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©  Fine  grained  metal  composition. 
(57)  A  metal  alloy  composition  having  a  uniform,  fine 
grained  microstructure  comprising  uniform  discrete  sphe- 
roidal  particles  contained  within  a  lower  melting  matrix,  said 
alloy  being  a  magnesium,  ferrous  or  copper  alloy.  The 
composition  is  prepared  by  producing  a  solid  metal  alloy 
composition  having  an  essentially  directional  grain  structure 
and  heating  the  directional  grain  composition  to  a  tempera- 
ture  above  the  solidus  and  below  the  liquidus  to  produce  a 
partially  solid,  partially  liquid  mixture  containing  at  least  0.05 
volume  fraction  liquid.  The  composition,  prior  to  heating, 
has  a  strain  level  introduced  such  that  upon  heating,  the 
mixture  comprises  uniform  discrete  spheroidal  particles 
contained  within  a  lower  melting  matrix.  The  heated  alloy  is 
then  solidified,  the  solidified  composition  having  a  uniform, 
fine  grained  microstructure. 
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  A  metal  alloy  composition  having  a  uniform,  fine 
grained  microstructure  comprising  uniform  discrete  sphe- 
roidal  particles  contained  within  a  lower  melting  matrix,  said 
alloy  being  a  magnesium,  ferrous  or  copper  alloy.  The 
composition  is  prepared  by  producing  a  solid  metal  alloy 
composition  having  an  essentially  directional  grain  structure 
and  heating  the  directional  grain  composition  to  a  tempera- 
ture  above  the  solidus  and  below  the  liquidus  to  produce  a 
partially  solid,  partially  liquid  mixture  containing  at  least  0.05 
volume  fraction  liquid.  The  composition,  prior  to  heating, 
has  a  strain  level  introduced  such  that  upon  heating,  the 
mixture  comprises  uniform  discrete  spheroidal  particles 
contained  within  a  lower  melting  matrix.  The  heated  alloy  is 
then  solidified,  the  solidified  composition  having  a  uniform, 
fine  grained  microstructure. 





This  i n v e n t i o n   r e l a t e s   to  a  meta l   a l l o y  

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

The  advan tages   of  shap ing  me ta l   whi le   in  a  p a r t i a l l y  

s o l i d ,   p a r t i a l l y   l i q u i d   c o n d i t i o n   have  new  become  w e l l  

known.  U.S.  p a t e n t s   3 , 9 4 8 , 6 5 0   and  3 ,954 ,455   d i s c l o s e   a 

p r o c e s s   for  m a k i n g  p o s s i b l e   such  shap ing   p r o c e s s e s   by  t h e  

p r i o r   v igorous   a g i t a t i o n   of  a  meta l   or  metal   a l l oy   w h i l e  

i t   is  in  a  s e m i - s o l i d   c o n d i t i o n .   This  c o n v e r t s   the  n o r -  

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

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

i n  a   l o w e r  m e l t i n g   m a t r i x .   The  r e s u l t i n g   a l l oy   is  c a p a b l e  

of  be ing   shaped  in  a  s e m i - s o l i d   c o n d i t i o n   by  c a s t i n g ,  

f o r g i n g   o r  o t h e r   known  forming   p r o c e s s e s .  

C o n s i d e r a b l e   c o s t   a d v a n t a g e   r e s u l t s   from  p r a c t i c e   o f  

the  f o r e g o i n g   s e m i - s o l i d   t e c h n o l o g y .   However,  i t   is  s u b -  

j e c t   to  c e r t a i n   l i m i t a t i o n s .   The  f i r s t   pa r t   of  the  p r o c e s s  

n o r m a l l y   invo lves   the  p r o d u c t i o n   of  c a s t   bars   having  t h e  

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

l i t y   of  c a s t i n g   d i a m e t e r s   o f  l e s s   than  a b o u t  2 5 . 4   mm  on  a  

p r a c t i c a l   scale   is  very  low  and,  b e c a u s e   of  the  n a t u r e   o f  

the   p roces s   even  were  i t   f e a s i b l e ,   would  r e s u l t   in  e x t r e m e l y  

low  ou tpu t .   Moreover ,   the  c a s t i n g   p r o c e s s   in  may  i n s t a n c e s  

p roduces   cast   bars   which  e x h i b i t  l e s s   than  d e s i r a b l e   s k i n  

m i c r o s t r u c t u r e   which  must  be  t r immed  m e c h a n i c a l l y   or  o t h e r -  

wise  t r e a t e d   for  s u b s e q u e n t   p r o c e s s i n g .   In  a d d i t i o n ,   t h e  



g e n e r a t i o n   of  d i a m e t e r s   of  v a r y i n g   s ize   is  cumbersome  and  

e x p e n s i v e   s ince   each  d i a m e t e r   n e c e s s i t a t e s   a  c o m p l e t e  

c a s t i n g   cyc le   i n c l u d i n g   s e t - u p ,   mold  p r e p a r a t i o n   and  r u n n -  

iag ,   F l e x i b i l i t y   i s ,   t h e r e f o r e ,   low.  

I t   is  a c c o r d i n g l y   a  p r imary   o b j e c t   of  the  p r e s e n t  

i n v e n t i o n   to  p rov ide   a  ms ta l   c o m p o s i t i o n   having  a  u n i f o r m ,  

f ine   g r a i n e d   m i c r o s t r u c t u r e   which  is  u n o b t a i n a b l e   from  any  

p r i o r   meta l   forming  p r o c e s s e s .  

I t   is  an  a d d i t i o n a l   o b j e c t   of  the  i n v e n t i o n   t o  

p r o v i d e   a  metal   a l l o y   c o m p o s i t i o n   which may  be  f o r m e d  

in  a  p a r t i a l l y   s o l i d ,   p a r t i a l l y   l i q u i d   c o n d i t i o n .  

I t   is  an  a d d i t i o n a l   o b j e c t   of  the  i n v e n t i o n   to  p r o v i d e  

such  a  c o m p o s i t i o n   which  does  not   r e q u i r e   the  v i g o r o u s  

a g i t a t i o n   of  the  meta l   c o m p o s i t i o n   dur ing   i t s   p r e p a r a t i o n .  

The  f o r e g o i n g   and  o t h e r   o b j e c t s   of  the  i n v e n t i o n   a r e  

ach ieved   in  a  metal  a l l o y   c o m p o s i t i o n   having  a  uniform,   f i n e  

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

p a r t i c l e s   con ta ined   w i t h i n   a  lower  me l t i ng   ma t r ix ,   s a id   a l l o y  

being  a  magnesium,  f e r r o u s   or  copper   a l l oy   p repared   by  p r o -  

ducing  a  s o l i d   metal  a l l o y   c o m p o s i t i o n   having  an  e s s e n t i a l l y  

d i r e c t i o n a l   gra in   s t r u c t u r e   h e a t i n g   said  d i r e c t i o n a l   g r a i n  

compos i t i on   to  a  t e m p e r a t u r e   above  the  s o l i d u s   and  below  t h e  

l i q u i d u s   to  produce  a  p a r t i a l l y   s o l i d ,   p a r t i a l l y   l i q u i d  

m i x t u r e ,   c o n t a i n i n g   at  l e a s t   0.05  volume  f r a c t i o n   l i q u i d ,  
sa id   compos i t ion   p r i o r   to  h e a t i n g   having  a  s t r a i n   l e v e l  

i n t r o d u c e d   such  tha t   upon  h e a t i n g ,   the  mixture   c o m p r i s e s  
uniform  d i s c r e t e   s p h e r o i d a l   p a r t i c l e s   con ta ined   w i th in   a  

m a t r i x   compos i t ion   having  a  lower  me l t i ng   po in t   than  s a i d  

p a r t i c l e s   and  s o l i d i f y i n g   sa id   hea ted   a l loy   c o m p o s i t i o n s .  

The  s o l i d i f i e d   compos i t ion   has  a  uniform,   f ine   g r a i n e d  



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

t i c l e s   c o n t a i n e d   w i t h i n   a  lower  m e l t i n g   m a t r i x .   The 

metal  c o m p o s i t i o n s   p roduced   by  the  f o r e g o i n g   p roces s   h a v e  

a  more  un i fo rm  and  f i n e r   g ra in   s t r u c t u r e   than  are  o b t a i n -  

able  by  any  o t h e r   known  p r o c e s s .  

The  i n v e n t i o n   w i l l   be  b e t t e r   u n d e r s t o o d   by  r e f e r e n c e  

to  the  accompanying   drawing  in  w h i c h :  

FIGURE  1  i s   a  t i m e - t e m p e r a t u r e   p r o f i l e   of  a  t y p i c a l  

p r o c e s s   in  a c c o r d a n c e   with  the  p r a c t i c e   of  the  i n v e n t i o n ;  

FIGURES  2  t h r o u g h   14  are  p h o t o m i c r o g r a p h s   showing  t h e  

m i c r o s t r u c t u r e   of  a l l o y s   at  v a r i o u s   s t a g e s   in  the  p r o c e s s  

of  the  i n v e n t i o n .   All  m i c r o g r a p h s   are  at  a  m a g n i f i c a t i o n  

of  100 .  

I t   is  n o r m a l l y   c o n s i d e r e d   e x t r e m e l y   harmful   to  h e a t  

'an  a l l o y   even  a  sma l l   amount  above  i t s   s o l i d u s   t e m p e r a t u r e  

dur ing   hea t   t r e a t i n g   or  s h a p i n g   p r o c e s s e s   ( o t h e r   t h a n  

c a s t i n g )   b e c a u s e   of  g ra in   boundry  m e l t i n g   and  r e s u l t i n g  

e m b r i t t l e n e n t   of  the  me ta l .   Such  m e l t i n g ,   o f t en   r e f e r r e d  

to  as  hot   s h o r t n e s s   or  b u r n i n g ,   a d v e r s e l y   a f f e c t s   w o r k a b i l i t y  

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

There  are  i s o l a t e d   d i s c l o s u r e s   in  the  l i t e r a t u r e   of  e x c e p -  

t i ons   to  the  a v o i d a n c e   of  m e l t i n g  b u t   they  are  l a r g e l y  

v a r i a t i o n s   of  s o l u t i o n i z i n g   p r o c e s s e s   in  which  h e t e r o -  

g e n e i t i e s   are  removed  by  d i s s o l v i n g   them  in  a  ma t r ix   p h a s e .  

For  example,   U.S.  p a t e n t   2 , 2 4 9 , 3 4 9   hea t s   an  aluminum  a l l o y  

to  i n c i p i e n t   f u s i o n   t o   improve  i t s   hot  w o r k a b i l i t y .   U . S .  

p a t e n t s   3 , 9 8 8 , 1 8 0 ,   4 , 1 0 6 , 9 5 6 ,   4 , 0 1 9 , 9 2 7   hea t   an  a l loy   t o  

j u s t   above  the  s o l i d u s   t e m p e r a t u r e   and  hold  t h e  a l l o y   a t  



thac  t e m p e r a t u r e   u n t i l   the  d e n d r i t i c   phase  becomes  g l o b u l a r .  

In  al l   of  t h i s   p r i o r   a r t ,   however ,   the  h e t e r o g e n e i t i e s  

caused  by  m e l t i n g   are  d e l e t e r i o u s   and  must  be  removed  p r i o r  

to  s u b s e q u e n t   w o r k i n g .   The  p r e s e n t   i n v e n t i o n   i n v o l v e s  

a  t e c h n i q u e   for   i n d u c i n g   h e t e r o g e n e i t i e s   in to   the  s t r u c t u r e .  

in  such  a  f a s h i o n   t h a t   the  s t r u c t u r e s   can  be  t r a n s f o r m e d  

in to   a  homogeneous   mix tu re   of  very  uniform  d i s c r e t e   p a r t i c l e s .  

The  p r o d u c t   of  the  p r e s e n t   p r o c e s s   is  a  metal  c o m p o s i t i o n  

having  a  u n i f o r m ,   f ine  g r a i n e d   m i c r o s t r u c t u r e   c o n s i s t i n g  

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

phase.   The  m i c r o s t r u c t u r e   is  more  uniform  and  the  p a r t i c l e s  

are  g e n e r a l l y   r o u n d e r   and  of  s m a l l e r   s ize   than  c o m p a r a b l e  

a l l o y s   of  the  p r i o r   a r t .   In  the  case  o f  a luminum  and  v i r t u a l l y  e v e r y  

otler  alloy  t e s t ed ,   t he se   p a r t i c l e s   are  l e s s   than  30µ  i n  

d i a m e t e r .  

The  p r o c e s s   of  the  i n v e n t i o n   has  a  number  of  v e r y  

s i g n i f i c a n t   a d v a n t a g e s .   C a s t i n g   of  the  s t a r t i n g   b i l l e t   may 

be  c a r r i e d   out   in  a  s i n g l e   c o n v e n i e n t   d i a m e t e r ,   e .g .   152.4  mm, 

at  one  l o c a t i o n   and  r educed   to  any  d e s i r a b l e   s m a l l e r  

d i ame te r   at  the   sane  or  a  second  l o c a t i o n   us ing  c o n v e n t i o n a l  

e x t r u s i o n   e q u i p m e n t   and  t e c h n o l o g y .   The  p r o c e s s   p e r m i t s  

removal  of  any  d e n d r i t i c   e x t e r i o r   skin  on  the  s t a r i n g   b i l l e t  

as  pa r t   of  no rma l   p r a c t i c e   p r i o r   to  e x t r u s i o n   so  t h a t   t h e  

ex t ruded   b i l l e t   e x h i b i t s   no  skin  e f f e c t .   M o r e o v e r ,  t h e  

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

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

ar.d  d i s t r i b u t i o n   r e l a t i v e   to  the  s t a r t i n g  b i l l e t   m i c r o -  

s t r u c t u r e .  

In  the  p r a c t i c e   of  the  p r e s e n t   p r o c e s s ,   a  d i r e c t i o n a l  



gra in   s t r u c t u r e   is  p roduced   by  hot  working  a  metal   c o m p o s i -  

t i o n ,   as  by  e x t r u s i o n ,   r o l l i n g ,   f o r g i n g ,   swaging  or  o t h e r  

means,  at  a  t e m p e r a t u r e   below  the  s o l i d u s   t e m p e r a t u r e .   By 

hot  working  is  meant  any  p r o c e s s   which  d e f o r n s   a  n e t a l   o r  

a l loy   between  the  r 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   ( t y p i c a l l y ,  

7 T s o l i d u s K e l v i n )   and  the  s o l i d u s   t e m p e r a t u r e   ( T s o l i d u s ) ,  

such  t h a t   i t   p roduces   a  s t r i a t e d   or  d i r e c t i o n a l   g r a i n  

s t r u c t u r e .   Accord ing   to  a  p r e f e r r e d   embodiment  of  t h e  

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

by  e x t r u s i o n .   The  e x t r u s i o n   r a t i o   should   no rma l ly   be  

g r e a t e r   than  10/1  to  produce  the  d e s i r e d   d i r e c t i o n a l   g r a i n  

s t r u c t u r e   and  may  range  as  high  as  e c o n o m i c a l l y   p r a c t i c a l .  

We  have  found  u s e f u l   e x t r u s i o n   r a t i o s   f r e q u e n t l y   r a n g e  

from  about  19/1  to  a b o u t  6 0 / 1 .  

A  c r i t i c a l   l e v e l  o f   s t r a i n   must  be  i n t r o d u c e d   in to   t h e  

metal   or  a l l oy   e i t h e r   c o n c u r r e n t l y   wi th   and  as  an  i n t e g r a l  

p a r t   of  the  hot  working  s t e p ,   or  as  a  s e p a r a t e   s t e p  

s u b s e q u e n t   to  hot  working  and  p r i o r   to  h e a t i n g   to  above  

the  s o l i d u s   t e m p e r a t u r e .   S t r a i n   is  i n t r o d u c e d   i n t e g r a l  

with  the  hot  working  o p e r a t i o n ,   for  example ,   by  an  i n - l i n e  

s t r a i g h t e n i n g   o p e r a t i o n ,   by  r a p i d   c h i l l i n g   of  the  hot   w o r k e d  

n a t e r i a l   to  i n t r o d u c e   the rmal   s t r a i n s   or  by  e x t r u d i n g   a t  

lower  t e m p e r a t u r e s   such  as  to  l e a v e   r e s i d u a l   s t r a i n s   i n  

the  ex t ruded   p r o d u c t .   Lower  e x t r u s i o n   or  o t h e r   hot  w o r k i n g  

t a m p e r a t u r e s   tend  to  leave  h i g h e r   r e s i d u a l   s t r a i n s   in  t h e  

e x t r u s i o n   s ince   the  e x t r u s i o n   p r e s s u r e s   go  up  as  t h e  

t e m p e r a t u r e s   go  down,  i . e .   more  ene rgy   is  used  up  by  t h e  

e x t r u s i o n   p r o c e s s .   As  a  s e p a r a t e   s t e p ,   s t r a i n   is  i n t r o d u c e d  

by  cold  working .   Cold  working  o p e r a t i o n s   found  to  be 

e f f e c t i v e   i nc lude   drawing,   s w a g i n g ,   r o l l i n g   and  c o m p r e s s i o n  



or  u p s e t t i n g .   S t r a i n   l eve l   is  meant  to  r e p r e s e n t   any 

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

p rocess   is  c o m p l e t e d .   The  a c t u a l   s t r a i n   l e v e l   w i l l   v a r y  

with  the  s p e c i f i c   me ta l   or  a l l oy   and  with  the  type  and 

c o n d i t i o n s   of  hot  work ing .   In  the  case   of  e x t r u d e d   a luminum 

a l l o y ,   the  s t r a i n   l e v e l   should  be  e q u i v a l e n t   to  at  l e a s t  

a  12%  cold  worked  a l l o y .   In  g e n e r a l ,   the  l e v e l   of  s t r a i n  

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

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

s o l i d ,   p a r t i a l l y   l i q u i d   mix ture   c o m p r i s e s   un i fo rm  d i s c r e t e  

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

m a t r i x   c o m p o s i t i o n .   A l l o y s ,   in  which  the  d i r e c t i o n a l  

g ra in   s t r u c t u r e   is  p roduced   by  hot  working   and  p a r t i c u l a r l y  

by  e x t r u s i o n ,   and  which  are  s e p a r a t e l y   cold  worked,   h a v e  

been  found  to  p o s s e s s   a  p a r t i c u l a r l y   improved  un i fo rm,   f i n e  

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

U p o n  c o m p l e t i o n   of  hot  work ing   and  any  r e q u i r e d   c o l d  

working,   the  a l l o y   is  then  r e h e a t e d   to  a  t e m p e r a t u r e   a b o v e  

the  s o l i d u s   and  below  the  l i q u i d u s .   The  s p e c i f i c   t e m p e r a -  

tu re   is  g e n e r a l l y   such  as  to  p roduce   a  0.05  to  0.8  vo lume  

f r a c t i o n   l i q u i d ,   p r e f e r a b l y   at  l e a s t   0.10  volume  f r a c t i o n  

l i q u i d   and  in  most  c a s e s   a  0.15  to  0.5  volume  f r a c t i o n   l i q u i d .  

The  r e h e a t e d  a l l o y   may  then  be  s o l i d i f i e d   and  again  r e h e a t e d  

for   shap ing   in  a  p a r t i a l l y   s o l i d ,   p a r t i a l l y   l i q u i d   c o n d i t i o n  

or  the  shap ing   s tep   may  be  i n t e g r a l   with  the  o r i g i n a l   r e h e a t  

of  the  a l l o y   t o  a   p a r t i a l l y   s o l i d ,   p a r t i a l l y   l i q u i d   s t a t e .  

The  second  r e h e a t   of  the  a l l oy   may  be  to  a  h i g h e r   f r a c t i o n  

s o l i d   than  the  f i r s t   r e h e a t ,   but  i t   is  p r e f e r a b l e   not  more 

than  0.20  f r a c t i o n   s o l i d   g r e a t e r .  



In  the  p r e f e r r e d   p r a c t i c e   of  the  i n v e n t i o n ,   the  a l l o y  

is  hea t ed   to  a  S e m i - s o l i d   s t a t s   and  shaped  at  the  same  t i m e  

in  a  p re s s   f o r g i n g   o p e r a t i o n .   In  such  a  p r o c e s s ,   the  a l l o y  

charge   is  h e a t e d   to  the  r e q u i s i t e   p a r t i a l l y   s o l i d ,   p a r t i a l l y  

l i q u i d   t e m p e r a t u r e ,   p l a c e d   in  a  die  c a v i t y   and  shaped  u n d e r  

p r e s s u r e .   Both  s h a p i n g   and  s o l i d i f i c a t i o n   times  are  e x t r e m e -  

ly  s h o r t   and  p r e s s u r e s   are  c o m p a r a t i v e l y   low.  This  p r e s s  

f o r g i n g   p r o c e s s   is  more  c o m p l e t e l y   d i s c l o s e d   in  German  a p p l i c a t i o n  

DE-OS  29  29  812  and  DE-OS  29  29  845,  the  d i s c l o s u r e  

of  which  is  hereby  i n c o r p o r a t e d   by  r e f e r e n c e .   Other  s e m i -  

s o l i d   forming  p r o c e s s e s   which  may  be  used  are  die  c a s t i n g ,  

s e n d - s o l i d   e x t r u s i o n   and  r e l a t e d   shap ing   t e c h n i q u e s .  

F igure   1  is  a  t y p i c a l   t i m e - t e m p e r a t u r e   p r o f i l e   of  a  p r o -  

cess  in  a cco rdance   wi th   the  i n v e n t i o n .   The  v e r t i c a l   axis   i s  

t e m p e r a t u r e ;   the  h o r i z o n t a l   axis   is  t ime.   The  graph  is  i n t e n d e d  

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

r a t h e r   than  se t   f o r t h   p r e c i s e   v a l u e s .   As  can  be  seen  from  t h e  

graph,   a  metal   is  me l t ed   and  s o l i d i f i e d   to  form  a  cas t   b i l l e t ,  

e i t h e r   d e n d r i t i c   or  n o n - d e n d r i t i c .   The  cas t   b i l l e t   is  p r e -  

h e a t e d ,   e .g .   a p p r o x i m a t e l y   30  minu tes   for   a  t y p i c a l   a luminum 

c a s t i n g   a l l o y ,   to  above  the  r 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 ,  

ex t ruded   and  quenched  to  p roduce   a  s o l i d   metal   c o m p o s i t i o n  

having  a  d i r e c t i o n a l   g r a in   s t r u c t u r e .   The  ex t ruded   m e t a l  

c o m p o s i t i o n   is  then  cold  worked  at  room  t e m e p r a t u r e   to  i n t r o -  

duce  a  p rope r   l e v e l   of  s t r a i n .   I t  i s   then  r e h e a t e d   above  t h e  

s o l i d u s   t e m p e r a t u r e ,   e .g .   about   100  seconds  for  a  t y p i c a l  

aluminum  a l l o y ,   to  a  s e m i - s o l i d   c o n d i t i o n   and  r a p i d l y   q u e n c h e d .  



The  s t a r t i n g   m a t e r i a l   for  p r a c t i c e   of  t he  p r e sen t   p r o c e s s  

may  b e  a   d e n d r i t i c   metal  or  a l l o y   of  the  type  c o n v e n t i o n a l l y  

c a s t  i n t o   b i l l e t s   or  a  n o n - d e n d r i t i c   meta l   or  a l l oy   of  t h e  

type  in  which  a  b i l l e t   has  been  v i g o r o u s l y   a g i t a t e d  d u r i n g  

f r e e z i n g   in  a cco rdance   with  the  t e a c h i n g s   of  the  a f o r e m e n t i o n e d  

U.S.  p a t e n t   3 , 9 4 8 , 6 5 0 .   Such  a g i t a t i o n   p r o d u c e s   a  s o - c a l l e d  

s l u r r y   c a s t   s t r u c t u r e ,   t h a t   is  one  hav ing   d i s c r e t e ,   d e g e n e r a t e  

d e n d r i t i c   p a r t i c l e s   wi th in   a  lower  m e l t i n g   m a t r i x .   Copend ing  

a p p l i c a t i o n   S.N.  363,621  f i l e d   March  30,  1982,  is  d i r e c t e d   to  a  

p r o c e s s   in  which  the  s t a r t i n g   m a t e r i a l   is  a  b i l l e t   having  a  s l u r r y  

c a s t   s t r u c t u r e   in  which  the  s l u r r y   c a s t   s t r u c t u r e   is  r e h a b i l i t a t e d  

by  h e a t i n g   to  a  s e m i - s o l i d   s t a t e .   The  d i s c l o s u r e   of  said  c o p e n d i n g  

a p p l i c a t i o n   is  hereby  i n c o r p o r a t e d   by  r e f e r e n c e .   B i l l e t s   wh ich  

have  been  p r o d u s e d   under  c o n d i t i o n s   of  v i g o r o u s   a g i t a t i o n   may be 

p r o d u c e d - b y   the  c o n t i n u o u s   d i r e c t   c h i l l   c a s t i n g   p rocess   se t   f o r t h  

in  p u b l i s h e d   B r i t i s h   p a t e n t   a p p l i c a t i o n   2 , 0 4 2 , 3 0 6 A ,   the  d i s -  

c l o s u r e   of  which  is  also  hereby  i n c o r p r o a t e d   by  r e f e r e n c e .  

In  t h a t   a p p l i c a t i o n ,   molten  meta l   is  c o o l e d   wh i l e   i t   i s   v i g o r -  

ous ly   a g i t a t e d   in  a  r o t a t i n g   magne t i c   f i e l d .   The  p r o c e s s  

is  c o n t i n u o u s   and  produces   c o n t i n u o u s   l e n g t h s   of  b i l l e t s  

hav ing   a  d i s c r e t e   d e g e n e r a t e   d e n d r i t i c   s t r u c t u r e .   B i l l e t s  

are  r e f e r r e d   to  below  as  b i l l e t s   which  have  been  c h i l l   c a s t  

u n d e r   a  s h e a r i n g   env i ronment   du r ing   s o l i d i f i c a t i o n   to  d i s t i n -  

gu i sh   t hose   which  have  been  v i g o r o u s l y   a g i t a t e d   from  those   which  

have  n o t .  

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

duced  in  a c c o r d a n c e   with  the  a f o r e m e n t i o n e d   U.S.  p a t e n t  



3 ,948 ,650   and  which  is  also  produced  in  a cco rdance   with  t h e  

p r o c e s s   of  the  p r e s s n t   i n v e n t i o n   may  be  v a r i o u s l y   d e s c r i b e d  

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

a  ma t r i x   c o m p o s i t i o n   having  a  lower  m e l t i n g   po in t   or,  a l t e r -  

n a t i v e l y ,   as  d i s c r e t e   pr imary  phase  p a r t i c l e s   enve loped   by  a  

s o l u t e - r i c h   m a t r i x .   Such  a  s t r u c t u r e   w i l l   h e r e i n a f t e r   be  

d e s c r i b e d   in  a c c o r d a n c e   with  the  f i r s t - m e n t i o n e d   d e s c r i p t i o n ,  

but  i t   should   be  u n d e r s t o o d   t h a t   the  v a r i o u s   d e s c r i p t i o n s  

are  e s s e n t i a l l y   a l t e r n a t i v e   ways  of  d e s c r i b i n g   the  same  m i c r o -  

s t r u c t u r e .  

The  f o l l o w i n g   examples  are  i l l u s t r a t i v e   of  the  p r a c t i c e  

of  the  i n v e n t i o n .   Unless   o t h e r w i s e   i n d i c a t e d ,   a l l   p a r t s   a n d  

p e r c e n t a g e s   are  by  weight   except   for  f r a c t i o n   s o l i d s   w h i c h  

are  by  v o l u m e .  



Example  1 

An  a l u m i n u m   c a s t i n g   a l l o y   (Aluminum  A s s o c i a t i o n   A l l o y  

357)  was  d i r e c t   c h i l l   c a s t   w i t h o u t   s h e a r i n g   to  a  152.4  mm  d i a -  

me te r .   F i g u r e   2  i s   a  m i c r o g r a p h   of  a  c r o s s e c t i o n   of  t h e  

d i r e c t   c h i l l   c a s t   b a r   in  which  i t s   d e n d r i t i c   s t r u c t u r e   i s  

a p p a r e n t .   The  a l l o y   had  the  f o l l o w i n g   p e r c e n t   c o m p o s i t i o n :  

A  s e c t i o n   of   t h e   c a s t   ba r   was  p r e h e a t e d   to  380°C  i n  l e s s  

than  1/2  h o u r   and  e x t r u d e d   at   a  50/1  r a t i o   i n t o   a  22.2  mm 

d i a m e t e r   r o d .   E x t r u s i o n   p r e s s u r e   was  67 ,000   p s i .   The  r o d  

e x i t e d   a t  7 . 6 2 / m i n u t e   and  at  460°C  and  was  fan  q u e n c h e d .   The 

e x t r u d e d   b a r   was  s t r e t c h e d   s t r a i g h t   ( a p p r o x i m a t e l y   1 %  p e m a n -  

ent   s e t )  t o   i n t r o d u c e  s t r a i n   i n t o   the  ba r   as  an  i n t e g r a l   s t e p  

of  the  e x t r u s i o n   p r o c e s s .   F i g u r e   3  is  a  p h o t o m i c r o g r a p h   of  a 

l o n g i t u d i n a l   s e c t i o n   of  the  e x t r u d e d   s t r e t c h e d   b a r .   I t s  

d i r e c t i o n a l  g r a i n   s t r u c t u r e   is  very  e v i d e n t .   The  e x t r u d e d  

samples   were   t h e n   i n d u c t i v e l y   r e h e a t e d   in  a  3,000  Hz  f i e l d   a t  

6.75  kw  in  a  50.8mm  ID  c o i l   by  152.4mm  long  fo r   100=5  s e c o n d s   to  a  

. 7 - . 9   f r a c t i o n   s o l i d   and  i m m e d i a t e l y   w a t e r   q u e n c h e d   to  2 4 ° C .  

These  q u e n c h e d   s a m p l e s   were  m e t a l l o g r a p h i c a l l y   examined   f o r  

p a r t i c l e   s i z e   and  s h a p e .   F i g u r e  4   i s   a  m i c r o g r a p h   cf  a  c r o s s -  

s e c t i o n   of  the   r e h e a t e d   and  quenched   s a m p l e .   F i g .   4  demon-  

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

over  t h a t   o f   t h e   s t a r t i n g   b i l l e t   ( F i g .  2 ) .  I t   f u r t h e r   demon-  

s t r a t e s   t h a t   t he   s e v e r e l y   worked  m i c r o s t r u c t u r e  o f   the  e x t r u d e d  



s e c t i o n   can  b e  c o n v e r t e d   to  a  s l u r r y   m i c r o s t r u c t u r e   by  

h e a t i n g   to  a  0.1  or  h i g h e r   f r a c t i o n   l i q u i d .  

Example  2 

An  a luminum  c a s t i n g   a l l o y   (Aluminum  A s s o c i a t i o n   A l l o y  

357)  was  c a s t  a s   in  Example  1,  p r e h e a t e d   to  3 8 0 ° C . w i t h i n  

1/2  hour   and  e x t r u d e d   i n t o   31.75  mmdiamete r   rod.   The  e x -  

t r u s i o n   p r e s s u r e   was  9840  b a r .   The  rod  e x i t e d   a t  /   4.27m /min- 

u t e   and  500°C  and  was  fan  q u e n c h e d .   The  e x t r u d e d   bar  was  

s t r e t c h e d   s t r a i g h t   a p p r o x i m a t e l y   1%  p e r m a n e n t   s e t .   P o r t i o n s  

of  the  rod  were  t h e n   drawn  36%  to  25.4mm  d i a m e t e r .  Samples  w e r e  

t a k e n   of  the  a s - e x t r u d e d   and  d r a w n  m a t e r i a l   and  i n d u c t i v e l y  

r e h e a t e d   and  p r e s s   f o r g e d   as  in  Example  1  but   t h i s   time  i n t o  

a1.27  mmwall   cup.  F i g u r e   5  is  a  r e p r e s e n t a t i v t e   m i c r o g r a p h  

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

form,   f i n e   g r a i n e d   " s l u r r y - t y p e "   m i c r o s t r u c t u r e .  

Exaample  3 

An  a luminum  w r o u g h t   a l l o y   (Aluminum  A s s o c i a t i o n   A l l o y  

2024)  was  d i r e c t   c h i l l   c a s t ,   h o m o g e n i z e d   (to  r educe   e x t r u s i o n  

p r e s s u r e   and  t e n d e n c y   to  ho t   t e a r   d u r i n g   ho t   work ing)   a n d  
25.4  mm 

e x t r u d e d   to  a  /  d i a m e t e r .   The  a l l o y   had  the  f o l l o w i n g   com-  

p o s i t i o n :  

Samples   of  the  a s - e x t r u d e d   b a r s  w e r e   r e h e a t e d   as  in  E x a m p l e  

1  w h i l e   o t h e r   s amples   of   the   e x t r u d e d   b a r s   were  compres sed   29% 



and  r e h e a t e d .   F i g u r e   6  i s  a   r e p r e s e n t a t i v e   m i c r o g r a p h   o f  

the  f i n a l   r e t e a t e d   bu t   no t   co ld   worked  s a m p l e s .   F igure   7 

is  a  r e p r e s e n t a t i v e   n i c r o g r a p h   of  the  co ld   worked  s a m p l e s .  

I t   i s   a p p a r e n t   t h a t   the   c o l d   worked  s amples   had  a  c o n -  

s i d e r a b l y   more  r e f i n e d   m i c r o s t r u c t u r e   than  the  sample  w h i c h  

had  been   r e h e a t e d   w i t h o u t   c o l d   w o r k .  

E x a m p l e   4 

Exainple  3  was  r e p e a t e d   w i th   an  a luminum  wrought   a l l o y  

(Aluminum  A s s o c i a t i o n   A l l o y   6061)  h a v i n g   the  f o l l o w i n g  

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

A g a i n   m i c r o g r a p h s   were  made  of  samples   which  were  e x t r u d e d  

a n d  r e h e a t e d   and  s a m p l e s   w h i c h   were  e x t r u d e d ,   c o m p r e s s e d   29% 

and  r e h e a t d e .  M i e r o s t r u c t u r e   d i f f e r e n c e s   were  as  se t   f o r t h  

in  Example   3  and  as  i l l u s t r a t e d   by  F i g s .   6  and  7 .  

E x a m p l e   5 

Example   3  was  a g a i n   r e p e a t e d   wi th   an  a luminum  wrough t   a l l o y  

(Rluminum  A s s o c i a t i o n   A l l o y   6262)  h a v i n g   the  f o l l o w i n g   c o m p o s i t -  

i o n :  

C o m p a r a t i v e   r e s u l t s   were  as  s e t   f o r t h   in  Examples   3  and  4 .  



Example  6 

E x a m p l e  5   was  a g a i n  r e p e a t e d   with  an  a luminum  w r o u g h t  

a l l o y   (Aluminum  A s s o c i a t i o n   Al loy   7075)  h a v i n g   the  f o l l o w i n g  

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

R e s u l t s   were  as  s e t   f o r t h   in  Examples  3 - 5 .  

E x a m p l e  7  

An  a l u m i n u m  a l l o y   (Aluminum  A s s o c i a t i o n   A l l o y   357)  was  

d i r e c t  c h i l l   c a s t   u n d e r   a  s h e a r i n g   e n v i r o n m e n t   to  a  152.4  mm  d i a -  

m e t e r .   The  a l l o y   had  the  f o l l o w i n g   p e r c e n t   c o m p o s i t i o n :  

A 559 mm  l e n g t h   was  p r e h e a t e d   to  5 2 0 ° C  i n   l e s s  t h a n   1 / 2  h o u r  a n d  

e x t r u d e d   i n t o   a  22.23 mm  d i a m e t e r   rod.  E x t r u s i o n   p r e s s u r e   was  

7031  bar .   The  rod  e x i t e d   a t  7 . 3 m / m i n u t e   and  at   5 2 0 ° C  a n d  

was  fan  quenched .25 .4  mm sec t i ons   were  then  a x i a l l y  c o m p r e s s e d  

at  room  t e m p e r a t u r e   be tween   two  p a r a l l e l   p l a t e s   s o  t h a t   t h e  

l e n g t h   was  r e d u c e d   5,  10,  and  16%.  Samples  t hen   were  t a k e n   o f  

the  a s - e x t r u d e d   and  the  compressed   s e c t i o n s   and  i n d u c t i v e l y  

r e h e a t e d  i n   a  3,000  Hz  f i e l d   at  6.75  kW  in  a 50.8 mm ID coil  by  152.4  mm 

long  fo r   100=5  s e c o n d s   to  a  . 7 - . 9   f r a c t i o n   s o l i d   and  i m m e d i a -  

t e l y   w a t e r   q u e n c h e d   to  24°C.  These  quenched   s a m p l e s   w e r e  

m e t a l l o g r a p h i c a l l y   examined   for   p a r t i c l e   s i z e   and  s h a p e .  



A 25  gram  25.4 mm section  of  the  e x t r u d e d   b i l l e t   was  t h e n  

a x i a l l y   c o m p r e s s e d   25%  and  p r e s s   f o r g e d   i n t o  a   t h r e a d e d  

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

c o p e n d i n g   a p p l i c a t i o n   S.N.  290 ,217   in  a  p a r t i a l l y   s o l i d ,  

p a r t i a l l y   l i q u i d   c o n d i t i o n .   Rehea t   t ime  was  50  s e c o n d s ,  

f r a c t i o n   s o l i d   was  0 . 8 5 ,   dwel l   t ime  was  0.5  s e c o n d s  a n d   . 

p r e s s u r e   was  1054  bar  w i th   r e s p e c t   to  a t m o s p h e r e .  

P h o t o m i c r o g r a p h s   a t   v a r i o u s   s t a g e s   of  the  p r o c e s s  

were   . t aken .   The  s t a r t i n g   /  d i a m e t e r   b i l l e t   e x h i b i t e d  

p a r t i c l e s   of  a p p r o x i m a t e l y   100  m i c r o n s   d i a m e t e r .   The 

e x t r u d e d   b i l l e t   showed  a  d i r e c t i o n a l   g r a i n   m i c r o s t r u c t u r e  

in  which  the   g r a i n s   were  very  e l o n g a t e d .   M i c r o g r a p h s   o f  

t he   c e n t e r   s e c t i o n   of  r e h e a t e d   b i l l e t s ,   which  were  a s - e x -  

t r u d e d   and  c o m p r e s s e d   5,  10  and  16%  r e s p e c t i v e l y ,   s h o w e d  

t h a t   p a r t i c l e   s i z e   and  shape   c o n t i n u e d   to  improve   as  t h e  

s t r a i n   was  i n c r e a s e d ,   p a r t i c u l a r l y   as  s t r a i n  w a s   i n c r e a s e d  

o v e r   10%.  The  m i c r o s t r u c t u r e   of  a  sample   which   was  com-  

p r e s s e d   25%  and  p r e s s  f o r g e d   i n t o   a  t h r e a d e d   p lug   s h o w e d  

much  f i n e r   s c a l e   m i c r o s t r u c t u r e   and  more  u n i f o r m   s h a p e  

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

compared   w i t h   the   s t a r t i n g   b i l l e t .   I t   a l s o   showed  t h e  

r e m a r k a b l e   i n f l u e n c e  o f   the  r e s i d u a l   s t r a i n   upon  the  r e -  

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

E x a z m l e   8  

The  a luminum  c a s t i n g   a l l o y   of  Example  7  was  d i r e c t   c h i l l  

c a s t   as  in  t h a t   example   to  a  152.4 mm diameter  b i l l e t .   A  559  mm 



s e c t i o n   w a s  p r e h e a t e d   w i t h i n   1/2  h o u r  t o   330°C  (much  l o w e r  

than  Example  1)  and  e x t r u d e d   i n t o   a  28 .58  mm diamete r   r o d .  

E x t r u s i o n   p r e s s u r e s   for  t h i s   rod  were  31639  bar  (much 

g r e a t e r   t han   Example  1).  The  rod  e x i t e d   at  7.01  m  per  minute  490  °C  

and  was  fan   q u e n c h e d .   Samples   were  i n d u c t i v e l y   r e h e a t e d  

to  a  . 7 - . 9   f r a c t i o n   s o l i d   as  in  Example  7  and  wa t e r   q u e n c h e d .  

These  q u e n c h e s   were  m e t a l l o g r a p h i c a l l y   e x a m i n e d   for   p a r t i c l e  

s i z e   and  s h a p e  a n d   found  to   be  s i m i l a r   to  the  r e h e a t e d ,  

c o m p r e s s e d   25%  and  p r e s s   f o r g e d   sample  of  Example  7.  I n  

t h i s   e x t r u s i o n ,   the  c o m b i n a t i o n   of  low  p r e h e a t   T°  (330 °C) 

and  fan  c o o l i n g   p r o d u c e d   s u i t a b l e   r e s i d u a l   s t r a i n   in  t h e  

e x t r u s i o n .  

Example  9 

A  c o p p e r   w r o u g h t   a l l o y   C 5 4 4  o f   4%Zn,  4%Sn,  4%Pb,  b a l a n c e  

c o p p e r ,   was  e x t r u d e d   to  p r o d u c e   a  d i r e c t i o n a l   g r a i n   s t r u c t u r e  

and  cold   r e d u c e d   35%  to  a  25.4 mm  d i a m e t e r .   Samples   of  the  a s -  

e x t r u d e d   b a r s   were  r e h e a t e d   u s i n g   the  p r o c e d u r e   of  Example  1 

but   fo r   l o n g e r   t i m e s ,   t y p i c a l l y   200  s e c o n d s ,   in  o r d e r   to  p r o -  

duce  the  p a r t i a l l y   s o l i d ,   p a r t i a l l y   l i q u i d   s t r u c t u r e   and  p r e s s  

f o r g e d   i n t o   cams  fo r   use  in  w a t e r   pumps.  F ig .   8  i s   a  m i c r o -  

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

Example  10 

C o p p e r   w r o u g h t   a l l o y   C360  c o n t a i n i n g   3.0%  l ead ,   3 5 . 5  

z i n c ,   b a l a n c e   c o p p e r ,   was  e x t r u d e d   and  t hen   co ld   r e d u c e d   a p p r o -  

x i m a t e l y   18%  t o  a   /  d i a m e t e r .   Samples   of  the   co ld   w o r k e d  

e x t r u s i o n   were  r e h e a t e d   as  in  Example  1.  M i c r o g r a p h s   o f  



c r o s s e c t i o n s   of  the  f i n a l   r e h e a t e d   a l l o y   showed  a  m i c r o -  

s t r u c t u r e   very  s i m i l a r   to  t h a t   of  Fig.  8. 

Examples  1 1 - 1 3  

Three  a d d i t i o n a l   copper   a l l o y s   were  hot  worked  t o  

a  small   d i a m e t e r   s u b s t a n t i a l l y   as  d e s c r i b e d   in  the  p r e v i o u s  

examples .   Example  11  was  hot   worked  by  e x t r u s i o n   and  c o l d  

worked  an  a d d i t i o n a l   50%.  Example  12  was  a l so   hot  w o r k e d  

by  e x t r u s i o n   and  cold  worked  an  a d d i t i o n a l   29%.  Example  13 

was  a lso   hot  worked  by  e x t r u s i o n   and  cold  worked  an  a d d i t i o n a l  

20%,  and  then  cold  worked  a p p r o x i m a t e l y   20-25%.  Example  11  

was  a l loy   C110  which  is  99.9%  c o p p e r ,   b a l a n c e   oxygen  a n d  

thus  r e p r e s e n t s   an  a lmost   pure  m e t a l .   Example  12  was 

a l loy   C187  which  is  99%  coppe r   and  1%  lead.   Exarp le   13 

was  a l loy   C360  which  is  60%  c o p p e r ,   3%  l ead ,   ba l ance   z i n c .  

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

forged  or  r e h e a t e d   and  quenched  a l l o y s   are  shown  in  Fig.   9 

(Example  11),   Fig.   10  (Example  12)  and  Fig.  11  (Example  1 3 ) .  

The  a l l oys   of  t h e s e   t h r e e   examples   were  r e h e a t e d   to  a  t e m p -  

e r a t u r e   of  about   1070°C,  980°C  and  390°C  r e s p e c t i v e l y .  

The  m i c r o s t r u c t u r e s   shown  in  t h e s e   m i c r o g r a p h s   show  s u b s t a n t i a l  

g ra in   r e f i n e m e n t   r e l a t i v e   to  compa rab l e   m i c r o s t r u c t u r e s   . 

of  a l l o y s   p roduced   by  v i g o r o u s   a g i t a t i o n   of  the  a l l oy   w h i l e  

in  a  s e m i - s o l i d   c o n d i t i o n .  

E x a m p l e  1 4  

Magnesium  a l l o y   A231B  (4%Al,  1%  Zn,  0.2%  Mn,  ba l ance   Mg) 

was  p r e p a r e d  a n d   hot  worked  as  se t   f o r t h   in  p r e c e d i n g -  

Examples  11-13  and  the  bars   were  then  s u b j e c t e d   to  an  a d d i -  

t i o n a l   12%  c o m p r e s s i v e   cold  work.  Fig.   12  shows  t h e  



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

to  about   610°C  and  q u e n c h e d .  Again,  the  s t r u c t u r e   i s  

s u p e r i o r   in  boch  p a r t i c l e   s ize   and  shape  to  the  most  c l o s e l y  

a n a l o g o u s   a l l o y s   of  the  p r i o r   a r t  -   comparab le   magnes ium 

a l l o y s   p r e p a r e d   by  v igo rous   a g i t a t i o n   du r ing   f r e e z i n g   of  t h e  

a l l o y   whi le   in  s e m i - s o l i d   c o n d i t i o n .  

E x a m p l e  1 5  

S t a i n l e s s   s t e e l   a l l oy   316  (17%  Ni,  12%  Cr,  2.5%  Mo, 

b a l a n c e   Fe)  was  hot  worked  by  hot  r o l l i n g   and  cold  w o r k e d  

an  a d d i t i o n a l   40%.  Fig.  -13  is  a  m ic rog raph   of  a  c r o s s e c t i o n  

of  the  a l l o y   r e h e a t e d   to  about  1380°C  and  quenched .   P a r t i c l e  

s i z e s   are  c o n s i d e r a b l y   f i n e r   and  more  un i fo rm  than  c o m p a r a b l e  

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

Example  16 

A  s t a i n l e s s   s t e e l   a l l o y   440C  ( .95 -1 .2%C,   16-18%  C r ,  

Max  1%  Mn,  Max.  1%Si,  Max.  75%  Mo,  b a l a n c e   Fe)  was  c a s t ,   . 

hot  r o l l e d   and  cold  worked  an  a d d i t i o n a l   20%  by  cold  com- 

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

1330°C  and  quenched  is  shown  in  Fig.  1 4 .  

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

of  the  p r o c e s s   with  a  v a r i e t y   of  aluminum,  coppe r ,   magnes ium 

and  f e r r o u s   a l l o y s ,   the  p r o c e s s   is  a p p l i c a b l e   to  o t h e r   m e t a l s  

and  meta l   a l l o y s   as  long  as  the  metal   is  c a p a b l e   of  f o r m i n g  

a  two-phase   sys tem  having  s o l i d   p a r t i c l e s   in  a  lower  m e l t i n g  

m a t r i x   phase .   R e p r e s e n t a t i v e   a d d i t i o n a l   a l l o y s   which  may 

be  used  are  those   of  n i c k e l ,   c o b a l t ,   l e a d ,   z inc   and  t i t a n i u m .  

The  a l l o y s   may  be  s o - c a l l e d   c a s t i n g   a l l o y s   such  as  a luminum 

a l l o y s   356  and  357  or  wrought  a l l o y s   such  as  aluminum  a l l o y s  

6 0 6 1 ,  2024  and  7075  and  copper   a l l o y s   C544  and  C360. 



1.  A  m e t a l   a l l o y   compos i t ion   c h a r a c t e r i z e d   by  having  a  un i fo rm,   f i n e  

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

c o n t a i n e d   w i t h i n   a  lower  me l t i ng   mat r ix ,   s a id   a l l o y   being  a  magnes ium,  

f e r r o u s   or  copper   a l l o y   p repared   by  

p r o d u c i n g   a  s o l i d  m e t a l   a l l oy   c o m p o s i t i o n   having  an  e s s e n t i a l l y  

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

h e a t i n g   sa id   d i r e c t i o n a l   g ra in   c o m p o s i t i o n   to  a  t e m p e r a t u r e  

above  the   s o l i d u s   and  below  the  l i q u i d u s   to  p roduce   a  p a r t i a l l y   s o l i d ,  

p a r t i a l l y   l i q u i d   mix ture   c o n t a i n i n g   at   l e a s t   0.05  volume  f r a c t i o n   l i q u i d ,  

sa id   c a n p o s i t i o n   p r i o r   to  hea t i ng   having  a  s t r a i n   l eve l   i n t r o d u c e d   s u c h  

t h a t   upon  h e a t i n g ,   the  mix tu re   comprises   un i fo rm  d i s c r e t e   s p h e r o i d a l  

p a r t i c l e s   c o n t a i n e d   w i t h i n   a  ma t r ix   c o m p o s i t i o n   having  a  lower  m e l t i n g  

p o i n t   than   sa id   p a r t i c l e s ,   and 

s o l i d i f y i n g   sa id   hea ted   a l l oy   c o m p o s i t i o n .  

2.  The  me ta l   compos i t i on   of  claim  1  in  which  the   f e r r o u s   a l l o y   i s  

s t a i n l e s s   s t e e l .  

3.  The  m e t a l   c o m p o s i t i o n   of  claim  1  in  which  the   d i r e c t i o n a l   g r a i n  

s t r u c t u r e   is  produced  by  hot  working  sa id   m e t a l   a l l o y .  

4.  The  me ta l   compos i t i on   of  claim  3  in  which  the   hot  working  i s  

pe r fo rmed   by  e x t r u d i n g   sa id   metal   a l l o y .  

5.  The  me ta l   compos i t ion   of  claim  3  in  which  the  compos i t i on   i s  

cold  worked  subsequen t   to  p roduc t ion   of  the  d i r e c t i o n a l   g r a i n  

s t r u c t u r e   by  hot  w o r k i n g .  
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