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©  Sm2Co17  alloys  suitable  for  use  as  permanent  magnets. 
  An  Sm2Co17  alloy  is  disclosed  suitable  for  use  as  a  per- 
manent  magnet  having  a  high  energy  product  and  a  high 
intrinsic  coercivity  and  containing  22.5  to  23.5%  by  weight 
Sm  as  a  first  amount,  20.0  to  25.0%  by  weight  Fe,  3.0  to  5.0% 
by  weight  Cu,  a  first  amount  of  Zr  in  the  range  1.4  to  2.0% 
by  weight,  a  minor  amount  of  oxygen  and  a  minor  amount 
of  carbon,  an  additional  amount  of  Sm  in  the  range  of  from 
4  to  9  times  the  oxygen  content  of  the  alloy,  an  additional 
amount  of  Zr  in  the  range  of  from  5  to  10  times  the  carbon 
content  of  the  alloy,  and  the  balance  being  cobalt,  the  alloy 
having  a  crystallographic  structure  comprising  cells  of  2-17 
Sm-Co  rhombohedral  phase  surrounded  by  a  continuous  net- 
work  of  the  1-5  Sm-Co  hexagonal  phase.  Part  of  the  Sm  can 
be  replaced  by  Pr  and  all  or  part  of  the  Zr  can  be  replaced 
by  a  different  Group  IVB  or  VB  metal  e.g.  Hf. 



T h i s   i n v e n t i o n   r e l a t e s   to  Sm2Co17  a l l o y s   s u i t -  

a b l e   f o r   use  as  p e r m a n e n t   m a g n e t s .  

The  a d v a n t a g e s   of  r a r e   e a r t h   c o b a l t   a l l o y   m a g -  
n e t s   a re   now  w e l l   known.   Such  m a g n e t s   a re   s p e c i a l l y  

s u i t a b l e   fo r   use  in  e l e c t r i c   m o t o r s ,   such   as  DC  s e r v o -  

m o t o r s .   I t   is  a l s o   known  t h a t   Sm2Co17  a l l o y s   h a v e  

p o t e n t i a l   a d v a n t a g e s   fo r   use  as  p e r m a n e n t   m a g n e t s   o v e r  

SmCo5  a l l o y s ( l ) .   For  e x a m p l e ,   DC  m o t o r s   u s i n g   Sm2Co17  

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

i n c r e a s e d   t o r q u e   and  a c c e l e r a t i o n   c o m p a r e d   to  the  use  o f  

SmCo5  a l l o y   m a g n e t s .  

V a r i o u s   a t t e m p t s   have   been   made  to  p r o v i d e  

Sm2Co17  a l l o y s   w h i c h   can  form  p e r m a n e n t   m a g n e t s   h a v i n g  

a   h i g h   e n e r g y   p r o d u c t   (BH)max  and  a  h i g h   i n t r i n s i c  

c o e r c i v i t y   iHc.   T y p i c a l   p r i o r   a r t   is  shown  fo r   e x a m p l e  

in  U n i t e d   S t a t e s   p a t e n t   No.  4 , 1 7 2 , 7 1 7   i s s u e d   O c t o b e r   3 0 ,  

1979  to   T o k u n a g a   et  a l ( 2 ) ,   U n i t e d   S t a t e s   p a t e n t   N o .  

4 , 2 1 3 , 8 0 3   i s s u e d   J u l y   22,  1980  to   Yoneyama   et   a l ( 3 ) ,  

U n i t e d   S t a t e s   p a t e n t   No.  4 , 2 2 1 , 6 1 3   i s s u e d   S e p t e m b e r   9 ,  

1980  to  I m a i z u m i   et   a l ( 4 )   and  U n i t e d   S t a t e s   p a t e n t  

No.  4 , 3 7 5 , 9 9 6   i s s u e d   March  8,  1983  to   Tawara   e t  

a l ( 5 ) .   O t h e r   p r i o r   a r t   is  shown  in  the  p u b l i s h e d  
l i t e r a t u r e ( 6 , 7 , 8 , 9 , 1 0 ) .  



As  d i s c l o s e d   in  the   a b o v e - m e n t i o n e d   p r i o r   a r t ,  

Sm2Co17  a l l o y s   a re   known  w h i c h   can  form  m a g n e t s   h a v i n g   a n  

e n e r g y   p r o d u c t   ( B H ) m a x  i n   t he   r a n g e   of  22  to   30  MGOe  a n d  

an  i n t r i n s i c   c o e r c i v i t y   iHc  in  t he   r a n g e   of  5 .8   to  6 . 3  

k O e ( 6 , 7 ) .   L a t e r  d e v e l o p m e n t s   h a v e   r e s u l t e d   in  the   p r o -  

d u c t i o n  o f   Sm2Co17  a l l o y s   w h i c h   can  p r o d u c e   m a g n e t s   w i t h  

h i g h e r   c o e r c i v i t y ,   bu t   t h i s   a d v a n t a g e   has  been   o f f s e t   b y  

l o s s   in  e n e r g y   p r o d u c t .   For   e x a m p l e ,   one  Sm2Co17  a l l o y  

is  now  known  wh ich   can  p r o d u c e   m a g n e t s   h a v i n g   an  e n e r g y  

p r o d u c t   (BH)max  of  26  MGOe  and  an  i n t r i n s i c   c o e r c i v i t y  

iHc  of   1 5 . 0   k O e ( 7 ) .   A n o t h e r   Sm2Co17  a l l o y   now  k n o w n  

h a s   an  e n e r g y   p r o d u c t   (BH)max  of   27  MGOe  and  an  i n t r i n s i c  

c o e r c i v i t y   iHc  of  1 0 . 0   kOe,   s e e   U n i t e d   S t a t e s   p a t e n t   N o .  

4 , 3 7 5 , 9 9 6   m e n t i o n e d   a b o v e ( 5 ) .  

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

m a g n e t i c   h a r d e n i n g   m e c h a n i s m s ,   Sm2Co17  a l l o y s   are   h a r d e r  

to  m a g n e t i z e   f rom  an  u n m a g n e t i z e d   s t a t e   t han   SmCo5 

a l l o y s .   For  e x a m p l e ,   in  t he   c o n s t r u c t i o n   of  e l e c t r i c  

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

f i e l d   or  s t a t o r   a s s e m b l y   w i t h   u n m a g n e t i z e d   m a g n e t s ,   a n d  

t h e n   m a g n e t i z e   the   f i n i s h e d   a s s e m b l y   as  a  s i n g l e   u n i t .  

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

of  a b o u t   25  kOe  on  the  i n t e n s i t y   of  the   m a g n e t i z i n g   f i e l d  

w h i c h   can  be  a p p l i e d   to  the   u n m a g n e t i z e d   m a g n e t s   of  a  

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

p r a c t i c e ,   an  u n m a g n e t i z e d   m a g n e t   mus t   be  c a p a b l e   o f  

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

of  25  kOe.   To  d a t e ,   i t   has   n o t   been   p o s s i b l e   to  a c h i e v e  

t h i s   r e q u i r e m e n t   w i th   Sm2Co17  a l l o y s   w i t h   an  e n e r g y  

p r o d u c t   g r e a t e r   t han   30  M G O e ( 6 ) .  

T h u s ,   a l t h o u g h   i t   is  a c k n o w l e d g e d   t h a t   Sm2Co17 

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

e a r t h / t r a n s i t i o n   m e t a l   a l l o y s   s u c h   as  SmCo5  a l l o y s ,  

Sm2Co17  a l l o y s   have   not   y e t   b e c o m e   p r a c t i c a l l y   u s e f u l  

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



the   e x p e n s e   of  e n e r g y   p r o d u c t   and  a l s o   b e c a u s e   s u c h  

a l l o y s   have   no t   been  c a p a b l e   of  a t t a i n i n g   t h e i r   s p e c i -  

f i e d   p r o p e r t i e s   in  a  m a g n e t i z i n g   f i e l d   up  to  a b o u t   25 

k O e .  

I t   is  t h e r e f o r e   an  o b j e c t   of  the   i n v e n t i o n   t o  

p r o v i d e   an  Sm2Co17  a l l o y   w h i c h   o v e r c o m e s   t h e s e   d i s a d -  

v a n t a g e s .  

A c c o r d i n g   to  the   p r e s e n t   i n v e n t i o n ,   an  S m 2 C o l 7  

a l l o y   c o n t a i n s   by  w e i g h t :  

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

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

in  p r a c t i c e ,   i t   has  been   f o u n d   t h a t   an  a d d i t i o n a l   a m o u n t  

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

c o n t e n t   and  t h a t   an  a d d i t i o n a l   a m o u n t   of  Zr  s h o u l d   b e  

p r o v i d e d   to  c o m p e n s a t e   f o r   the   c a r b o n   c o n t e n t .   T h u s ,   a n  

a l l o y   in  a c c o r d a n c e   w i t h   the   i n v e n t i o n   a l s o   i n c l u d e s   a n  

a d d i t i o n a l   a m o u n t   of  Sm  in  the   r a n g e   of  f rom  a b o u t   4  t o  

a b o u t   9  t i m e s   the  o x y g e n   c o n t e n t   of  the   a l l o y ,   p r e f e r a b l y  

6 . 2 6 5   t i m e s   the   o x y g e n   c o n t e n t ,   and  an  a d d i t i o n a l   a m o u n t  

of  Zr  in  t he   r a n g e   of  f rom  a b o u t   5  to  a b o u t   10  t i m e s   t h e  

c a r b o n   c o n t e n t   of  the  a l l o y ,   p r e f e r a b l y   7 . 5 9 5   t i m e s   t h e  

c a r b o n   c o n t e n t .   The  r e m a i n d e r   of  the   a l l o y   c o n t e n t   i s  

c o b a l t .  

The  f u n c t i o n   of  the   " e f f e c t i v e   s a m a r i u m "   is  t o  

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

of  c e l l s   of  t he   2-17  Sm-Co  r h o m b o h e d r a l   p h a s e   s u r r o u n d e d  

by  a  c o n t i n u o u s   n e t w o r k   of  the   1-5  Sm-Co  h e x a g o n a l  

p h a s e ( 1 1 , 1 2 , 1 3 ) .   I t   is  n e c e s s a r y   t h a t   t he   1 -5   n e t w o r k  

be  c o n t i n u o u s   to  d e v e l o p   the   d e s i r e d   s e c o n d   q u a d r a n t   l o o p  

s q u a r e n e s s ,   t h a t   is  to  say  a  maximum  v a l u e   of  HK,  a n d  

t h i s   is  d e p e n d e n t   upon  the  " e f f e c t i v e   s a m a r i u m "   p r e s e n t .  

S u f f i c i e n t   s a m a r i u m   must   be  p r e s e n t   fo r   t h i s   p u r p o s e   b u t  



t o o   much  s a m a r i u m   r e s u l t s   in  the   b r e a k d o w n   of  the   2 - 1 7  

r h o m b o h e d r a l   p h a s e   and  l o s s   of  r e m a n e n t   i n d u c t i o n   B r .  

The  f u n c t i o n   of  t he   " e f f e c t i v e   s a m a r i u m "   p r e s e n t   i s  

t h e r e f o r e   to  d e v e l o p   t h e   2-17  Sm-Co  r h o m b o h e d r a l   p h a s e  

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

p l e t e   1-5   Sm-Co  h e x a g o n a l   p h a s e   n e t w o r k   to  d e v e l o p   t h e  

c o e r c i v i t y   or  m a g n e t i c   h a r d e n i n g .   Too  l i t t l e   s a m a r i u m  

r e s u l t s   in  an  i n c o m p l e t e   1-5  Sm-Co  n e t w o r k   and  i n c o m p l e t e  

h a r d e n i n g ,   t h a t   is  to  say  a  low  HK,  and  too   much  

s a m a r i u m   r e s u l t s   in  b r e a k d o w n   of  the   2 - 1 7   Sm-Co  p h a s e   a n d  

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

(BH)max .   P r e c i s e   c o n t r o l   of  the   " e f f e c t i v e   s a m a r i u m "  

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

t h i s   can  be  a c h i e v e d   by  the   p r e s e n t   i n v e n t i o n .  

The  f u n c t i o n   of  the   ' e f f e c t i v e   z i r c o n i u m "   is  t o  

f a c i l i t a t e   t he   d i s s o l u t i o n   of  a l l   t he   d e s i r e d   c o n s t i t u -  

e n t s   i n t o   one  s i n g l e   p h a s e   s o l i d   s o l u t i o n   in  the   s o l u t i o n  

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

is  a c h i e v e d   is   i t  p o s s i b l e   to  e s t a b l i s h   c o m p l e t e   h o m o -  

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

s u b s e q u e n t   a g i n g   h e a t   t r e a t m e n t   the   d e s i r e d   s t r u c t u r e  

c o n s i s t i n g   of  2 -17   Sm-Co  c e l l s   s u r r o u n d e d   by  a  c o n t i n u o u s  

n e t w o r k   of  t h e   1-5  Sm-Co  b o u n d a r y   p h a s e .   The  p r e s e n c e   o f  

z i r c o n i u m   d i s t o r t s   the   Sm-Co  l a t t i c e   so  as  to  r e d u c e   t h e  

c / a   r a t i o   of  t he   h e x a g o n a l   u n i t   c e l l ( 1 4 )   and  t h i s   f a c i l -  

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

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

1 1 4 0 - 1 1 7 0 ° C .   At  e l e v a t e d   t e m p e r a t u r e s   t he   2 -17   S m - C o  

c o m p o s i t i o n   has   a  h e x a g o n a l   c r y s t a l   l a t t i c e   but   at   r o o m  

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

l a t t i c e .   T h e s e   two  c r y s t a l   s y s t e m s   are   c l o s e l y   r e l a t e d  

and  the   r h o m b o h e d r a l   l a t t i c e   can  be  r e g a r d e d   as  a n  

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

The  d e s i r e d   e q u i l i b r i u m   s t r u c t u r e   a t   room  t e m p e r a t u r e  

c o n s i s t s   of  c e l l s   of  t h e   2-17  Sm-Co  r h o m b o h e d r a l   p h a s e  



s u r r o u n d e d   by  a  c o n t i n u o u s   n e t w o r k   of  t he   1-5  S m - C o  

h e x a g o n a l   p h a s e .   I t   has  a l s o   been   o b s e r v e d   t h a t   fo r   a  

f i x e d   c o p p e r   c o n t e n t   the   c o e r c i v i t y   i n c r e a s e s   w i t h   t h e  

z i r c o n i u m   c o n t e n t .   Thus  to  a c h i e v e   the   o b j e c t i v e   o f  

e a s i e r   m a g n e t i z a t i o n   i t   is  n e c e s s a r y   to  keep   t h e  

z i r c o n i u m   c o n t e n t   to  a  min imum  c o m m e n s u r a t e   w i t h   t h e  

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

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

" e f f e c t i v e   z i r c o n i u m "   c o n t e n t   can  be  a c h i e v e d   by  t h e  

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

By  u s i n g   an  Sm2Co17  a l l o y   in  a c c o r d a n c e   w i t h  

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

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

m a g n e t i z i n g   f i e l d   of  a b o u t   25  kOe,  has  an  e n e r g y   p r o d u c t  

(BH)max  o f  a t   l e a s t   30  MGOe  and  has   a  s a t i s f a c t o r y  

c o e r c i v i t y   iHc  of  1 4 - 1 6   kOe.  A  m a g n e t   in  a c c o r d a n c e   w i t h  

the   p r e s e n t   i n v e n t i o n   can  a l s o   have   a  s a t i s f a c t o r y  

r e m a n e n t   i n d u c t i o n   Br  of  at   l e a s t   a b o u t   1 1 . 5   kG,  and  a  

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

of  a p p r o x i m a t e l y   9 .0   k O e .  

P r e f e r a b l y ,   the   o x y g e n   c o n t e n t   of  the   a l l o y   i s  

no t   g r e a t e r   t h a n   a b o u t   0.6%  by  w e i g h t ,   and  the   c a r b o n  

c o n t e n t   of  the   a l l o y   is  no t   g r e a t e r   t h a n   a b o u t   0.1%  b y  

w e i g h t .  

A l s o ,   the  a l l o y   p r e f e r a b l y   c o n t a i n s :  

23.0%  Sm  as  an  e f f e c t i v e   a m o u n t ,  

22.0%  F e ,  

4.6%  C u ,  

1.5%  Zr  as  an  e f f e c t i v e   a m o u n t ,  

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

a d d i t i o n a l   a m o u n t s   of  Sm  and  Zr  as  s p e c i f i e d  

a b o v e .  

and  the  b a l a n c e   b e i n g   c o b a l t .  

The  i n v e n t i o n   is  at  l e a s t   p a r t l y   b a s e d   upon  t h e  

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



t r a c e s   of  c a r b o n   p r e s e n t   in  many  of  t he   e l e m e n t s   t h a t   a r e  

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

a d v e r s e   e f f e c t   on  the   m a g n e t i c   p r o p e r t i e s   of  the   a l l o y .  

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

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

of  z i r c o n i u m   as  s p e c i f i e d   a b o v e .  

The  a d d i t i o n a l   z i r c o n i u m   may  be  i n c o r p o r a t e d   i n  

t h e   a l l o y   by  a d d i n g   z i r c o n i u m   in  the  fo rm  of  a  m a s t e r  

a l l o y   to  an  Sm2Co17  b a s e   a l l o y   at   a  c o n v e n i e n t   s t a g e   i n  

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

s i n t e r i n g   the   a l l o y   p o w d e r .   The  m a s t e r   a l l o y   may  be  of  a  

s i m p l e   fo rm  such   as  f e r r o z i r c o n i u m ,   w h i c h   is  a  l o w  

m e l t i n g   p o i n t   ( a b o u t   9 3 5 ° C )   e u t e c t i c   c o n t a i n i n g   83%  Z r  

and   17%  Fe  by  w e i g h t .   F e r r o z i r c o n i u m   may  be  s u c c e s s f u l l y  

u s e d   when  o n l y   a  s m a l l   a d d i t i o n a l   a m o u n t   of  z i r c o n i u m   i s  

r e q u i r e d .   In  o t h e r   w o r d s ,   o n l y   up  to  a b o u t   2% 

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

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

to   be  a d d e d ,   i t   is  p r e f e r a b l e   to  u t i l i z e   a  m a s t e r   a l l o y  

w i t h   t h e   same  c o m p o s i t i o n   as  t he   ba se   a l l o y   w i t h   t h e  

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

a m o u n t   of  z i r c o n i u m ,   f o r   e x a m p l e   f rom  a b o u t   5  to   10%  b y  

w e i g h t ,   the   i n c r e a s e   in  the   z i r c o n i u m   c o n t e n t   b e i n g  

a c h i e v e d   at   the   e x p e n s e   of  the   c o b a l t   c o n t e n t .  

The  f o l l o w i n g   t a b l e   i l l u s t r a t e s   t he   c o m p e n s a -  
t i o n   of  z i r c o n i u m   c o n t e n t   f o r   c a r b o n   p r e s e n t   and  t h e  

o p t i m u m   z i r c o n i u m   l e v e l   at   a b o u t   1 . 5 % .  



The  p r e s e n t   i n v e n t i o n   is  a l s o   at   l e a s t   p a r t l y  

b a s e d   on  the   r e a l i z a t i o n   t h a t   i t   is  p o s s i b l e   t o  

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

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

have   an  a d v e r s e   e f f e c t   on  the  m a g n e t i c   p r o p e r t i e s   of  t h e  

a l l o y .   In  a c c o r d a n c e   w i t h   the  i n v e n t i o n ,   the   s m a l l  

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

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

a m o u n t   of  o x y g e n   in  the  f i n a l   p r o d u c t   can  be  e s t i m a t e d  

f rom  the   o x y g e n   c o n t e n t   of  the  s t a r t i n g   m a t e r i a l   or  m o r e  

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

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

a d d i n g   a  s a m a r i u m   r i c h   a l l o y   to  a  Sm2Co17  b a s e   a l l o y   a t   a  

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

c o m p a c t i n g   and  s i n t e r i n g   the  a l l o y   p o w d e r .   I t   is  n o t  

p r a c t i c a b l e   to  add  e l e m e n t a l   s a m a r i u m   b e c a u s e   of  i t s   h i g h  

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

has  the   same  c o m p o s i t i o n   as  the  b a s e   a l l o y   e x c e p t   t h a t  

the   s a m a r i u m   c o n t e n t   would  be  a b o u t   1  to  3%  h i g h e r   t h a n  

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

a c h i e v e d   at   the   e x p e n s e   of  the  c o b a l t   c o n t e n t .   A  s i m p l e  

b i n a r y   m a s t e r   a l l o y   ( s u c h   as  60%  Sm,  40%  Co)  can  a l s o   b e  

used   to  add  Sm. 

The  f o l l o w i n g   t a b l e   i l l u s t r a t e s   the  c o m p e n s a -  
t i o n   of  s a m a r i u m   c o n t e n t   fo r   o x y g e n   p r e s e n t   and  t h e  

o p t i m u m   e f f e c t i v e   s a m a r i u m   in  the   r a n g e   2 2 . 5 - 2 3 . 5 % .  



By  a d d i n g   a d d i t i o n a l   z i r c o n i u m   and  s a m a r i u m   t o  

c o m p e n s a t e   f o r   t he   i n e v i t a b l e   p r e s e n c e   of  s m a l l   t r a c e s   o f  

c a r b o n   and  o x y g e n   in  t he   a l l o y ,   i t   has  been   f o u n d   to  b e  

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

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

T h u s ,   the   p r e f e r r e d   s a m a r i u m   r a n g e   i s   2 2 . 5   t o  

23 .5%  w i t h   the   p r e f e r r e d   s a m a r i u m   v a l u e   b e i n g   23 .0%  Sm. 

T h i s   is  t he   e f f e c t i v e   a m o u n t ,   as  c o m p a r e d   to  t h e  

a d d i t i o n a l   a m o u n t   p r o v i d e d   as  s p e c i f i e d   to  c o m p e n s a t e   f o r  

o x y g e n   c o n t e n t .   The  r a n g e   of  e f f e c t i v e   s a m a r i u m   c o n t e n t  

is   c o n s i d e r a b l y   n a r r o w e r   t h a n   has   been   s p e c i f i e d   in  t h e  

p r i o r   a r t .  

The  e f f e c t i v e   z i r c o n i u m   r a n g e   has   b e e n  

s p e c i f i e d   to  be  f r o m   1 .4   to   2.0%  w i t h   the  p r e f e r r e d   v a l u e  

b e i n g   1 .5%.   T h u s ,   w i t h   t he   p r e s e n t   i n v e n t i o n ,   i t   h a s  

b e e n   p o s s i b l e   to  s p e c i f y   a  z i r c o n i u m   r a n g e   w h i c h   i s  

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

I t   has   a l s o   been   f o u n d   p o s s i b l e   to  o p t i m i z e   t h e  

i r o n   and  c o p p e r   c o n t e n t s .   The  c o m p o s i t i o n   l i m i t s   o f  

i r o n ,   c o p p e r   and  z i r c o n i u m   a re   i n t e r r e l a t e d   and  each   c a n  

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

s t r u c t u r e .   I t   is  known  t h a t   the   a d d i t i o n   of  i r o n   to  t h e  

2 - 1 7   Sm-Co  s y s t e m   i n c r e a s e s   the   r e m a n e n t   i n d u c t i o n  



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

2 -17   Sm-Co  p h a s e .   If  the  o p t i m u m   i r o n   c o n t e n t   i s  

e x c e e d e d   the   a l l o y   b r e a k s   down  i n t o   an  F e - r i c h   e u t e c t o i d  

s t r u c t u r e   h a v i n g   l o w e r   r e m a n e n t   i n d u c t i o n .   I t   has   b e e n  

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

c o e r c i v i t y   or  m a g n e t i c   h a r d n e s s   of  t he   a l l o y .   I t   i s  

b e l i e v e d   t h a t   c o p p e r   c o n c e n t r a t e s   in  the  1-5   Sm-Co  p h a s e  

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

of  2 - 1 7   Sm-Co  p h a s e   w i t h i n   the   1-5  Sm-Co  p h a s e   n e t w o r k  

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

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

c o e r c i v i t y ( l 5 ) .  

The  i r o n   c o n t e n t   has  been   s p e c i f i e d   to  be  2 0 . 0  

to  2 5 . 0 % ,   p r e f e r a b l y   22 .0%,   and  the   c o p p e r   c o n t e n t   h a s  

been   s p e c i f i e d   to  be  3 .0   to  5 .0%,   p r e f e r a b l y - 4 . 6 % .   T h e  

i r o n   c o n t e n t   has  a l s o   been   d e f i n e d   w i t h i n   a  much  n a r r o w e r  

r a n g e   t h a n   has   been   t a u g h t   by  the   p r i o r   a r t .   S i m i l a r  

r e m a r k s   a p p l y   to  the  c o p p e r   c o n t e n t .   As  p r e v i o u s l y  

i n d i c a t e d ,   c o b a l t   f o rms   the  b a l a n c e   of  t he   c o m p o s i t i o n .  

An  Sm2Co17  a l l o y   in  a c c o r d a n c e   w i t h   the   i n v e n -  

t i o n   is  p r e f e r a b l y   made  in  the   f o l l o w i n g   m a n n e r .   T h e  

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

v e r i z i n g   m e l t e d   and  c a s t   a l l o y   i n t o   p a r t i c l e s   of  3-8  m 

s i z e .   S m a l l   a d d i t i o n s   of  f e r r o z i r c o n i u m   and  a  s a m a r i u m  

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

w e r e - t h e n   b l e n d e d   in  to  c o m p e n s a t e   f o r   t he   d e l e t e r i o u s  

e f f e c t s   of  the   t r a c e   a m o u n t s   of  c a r b o n   and  o x y g e n   p r e s e n t  

a c c o r d i n g   to  the  p r e s e n t   i n v e n t i o n .   The  b l e n d e d   p o w d e r s  

were   a l i g n e d   in  a  d ie   u n d e r   a  t r a n s v e r s e   m a g n e t i c   f i e l d  

of  12  kOe  and  c o m p a c t e d   u n d e r   a  p r e s s u r e   of   60  k p s i .   T h e  

g r e e n   c o m p a c t   was  s i n t e r e d   in  h y d r o g e n   a t   1 1 5 0 ° C   f o r   30  

min .   The  a t m o s p h e r e   was  t h e n   c h a n g e d   to  a r g o n   and  t h e  

c o m p a c t   was  h e a t e d   to  1205°C  a t   a  r a t e   of  4 - 5 ° C / m i n ,   h e l d  

a t   1205°C  f o r   10  min  and  t h e n   c o o l e d   to   1 1 6 0 ° C   a t  

2 ° C / m i n .   The  s a m p l e   was  t hen   s o l u t i o n   t r e a t e d   a t  



1 1 4 0 - 1 1 6 0 ° C   f o r   2  h o u r s ,   q u e n c h e d   f rom  1 1 4 0 - 8 0 0 ° C   a t  

1 0 ° C / s   and  a i r   c o o l e d   f rom  800°C  to  room  t e m p e r a t u r e .   I t  

was  t h e n   r e h e a t e d   to  8 4 5 ± 5 ° C   and  h e l d   f o r   20  h o u r s ,  

c o o l e d   a t   a b o u t   2 ° C / m i n   f rom  845°C  to  a b o u t   600°C  and  a t  

a b o u t   1 ° C / m i n   f rom  a b o u t   600°C  to  4 1 0 ° C ,   h e l d   at   4 1 0 ° C  

f o r   10  h o u r s   and  c o o l e d   to  room  t e m p e r a t u r e .  

An  S m 2 C o l 7   a l l o y   h a v i n g   the   p r e v i o u s l y   m e n -  

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

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

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

The  a d v a n t a g e   of  the   i n v e n t i o n   can  r e a d i l y   b e  

s e e n   f rom  the   a b o v e   T a b l e .  

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

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

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

d e s i r a b l e   p r o p e r t i e s .   To  p r e s e r v e   t he   r e q u i r e d   2 - 1 7  

Sm-Co  r h o m b o h e d r a l   c r y s t a l   s t r u c t u r e   t he   s u b s t i t u t i o n   o f  

p r a s e o d y m i u m   m u s t   be  made  on  an  a t o m i c   b a s i s ,   t h a t   is  t o  

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

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

w i l l   be  r e q u i r e d   in  t he   a l l o y   t h a n   t he   w e i g h t   p e r c e n t   o f  

s a m a r i u m   r e p l a c e d .   In  the  e x a m p l e   i l l u s t r a t e d   b e l o w   i t  

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

w i t h   23.0%  e f f e c t i v e   s a m a r i u m   in  t he   s t a n d a r d   a l l o y ,   w h e n  

a  c o m b i n a t i o n   of  s a m a r i u m   and  p r a s e o d y m i u m   was  used   t h e  

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

of  22.5%  (Sm  +  P r ) ,   c o m p r i s i n g   20 .0%  Sm  +  2.5%  P r .  

F u r t h e r m o r e ,   in  c a l c u l a t i n g   the   e f f e c t i v e   a m o u n t   o f  

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

has   been   r e n d e r e d   i n e f f e c t i v e   by  c o m b i n a t i o n   w i t h   o x y g e n ,  
a c c o u n t   mus t   be  t a k e n   of  the   m o l e c u l a r   w e i g h t   of  t h e  

p r a s e o d y m i u m   o x i d e   and  the   c o r r e c t i o n   f a c t o r   of   6 . 2 6 5  



times  the  oxygen  content  for  samarium  must  be  changed  to  5.871  for  the  

praseodymium  added.  Also,  as  is  described  more  fully  in  a  copending 

European  Application  filed  simultaneously  herewith  and  claiming  pr ior i ty  

from  U.K.  8403751  and  to  which  reference  should  be  made,  in  the  product ion  

of  high  strength  2-17  Sm-Co  permanent   magnets  from  the  alloys  of  the  

present  composition  the  selection  of  a  solution  t r ea tment   t e m p e r a t u r e  

which  is  marginally  below  the  liquid  plus  solid  phase  t ransformat ion  t e m p e r -  

ature  for  the  specific  alloy  composition  is  important.  In  the  case  where  

praseodymium  has  been  partially  substi tuted  for  samarium  care  must  be 

taken  since  the  liquid  plus  solid  phase  t ransformation  t empera tu re   will  be 

lower  than  that  of  the  standard  samarium  alloy  by  an  amount  depending  on 

the  level  of  praseodymium  subst i tuted.   The  following  example  i l lus t ra tes  

the  partial  replacement   of  samarium  by  praseodymium.  An  alloy  conta in ing 

20.3%  Sm  and  2.17%  Pr  as  effect ive  amounts  was  prepared  as  descr ibed  

earlier  with  the  exception  that  the  solution  t rea tment   step  was  carried  out  

in  the  range  1130-1150°C.  The  following  properties  were  obtained  and  a re  

compared  with  those  of  a  similar  alloy  containing  only  samarium  as  the  r a r e  

earth  e l e m e n t .  

It  has  also  been  found  that  other  group  IVB  or  VB  transition  e l e m e n t s  

may  be  substi tuted  full  or  in  part  for  zirconium  in  the  alloy  of  the  p resen t  

invention.  Since  the  function  of  the  group  IVB  or  VB  transition  element  is  to 

reduce  the  c/a  ratio  of  the  2-17  Sm-Co  hexagonal  unit  cell,  the  r e p l a c e m e n t  

of  zirconium  by  other  elements  m u s t -  



be  made  on  an  atomic  basis.  Fur thermore   in  calculating  the  e f f e c t i v e  

amount  of  the  transition  metal  present  with  respect  to  that  a m o u n t  

rendered  ineffect ive  by  combination  with  carbon,  account  must  be  taken  of 

the  molecular   weight  of  the  t ransi t ion  metal  carbide  and  the  c o r r e c t i o n  

factor  of  7.595  times  the  carbon  content  of  the  alloy  must  be  ad jus ted  

accordingly.  For  example,  in  the  case  of  hafnium  the  correct ion  f a c t o r  

would  be  14.862  times  the  carbon  content  of  the  alloy.  Moreover,  and  as  is 

pointed  out  in  said  copending  application,  in  the  process  for  the  p roduc t ion  

of  high  s trength  2-17  Sm-Co  permanent   magnets  from  these  alloys,  the  

aging  t empera tu re   is  critically  dependent  upon  the  zirconium  content.   Thus 

where  other  group  IVB  or  VB  transition  elements  are  substi tuted  for  

zirconium  in  the  alloy  the  optimum  aging  t empera ture   and  time  may  be 

different   from  those  referred  to  above  where  Zr  is  the  sole  group  IVB  or  VB 

element.   The  following  example  i l lustrates  the  substitution  of  hafnium  for  

zirconium  in  an  alloy  of  the  present  invention.  An  alloy  was  prepared  as  

described  earlier  for  the  s tandard  alloy  except  that  zirconium  as  an 

effect ive  amount  was  replaced  by  hafnium  as  an  effective  amount.  In 

calculating  the  additional  amount  of  hafnium  required  to  arrive  at  t h e  

effect ive  amount  the  carbon  content   of  the  alloy  was  multiplied  by  the  

factor  14.862.  The  alloy  was  processed  as  described  earlier  for  the  s t a n d a r d  

alloy  with  the  exception  that  after   quenching  from  the  solution  t e m p e r a t u r e  

to  room  t empera tu re   the  alloy  was  reheated  to  an  aging  t empera ture   of  

845±5°C  and  held  there  for  24  hours .  

The  following  table  i l lustrates  the  replacement   of  zirconium  by 

hafnium  as  an  effect ive  amount .  



(1)  The  r e s u l t s   in  the   above   t a b l e   a re   f o r   p a r a l l e l  

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

the   same  m a g n e t s   t r a n s v e r s e l y   a l i g n e d   would   b e  

a p p r o x i m a t e l y   1 . 0   kG  h i g h e r ,   i . e .   1 1 . 6 - 1 1 . 9   k G .  

The  i n v e n t i o n   t h u s   a l s o   p r o v i d e s   an  Sm2Co17  

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

z i r c o n i u m   or  s i m i l a r   g r o u p   IVB  or  VB  t r a n s i t i o n   m e t a l s ,  

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

in  a d d i t i o n   to  t h a t   s a m a r i u m   c o m b i n e d   w i t h   o x y g e n ,   s u c h  

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

s t r u c t u r e   of  the   a l l o y   c o n s i s t s   of  the   s i n g l e   p h a s e   2 - 1 7  

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

n e t w o r k   of  t he   1-5  Sm-Co  p h a s e ,   an  e f f e c t i v e   amoun t   o f  

z i r c o n i u m ,   in  a d d i t i o n   to  t h a t   z i r c o n i u m   c o m b i n e d   w i t h  

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

s t a g e   of  t he   p r o c e s s   t he   2-17  Sm-Co  c r y s t a l   l a t t i c e   i s  

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

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

s o l u t i o n ,   an  a m o u n t   of  i r o n   b e i n g   as  h i g h   as  p o s s i b l e   t o  

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



s t i l l   m a i n t a i n i n g   t he   s i n g l e   p h a s e   2 -17   Sm-Co  u n i f o r m  

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

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

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

n u c l e a t i o n   of  2 - 1 7   Sm-Co  p h a s e   w i t h i n   the   1-5  S m - C o  

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

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

c o p p e r   l e v e l s   m u s t   be  c o n t r o l l e d   to  p e r m i t   the   i r o n  

l e v e l   to  be  o p t i m i z e d   w h i l s t   s t i l l   m a i n t a i n i n g   a  u n i f o r m  

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

( c o n t i n u e d   on  p a g e   1 3 )  



The  o p t i m i z a t i o n   of  c o m p o s i t i o n   must   be  b a s e d  

on  the   r e q u i r e m e n t   t h a t   a l l   t h e   a l l o y i n g   e l e m e n t s   a r e  

f i r s t   p u t   i n t o   a  u n i f o r m   s o l i d   s o l u t i o n .   In  the   s t u d i e s  

of  c o m p o s i t i o n   v a r i a t i o n s   in  Fe,  Cu  and  Zr  i t   was  f o u n d  

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

c o n s t a n t   at   2 3 ± 0 . 5 % .   H o w e v e r ,   i t   was  f o u n d   t h a t   t h e  

e f f e c t i v e   s a m a r i u m   c o n t e n t   can  be  p a r t l y   r e p l a c e d   b y  

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

l e s s   (Sm+Pr )   is  r e q u i r e d   f o r   o p t i m u m   p r o p e r t i e s .   F r o m  

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

a l t e r n a t i v e .  



In  more  detail  the  alloys  described  above  can  be  produced  by  m e a n s  

of  a  process  in  which  a  sintering  step  is  followed  by  a  solution  t r e a t m e n t  

step,  with  the  alloy  being  cooled  from  a  sintering  temperature   to  a  solid 

solution  t r ea tmen t   t empera tu re   in  a  controlled  manner  such  that  all  the  

alloying  elements   are  put  into  uniform  solid  solut ion.  

It  has  been  found  that  such  controlled  cooling  from  the  s in te r ing  

t empera tu re   to  the  solid  solution  t r e a t m e n t   tempera ture   enables  all  t he  

const i tuents   to  be  dissolved  into  a  homogeneous  solid  solution  and  enab les  

improved  magnetic  properties  to  be  obtained  in  an  SM2COI7  alloy.  For  

example,  it  is  possible  for  the  alloy  to  have  a  relat ively  high  iron  content  (to 

provide  high  remanent   induction)  without  the  2-17  Sm-Co  phase  being 

rendered  unstable,  and  to  have  a  relat ively  high  samarium  content  to  

provide  good  second  quadrant  loop  squareness.   With  prior  art  processes,  it  

was  found  that  the  presence  of  a  high  iron  content   causes  the  required  2-17 

Sm-Co  rhombohedral   phase  to  become  unstable,  with  resultant  t r a n s f o r -  

mation  to  iron-rich  phases  and  consequent  deter iora t ion  of  magnetic  p rope r -  

ties,  especially  remanent   induct ion.  

By  using  such  a  process  it  is  possible  to  produce  a  permanent  m a g n e t  
which  attains  its  specified  properties  in  a  magnetizing  field  of  about  25  kOe, 

has  an  energy  product  (BH)max  of  at  least  30  MGOe  and  has  a  s a t i s f a c t o r y  

intrinsic  coercivity  iHc  of  14-16  kOe.  A  magnet  in  accordance  with  t he  

present  invention  can  also  have  a  sa t i s fac tory   remanent  induction  Br  of  a t  

least  about  11.5  kG  and  a  better   loop  squareness  in  the  second  quadrant,  i .e.  

HK  of  approximately  9.0  kOe.  

It  has  been  found  that  the  initial  alloy  body  should  be  sintered  at  the  

highest  possible  t empera tu re   in  the  liquid  +  solid  region  to  achieve  full  

density  and  high  remanent   induction.  The  sintering  temperature   may  be  a t  

least  about  12000C  at  at  least  the  end  of  t h e -  



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

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

of  l i q u i d   and  s o l i d   p h a s e s   to  p r o m o t e   r a p i d   s i n t e r i n g .  

The  p r e d o m i n a n t   s o l i d   p h a s e   c o n s i s t s   of   2-17  Sm-Co  

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

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

a m o u n t   of  a  Z r - r i c h   p h a s e .  

The  s i n t e r i n g   p r o c e s s   may  be  c a r r i e d   ou t   in  a n  

i n e r t   a t m o s p h e r e   such  as  a r g o n ,   or  in  h y d r o g e n   or  in  a  

v a c u u m ,   or  in  a  c o m b i n a t i o n   of  t h e s e .   In  the  c a s e   o f  

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

b i l i t y   e x i s t s   t h a t   some  a r g o n   may  be  t r a p p e d   in  p o r e s  
w i t h i n   the  s i n t e r e d   a l l o y .   T h i s   u n d e s i r a b l e   o c c u r r e n c e  

can  be  m i n i m i z e d   by  s i n t e r i n g   i n i t i a l l y   at  a  s o m e w h a t  

l o w e r   t e m p e r a t u r e   in  a  vacuum  so  as  to  d e c r e a s e   t h e  

p o r o s i t y   and  t h e n   i n c r e a s i n g   the   t e m p e r a t u r e   in  an  a r g o n  

a t m o s p h e r e   to  a c h i e v e   f u l l   d e n s i t y .   S i m i l a r l y   i t   is  n o t  

p r a c t i c a l   to  s i n t e r   e n t i r e l y   in  a  vacuum  as  e x c e s s i v e  

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

would   be  to  s i n t e r   i n i t i a l l y   at  a  l o w e r   t e m p e r a t u r e   in  a  

vacuum  and  t h e n   c h a n g e   to  an  a r g o n   a t m o s p h e r e   b e f o r e  

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

A l t e r n a t i v e l y   the  a l l o y   may  be  s i n t e r e d   i n i t i a l l y   in  a n  

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

f o r   e x a m p l e   l 1 5 0 ° C   fo r   30  min ,   to  c l o s e   the  i n t e r n a l  

p o r o s i t y ,   f o l l o w e d   by  h e a t i n g   to  the  r a n g e   of  1 2 0 0 - 1 2 1 5 ° C  

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

f o r   10  m i n .  

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

a l l o y   body  is  c o o l e d   in  a  c o n t r o l l e d   m a n n e r   from  t h e  

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

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

of  the  CuSm  and  Z r - r i c h   p h a s e s   i n t o   s o l i d   s o l u t i o n   in  t h e  

s t a b l e   2-17  Sm-Co  p h a s e .   A  r e l a t i v e l y   h igh   i r o n   c o n t e n t  

r e n d e r s   such  d i s s o l u t i o n   more  d i f f i c u l t   to  a c h i e v e   s i n c e  



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

w i t h i n   w h i c h   the   s t a b l e   2-17  Sm-Co  s o l i d   p h a s e   e x i s t s   a s  

a  s i n g l e   p h a s e .   H o w e v e r ,   the   c o n t r o l l e d   c o o l i n g   from  t h e  

s i n t e r i n g   t e m p e r a t u r e   to  the   s o l u t i o n   t r e a t m e n t   t e m p e r a -  

t u r e   in  a c c o r d a n c e   w i t h   the  i n v e n t i o n   e n a b l e s   t h i s  

p r o b l e m   to  be  o v e r c o m e .  
I f   a  s i n t e r e d   a l l o y   body   w i t h   r e l a t i v e l y   h i g h e r  

i r o n   c o n t e n t   is  c o o l e d   too   r a p i d l y   f rom  the   s i n t e r i n g  

t e m p e r a t u r e   to  the   s o l i d   s o l u t i o n   t r e a t m e n t   t e m p e r a t u r e ,  

t he   CuSm  and  Z r - r i c h   p h a s e s   r e m a i n   c o n c e n t r a t e d   at  t h e  

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

s a m a r i u m   r e s u l t s   in  t r a n s f o r m a t i o n   of  t h e   2 -17   Sm-Co  

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

A l s o ,   in  t he   same  g r a i n   b o u n d a r y   r e g i o n ,   z i r c o n i u m   may  b e  

r e j e c t e d   f rom  s o l i d   s o l u t i o n ,   w i t h   a  r e s u l t a n t   a d v e r s e  

e f f e c t   on  l o o p   s q u a r e n e s s .   The  p o s s i b i l i t y   of  o c c u r r e n c e  

of  such   u n d e s i r e d   e f f e c t s   is  s i g n i f i c a n t l y   r e d u c e d   b y  

s l o w   c o o l i n g   f r o m   l 1 7 0 ° C   to  t he   s o l i d   s o l u t i o n   t r e a t m e n t  

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

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

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

t h e   a l l o y   c o m p o s i t i o n   and  w h i c h   may  f o r   e x a m p l e   be  f r o m  

a b o u t   1140  to  a b o u t   1 1 5 0 ° C ,   t he   a l l o y   body  is  m a i n t a i n e d  

a t   t h i s   t e m p e r a t u r e   f o r   a  p e r i o d   of  t ime   ( f o r   e x a m p l e  

a b o u t   2  h o u r s )   to  i m p r o v e   the   d i s s o l u t i o n   of  the   a l l o y i n g  

e l e m e n t s   and  to  r e m o v e   any  s t r u c t u r a l   f a u l t s   by  a n n e a l -  

i n g .   The  a l l o y   body  is  t h e n   q u e n c h e d   from  the  s o l i d  

s o l u t i o n   t r e a t m e n t   t e m p e r a t u r e   to  a  t e m p e r a t u r e   b e l o w  

800°C  at   a  r a t e   of  a b o u t   1 0 ° C / s ,   and  t h e r e a f t e r   to  r o o m  

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

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

r e p l a c e d   by  p r a s e o d y m i u m .   In  t h i s   c a s e   the   s o l i d + l i q u i d /  

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

t h e   s o l i d   s o l u t i o n   t r e a t m e n t   t e m p e r a t u r e   mus t   be  l o w e r ,  



in  t he   r a n g e   1 1 2 0 - 1 1 4 5 ° C .  

The  a l l o y   body  is  t h e n   aged  to  d e v e l o p   t he   1 - 5  

Sm-Co  p h a s e   n e t w o r k .   The  a g i n g   t e m p e r a t u r e   w i l l   b e  

g e n e r a l l y   in  the  r a n g e   of   8 0 0 - 8 6 0 ° C   bu t   mus t   be  p r e c i s e l y  

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

z i r c o n i u m   c o n t e n t .   A  p r e f e r r e d   a g i n g   t e m p e r a t u r e   in  t h e  

p r e s e n t   i n v e n t i o n   is  8 4 5 ± 5 ° C   f o r   20  h o u r s .  

A f t e r   the  a g i n g   s t e p ,   i t   is  n e c e s s a r y   to  c o o l  

t he   a l l o y   body  in  a  c o n t r o l l e d   m a n n e r   to  e f f e c t   t h e  

r e q u i r e d   m a g n e t i c   h a r d e n i n g ,   t h a t   is  to  say  a c h i e v e   t h e  

r e q u i r e d   i n t r i n s i c   c o e r c i v i t y   and  good  l o o p   s q u a r e n e s s .  
Such  c o n t r o l l e d   c o o l i n g   may  be  f rom  the  a g i n g   t e m p e r a t u r e  

to  a b o u t   600°C  at  a  r a t e   p r e f e r a b l y   a b o u t   2 ° C / m i n   a n d  

f rom  a b o u t   600°C  to  the  s e c o n d a r y   a g i n g   t e m p e r a t u r e   i n  

t he   r e g i o n   of  400°C  at   a b o u t   1 ° C / m i n .   A  p r e f e r r e d  

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

410°C  f o r   10  h o u r s .   The  a l l o y   body  is  t h e n   c o o l e d   t o  

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

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

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

a g i n g   t e m p e r a t u r e   r e g i o n s   of  2 - 1 7   Sm-Co  p h a s e   n u c l e a t e  

c o h e r e n t l y   w i t h i n   t h e   1-5  Sm-Co  p h a s e   n e t w o r k   t h e r e b y  

c r e a t i n g   l a t t i c e   s t r a i n   and  m a g n e t i c   h a r d e n i n g ( 1 6 ) .  

When  m a g n e t i c a l l y   h a r d e n e d ,   t he   1-5  Sm-Co  p h a s e   n e t w o r k  

s e r v e s   as  a  b a r r i e r   to  m a g n e t i c   d o m a i n   w a l l   m o t i o n   a n d  

c r e a t e s   the   r e q u i r e d   i n t r i n s i c   c o e r c i v i t y   and  good  s e c o n d  

q u a d r a n t   l o o p   s q u a r e n e s s .  

An  a l l o y   body  i n   a c c o r d a n c e   w i t h   one  e m b o d i m e n t  

of  the   i n v e n t i o n   was  p r o d u c e d   in  p r e l i m i n a r y   form  w i t h  

the   f o l l o w i n g   c o m p o s i t i o n   by  w e i g h t :   22.7%  e f f e c t i v e   Sm, 

22.0%  Fe,  4.6%  Cu,  1.5%  e f f e c t i v e   Zr,  and  b a l a n c e  

c o b a l t .   The  a l l o y   body  was  s i n t e r e d   f o r   30  min  i n  

h y d r o g e n   a t   1150°C,   and  f o r   10  min  in  a r g o n   a t   1 2 0 5 ° C .  

The  s i n t e r e d   a l l o y   body  was  t h e n   c o o l e d   to  11500C  at   a  

r a t e   of  2 ° C / m i n .  



The  a l l o y   body  was  t h e n   s u b j e c t e d   to  s o l i d  

s o l u t i o n   t r e a t m e n t   a t   a  t e m p e r a t u r e   of   1140  to  1150°C  f o r  

2  h o u r s .   A f t e r   the   s o l i d   s o l u t i o n   t r e a t m e n t ,   the  a l l o y  

body  was  q u e n c h e d   to  room  t e m p e r a t u r e .   A  m i c r o g r a p h  

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

s t r u c t u r e   was  a c h i e v e d .  

The  a l l o y   body  was  t h e n   aged   by  r e h e a t i n g   t o  

815°C  and  m a i n t a i n e d   at   t h a t   t e m p e r a t u r e   f o r   20  h o u r s ,  

t h e n   the   a l l o y   body  was  c o o l e d   to  600°C  at   a  r a t e   o f  

2 ° C / m i n   and  f rom  600°  to   410°C  a t   a  r a t e   of  1 ° C / m i n ,  

h e l d   a t   410°C  f o r   10  h o u r s   and  t h e n   c o o l e d   to  r o o m  

t e m p e r a t u r e .   A  m i c r o g r a p h   was  t a k e n   and  showed  a  u n i f o r m  

s t r u c t u r e   of  2 -17   Sm-Co  g r a i n s .  

A n o t h e r   a l l o y   body  h a v i n g   the   same  c o m p o s i t i o n  

as  t he   p r e v i o u s   a l l o y   body  was  p r e p a r e d   and  s u b j e c t e d   t o  

the   same  t r e a t m e n t   as  the   p r e v i o u s   a l l o y   b o d y ,   e x c e p t  

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

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

r a t e   of  1 0 ° C / s .   The  a l l o y   was  t h e n   r e h e a t e d   to  815°C  a n d  

aged   as  d e s c r i b e d   a b o v e .   A  m i c r o g r a p h   was  t a k e n   a n d  

s h o w e d   l a r g e   g r a i n s   c o n s t i t u t i n g   the   2 -17   Sm-Co  p h a s e ,  

w i t h   a  CuSm  b l a c k   p h a s e   and  a  Z r - r i c h   w h i t e   p h a s e   b e i n g  

s e e n   in  the   g r a i n   b o u n d a r y   a r e a .  

The  a l l o y   b o d i e s   were   t h e n   m a g n e t i z e d   in  a  

m a g n e t i z i n g   f i e l d   of  25  kOe  and  the   r e s u l t i n g   m a g n e t i c  

p r o p e r t i e s   were   m e a s u r e d ,   as  shown  in  t he   f o l l o w i n g  

T a b l e .  

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

body  w h i c h   was  s u b j e c t e d   to  s low  c o o l i n g   f rom  the  s i n t e r -  

ing  t e m p e r a t u r e   to  the   s o l i d   s o l u t i o n   t r e a t m e n t   t e m p e r a -  

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



I t   was  found   t h a t   in  the   s i n t e r i n g   p r o c e s s   i t  

is  a d v a n t a g e o u s   to  s i n t e r   f i r s t   in  an  a t m o s p h e r e   o f  

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

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

s i n t e r   f o r   30  min  in  h y d r o g e n   at   1 1 5 0 ° C ,   c h a n g e   t h e  

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

4 - 5 ° C / m i n   to  1205°C  and  m a i n t a i n   t h i s   t e m p e r a t u r e   fo r   10 

min .   I t   was  o b s e r v e d   t h a t   d u r i n g   the   f i r s t   s i n t e r i n g  

t r e a t m e n t   the  d e n s i t y   of  the   p r o d u c t   i n c r e a s e s   by  p o r e  
c l o s u r e   w i t h   e n t r a p m e n t   of  some  h y d r o g e n .   In  the  s e c o n d  

s i n t e r i n g   t r e a t m e n t   in  a r g o n   the  i n t e r n a l   h y d r o g e n   i s  

r e m o v e d   by  d i f f u s i o n   and  the   r e m a i n i n g   p o r e s   a re   c l o s e d  

to  f u l l   d e n s i t y .   No  a r g o n   e n t r a p m e n t   o c c u r s   d u r i n g   t h e  

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

been   s u f f i c i e n t l y   c l o s e d   by  the   i n i t i a l   s i n t e r i n g  

t r e a t m e n t ,   and  no  h y d r o g e n   r e m a i n s   in  the   a l l o y   as  t h e  

f i n a l   s i n t e r i n g   t r e a t m e n t   is  c a r r i e d   ou t   in  a r g o n .   I f  

the   e n t i r e   s i n t e r i n g   t r e a t m e n t   is  c a r r i e d   ou t   in  a r g o n ,  

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

r e s u l t s   in  r e s i d u a l   p o r o s i t y ,   l o w e r   d e n s i t y   and  l o w e r  

r e m a n e n c e   (Br)  in  the  f i n i s h e d   m a g n e t .  

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

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

the   Fe  c o n t e n t   and  i t   was  f o u n d   t h a t   i t   was  n e c e s s a r y   t o  

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

t e m p e r a t u r e   and  t ime  of  the   s o l u t i o n   h e a t   t r e a t m e n t   t o  

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

e l e m e n t s   i n t o   u n i f o r m   s o l i d   s o l u t i o n .   For  e x a m p l e ,   t o  

i n c r e a s e   the  Fe  c o n t e n t   f rom  15%  to  22%  i t   was  a l s o  

n e c e s s a r y   to  r e d u c e   the  Cu  c o n t e n t   f rom  6.0%  to  4.6%  a n d  

the   e f f e c t i v e   Zr  c o n t e n t   f rom  2.5%  to  1.5%  and  to  m o d i f y  

the   s o l u t i o n   h e a t   t r e a t m e n t   f rom  one  hour   a t   1180°C  to  a 

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

t u r e   of   1205°C  to  the  s o l u t i o n   h e a t   t r e a t m e n t   t e m p e r a t u r e  

w h i c h   is  m a r g i n a l l y   b e l o w   the  s o l i d + l i q u i d / s o l i d   p h a s e  



t r a n s f o r m a t i o n   t e m p e r a t u r e .   T h i s   t e m p e r a t u r e   i s  

d e p e n d e n t   upon  the  p r e c i s e   c o m p o s i t i o n   and  may  b e  

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

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

i r o n ,   f o r   e x a m p l e ,   f o r   a l l o y s   c o n t a i n i n g   15%  Fe  t h e  

t r a n s f o r m a t i o n   t e m p e r a t u r e   was  d e t e r m i n e d   to  be  1 1 8 0 ° C ,  

f o r   17%  Fe ,   1170°C  and  f o r   22%  Fe,   1 1 5 0 ° C ,   i . e .   t h e r e   i s  

a p p r o x i m a t e l y   4°C  d e c r e a s e   in  t r a n s f o r m a t i o n   t e m p e r a t u r e  

f o r   1%  Fe  i n c r e a s e   in  the   r a n g e   s t u d i e d   to  d a t e .  

F o l l o w i n g   s o l u t i o n   t r e a t m e n t ,   the   a l l o y   i s  

q u e n c h e d   to  room  t e m p e r a t u r e   and  r e h e a t e d   to  the  a g i n g  

t e m p e r a t u r e   in  the  r a n g e   of   8 0 0 - 8 6 0 ° C   f o r   up  to  20  

h o u r s .   In  t h i s   a g i n g   t r e a t m e n t   the  2-17  Sm-Co  s o l i d  

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

a  c o n t i n u o u s   n e t w o r k   of  1-5   Sm-Co  p h a s e   w i t h i n   the   2 - 1 7  

Sm-Co  m a t r i x .   We  have   f o u n d   t h a t   t h i s   b r o a d   r a n g e   o f  

8 0 0 - 8 6 0 ° C   f o r   the  a g i n g   t e m p e r a t u r e   is  not   a c c e p t a b l e   a n d  

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

w i t h   r e s p e c t   to  the  z i r c o n i u m   c o n t e n t .   For  e x a m p l e ,   t h e  

o p t i m u m   a g i n g   t e m p e r a t u r e   was  found   to  be  815+5°C  fo r   a n  

e f f e c t i v e   z i r c o n i u m   c o n t e n t   of  2 . 0 - 2 . 5 % .   For  l o w e r  

z i r c o n i u m   c o n t e n t s   the  a g i n g   t e m p e r a t u r e   mus t   be  r a i s e d .  

For   e x a m p l e ,   the   o p t i m u m   a g i n g   t e m p e r a t u r e   was  found   t o  

be  8 4 5 t 5 ° C   fo r   an  e f f e c t i v e   z i r c o n i u m   c o n t e n t   o f  

1 . 4 - 2 . 0 % .   I t   was  f o u n d   t h a t   a  minimum  t ime   of  a b o u t   20  

h o u r s   is  r e q u i r e d   at  the   a g i n g   t e m p e r a t u r e   to  form  t h e  

r e q u i r e d   1-5  Sm-Co  p h a s e   n e t w o r k   to  d e v e l o p   the  d e s i r e d  

c o e r c i v i t y .   S h o r t e r   t i m e s ,   i . e .   10  and  15  h o u r s ,   r e s u l t  

in  l o w e r   c o e r c i v i t i e s   and  l o n g e r   t i m e s ,   i . e .   30  h o u r s ,   do  

no t   p r o d u c e   any  f u r t h e r   i m p r o v e m e n t s .   To  d e v e l o p   t h e  

r e q u i r e d   c o e r c i v i t y   and  l o o p   s q u a r e n e s s   (HK)  i t   i s  

n e c e s s a r y   to  have  a  c o n t i n u o u s   n e t w o r k   of  the   1-5  Sm-Co 

p h a s e .   T h i s   r e q u i r e s   s u f f i c i e n t   s a m a r i u m   to  be  p r e s e n t  

and  we  have   found   2 2 . 5 - 2 3 . 5 %   e f f e c t i v e   s a m a r i u m   to  be  a  

p r e f e r r e d   a m o u n t .  



In  t h i s   a g i n g   t r e a t m e n t ,   i t   has  been   observation 

t h a t   the   n a t u r e   of  the  s t r u c t u r a l   c h a n g e   t a k i n g   p l a c e  

c r i t i c a l l y   d e p e n d e n t   upon  the  t e m p e r a t u r e   at   w h i c h  

a g i n g   p r o c e s s   is  s t a r t e d ,   t h a t   is  to  say  the   same  r e s e t  

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

s h o r t e r   t ime  or  v i c e   v e r s a .   T h i s   b e h a v i o u r   is  t y p i c a l  

a  s p i n o i d a l   d e c o m p o s i t i o n   as  d i s t i n c t   f rom  a  n u c l e a t i o n  

and  g r o w t h   r e a c t i o n .  

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

8 0 0 - 8 6 0 ° C   the  s p e c i m e n   must   be  c o o l e d   to  the  s e c o n d a r y  

a g i n g   t e m p e r a t u r e   in  the  r a n g e   4 0 0 - 4 2 5 ° C   at   a  c r i t i c a l  

r a t e .   The  p r e f e r r e d   c o o l i n g   r a t e   is  a b o u t   2 ° C / m i n   f r o m  

the   a g i n g   t e m p e r a t u r e   to  a b o u t   600°C  and  a b o u t   1 ° C / m  

from  a b o u t   600°C  to  the  s e c o n d a r y   a g i n g   t e m p e r a t u r e .  
S m a l l   v a r i a t i o n s   to  the  above   do  no t   a p p e a r   to  h a v e  

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

> 2 ° C / m i n   or  v e r y   s l o w l y   such  as  < 0 . 5 ° C / m i n   r e s u l t e d  

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

d u r i n g   t h i s   c r i t i c a l   c o o l i n g   s t e p   r e g i o n s   of  2-17  S m - t o  

p h a s e   n u c l e a t e   c o h e r e n t l y   w i t h i n   t h e   1-5  Sm-Co  p h a s e  

n e t w o r k ,   t h e r e b y   c a u s i n g   l a t t i c e   s t r a i n   and  c r e a t i n g  t h e  

c o e r c i v i t y ( 1 6 ) .   T h i s   t r a n s f o r m a t i o n   is  e n h a n c e d   by  un 

p r e s e n c e   of  c o p p e r   in  the  1-5  Sm-Co  p h a s e .   From  t h i s  

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

p e r m i t   r e g i o n s   of  the   1-5  Sm-Co  p h a s e   to  t r a n s f o r m  

2-17  Sm-Co  p h a s e ,   and  s l o w e r   c o o l i n g   r a t e s   a l l o w  

i n c o h e r e n t   n u c l e a t i o n   to  t a k e   p l a c e   w i t h o u t   l a t t i c e  

s t r a i n .  

In  the   1-5  Sm-Co  s y s t e m   c o n t a i n i n g   c o p p e r  

a g i n g   p r o c e s s   to  d e v e l o p   c o e r c i v i t y   shows  an  op t imum 

p e r a t u r e   in  the  r a n g e   of  4 0 0 - 4 5 0 ° C ( 1 6 ) .   I t   was  found 

t h a t   in  2-17  Sm-Co  m a g n e t s   in  a c c o r d a n c e   w i t h   t h e  

t i o n   in  which   c o e r c i v i t y   and  l oop   s q u a r e n e s s   ( H k )  a r e  

b e i n g   d e v e l o p e d   by  a g i n g   the  1-5  Sm-Co  p h a s e   n e t w o r k  

t a i n i n g   c o p p e r ,   the   same  e f f e c t   a p p l i e s .   The  opt imum 



t e m p e r a t u r e   was  f o u n d   to  be  4 1 0 - 4 1 5 ° C .   Wi th   an  a g i n g  

t e m p e r a t u r e   of   400°C  f o r   10  h o u r s   a  l o w e r   l o o p   s q u a r e n e s s  

(HK)  was  o b t a i n e d   as  was  a l s o   the   c a s e   at   4 2 2 ° C ,   a s  

s h o w n   b e l o w .  

i t   has  been   f o u n d   t h a t   an  a g i n g   t r e a t m e n t   of  l u  

h o u r s   a t   4 1 0 - 4 1 5 ° C   is  e f f e c t i v e .   I t   is  a l s o   b e l i e v e d  

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

upon   the   c o p p e r   c o n t e n t .  

I t   was  f o u n d   t h a t   the   f i n a l   c o o l i n g   s t e p   t o  

room  t e m p e r a t u r e   a f t e r   a g i n g   a t   4 0 0 - 4 2 5 ° C   is  n o t  

c r i t i c a l .  

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

f o r   p r o d u c i n g   an  Sm2Co17  a l l o y   p e r m a n e n t   m a g n e t ,   c o n t a i n -  

ing   a l s o   i r o n ,   c o p p e r   and  z i r c o n i u m   or  a  s i m i l a r   g r o u p  

IVB  or  VB  t r a n s i t i o n   m e t a l ,   the   p r o c e s s   c o m p r i s i n g :   p r o -  

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

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

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

t i o n   t r e a t m e n t   t e m p e r a t u r e   w h i c h   is  m a r g i n a l l y   be low  t h e  

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

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

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

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

s u c h   t h a t   a l l   the   a l l o y   c o n s t i t u e n t s   a re   pu t   i n t o   a  

u n i f o r m   s o l i d   s o l u t i o n ,   h o l d i n g   at  the  s o l i d   s o l u t i o n  

t r e a t m e n t   t e m p e r a t u r e ,   q u e n c h i n g   the   a l l o y   to  r o o m  

t e m p e r a t u r e ,   r e h e a t i n g   the   a l l o y   to  the  a g i n g   t e m p e r a -  

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



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

h o l d i n g   fo r   s u f f i c i e n t   t ime  fo r   t he   2-17  Sm-Co  s o l i d  

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

c o n t i n u o u s   n e t w o r k   of  t h e   1-5  Sm-Co  p h a s e   w i t h i n   the   2 - 1 7  

Sm-Co  m a t r i x ,   c o o l i n g   s a i d   a l l o y   to  the   s e c o n d a r y   a g i n g  

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

p e r a t u r e   fo r   a  s p e c i f i e d   t ime   such   t h a t   r e g i o n s   of  2 - 1 7  

Sm-Co  p h a s e   n u c l e a t e   c o h e r e n t l y   w i t h i n   t h e   1-5  Sm-Co 

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

r e s u l t s   in  h igh   c o e r c i v i t y   and  good  l oop   s q u a r e n e s s ,   a n d  

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

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

The  f o l l o w i n g   comment s   in  c o n n e c t i o n   w i th   t h e  

i n v e n t i o n   are   a l s o   a p p r o p r i a t e :  

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

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

To  m i n i m i z e   d i s t o r t i o n   a  two  s t a g e   p r o c e s s   is  p r e f e r r e d ;  

30  min  in  h y d r o g e n   a t   1150°C  f o l l o w e d   by  h e a t i n g   in  a r g o n  

a t   4 - 5 ° C / m i n   to  1205°C  and  h o l d i n g   at  t h i s   t e m p e r a t u r e  

f o r   10  m i n .  

2.  A  h i g h   i r o n   c o n t e n t   is  d e s i r a b l e   to  i n c r e a s e  

the   r e m a n e n c e   and  e n e r g y   p r o d u c t   bu t   the   c o p p e r   a n d  

z i r c o n i u m   c o n t e n t s   mus t   be  r e d u c e d   as  the  i r o n   i s  

i n c r e a s e d   to  m a i n t a i n   the  u n i f o r m   2-17  Sm-Co  s o l i d  

s o l u t i o n .   I r o n   has   the  most   m a r k e d   e f f e c t   on  t h e  

s o l u t i o n   t r e a t m e n t   t e m p e r a t u r e .   A  p r e f e r r e d   amount   i s  

22%  Fe  and  a  p r e f e r r e d   s o l u t i o n   t r e a t m e n t   t e m p e r a t u r e   i s  

1 1 4 0 - 1 1 7 0 ° C .  

3.  S a m a r i u m   and  z i r c o n i u m   must   be  r e g a r d e d   a s  

" e f f e c t i v e "   a m o u n t s   to  a l l o w   fo r   the  p r e s e n c e   of  o x y g e n  

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

a p p l i c a t i o n .  

4.  S u f f i c i e n t   s a m a r i u m   must   be  p r e s e n t   to  e n s u r e  

t h a t   when  the   1-5  Sm-Co  p h a s e   n e t w o r k   is  f o r m e d   w i t h i n  

the   2-17  Sm-Co  m a t r i x   in  the  a g i n g   p r o c e s s ,   the   1-5  Sm-Co 



p h a s e   n e t w o r k   is  c o n t i n u o u s .   T h i s   is  n e c e s s a r y   for   g o o d  

c o e r c i v i t y   and  l o o p   s q u a r e n e s s   (HK).  A  p r e f e r r e d  

a m o u n t   of  e f f e c t i v e   s a m a r i u m  i s   2 3 . 0 % .  

5.  The  e f f e c t i v e   z i r c o n i u m   p r e s e n t   has  a  c r i t i c a l  

e f f e c t   on  the   p r e c i s e   t e m p e r a t u r e   a t   w h i c h   the  a b o v e  

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

e f f e c t i v e   z i r c o n i u m   is  1 .4   to   2.0%  w i t h   a g i n g   t r e a t m e n t s  

of  8 4 5 ± 5 ° C - 3 1 5 ± 5 ° C   r e s p e c t i v e l y   f o r   20  h o u r s .  

6.  The  c o p p e r   p r e s e n t   i n f l u e n c e s   b e n e f i c i a l l y   t h e  

f i n a l   t r a n s f o r m a t i o n   of  r e g i o n s   of  t h e   1-5  Sm-Co  p h a s e  

n e t w o r k   i n t o   c o h e r e n t   r e g i o n s   of  2 -17   Sm-Co  p h a s e   d u r i n g  

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

in  the   r a n g e   of  8 0 0 - 8 6 0 ° C   to  the   s e c o n d a r y   a g i n g   t e m p e r a -  

t u r e   and  the   h o l d i n g   at  t h a t - t e m p e r a t u r e .   The  c o h e r e n t  

r e g i o n s   of  2 -17   Sm-Co  p h a s e   d i s t o r t   or  s t r a i n   the  1 - 5  

Sm-Co  p h a s e   n e t w o r k   w h i c h   r e s u l t s   in  h i g h   c o e r c i v i t y .   A 

p r e f e r r e d   a m o u n t   of  c o p p e r   is  4 .6%.   A  p r e f e r r e d   c o o l i n g  

r a t e   is   2 ° C / m i n   f rom  860°C  to  600°C  and  1 ° C / m i n   f r o m  

600°C  to  4 1 J ° C .   A  p r e f e r r e d   s e c o n d a r y   a g i n g   t e m p e r a t u r e  

is  410°C.   A  p r e f e r r e d   h o l d i n g   t ime   a t   410°C  is  10  h o u r s .  

7.  As  s t a t e d   e a r l i e r ,   b o t h   z i r c o n i u m   and  c o p p e r  

l e v e l s   must   be  c o n t r o l l e d   to  p e r m i t   the   i r o n   l e v e l   to  b e  

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

e l e m e n t s   to  go  i n t o   u n i f o r m   s o l i d   s o l u t i o n   in  t h e  

s o l u t i o n   t r e a t m e n t   s t e p .  
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1.  An  Sm2CO17  alloy  characterised  in  that  it  contains  a  first  or 
effective  amount  of  Sm  in  the  range  22.5  to  23.5%,  from  20.0  to  25.0%  Fe,  

from  3.0  to  5.0%  Cu,  a  first  or  effective  amount  of  Zr  in  the  range  1.4  to 

2.0%,  a  minor  amount  of  oxygen  and  a  minor  amount  of  carbon,  a  second  or 

additional  amount  of  Sm  in  the  range  of  from  4  to  9  times  the  oxygen 
content  of  the  alloy,  a  second  or  additional  amount  of  Zr  in  the  range  of 

from  5  to  10  times  the  carbon  content  of  the  alloy,  said  percentages  being 

on  a  weight  basis  and  the  balance  being  cobalt,  the  said  alloy  having  a 

crystallographic  s tructure  comprising  cells  of  2-17  Sm-Co  rhombohedra l  

phase  surrounded  by  a  continuous  network  of  the  1-5  Sm-Co  hexagonal  

phase.  

2.  An  alloy  according  to  claim  1,  containing  23.0%  Sm  as  said  e f f e c t i v e  

amount  of  Sm,  22.0%  Fe,  4.6%  Cu,  and  1.5%  Zr  as  said  effective  amount  of 

Zr. 

3.  An  alloy  according  to  claim  1  or  2,  wherein  the  additional  amount  of 

Sm  is  6.265  times  the  oxygen  content  of  the  alloy. 

4.  An'alloy  according  to  claim  1,  2  or  3,  wherein  the  additional  amount  

of  Zr  is  7.595  times  the  carbon  content  of  the  alloy. 

5.  An  alloy  according  to  claim  1  or  2,  wherein  some  of  the  samarium  is 

replaced  by  p raseodymium.  

6.  An  alloy  according  to  claim  5  as  dependent  on  claim  2  wherein  said 

23%  Sm  is  replaced  by  20%  Sm  and  2.5%  Pr.  

7.  An  alloy  according  to  claim  5  or  6,  wherein  the  additional  amount  of 

Sm  is  5.871  times  the  oxygen  conten t .  

8.  An  alloy  according  to  claim  1  or  2  wherein  at  least  some  of  the 

zirconium  is  replaced  by  another  group  IVB  or  VB  transition  e lement .  

9.  An  alloy  according  to  claim  8,  wherein  the  said  effective  amount  of 



Zr  is  completely  replaced  by  2.7-4.0%  Hf  and  the  additional  amount  of  

zirconium  is  completely  replaced  by  an  additional  amount  of  hafnium  in  t he  

range  of  from  10  to  20  times  the  carbon  content  of  the  alloy. 

10.  An  alloy  according  to  Claim  9,  wherein  the  additional  amount  of  Hf  is 

14.862  times  the  carbon  content  of  the  al loy.  

11.  An  alloy  according  to  any one  of  claims  1-10,  wherein  the  oxygen 

content  of  the  alloy  is  not  greater   than  0.6%  by  weight .  

12.  An  alloy  according  to  any one  of  claims  1-11,  wherein  the  ca rbon  

content  of  the  alloy  is  not  greater   than  0.1%  by  weight .  

13.  A  permanent   magnet  comprising  an  alloy  as  claimed  in  any one  of  the  

preceding  c la ims .  

14.  A  process  for  producing  an  Sm2CO17  alloy  as  claimed  in  any one  of  

claims  1-12,  charac te r i sed   in  that  the  process  comprises : -  

providing  the  alloy  in  a  prel iminary  fo rm,  

sintering  the  preliminary  alloy  at  an  elevated  tempera ture   to  ach ieve  

a  high  density  and  high  r e m a n e n c e ,  

cooling  the  sintered  alloy  body  from  the  sintering  tempera ture   to  the  

solution  t r ea tmen t   t empera tu re   in  a  controlled  manner  to  put  the  alloy 

const i tuents   into  a  substantially  uniform  2-17  S-n-Co  solid  solution,  said 

solution  t r ea tmen t   t empera tu re   being  marginally  below  the  solid  + 

liquid/solid  phase  t ransformat ion   t empera tu re   of  said  alloy, 

holding  the  alloy  at  the  solid  solution  t rea tment   t e m p e r a t u r e ,  

quenching  the  alloy to  room  t e m p e r a t u r e ,  

reheating  the  alloy  to  a  first  aging  tempera ture   to  transform  the  2-17 

Sm-Co  solid  solution  into  a  s t ructure   comprising  a  network  of  the  1-5  Sm-Co 

phase  within  a  2-17  Sm-Co  ma t r ix ,  

cooling  the  alloy  to  a  second  aging  temperature   in  a  con t ro l led  

manner  to  cause  regions  of  2-17  Sm-Co  phase  to  nucleate  coherently  wi thin  

the  1-5  Sm-Co  phase  network  and  create   lattice  strain  which  results  in  high 

coercivity  and  good  loop  squareness,  and 

recooling  the  alloy  to  room  t e m p e r a t u r e .  
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