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(54)  Isotropic  permanent  magnets  and  process  for  producing  same. 
@  Isotropic  permanent  magnet  formed  of  a  sintered  body 
having  a  mean  crystal  grain  size  of  1-160  microns  and  a  major 
phase  of  tetragonal  system  comprising,  in  atomic  percent, 
10-25%  of  R  wherein  R  represents  at  least  one  of  rare-earth 
elements  including  Y,  3-23%  ofB  and  the  balance  being  Fe.  As 
additional  elements  M,  Al,  Ti,  V,  Cr,  Mn,  Zr,  Hf,  Nb,  Ta,  Mo,  Ge, 
Sb,  Sn,  Bi,  Ni  or  W  may  be  incorporated. 

The  magnets  can  be  produced  through  a  powder  metal- 
lurgical  process  resulting  in  high  magnetic  properties,  e.g.,  up 
to  7  MGOe  or  higher  energy  product. 



FIELD  OF  THE  INVEHTION 

The  p r e s e n t   i n v e n t i o n   r e l a t e s   g e n e r a l l y   to  i s o t r o p i c  

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  n o v e l   m a g n e t s  

b a s e d   on  FeBR  a l l o y s   and  e x p r e s s e d   in  t e r m s   of  FeBR  and  FeBRM. 

In  t he   p r e s e n t   d i s c l o s u r e ,   t h e   t e r m   " i s o t r o p y "   o r  

" i s o t r o p i c "   i s   u s e d   w i t h   r e s p e c t   to  m a g n e t i c   p r o p e r t i e s .   I n  

the   p r e s e n t   i n v e n t i o n ,   R  i s   used   as  a  s y m b o l   to  i n d i c a t e   r a r e -  

e a r t h   e l e m e n t s   i n c l u d i n g   y t t r i u m   Y,  M  is   u s e d   as  a  s y m b o l   t o  

d e n o t e   a d d i t i o n a l   e l e m e n t s   such  as  Al,   T i ,   V,  Cr,   Mn,  Zr,   H f ,  



Nb,  Ta,  Mo,  Ge,  Sb,  Sn,  Bi t   Ni  and  W,  and  A  is   used   as  a  

s y m b o l   to  r e f e r   to   e l e m e n t s   such   as  c o p p e r   Cu,  p h o s p h o r u s   P ,  

c a r b o n   C,  s u l f u r   S,  c a l c i u m   Ca,  m a g n e s i u m   Mg,  o x y g e n   0  a n d  

s i l i c o n   S i .  

BACKGROUND  OF  THE  INVENTION 

P e r m a n e n t   m a g n e t s   a r e   one  of  f u n c t i o n a l   m a t e r i a l s   w h i c h  

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

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

m a g n e t s ,   f e r r i t e   m a g n e t s ,   r a r e   e a r t h - c o b a l t   (RCo)  m a g n e t s   a n d  

m o r e .   W i t h   r e m a r k a b l e   a d v a n c e s   in  s e m i c o n d u c t o r   d e v i c e s   i n  

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

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

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

t h e r e f o r   a r e   r e q u i r e d   to  p o s s e s s   h i g h   p r o p e r t i e s  

c o r r e s p o n d i n g l y .  

A l t h o u g h ,   among  p e r m a n e n t   m a g n e t s ,   t h e   i s o t r o p i c  

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

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

f i n d   good   use   due  to   s u c h   m a g n e t i c   p r o p e r t i e s   t h a t   n o -  

l i m i t a t i o n   i s   i m p o s e d   upon  t h e   s h a p e   and  the   d i r e c t i o n   o f  

m a g n e t i z a t i o n .   H o w e v e r ,   t h e r e   is   l e f t   much  to  be  d e s i r e d   i n  

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

i s o t r o p i c   m a g n e t s   a r e   g e n e r a l l y   p u t   to  p r a c t i c a l   use  due  t o  

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

a r e   s u b s t a n t i a l l y   f o r m e d   of  t h e   same  m a t e r i a l   as  t h e  

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



m a g n e t s ,   MnAl  m a g n e t s   and  F e C r C o   m a g n e t s   show  a  maximum  e n e r g y  

p r o d u c t   (BH) max  of  b a r e l y   2  MGOe.  SmCo  m a g n e t s   b r o k e n   d o w n  

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

4-5  MGOe,  w h i c h   i s   n o n e t h e l e s s   o n l y   1 / 4  -   1/6  t i m e s   t h o s e   o f  

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

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

t h e y   a r e   v e r y   e x p e n s i v e   b e c a u s e   of  t h e   f a c t   t h a t   s a m a r i u m   Sm 

w h i c h   is   r a r e   in  r e s o u r c e s   i s   n e e d e d ,   and  t h a t   i t   i s   r e q u i r e d  

to  use  a  l a r g e   a m o u n t ,   i . e . ,   5 0 - 6 0   w e i g h t  %   of  c o b a l t   Co,  t h e  

s u p p l y   of  w h i c h   i s   u n c e r t a i n .  

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

r a r e   e a r t h   s u c h   a s ,   f o r   e x a m p l e ,   Ce,  Nd,  Pr  and  t h e   l i k e   i n  

p l a c e   of  Sm  b e l o n g i n g   to   h e a v y   r a r e   e a r t h   and  s u b s t i t u t e   Co 

w i t h   Fe .   H o w e v e r ,   i t   i s   w e l l - k n o w n   t h a t   l i g h t   r a r e   e a r t h   a n d  

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

even   when  t h e y   a r e   m u t u a l l y   m e l t e d   in  a  h o m o g e n e o u s   s t a t e ,   a n d  

c r y s t a l l i z e d   by  c o o l i n g .   F u r t h e r m o r e ,   an  a t t e m p t   made  t o  

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

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

( s e e   JP  P a t e n t   K o k a i   ( L a i d - O p e n )   P u b l i c a t i o n   No.  5 7  

( 1 9 8 2 ) - 2 1 0 9 3 4 ,   pp.   6 ) .  

On  t h e   o t h e r   h a n d ,   i t   i s   known  t h a t   a m o r p h o u s   a l l o y s  

b a s e d   on  (Fe ,   N i ,   C o ) - R   can  be  o b t a i n e d   by  m e l t - g u e n c h i n g .   I n  

p a r t i c u l a r ,   i t   ha s   been   p r o p o s e d   ( i n   t h e   a f o r e s a i d   P u b l i c a t i o n  

No.  5 7 - 2 1 0 9 3 4 )   to   p r e p a r e   a m o r p h o u s   r i b b o n s   f rom  b i n a r y   a l l o y s  

b a s e d   on  FeR  ( a s   R  use   i s   made  of  Ce,  P r ,   Nd,  Sm,  Eu,  e t c . ) ,  

e s p e c i a l l y   FeNd  and  m a g n e t i z i n g   t h e   r i b b o n s ,   w h e r e b y   m a g n e t s  



a r e   o b t a i n e d .   T h i s   p r o c e s s   y i e l d s   m a g n e t s   h a v i n g   (BH)max  o f  

4 -5   MGOe.  H o w e v e r ,   s i n c e   t h e   r e s u l t i n g   r i b b o n s   h a v e   a  

t h i c k n e s s   r a n g i n g   f r o m   s e v e r a l   m i c r o n s   to   a  few  t e n s   m i c r o n s ,  

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

o r d e r   to  o b t a i n   m a g n e t s   of  p r a c t i c a l   b u l k .   W i t h   any  e x i s t i n g  

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

m a g n e t i c   p r o p e r t i e s   w o u l d   t a k e   p l a c e .   A f t e r   a l l ,   i t   i s  

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

SUMMARY  OF  THE  INVENTION 

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

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

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

More  p a r t i c u l a r l y ,   t h e   p r e s e n t   i n v e n t i o n   a i m s   a t  

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

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

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

e s p e c i a l l y   Fe ,   and  r e s o u r c e f u l   r a r e - e a r t h   e l e m e n t s   a r e   m a i n l y  

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

r e s o u r c e s   may  n o t   n e c e s s a r i l y   be  u s e d   as  R .  

F u r t h e r m o r e ,   t h e   p r e s e n t   i n v e n t i o n   a ims   a t   p r o v i d i n g  

i s o t r o p i c   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   s u c h   as  i m p r o v e d   c o e r c i v e   f o r c e .  

In  a d d i t i o n ,   t h e   p r e s e n t   i n v e n t i o n   a i m s   a t   p r o v i d i n g  

i s o t r o p i c   p e r m a n e n t   m a g n e t s   w h i c h   a r e   i n e x p e n s i v e ,   b u t   a r e  

p r a c t i c a l l y   of  s u f f i c i e n t   v a l u e .  

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



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

A c c o r d i n g   to  l s t - 3 r d   a s p e c t s   of  t he   p r e s e n t   i n v e n t i o n ,  

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

m a g n e t s   b a s e d   on  FeBR  t y p e   c o m p o s i t i o n s .   More  s p e c i f i c a l l y ,  

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

s i n t e r e d   p e r m a n e n t   m a g n e t   b a s e d   on  FeBR;  a c c o r d i n g   to  t h e  

s e c o n d   a s p e c t ,   t h e r e   is   p r o v i d e d   an  FeBR  b a s e   m a g n e t ,   t h e   m e a n  

c r y s t a l   g r a i n   s i z e   of  w h i c h   i s   1 - 1 6 0   m i c r o n s   a f t e r   s i n t e r i n g ;  

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

f o r   t h e   p r o d u c t i o n   of  t h e   FeBR  b a s e ,   i s o t r o p i c   s i n t e r e d  

p e r m a n e n t   m a g n e t s   as  r e f e r r e d   to   t h e   f i r s t   and  s e c o n d   a s p e c t s .  

The  4 t h - 6 t h   a s p e c t s   of  t h e   p r e s e n t   i n v e n t i o n   r e l a t e   t o  

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

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

b a s e d   on  FeBRM;  a c c o r d i n g   to   t h e   f i f t h   a s p e c t ,   t h e r e   i s  

p r o v i d e d   a  FeBRM  b a s e   m a g n e t ,   t h e   mean  c r y s t a l   g r a i n   s i z e   o f  

w h i c h   i s   1 - 1 0 0   m i c r o n s   a f t e r   s i n t e r i n g ;   and  a c c o r d i n g   to  t h e  

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

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

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

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

a p p l i c a b l e   to  t he   F e B R  a n d   FeBRM  s y s t e m s   a l i k e ,   and  o f f e r s  

a d v a n t a g e s   in  v iew  of  t h e   p r a c t i c a l   p r o d u c t s   and  t h e   p r o c e s s  

of  p r o d u c t i o n   t h e r e o f   as  w e l l   as  c o m m e r i c a l   p r o d u c t i v i t y .  

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

o t h e r w i s e   s p e c i f i e d .  

T h u s ,   t he   i s o t r o p i c   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 h e  



f i r s t   a s p e c t   of  t h e   p r e s e n t   i n v e n t i o n   a r e   c h a r a c t e r i z e d   i n  

t h a t   t h e y   h a v e   a  c o m p o s i t i o n   ( h e r e i n a f t e r   r e f e r r e d   to   " t h e  

FeBR  c o m p o s i t i o n   or  s y s t e m " )   c o m p r i s i n g ,   in  a t o m i c   p e r c e n t ,  

1 0 - 2 5  %   of   R,  3 - 2 3   %  of   b o r o n   B  and  t h e   b a l a n c e   b e i n g   i r o n   F e  

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

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

The  i s o t r o p i c   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 h e ' s e c o n d  

a s p e c t   of  t h e   p r e s e n t   i n v e n t i o n   a r e   c h a r a c t e r i z e d   in   t h a t   t h e y  

h a v e   t h e   a f o r e s a i d   FeBR  c o m p o s i t i o n ,   and  t h e   s i n t e r e d   b o d i e s  

h a v e   a  mean  c r y s t a l   g r a i n   s i z e   of  1 - 1 6 0   m i c r o n s   a f t e r  

s i n t e r i n g .  

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

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

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

The  p r e s e n t   i n v e n t o r s   a l r e a d y   i n v e n t e d   FeBR  b a s e ,  

a n i s o t r o p i c   p e r m a n e n t   m a g n e t s   in   w h i c h   Sm  and  Co  w e r e   n o t  

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

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

p e r m a n e n t   m a g n e t s   s h o w i n g   good   i s o t r o p y   can   be  o b t a i n e d   f r o m  

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

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

The  FeBR  b a s e ,   i s o t r o p i c   p e r m a n e n t   m a g n e t s   o b t a i n e d   a c c o r d i n g  

to   t h e   p r e s e n t   i n v e n t i o n   h a v e   p r o p e r t i e s   e q u i v a l e n t   t o ,   o r  

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

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

e x p e n s i v e   Sm  may  no t   n e c e s s a r i l y   be  u s e d   w i t h   no  n e e d   of  u s i n g  

C o .  



In  t h e   p r e s e n t   i n v e n t i o n ,   t h e   t e r m   " i s o t r o p y "   u s e d   t o  

i n d i c a t e   one  of  t h e   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 s   m e a n s  

t h a t   t h e y   a r e   s u b s t a n t i a l l y   i s o t r o p i c ,   i . e . ,   in  a  s e n s e   t h a t  

no  m a g n e t i c   f i e l d   i s   i m p r e s s e d   d u r i n g   c o m p a c t i n g   or  f o r m i n g ,  

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

f o r m i n g .  

The  i s o t r o p i c   s i n t e r e d   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   t o -  

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

b a s e d   on  FeBRM  ( h e r e i n a f t e r   r e f e r r e d   to   " t h e   FeBRM  c o m p o s i t i o n  

or  s y s t e m " ) ,   w h i c h   c o m p r i s e s ,   in   a t o m i c   p e r c e n t ,   1 0 - 2 5   %  of  R 

( p r o v i d e d   t h a t   R  i s   a t   l e a s t   one  of  r a r e - e a r t h   e l e m e n t s  

i n c l u d i n g   Y) ,   3 - 2 3   %  of  b o r o n   B,  no  m o r e   t h a n   g i v e n   p e r c e n t s  

( a s   s p e c i f i e d   b e l o w )   of   one  or  two  or  more   of  t h e   f o l l o w i n g  

a d d i t i o n a l   e l e m e n t s   M  ( e x c l u s i v e   of  M  =  0  %,  p r o v i d e d   t h a t ,  

when  two  or  more  a d d i t i o n a l   e l e m e n t s   M  a r e   a d d e d ,   t h e   c o m b i n e d  

a m o u n t s '   of  M  i s   no  m o r e   t h a n   t h e   maximum  v a l u e   among  t h e  

v a l u e s ,   s p e c i f i e d   b e l o w ,   of  s a i d   e l e m e n t s   M  a c t u a l l y   a d d e d ) ,  

and  t h e   b a l a n c e   b e i n g   Fe  and  i n e v i t a b l e   i m p u r i t i e s   e n t r a i n e d  

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

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

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

w h i c h   t h e   s i n t e r d   body  has   a  mean  c r y s t a l   g r a i n   s i z e   r a n g i n g  

f r o m   a b o u t   1  m i c r o n   to   a b o u t   100  m i c r o n s .  



The  i s o t r o p i c   s i n t e r e d   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   t o  

t h e   s e v e n t h   a s p e c t   of  t h e   p r e s e n t   i n v e n t i o n   c o m p r i s e s   t h e   F e B R  

a n d   FeBRM  c o m p o s i t i o n s   in   w h i c h   one  or  m o r e   of  A  a r e   f u r t h e r  

c o n t a i n e d   in   g i v e n   p e r c e n t s .   A  s t a n d s   f o r   no  more   t h a n   3 .3   % 

c o p p e r   Cu,  no  more   t h a n   2 . 5   %  s u l f u r   S,  no  more   t h a n   4 . 0  %  

c a r b o n   C,  no  more   t h a n   3 . 3  %   p h o p h o r u s   P,  e a c h   no  more   t h a n  

4 . 0  %   Ca  and  Mg,  no  more   t h a n   2 . 0  %   0  and   no  more   t h a n  5 . 0   % 

S i .   I t   i s   n o t e d   t h a t   t h e   c o m b i n e d   a m o u n t   of  A  i s   no  more   t h a n  

t h e   maximum  v a l u e   among  t h e   v a l u e s   s p e c i f i e d   a b o v e   of  s a i d  

e l e m e n t s   A  a c t u a l l y   c o n t a i n e d ,   a n d ,   when  M  and  A  a r e  

c o n t a i n e d ,   t h e  s u m  o f   M  p l u s   A  i s   no  m o r e   t h a n   t h e   m a x i m u m  

v a l u e   among  t h e   v a l u e s   s p e c i f i e d   a b o v e   of  s a i d   e l e m e n t s   M  a n d  

A  a c t u a l l y   a d d e d   and  c o n t a i n e d .  

The  p e r m a n e n t   m a g n e t s   a r e   o b t a i n e d   as  m a g n e t i c a l l y  

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

w h i c h   i s   h e r e i n   d i s c l o s e d   and  c h a r a c t e r i z e d   in   t h a t   t h e  

r e s p e c t i v e   a l l o y   p o w d e r s   of  t h e   FeBR  and  FeBRM  c o m s p o s t i o n s  

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

a s p e c t s ) .   I t   i s   n b t e d   t h a t   t h e   a l l o y   p o w d e r s   a r e   n o v e l   a n d  

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

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

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

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

m o l t e n   a l l o y s   may  u s u a l l y   be  done  by  c a s t i n g   and  o t h e r   c o o l i n g  

m a n n e r s .  

P r e f e r r e d   e m b o d i m e n t s   of  t h e   p r e s e n t   i n v e n t i o n   w i l l   now 

be  e x p l a i n e d   i n   f u r t h e r   d e t a i l   w i t h   r e f e r e n c e   to   t h e  



a c c o m p a n y i n g   d r a w i n g s   i l l u s t r a t i n g   e x a m p l e s .   I t   i s   u n d e r s t o o d  

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

i l l u s t r a t e d   in   t h e   d r a w i n g s .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

F i g .   1  i s   a  g r a p h   s h o w i n g   t h e   r e l a t i o n s h i p   b e t w e e n   t h e  

a m o u n t   of  R  (Nd)  and  c o e r c i v e   f o r c e   iHc  as  w e l l   as  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   B r ;  

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

a m o u n t   of  B  a n d   iHc  as  w e l l   as  B r ;  

F i g .   3  i s   a  g r a p h   s h o w i n g   t h e   r e l a t i o n s h i p   b e t w e e n   t h e  

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

f o r c e   in  one  e x a m p l e   of  t h e   p r e s e n t   i n v e n t i o n ;  

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

a m o u n t   of  some  of  t he   e l e m e n t s   A  and  Br  in  t h e   FeBRA  s y s t e m  

( F e - 8 B - 1 5 N d - x A ) ;  

F i g s .   5  and  6  a re   g r a p h s   s h o w i n g   t h e   a m o u n t s   of  R  a n d  

B,  and  Br  a n d   iHc  of  t he   FeBRM  s y s t e m s   ( F e - 8 B - x N d - 1 M o ,  

F e - x B - 1 5 N d - 1 M o ) ,   r e s p e c t i v e l y ;  

F i g s .   7  and  8  a r e   g r a p h s   s h o w i n g   t h e   r e l a t i o n s h i p  

b e t w e e n   t h e   a m o u n t   of  M  and  Br  in   t h e   FeBRxM  s y s t e m  

( F e - 8 B - 1 5 N d - x M ) ;   a n d  

F i g .   9  i s   a  g r a p h   s h o w i n g   t h e   r e l a t i o n s h i p   b e t w e e n   t h e  

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

and  iHc  in   t h e   FeBRM  s y s t e m s   ( F e - 8 B - 1 5 N d - 2 A l   a n d  

F e - 8 B - 1 5 N d - 1 M o ) .  



GENERAL  AND  FIRST  ASPECT 

The  FeBR,  FeBRA,  FeBRM  and  FeBRMA  s y s t e m s   of  t h e  

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

s i m i l a r l y   d e t e r m i n e d   in   r e s p e c t   of  t h e   r a n g e s   of  B  a n d   R .  

To  m e e t   a  c o e r c i v e   f o r c e   iHc  of  no  l e s s   t h a n   1  kOe,   t h e  

a m o u n t   of  B  s h o u l d   be  no  l e s s   t h a n   3  a t o m i c   %  ( h e r e i n a f t e r   "%" 

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

i n v e n t i o n .   A n  i n c r e a s e   in   t h e   a m o u n t   of  B  i n c r e a s e s   iHc  b u t  

d e c r e a s e s   Br  ( s e e   F i g s .   2  and  6 ) .   H e n c e ,   t h e   a m o u n t   of  B 

s h o u l d   be  no  m o r e   t h a n   23  %  to   o b t a i n   Br  of  a t   l e a s t   3  kG  t o  

a c h i e v e   (BH)max  of  no  l e s s   t h a n   2  MGOe. 

F i g s .   1  and   5  ( w h e r e i n   M  d e n o t e s   Mo)  a r e   i l l u s t r a t i v e  

of  t h e   r e l a t i o n s h i p   b e t w e e n   t h e   a m o u n t   of  R  and  iHc  as  w e l l   a s  

Br  in   t h e   FeBR  and  FeBRM  s y s t e m s .   As  t h e   a m o u n t   of  R 

i n c r e a s e s ,   iHc  i n c r e a s e s ,   b u t   Br  i n c r e a s e s   t h e n   d e c r e a s e s  

d e p i c t i n g   p e a k .   H e n c e ,   t h e   a m o u n t   of  R  s h o u l d   be  no  l e s s   t h a n  

10  %  to   o b t a i n   (BH)max  of  no  l e s s   t h a n   2  MGOe,  and  s h o u l d   b e  

no  more   t h a n   25 %  f o r   s i m i l a r   r e a s o n s   and  due  to  t h e   f a c t   t h a t  

R  i s   e x p e n s i v e ,   and   so  l i k e l y   to   b u r n   t h a t   d i f f i c u l t i e s   a r e  

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

P r e f e r a b l e   w i t h   r e s p e c t   to   Fe ,   B  a n d   R  a r e   t h e   F e B R  

c o m p o s i t i o n s   in   w h i c h   R  i s   1 2 - 2 0   %  w i t h   t h e   m a i n   c o m p o n e n t  

b e i n g   l i g h t   r a r e   e a r t h   s u c h   as  Nd  or  Pr  ( t h e   l i g h t   r a r e   e a r t h  

a m o u n t i n g   t o   50 %  or  h i g h e r   of  t h e   o v e r a l l   R) ,   B  i s   5 - 1 8   %  a n d  

t h e   b a l a n c e   i s   Fe ,   and   t h e   FeBRM  c o m p o s i t i o n s   w h e r e i n   t h e  

a f o r e s a i d   r a n g e s   h o l d   f o r   Fe ,   B  a n d   R,  and   M  i s   f u r t h e r   w i t h i n  

a  r a n g e   p r o v i d i n g   a t   l e a s t   4  kG  B r ,  s i n c e   i t   i s   t h e n   p o s s i b l e  



to  a c h i e v e   h i g h   m a g n e t i c   p r o p e r t i e s   r e p r e s e n t e d   by  (BH)max  o f  

no  l e s s   t h a n   4  MGOe. 

Most   p r e f e r a b l e   w i t h   r e s p e c t   to  Fe,   B  a n d   R  a r e   t h e  

FeBR  c o m p o s i t i o n s   in   w h i c h   R  i s   1 2 - 1 6   %  w i t h   t h e   m a i n  

c o m p o n e n t   b e i n g   l i g h t   r a r e   e a r t h   s u c h   as  Nd  or  P r ,   B  i s   6 -18   % 

and  t h e   b a l a n c e   b e i n g   Fe ,   and  t h e   FeBRM  c o m p o s i t i o n s   w h e r e i n  

t h e   a f o r e s a i d   r a n g e s   h o l d   f o r   Fe,   B  a n d   R,  and  M  i s   w i t h i n   a  

r a n g e   p r o v i d i n g   a t   l e a s t   6  kG  Br ,   s i n c e   i t   i s   t h e n   p o s s i b l e   t o  

a c h i e v e   h i g h   p r o p e r t i e s   r e p r e s e n t e d   by  (BH)max  of  no  l e s s   t h a n  

7  MGOe  w h i c h   has   n e v e r   b e e n   o b t a i n e d   in   t h e   c o n v e n t i o n a l  

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

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

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

r a r e   e a r t   e l e m e n t s   w h i c h   a r e   r e s o u r c e f u l   or  f i n d   no  w i d e   u s e  

e l s e   can   be  u s e d   as  R,  and  t h a t   Sm  may  n o t   n e c e s s a r i l y   b e  

u s e d ,   and  may  no t   be  u s e d   as  t h e   ma in   i n g r e d i e n t .  

B e s i d e s   Y,  R  u s e d   in   t h e   p e r m a n e n t   m a g n e t s   of  t h e  

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

l e a s t   one  t h e r e o f   may  be  u s e d .   T h a t   i s ,   use   may  be  made  o f  

Nd,  P r ,   l a n t l a n u m   La,  c e r i u m   Ce,  t e r b i u m  T e ,   d y s p r o s i u m   D y ,  

h o l m i u m  H o ,   e b i u m   Er ,   e u r o p i u m   Eu,  s a m a r i u m   Sm,  g a d o l i n i u m  

Gd,  p r o m e t h i u m   im,  t h u l i u m   Tm,  y t t e r b i u m   Yb,  l u t e t i u m   Lu,  Y 

and  t h e   l i k e .   s u f f i c e s   to   use  l i g h t   r a r e   e a r t h   as  R,  a n d  

p a r t i c u l a r   p r e f e r n c e   i s   g i v e n   to  Nd  and  P r ,  e . g . ,   no  l e s s  

t h a n   50  %  of  R  o r  m a i n l y   of  R.  U s u a l l y ,   i t   s u f f i c e s   to   u s e  

one  e l e m e n t   as  R,  b u t ,   p r a c t i c a l l y ,   use   may  b e  m a d e   o f  

m i x t u r e s   of  two  or  m e   e l e m e n t s   such   as  m i s c h m e t a l ,   d y d i m i u m ,  



e t c .   due  to  e a s i n e s s   in   a v a i l a b i l i t y .   Sm,  La,  Ce,  Gd,  Y,  e t c .  

may  be  u s e d   in   t h e   f o rm  of  m i x t u r e s   w i t h   l i g h t   r a r e   e a r t h   s u c h  

as  Nd  and   P r .   R  may  no t   be  p u r e   l i g h t   r a r e -   e a r t h   e l e m e n t s ,  

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

of   p r o d u c t i o n   ( o t h e r   r a r e - e a r t h   e l e m e n t s ,   Ca,  Mg,  Fe,   T i ,   Cr 

O,  e t c . ) ,   as   l o n g   as   s u c h   R  i s   i n d u s t r i a l l y   a v a i l a b l e .  

The  s t a r t i n g   B  may  be  p u r e   b o r o n   or  a l l o y s   of  B  w i t h  

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

c o n t a i n   as  i m p u r i t i e s   Al ,   Cr  s i l i c o n   Si   and  m o r e .   The  s a m e  

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

THIRD  ASPECT  ( P r o d u c i n g   P r o c e s s )  

The  FeBR  b a s e   p e r m a n e n t   m a g n e t s   d i s c l o s e d   in   t h e  p r i o r  

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

b o d i e s ,   and   t h e   p e r m a n e n t   m a g n e t s   of  t h e   p r e s e n t   i n v e n t i o n   a r e  

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

i s o t r o p i c .   In  o t h e r   w o r d s ,   t h e   i s o t r o p i c   p e r m a n e n t   m a g n e t s   o f  

t h e   p r e s e n t   i n v e n t i o n   a r e   o b t a i n e d   by  p r e p a r i n g   a l l o y s ,   e . g . ,  

by  m e l t i n g   and   c o o l i n g   and  p u l v e r i z i n g ,   c o m p a c t i n g   a n d  

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

M e l t i n g   may  be  c a r r i e d   o u t   in   v a c u o   or  in   an  i n e r t   g a s  

a t m o s p h e r e ,   and   c o o l i n g   may  be  e f f e c t e d   by,   e . g . ,   c a s t i n g .  

For   c a s t i n g ,   a  mo ld   f o r m e d   of  c o p p e r   or  o t h e r   m e t a l s   may  b e  

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

w a t e r - c o o l e d   t y p e   mo ld   i s   u s e d   w i t h   t h e   a p p l i c a t i o n   of  a  r a p i d  

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

i n g o t   a l l o y s .   A f t e r   s u f f i c i e n t   c o o l i n g ,   t h e   a l l o y s   a r e  



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

f i n e l y   p u l v e r i z e d   in  an  a t t r i t o r ,   b a l l   m i l l   or  l i k e   m e a n s   t o  

no  more   t h a n   a b o u t   400  m i c r o n s ,   p r e f e r a b l y   1 - 1 0 0   m i c r o n s .  

In  a d d i t i o n   to   t h e   a f o r e s a i d   p u l v e r i z a t i o n   m a n n e r ,  

m e c h a n i c a l   p u l v e r i z a t i o n   m e a n s   such ,   as  s p r a y i n g   a n d  

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

e l e c t r o l y t i c   m e a n s   may  be  r e l i e d   upon   f o r   t h e   p u l v e r i z a t i o n   o f  

t h e   FeBR  b a s e   a l l o y s .   The  a l l o y s   of  t h e   p r e s e n t   i n v e n t i o n   m a y  

be  o b t a i n e d   by  a  s o - c a l l e d   d i r e c t   r e d u c t i o n   p r o c e s s   in   w h i c h  

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

of  o t h e r   c o n s t i t u t i o n a l   e l e m e n t s   ( e . g . ,   Fe  and  B  or  an  a l l o y  

t h e r e o f )   w i t h   t h e   use   of  a  r e d u c i n g   a g e n t   such   as  Ca,  Mg  o r  

t h e   l i k e .  

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

g i v e n   c o m p o s i t i o n .   In  t h i s   c a s e ,   t h e   FeBR  b a s e   or  m o t h e r  

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

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

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

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

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

of  9 0 0 - 1 2 0 0   °C,  p r e f e r a b l y   1 0 5 0 - 1 1 5 0   °C  f o r   a  g i v e n   p e r i o d   o f  

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

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

,  
s i n t e r i n g   c o n d i t i o n s   ( e s p e c i a l l y   t e m p e r a t u r e   and  t i m e )   in   s u c h  

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

b o d i e s   comes  w i t h i n   t h e   p r e d e t e r m i n e d   r a n g e   a f t e r   s i n t e r i n g .  

For  i n s t a n c e ,   s i n t e r e d   b o d i e s   h a v i n g  a   p r e f e r a b l e   mean  c r y s t a l  



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

p o w d e r s   h a v i n g   a  p a r t i c l e   s i z e   of  no  more   t h a n   100  m i c r o n s ,  

f o l l o w e d   by  s i n t e r i n g   a t   1 0 5 0 - 1 1 5 0   °C  f o r   30  m i n u t e s   to   8 

h o u r s .  

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

v a c u o   or  i n   an  i n e r t   g a s   a t m o s p h e r e   w h i c h   may  be  v a c u o   o r  

r e d u c e d   p r e s s u r e ,   e . g . ,   1 0 - 2   T o r r   or  l e s s   or  i n e r t   o r  

r e d u c i n g   g a s   w i t h   a  p u r i t y   of  9 9 . 9   %  or  h i g h e r   a t   1  -   7 6 0  

T o r r .   D u r i n g   c o m p a c t i n g ,   use   may  be  made  of  b o n d i n g   a g e n t s  

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

l i k e   and  l u b r i c a n t s   or  c o m p a c t i n g   a i d s   s u c h   as  z i n c   s t e a r a t e ,  

c a l c i u m   s t e a r a t e ,   p a r a f f i n ,   r e s i n s   or  t h e   l i k e .  

EXAMPLES  ( F i r s t - T h i r d   A s p e c t s )  

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

now  be  e l u c i d a t e d   w i t h   r e f e r e n c e   to  e x a m p l e s ,   w h i c h   a r e   g i v e n  

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

i m p o s e   any  l i m i t a t i o n   upon  t h e   p r e s e n t   i n v e n t i o n .  

S a m p l e s   of  7 7 F e - 8 B - 1 5 N d   w e r e   p r e p a r e d   by  t h e   f o l l o w i n g  

s t e p s .   In  w h a t   f o l l o w s ,   t h e   u n i t   of  p u r i t y   i s   w e i g h t   %. 

(1)  R e f e r r i n g   to   t h e   s t a r t i n g   m a t e r i a l s ,   e l e c t r o l y t i c   i r o n  

of  9 9 . 9   %  p u r i t y   was  u s e d   as  Fe;   a  f e r r o b o r o n   a l l o y   c o n t a i n i n g  

1 9 . 4   %  of  B  w i t h   t h e   b a l a n c e   b e i n g   Fe  and   i m p u r i t i e s   of  A l ,   S i  
;  

and   C  as  B;  a n d   r a r e   e a r t h   of  9 9 . 7   %  p u r i t y   or  h i g h e r   as  R 

( i m p u r i t i e s   w e r e   m a i n l y   o t h e r   r a r e - e a r t h   m e t a l s ) .   T h e s e  

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

c a s t   in  a  w a t e r - c o o l e d   c o p p e r   m o l d .  



(2)  The  c o o l e d   a l l o y   was  c o a r s e l y   s t a m p - m i l l e d   to   3 5 - m e s h  

t h r o u g h   and ,   t h e n ,   f i n e l y   p u l v e r i z e d   f o r   3  h o u r s   in  a  b a l l  

m i l l  t o   3 -10   m i c r o n s .  

(3)  The  r e s u l t a n t   p o w d e r s   w e r e   c o m p a c t e d   u n d e r   a  p r e s s u r e  

of  1 .5   t / c m 2 .  

(4)  S i n t e r i n g   was  c a r r i e d   ou t   a t   1 0 0 0 - 1 2 0 0   °C  f o r   1  h o u r   i n  

a r g o n   in  s u c h   a  m a n n e r   t h a t   t h e   mean  c r y s t a l   g r a i n   s i z e   of  t h e  

s i n t e r e d   body  came  w i t h i n   a  r a n g e   of  5 - 3 0   m i c r o n s ,   f o l l o w d   b y  

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

The  p e r m a n e n t   m a g n e t   s a m p l e s   shown  in   T a b l e   1  p r e p a r e d  

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

p r o p e r t i e s   iHc ,   Br  and  (BH)max  t h e r e o f .   T a b l e   1  s h o w s   t h e  

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

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

W i t h i n   t h e   g i v e n   r a n g e s   of  t h e   r e s p e c t i v e   i n g r e d i e n t s ,  

iHc  of  no  l e s s   t h a n   1  kOe  and  Br  of  no  l e s s   t h a n   3  kG  w e r e  

o b t a i n e d .   (BH)max  of  no  l e s s   t h a n   2 .0   MGOe  was  a l s o   o b t a i n e d .  

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

I t   i s   f o u n d   t h a t   t h e   c o m b i n a t i o n   of  two  or  m o r e  

r a r e - e a r t h   e l e m e n t s   i s   a l s o   u s e f u l   as  R.  To  make  a  c l o s e  

e x a m i n a t i o n   of  t h e   r e l a t i o n s h i p   b e t w e e n   t h e   a m o u n t s   of  R  a n d   B 

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

by  t h e   same  s t e p s   on  t h e   b a s i s   of  F e - 8 B - x N d   s y s t e m s   w h e r e i n   x  

=  0  -   35  %  and  F e - x B - 1 5 N d   s y s t e m s   w h e r e i n   x  =   0  -   30  %. 

T a b l e s   1  and  2  show  t h e   iHc  and  Br  m e a s u r e m e n t s   of  t h e  

s a m p l e s .  





L i k e   t h e   f e r r i t e   or  RCo  m a g n e t s ,   t h e   p e r m a n e n t   m a g n e t s  

of  t h e   FeBR  b a s e   s i n t e r e d   b o d i e s   a r e   t h e   s i n g l e   d o m a i n ,   f i n e  

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

p r o p e r t i e s   w i t h o u t   b e i n g   s u b j e c t e d   t o   once   p u l v e r i z a t i o n  

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

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

m a g n e t i c   w a l l s   a r e   p r e s e n t   w i t h i n   t h e   f i n e   p a r t i c l e s ,   so  t h a t  

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

w h i c h   c o n t r i b u t e s   to  f u r t h e r   ' i n c r e a s e s   in  c o e r c i v e   f o r c e .  

To  t h i s   end ,   t h e   r e l a t i o n s h i p   was  i n v e s t i g a t e d   b e t w e e n  

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

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

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

t h e   F e - 8 B - 1 5 N d   s y s t e m .   The  r e s u l t s   a r e   g i v e n   in   F i g .   3 .  

The  mean  c r y s t a l   g r a i n   s i z e   s h o u l d   be  w i t h i n   a  r a n g e   o f  

1 - 1 6 0   m i c r o n s   to  a c h i e v e   iHc  of  no  l e s s   t h a n   1  kOe,  and  w i t h i n  

a  r a n g e   of  1 - 1 1 0   m i c r o n s   to   a c h i e v e   iHc  of  no  l e s s   t h a n   2  k O e .  

A  r a n g e   of  1 - 8 0   m i c r o n s   i s   p r e f e r a b l e ,   and  a  r a n g e   of  3 - 1 0  

m i c r o n s   i s   mos t   p r e f e r a b l e .  

CRYSTAL  STRUCTURE 

The  p r e s e n t   i n v e n t o r s   h a v e   a l r e a d y   d i s c l o s e d   in   d e t a i l  

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

m a g n e t s   b a s e d   on  t h e   FeBR  b a s e   a l l o y s   in  p r i o r   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   No.  8 3 1 0 6 5 7 3 . 5   ( f i l e d   on  Ju ly   5,  1983),   t h e  

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

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



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

a p p l i e d   to   t h e   FeBRM  s y s t e m .  

R e f e r r i n g   g e n e r a l l y   to  t h e   c r y s t a l   s t r u c t u r e ,   i t   i s  

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

b a s e d   on  t h e   F e - B - R   a l l o y   a c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n  

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

to   t h e   f a c t   t h a t   t h e   m a j o r   p h a s e   i s   f o r m e d   by  t h e  

s u b s t a n t i a l l y   t e t r a g o n a l   c r y s t a l s   of  t h e   F e - B - R   t y p e .   T h e  

F e - B - R   t y p e   a l l o y   i s   c h a r a c t e r i z e d   by  i t s   h i g h   C u r i e   p o i n t   a n d  

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

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

F e - B - R   t y p e   c o n t r i b u t e s   t o   t h e   e x h i b i t i o n   of  m a g n e t i c  

p r o p e r t i e s .   The  c o n t r i b u t i o n   of  t h e   F e - B - R   b a s e   t e t r a g o n a l  

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

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

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

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

The  t e t r a g o n a l   s y s t e m   of  t h e   F e - B - R   t y p e   a l l o y s  

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

o 
:  a b o u t   8 . 8   A  and   C o  :   a b o u t   1 2 . 2   A.  I t   i s   u s e f u l   w h e r e   t h i s  

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

F e - B - R   t y p e   m a g n e t s ,   i . e . ,   i t   s h o u l d   o c c u p y   50  vo l   %  or  m o r e  

of   t h e   c r y s t a l   s t r u c t u r e   in   o r d e r   to   y i e l d   p r a c t i c a l   and  g o o d  

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

B e s i d e s   t h e   s u i t a b l e   mean  c r y s t a l   g r a i n   s i z e   of  t h e  

F e - B - R   b a s e   a l l o y s   as   d i s c u s s e d   h e r e i n a b o v e   t h e   p r e s e n c e   of  a  

R a r e   e a r t h   (R)  r i c h   p h a s e   ( i . e . ,   i n c l u d i n g   a b o u t   50  a t   %  of  R) 



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

p r e s e n c e   of  1  vo l   %  or  more   of  s u c h   R - r i c h   p h a s e   i s   v e r y  

e f f e c t i v e .  

The  F e - B - R   t e t r a g o n a l   s y s t e m   c o m p o u n d s   a r e   p r e s e n t   in  a  

w i d e   c o m p o s i t i o n a l   r a n g e ,   and  may  be  p r e s e n t   in  a  s t a b l e   s t a t e  

a l s o   upon  a d d i t i o n   of  c e r t a i n   e l e m e n t s   o t h e r   t h a n   R,  Fe  and  B .  

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

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

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

w i t h i n   a b o u t   1  d e g r e e ,   or  ones   t h a t   h a v e   ao   s l i g h t l y   d i f f e r e n t  

f r o m   b o ,   e . g . ,   w i t h i n   a b o u t   1  %. 

The  same  i s   a p p l i e d   to  t h e   FeBRM  s y s t e m .  

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

a r e   s t a b l e   and  p r o v i d e   good  p e r m a n e n t   m a g n e t s ,   e v e n   when  t h e y  

c o n t a i n   up  to  1  %  of  H,  L i ,   Na,  K,  Be,  Sr ,   Ba,  Ag,  Zn,  N,  F ,  

Se,  Te,  Pb,  or  t h e   l i k e .  

As  m e n t i o n e d   a b o v e ,   c o n t r i b u t i o n   of  t h e   F e - B - R   t y p e  

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

b e e n   e n t i r e l y   unknown   in  t h e   a r t .   I t   i s   t h u s   new  f a c t   t h a t  

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

f o r m i n g   t h e   m a j o r   p h a s e s   w i t h   t h e s e   new  c o m p o u n d s .  

In  t h e   f i e l d   of  R-Fe  a l l o y s ,   i t   ha s   b e e n   r e p o r t e d   t o  

p r e p a r e   r i b b o n   m a g n e t s   by  m e l t - q u e n c h i n g .   H o w e v e r ,   t h e  
; 

i n v e n t e d   m a g n e t s   a r e   d i f f e r e n t   f r o m   t h e   r i b b o n   m a g n e t s   in   t h e  

f o l l o w i n g   s e v e r a l   p o i n t s .   T h a t   i s   to   s a y ,   t h e   r i b b o n   m a g n e t s  

can   e x h i b i t   p e r m a n e n t   m a g n e t i c   p r o p e r t i e s   in   a  t r a n s i t i o n  

s t a g e   f rom  t h e   a m o r p h o u s   or  m e t a s t a b l e   c r y s t a l   p h a s e   to   t h e  



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

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

r e m a i n s ,   or  o t h e r w i s e   m e t a s t a b l e   Fe3B  and  R6Fe23   a r e  

p r e s e n t   as   t h e   m a j o r   p h a s e s .   The  i n v e n t e d   m a g n e t s   h a v e   n o  

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

t h e   m a j o r   p h a s e s   t h e r e o f   a r e   n o t   Fe3B  a n d  R 6 - F e 2 3 .  

When  t h e   m a g n e t s   of  t h e   p r e s e n t   i n v e n t i o n   a r e   p r e p a r e d ,  

u s e   may  be  made   of  g r a n u l a t e d   p o w d e r s   (on  t h e   o r d e r   of  s e v e r a l  

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

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

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

m a g n e t s ,   s i n c e   t h e y   d i s t u r b   o r i e n t a t i o n .   H o w e v e r ,   t h e y   can   b e  

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

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

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

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

of  t h e   c o m p a c t e d   b o d i e s .  

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

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

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

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

r e l y   u p o n   e x p e n s i v e   i n g r e d i e n t s   s u c h   as  Sm  and  Co.  T h e  

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

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

s u f f i c i e n t   b u l k   t h a t   i s   by  no  m e a n s   a c h i e v e d   in   t h e   p r o p o s e d  

a m o r p h o u s   r i b b o n   p r o c e s s .  

As  s t a t e d   i n   d e t a i l   i n   t h e   f o r e g o i n g ,   t h e   FeBR  b a s e  



i s o t r o p i c   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 h e   f i r s t - t h i r d  

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

p r o p e r t i e s ,   m a k i n g   use   of  i n e x p e n s i v e   R  m a t e r i a l s   s u c h   a s  

l i g h t   r a r e   e a r t h   ( e s p e c i a l l y   Nd,  P r ,   e t c . ) ,   p a r t i c u l a r l y  

v a r i o u s   m i x t u r e s   of  l i g h t -   and  h e a v y - r a r e   e a r t h .  

FOURTH  ASPECT 

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

i n v e n t i o n ,   a d d i t i o n a l   e l e m e n t s   M  a r e   a d d e d   to  t h e   FeBR  b a s e  

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

i m p r o v i n g   in   p r i n c i p l e   t h e   c o e r c i v e   f o r c e   iHc  t h e r e o f .  

N a m e l y ,   t h e   i n c o r p o r a t i o n   of  M  g i v e s   r i s e   to  a  s t e e p   i n c r e a s e  

in   iHc  upon  i n c r e a s e   in  t h e   a m o u n t   of  B  or  R.  G e n e r a l l y ;   as  B 

or  R  i n c r e a s e s   Br  r i s e s   and  d e c r e a s e s   a f t e r   d e p i c t i n g   a  

maximum  v a l u e ,   w h e r e i n   M  b r i n g s   a b o u t   i n c r e a s e   of  iHc  j u s t   i n  

a  maximum  r a n g e   of  Br .   As  M,  use  may  be  made  of  one  or  m o r e  

of  Al ,   T i ,   V,  Cr,   Mn,  Zr,   Hf,  Nb,  Ta,   Mo,  Ge,  Sb,  Sn,  B i ,   N i  

and  W.  In  g e n e r a l ,   t h e   c o e r c i v e   f o r c e   iHc  d r o p s   w i t h  

i n c r e a s e s   in  t e m p e r a t u r e .   H o w e v e r ,   i t   i s   p o s s i b l e   to  i n c r e a s e  

iHc  a t   n o r m a l   t e m p e r a t u r e   by  t h e   a d d i t i o n   of  M,  so  t h a t   n o  

d e m a g n e t i z a t i o n   w o u l d   t a k e   p l a c e   upon   e x p o s u r e   to   e l e v a t e d  

t e m p e r a t u r e s .   H o w e v e r ,   as  t h e   a m o u n t   of  M  i n c r e a s e s ,   t h e r e   i s  

a  l o w e r i n g   of  Br  and ,   r e s u l t i n g   in   a  l o w e r i n g   of  ( B H ) m a x ,  

s i n c e   M  i s ( a r e )   a  n o n m a g n e t i c   e l e m e n t ( s )   ( s a v e   N i ) .   T h e  

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

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

s l i g h t l y   r e d u c e d   (BH)max,   p r o v i d e d   t h a t   (BH)max  i s   no  l e s s  



t h a n   2  MGOe. 

To  s t u d y   t h e   e f f e c t   of  t h e   a d d i t i o n   of  M  upon  B r ,  

e x p e r i m e n t s   w e r e   c o n d u c t e d   in   v a r i e d   a m o u n t s   of  M.  T h e  

r e s u l t s   a r e   shown  in  F i g s .   7  and  8 .  

I t   i s   p r e f e r r e d   t o   make  Br  no  l e s s   t h a n   3  kG  so  as  t o  

make  (BH)max  e q u i v a l e n t   t o ,   or  g r e a t e r   t h a n ,   a b o u t   2  MGOe,  t h e  

l e v e l   of  h a r d   f e r r i t e .   As  shown  in  F i g s .   7  and   8,  t h e .  u p p e r  

l i m i t s   of  M  a r e   as  f o l l o w s :  

When  two  or  m o r e   e l e m e n t s   M  a r e   a d d e d ,   t h e   r e s u l t i n g  

p r o p e r t i e s   a p p e a r   by  way  of  t h e   s y n t h e s i s   of  t h e   p r o p e r t i e s   o f  

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

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

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

t h e r e o f   i s   no  more   t h a n   t h e   maximum  v a l u e s   d e t e r m i n e d   w i t h  

r e s p e c t   to   t h e   i n d i v i d u a l   e l e m e n t s   w h i c h   a r e   a c t u a l l y   a d d e d .  

The  a d d i t i o n   of  M  i n c u r s   a  g r a d u a l   l o w e r i n g   of  r e s i d u a l  

m a g n e t i z a t i o n   Br .   H e n c e ,   a c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n ,  

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

h a v e   a  Br  v a l u e   e q u i v a l e n t   t o ,   or  g r e a t 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   h a r d   f e r r i t e   m a g n e t s   and  a  c o e r c i v e   f o r c e  

e q u i v a l e n t   t o ,   or  g r e a t 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  

p r o d u c t s .   P r e f e r a b l e   a m o u n t s   of  M  may  be  d e t e r m i n e d   b y  

s e l e c t i n g   t h e   a m o u n t s   of  M  i n   w h i c h ,   e . g . ,   Br  of  no  l e s s   t h a n  



4 .0   kG  and  no  l e s s   t h a n   6 .0   kG  or  any  d e s i r e d   v a l u e   b e t w e e n   B r  

of  2 - 6 . 5   kG  or  h i g h e r   i s   o b t a i n e d   as  shown  in  F i g u r e s   7  and  8 .  

F u n d a m e n t a l l y ,   t h e   a d d i t i o n   of  M  h a s   an  e f f e c t   upon  t h e  

i n c r e a s e   in  c o e r c i v e   f o r c e   i H c ,  w h i c h ,  i n   t u r n ,   i n c r e a s e s   t h e  

s t a b i l i t y   and ,   h e n c e ,   t h e   use  of  m a g n e t s .  

P r e f e r r e d   i s   a  r a n g e  o f   M  as  h e r e i n b e l o w   s p e c i f i e d   f o r  

o b t a i n i n g   Br  of  4  kG  or  h i g h e r :  

w h e r e i n   t h e   same  i s   a p p l i e d   when  two  or  m o r e   of  M  a r e   a d d e d .  

More  p r e f e r r e d   i s   a  r a n g e   of  M  as  h e r e i n b e l o w   s p e c i f i e d  

f o r   o b t a i n i n g   Br  of  6  kG  or  h i g h e r :  

w h e r e i n   t h e   same  i s   a p p l i e d   when  two  or  m o r e   of  M  a r e   a d d e d .  

The  r a n g e   of  M  i s   mos t   p r e f e r a b l y   0 . 1 - 3 . 7   %  to   a c h i e v e   ( E H ) m a x  

of  a b o u t   7  MGOe,  t a k i n g   i n t o   c o s i d e r a t i o n   t h e   e f f e c t s   t h e r e o f  

upon   t h e   i n c r e a s e   in  iHc  and  t h e   l o w e r i n g   of  Br  as  w e l l   a s  

u p o n   (BH)max.   As  M,  V,  Nb,  Ta,  Mo,  W,  Cr  and  Al  a r e  

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

The  r e l a t i o n s h i p   b e t w e e n   t h e   a m o u n t   of  M  and  t h e  

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

e x p e r i m e n t s .  



FIFTH  ASPECT 

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

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

when   t h e   FeBRM  b a s e   s i n t e r e d   b o d i e s   h a v e   a  mean   c r y s t a l   g r a i n  

s i z e   w i t h i n   a  g i v e n   c o n s t a n t   r a n g e .   T h a t   i s ,   iHc  of  no  l e s s  

t h a n   1  kOe  i s   s a t i s f i e d ,   when  t h e   mean  c r y s t a l   g r a i n   s i z e   o f  

t h e   s i n t e r e d   b o d i e s   i s   in  a  r a n g e   of  a b o u t   1  to   a b o u t   1 0 0  

m i c r o n s .   A  p r e f e r a b l e   r a n g e   i s   1-80  m i c r o n s ,   and  a  m o s t  

p r e f e r a b l e   r a n g e   i s   2 - 3 0   m i c r o n s ,   w h e r e i n   f u r t h e r   e n h a n c e d   i H c  

i s   o b t a i n e d .  

T h i s   i s   s u b s t a n t i a l l y   t r u e   of  t h e   FeBRM  s y s t e m s   and  t h e  

FeBRMA  s y s t e m s   a l i k e .  

SIXTH  ASPECT 

P r o d u c i n g   p r o c e s s   i s   s u b s t a n t i a l l y   t h e   same  as  t h e  

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

a l l o y   p o w d e r s .   The  a d d i t i o n a l   e l e m e n t s   M  may  be  a d d e d   to   t h e  

FeER  b a s e   a l l o y ( s )   or  may  be  p r e p a r e d   as  FeBRH  a l l o y s .   M i n o r  

a m o u n t   of  a l l o y s   of  t h e   c o n s t i t u t i o n a l   e l e m e n t s   of  Fe,   B,  R 

and   M  may  be  a d d e d   to   t h e   m o t h e r   a l l o y s   f o r   f o r m u l a t i n g   t h e  

f i n a l   c o m p o s i t i o n .  

SEVENTH  ASPECT 

The  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 h e   s e v e n t h   a s p e c t  

of  t h e   p r e s e n t   i n v e n t i o n   may  p e r m i t   t h e   e n t r a i n m e n t   or  t h e  

e l e m e n t s   A  in   q u a n t i t i e s   in   or  b e l o w   g i v e n   %.  A  i n c l u d e s   C u ,  



S,  C,  P,  Ca,  Mg,  0,  Si  and  t h e   l i k e .   When  t h e   FeBR  and  FeBRM 

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

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

of  p r o d u c t i o n ,   e t c . .   For  i n s t a n c e s ,   when  FeB  is   u sed   as  t h e  

raw  m a t e r i a l ,   S  a n d   P  may  o f t e n   be  e n t r a i n e d .   In  m o s t   c a s e s ,  

C  r e m a i n s   as  t h e   r e s i d u e   of  o r g a n i c   b i n d e r s   ( c o m p a c t i n g - a i d s )  

u s e d   in   t h e   p r o c e s s   of  p o w d e r   m e t a l l u r g y .   Cu  i s   f r e q u e n t l y  

c o n t a i n e d   in  c h e a p   raw  m a t e r i a l s .   Ca  and  Mg  may  e a s i l y   b e  

e n t r a i n e d   f rom  r e d u c i n g   a g e n t s .   I t   ha s   b e e n   o b s e r v e d   t h a t   a s  

t h e   a m o u n t   of  e n t r a i n e d   A  i n c r e a s e s ,   t h e   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  t e n d s   to   d r o p .  

As  a  r e s u l t ,   when  t h e   a m o u n t s   of  S,  C,  P  and   Cu  a r e   n o  

m o r e   t h a n   2 .5   %,  4 .0   %,  3 .3   %  and  3 .3   %,  r e s p e c t i v e l y ,   t h e  

o b t a i n e d   p r o p e r t i e s   (Br)  a r e   e q u a l   t o ,  o r   g r e a t e r   t h a n ,   t h o s e  

of  h a r d   f e r r i t e   ( s e e   F i g .   4 ) .   The  a l l o w a b l e   u p p e r   l i m i t s   o f  

Of  Ca,  Mg  and  Si  a r e   2  %,  4 .0   % ,  4 . 0   %  and  5 .0  %, 

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

When  two  or  more   e l e m e n t s   A  a r e   e n t r a i n e d   in   t h e  

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

s y n t h e s i z e d ,   and  t h e   t o t a l   a m o u n t   t h e r e o f   i s   no  more   t h a n   t h e  

maximum  v a l u e   of  t h e   v a l u e s ,   s p e c i f i e d   a b o v e ,   of  t h e   a c t u a l l y  

e n t r a i n e d   A.  W i t h i n   t h i s   r a n g e ,   Br  i s   e q u a l   t o ,   or  g r e a t e r  

t h a n ,   t h a t   of  h a r d   f e r r i t e .  

In  t h e   c a s e   of  t h e   FeBRMA  b a s e   m a g n e t s   in   w h i c h   t h e  

i s o t r o p i c   p e r m a n e n t   m a g n e t s   b a s e d   on  FeBRM  c o n t a i n   f u r t h e r   A,  

t h e   c o m b i n e d   a m o u n t   of  (M  +  A)  is   no  m o r e   t h a n   t h e   h i g h e s t  

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



and   e n t r a i n e d ,   as  i s   s u b s t a n t i a l l y   t h e   c a s e   w i t h   two  or  more   M 

or  A.  T h i s   i s   b e c a u s e   b o t h   M  and  A  a r e   a p t   to   d e c r e a s e   B r .  

In  t h e   c a s e   of  t h e   a d d i t i o n   of  two  or  more   M  and  t h e  

e n t r a i n m e n t   of  two  or  m o r e   A,  t h e   r e s u l t i n g   Br  p r o p e r t y  

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

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

t h e r e o f .  

Al  may  be  e n t r a i n e d   f r o m   a  r e f r a c t o r y   such   as  a n  

a l u m i n a   c r u c i b l e   i n t o   t h e   a l l o y s ,   bu t   o f f e r s   no  d i s a d a n t a g e  

s i n c e   i t   i s   u s e f u l   as  M.  M  and  A  h a v e   no  e s s e n t i a l   i n f l u e n c e  

upon   C u r i e   p o i n t   Tc,   as  l o n g   as  t h e y   a r e   w i t h i n   t h e   p r e s e n t l y  

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

EXAMPLES  ( F o u r t h - S i x t h   A s p e c t s )  

The  f o u r t h - s i x t h   a s p e c t s   of  t h e   p r e s e n t   i n v e n t i o n   w i l l  

now  be  e x p l a i n e d   i n   f u r t h e r   d e t a i l   w i t h   r e f e r e n c e   to   e x a m p l e s ,  

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

n o t   i n t e n d e d   to   p l a c e   any  l i m i t a t i o n   on  t h e   i n v e n t i o n .  

P r e p a r e d   w e r e   t h e   s a m p l e s   b a s e d   on  FeBRM  and  FeBRMA 

b a s e   a l l o y s   c o n t a i n i n g   t h e   g i v e n   a d d i t i o n a l   e l e m e n t s   in   t h e  

f o l l o w i n g   m a n n e r .  

(1)  R e f e r r i n g   to   t h e   s t a r t i n g   m a t e r i a l s ,   e l e c t r o l y t i c   i r o n  

of  9 9 . 9  %   p u r i t y   was  u s e d   as  Fe;   f e r r o b o r o n   a l l o y s   and  b o r o n  

of  99  %  p u r i t y   u s e d   as   B;  a n d  N d ,   Pr ,   Dy,  Sm,  Ho,  Er  and  C e  

e a c h   of  99  %  p u r i t y   or  h i g h e r   u s e d   as  R  ( i m p u r i t i e s   w e r e  

m a i n l y   o t h e r   r a r e - e a r t h   m e t a l s ) .   The  s t a r t i n g   m a t e r i a l s   w e r e  

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



c o p p e r   mold .   As  M  use   was  made  of  T i ,   Mo,  Bi ,   Mn,  Sb,  Ni,  T a ,  

Sn  and   Ge  each   of  99  %  p u r i t y ,   W  of  98  %  p u r i t y ,   Al  of  9 9 . 9   % 

p u r i t y ,   and  Hf  of  95  %  p u r i t y .   F u r t h e r m o r e ,   f e r r o v a n a d i u m  

c o n t a i n i n g   81 .2   %  o f   V,  f e r r o n i o b i u m   c o n t a i n i n g   6 7 . 6   %  o f   N b ,  

f e r r o c h r o m i u m   c o n t a i n i n g   6 1 . 9   %  of  Cr  and  f e r r o z i r c o n i u m  

c o n t a i n i n g   7 5 . 5   %  of  Zr  w e r e   u s e d   as  V,  Nb,  Cr  and  Z r ,  

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

Where   t h e   e l e m e n t s   A  we re   c o n t a i n e d ,   use   was  made  of  S 

of  99  %  p u r i t y   or  h i g h e r ,   f e r r o p h o s p h o r u s   c o n t a i n i n g   2 6 . 7  %   o f  

P,  C  of  99  %  p u r i t y   or  h i g h e r ,   and  e l e c t r o l y t i c   Cu  of  9 9 . 9   % 

p u r i t y   or  h i g h e r .  

The  u n i t   of  p u r i t y   h e r e i n a b o v e   i s   %  by  w e i g h t .  

(2)  P u l v e r i z a t i o n  

C o a r s e   p u l v e r i z a t i o n   was  c a r r i e d   o u t   to   3 5 - m e s h   t h r o u g h  

in   a  s t a m p   m i l l ,   and  f i n e   p u l v e r i z a t i o n   done   in  a  b a l l   m i l l  

f o r   3  h o u r s   to  3 - 1 0   m i c r o n s .  

(3)  C o m p a c t i n g   was  e f f e c t e d   u n d e r   a  p r e s s u r e   of  1 .5   t / c m 2 .  

(4)  S i n t e r i n g   was  c a r r i e d   out   a t   1 0 0 0 - 1 2 0 0   °C  f o r   1  hou r   i n  

a r g o n   in  such   a  m a n n e r   t h a t   t he   mean  c r y s t a l   g r a i n   s i z e   of  t h e  

s i n t e r e d   b o d i e s   came  w i t h i n   a  r a n g e   of  5 - 1 0   m i c r o n s ,   f o l l o w e d  

by  c o o l i n g   d o w n .  

To  i n v e s t i g a t e   t h e   m a g n e t   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   s a m p l e s   h a v i n g   a  v a r i e t y   of  c o m p o s i t i o n s ,   iHc,   Br  a n d  

(BH)max  t h e r e o f   w e r e   m e a s u r e d .   T a b l e   2  e n u m e r a t e s   t h 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 ,   iHc,   Br  and  (BH)max  of  t h e  

t y p i c a l   s a m p l e s .   A l t h o u g h   no t   i n d i c a t e d   n u m e r i c a l l y   in  t h e  

t a b l e ,   the   b a l a n c e   i s   F e .  









A l t h o u g h   t h e   a l l o y s   c o n t a i n i n g   as  R  Nd,  Pr ,   Dy  and  Sm 

a r e   e x e m p l i f i e d ,   15  r a r e - e a r t h   e l e m e n t s   (Y,  Ce,  Sm,  Eu,  T b ,  

Dy,  Er,   Tm,  Yb,  Lu,  Nd,  Pr ,   Gd,  Ho  and  La)  show  a  

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

c o n t a i n i n g   Nd  and  Pr  as  t h e   m a i n   c o m p o n e n t   a r e   much  m o r e  

u s e f u l   t h a n   t h o s e   c o n t a i n i n g   s c a r c e   r a r e   e a r t h   (Sm,  Y,  h e a v y  

r a r e   e a r t h )   as  t h e   m a i n   i n g r e d i e n t ,   s i n c e   r a r e   e a r t h   o r e s  

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

n o t  s t i l l   f i n d   any  w ide   u s e .  

In  T a b l e   2,  s a m p l e s   Nos.   4  t h r o u g h   9  i n c l u s i v e   a r e  

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

i n v e n t i o n .  

Out  of  t h e   e x a m p l e s   of  t he   p r e s e n t   i n v e n t i o n   shown  i n  

T a b l e   2,  e x a m i n a t i o n   was  made  of  t h e   r e l a t i o n s h i p   b e t w e e n   t h e  

c o e r i c i v e   f o r c e   iHc  and  t he   mean  c r y s t a l   g r a i n   s i z e   D 

( m i c r o n s )   a f t e r   s i n t e r i n g   of  Nos.  18  and  26.  The  r e s u l t s   a r e  

shown  in  F i g .   9.  Even  w i t h   t h e  s a m e   m a g n e t ,   t h e   c o e r c i v e  

f o r c e   v a r i e s   d e p e n d i n g   upon  t h e   c r y s t a l   g r a i n   s i z e .   G o o d  

r e s u l t s   a r e   o b t a i n e d   in   a  r a n g e   of  2 - 3 0   m i c r o n s ,   and  a  p e a k  

a p p e a r s   in  a  r a n g e   of  a p p r o x i m a t e l y   3 - 1 0   m i c r o n s .  

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

c r y s t a l   g r a i n   s i z e s   i s   r e q u i r e d   and  p r e f e r r e d   to   t a k e   f u l l  

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

The  g r a p h   of  F i g .   9  was  b a s e d   on  t h e   d a t a   o b t a i n e d   i n   a  

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

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

a f t e r   s i n t e r i n g   w e r e   v a r i e d .  



The  p e r m a n e n t   m a g n e t s   of  t he   p r e s e n t   i n v e n t i o n   can  b e  

p r e p a r e d   w i t h   t h e   use   of  c o m m e r c i a l l y   a v a i l a b l e   m a t e r i a l s ,   a n d  

i t   i s   v e r y   a d v a n t a g e o u s   to   u se   t h e   l i g h t   r a r e - e a r t h   e l e m e n t s  

as  t h e   key  c o m p o n e n t   of  m a g n e t   m a t e r i a l s .   W h i l e   h e a v y   r a r e  

e a r t h   i s   g e n e r a l l y   of  l e s s   i n d u s t r i a l   v a l u e   due  to  t h e   f a c t  

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

i n   c o m b i n a t i o n   w i t h   l i g h t   r a r e   e a r t h .  

The  i n c r e a s e   in   c o e r c i v e   f o r c e   c o n t r i b u t e s   to   t h e  

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

M  m a k e s   i t   f e a s i b l e   to  o b t a i n   p e r m a n e n t   m a g n e t s ,   w h i c h   a r e  

s u b s t a n t i a l l y   v e r y   s t a b l e   and  show  a  h i g h   e n e r g y   p r o d u c t .   I n  

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

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

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 .  

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

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

i s o t r o p i c   s i n t e r e d   b o d i e s   b a s e d   on  FeBR,  FeBRM,  FeBRA  a n d  

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

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

p a r t i c u l a r l y   w i t h o u t   r e c o u r s e   to  r e s o u r c e l e s s   or  e x p e n s i v e  

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

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

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

p r o p e r t i e s ,   u s i n g   as  R  l i g h t   r a r e   e a r t h   s u c h  a s   Nd  and  P r .  

T h u s ,   t h e   p r e s e n t   i n v e n t i o n   i s   i n d u s t r i a l l y   of  h i g h   v a l u e .  

M o d i f i c a t i o n s   a p p a r e n t   in   t h e   a r t   may  be  made  w i t h o u t  

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

and   c l a i m e d :  



1.  An  i s o t r o p i c   p e r m a n e n t   m a g n e t   f o r m e d   of  a  s i n t e r e d   b o d y  

c o n s i s t i n g   e s s e n t i a l l y   o f ,   in  a t o m i c   p e r c e n t ,   1 0  -   25  %  of  R 

w h e r e i n   R  r e p r e s e n t s   a t   l e a s t   one  of  r a r e - e a r t h   e l e m e n t s  

i n c l u d i n g   Y,  3  -   2 3  %   of  B  and  t h e   b a l a n c e   b e i n g   Fe  a n d  

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

2.  An  i s o t r o p i c   p e r m a n e n t   m a g n e t   f o r m e d   of  a  s i n t e r e d   b o d y  

c o n s i s t i n g   e s s e n t i a l l y   o f ,   in  a t o m i c   p e r c e n t ,   1 0  -   25  %  of  R 

w h e r e i n   R  r e p r e s e n t s   a t   l e a s t   one  of  r a r e - e a r t h   e l e m e n t s  

i n c l u d i n g   Y,  3  -   23  %  of  B  and  t h e   b a l a n c e   b e i n g   Fe  a n d  

i n e v i t a b l e   i m p u r i t i e s ,   in  w h i c h   t h e   s i n t e r e d   body  has   a  m e a n  

c r y s t a l   g r a i n   s i z e   of  1  -   160  m i c r o n s .  

3.  A  p r o c e s s   f o r   p r e p a r i n g   i s o t r o p i c   p e r m a n e n t   m a g n e t s  

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

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

p e r c e n t ,   1 0  -  2 5   %  of  R  w h e r e i n   R  r e p r e s e n t s   a t   l e a s t   one   o f  

r a r e - e a r t h   e l e m e n t s   i n c l u d i n g   Y,  3  -   23  %  of  B  and  t h e   b a l a n c e  

b e i n g   Fe  and  i n e v i t a b l e   i m p u r i t i e s ,  

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

p u l v e r i z i n g   t h e   r e s u l t a n t   a l l o y s ,  

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

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



4.  A  p r o c e s s   f o r   p r e p a r i n g   i s o t r o p i c   p e r m a n e n t   m a g n e t s  

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

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

a t o m i c   p e r c e n t ,   1 0  -   25  %  of  R  w h e r e i n   R  r e p r e s e n t s   a t   l e a s t  

one   of  r a r e - e a r t h   e l e m e n t s   i n c l u d i n g   Y,  3  -   23  %  of  B  and  t h e  

b a l a n c e   b e i n g   Fe  and   i n e v i t a b l e   i m p u r i t i e s ,   a n d  

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

t h a t   t h e   s i n t e r e d   b o d i e s   h a v e   a  mean  c r y s t a l   g r a i n   s i z e   of  1  -  

160  m i c r o n s .  

5.   A  m a g n e t   as   d e f i n e d   in   C l a i m   1  o r   2,  in  w h i c h ,   of  s a i d  

i m p u r i t i e s ,   Cu  i s   no  m o r e   t h a n   3 . 3  % ,   S  i s   no  more   t h a n   2 . 5   %, 

C  i s   no  more   t h a n   4 . 0   %,  P  i s   no  more   t h a n   3 .3   %,  Ca  i s   n o  

m o r e   t h a n   4 .0   %,  Mg  i s   no  more   t h a n   4 . 0  % ,   O  i s   no  m o r e   t h a n  

2 . 0   %,  and  Si   i s   no  m o r e   t h a n   5 .0   %,  w h e r e i n ,   when  two  or  m o r e  

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

no  more   t h a n   t h e   maximum  v a l u e   among  t h e   a f o r e s a i d   v a l u e s   o f  

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

6.  A  p r o c e s s   as  d e f i n e d   in   C l a i m   3  or  4,  in  w h i c h ,   of  s a i d  

i m p u r i t i e s ,   Cu  i s   no  more   t h a n   3 .3   %,  S  i s   no  more   t h a n   2 .5   %, 

C  i s   no  more   t h a n   4 . 0   %,  P  i s   no  more   t h a n   3 .3   %,  Ca  i s   n o  

m o r e   t h a n   4 .0   %,  Mg  i s   no  more   t h a n   4 . 0  % ,   O  i s   no  more   t h a n  

2 . 0  %   and  Si  i s   no  m o r e   t h a n   5 .0   %,  w h e r e i n ,   when  two  or  m o r e  

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

no  more   t h a n   t h e   maximum  v a l u e   among  t h e   a f o r e s a i d   v a l u e s   o f  

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



7.  An  i s o t r o p i c   p e r m a n e n t   m a g n e t   f o r m e d   of  a  s i n t e r e d   b o d y  

c o n s i s t i n g   e s s e n t i a l l y   o f ,   in  a t o m i c   p e r c e n t ,   1 0  -   25  %  of  R 

w h e r e i n   R  r e p r e s e n t s   a t   l e a s t   one  of  r a r e - e a r t h   e l e m e n t s  

i n c l u d i n g   Y,  3  -   23  %  of  B,  g i v e n   p e r c e n t s ,   s p e c i f i e d   b e l o w ,  

of  a t   l e a s t   one  of  t h e   f o l l o w i n g   a d d i t i o n a l   e l e m e n t s   M 

e x c l u s i v e   of  0  %  of  M,  and  t h e   b a l a n c e   b e i n g   Fe  and  i n e v i t a b l e  

i m p u r i t i e s ,   p r o v i d e d   t h a t   M  s t a n d s   f o r :  

w h e r e i n ,   when  two  or  more   of  s a i d   e l e m e n t s   M  a r e   a d d e d ,   t h e  

c o m b i n e d   a m o u n t   t h e r e o f   i s   no  more   t h a n   t h e   maximum  p e r c e n t  

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

e l e m e n t s   M. 

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

b o d y ,   w h i c h   c o m p r i s e s ,   in  a t o m i c   p e r c e n t ,   1 0  -   25  %  of  R 

w h e r e i n   R  r e p r e s e n t s   a t   l e a s t   one  of  r a r e - e a r t h   e l e m e n t s  

i n c l u d i n g   Y,  3  -   23 %  of  B,  g i v e n   p e r c e n t s ,   s p e c i f i e d   b e l o w ,  

a t   l e a s t   one  of  t h e   f o l l o w i n g   a d d i t i o n a l   e l e m e n t s   M  e x c l u s i v e  

of  0  %  of  M,  and  t h e   b a l a n c e   b e i n g   Fe  and  i n e v i t a b l e  



i m p u r i t i e s ,   p r o v i d e d   t h a t   M  s t a n d s   f o r :  

w h e r e i n ,   when  two  or  more   of  s a i d   e l e m e n t s   M  a r e   a d d e d ,   t h e  

c o m b i n e d   a m o u n t   t h e r e o f   i s   no  m o r e   t h a n   t h e   maximum  p e r c e n t  

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

e l e m e n t s   M,  a n d  

p r o v i d e d   t h a t   s a i d   s i n t e r e d   body  has   a  mean  c r y s t a l  

g r a i n   s i z e   of  a b o u t   1  -   100  m i c r o n s .  

9.   A  p r o c e s s   f o r   p r e p a r i n g   i s o t r o p i c   p e r m a n e n t   m a g n e t s  

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

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

p e r c e n t ,   1 0  -   25  %  of  R  w h e r e i n   R  r e p r e s e n t s   a t   l e a s t   one  o f  

r a r e - e a r t h   e l e m e n t s   i n c l u d i n g   Y,  3  -   23  %  of  B,  g i v e r  

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

a d d i t i o n a l   e l e m e n t s   M  e x c l u s i v e   of  0 %  of  M,  and  t h e   b a l a n c e  

b e i n g   Fe  and  i n e v i t a b l e   i m p u r i t i e s ,   p r o v i d e d   t h a t   M  s t a n d :  

f o r :  



and ,   when  two  or  more   of  s a i d   e l e m e n t s   M  a r e   a d d e d ,   t h e  

c o m b i n e d   a m o u n t   t h e r e o f   i s   no  more   t h a n   t h e   maximum  p e r c e n t  

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

e l e m e n t s   M, 

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

p u l v e r i z i n g   t h e   r e s u l t a n t   a l l o y s ,  

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

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

10 .   A  p r o c e s s   f o r   p r e p a r i n g   i s o t r o p i c   p e r m a n e n t   m a g n e t s  

f o r m e d   of  s i n t e r e d   b o d i e s   c o m p r i s i n g   s t e p s :  

c o m p a c t i n g   an  a l l o y s   c o m p r i s i n g ,   in  a t o m i c   p e r c e n t ,   10 

-  25  %  of  R  w h e r e i n   R  r e p r e s e n t s   a t   l e a s t   one  of  r a r e - e a r t h  

e l e m e n t s   i n c l u d i n g   Y ,  3  -   23 %  of  B,  g i v e n   p e r c e n t s ,   s p e c i f i e d  

b e l o w ,   of  a t   l e a s t   one  of  t h e   f o l l o w i n g   a d d i t i o n a l   e l e m e n t s   M 

e x c l u s i v e   of  0  %  of  M,  and  t h e   b a l a n c e   b e i n g   Fe  and   i n e v i t a b l e  

i m p u r i t i e s ,   p r o v i d e d   t h a t   M  s t a n d s   f o r :  



w h e r e i n ,   when  two  or  m o r e   of  s a i d   e l e m e n t s   M  a r e   a d d e d ,   t h e  

c o m b i n e d   a m o u n t   t h e r e o f   i s   no  more   t h a n   t h e   maximum  p e r c e n t  

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

e l e m e n t s   M,  a n d  

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

t h a t   t h e   s i n t e r e d   b o d i e s   h a v e   a  mean  c r y s t a l   g r a i n   s i z e   of  1  -  

100  m i c r o n s .  

11 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   7  or  8,  in  w h i c h ,   of   s a i d  

i m p u r i t i e s ( A ) ,   Cu  i s   no  m o r e   t h a n   3.3  %,  S  i s   no  m o r e   t h a n   2 . 5  

%,  C  i s   no  more   t h a n   4 . 0   %,  P  i s   no  more   t h a n   3 .3   %,  Ca  i s   n o  

m o r e   t h a n   4 .0   %,  Mg  i s   no  more   t h a n   4 .0   %,  O  i s   no  more   t h a n  

2 . 0   %,  and  Si  i s   no  m o r e   t h a n   5 . 0  % ,   w h e r e i n ,   when  one  or  t w o  

or  m o r e   of  s a i d   M  and   A,  r e s p e c t i v e l y ,   a r e   c o n t a i n e d ,   t h e  

c o m b i n e d   v a l u e   of  (M  +  A)  i s   no  more   t h a n   t h e   maximum  v a l u e  

among   t h e   a f o r e s a i d   v a l u e s   of  t h e   e l e m e n t s   M  and  A  a c t u a l l y  

c o n t a i n e d .  

12 .   A  p r o c e s s   as  d e f i n e d   in   C l a i m   9  or  1 0 ,   in   w h i c h ,   o f  

s a i d   i m p u r i t i e s ,   Cu  i s   no  more   t h a n   3 .3   %,  S  i s   no  more   t h a n  

2 . 5   %,  C  i s   no  more   t h a n   4 . 0   %,  P  i s   no  m o r e   t h a n   3 .3   %,  Ca  i s  

no  m o r e   t h a n   4 .0  %,  Mg  i s   no  more   t h a n   4 .0   %,  O  i s   no  m o r e  

t h a n   2 . 0  %   and  Si  is   no  m o r e   t h a n   5 .0   %,  w h e r e i n ,   when  one  o r  



two  or  more   of  s a i d   e l e m e n t s   M  and  A,  r e s p e c t i v e l y e   a r e  

c o n t a i n e d ,   t h e   c o m b i n e d   a m o u n t   of  (M  +  A)  i s   no  m o r e   t h a n   t h e  

maximum  v a l u e   among  t h e   a f o r e s a i d   v a l u e s   of  t h e   e l e m e n t s   M 

and   A  a c t u a l l y   c o n t a i n e d .  

13 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   1,  2,  7  or  8,  in  w h i c h ,   i n  

a t o m i c   %,  R  i s   1 2  -   2 0 %  ,   and  B  is   5  -   18  %. 

14 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   13,   in  w h i c h ,   R  i s   1 2  -   1 6  

%  and   B  i s   6  -   1 8  % .  

15 .   A  p r o c e s s   as  d e f i n e d   in   C l a i m   3,  4,  9  or  10 ,   in   w h i c h ,  

in  a t o m i c   %,  R  i s   1 2  -   20  %,  and  B  is   5  -   18  % .  

1 6 .   A  p r o c e s s   as  d e f i n e d   in   C l a i m   15 ,   in  w h i c h ,   in  a t o m i c  

%,  R  i s   1 2  -   16  %,  and  B  i s   6  -   18  %. 

17 .   A  m a g n e t s   as  d e f i n e d   in   C l a i m   1,  2,  7  or  8,  in  w h i c h   R 

c o n t a i n s   50  a t o m i c   %  or  h i g h e r   of  l i g h t   r a r e   e a r t h   e l e m e n t s .  

18 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   17 ,   in  w h i c h   R  c o n t a i n s   50  

a t o m i c   %  or  h i g h e r   of  (Nd  +  P r ) .  

19 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   18 ,   in  w h i c h   R  i s   a b o u t   1 5  

a t o m i c   %,  and  B  is   a b o u t   8  a t o m i c   %. 

20 .   A  p r o c e s s   as  d e f i n e d   in   C l a i m   3,  4,  9  or  10 ,   in  w h i c h   R 



c o n t a i n s   50  a t o m i c   %  or  h i g h e r   of  l i g h t   r a r e   e a r t h   e l e m e n t s .  

21 .   A  p r o c e s s   as   d e f i n e d   in  C l a i m   20 ,   in  w h i c h   R  c o n t a i n s  

50  a t o m i c   %  or  h i g h e r   of  (Nd  +  P r ) .  

22 .   A  p r o c e s s   as   d e f i n e d   in   C l a i m   21 ,   in   w h i c h   R  i s   a b o u t  

15  a t o m i c   %,  and   B  i s   a b o u t   8  a t o m i c   %. 

23 .   A  m a g n e t   as   d e f i n e d   in   C l a i m   1,  2,  7  or  8,  in  w h i c h   t h e  

m a j o r   p h a s e   i s   f o r m e d   by  an  FeBR  t y p e   a l l o y   h a v i n g   a  

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

2 4 .   A  m a g n e t   as   d e f i n e d   in   C l a i m   1,  2 ,  7   or  8 ,  w h i c h  

c o n t a i n s   1  v o l .  %   or   h i g h e r   of  a  r a r e   e a r t h - r i c h   p h a s e .  

25 .   A  m a g n e t   as   d e f i n e d   in   C l a i m   1,  2,  7  or  8,  w h i c h   h a s  

(BH) max  of  no  l e s s   t h a n   2  MGOe. 

2 6 .   A  m a g n e t   as   d e f i n e d   in   C l a i m   13 ,   w h i c h   has   (BH)max  o f  

no  l e s s   t h a n   4  MGOe. 

2 7 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   14 ,   w h i c h   h a s   (BH)max  o f  

no  l e s s   t h a n   7  MGOe.  

28 .   A  m a g n e t   as   d e f i n e d   in   C l a i m  7   or  8,  in  w h i c h   t h e  

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

g i v e n   %: 



p r o v i d e d   t h a t ,   when  two  or  more   of  s a i d   e l e m e n t s   M  a r e   a d d e d ,  

t h e   c o m b i n e d   a m o u n t   t h e r e o f   is   no  more   t h a n   t h e   maximum  v a l u e  

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

29 .   A  p r o c e s s   as  d e f i n e d   i n   C l a i m   9  or  10 ,   in   w h i c h   t h e  

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

g i v e n   %: 

p r o v i d e d   t h a t ,   when  two  or  more   of  s a i d   e l e m e n t s   M  a r e   a d d e d ,  

t h e   c o m b i n e d a m o u n t   t h e r e o f   i s   no  more   t h a n   t h e   maximum  v a l u e  

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

30.   A  m a g n e t   as  d e f i n e d   in   C l a i m   16,   in   w h i c h   t h e   f o l l o w i n g  

e l e m e n t s   M  a r e   c o n t a i n e d   i n   or  b e l o w   t h e   f o l l o w i n g   g i v e n   %: 

p r o v i d e d   t h a t ,   when  two  or  more   of  s a i d   e l e m e n t s   M  a r e   a d d e d ,  

t h e   c o m b i n e d  a m o u n t   t h e r e o f   i s   no  more   t h a n   t h e   maximum  v a l u e  



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

31 .   A  p r o c e s s   as  d e f i n e d   in   C l a i m   17,   in  w h i c h   t h e  

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

g i v e n  % :  

p r o v i d e d   t h a t ,   when  two  or  m o r e   of  s a i d   e l e m e n t s   M  a r e   a d d e d ,  

t h e   c o m b i n e d   a m o u n t   t h e r e o f   i s   no  more   t h a n   t h e   maximum  v a l u e  

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

32 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   28 ,   w h i c h   h a s   Br  of  n o  

l e s s   t h a n   4 k G .  

33 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   30 ,   w h i c h   h a s   Br  of  n o  

l e s s   t h a n   6  k G .  

34 .   A  m a g n e t   as  d e f i n e d   i n   C l a i m   7  or  8,  in  w h i c h   M  i s   o n e  

or  more   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  V,  Nb,  Ta,  Mo, 

W,  Cr  and  A l .  

35 .   A  m a g n e t   as  d e f i n e d   i n   C l a i m   1,  2,  7  o r  8 ,   in   w h i c h   t h e  

s i n t e r e d   body   has   a  mean  c r y s t a l   g r a i n   s i z e   of  1  -   80  m i c r o n s .  

36 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   1  or  2,  in  w h i c h   t h e  



s i n t e r e d   body  has   a  mean  c r y s t a l   g r a i n   s i z e   of  3  -   10  m i c r o n s .  

3 7 .   A  m a g n e t   as  d e f i n e d   in   C l a i m   7  or  8,  in  w h i c h   t h e  

s i n t e r e d   body  has   a  mean  c r y s t a l   g r a i n   s i z e   of  2  -   30  m i c r o n s .  

38 .   A  p r o c e s s   as  d e f i n e d   in   C l a i m   3,  4,  9  or  10,   in  w h i c h  

s i n t e r i n g   i s   c a r r i e d   o u t   a t   a  t e m p e r a t u r e   of  900  to  1 2 0 0  

d e g r e e s   C.  

39 .   A  p r o c e s s   as  d e f i n e d   in   C l a i m   38 ,   in  w h i c h   s i n t e r i n g   i s  

c a r r i e d   ou t   in   a  n o n o x i d i z i n g   or  r e d u c i n g   a t m o s p h e r e .  

40 .   A  p r o c e s s   as  d e f i n e d   in  C l a i m   39 ,   in  w h i c h   s a i d  

a t m o s p h e r e   i s   v a c u u m   or  r e d u c e d   p r e s s u r e ,   or  an  i n e r t   gas   o f  

9 9 . 9   %  p u r i t y   or  h i g h e r   u n d e r   a  p r e s s u r e   of  1  -   760  T o r r .  
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