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0 2 2 9 4 7 8  

l  

MICROCRYSTALLINE  ALLOYS  PREPARED  FROM  SOLID  STATE 
REACTION  AMORPHOUS  OR  DISORDERED  METAL  ALLOY  POWDERS 

FIELD  OF  THE  INVENTION 

T h i s   i n v e n t i o n   r e l a t e s   to  t h e   p r e p a r a t i o n   o f  
5  m i c r o c r y s t a l l i n e   a l l o y s   f rom  a m o r p h o u s   or  d i s o r d e r e d  

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

a l l o y s   f rom  a m o r p h o u s   or  d i s o r d e r e d   m e t a l   a l l o y   p o w d e r s  
p r e p a r e d   by  t he   i n t e r d i f   f u s i o n   of  i n t i m a t e l y   m i x e d  

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

t h e r e f r o m .  

BACKGROUND  OF  THE  INVENTION 

M i c r o c r y s t a l l i n e   a l l o y s   h a v e   become   of  i n t e r e s t  

15  in  t h e   a r e a   of  s t r u c t u r a l   and  e n g i n e e r e d   m a t e r i a l s   d u e  
to  t h e i r   m e c h a n i c a l ,   p h y s i c a l ,   w e a r   and  c o r r o s i o n  
r e s i s t a n t   p r o p e r t i e s .   T h e s e   a l l o y s   a r e   c h r a c t e r i z e d   b y  

many  r a n d o m   n u c l e a t i o n   s i t e s ,   e a c h   h a v i n g   s e p a r a t e  
c r y s t a l l ' i n i t y ,   bu t   w h o s e   g r o w t h   has   b e e n   i n h i b i t e d ,   d u e  

20  to   t h e   g r o w t h   of  a d j a c e n t   n u c l e a t i o n   s i t e s .   T h i s   i s  
d i f f e r e n t   f rom  t r u e   c r y s t a l l i n e   m a t e r i a l s ,   w h i c h   r e s u l t  
f rom  t h e   c o n t i n u e d   g r o w t h   of  one  n u c l e a t i o n   s i t e ,   f o r m i n g  
a  l o n g e r   r a n g e ,   c o n t i n u o u s   o r d e r e d   s t r u c t u r e .   The  f i n e  
g r a i n e d   s t r u c t u r e   r e s u l t i n g   f r o m   t h e   n u m e r o u s   s m a l l  

25  n u c l e a t i o n   s i t e s   i s   r e s p o n s i b l e   f o r   t h e   i m p r o v e d  
m e c h a n i c a l   and  wear   r e s i s t a n t   p r o p e r t i e s   of  m i c r o -  

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

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

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

a r e   of  s p e c i a l   i n t e r e s t   f o r   u s e   as  t o o l   s t e e l   a l l o y s ,   s u c h  

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

35  t e m p e r a t u r e   p e r f o r m a n c e   and  o x i d a t i o n   r e s i s t a n c e .  
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M i c r o c r y s t a l l i n e   a l l o y s   can  be  formed  by  h e a t - t r e a t i n g   amorphous 

metal  a l l o y   powders  at  a  t e m p e r a t u r e   above  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   of  the  powder.  This  is  done  for  a  per iod  of  time  s u f f i c i e n t  

to  produce  the  m i c r o c r y s t a l l i n e   m a t e r i a l ,   but  not  so  long  as  to  form  a 

s u b s t a n t i a l l y   c r y s t a l l i n e   m a t e r i a l .   The  compos i t iona l   range  of  t h e  

amorphous  a l l o y   m a t e r i a l   is  r e t a i n e d   du r ing   the  m i c r o c r y s t a l   1  i z a t i o n  

h e a t - t r e a t m e n t ,   and  p r e s e n t   in  the  m i c r o c r y s t a l l i n e   ma te r i a l   formed.  The 

compos i t ion   and  homogenei ty   of  the  amorphous  or  d i s o r d e r e d   metal  a l l o y  

powder  p r e c u r s o r ,   t h e r e f o r e ,   d e t e r m i n e   the  degree  to  which  v a r i o u s  

de s i r ed   m i c r o c r y s t a l l i n e   a l l o y   c h a r a c t e r i s t i c s ,   such  as  h a r d n e s s ,  

d u c t i l i t y   and  heat  pe r fo rmance   will   e x i s t   in  the  r e s u l t a n t  

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

The  m a j o r i t y   of  amorphous  metal  a l l oy   m a t e r i a l s   are  p repared   by 

rapid  s o l i d i f i c a t i o n   p r o c e s s i n g   (RSP)  from  a  molten  p r e c u r s o r   phase.   The 

amorphous  metal  a l l o y   m a t e r i a l   is  then  h e a t - t r e a t e d   at  a  t e m p e r a t u r e  

above  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   of  the  ma te r i a l   for  a  t i m e  

n e c e s s a r y   to  form  i t s   m i c r o c r y s t a l l i n e   c o u n t e r p a r t .  

The  RSP  t e c h n i q u e   to  form  amorphous  metal  a l l oys   has  found  g r e a t  

commercial  s u c c e s s ,   as  a  v a r i e t y   of  known  a l loys   can  be  manufac tured   by 

th i s   t e c h n i q u e   in  v a r i o u s   forms  such  as  thin  f i lms ,   r ibbons   and  w i r e s .  

The  t e c h n i q u e   i nvo lves   s u b j e c t i n g   a  melt  of  the  amorphous  metal  a l l o y  

compos i t ion   to  be  made  to  rap id   coo l i ng   r a t e s   on  the  order   o f  
105 -107°C/ sec .   One  example  of  t h i s   method  is  taught   by  United  S t a t e s  

Pa ten t   No.  3 ,856 ,513   to  Chen  et  al  .  ,  which  d i s c l o s e s   d i r e c t i n g   a  s t r e a m  

of  the  molten  metal  in to   the  nip  of  r o t a t i n g   double  r o l l s   ma in ta ined   a t  

room  t e m p e r a t u r e ,   which  quenchs  the  metal  in-  the  form  of  an  amorphous 

r ibbon ,   thin  f i lm,   wire ,   or  p l a t e l e t .   To  ob ta in   an  amorphous  o r  

d i s o r d e r e d   metal  a l l o y   powder  from  an  RSP-prepared  m a t e r i a l   r e q u i r e s  

m e c h a n i c a l l y   r educ ing   the  amorphous  metal  a l loy   ma te r i a l   as  by  c h i p p i n g ,  

c r u s h i n g ,   g r i n d i n g   or  ball  m i l l i n g .   The  r e s u l t a n t   powder  is  t h e n  

h e a t - t r e a t e d   at  a  t e m p e r a t u r e   above  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   o f  

the  amorphous  metal  a l l oy   for  a  pe r iod   of  time  neces sa ry   to  c a u s e  

m i c r o c r y s t a l   1  i z a t i o n   to  o c c u r .  
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United  S ta tes   Pa t en t s   Nos.  4 ,400,212  and  4 ,410 ,490   to  Ray 

d i s c l o s e   the  p roduc t ion   of  c o b a l t - c h r o m i u m - c a r b o n   and 

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

the  RSP  method  de sc r i bed   above.  United  S ta tes   Patent   No.  4 , 4 7 3 , 4 0 2 ,   a l s o  

to  Ray,  d i s c l o s e s   the  c o n s o l i d a t i o n ,   as  by  hot  e x t r u s i o n   or  cold  p r e s s i n g  

and  s i n t e r i n g ,   of  amorphous  powder  c o b a l t - c h r o m i u m - c a r b i d e   c o m p o s i t i o n s  

prepared  by  the  RSP  t echn ique   to  produce  m i c r o c r y s t a l l i n e   a l l o y s .   Ray 

r epor t s   a  range  of  m i c r o c r y s t a l l i n e   a l loy   mater ia l   compos i t ions   which  i s  

wider  than  p r e v i o u s l y   achieved  compos i t ion   ranges.   This  is  due  to  t h e  

use  of  the  RSP-rapid  quench  t e c h n i q u e ,   which  allows  the  d i r e c t  

s t a b i l i z a t i o n   of  a  high  t e m p e r a t u r e   phase,  in  this  case  an  amorphous 

phase,  from  the  melt  s t a t e ,   to  form  the  amorphous  a l loy .   S t a b i l i z a t i o n   by 

slower  t empera tu re   r e d u c t i o n   would  y i e ld   a  to ta l   or  near ly   t o t a l  

e q u i l i b r i u m   s t a t e   and  may  a lso   cause  c r y s t a l l i z a t i o n   to  occur .   Ray 

prepares   his  a l l o y s ,   in  all  th ree   p a t e n t s ,   by  melt  sp inning  t e c h n i q u e s .  

The  r e s u l t a n t   a l loy   is  c h e m i c a l l y   homogeneous  and  in  r ibbon  form,  and 

must  be  comminuted  to  powder  form  p r io r   to  h e a t - t r e a t m e n t   to  produce  t h e  

m i c r o c r y s t a l l i n e   a l l oy .   The  comminution  r e s u l t s   in  some  loss  o f  

homogeneity  1n  the  r e s u l t i n g   amorphous  metal  a l loy   powder,  th i s   d e c r e a s e  

in  homogeneity  becoming  a  c h a r a c t e r i s t i c   of  the  m i c r o c r y s t a l l i n e   phase  o f  

the  composi t ion   formed  by  th is   p r o c e s s .  

The  Journal   of  M a t e r i a l s   Sc ience ,   16,  1981,  at  pages  2 9 2 4 - 2 9 3 0 ,  

conta ins   two  a r t i c l e s   by  Ray,  "High  S t r eng th   M i c r o c r y s t a l l i n e   A l l o y s  

Prepared  by  D e v i t r i f i c a t i o n   of  M e t a l l i c   Glass , "   and  " D e v i t r i f i c a t i o n / H o t  

C o n s o l i d a t i o n   of  Me ta l l i c   Glass:   A  New  Mate r i a l s   Technology  via  Rapid  

S o l i d i f i c a t i o n   P r o c e s s i n g . "   These  a r t i c l e s   d i s c l o s e   a  process   f o r  

crushing  the  amorphous  metal  a l l oy   melt  spun-RSP  r ibbons  to  powders  and 

hot  p re s s ing   the  powders  to  the  d e s i r e d   m i c r o c r y s t a l l i n e   fo rm.  

Mic roc rys t a l   1  i z a t i on   occurs  dur ing  the  hot  p ress ing   p roces s ,   combining  a 

bulk  forming  process  with  the  heat  t r e a t i n g   necessary   to  form  t h e  

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



0 2 2 9 4 7 8  

4  (SEM-P-7454) 

The  RSP  process   for  making  amorphous  metal  a l l o y s ,   which  has  

been  d i s c u s s e d   here in   above,  s u f f e r s   from  the  d i s a d v a n t a g e   tha t   t h e  

so - fo rmed   amorphous  a l l oy   is  produced  in  a  l i m i t e d   shape,  tha t   is  as  a 

t h i n - f i l m   such  as  a  r ibbon ,   wire  or  p l a t e l e t .   While  there   are  a  few 

d i r e c t   uses  for  amorphous  metal  r i b b o n s ,   most  o f t en   a  comminution  step  i s  

r e q u i r e d   to  ob t a in   a  more  r e a d i l y   usable   amorphous  a l loy   powder,  as  I s  

r e q u i r e d   to  p r epa re   m i c r o c r y s t a l l i n e   a l l o y s .   The  comminution  step  o f t e n  

r e s u l t s ,   to  some  e x t e n t ,   in  a  loss  of  homogenei ty   between  the  ribbon  and 

powder  s t a g e s .   F u r t h e r ,   comminution  of  the  amorphous  a l l o y ,   and 

s u b s e q u e n t   r e c o m b i n a t i o n   in  a  d e s i r e d   bulk  shape,   is  a  d i f f i c u l t   p r o c e s s  

when  i t   is  r e a l i z e d   tha t   most  amorphous  metal  a l l oys   have  high  mechan ica l  

s t r e n g t h s   and  a lso   possess   high  h a r d n e s s e s .  

While  RSP  t e c h n i q u e s   do  somewhat  i n c r e a s e   the  range  o f  

m i c r o c r y s t a l l i n e   a l loy   compos i t ions   o b t a i n a b l e   over  tha t   of  a  t o t a l  

e q u i l i b r i u m   s t a t e   system,  the  range  remains  r a t h e r   narrow,  as  the  m e l t  

phase  of  the  amorphous  a l loy   p r e c u r s o r   m a t e r i a l   is  not  far   removed  f rom 

the  e q u i l i b r i u m   p h a s e .  

An  a l t e r n a t i v e   method  to  RSP  t e c h n i q u e s   is  the  use  of  s o l i d  

s t a t e   r e a c t i o n   p roce s se s   to  produce  amorphous  or  d i s o r d e r e d   metal  a l l o y  

powders.   Such  a  process   is  d i s c l o s e d   in  I n t e r n a t i o n a l   A p p l i c a t i o n   Number 

PCT/US84/00035,  p u b l i s h e d   under  the  Pa t en t   Coopera t ion   Treaty ,   to  Johnson  

et  al  .  The  process   d i s c l o s e d   t h e r e i n   r e l a t e s   to  the  p roduc t ion   o f  

amorphous  or  f ine   c r y s t a l l i n e   m a t e r i a l s   by  s o l i d   s t a t e   r e a c t i o n s .   Th i s  

p rocess   comprises   c o n t a c t i n g   two  or  more  m a t e r i a l s   such  tha t   they  unde rgo  

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

a n o t h e r ,   and  hea t i ng   the  m a t e r i a l s   at  a  t e m p e r a t u r e   which  permits   t h e  

chemical   r e a c t i o n   to  occur ,   thus  forming  a  m e t a s t a b l e   so l i d .   React ing  a t  

a  t e m p e r a t u r e   near  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   may  form  a  f i n e  

c r y s t a l l i n e   a l l o y .   This  process   f u r t h e r   r e q u i r e s   that   the  phase  formed 

have  a  lower  f ree   energy  than  the  sum  of  the  f ree   energ ies   of  t h e  

s t a r t i n g   c o m p o n e n t s .  
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What  is  l ack ing   1n  the  area  of  m i c r o c r y s t a l l i n e   a l l o y  

-epa ra t lon   from  powders  Is  a  simple  p rocess   for  the  d i r e c t   f o rma t ion   o f  

large  v a r i e t y   of  m i c r o c r y s t a l l i n e   a l l oy   compos i t ions   from  amorphous  o r  

i sordered   metal  a l loy   powders.  E s p e c i a l l y   lacking  is  a  simple  p r o c e s s  

lat  would  s y n t h e s i z e   amorphous  metal  a l l oy   m a t e r i a l s   d i r e c t l y   as  powders  

hich  may  undergo  immediate  heat   t r e a t m e n t   to  produce  m i c r o c r y s t a l l i n e  

Hoys  wi thout   loss  of  h o m o g e n e i t y .  

Hence,  it  1s  one  o b j e c t   of  the  p r e s e n t   i nven t ion   to  p r o v i d e  

ovel  m i c r o c r y s t a l l i n e   a l l oy   c o m p o s i t i o n s .  

It  is  ano ther   o b j e c t   of  the  p r e s e n t   inven t ion   to  provide   a 

1mple  process   for  the  p r e p a r a t i o n   of  a  l a rge   v a r i e t y   of  homogeneous 

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

These  and  a d d i t i o n a l   o b j e c t s   of  the  p resen t   i n v e n t i o n   w i l l  

lecome  apparen t   1n  the  d e s c r i p t i o n   of  the  i nven t ion   and  examples  t h a t  

rol  low. 

SUMMARY  OF  THE  INVENTION 

The  p re sen t   i n v e n t i o n   r e l a t e s   to  a  process   for  the  s y n t h e s i s   o f  

a  m i c r o c r y s t a l l i n e   a l l o y ,   compr i s ing   heat  t r e a t i n g   a  s u b s t a n t i a l l y  

amorphous  or  d i s o r d e r e d   metal  a l l o y   powder,  prepared  by  t h e  

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

s ta te   r e a c t i o n   p r o c e s s ,   at  a  t e m p e r a t u r e   s u f f i c i e n t l y   above  t h e  

c r y s t a l l i z a t i o n   t empera tu re   to  form  the  m i c r o c r y s t a l l i n e   a l l o y .  

The  i nven t ion   f u r t h e r   r e l a t e s   to  a  m i c r o c r y s t a l l i n e   a l l o y  

prepared  by  h e a t - t r e a t i n g   a  s u b s t a n t i a l l y   amorphous  or  d i s o r d e r e d   me ta l  

a l loy  powder,  prepared  by  the  i n t e r d i f f u s i o n   of  i n t i m a t e l y   mixed 

p recursor   m a t e r i a l s   during  a  so l i d   s t a t e   r e a c t i o n   p rocess ,   at  a 

tempera ture   s u f f i c i e n t l y   above  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   to  form 

the  m i c r o c r y s t a l l i n e   a l l o y .  
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Also,  the  i n v e n t i o n   r e l a t e s   to  a  m i c r o c r y s t a l l i n e   a l l o y  

c h a r a c t e r i z e d   in  tha t   the  f ree   energy  of  the  a l l oy   is  g r e a t e r   than  t h a t  

of  a  r a p i d l y   s o l i d i f i e d   m a t e r i a l   of  about  the  same  compos i t i on ,   and  a 

p roces s   for   producing  the  same.  

DETAILED  DESCRIPTION 

In  accordance   with  th i s   i n v e n t i o n ,   the re   are  provided  novel  

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

amorphous  or  d i s o r d e r e d   metal  a l l o y   powder  p r e c u r s o r s   p repared   by  s o l i d  

s t a t e   r e a c t i o n   methods.  The  phrase  " m i c r o c r y s t a l l i n e   a l loy"   as  used  

h e r e i n   r e f e r s   to  an  a l l oy   m a t e r i a l   c h a r a c t e r i z e d   by  a  c r y s t a l l i n e   g r a i n  
s ize   of  about   0.01  microns  to  about  1.0  microns .   The  phrase  "amorphous 

metal  a l l o y "   connotes  amorphous  metal  - c o n t a i n i n g   a l loys   tha t   may  a l s o  

comprise   n o n m e t a l l i c   e l emen t s .   The  term  " s u b s t a n t i a l l y "   with  r e s p e c t   t o  

the  amorphous  metal  a l l oy   powder  means  tha t   the  powders  used  to  p r e p a r e  
the  m i c r o c r y s t a l l i n e   a l l o y s   are  at  l e a s t   50  pe rcen t   amorphous,  p r e f e r a b l y  
at  l e a s t   80  pe rcen t   amorphous,  and  most  p r e f e r a b l y   about  100  p e r c e n t  

a m o r p h o u s .  

The  p rocesses   d i s c l o s e d   he re in   provide   for  the  fo rmat ion   o f  

m i c r o c r y s t a l l i n e   a l l oys   from  amorphous  or  d i s o r d e r e d   metal  a l loy   powder 

p r e c u r s o r s   p repared   by  so l id   s t a t e   r e a c t i o n   methods.  Solid  s t a t e  

r e a c t i o n   p r e p a r a t i o n   of  the  amorphous  a l loy   produces  the  a l l oy   in  powder 

form,  thus  avoiding  the  need  for  comminution  and  i n c r e a s i n g   r e t e n t i o n   o f  

the  chemical   homogeneity  of  the  amorphous  ma te r i a l   in  the  s u b s e q u e n t l y  

produced  m i c r o c r y s t a l l i n e   a l l o y .   These  so l id   s t a t e   r e a c t i o n   methods 

y i e l d   d i r e c t   s y n t h e s i s   of  amorphous  or  d i s o r d e r e d   metal  a l l o y  

c o m p o s i t i o n s   in  powder  form  far  from  the  e q u i l i b r i u m   compos i t ion .   This  

h igh ly   n o n - e q u i l i b r i u m   s t a t e   i n f l u e n c e s   the  t r a n s f o r m a t i o n   from  amorphous 
metal  a l l o y   powder  to  m i c r o c r y s t a l l i n e   a l loy   in  such  a  manner  that   t h e s e  

p r o c e s s e s   y i e ld   a  m i c r o c r y s t a l l i n e   a l loy   with  i n c r e a s e d   c o m p o s i t i o n a l  

d i v e r s i t y   and  commensurate  d i v e r s i t y   with  r e s p e c t   to  p h y s i c a l  

p r o p e r t i e s   . 
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The  same  p r o c e s s e s   which  are  d i s c l o s e d   here in   to  y i e ld   an  a t o m i c  

;cale  d i s p e r s e m e n t   of  atoms  in  a  h ighly   n o n - e q u i l i b r i u m   s t a t e   a r e  

imenable  to  the  p r o d u c t i o n   of  m i c r o c r y s t a l l i n e   a l l o y s   or  a l l o y  

i m p o s i t i o n s   which  are  I n a c c e s s i b l e   by  RSP  t e chn ique   due  to  the  l i q u i d  

i m m l s c i b l l l t y   of  the  molten  p r e c u r s o r   s t a t e .   A  homogeneous  and 

^ e l l - d i s p e r s e d   a r r angemen t   of  the  a l l o y i n g   atoms  is  o b t a i n a b l e   in  t h i s  

:ype  of  so l id   s t a t e   r e a c t i o n   s y n t h e s i s ,   which  cannot  be  o b t a i n e d   by  RSP 

)rocess1ng  of  immisc ib le   molten  meta l s .   This  is  I n d i c a t i v e   of  t h e  

expanded  c o m p o s i t i o n a l   v a r i e t y   of  m i c r o c r y s t a l l i n e   a l l oys   tha t   a r e  

"eas lb le   from  amorphous  metal  a l loy   powder  p r e c u r s o r s   p r epa red   by  t h e  

solid  s t a t e   r e a c t i o n   p r o c e s s e s   d e s c r i b e d   h e r e i n .  

The  so l id   s t a t e   r e a c t i o n   employed  can  vary  depending  on  t h e  

j e s i r e d   a l loy   compos i t i on   and  p r o p e r t i e s .   Some  a d a p t a b l e   so l id   s t a t e  

r eac t ion   methods  inc lude   chemical  r e d u c t i o n   r e a c t i o n s   and  t h e r m a l  

decomposi t ion   r e a c t i o n s .   Each  r e a c t i o n   method  y i e l d s   a  powder  a l l o y  

composi t ion  which  is  formed  by  the  i n t e r d i f f u s i o n   of  the  i n i t i a l  

components  absent   the  n e c e s s i t y   of  chemica l l y   r e a c t i n g   those  i n i t i a l  

components.  This  compos i t i on   may  be  amorphous  or  be  made  amorphous  by 

h e a t - t r e a t i n g   at  a  t e m p e r a t u r e   and  p r e s su re   below  that   n e c e s s a r y   f o r  

c r y s t a l l i z a t i o n .   The  r e s u l t a n t   amorphous  or  d i s o r d e r e d   powder,  as  t a u g h t  

he re in ,   is  s u i t a b l e   to  undergo  h e a t - t r e a t m e n t   to  the  m i c r o c r y s t a l l i n e  

p h a s e .  

Solid  s t a t e   chemical  r e d u c t i o n   for  the  s y n t h e s i s   of  amorphous  o r  

d i s o r d e r e d   metal  a l l oy   powder  p r e c u r s o r s   is  d i s c l o s e d   in  United  S t a t e s  

Patent   No.  4 , 5 3 7 , 6 2 5 ,   e n t i t l e d   "Amorphous  Metal  Alloy  Powders  and 

Syn thes i s   of  Same  by  Sol id  S ta te   Chemical  Reduction  R e a c t i o n s . "   Th i s  

process   comprises   d i s p o s i n g   a  p r e c u r s o r   compound  in  a  l i qu id   medium  and 

reducing  th is   compound  to  ob ta in   a  s u b s t a n t i a l l y   amorphous  metal  a l l o y .  

More  s p e c i f i c a l l y ,   the  p r o c e s s ,   as  d i s c l o s e d ,   Involves   d i s s o l v i n g   t h e  

p r e c u r s o r   compound  In  a  so lven t   to  form  a  s o l u t i o n   and  reducing   t h e  

compound,  wjilch  causes  fo rmat ion   of  a  p r e c i p i t a t e .   This  p r e c i p i t a t e   i s  

an  i n t ima te   mixture  of  the  components  of  the  amorphous  metal  a l loy   to  be 
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y n t h e s i z e d .   The  r e d u c t i o n ,   which  p r e f e r a b l y   occurs  1n  the  absence  o f  

xygen  and  at  a  t e m p e r a t u r e   below  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 ,   can  be 

c c o m p l i s h e d   by  a d d i t i o n   of  a  r educ ing   agent   to  the  s o l u t i o n ,   or  by  o t h e r  

educ ing   methods,   such  as  e l e c t r o c h e m i c a l   r e d u c t i o n   or  p h o t o c a t a l y t i c  

e d u c t i o n .   Subsequent   h e a t - t r e a t m e n t   at  a  t e m p e r a t u r e   below  t h e  

x 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  the  amorphous  metal  a l l oy   to  be  formed 

:auses  t r a n s i t i o n   to  the  amorphous  p h a s e .  

Sol id   s t a t e   thermal  decompos i t i on   is  ano ther   method  by  which 

tmorphous  metal  a l l o y s   may  be  formed.  United  S t a t e s   Pa ten t   No. 

\,  537,  624,  e n t i t l e d   "Amorphous  Metal  Alloy  Powders  and  Syn thes i s   of  Same 

jy  So l id   S t a t e   Decomposi t ion   R e a c t i o n s , "   t eaches   such  a  p rocess .   Th is  

3rocess   i n c l u d e s   the  step  of  t h e r m a l l y   decomposing  a  p r e c u r s o r   compound 

it  a  t e m p e r a t u r e   below  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   of  the  amorphous 

netal  a l l o y   to  be  formed.  The  decompos i t i on   of  the  p r e c u r s o r   m a t e r i a l  

nay  occur   in  a  p a r t i a l   or  fu l l   vacuum,  or  under  an  i n e r t ,   r educ ing ,   o r  

r e a c t i v e   a t m o s p h e r e .   The  p r e c u r s o r   components  may  a l l oy   during  t h e  

d e c o m p o s i t i o n   step  if  the  t e m p e r a t u r e   and  t iming  are  conducive  t o  

a l l o y i n g   of  the  given  components.   When  a l l o y i n g   does  not  take  p l a c e  

dur ing   the  d e c o m p o s i t i o n   s tep ,   a  powder  which  1s  an  i n t ima te   mixture  o f  

the  components   of  the  a l loy   to  be  formed  is  o b t a i n e d .   This  is  t h e n  

s u b s e q u e n t l y   h e a t - t r e a t e d ,   at  a  t e m p e r a t u r e   s u f f i c i e n t l y   below  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   of  the  a l l oy   components ,   to  form  t h e  

amorphous  p h a s e .  

The  so l i d   s t a t e   r e a c t i o n   methods  r e c i t e d   above  y ie ld   amorphous 

or  d i s o r d e r e d   metal  a l loy   powders  in  a  high  n o n - e q u i l i b r i u m   s t a t e .   This  

high  f ree   energy  s t a t e   is  c h a r a c t e r i z e d   by  h igher   molecu la r   d i s o r d e r   t han  

the  melt  phase  employed  with  RSP  for  compounds  having  s i m i l a r  

c o m p o s i t i o n s .   Sol id   s t a t e   r e a c t i o n s   produce  s t ab l e   amorphous  o r  

d i s o r d e r e d   a l l oy   m a t e r i a l s   having  much  g r e a t e r   compos i t iona l   d i v e r s i t y  

than  can  be  o b t a i n e d   using  RSP  t e c h n i q u e s   which  produce  m a t e r i a l s   t h a t  

g e n e r a l l y   c o n s i s t   of  e q u i l i b r i u m   phase  compounds.  
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The  r e s u l t a n t   amorphous  or  d i s o r d e r e d   a l loy   powaer,  emDoaying 

a r i a t i o n s   1n  compos i t ion   due  to  the  high  free  energy  of  th is   m a t e r i a l ,  

s  then  h e a t - t r e a t e d ,   in  accordance  with  this   d i s c l o s u r e ,   to  form  t h e  

l i c r o c r y s t a l l i n e   a l l o y .   Solid  s t a t e   r e a c t i o n   p r o c e s s e s ,   such  as  t h o s e  

l i scussed  above,  i n c r e a s e   the  range  of  composi t ions   tha t   will  e x i s t   i n  

my  given  m i c r o c r y s t a l l i n e   a l l o y .   By  i n c r e a s i n g   the  range  o f  

i m p o s i t i o n s ,   a  commensurate  Increase   in  the  range  of  p r o p e r t i e s ,  

: h a r a c t e r 1 s t i c   to  d i f f e r e n t   compos i t i ons ,   is  ach ieved ,   thus  making  s o l i d  

; tate   r e a c t i o n s   d e s i r a b l e   for  m i c r o c r y s t a l l i n e   a l loy   p r o d u c t i o n .  

The  amorphous  metal  a l loy   powders,  produced  by  the  so l id   s t a t e  

-eac t ions   d i s c u s s e d   above,  or  any  o ther   sol id  s t a t e   r e a c t i o n   methods,   can 

De  compacted  to  a  des i r ed   shape,  or  l e f t   in  the  powder  form,  and 

l e a t - t r e a t e d   to  a  t empera tu re   between  about  0.6  and  0.95  of  the  s o l i d u s  

temperature   of  the  amorphous  or  d i s o r d e r e d   metal  a l l oy   powder  to  p r o d u c e  

the  m i c r o c r y s t a l l i n e   a l loy .   The  h e a t - t r e a t m e n t   process   to  t h e  

n i c r o c r y s t a l l i n e   phase  occurs  over  a  period  of  from  about  1  hour  to  a b o u t  

1,000  hours,   depending  on  the  amorphous  or  d i s o r d e r e d   metal  a l l o y  

composi t ion  used  and  the  t r e a t m e n t   t e m p e r a t u r e .  

SPECIFIC  cXAHrLfcb 

The  fo l lowing   examples  are  p resen ted   to  more  t ho rough ly   e x p l a i n  

the  I n s t a n t   i n v e n t i o n ,   but  are  not  intended  to  be  l i m i t a t i v e   t h e r e o f .  

The  examples  demons t ra te   the  use  of  amorphous  or  d i s o r d e r e d   metal  a l l o y  

powder  p r e c u r s o r s ,   prepared  by  solid  s t a t e   r e a c t i o n   methods,  to  p r o d u c e  

m i c r o c r y s t a l l i n e   a l loys   which  have  the  des i red   p r o p e r t i e s   c h a r a c t e r i s t i c  

of  the  amorphous  or  d i s o r d e r e d   metal  a l loy   powder  p r e c u r s o r s .  

Example  1 

This  example  i l l u s t r a t e s   the  format ion  of  a  m i c r o c r y s t a l l i n e  

a l loy  composi t ion   of  i r o n - n i c k e l   -boron  from  an  amorphous  or  d i s o r d e r e d  

metal  a l loy   powder  prepared  under  sol id  s ta te   r e d u c t i o n   c o n d i t i o n s .  
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About  4  mmol  of  n ickel   c h l o r i d e ,   N1  CI  
2  6H20,  and  about  16 

mmol  of  i ron  c h l o r i d e ,   FeCl2  4H20,  were  d i s s o l v e d   in  about  100  ml  o f  

d i s t i l l e d   water   to  form  a  r e a c t i o n   s o l u t i o n ,   and  then  f i l t e r e d   into  a  500 

ml  f l a s k .   The  r e a c t i o n   s o l u t i o n   was  degassed   with  argon.   An 

a r g o n - d e g a s s e d   s o l u t i o n   of  about  50  mmol  of  NaBH4,  d i s s o l v e d   in  a b o u t  

100  ml  of  d i s t i l l e d   water ,   was  then  added  over  about  a  one  and 

o n e - q u a r t e r   hour  pe r iod .   Immedia te ly   upon  a d d i t i o n   of  the  sodium 

b o r o h y d r i d e   s o l u t i o n ,   hydrogen  gas  was  evolved  from  the  s o l u t i o n   and  a 

b lack ,   magne t ic   p r e c i p i t a t e   was  formed.  Af te r   the  a d d i t i o n   was 

comple t ed ,   the  r e a c t i o n   s o l u t i o n   was  s t i r r e d   for  about   16  hours  to  i n s u r e  

t h a t   the  r e a c t i o n   had  gone  to  c o m p l e t i o n .   The  s o l u t i o n   was  c a n n u l a t e d  

away  from  the  p r e c i p i t a t e   and  the  p r e c i p i t a t e   was  then  washed  with  two  50 

ml  p o r t i o n s   of  d i s t i l l e d   water .   The  p r e c i p i t a t e   was  then  dr ied   under  a 

vacuum  at  about  60°C  for  about  four  hours .   In  t h i s   c o n d i t i o n ,   the  b l a c k  

p r e c i p i t a t e   powder  r e a c t s   v i g o r o u s l y   upon  exposure   to  oxygen,  and  so 

should  be  ma in t a ined   in  the  absence  of  o x y g e n .  

The  powder  was  then  t r a n s f e r r e d   under  i n e r t   c o n d i t i o n s   to  a 

q u a r t z   tube ,   which  was  sea led   under  vacuum,  and  was  h e a t - t r e a t e d   at  a b o u t  

290°C  for   264  hours.   This  produced  a  powder  c o n s i s t i n g   s u b s t a n t i a l l y   o f  

amorphous  m a t e r i a l .  

A  po r t i on   of  the  powder  was  f u r t h e r   h e a t - t r e a t e d   at  about  900°C 

for   one  hour  to  produce  a  s i l v e r ,   cohes ive   a g g l o m e r a t i o n   which  r e a c t e d  

s l i g h t l y   upon  exposure  to  oxygen .  

X-ray  d i f f r a c t i o n   data  of  the  m a t e r i a l   i n d i c a t e d   a 

m i c r o c r y s t a l l i n e   a l loy   of  the  approx imate   c o m p o s i t i o n   FegNi2B 
c o n s i s t i n g   of  m u l t i p l e   p h a s e s .  

Example  2 

The  procedure   d e s c r i b e d   in  Example  1  was  r epea ted   with  the  

e x c e p t i o n   tha t   the  h e a t - t r e a t m e n t   of  the  amorphous  or  d i s o r d e r e d   metal  

a l l o y   powder  to  form  the  m i c r o c r y s t a l l i n e   a l l o y   was  c a r r i e d   out  at  abou t  
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500°C  for  about  one  hour.  The  r e s u l t a n t   a l loy   was  de te rmined   to  be 

n i c r o c r y s t a l   1  ine  and  to  have  about  the  same  c o m p o s i t i o n ,   FegNi2B,  as  

in  Example  1.  This  I l l u s t r a t e s   that   the  t empera tu re   of  t h i s  

N e a t - t r e a t m e n t   need  only  be  s u f f i c i e n t l y   above  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 ,   and  that   a  broad  range  of  t empe ra tu r e s   beyond  t h e  

c r y s t a l l i z a t i o n   t empera tu re   may  be  employed.  This  t e m p e r a t u r e   range  w i l l  

vary,  of  course ,   depending  on  the  e lemental   components  of  a  g i v e n  

amorphous  metal  a l loy   powder  p r e c u r s o r .  

Example  3 

About  9.10g  (45.75  mmol)  of  FeCl2  4H20  and  2.856g  (12  mmol) 

of  CoC12  6H20  were  d i s s o l v e d   in  300  ml  of  d i s t i l l e d   wate r .   Th i s  

s o l u t i o n   was  f i l t e r e d   into  a  1  l i t e r   Schlenk  f l a s k   and  degassed  w i t h  

argon.  Agains t   a  c o u n t e r f l o w   of  argon,  1.623g  of  neodymium  powder  ( 1 1 . 2 5  

mmol)  was  added.  To  th is   r a p i d l y   s t i r r e d   suspens ion   a  degassed   s o l u t i o n  

of  5.49g  (144  mmol)  of  NaBH^,  in  200  ml  of  d i s t i l l e d   wa te r ,   was  added 

dropwlse  over  a  1  hour  pe r iod .   After  s t i r r i n g   o v e r n i g h t ,   the  s o l u t i o n  

was  c annu l a t ed   away  from  a  black  neodyml  urn-conta in ing   p r e c i p i t a t e  

mix ture .   This  mixture  was  then  washed  with  two  100  ml  p o r t i o n s   o f  

d i s t i l l e d   water  and  dr ied  under  vacuum  at  60°C  for  4  hours .   Under 

vacuum,  th is   ma te r i a l   was  heated  to  200°C  for  20.5  hours  to  remove  any 

H2  from  the  powder.  The  ma te r i a l   was  then  sealed  in  a  qua r t z   tube  and 

h e a t - t r e a t e d   at  840°C  to  produce  a  m i c r o c r y s t a l l i n e   m a t e r i a l   of  t h e  

compos i t ion   Nd^Feg^Co-jgBg.  

Example  4 

In  an  argon  f i l l e d   dry  box,  6.306g  of  a  copper  powder 

p r e c i p i t a t e   of  high  sur face   area,   prepared  by  the  r e a c t i o n   o f  

CuCl2.2H20  and  NaBH  ̂ In  water  at  room  t empera tu re   under  i n e r t  

c o n d i t i o n s ,   was  added  to  a  t e t r a h y d r o g e n a t i o n   s o l u t i o n   of  0.246g  o f  

W(CO),.  while  s t i r r i n g   r a p i d l y .   The  so lvent   was  removed,  and  t he  
O 

r e s u l t a n t   dry  powder  mixture  was  sealed  under  vacuum  In  a  quar tz   t u b e .  
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The  m a t e r i a l   was  heat   t r e a t e d   at  200°C  for  two  hours  fo l lowed  fay  h e a t i n g  
for  22  hours  at  300°C.  Elemental  a n a l y s i s   i n d i c a t e d   tha t   the  r e s u l t a n t  

->wder,  which  had  an  atomic  percent   of  Cugg  3WQ  7,  con ta ined   a b o u t  

2.7  weight   p e r c e n t   t ungs t en   ( c a l c u l a t e d   2.0  weight  pe rcen t   t u n g s t e n ) .  

Only  copper  l i ne s   were  observed  by  x-ray  a n a l y s i s .   S u b s e q u e n t  
h e a t - t r e a t m e n t   of  t h i s   d i s o r d e r e d   metal  powder  at  e l e v a t e d   t e m p e r a t u r e s ,  
above  the  c r y s t a l l i z a t i o n   t empera tu re   of  the  powder,  produced  a 

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

The  a b o v e - d e s c r i b e d   examples  demons t r a t e   the  f o r m a t i o n   o f  

m i c r o c r y s t a l l i n e   a l l o y   compos i t ions   from  amorphous  or  d i s o r d e r e d   m e t a l  

a l l oy   powder  p r e c u r s o r s   prepared  by  so l id   s t a t e   r e a c t i o n   methods.   T h i s  

novel  a p p l i c a t i o n   of  so l id   s t a t e   r e a c t i o n   methods  to  form  p a r t i c u l a t e  

p r e c u r s o r   compounds  as  amorphous  or  d i s o r d e r e d   metal  a l l oy   p o w d e r s ,  

e x i s t i n g   in  a  high  f ree   energy  s t a t e ,   fo l lowed  by  mi  c r o c r y s t a l l   i z a t i o n  

h e a t - t r e a t m e n t   p r o c e s s i n g ,   may  f a c i l i t a t e   r e t e n t i o n   of  some  of  the  h i g h l y  
d i s o r d e r e d   s t a t e   of  the  system  in  the  r e s u l t a n t   m i c r o c r y s t a l l i n e   a l l o y  
m a t e r i a l .   This  i n c r e a s e s   compos i t iona l   v a r i a t i o n   over  p r i o r   known 

methods  of  m i c r o c r y s t a l l i n e   a l loy   p r e p a r a t i o n ,   and  is  a  s imple r   method 

than  those  p r e v i o u s l y   u t i l i z e d .   Fu r the r ,   these  m a t e r i a l s   and  p r o c e s s i n g  
t e c h n i q u e s   may  a l so   make  r e s u l t a n t   m a t e r i a l s   useful   as  s t r e n g t h e n i n g  
a ids .   M a t e r i a l s   which  could  be  a l t e r e d   to  produce  novel  compos i t e s   may 
inc lude   c r y s t a l l i n e   metal  powders,  ceramics  and  p l a s t i c s .  

The  scope  of  th is   i nven t ion   is  in tended  to  inc lude  m o d i f i c a t i o n s  
and  v a r i a t i o n s   commensurate  with  the  scope  of  the  appended  c l a ims .   The 

p a r a m e t e r s   he re in   p r e s e n t e d ,   such  as  t empe ra tu r e s   above  and  be low 

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  time  per iods   a p p r o p r i a t e   to  amorphous  
a l l o y   and  m i c r o c r y s t a l l i n e   a l loy   fo rma t ion ,   as  well  as  the  i d e n t i f i e d  
so l id   s t a t e   r e a c t i o n   methods,  are  not  in tended  to  be  l i m i t a t i v e .  



LAIMS  : 

A  p r o c e s s   f o r   t h e   s y n t h e s i s   of  a  m i c r o -  

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

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

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

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

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

A  p r o c e s s   as   c l a i m e d   in  c l a i m   1  c h a r a c t e r i s e d  

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

e d u c t i o n   r e a c t i o n .  

A  p r o c e s s   as  c l a i m e d   in  c l a i m   1  c h a r a c t e r i s e d   i n  

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

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

i.  A  p r o c e s s   as   c l a i m e d   in  any  of  c l a i m s   1  to  3 

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

.s  h e a t - t r e a t e d   a t   a  t e m p e r a t u r e   b e t w e e n   a b o u t   0 . 6  

ind  a b o u t   0 . 9 5   of  t h e   s o l i d u s   t e m p e r a t u r e   of  s a i d  

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

3.  A  m i c r o c r y s t a l l i n e   a l l o y   p r e p a r e d   by  h e a t -  

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

i l l o y   p o w d e r   p r e p a r e d   by  a  s o l i d   s t a t e   r e a c t i o n   p r o c e s s  

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

3.  A  m i c r o c r y s t a l l i n e   a l l o y   as  c l a i m e d   in   c l a i m   5 

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

c r y s t a l l i n e   a l l o y   r a n g e s   f rom  a b o u t   0 . 0 1   m i c r o n s   t o  

a b o u t   1 . 0   m i c r o n s .  

7.  A  m i c r o c y s t a l l i n e   a l l o y   c h a r a c t e r i z e d   in  t h a t  

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

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



.  1 

A  p r o c e s s   i o r   m e   s y i i u u c a i o   <=>•  ~ 

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

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

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

D n - e q u i l i b r i u m   s t a t e ,   a t   a  t e m p e r a t u r e   s u f f i c i e n t  

bove   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   to   t r a n s f o r m  

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

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

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

H o y   p o w d e r   i s   r e t a i n e d   in  s a i d   m i c r o c r y s t a l l i n e   a l l o y .  

A  p r o c e s s   as  c l a i m e d   in   c l a i m   8  c h a r a c t e r i s e d  

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

e d u c t i o n   r e a c t i o n .  

.0.  A  p r o c e s s   as  c l a i m e d   in   c l a i m   8  c h a r a c t e r i s e d   i n  

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

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

LI.  A  p r o c e s s   as  c l a i m e d   in   any  of  c l a i m s   8  to  1 0  

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

Ls  h e a t - t r e a t e d   a t   a  t e m p e r a t u r e   b e t w e e n   a b o u t   0 .6   a n d  

i b o u t   0 . 9 5   of  t h e   s o l i d u s   t e m p e r a t u r e   of  s a i d   a m o r p h o u s  

n e t a l   a l l o y   p o w d e r .  

12.  A  m i c r o c r y s t a l l i n e   a l l o y ,   c h a r a c t e r i s e d   in  t h a t  

t h e   f r e e   e n e r g y   of  t h e   a l l o y   i s   g r e a t e r   t h a n   t h a t   of  a  

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

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

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

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

a l l o y .  
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