
J E u r o p a i s c h e s   

Patentamt  

European  Patent  Office  0   Publication  number:  0  0 7 2   8 9 3  

Office  europeen  des  brevets  A 1  

©  EUROPEAN  PATENT  APPLICATION 

©  Application  number:  82104504.4  ©  Int.  CI.3:  C  22  C  3 8 / 0 0  

©  Date  of  filing:  24.05.82 

©  Priority:  09.11.81  US  319514  ©  Applicant:  ALLIED  CORPORATION 
21.08.81  US  295165  Columbia  Road  and  Park  Avenue  P.O.  Box  2245R  {Law 

Dept.) 
Morristown  New  Jersey  07960(US) 

©  Date  of  publication  of  application: 
02.03.83  Bulletin  83/9  ©  Inventor:  Hasegawa,  Ryusuke 

28  Hill  Street 
©  Designated  Contracting  States:  Morristown  New  Jersey  07960IUS) 

DE  FR  GB  IT  NL  SE 
©  Inventor:  Fish,  Gordon  Edward 

22A  Victoria  Avenue 
Lake  Hiawatha  New  Jersey  07034IUS) 

©  Representative:  Weber,  Dieter,  Dr.  et  al. 
Dr.  Dieter  Weber  und  Klaus  Seiffert  PatentanwStte 
Gustav-Freytag-Strasse  25 
D-6200  Wiesbaden  KDE) 

©  Metallic  glasses  having  a  combination  of  high  permeability,  low  coercivity,  low  AC  core  loss,  low  exciting  power  and 
high  thermal  stability. 
Metallic  glasses  having  high  permeability,  low  magne- 

tostriction,  low  coercivity  low  ac  core  loss,  low  exciting 
power  and  high  thermal  stability  are  disclosed.  The  metallic 
glasses  consist  essentially  of  about  66  to  82  atom  percent 
iron,  from  1  to  about  8  atom  percent  of  said  iron  being, 
optionally  replaced  with  nickel  and/or  cobalt,  about  1  to  6 
atom  percent  of  at  least  one  element  selected  from  the  group 
consisting  of  chromium,  molybdenum,  tungsten,  vanadium, 
niobium,  tantalum,  titanium,  zirconium  and  hafnium,  about 
17  to  28  atom  percent  of  boron,  0.5  to  6  atom  percent  of  said 
boron  being,  optionally,  replaced  with  silicon  and  up  to  2 
atom  percent  of  boron  being,  optionally,  replaced  with 
carbon,  plus  incidental  impurities.  Such  metallic  glasses  are 
especially  suited  for  use  in  tape  heads,  relay  cores,  transfor- 
mers  and  the  like. 



F i e l d   of  t h e   I n v e n t i o n  

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

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

c o e r c i v i t y ,   low  ac  c o r e   l o s s ,   low  e x c i t i n g   p o w e r   a n d  

h i g h   t h e r m a l   s t a b i l i t y .  

D e s c r i p t i o n   of  t he   P r i o r   A r t  

As  i s   known,   m e t a l l i c   g l a s s e s   a r e   m e t a s t a b l e  

m a t e r i a l s   l a c k i n g   any  long  r a n g e   o r d e r .   X - r a y   d i f f r a c -  

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

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

g l a s s e s .  

M e t a l l i c   g l a s s e s   ( a m o r p h o u s   m e t a l   a l l o y s )  

have  been   d i s c l o s e d   in  U.S.   P a t e n t   3 , 8 5 6 , 5 1 3 ,   i s s u e d  

D e c e m b e r   24,  1974  to  H.S.  Chen  e t   a l .   T h e s e   a l l o y s  

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

M  is   a  m e t a l   s e l e c t e d   from  the   g r o u p   c o n s i s t i n g   of  i r o n ,  

n i c k e l ,   c o b a l t ,   v a n a d i u m   and  c h r o m i u m ,   Y  is   an  e l e m e n t  

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

and  c a r b o n   and  Z  is  an  e l e m e n t   s e l e c t e d   from  the   g r o u p  

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

a n t i m o n y   and  b e r y l l i u m ,   "a"  r a n g e s   f rom  a b o u t   60  to  9 0  

atom  p e r c e n t ,   "b"  r a n g e s   f rom  a b o u t   10  to  30  a tom  p e r -  

c e n t   and  "c"  r a n g e s   from  a b o u t   0 .1   to  15  atom  p e r c e n t .  

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



f o r m u l a   T i X j '   w h e r e   T  i s   a t   l e a s t   one  t r a n s i t i o n   m e t a l  

and  X  i s   an  e l e m e n t   s e l e c t e d   f rom  t h e   g r o u p   c o n s i s t i n g  
of  p h o s p h o r u s ,   b o r o n ,   c a r b o n ,   a l u m i n u m ,   s i l i c o n ,   t i n ,  

g e r m a n i u m ,   i n d i u m ,   b e r y l l i u m   and  a n t i m o n y ,   " i "   r a n g e s  
from  a b o u t   70  to   87  a tom  p e r c e n t   and  " j "   r a n g e s   f r o m  

a b o u t   13  to   30  a tom  p e r c e n t .   Such  m a t e r i a l s   a r e  

c o n v e n i e n t l y   p r e p a r e d   by  r a p i d   q u e n c h i n g   f rom  t he   m e l t  

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

the   a r t .  

M e t a l l i c   g l a s s e s   a r e   a l s o   d i s c l o s e d   in  U . S .  

P a t e n t   No.  4 , 0 6 7 , 7 3 2   i s s u e d   J a n u a r y   10,   1978 .   T h e s e  

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

M a M ' b C r c M " d B e ,   w h e r e   M  i s   one  i r o n   g r o u p   e l e m e n t  

( i r o n ,   c o b a l t   and  n i c k e l ) ,   M'  i s   a t   l e a s t   one  of  t h e  

two  r e m a i n i n g   i r o n   g r o u p   e l e m e n t s ,   M"  is   a t   l e a s t  

one  e l e m e n t   of   v a n a d i u m ,   m a n g a n e s e ,   m o l y b d e n u m ,  

t u n g s t e n ,   n i o b i u m   and  t a n t a l u m ,   B  i s   b o r o n ,   "a"  r a n g e s  

from  a b o u t   40  to   85  a tom  p e r c e n t ,   "b"  r a n g e s   f r o m   0 

to  a b o u t   45  a tom  p e r c e n t ,   "c"  and  "d"  b o t h   r a n g e   f r o m  

0  to   a b o u t   20  a tom  p e r c e n t   and  "e"  r a n g e s   f rom  a b o u t  

15  to   25  a tom  p e r c e n t ,   w i t h   t h e   p r o v i s i o n   t h a t   " b " ,  

"c"  and  "d"  c a n n o t   be  z e r o   s i m u l t a n e o u s l y .   S u c h  

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

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

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

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

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

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

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

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

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

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

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

r e c o r d e r   h e a d ,   r e l a y   c o r e s ,   t r a n s f o r m e r s   and  t h e   l i k e .  

SUMMARY  OF  THE  INVENTION 

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 ,   m e t a l l i c  

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

m a g n e t o s t r i c t i o n ,   low  c o e r c i v i t y ,   low  ac  c o r e   l o s s ,  



low  e x c i t i n g   p o w e r   and  h i g h   t h e r m a l   s t a b i l i t y   a r e   p r o -  
v i d e d .   The  m e t a l l i c   g l a s s e s   c o n s i s t   e s s e n t i a l l y   o f  

a b o u t   66  to  82  a tom  p e r c e n t   of  i r o n ,   f r o m   1  to   a b o u t   8 

atom  p e r c e n t   of  w h i c h   m e t a l   may  be  r e p l a c e d   w i t h   a t  

l e a s t   one  of  n i c k e l   a n d  c o b a l t ,   a b o u t   1  to   a b o u t   6  a t o m  

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

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

n i o b i u m ,   t a n t a l u m ,   t i t a n i u m ,   z i r c o n i u m   and  h a f n i u m ,  

a b o u t   17  to  28  a tom  p e r c e n t   of  b o r o n ,   f rom  0 . 5   to   a b o u t  

6  a tom  p e r c e n t   of  b o r o n   b e i n g ,   o p t i o n a l l y ,   r e p l a c e d   w i t h  

s i l i c o n   and  up  to  a b o u t   2  a tom  p e r c e n t   of  b o r o n   b e i n g ,  

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

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

s u i t a b l e   f o r   use   in  t a p e   r e c o r d e r   h e a d s ,   r e l a y   c o r e s ,  

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

DETAILED  DESCRIPTION  OF  THE  INVENTION 

The  m e t a l l i c   g l a s s e s   of  t h e   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   by  a  c o m b i n a t i o n   of  h i g h   p e r m e a b i l i t y ,   l o w  

s a t u r a t i o n   m a g n e t o s t r i c t i o n ,   low  c o e r c i v i t y ,   low  ac  c o r e  

l o s s ,   low  e x c i t i n g   power   and  h i g h   t h e r m a l   s t a b i l i t y .  

The  g l a s s y   a l l o y s   of  t he   i n v e n t i o n   c o n s i s t   e s s e n t i a l l y  

of  a b o u t   66  to   82  a tom  p e r c e n t   i r o n ,   f r om  1  to   a b o u t   8 

atom  p e r c e n t   of  w h i c h   m e t a l   may  be  r e p l a c e d   w i t h   a t  

l e a s t   one  of  n i c k e l   and  c o b a l t ,   a b o u t   1  to   6  a t o m  

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

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

n i o b i u m ,   t a n t a l u m ,   t i t a n i u m ,   z i r c o n i u m   and  h a f n i u m ,  

a b o u t   17  to  28  a tom  p e r c e n t   of  b o r o n ,   f rom  0 . 5   to   a b o u t  

6  a tom  p e r c e n t   of  w h i c h   m e t a l l o i d   may  be  r e p l a c e d   w i t h  

s i l i c o n   and  up  to   2  a tom  p e r c e n t   of   w h i c h   m e t a l l o i d   may  
be  r e p l a c e d   w i t h   c a r b o n ,   p l u s   i n c i d e n t a l   i m p u r i t i e s .   A 
c o n c e n t r a t i o n   of  l e s s   t h a n   a b o u t   1  a tom  p e r c e n t   of  C r ,  

Mo,  W,  V,  Nb,  Ta,  T i ,   Zr  a n d / o r   Hf  d o e s   n o t   r e s u l t   i n  

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

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

ac  c o r e   l o s s   and  t h e r m a l   s t a b i l i t y .   A  c o n c e n t r a t i o n   o  

g r e a t e r   t h a n   a b o u t   6  a tom  p e r c e n t   of  a t   l e a s t   one  o f  

t h e s e   e l e m e n t s   r e s u l t s   in  an  u n a c c e p t a b l y   low  C u r i e  



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

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

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

p r e f e r a b l y   s u b s t a n t i a l l y   i r o n ,   w i t h   up  to   a b o u t   8  a t o m  

p e r c e n t   n i c k e l   a n d / o r   c o b a l t   in  o r d e r   to  c o m p e n s a t e   t h e  

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

t i o n   due  to   t h e   p r e s e n c e   of  c h r o m i u m ,   m o l y b d e n u m ,   t u n g -  

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

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

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

i n c l u d e   F e 8 0 N i 1 M o 1 B 1 6 S i 2 ,   F e 7 6 N i 4 M o 2 B 1 7 . 5 S i 0 . 5   F e 7 5  

N i 2 C o 2 M o 3 B 1 6 S i 2 ,   F 7 5 C o 4 M o 3 B 1 6 S i 2 ,   F e 7 5 N i 4 M o 3 B 1 6 S i 2 ,  

F e 7 7 N i 2 M o 3 B 1 6 S i 2 ,   F e 7 5 N i 4 M o 3 B 1 4 S i 4 ,   F e 7 1 N i 4 M o 3 B 1 7 S i 5 ,  

F e 7 4 N i 4 M o 4 B 1 6 S i 2 ,   F e 7 0 N i 6 M o 6 B 1 5 S i 3 ,   F e 7 5 N i 4 V 3 B 1 4 S i 2 C 2 ,  

F e 7 1 N i 4 M o 3 B 1 6 S i 4 C 2 ,   F e 7 8 N i 2 M o 2 B 1 2 S i 4 C 2 ,   F e 7 8 N i 2 C r 2 B 1 6 S i 2 ,  

F e 7 5 N i 4 N b 3 B 1 6 S i 2 ,   F e 7 5 N i 4 W 3 B 1 6 S i 2 ,   F e 7 5 N i 4 V 3 B 1 6 S i 2 '  

F e 7 9 N i 4 T a 1 B 1 6 S i 2 ,   F e 7 5 N i 4 T i 3 B 1 6 S i 2 ,   F e 7 5 N i 4 Z r 3 B 1 6 S i 2 ,  

F e 7 9 N i 4 H f 1 B 1 6 S i 2 ,   F e 7 2 N i 2 M o 2 B 2 2 S i 2 ,   F e 7 0 N i 2 M o 2 B 2 2 S i 4 ,  
and  F e 7 0 N i 2 M o 2 B 2 4 S i 2  ( t h e   s u b s c r i p t s   a r e   in   a tom  p e r c e n t ) .  

The  p u r i t y   of  a l l   a l l o y s   is   t h a t   f o u n d   in  n o r m a l  

c o m m e r c i a l   p r a c t i c e .  

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

v a n a d i u m ,   n i o b i u m ,   t a n t a l u m ,   t i t a n i u m ,   z i r c o n i u m   a n d / o r  

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

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

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

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

t h e r m a l   a n n e a l i n g   a t   a  t e m p e r a t u r e   n e a r   t h e   C u r i e  

t e m p e r a t u r e .   As  i s   w e l l - k n o w n ,   a n n e a l i n g   a  m a g n e t i c  

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

r e s u l t s   in   i m p r o v e d   p r o p e r t i e s .   As  a  c o n s e q u e n c e   of  t h e  

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

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

v a n a d i u m ,   n i o b i u m ,   t a n t a l u m ,   t i t a n i u m ,   z i r c o n i u m ,   a n d / o r  

h a f n i u m ,   a n n e a l i n g   can   be  e a s i l y   a c c o m p l i s h e d   a t  

e l e v a t e d   t e m p e r a t u r e s   n e a r   t he   C u r i e   t e m p e r a t u r e   a n d  

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

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



of  t h e   i n v e n t i o n   b u t   l a c k i n g   t h e s e   e l e m e n t s .   On  t h e  

o t h e r   h a n d ,   t oo   h i g h   a  c o n c e n t r a t i o n   of  c h r o m i u m ,  

m o l y b d e n u m ,   t u n g s t e n ,   v a n a d i u m ,   n i o b i u m ,   t a n t a l u m ,  

t i t a n i u m ,   z i r c o n i u m   a n d / o r   h a f n i u m   r e d u c e s   t he   C u r i e  

t e m p e r a t u r e   to  a  l e v e l   t h a t   may  be  u n d e s i r a b l e   i n  

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

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

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

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

t a n t a l u m ,   t i t a n i u m ,   z i r c o n i u m   a n d / o r   h a f n i u m  

c o n c e n t r a t i o n   i s   a b o u t   2  to   4  a tom  p e r c e n t .  

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

c o n s i s t   e s s e n t i a l l y   of  (1)  s u b s t a n t i a l l y   b o r o n   w i t h   a  

s m a l l   a m o u n t   of  s i l i c o n ,   (2)  b o r o n   p l u s   s i l i c o n   a n d  

(3)  b o r o n   and  s i l i c o n   p l u s   a  s m a l l   a m o u n t   of  c a r b o n .  

P r e f e r a b l y ,   t h e   m e t a l l o i d   c o n t e n t   r a n g e s   f rom  a b o u t   17  

to  28  a tom  p e r c e n t   f o r   maximum  t h e r m a l   s t a b i l i t y .  

P r e f e r r e d   m e t a l l i c   g l a s s   s y s t e m s   a r e   a s  

f o l l o w s :  

1.  F e - M - M o - B - S i :   F e 1 0 0 - a - b - c - d M a M o b B c S i d ,   w h e r e  M  

is   a t   l e a s t   one  of  n i c k e l   and  c o b a l t .   When  ( c + d )   i s  

a b o u t   18,   t he   p r e f e r r e d   r a n g e s   of  a , b , c   and  d  a r e   f r o m  

a b o u t   2  to  8,  f rom  a b o u t   1  to   4,  from  a b o u t   14  to   1 7 . 5  

and  f rom  a b o u t   0 .5   to   4,  r e s p e c t i v e l y .   When  ( c + d )   i s  

a b o u t   22,   t h e   p r e f e r r e d   r a n g e s   f o r   a , b , c   and  d  a r e   f r o m  

a b o u t   2  to   8,  f rom  a b o u t   1  to   6,  f rom  a b o u t   1 5  t o   2 0 . 5  

and  f rom  a b o u t   0 .5   to   6,  r e s p e c t i v e l y .   When  ( c + d )   i s  

c l o s e   to   25,  t h e   p r e f e r r e d   r a n g e s   of  a,  b,  c  and  d  a r e  

f rom  a b o u t   2  to   8,  f rom  a b o u t   1  to   6,  f rom  a b o u t   21  t o  

25  and  f rom  a b o u t   1  to   6  r e s p e c t i v e l y .   T h e s e   m e t a l l i c  

g l a s s e s   have  a  c o m b i n a t i o n   of  s a t u r a t i o n   i n d u c t i o n   ( B s )  
of  1 . 0 - 1 . 4   T e s l a ,   s a t u r a t i o n   m a g n e t o s t r i c t i o n   ( À s )  

b e t w e e n   12  and  2 4  p p m ,   C u r i e   t e m p e r a t u r e   ( e f )   b e t w e e n  

a b o u t   475  and  705  K  and  f i r s t   c r y s t a l l i z a t i o n   t e m p e r a -  

t u r e   of  7 5 0 - 8 8 0   K.  When  o p t i m a l l y   h e a t - t r e a t e d ,   t h e s e  

a l l o y s   have  e x c e l l e n t   ac  m a g n e t i c   p r o p e r t i e s   e s p e c i a l -  

ly  a t   h i g h   f r e q u e n c i e s   ( f > 1 0 3   Hz) .   The  ac  c o r e   l o s s   ( L )  

and  e x c i t i n g   power   ( P  )   t a k e n   a t   f  =  50  k H z f a n d   t h e  



i n d u c t i o n   l e v e l   of  Bm  =  0 . 1   T e s l a   o f ,   f o r   e x a m p l e ,   a  

h e a t - t r e a t e d   F e 7 5 N i 4 M o 3 B 1 6 S i 2  m e t a l l i c   g l a s s   a r e   6 . 5  

W/kg  and  1 3 . 4   V A / k g ,   r e s p e c t i v e l y .   T h e s e   v a l u e s   a r e   t o  

be  c o m p a r e d   w i t h   L  =  7W/kg  and  Pe  =  20  VA/kg  f o r   a  

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

t h i c k n e s s   h a v i n g   t h e   c o m p o s i t i o n   F e 7 9 B 1 6 S i 5 .   T h e  

p e r m e a b i l i t y  P   a t   Bm  =  0 . 0 1   T e s l a   i s   10  500  and  8000  f o r  

t he   h e a t - t r e a t e d   F e 7 5 N i 3 M o 4 B 1 6 S i 2  a n d   F e 7 9 B 1 6 S i 5 ,  
r e s p e c t i v e l y .   The  s m a l l e r   s a t u r a t i o n   m a g n e t o s t r i c t i o n  

( λ s )   of  a b o u t   20  ppm  of  t h e   p r e s e n t   a l l o y   as  c o m p a r e d   t o  
s  

λs  =  3 0   ppm  f o r   t he   a f o r e s a i d   p r i o r   a r t   a l l o y   m a k e s   t h e  

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

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

f r e q u e n c y   t r a n s f o r m e r s .   B e y o n d   f  =  50  kHz,   t h e   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   h a v e   p e r m e a b i l i t i e s   c o m p a r a b l e  

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

have   Bs  n e a r   0 .8   T e s l a .   The  h i g h e r   v a l u e s   of  B   f o r   t h e  

p r e s e n t   a l l o y s   make  t h e s e   a l l o y s   b e t t e r   s u i t e d   t h a n  

s u p e r m a l l o y s   f o r   m a g n e t i c   a p p l i c a t i o n s   of   f>50   k H z .  

F e - M - M ' - B - S i :   F e 1 0 0 - a - b - c - d M a M ' b B c S i d   w h e r e   M  i s  

n i c k e l   a n d / o r   c o b a l t   and  M'  i s   s e l e c t e d   f rom  Cr ,   W,  V ,  

Nb,  Ta,   T i ,   Zr  or   Hf.  When  ( c + d )   i s   a b o u t   18,   t h e  

p r e f e r r e d   r a n g e s   of  a , b , c   and   d  a r e   a b o u t   2  to   8,  f r o m  

a b o u t   1  to   4,  f rom  a b o u t   14  to   1 7 . 5   and  f rom  a b o u t   0 . 5  

to   4,  r e s p e c t i v e l y .   When  ( c + d )   i s   a b o u t   22,   t h e  

p r e f e r r e d   r a n g e s   f o r   a , b , c   and  d  a r e   f rom  a b o u t   2  to   8 ,  

f rom  a b o u t   1  to   6,  f rom  a b o u t   16  to   2 1 . 5   and  f rom  a b o u t  

0 .5   to   6,  r e s p e c t i v e l y .   When  ( c+d )   i s   c l o s e   to  25,   t h e  

p r e f e r r e d   r a n g e s   f o r   a,   b,  c  and  d  a r e   f rom  a b o u t   2  t o  

8,  f rom  a b o u t   1  to   6,  f rom  a b o u t   21  to  25  and  f r o m  

a b o u t   1  to   6  r e s p e c t i v e l y .   F e - M - M ' - B - S i - C :  

F e 1 0 0 - a - b - c - d - e M   a M ' b B c S i d C e   w h e r e i n   M  i s   n i c k e l   a n d / o r  

c o b a l t ,   and  M'  i s   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   o f  

C r ,  M o ,   W,  V,  Nb,  Ta,  T i ,   Zr  o r   Hf.  When  ( c+d)   i s   a b o u t  

18,  t h e   p r e f e r r e d   r a n g e s   f o r   a , b , c , d   and  e  a r e   f r o m  

a b o u t   2  to   8,  f rom  a b o u t   1  to   4,  f rom  a b o u t   12  to   1 7 . 5 ,  

from  a b o u t   0 .5   to   4  and  f rom  0  to   2,  r e s p e c t i v e l y .   When 

(c+d)   i s   a b o u t   22,  t h e   p r e f e r r e d   r a n g e s   f o r   a , b , c , d   a n d  



e  a r e   f rom  a b o u t   2  to  8,  f rom  a b o u t   1  to   6,  f rom  a b o u t  

14  to  2 1 . 5 ,   f rom  a b o u t   0 .5   to   6  and  f rom  a b o u t   0  to   2 ,  

r e s p e c t i v e l y .   When  ( c+d)   i s   c l o s e   to  25,   t he   p r e f e r r e d  

r a n g e s   f o r   a,   b,  c,  d  and  e  a r e   f rom  a b o u t   2  to   8 ,  

f rom  a b o u t   1  to  6,  f r o m ' a b o u t   20  to   27,   f rom  a b o u t   1  t o  

6  and  f rom  a b o u t   0  to   2  r e s p e c t i v e l y .  

M a g n e t i c   p e r m e a b i l i t y   is   t h e   r a t i o   of  i n d u c -  

t i o n   to   a p p l i e d   m a g n e t i c   f i e l d .   A  h i g h e r   p e r m e a b i l i t y  

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

s u c h   as  t a p e   r e c o r d e r   h e a d s ,   due  to   t h e   i n c r e a s e d  

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

the   g l a s s y   a l l o y s   of  t he   i n v e n t i o n   i s   s i m i l a r   to   t h a t  

of  t h e   4 - 7 9   P e r m a l l o y s   in  t h e   m e d i u m - t o - h i g h   f r e q u e n c y  

r a n g e   ( 1 - 5 0   k H z ) ,   and  a t   h i g h e r   f r e q u e n c i e s   ( a b o u t   5 0  

kHz  to   1  MHz),  t h e   p e r m e a b i l i t y   is   c o m p a r a b l e   to   t h a t   o f  

the   s u p e r m a l l o y s .   E s p e c i a l l y   n o t e d   i s   t he   f a c t   t h a t   a  

h e a t - t r e a t e d   F e 7 s N i 4 M o 3 B 1 6 s i 2   m e t a l l i c   g l a s s   h a s  

p e r m e a b i l i t y   of  2 4 , 0 0 0   w h i l e   t h e   b e s t - h e a t - t r e a t e d  

p r i o r   a r t   F e 4 0 N i 3 6 M 0 4 B 2 0   m e t a l l i c   g l a s s   has   a  p e r m e a b i l -  

i t y   of  1 4 , 0 0 0   a t   1  kHz  and  t h e   i n d u c t i o n   l e v e l   of  0 . 0 1  

T e s l a .  

S a t u r a t i o n   m a g n e t o s t r i c t i o n   is   t he   c h a n g e   i n  

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

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

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

in  t e r m s   of  t h e   r a t i o   of  t h e   c h a n g e   in   l e n g t h   to   t h e  

o r i g i n a l   l e n g t h ,   and  i s   g i v e n   in  ppm.  P r i o r   a r t   i r o n  

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

t i o n s   of  a b o u t   30  ppm  as  do  m e t a l l i c   g l a s s e s   w i t h o u t   t h e  

p r e s e n c e   of  t he   any  of  t h e   e l e m e n t s   b e l o n g i n g   to  t h e  

IVB,  VB  and  VIB  c o l u m n s   of  t h e   p e r i o d i c   t a b l e   s u c h   a s  

m o l y b d e n u m .   For  e x a m p l e ,   a  p r i o r   a r t   i r o n   r i c h   m e t a l l i c  

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

and  h a v i n g   t he   c o m p o s i t i o n  F e 7 9 B 1 6 S i 5  h a s   a  s a t u r a t i o n  

m a g n e t o s t r i c t i o n   of  a b o u t   30  ppm.  In  c o n t r a c t ,   a  

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

F e 7 5 N i 4 M o 3 B 1 6 S i 2  h a s   a  s a t u r a t i o n   m a g n e t o s t r i c t i o n   o f  



a b o u t   20  ppm.  A  l o w e r   s a t u r a t i o n   m a g n e t o s t r i c t i o n   l e a d s  

to  a  l o w e r   p h a s e   a n g l e   b e t w e e n   t he   e x c i t i n g   f i e l d   a n d  

the   r e s u l t i n g   i n d u c t i o n .   T h i s   r e s u l t s   in  l o w e r   e x c i t i n g  

p o w e r   as  d i s c u s s e d   b e l o w .  

Ac  c o r e   l o s s   i's  t h a t   e n e r g y   l o s s   d i s s i p a t e d  

as  h e a t .   I t   is   t he   h y s t e r e s i s   in  an  ac  f i e l d   and  i s  

m e a s u r e d   by  t h e   a r e a   of  a  B-H  l o o p   f o r   low  f r e q u e n c i e s  

( l e s s   t h a n   a b o u t   1  kHz)  and  f rom  t he   c o m p l e x   i m p u t  

p o w e r   in   t h e   e x c i t i n g   c o i l   f o r   h i g h   f r e q u e n c i e s   ( a b o u t  

1  kHz  to   1  MHz).  The  m a j o r   p o r t i o n   of  t h e   ac  c o r e   l o s s  

a t   h i g h   f r e q u e n c i e s   a r i s e s   f rom  t h e   eddy   c u r r e n t   g e n e r -  
a t e d   d u r i n g   f l u x   c h a n g e .   H o w e v e r ,   a  s m a l l e r   h y s t e r s i s  

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

l o w e r   c o r e   l o s s   r e n d e r s   a  m a t e r i a l   more   u s e f u l   in  c e r -  

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

f o r m e r s .   Core   l o s s   i s   d i s c u s s e d   in  u n i t s   of   w a t t s / k g .  

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

d e n c e   ac  c o r e   l o s s e s   of   a b o u t   0 . 0 5   to   0 . 1   w a t t s / k g   a t   a n  

i n d u c t i o n   of  0 .1   T e s l a   and  a t   t h e   f r e q u e n c y   r a n g e   of  1 

kHz.   For   e x a m p l e ,   a  p r i o r   a r t   h e a t - t r e a t e d  m e t a l l i c  

g l a s s   h a v i n g   t h e   c o m p o s i t i o n   F e 4 0 N i 3 6 M o 4 B 2 0 ,   has   an  a c  

c o r e   l o s s   of   0 . 0 7   w a t t s / k g   a t   an  i n d u c t i o n   of  0 . 1   T e s l a  

and  a t   t h e   f r e q u e n c y   of   1  kHz ,   w h i l e   a  m e t a l l i c   g l a s s  

h a v i n g   t h e   c o m p o s i t i o n   Fe76Mo4B20   has   an  ac  c o r e   l o s s   o f  

0 . 0 8   w a t t s / k g   a t   an  i n d u c t i o n   of   0 . 1   T e s l a   and  a t   t h e  

same  f r e q u e n c y .   In  c o n t r a s t ,   a  m e t a l l i c   g l a s s   a l l o y   o f  

t h e   i n v e n t i o n   h a v i n g   t h e   c o m p o s i t i o n   F e 7 5 N i 4 M o 3 B 1 6 S i 2  
has   an  ac  c o r e   l o s s   of  0 . 0 2   w a t t s / k g   a t   an  i n d u c t i o n   o f  

0 .1   T e s l a   and  a t   t h e   same  f r e q u e n c y .  

E x c i t i n g   p o w e r   i s   a  m e a s u r e   of   p o w e r   r e q u i r e d  

to  m a i n t a i n   a  c e r t a i n   f l u x   d e n s i t y   in  a  m a g n e t i c   m a t e r -  

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

to   be  u s e d   in  m a g n e t i c   d e v i c e s   has   an  e x c i t i n g   power   a s  

low  as  p o s s i b l e .   E x c i t i n g   p o w e r   ( P  )   i s   r e l a t e d   to  t h e  

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

L  =  P e  c o s  δ  w h e r e  δ  i s   t h e   p h a s e   s h i f t   b e t w e e n   t h e   e x c i t -  

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

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



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

p h a s e   s h i f t .   I t   is  t h e n   a d v a n t a g e o u s   to  h a v e   t he   m a g n e -  
t o s t r i c t i o n   v a l u e   as  low  as  p o s s i b l e .   As  m e n t i o n e d  

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

F e 7 9 B 1 6 S i 5  h a v e   the   m a g n e t o s t r i c t i o n   v a l u e   n e a r   30  p p m ,  

in  c o n t r a c t   to  t he   m a g n e t o s t r i c t i o n   v a l u e   of  a b o u t   20  

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

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

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

m e t a l l i c   g l a s s   F e 7 9 B 1 6 S i 5  h a s  δ   n e a r   70°  w h i l e   t h e  

m e t a l l i c   g l a s s e s   of  t he   p r e s e n t   i n v e n t i o n   h a v e   6  n e a r  

50°.   T h i s   r e s u l t s ,   f o r   a  g i v e n   c o r e   l o s s ,   in   a  h i g h e r  

e x c i t i n g   p o w e r   by  a  f a c t o r   of  two  f o r   t h e   p r i o r   a r t  

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

i n v e n t i o n .  

C r y s t a l l i z a t i o n   t e m p e r a t u r e   is   t h e   t e m p e r a -  

t u r e   a t   w h i c h   a  m e t a l l i c   g l a s s   b e g i n s   to   c r y s t a l l i z e .  

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

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

c o n j u n c t i o n   w i t h   a  C u r i e   t e m p e r a t u r e   t h a t   is   s u b s t a n -  

t i a l l y   l o w e r   t h a n   the   c r y s t a l l i z a t i o n   t e m p e r a t u r e ,   p e r -  
m i t s   m a g n e t i c   a n n e a l i n g   j u s t   a b o v e   t h e   C u r i e   t e m p e r a -  

t u r e .   Some  m e t a l l i c   g l a s s e s   c r y s t a l l i z e   in  m u l t i p l e  

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

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

t u r e s )   i s   t h e   m e a n i n g f u l   one  as  f a r   as  t h e   m a t e r i a l s '  

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

t e m p e r a t u r e   as  d i s c u s s e d   h e r e i n   i s   m e a s u r e d   by  d i f f e r e n -  

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

e v i d e n c e   c r y s t a l l i z a t i o n   t e m p e r a t u r e s   of  a b o u t   660  K  t o  

750  K.  For   e x a m p l e ,   a  m e t a l l i c   g l a s s   h a v i n g   the   c o m p o -  
s i t i o n   Fe78Mo2B20  has   a  c r y s t a l l i z a t i o n   t e m p e r a t u r e   o f  

680  K,  w h i l e   a  m e t a l l i c   g l a s s   h a v i n g   t he   c o m p o s i t i o n  

Fe74Mo6B20  has   a  c r y s t a l l i z a t i o n   t e m p e r a t u r e   of  750  K. 

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

i n c r e a s e s   in  c r y s t a l l i z a t i o n   t e m p e r a t u r e s   to  a  l e v e l  

above   750  K. 
The  m a g n e t i c   p r o p e r t i e s   of  t h e   m e t a l l i c  



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

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

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

( e i t h e r   p a r a l l e l   or  p e r p e n d i c u l a r   to   t he   r i b b o n   d i r e c -  

t i o n   and  in   t he   r i b b o n   p l a n e ) ,   and  p o s t - t r e a t m e n t  

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

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

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

l i n e   p a r t i c l e s   f rom  t h e   g l a s s y   m a t r i x .   U n d e r   t h e s e  

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

ing  f r o m   a b o u t   17  to   20  a t o m   p e r c e n t ,   t h e   d i s c r e t e  

p a r t i c l e s   have   a  b o d y - c e n t e r e d   c u b i c   s t r u c t u r e .   T h e  

p a r t i c l e s   a r e   c o m p o s e d   e s s e n t i a l l y   of  i r o n ,   up  to   2 2  

a tom  p e r c e n t   of  t he   i r o n   b e i n g   a d a p t e d   to  be  r e p l a c e d  

by  a t   l e a s t   one  of  n i c k e l ,   c o b a l t ,   c h r o m i u m ,   m o l y b d e n u m ,  

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

ium,  h a f n i u m ,   s i l i c o n   and  c a r b o n .   For   c o m p o s i t i o n s  

h a v i n g   b o r o n   c o n t e n t   r a n g i n g   f r o m   a b o u t   21  to   25  a t o m  

p e r c e n t   and  i r o n   c o n t e n t   r a n g i n g   f rom  a b o u t   69  to   7 8  

a tom  p e r c e n t ,   t he   d i s c r e t e   p a r t i c l e s   c o n s i s t   e s s e n t i a l -  

ly  of  a  m i x t u r e   of  p a r t i c l e s ,   a  m a j o r   p o r t i o n   of  w h i c h  

m i x t u r e   c o n t a i n s   p a r t i c l e s   h a v i n g   a  c r y s t a l l i n e   F e 3 B  
s t r u c t u r e .   The  p a r t i c l e s   of  s u c h   p o r t i o n   a r e   c o m p o s e d  

of  i r o n   and  b o r o n ,   up  to  14  a tom  p e r c e n t   of  t h e   i r o n  

b e i n g   a d a p t e d   to  be  r e p l a c e d   by  a t   l e a s t   one   of  n i c k e l ,  

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

n i o b i u m ,   t a n t a l u m ,   t i t a n i u m ,   z i r c o n i u m   and  h a f n i u m   a n d  

up  to   2  a tom  p e r c e n t   of   t h e   b o r o n   b e i n g   a d a p t e d   to  b e  

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

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

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

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

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

p r e s e n t   i n v e n t i o n   w i t h   c o m p o s i t i o n   F e 7 5 N i 4 M o 3 B 1 6 S i 2   h a s  

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

c o e r c i v i t y   of  o n l y   2  A/m  when  o p t i m a l l y   a n n e a l e d .   I n  

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

m e t a l l i c   g l a s s   F e 7 9 B l 6 S i s  h a s  a   c o e r c i v i t y   o f  



a b o u t   8  A/m.  The  c r y s t a l l i n e   p a r t i c l e   s i z e   in  t h e  

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

i n v e n t i o n   r a n g e s   b e t w e e n   100  and  300nm,   and  t h e i r   v o l u m e  

f r a c t i o n   i s   l e s s   t h a n   1%.  The  i n t e r p a r t i c l e   s p a c i n g   i s  

of  t he   o r d e r   of  1 - 1 0 µ m .  

In  s u m m a r y ,   t h e   m e t a l l i c   g l a s s e s   of  t he   i n v e n -  

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

t i o n   m a g n e t o s t r i c t i o n ,   low  c o e r c i v i t y ,   low  ac  c o r e   l o s s ,  

low  e x c i t i n g   p o w e r   and  h i g h   c r y s t a l l i z a t i o n   t e m p e r a t u r e  

and  a r e   u s e f u l   as  t a p e   h e a d s ,   r e l a y   c o r e s ,   t r a n s f o r m e r s  

and  t h e   l i k e .  

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

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

r a t e   of  a t   l e a s t   a b o u t   1 0  " C / s e c ,   e m p l o y i n g   q u e n c h i n g  

t e c h n i q u e s   w e l l   known  to  t he   m e t a l l i c   g l a s s   a r t ;   s e e  

e . g . ,   U.S.   P a t e n t   3 , 8 5 6 , 5 1 3 .   The  m e t a l l i c   g l a s s e s   a r e  

s u b s t a n t i a l l y   c o m p l e t e l y   g l a s s y ,   t h a t   i s ,   a t   l e a s t   90% 

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

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

A  v a r i e t y   of  t e c h n i q u e s   a r e   a v a i l a b l e   f o r   f a b -  

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

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

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

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

r a p i d l y   q u e n c h e d   on  a  c h i l l   s u r f a c e   s u c h   as  a  r a p i d l y  

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

EXAMPLES 

E x a m p l e   1:  F e - N i - M o - B - S i  

R i b b o n s   h a v i n g   c o m p o s i t i o n s   g i v e n   b y  

F e 1 0 0 - a - b - c - d N i a M o b B c S i d  a n d   h a v i n g   d i m e n s i o n s   a b o u t   1 

to  2 .5   cm  wide   and  a b o u t   25  to  50  µm  t h i c k   we re   f o r m e d  

by  s q u i r t i n g   a  m e l t   of  t he   p a r t i c u l a r   c o m p o s i t i o n   b y  

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

c h i l l   w h e e l   ( s u r f a c e   s p e e d   a b o u t   3000  to   6000  f t / m i n ) .  

M o l y b d e n u m   c o n t e n t   was  v a r i e d   f rom  1  to   6  a t o m  

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

o b t a i n e d .   M o l y b d e n u m   c o n t e n t   h i g h e r   t h a n   6  a tom  p e r c e n t  

r e d u c e d   the   C u r i e   t e m p e r a t u r e   to  an  u n a c c e p t a b l e   l o w  



v a l u e .  

P e r m e a b i l i t y ,   m a g n e t o s t r i c t i o n ,   c o r e   l o s s ,  

m a g n e t i z a t i o n   and  c o e r c i v e   f o r c e   were   m e a s u r e d   by  c o n -  
v e n t i o n a l   t e c h n i q u e s   e m p l o y i n g   B-H  l o o p s ,   m e t a l l i c  

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

C u r i e   t e m p e r a t u r e   and  c r y s t a l l i z a t i o n   t e m p e r a t u r e   w e r e  

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

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

room  t e m p e r a t u r e   s a t u r a t i o n   i n d u c t i o n ,   C u r i e   t e m p e r a -  

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

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

T a b l e   I  b e l o w .   The  m a g n e t i c   p r o p e r t i e s   of   t h e s e   g l a s s y  

a l l o y s   a f t e r   a n n e a l i n g   a r e   p r e s e n t e d   in  T a b l e   I I .  

Opt imum  a n n e a l i n g   c o n d i t i o n s   f o r   t he   m e t a l l i c   g l a s s  

F e 7 5 N i 4 M o 3 B 1 6 S i 2  a n d   t h e   o b t a i n e d   r e s u l t s   a r e   s u m m a r i z e d  

in  T a b l e   I I I .   F r e q u e n c y   d e p e n d e n c e   of  p e r m a b i l i t y   a n d  

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

in  T a b l e   I V .  
The  p r e s e n c e   of   m o l y b d e n u m   i s   s e e n   to   i n c r e a s e  

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

to  l o w e r   t he   ac  c o r e   l o s s ,   e x c i t i n g   p o w e r   and  m a g n e t o -  
s t r i c t i o n .   E s p e c i a l l y   n o t e d   i s   t h e   f a c t   t h a t   t he   o p t i -  

m a l l y   h e a t - t r e a t e d   m e t a l l i c   g l a s s   F e 7 S N i 4 M 0 3 B 1 6 S i 2   o f  

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

as  2 .5   A/m  and  y e t   has   a  low  c o r e   l o s s   of  6 . 5   w/kg  a n d  

p e r m e a b i l i t y   of  12500   a t   50  kHz  and  a t   t h e   i n d u c t i o n  

l e v e l   of  0 .1   T e s l a .   The  c o m b i n a t i o n   of   t h e s e   p r o p e r t i e s  

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











E x a m p l e   2:  F e - N i - M - B - S i   S y s t e m  

R i b b o n s   h a v i n g   c o m p o s i t i o n s   g i v e n   b y  

F e 1 0 0 - a - b - c - d M - M ' - B - S i   when  M  is   n i c k e l   a n d / o r   c o b a l t ,  

M'  i s   one  of  t h e   e l e m e n t s   c h r o m i u m ,   m o l y b d e n u m ,   t u n g s t e n ,  

v a n a d i u m ,   n i o b i u m ,   t a n t a l u m ,   t i t a n i u m ,   z i r c o n i u m   a n d  

h a f n i u m ,   and  h a v i n g   d i m e n s i o n s   a b o u t   1  cm  w i d e   and  a b o u t  

25  to   50Pm  t h i c k   w e r e   f o r m e d   as  in  E x a m p l e   1 .  

M e t a l   "M'"  c o n t e n t   was  v a r i e d   f rom  1  to   6  a t o m  

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

o b t a i n e d .   H i g h e r   m e t a l   "M'"  c o n t e n t   r e d u c e d   t h e   C u r i e  

t e m p e r a t u r e   to   an  u n a c c e p t a b l y   low  v a l u e .  

The  m a g n e t i c   and  t h e r m a l   d a t a   a r e   s u m m a r i z e d  

in  T a b l e   V  b e l o w .   The  m a g n e t i c   p r o p e r t i e s   of  t h e s e  

g l a s s y   a l l o y s   a f t e r   a n n e a l i n g   a r e   p r e s e n t e d   in  T a b l e   V I .  

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

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

g l a s s e s   c o n t a i n i n g   m o l y b d e n u m   ( E x a m p l e   1 ) .  

A  c o m b i n a t i o n   of  low  ac  c o r e   l o s s   and  h i g h  

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

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

b i l i t y   i s   a l s o   shown  to  be  e x c e l l e n t   as  e v i d e n c e d   b y  

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

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

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

and  t h e   l i k e .  

T a b l e   V.  E x a m p l e s   of  t he   room  t e m p e r a t u r e  

s a t u r a t i o n   i n d u c t i o n ,   Bs ,   C u r i e   t e m p e r a t u r e ,   @f,  s a t u r a -  
t i o n   m a g n e t o s t r i c t i o n ,   Xs,  and  t he   f i r s t   c r y s t a l l i z a t i o n  

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

c o m p o s i t i o n   F e 1 0 0 - a - b - c - d M a M ' b B c S i d   w h e r e   M  i s   a t   l e a s t  

one  of  n i c k e l   and  c o b a l t ,   and  M '  =   Cr,   Mo,  W,  V,  Nb,  T a ,  
T i ,   Zr  or   H f .  





T a b l e   VI.  Core   l o s s   ( L ) ,   e x c i t i n g   p o w e r   ( P e )  
and  p e r m e a b i l i t y   (µ)  t a k e n   a t   f  =  50  kHz,   and  Bm=  0 . 1  
T e s l a   on  t h e   h e a t - t r e a t e d   m e t a l l i c   g l a s s e s   h a v i n g   t h e   c o m -  
p o s i t i o n   F e 1 0 0 - a - b - c - d M a M ' b B c S i d  w h e r e   M =  Ni ,   a n d / o r  
Co,  and  M '  =   Cr ,   Mo1,  W,  V,  Nb,  Ta,  T i ,   Zr  or   Hf.  T h e  

a n n e a l i n g   t e m p e r a t u r e s   a r e   i n d i c a t e d   by  Ta  and  t h e  
h o l d i n g   t i m e   is   15  min .   f o r   a l l t h e   m a t e r i a l s .  



T a b l e   V I I .   S a t u r a t i o n   i n d u c t i o n   ( B s ) ,   C u r i e  

t e m p e r a t u r e   (@f) ,   s t a u r a t i o n   m a g n e t o s t r i c t i o n   ( λ s )   and  t h e  

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

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

F e 1 0 0 - a - b - c - d - e N i a M b B c S i d C e  W h e r e   M '  =   Cr ,   Mo,  W,  V,  N b ,  

Ta,  T i ,   or   Z r .  

E x a m p l e   3:  F e - N i - M - B - S i - C   S y s t e m  

R i b b o n s   h a v i n g   c o m p o s i t i o n s   g i v e n   b y  

F e 1 0 0 - a - b - c - d - e N i a M ' b B c S i d C e  w h e r e   M =  Cr ,   Mo,  W,  V,  N b ,  

Ta,   T i ,   o r   Zr  and  h a v i n g   d i m e n s i o n s   a b o u t   1  cm  w i d e  

and  a b o u t   25  to   50  µm  t h i c k   w e r e   f o r m e d   as  in  E x a m p l e   1 .  

The  m e t a l   "M'"  c o n t e n t   was  v a r i e d   f rom  1  to   6  a t o m   p e r -  

c e n t ,   and  t h e   c a r b o n   c o n t e n t   "e"  was  up  to   2  a t o m   p e r -  

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

o b t a i n e d .   The  m e t a l   "M'"  c o n t e n t   g r e a t e r   t h a n   a b o u t  6  

a tom  p e r c e n t   r e d u c e d   t he   C u r i e   t e m p e r a t u r e   to  a n  

u n a c c e p t a b l y   low  v a l u e .  



The  m a g n e t i c   and  t h e r m a l   d a t a   a r e   s u m m a r i z e d  

in  T a b l e   VII   b e l o w .   The  m a g n e t i c   p r o p e r t i e s   of  t h e s e  

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

V I I I .   A  c o m b i n a t i o n   of  low  ac  c o r e   l o s s ,   h i g h   p e r m e -  

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

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

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

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

T a b l e   V I I I .   Core   l o s s   ( L ) ,   e x c i t i n g   p o w e r  

(Pe)   and  p e r m e a b i l i t y   ( µ )   t a k e n   a t   f  =  50  kHz  and  B   = 

0.1  T e s l a   on  t h e   h e a t - t r e a t e d   m e t a l l i c   g l a s s e s   h a v i n g  

the   c o m p o s i t i o n   F e 1 0 0 - a - b - c - d - e N i a M ' b B c S i d C e  w h e r e   M '  =  

Cr,  Mo,  W,   V,  Nb  o r  T a .   A n n e a l i n g   t e m p e r a t u r e s   a r e  

i n d i c a t e d   by  Ta  and  t he   h o l d i n g   t i m e   i s   15  min .   f o r  

a l l   t h e   m a t e r i a l s .  

H a v i n g   t h u s   d e s c r i b e d   t h e   i n v e n t i o n   in  r a t h e r  

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

no t   be  s t r i c t l y   a d h e r e d   to  b u t   t h a t   v a r i o u s   c h a n g e s   a n d  

m o d i f i c a t i o n s   may  s u g g e s t   t h e m s e l v e s   to   one  s k i l l e d   i n  

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

i n v e n t i o n   as  d e f i n e d   by  t he   s u b j o i n e d   c l a i m s .  



1.  A  m e t a l l i c   g l a s s   t h a t   i s   s u b s t a n t i a l l y  

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

a b i l i t y ,   low  m a g n e t o s t r i c t i o n ,   low  c o e r c i v i t y ,   low  a c  

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

c o n s i s t i n g   e s s e n t i a l l y   of  66  to  82  a tom  p e r c e n t   of  i r o n ,  

from  1  to   8  a t o m   p e r c e n t   of  s a i d   i r o n   b e i n g ,   o p t i o n a l l y ,  

r e p l a c e d   w i t h   a t   l e a s t   one   e l e m e n t   s e l e c t e d   f rom  t h e  

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

1  to   6  a tom  p e r c e n t   of  a t   l e a s t   one  e l e m e n t   s e l e c t e d  

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

t u n g s t e n ,   v a n a d i u m ,   n i o b i u m ,   t a n t a l u m ,   t i t a n i u m ,  

z i r c o n i u m   and  h a f n i u m ,   17  to   28  a tom  p e r c e n t   of  b o r o n ,  

f rom  0 .5   to   6  a tom  p e r c e n t   of  s a i d   b o r o n   b e i n g ,  

o p t i o n a l l y ,   r e p l a c e d   w i t h   s i l i c o n   and  up  to  2  a t o m  

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

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

2.  The  m e t a l l i c   g l a s s   of  c l a i m   1,  in  w h i c h   t h e  

m e t a l   c o n s i s t s   e s s e n t i a l l y   of   62  to   79  a tom  p e r c e n t  

i r o n ,   2  to   8  a t o m   p e r c e n t   of  a t   l e a s t   one   e l e m e n t  

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

m i x t u r e s   t h e r e o f ,   and  2  to   4  atom  p e r c e n t   of   a t   l e a s t  

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

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

t a n t a l u m ,   t i t a n i u m ,   z i r c o n i u m   and  h a f n i u m .  

3.  The  m e t a l l i c   g l a s s   of  c l a i m   1,  in  w h i c h  

the   r e p l a c e m e n t   of  b o r o n   w i t h   s i l i c o n   and  c a r b o n   p r o -  
v i d e s   s a i d   g l a s s   w i t h   a  m e t a l l o i d   e l e m e n t   s e l e c t e d   f r o m  

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

.5  to   4  a tom  p e r c e n t   s i l i c o n ,   and  b o r o n   p l u s   s i l i c o n  

t o g e t h e r   w i t h   f rom  0  to   2  a tom  p e r c e n t   c a r b o n .  

4.  The  m e t a l l i c   g l a s s   of   c l a i m   3,  in  w h i c h  

s a i d   m e t a l l o i d   e l e m e n t   r a n g e s   from  17  to   26  a tom  p e r c e n t .  

5.  The  m e t a l l i c   g l a s s   of  c l a i m   1,  c o n s i s t i n g  

e s s e n t i a l l y   of  70  to   79  a tom  p e r c e n t   i r o n ,   a b o u t   2  to   4 

atom  p e r c e n t   of   a t   l e a s t   one  e l e m e n t   s e l e c t e d   f r o m  

the   g r o u p   c o n s i s t i n g   of  n i c k e l ,   c o b a l t   and  m i x t u r e s  

t h e r e o f ,   2  t o   4  a tom  p e r c e n t   of  an  e l e m e n t   s e l e c t e d   f r o m  



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

17  to   22  p e r c e n t   of  an  e l e m e n t   s e l e c t e d   f rom  t h e   g r o u p  

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

6.  An  a l l o y   of  c l a i m   1  w h i c h   is   a t   l e a s t   8 5  

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

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

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

f rom  a b o u t   0 .1   µm  to  0 .3   µm  and  an  a v e r a g e   i n t e r p a r t i c l e  

s p a c i n g   of  a b o u t   1  pm  to  10  µ m .  

7.  An  a l l o y   of  c l a i m   6,  in  w h i c h   s a i d  

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

of   0 . 0 0 5   to   0 . 0 1 .  

8.  The  m e t h o d   of   e n h a n c i n g   t he   m a g n e t i c  

p r o p e r t i e s   of  t he   a l l o y   r e c i t e d   in  c l a i m   1,  c o m p r i s i n g  

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

f o r   a  t ime   s u f f i c i e n t   to   i n d u c e   p r e c i p i t a t i o n   of  d i s -  

c r e t e   p a r t i c l e s   in  s a i d   a m o r p h o u s   m e t a l   m a t r i x .  

9.  A  m e t h o d   as  r e c i t e d   in  c l a i m   8,  w h e r e i n  

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

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

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

c l e s   b e i n g   c o m p o s e d   e s s e n t i a l l y   of  i r o n ,   up  to  22  a t o m  

p e r c e n t   of  s a i d   i r o n   b e i n g   a d a p t e d   to   be  r e p l a c e d   by  a t  

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

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

h a v n i u m ,   s i l i c o n ,   and  c a r b o n .  

10.  A  m e t h o d   as  r e c i t e d   in  c l a i m   8,  w h e r e i n  

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

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

c l e s   h a v i n g   a  c r y s t a l l i n e   Fe3B  s t r u c t u r e ,   s a i d   p a r t i c l e s  

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

14  a tom  p e r c e n t   of  s a i d   i r o n   b e i n g   a d a p t e d   to  b e  

r e p l a c e d   by  a t   l e a s t   one  of  n i c k e l ,   c o b a l t ,   c h r o m i u m ,  

m o l y b d e n u m ,   t u n g s t e n ,   v a n a d i u m ,   n i o b i u m ,   t a n t a l u m ,  

t i t a n i u m ,   z i r c o n i u m ,   and  h a f n i u m ,   and  up  to  2  a t o m  

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

c a r b o n .  
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