r o s s -  

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

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

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

F i g u r e   5  i l l u s t r a t e s   in  c r o s s - s e c t i o n   a 

h o t - w o r k e d   a r c u a t e   m a g n e t   c o n t a i n i n g   a d j a c e n t   r e g i o n s  
of  d i f f e r e n t   m a g n e t i c   a l i g n m e n t   in  a c c o r d a n c e   w i t h   t h e  

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

F i g u r e s   6 ( a )   and  (b)  a r e   s c h e m a t i c  

r e p r e s e n t a t i o n s   i l l u s t r a t i n g   the   m a k i n g   of  an  a r c u a t e  

m a g n e t   l i k e   t h a t   d e p i c t e d   in  F i g u r e   5  in  a c c o r d a n c e  

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

F i g u r e   7  i l l u s t r a t e s   y e t   a n o t h e r   d i e - f o r m i n g  

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

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

D e t a i l e d   D e s c r i p t i o n  

The  p r e s e n t   i n v e n t i o n   is  a p p l i c a b l e   t o  

p e r m a n e n t   m a g n e t   c o m p o s i t i o n s   t h a t   can  be  m a g n e t i c a l l y  

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

e l e v a t e d   t e m p e r a t u r e s .   An  e x a m p l e   of  a  f a m i l y   o f  

p r e f e r r e d   c o m p o s i t i o n s   to  wh ich   the   m e t h o d   of  t h e  

i n v e n t i o n   is  a p p l i c a b l e   is  the  t r a n s i t i o n   m e t a l - r a r e  

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

a b o v e - i d e n t i f i e d   p a t e n t   a p p l i c a t i o n s .   The  i n v e n t i o n  

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

t r a n s i t i o n   m e t a l   c o m p o n e n t   is  i r o n   or  i r o n   and  (one  o r  

more  of)   c o b a l t ,   n i c k e l ,   c h r o m i u m   or  m a n g a n e s e .  



C o b a l t   is   i n t e r c h a n g e a b l e   w i t h   i r o n   u p  t o   a b o u t   40 

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

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

10  a t o m i c   p e r c e n t .   Z i r c o n i u m   a n d / o r   t i t a n i u m   in  s m a l l  

a m o u n t s   (up  to  2  a t o m i c   p e r c e n t   of  t he   i r o n )   can  b e  

s u b s t i t u t e d   f o r   i r o n .   Very   s m a l l   a m o u n t s   of  c a r b o n   a n d  

s i l i c o n   can   be  t o l e r a t e d   w h e r e   low  c a r b o n   s t e e l   is  t h e  

s o u r c e   of  i r o n   f o r   the   c o m p o s i t i o n .   The  c o m p o s i t i o n  

p r e f e r a b l y   c o m p r i s e s   a b o u t   50  a t o m i c   p e r c e n t   to  a b o u t  

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

i r o n .  

The  c o m p o s i t i o n   a l s o   c o m p r i s e s   f rom  a b o u t   10 

a t o m i c   p e r c e n t   to  a b o u t   50  a t o m i c   p e r c e n t   r a r e   e a r t h  

c o m p o n e n t .   Neodymium  a n d / o r   p r a s e o d y m i u m   a r e   t h e  

e s s e n t i a l   r a r e   e a r t h   c o n s t i t u e n t s .   As  i n d i c a t e d ,   t h e y  

may  be  u s e d   i n t e r c h a n g e a b l y .   R e l a t i v e l y   s m a l l   a m o u n t s  

of   o t h e r   r a r e   e a r t h   e l e m e n t s ,   s u c h   as  s a m a r i u m ,  

l a n t h a n u m ,   c e r i u m ,   t e r b i u m   and  d y s p r o s i u m ,   may  be  m i x e d  

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

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

t h e y   make  up  no  more  t h a n   a b o u t   40  a t o m i c   p e r c e n t   o f  

t h e   r a r e   e a r t h   c o m p o n e n t .   I t   is   e x p e c t e d   t h a t   t h e r e  

w i l l   be  s m a l l   a m o u n t s   of  i m p u r i t y   e l e m e n t s   w i t h   t h e  

r a r e   e a r t h   c o m p o n e n t .  
The  o v e r q u e n c h e d   c o m p o s i t i o n   c o n t a i n s   a b o u t   1 

t o   10  a t o m i c   p e r c e n t   b o r o n .  

The  o v e r a l l   c o m p o s i t i o n   may  be  e x p r e s s e d   b y  

t h e   f o r m u l a   R E 1 - x ( T M 1 - y B y ) x .   The  r a r e   e a r t h   (RE)  

c o m p o n e n t   makes   up  10  to  50  a t o m i c   p e r c e n t   of  t h e  

c o m p o s i t i o n   (x  =  0 .5   to  0 . 9 ) ,   w i t h   at   l e a s t   60  a t o m i c  

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

a n d / o r   p r a s e o d y m i u m .   The  t r a n s i t i o n   m e t a l   (TM)  as  u s e d  



h e r e i n   makes   up  a b o u t   50  to   9 0  a t o m i c   p e r c e n t   of  t h e  

o v e r a l l   c o m p o s i t i o n ,   w i t h   i r o n   r e p r e s e n t i n g   a t   l e a s t   60 

a t o m i c   p e r c e n t   of  t he   t r a n s i t i o n   m e t a l   c o n t e n t .   T h e  

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

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

as  t he   above   e m p i r i c a l   f o r m u l a   is  c o n c e r n e d .  

Boron   is   p r e s e n t   in  an  a m o u n t   of  a b o u t   1  t o  

10  a t o m i c   p e r c e n t   (y  =  a b o u t   0 . 0 1   to  0 . 1 1 )   of  t he   t o t a l  

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

For  c o n v e n i e n c e ,   the   c o m p o s i t i o n s   have   b e e n  

e x p r e s s e d   in  t e r m s   of  a t o m i c   p r o p o r t i o n s .   O b v i o u s l y  

t h e s e   s p e c i f i c a t i o n s   can   be  r e a d i l y   c o n v e r t e d   to  w e i g h t  

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

For  p u r p o s e s   of  i l l u s t r a t i o n ,   t h e   i n v e n t i o n  

w i l l   be  d e s c r i b e d   u s i n g   c o m p o s i t i o n s   of  a p p r o x i m a t e l y  

t he   f o l l o w i n g   a t o m i c   p r o p o r t i o n s :  

N d 0 . 1 3 ( F e 0 . 9 5 B 0 . 0 5 ) 0 . 8 7  
H o w e v e r ,   i t   is  to  be  u n d e r s t o o d   t h a t   t h e   m e t h o d   of  t h e  

i n v e n t i o n   is  a p p l i c a b l e   to  o t h e r   c o m p o s i t i o n s   a s  

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

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

can  be  s o l i d i f i e d   to  have   m i c r o s t r u c t u r e s   r a n g i n g   f r o m :  

(a)  a m o r p h o u s   ( g l a s s y )   and  e x t r e m e l y   f i n e  

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

20  n a n o m e t e r s   in  l a r g e s t   d i m e n s i o n )  

t h r o u g h  

(b)  v e r y   f i n e   ( m i c r o ) - g r a i n e d   m i c r o -  

s t r u c t u r e s   ( e . g . ,   20  nm  to  a b o u t   400  nm) 

t o  

(c)  l a r g e r   g r a i n e d   m i c r o s t r u c t u r e s .  

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

u s e f u l   p e r m a n e n t   m a g n e t   p r o p e r t i e s   have   no t   b e e n  



p r o d u c e d   by  r a p i d   s o l i d i f i c a t i o n   f rom  a  m e l t .   F i n e -  

g r a i n   m i c r o s t r u c t u r e s ,   w h e r e   the   g r a i n s   h a v e   a  max imum 

d i m e n s i o n   of  a b o u t   20  to   400  n a n o m e t e r s ,   h ave   u s e f u l  

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

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

m a t e r i a l s   can  be  a n n e a l e d   to   c o n v e r t   them  to  f i n e - g r a i n  

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

The  p r e s e n t   i n v e n t i o n   i s   p a r t i c u l a r l y   a p p l i c a b l e   t o  

such   o v e r q u e n c h e d ,   g l a s s y   m a t e r i a l s .   I t   i s   a l s o  

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

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

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

t e m p e r a t u r e s ,   o v e r   7 0 0 ° C ,   d u r i n g   the   h o t - w o r k i n g .  
S u i t a b l e   o v e r q u e n c h e d   c o m p o s i t i o n s   can  b e  

made  by  m e l t - s p i n n i n g .   M e l t - s p i n n i n g   is  d e s c r i b e d   i n  

t h e   a b o v e   a p p l i c a t i o n s   and  w i l l   not   be  r e p e a t e d   h e r e .  

I t   is  a l s o   p r a c t i c e d   c o m m e r c i a l l y   to  p r o d u c e  

n o n m a g n e t i c   or  s o f t   m a g n e t i c   a l l o y s .   I t   i s   p r e f e r r a b l e  

to  use  m e l t - s p u n   m a t e r i a l s   t h a t   have  been   c o o l e d   a t  

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

s t r u c t u r e   is  p r o d u c e d .   In  the   ca se   of  t he   i r o n -  

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

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

g r a i n   s i z e   s m a l l e r   t h a n   a b o u t   20  n a n o m e t e r s .   T h e  

m a t e r i a l   is  t h e n   h e a t e d   and  w o r k e d   in  a  d i e   a t   a  

t e m p e r a t u r e   of  a b o u t   7 0 0 - 7 5 0 ° C   to  c o n s o l i d a t e   p a r t i c l e s  

of  the   m a t e r i a l   i n t o   a  f u l l y   d e n s i f i e d   mass   and  t h e n   t o  

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

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

a l i g n m e n t .   Such  p r o c e s s i n g   is  c a r r i e d   ou t   f a i r l y  

r a p i d l y   so  t h a t   e x c e s s i v e   g r a i n   g r o w t h   d o e s   no t   o c c u r  

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



R e f e r e n c e   has   a l r e a d y  b e e n   made  to  F i g u r e   1 

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

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

( c u r v e   A)  and  a  d i e - u p s e t   m a g n e t   ( c u r v e   B)  of  t he   s a m e  

c o m p o s i t i o n .   The  h o t - p r e s s e d   m a g n e t   is   o n l y   m o d e r a t e l y  

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

d e g r e e   of  c o e r c i v i t y   in  t h e   p r e s s   d i r e c t i o n .   T h e  

d i e - u p s e t   m a g n e t   has  been   s i g n i f c a n t l y   p l a s t i c a l l y  

d e f o r m e d .   The  m a t e r i a l   has   a t t a i n e d   a  r e l a t i v e l y  

h i g h   d e g r e e   of  a l i g n m e n t .   I t s   c o e r c i v i t y   in  the   p r e s s  
d i r e c t i o n   has   t h e r e b y   been   d e c r e a s e d   b u t   i t s   r e m a n e n c e  
i n c r e a s e d .  

In  t h i s   work  i t   has   been   o b s e r v e d   t h a t   t h e  

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

f l o w .   When  such   p l a s t i c   f l o w   h a p p e n s   to   be  p e r p e n -  
d i c u l a r   to   t he   p r e s s   d i r e c t i o n   ( t h e   d i r e c t i o n   o f  

m o v e m e n t   of  the   p u n c h e s ) ,   t he   m a g n e t i c   a l i g n m e n t   i s  

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

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

a n i s o t r o p i c   m a g n e t s   a re   m e a s u r e d ,   the   v a l u e s   m e a s u r e d  

in  the   p r e f e r r e d   ( a l i g n e d )   d i r e c t i o n   a r e   d e t e c t e d   a n d  

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

R e f e r e n c e   is  made  to  F i g u r e   2  to  i l l u s t r a t e  

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

a r c u a t e   p e r m a n e n t   m a g n e t .   P a r t i c l e s   of  m e l t - s p u n  

m a t e r i a l   a r e   l o a d e d   i n t o   a  c a v i t y   f o r m e d   by  o p e n - e n d e d  
d i e   10  and  v e r t i c a l l y   a l i g n e d   o p p o s i n g   p u n c h e s   12  a n d  

14  s u c h   a s  i s   shown  in  F i g u r e   2 ( a ) .   The  d i e   and  i t s  

c o n t a c t s   a r e   h e a t e d   by  an  i n d u c t i o n   h e a t e r   ( n o t   s h o w n )  

to  a  t e m p e r a t u r e   at   or  n e a r   7 0 0 ° C .   The  p u n c h e s   12  a n d  

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



o f ,   f o r   e x a m p l e ,   1 0 3 4 2 1 . 4   kPa  ( 1 5 , 0 0 0   p s i )   to   form  @ -  

s u b s t a n t i a l l y   f u l l y   d e n s i f i e d   body  16  d e p i c t e d   in  t h e  

d i e   c a v i t y   in  F i g u r e   2 ( a ) .   The  a r r o w s   w i t h i n   t h e  

o u t l i n e   of  body   16  i n d i c a t e   t h a t   the   d e n s i f i e d   c o m p a c t  

is   s u b s t a n t i a l l y   u n a l i g n e d .   H o w e v e r ,   t h e r e   is   a  s l i g h t  

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

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

d e p i c t e d   in  c u r v e   A  of  F i g u r e   1 .  

The  c o m p a c t   16  is  t h e n   t r a n s f e r r e d   to  a  

l a r g e r   d i e   18  w i t h   o p p o s i n g   p u n c h e s   20  and  22  as  s h o w n  

in  F i g u r e   2 ( b ) .   The  c a v i t y   is  l i k e w i s e   h e a t e d   t o  

m a i n t a i n   t he   c o m p a c t   16  a t   a  t e m p e r a t u r e   a t   or  n e a r  
7 0 0 ° C .   The  c o m p a c t   16  is   t h e n   p l a s t i c a l l y   d e f o r m e d   b y  

t h e   p u n c h e s   20  and  22  to  form  d i e - u p s e t   a r c u a t e   b o d y  

24.   The  m a t e r i a l   f l o w s   l a t e r a l l y ,   bu t   t h e   d i r e c t i o n   o f  

a l i g n m e n t ,   and  e a s y   m a g n e t i z a t i o n ,   is  t r a n s v e r s e   to   t h e  

p l a s t i c   f l o w ,   i . e . ,   g e n e r a l l y   in  the   d i r e c t i o n   o f  

p r e s s i n g   as  shown  by  the   a r r o w s   in  F i g u r e   2 ( c ) .   T h e  

r e s u l t i n g   a r c u a t e   m a g n e t   24  is   w i d e r   and  t h i n n e r  

t h a n   c o m p a c t   16.  Magne t   24  has   a  h i g h   d e g r e e   o f  

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

r a d i a l   w i t h   r e s p e c t   to  the   c e n t r e   of  c u r v a t u r e .   M a g n e t  

24  is  shown  in  s e c t i o n   in  F i g u r e   2 ( c ) .   In  p e r s p e c t i v e  

v iew  i t   w o u l d   a p p e a r   l i k e   the   m a g n e t   36  shown  i n  

F i g u r e   4 ( b ) .   Such  a r c u a t e   m a g n e t   24  c o u l d   be  p r o d u c e d  

by  the   p r a c t i c e   d e s c r i b e d   in  t he   above   c i t e d   E u r o p e a n  

p a t e n t   a p p l i c a t i o n   EP-A-0   133  7 5 8 .  

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

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

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

u n i t a r y   body  h a v i n g   d i f f e r e n t   m a g n e t i c   a l i g n m e n t .   I n  

one  e m b o d i m e n t   of  t he   i n v e n t i o n ,   t h i s   i s   a c c o m p l i s h e d  



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

s e c t i o n s   of  d i f f e r e n t   t h i c k n e s s .   A  c o n v e n i e n t   p r a c t i c e  

is  to  fo rm  a  c o m p a c t   h a v i n g   a b r u p t   or  s t e p p e d  

d i f f e r e n c e s   in  t h i c k n e s s .   T h i s   can  be  a c c o m p l i s h e d  

by  u s i n g   a  s p l i t   ram  d i e   as  d e p i c t e d   in  F i g u r e   3.  As  

s h o w n ,   s u c h   a  d i e   u s e s   a  c o n v e n t i o n a l   d i e   body  25,  b u t  

b o t h   t h e   u p p e r   26  and  l o w e r   28  p u n c h e s   a r e   s p l i t   a n d  

t h e   two  p o r t i o n s   ( 2 6 ' ,   26"  and  2 8 ' ,  2 8 " )   of  e a c h   p u n c h  

can  e i t h e r   move  in  c o n c e r t   as  shown  in  F i g u r e   3 ( a )   o r  

move  s e p a r a t e l y   as  shown  in  F i g u r e   3 ( b ) .   Such  a  s p l i t  

p u n c h   or  s p l i t   ram  d i e   a r r a n g e m e n t   can  be  e m p l o y e d   t o  

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

m a t e r i a l   to  form  a  c o m p a c t   l i k e   t h a t   d e p i c t e d   in  F i g u r e  

4 ( a ) .  

The  a r c u a t e   h o t - p r e s s e d   c o m p a c t   30  of  F i g u r e  

4 ( a )   is   of  s u b s t a n t i a l l y   u n i f o r m   d e n s i t y   and  r a n d o m  

m a g n e t i c   a l i g n m e n t   (o r   d i s a l i g n m e n t ) ,   bu t   i t   has   a  

s t e p w i s e   c h a n g e   in  t h i c k n e s s .   The  p e r s p e c t i v e   v i e w  

( F i g u r e   4 ( a ) )   of  a r c u a t e   c o m p a c t   30  shows  a  r e l a t i v e l y  

t h i c k   p o r t i o n   32  and  a d j a c e n t   t h i n   s e c t i o n   34.   T h e  

c o m p a c t   30  has   a  c h o r d   l e n g t h   L.  I t   can  be  p r o d u c e d   i n  

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

as  shown  in  F i g u r e   3 ( b ) .   The  f o r m a t i o n   of  a  h o t -  

p r e s s e d ,   d e n s i f i e d   c o m p a c t   30  of  s u c h   a  c o n f i g u r a t i o n  

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

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

m a g n e t i c   a l i g n m e n t .   The  c o m p a c t   of  F i g u r e   4 ( a )   i s  

p r e s s e d   in  a  w i d e r   s e c t i o n   d i e   c a v i t y ,   h e a t e d   to  a  

t e m p e r a t u r e   of  a b o u t   700°C  and  h o t - w o r k e d   i n t o   a  

l o n g e r   ( c h o r d   l e n g t h   L'  >  L  as  s e e n   in  F i g u r e   4)  b u t  

t h i n n e r   a r c u a t e   m a g n e t   36  s u c h   as  d e p i c t e d   in  F i g u r e  

4 ( b ) .   S i n c e   s e c t i o n   32  of  t h e   F i g u r e   4 ( a )   c o m p a c t   30 



was  t h i c k e r   t h a n   s e c t i o n   34,   i t   u n d e r g o e s   more  p l a s t i c  
d e f o r m a t i o n   and  f l o w .   T h e r e f o r e ,   t h i s   p o r t i o n   32  o f  

c o m p a c t   30  u n d e r g o e s   c o n s i d e r a b l e   l a t e r a l   s t r a i n   t o  
form  a r c u a t e   r e g i o n   38  of  d i e   u p s e t   m a g n e t   36  i n  

F i g u r e   4 ( b ) .   T h u s ,   r e g i o n   38  of  the   f i n a l   a r c u a t e  

m a g n e t   36  i s   h i g h l y   m a g n e t i c a l l y   a l i g n e d   as  i l l u s t r a t e d  

in  F i g u r e   4 ( b ) .   C o n v e r s e l y ,   r e g i o n   34  of  c o m p a c t   30  

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

40  of  m a g n e t   36  is  s u b s t a n t i a l l y   u n a l i g n e d .   R e g i o n   4 0  

has   m a g n e t i z a t i o n   c h a r a c t e r i s t i c s   l i k e   t h a t   of  c u r v e   A 

of  F i g u r e   1,  and  r e g i o n   38  has  m a g n e t i c   c h a r a c t e r i s t i c s  

l i k e   t h a t   of  c u r v e   B.  T h u s ,   t he   r i g h t   c i r c u m f e r e n t i a l  

edge   p o r t i o n   40,  as  s e e n   in  F i g u r e   4 ( b ) ,   of   t h e   a r c u a t e  

m a g n e t   36  has   a  h i g h e r   c o e r c i v i t y   t h a n   t h e   r e s t   o f  

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

p a r t i c u l a r l y   u s e f u l   in  a r c u a t e   p o l e   p i e c e s   of  a  DC 

m o t o r   w h e r e   the   d e m a g n e t i z a t i o n   f o r c e s   a c t   m o s t  

s e v e r e l y   on  the   l e a d i n g   edge   of  the   m a g n e t .  

F i g u r e   5  is   an  end  v i ew  of  a  t w o - r e g i o n  

m a g n e t   42  i l l u s t r a t i n g   a  g e n e r a l   p r i n c i p l e   of  t h e  

p r e s e n t   i n v e n t i o n .   One  (o r   b o t h )   a r c u a t e   e d g e   ( r e g i o n  

46)  of  m a g n e t   42  has   a  m a g n e t i c   o r i e n t a t i o n ' a s  

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

a r r o w s   of  t h e   F i g u r e   t h a t   a r e   o r i e n t e d   a t   an  a n g l e  

t h e t a   C8  f   0)  w i t h   r e s p e c t   to  t he   r a d i a l   d i r e c t i o n   o f  

the   a r c .   The  r e m a i n i n g   p o r t i o n   44  of  t h e   m a g n e t   h a s  

been   w o r k e d   so  t h a t   i t   is  m a g n e t i c a l l y   o r i e n t e d  

r a d i a l l y   w i t h   r e s p e c t   to   t he   c e n t r e   of  c u r v a t u r e ,   a s  

shown  by  the   a r r o w s   in  r e g i o n   44.   T h u s ,   b o t h  

r e g i o n s   44  and  46  a r e   h i g h l y   a l i g n e d   and  h a v e  

r e l a t i v e l y   h i g h   r e m a n e n c e   in  t he   a l i g n m e n t   d i r e c t i o n .  

H o w e v e r ,   e d g e   r e g i o n   46  i s   more  d i f f i c u l t   t o  



d e m a g n e t i z e   by  the   r e v e r s e   f i e l d   g e n e r a t e d   by  a  m o t o r  

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

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

d e p i c t e d   in  F i g u r e   5  can  be  p r o d u c e d   by  a  p r a c t i c e  

i l l u s t r a t e d   in  F i g u r e s   6 ( a )   and  ( b ) .   A  d i e - u p s e t  

p e r m a n e n t   m a g n e t   48  of  t he   w a r p e d   c o n f i g u r a t i o n  

d e p i c t e d   in  F i g u r e   6 ( a )   is  p r o d u c e d .   A  h o t - p r e s s e d  

c o m p a c t   is  f i r s t   made  and  t h e n   d i e - u p s e t   i n t o   t h e  

F i g u r e   6 ( a )   c o n f i g u r a t i o n   w i t h   s t r a i n   o c c u r r i n g   i n  

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

48  is   w a r p e d ,   t he   m a g n e t i c   o r i e n t a t i o n   is   p a r a l l e l  

a c r o s s   t he   e n t i r e   end  s e c t i o n .   W h i l e   s t i l l   warm,   t h e  

w a r p e d   body   48  i s   b e n t   in  a  d i e   50  b e t w e e n   o p p o s e d  

p u n c h e s   52  and  54  i n t o   an  a r c u a t e   p e r m a n e n t   m a g n e t  

l i k e   42  in  F i g u r e   5.  The  r e v e r s e d   b e n d i n g   of  t h e  

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

42)  h a v i n g   r e g i o n s   ( l i k e   44  and  46)  of  d i f f e r e n t  

m a g n e t i c   a l i g n m e n t   as  i l l u s t r a t e d   in  F i g u r e   5 .  

F i g u r e   7  i l l u s t r a t e s   y e t   a n o t h e r  

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

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

h o t - p r e s s e d   u n c u r v e d   c o m p a c t   56  of  s t e p w i s e   d i f f e r e n c e  

in  t h i c k n e s s   is  f i r s t   p r o d u c e d .   The  c o m p a c t   56  has  a  

r e l a t i v e l y   t h i c k   p o r t i o n   58  and  a  t h i n   p o r t i o n   6 0 .  

T h i s   is   a c c o m p l i s h e d   in  d i e   62  u s i n g   s p l i t   p u n c h e s   64 

and  66  o p e r a t e d   in  s t e p p e d   r e l a t i o n s h i p .   The  p u n c h e s  

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

p r o d u c e   t h i n n i n g   of  t he   t h i c k   p o r t i o n   58  of  t h e   c o m p a c t  

and  t h i c k e n i n g   of  t he   t h i n   p o r t i o n   60  of  t h e   c o m p a c t  

56.  The  r e s u l t   in  t h i s   i n s t a n c e   is   a  f l a t   body   68 

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

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



f l o w .   In  F i g u r e   7  t he   a r r o w s   d e p i c t   s t r a i n   d i r e c t i o n  

r a t h e r   t h a n   m a g n e t i z a t i o n   d i r e c t i o n .   The  l a t t e r   w o u l d  

be  p e r p e n d i c u l a r   to   t he   s t r a i n   as  p r e v i o u s l y   s t a t e d .  
Thus  in  a c c o r d a n c e   w i t h   t he   p r e s e n t  

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

p r o d u c e d   t h a t   has   two  or  more  r e g i o n s   of  d i f f e r e n t  

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

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

r e g i o n s   38  and  40  in  a r c u a t e   m a g n e t   36  and  r e g i o n s   44 

and  46  in  a r c u a t e   m a g n e t   42.   In  b o t h   c a s e s   the   r e g i o n s  

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

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

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

t he   b o d y   of  m a g n e t i c   m a t e r i a l   in  d i f f e r e n t   w a y s .  
D i f f e r e n t   p o r t i o n s   of  t he   body  a r e   c a u s e d   to   u n d e r g o  

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

t he   s t r a i n   is   i n d u c e d   in  d i f f e r e n t   d i r e c t i o n s .   T h i s  

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

d e n s i f i e d   c o m p a c t   of  v a r y i n g   t h i c k n e s s   and  d i e -  

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

In  a n o t h e r   e m b o d i m e n t ,   a  body  of  m a g n e t i c   m a t e r i a l   o f  

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

t e m p e r a t u r e   ( as   i l l u s t r a t e d   in  F i g u r e   6)  to   p r o d u c e   t h e  

t w o - p a r t   m a g n e t   s t r u c t u r e .  

The  i n v e n t i o n   can  a l s o   be  p r a c t i c e d   by  u s i n g  

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

p a r t i c l e s   of  m e l t - s p u n   r i b b o n .   By  h o t - w o r k i n g   t h e  

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

d i e ,   t h e   c o m p a c t   may  be  d i e - u p s e t   ( f o r   e x a m p l e )   and  t h e  

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



d e n s i t y )   w i t h   i t   to   fo rm  a  u n i t a r y   body  h a v i n g   r e g i o n s  

of  d i f f e r e n t   a l i g n m e n t .   In  t h i s   e m b o d i m e n t   one  m a y  

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

and  f o r   the   a d d e d   p a r t i c l e s .  

The  p r e s e n t   i n v e n t i o n   is  p a r t i c u l a r l y   u s e f u l  

in  m a k i n g   t r a n s i t i o n   m e t a l - r a r e   e a r t h - b o r o n   m a g n e t s   o f  

t h e   t y p e   d e s c r i b e d   a b o v e .   H o w e v e r ,   i t   may  a l s o   b e  

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

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

s u i t a b l e   e l e v a t e d   t e m p e r a t u r e .  

The  t e r m s   " p e r m a n e n t   m a g n e t "   or  " h a r d   m a g n e t "  

as  used   h e r e i n   mean  a  m a t e r i a l   h a v i n g   a  s i g n i f i c a n t  

i n t r i n s i c   c o e r c i v i t y   at   room  t e m p e r a t u r e ,   e . g . ,   g r e a t e r  

t h a n   1000  o e r s t e d .  



1.  A  p e r m a n e n t   m a g n e t   body  h a v i n g   f i r s t   a n d  

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

p r o p e r t i e s   c h a r a c t e r i s e d   in  t h a t   t he   body  ( 3 6 ; 4 2 ; 6 8 )  

c o m p r i s e s   one  or  more  c o m p o s i t i o n s   c o m p r i s i n g   i r o n ,  

n e o d y m i u m   a n d / o r   p r a s e o d y m i u m ,   and  b o r o n ,   and  s a i d   b o d y  

( 3 6 ; 4 2 ; 6 8 )   has   been   h o t - w o r k e d   so  t h a t   s a i d   f i r s t   a n d  

s e c o n d   r e g i o n s   ( 3 8 ; 4 0 ; 4 4 ; 4 6 ; 5 8 ; 6 0 ) ,   a re   s p a c e d   a l o n g   a  

s u r f a c e   d i m e n s i o n   of  the   body  ( 3 6 ; 4 2 ; 6 8 )   and  d i f f e r  

f rom  one  a n o t h e r   in  m a g n e t i c   a l i g n m e n t .  

2.  A  p e r m a n e n t   m a g n e t   body  a c c o r d i n g   t o  

c l a i m   1,  in  w h i c h   s a i d   body  is  an  a r c u a t e   body  ( 3 6 ; 4 2 ) ,  

c h a r a c t e r i s e d   in  t h a t   t he   body  ( 3 6 ; 4 2 )   has   b e e n  

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

one  end  ( 4 0 ; 4 6 )   of  t he   a r c u a t e   body  ( 3 6 ; 4 2 )   and  s a i d  

s e c o n d   r e g i o n   ( 3 8 ; 4 4 )   c e n t r a l l y   p l a c e d   a l o n g   t h e  

a r c u a t e   body  ( 3 6 ; 4 2 )   t he   f i r s t   r e g i o n   h a v i n g   g r e a t e r  

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

( 3 6 ; 4 2 )   t h a n   the   s e c o n d   r e g i o n .  

3.  A  p e r m a n e n t   m a g n e t   body  a c c o r d i n g   t o  

c l a i m   1,  s h a p e d   as  an  a r c u a t e   p o l e   m a g n e t   f o r   a n  

e l e c t r i c   m o t o r ,   c h a r a c t e r i s e d   in  t h a t   the   body   ( 3 6 ; 4 2 )  

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

s a i d   f i r s t   r e g i o n   a t   one  end  ( 4 0 ; 4 6 )   of  t h e   a r c u a t e  

p o l e   m a g n e t   and  s a i d   s e c o n d   r e g i o n   ( 3 8 ; 4 4 )   c e n t r a l l y  

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

( 4 0 ; 4 6 )   h a v i n g   a  g r e a t e r   m a g n e t i c   c o e r c i v i t y   m e a s u r e d  

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

m a g n e t   t h a n   the   s e c o n d   r e g i o n   ( 3 8 ; 4 4 ) ,   and  t he   s e c o n d  

r e g i o n   ( 3 8 ; 4 4 )   h a v i n g   a  g r e a t e r   m a g n e t i c   r e m a n e n c e ,  

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

r e g i o n   ( 4 0 ; 4 6 ) .  



4.  A  m e t h o d   of  p r o d u c i n g   a  p e r m a n e n t   m a g n e t  

body  ( 3 6 ; 4 2 ; 6 8 )   a c c o r d i n g   to   c l a i m   1,  c h a r a c t e r i s e d   i n  

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

c o m p o s i t i o n   c o m p r i s i n g   i r o n ,   neodymium  a n d / o r  

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

t e m p e r a t u r e   c o e r c i v i t y   g r e a t e r   t han   a b o u t   1000  o e r s t e d  

to  form  a  s u b s t a n t i a l l y   f u l l y   d e n s i f i e d   body  ( 3 0 ; 4 8 ; 5 6 )  

of  the   c o m p o s i t i o n ,   and  t h e n   h o t - w o r k i n g   t he   b o d y  

( 3 0 ; 4 8 ; 5 6 )   n o n - u n i f o r m l y   to  p r o d u c e   a t   l e a s t   s a i d   t w o  

r e g i o n s   ( 3 8 ; 4 0 ; 4 4 ; 4 6 ; 5 8 , 6 0 )   in  the  body  ( 3 6 ; 4 2 ; 6 8 )  

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

m a g n e t i c   a l i g n m e n t   f rom  one  a n o t h e r .  

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

body  ( 3 6 ; 6 8 )   a c c o r d i n g   to  c l a i m   4,  c h a r a c t e r i s e d   i n  

t h a t   t he   s u b s t a n t i a l l y   f u l l y   d e n s i f i e d   body  ( 3 0 ; 5 6 )   h a s  

a  s e c t i o n   h a v i n g   a t   l e a s t   two  p o r t i o n s   3 2 , 3 4 ; 5 8 , 6 0 )   o f  

d i f f e r e n t   t h i c k n e s s ,   and  t h e   body  ( 3 0 ; 5 6 )   i s   h o t - w o r k e d  

to  r e d u c e   t he   t h i c k n e s s   of  the   t h i c k e r   ( 3 2 ; 5 8 )   of  t h e  

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

( 3 8 , 4 0 ; 5 8 , 6 0 )   in  t h e   h o t - w o r k e d   body  ( 3 6 ; 6 8 )   s p a c e d  

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

a l i g n m e n t   f rom  one  a n o t h e r .  

6.  A  m e t h o d   of  p r o d u c i n g   a  p e r m a n e n t   m a g n e t  

body  a c c o r d i n g   to  c l a i m   4,  c h a r a c t e r i s e d   in  t h a t   t h e  

s u b s t a n t i a l l y   f u l l y   d e n s i f i e d   body  is  i n t r o d u c e d  

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

c o m p r i s i n g   i r o n ,   n e o d y m i u m   a n d / o r   p r a s e o d y m i u m ,   a n d  

b o r o n   and  h a v i n g   an  i n t r i n s i c   room  t e m p e r a t u r e  

c o e r c i v i t y   g r e a t e r   t h a n   a b o u t   1000  o e r s t e d ,   and  t h e  

p a r t i c l e s   a r e   h o t - p r e s s e d   and  the   body  is  h o t - w o r k e d   s o  

as  to  fo rm  a  u n i t a r y   body  h a v i n g   s a i d   f i r s t   and  s e c o n d  

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

a n o t h e r .  
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