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@  Dispersion  strengthened  aluminum  alloys. 

A  process  is  provided  for  obtaining  low  density  alumi- 
num-base  alloys  having  high  strength  in  the  forged  condition 
comprising  an  interrelated  control  of  the  extrusion  and  forging 
conditions.  Dispersion  strengthened  mechanically  alloyed  alu- 
minum-base  alloys  containing  magnesium  and  lithium  which 
benefit  from  such  process  are  disclosed.  The  alloys  may  con- 
tain  silicon. 



TECHNICAL  FIELD 

The  p r e sen t   i n v e n t i o n   r e l a t e s   to  d i s p e r s i o n   s t r e n g t h e n e d  

aluminum-base  a l l o y s ,   and  a  method  of  p r o d u c i n g  

forged  " m e c h a n i c a l l y   a l loyed"   aluminum  a l loy   systems  having  improved 

mechanica l   p r o p e r t i e s .  

BACKGROUND  OF  THE  INVENTION 

In  r ecen t   years  there   has  been  an  i n t e n s i v e   search  for  h i g h  

s t r e n g t h   aluminum  which  would  s a t i s f y   the  demands  of  advanced  d e s i g n  

in  a i r c r a f t ,   au tomot ive ,   naval  and  e l e c t r i c a l   i n d u s t r i e s .   While  h i g h  

s t r e n g t h   is  a  key  c h a r a c t e r i s t i c   of  the  m a t e r i a l s   sought ,   to  meet  t h e  

q u a l i f i c a t i o n s   for  c e r t a i n   advanced  design  a p p l i c a t i o n s   the  a l l o y s  

must  meet  a  combina t ion   of  p r o p e r t y   r e q u i r e m e n t s   such  as  d e n s i t y ,  

s t r e n g t h ,   d u c t i l i t y ,   toughness ,   f a t i g u e   and  c o r r o s i o n   r e s i s t a n c e ,  

depending  on  the  u l t i m a t e   end  use  of  the  m a t e r i a l s .   The  c o m p l e x i t y  

of  the  problem  goes  far  beyond  the  d i f f i c u l t i e s   of  d e v e l o p i n g  



m a t e r i a l s   with  s u i t a b l e   combina t ions   of  p r o p e r t i e s   not  a c h i e v e d  

be fore .   Economics  also  plays  a  la rge   role  in  the  choice  o f  

m a t e r i a l s .   The  u l t i m a t e   product   forms  are  of ten   complex  shapes,   and 

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

s u b s t i t u t i o n   is  only  a  par t   of  the  p i c t u r e .   The  new  aluminum  a l l o y s  

would  be  p a r t i c u l a r l y   v a l u a b l e   if  they  could  be  shaped  into  d e s i r e d  

forms  using  cost  e f f e c t i v e   t e chn iques   such  as  fo rg ing   while  r e t a i n i n g  

t h e i r   preshaped  p r o p e r t i e s   and/or   if  they  could  be  f a b r i c a t e d  

economica l ly   into  the  same  complex  shapes  now  used  with  o t h e r  

m a t e r i a l s   so  as  to  e l i m i n a t e   the  need  for  r e t o o l i n g   for  f a b r i c a t i o n  

of  weight  saving  s t r u c t u r e s .   Moreover,  to  be  commercia l ly   u s e f u l ,  

the  f a b r i c a t e d   pa r t s   must  have  r e p r o d u c i b l e   p r o p e r t i e s .   From  a  

vantage  point   of  commercial  v i a b i l i t y ,   the  r e p r o d u c i b i l i t y   wi l l   be 

a t t a i n a b l e   under  a  p r a c t i c a l   range  of  c o n d i t i o n s .  

The  use  of  powder  m e t a l l u r g y   rou tes   to  produce  h i g h  

s t r e n g t h   aluminum  has  been  proposed  and  has  been  the  sub j ec t   o f  

c o n s i d e r a b l e   r e s e a r c h .   Powder  m e t a l l u r g y   t echn iques   g e n e r a l l y   o f f e r  

a  way  to  produce  homogenous  m a t e r i a l s ,   to  con t ro l   c h e m i c a l  

compos i t ion   and  to  i n c o r p o r a t e   d i s p e r s i o n   s t r e n g t h e n i n g   p a r t i c l e s  

into  the  a l l oy .   Also,  d i f f i c u l t - t o - h a n d l e   a l l o y i n g   elements  can  a t  

times  be  more  e a s i l y   i n t roduced   by  powder  m e t a l l u r g y   than  ingot   m e l t  

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

having  improved  p r o p e r t i e s   by  a  powder  m e t a l l u r g y   t echn ique   known  a s  

mechanica l   a l l o y i n g   has  been  d i s c l o s e d ,   e . g . ,   in  U.S.  Pa ten t   No. 

3 ,591,362  ( i n c o r p o r a t e d   he re in   by  r e f e r e n c e ) .   Mechan ica l ly   a l l o y e d  

m a t e r i a l s   are  c h a r a c t e r i z e d   by  f ine  gra in   s t r u c t u r e   which  i s  

s t a b i l i z e d   by  un i formly   d i s t r i b u t e d   d i s p e r s o i d   p a r t i c l e s   such  a s  

oxides  and/or   c a r b i d e s .   U.S.  Pa ten t   Nos.  3 ,740 ,210 ,   3 , 8 1 6 , 0 8 0  

( i n c o r p o r a t e d   he re in   by  r e f e r e n c e )   p e r t a i n   p a r t i c u l a r l y   to  t h e  

p r e p a r a t i o n   of  mechan ica l ly   a l loyed   d i s p e r s i o n   s t r e n g t h e n e d   aluminum. 

Other  a spec t s   of  mechan ica l l y   a l loyed   aluminum-base  a l loys   have  been  

d i s c l o s e d   in  U.S.  Pa ten t s   No.  4 ,292 ,079 ,   4 ,297,136  and  4 , 4 0 9 , 0 3 8 .  

For  most  uses  a  powder  must  be  f a b r i c a t e d   into  a  f i n a l  

p roduc t ,   e .g ,   by  degass ing ,   compact ion,   c o n s o l i d a t i o n   and  shaping  i n  

one  or  more  s t eps .   To  ob ta in   complex  pa r t s   the  f a b r i c a t i o n   may  t a k e  

the  form,  e . g . ,   of  e x t r u d i n g ,   fo rg ing   and  machining.   Usua l ly ,   t h e  

less   machining  r e q u i r e d   to  make  a  pa r t   the  g r e a t e r   the  economy  i n  



m a t e r i a l   use,  labor   and  time.  It  wi l l   be  a p p r e c i a t e d   that   i t   is  an  

advantage  to  be  able  to  make  a  complex  shape  by  fo rg ing   r a t h e r   t h a n  

by  a  route   which  r e q u i r e s   the  shaping  by  manual  labor   on  an  

i n d i v i d u a l   b a s i s .  

It  is  academic  that   composi t ion   of  an  a l loy   of ten   d i c t a t e s  

the  f a b r i c a t i o n   t echn iques   that   can  be  used  to  manufac tu re   a  

p a r t i c u l a r   p roduc t .   In  gene ra l ,   the  t a r g e t   p r o p e r t i e s   which  must  be 

a t t a i n e d   in  the  type  aluminum  a l l oys   of  th i s   i n v e n t i o n   before   o t h e r  

p r o p e r t i e s   w i l l   be  cons ide red   are  s t r e n g t h ,   d e n s i t y   and  d u c t i l i t y .  

One  of  the  marked  advantages   of  mechan i ca l l y   a l loyed   powders  is  t h a t  

they  can  be  made  into  m a t e r i a l s   having  the  same  s t r e n g t h   and 

d u c t i l i t y   as  m a t e r i a l s   made  of  s i m i l a r   compos i t ions   made  by  o t h e r  

r o u t e s ,   but  with  a  lower  l eve l   of  d i s p e r s o i d .   This  enables   t h e  

p r o d u c t i o n   of  a l l o y s   which  can  be  f a b r i c a t e d   more  e a s i l y   w i t h o u t  

r e s o r t i n g   to  age  harden ing   a d d i t i v e s .   While  the  mechanica l   a l l o y i n g  

route  produces  m a t e r i a l s   that   are  e a s i e r   to  f a b r i c a t e   than  o t h e r  

aluminum  a l l oys   of  comparable  compos i t ion ,   the  demands  for  s t r e n g t h  

and  low  d e n s i t y   and  the  a d d i t i v e s   used  to  ob t a in   h igher   s t r e n g t h  

and/or   lower  d e n s i t y   u s u a l l y   decrease   w o r k a b i l i t y   of  the  a l l o y  

system.  ( W o r k a b i l i t y   takes  into  account  at  l e a s t   d u c t i l i t y   at  t h e  

working  t empera tu re   and  the  load  neces sa ry   to  form  the  m a t e r i a l . )  

The  ex ten t   of  the  e f f e c t   is  g e n e r a l l y   r e l a t e d   to  the  l eve l   o f  

a d d i t i v e   in  the  a l l o y .   The  a d d i t i v e s   not  only  a f f e c t   the  method  by 

which  the  m a t e r i a l   can  be  f a b r i c a t e d ,   but  a lso  the  f a b r i c a t i o n  

t echn iques   a f f e c t   the  p r o p e r t i e s   of  the  m a t e r i a l s .  

It  has  now  been  found  tha t   low  d e n s i t y   d i s p e r s i o n  

s t r e n g t h e n e d ,   mechan i ca l l y   a l loyed   a luminum- l i th ium-magnes ium  a l l o y s  

can  be  f a b r i c a t e d   into  forged  pa r t s   c h a r a c t e r i z e d   by  improved 

s t r e n g t h   along  with  adequate  d u c t i l i t y   by  e x t r u d i n g   and  fo rg ing   t h e  

a l l o y s   under  c o n t r o l l e d   narrow  c o n d i t i o n s .   It  has  f u r t h e r   been  found 

tha t   c o n t r o l l i n g   the  e x t r u s i o n   of  the  m a t e r i a l s   under  s p e c i f i c  

c o n d i t i o n s   makes  p o s s i b l e   a  wider  range  of  c o n d i t i o n s   under  which  t h e  

m a t e r i a l s   can  be  forged.   This  f u r t h e r   enhances  the  commercial  v a l u e  

of  the  a l l oys   and  improves  the  r e p r o d u c i b i l i t y   of  the  forged  p a r t s .  

It  has  also  been  found  that   the  t e m p e r a t u r e s   at  which  the  a l l o y s  

should  be  forged  are  in  a  lower  range  than  would  be  expected  f rom 

normal  handbook  p r a c t i c e   for  fo rg ing   aluminum  a l l o y s ,   e . g . ,   a s  



desc r ibed   in  the  Metals  Handbook,  8th  Ed.,  Vol.  5  (1970)  on  pp .  

127-132.  

BRIEF  DESCRIPTION  OF  DRAWINGS 

Figure  1  is  a  plan  drawing  of  a  " C r u c i f o r m " - t y p e   f o r g i n g .  

Figure  2  is  a  plan  drawing  of  a  "Hook"-type  f o r g i n g .  

SUMMARY  OF  THE  INVENTION 

In  i t s   p rocess   a s p e c t s ,   the  p r e s e n t   i n v e n t i o n   is  d i r e c t e d  

to  a  m e t h o d  f o r   o b t a i n i n g  

a  forged  product   composed  of  a  d i s p e r s i o n   s t r e n g t h e n e d ,   low  d e n s i t y  

aluminum-base  a l loy   comprised  of,  aluminum,  l i t h i u m   and  magnesium, 

said  a l loy   being  der ived   from  a  powder  of  said  a l l oy   prepared   by  a 

mechanica l   a l l o y i n g   p r o c e s s ,   and  said  method  for  o b t a i n i n g   the  f o r g e d  

product   being  comprised  of  a  sequence  of  s teps   compr is ing :   d e g a s s i n g  

and  compacting  said  powder  under  vacuum  to  ob ta in   a  compaction  b i l l e t  

having  a  d e n s i t y   s u f f i c i e n t l y   high  to  ob ta in   an  ex t ruded  b i l l e t   o f  

s u b s t a n t i a l l y   f u l l   d e n s i t y ;   ex t rud ing   the  r e s u l t a n t   compaction  b i l l e t  

at  a  t empera tu re   in  the  range  of  above  the  i n c i p i e n t   e x t r u s i o n  

t empera tu re   up  to  about  400°C  (750°F)  said  e x t r u s i o n   being  c a r r i e d  

out  with  l u b r i c a t i o n   through  a  c o n i c a l   die  to  provide   an  e x t r u d e d  

b i l l e t   of  s u b s t a n t i a l l y   f u l l   d e n s i t y ;   and  fo rg ing   the  r e s u l t a n t  

ex t ruded  b i l l e t   said  r e s u l t a n t   b i l l e t   being  s u b j e c t e d   to  at  l e a s t   a  

f i r s t   fo rg ing   t r e a t m e n t   at  a  t e m p e r a t u r e   in  the  range  of  about  230°C 

(450°F)  up  to  about  400°C  (750°F),   with  the  p rov iso   tha t   f o r  

maximizing  s t r e n g t h   the  forg ing   is  c a r r i e d   out  at  the  lower  end  o f  

the  forg ing   t empera tu re   range  when  the  e x t r u s i o n   is  c a r r i e d   out  a t  

the  h igher   end  of  the  e x t r u s i o n   t empera tu re   r a n g e .  

Degassing  is  c a r r i e d   out  at  a  t empera tu re   h igher   than  any 

t empera tu re   to  be  s u b s e q u e n t l y   expe r i enced   by  the  a l l o y ,   and 

compaction  is  c a r r i e d   out  at  l e a s t   to  the  ex ten t   tha t   the  p o r o s i t y   i s  

i s o l a t e d ,   and  p r e f e r a b l y   to  at  l e a s t   about  95%  of  f u l l   dens i ty   and 

h i g h e r .  

By  i n c i p i e n t   e x t r u s i o n   t empera tu re   is  meant  the  l o w e s t  

t empera tu re   at  which  a  given  a l loy   can  be  ex t ruded  on  a  g i v e n  



e x t r u s i o n   press   at  a  given  e x t r u s i o n   r a t i o .   The  e x t r u s i o n   r a t i o   i s  

at  l e a s t   3:1  and  may  range,   for  example,  to  about  20:1  and  h i g h e r .  

By  a  con i ca l   die  is  meant  a  die  in  which  the  t r a n s i t i o n  

from  the  e x t r u s i o n   l i n e r   to  the  e x t r u s i o n   die  is  g r a d u a l .  

Advantageous ly   the  angle  of  the  head  of  the  die  with  the  l i n e r   i s  

less   than  about  60°,  and  p r e f e r a b l y   it   is  about  4 5 ° .  

Alloys  of  the  p r e sen t   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,  by 

weight ,   about  0.5  to  about  4%  Li,  about  0.5  to  about  7%  Mg,  0  up  t o  

about  4%  Si,  a  small  but  e f f e c t i v e   amount  for  i n c r e a s e d   s t r e n g t h ,  

e .g.   about  0.05%,  up  to  about  5%  carbon,   a  small  but  e f f e c t i v e   amount 

for  i n c r e a s e d   s t r e n g t h   and  s t a b i l i t y   up  to  about  1%  oxygen,  and  t h e  

ba lance   e s s e n t i a l l y   aluminum,  and  having  a  d i s p e r s o i d   conten t   of  a  

small  but  e f f e c t i v e   amount  for  i n c r e a s e d   s t r e n g t h   up  to  about  10 

volume  %  d i s p e r s o i d .  

In  a  p r e f e r r e d   embodiment  of  the  p r e sen t   process   the  a l l o y s  

con ta in   about  1.5X  up  to  about  2.5%  l i t h i u m   and  about  2X  up  to  a b o u t  

4X  magnesium,  0.5%  to  about  1.2%  carbon  and  up  to  less   than  1% 

oxygen,  and  the  e x t r u s i o n   is  c a r r i e d   out  at  a  t empera tu re   in  t h e  

range  of  about  230°C  (450°F)  to  about  400°C  (750°F).   A d v a n t a g e o u s l y  

the  e x t r u s i o n   is  c a r r i e d   out  below  about  370°C  (700°F),   p r e f e r a b l y   i n  

the  range  of  about  260°C  (500°F)  to  about  360°C  (675°F),   and  most  

p r e f e r a b l y   at  about  260°C  (500°F).   For  th is   a l loy   system,  t h e  

fo rg ing   o p e r a t i o n   (or  in  a  m u l t i - s t e p   forg ing   o p e r a t i o n   the  i n i t i a l  

fo rg ing   s tep)   is  c a r r i e d   out  at  a  t empera tu re   of  about  230°C  (450°F)  

to  about  400°C  (750°F)  when  e x t r u s i o n   is  c a r r i e d   out  at  about  260°C, 

and  the  fo rg ing   o p e r a t i o n   (or  i n i t i a l   fo rg ing   s tep)  is  c a r r i e d   out  a t  

a  narrow  range  at  the  lower  end  of  the  e x t r u s i o n   t empera tu re   r a n g e ,  

e .g.   at  about  260°C  (500°F)  when  e x t r u s i o n   is  p r e v i o u s l y   c a r r i e d   o u t  

at  370°C  (700°F).   In  accordance  with  the  p r e sen t   i n v e n t i o n   low 

d e n s i t y   a l l o y s   of  such  system  can  be  provided  which  are  c h a r a c t e r i z e d  

by  an  0.2%  o f f s e t   y i e ld   s t r e n g t h   (YS)  of  at  l e a s t   410  MPa  (60  k s i ) ,  

an  e l o n g a t i o n   of  at  l e a s t   3%.  In  one  aspect   of  the  i n v e n t i o n   t h e  

Al-Li  a l l oys   have  a  d e n s i t y   of  less   than  2.57  g/cm3.  



DETAILED  ASPECTS  OF  THE  INVENTION 

(A)  Compos i t ion  

The  e s s e n t i a l   components  of  the  matr ix   of  the  a l loy   sys t ems  

of  the  p resen t   i n v e n t i o n   are  aluminum,  magnesium  and  l i t h ium.   In  one 

embodiment  the  a l l oys   con ta in   s i l i c o n .   The  a l loys   are  c h a r a c t e r i z e d  

in  that   they  are  d i s p e r s i o n   s t r e n g t h e n e d   and  they  are  formed  f rom 

mechan ica l ly   a l loyed   powders.  In  one  p r e f e r r e d   embodiment  they  a r e  

prepared   as  forged  a r t i c l e s .   The  d i s p e r s i o n   s t r e n g t h e n i n g   a g e n t s  

comprise  ca rb ides   and  oxides  and/or   s i l i c i d e s .  

Carbon  and  oxygen  along  with  small  amounts  of  magnesium  and 

l i t h ium  are  p r e s e n t   as  a  small  weight  pe rcen tage   of  the  a l loy   sys t em 

in  combinat ion  as  i n s o l u b l e   d i s p e r s o i d s   such  as  oxides  a n d / o r  

c a r b i d e s .   Other  elements  may  be  i n c o r p o r a t e d   in  the  a l loy   so  long  as  

they  do  not  i n t e r f e r e   with  the  d e s i r e d   p r o p e r t i e s   of  the  a l l oy   for  a  

p a r t i c u l a r   end  use.  Also,  a  minor  amount  of  i m p u r i t i e s   may  be  p i c k e d  

up  from  the  charge  m a t e r i a l s   or  in  p r e p a r i n g   the  a l l o y .   A d d i t i o n a l  

i n s o l u b l e ,   s t a b l e   d i s p e r s o i d s   or  d i s p e r s o i d   forming  agents   may  be  

i n c o r p o r a t e d   in  the  system,  e . g . ,   for  s t r e n g t h e n i n g   of  the  a l loy   a t  

e l eva t ed   t e m p e r a t u r e s ,   so  long  as  they  do  not  o therwise   a d v e r s e l y  

a f f e c t   the  a l l o y .  

Unless  o the rwise   s p e c i f i e d ,   c o n c e n t r a t i o n   of  components  i s  

given  in  weight  %. 

The  l i t h i u m   leve l   in  the  a l l oys   may  range,   for  example ,  

from  about  0.5  to  about  4  %,  a d v a n t a g e o u s l y   in  an  amount  of  about  1 

up  to  about  3%,  and  p r e f e r a b l y   from  about  1.5  or  1.6  up  to  a b o u t  

2.5%.  The  l i t h ium  is  i n t roduced   into  the  a l loy   system  as  a  powder 

( e l emen ta l   or  p r e f e r a b l y   p r e a l l o y e d   with  aluminum)  thereby  a v o i d i n g  

problems  which  accompany  the  mel t ing   of  l i t h i u m   in  ingot  m e t a l l u r g y  

methods.  Magnesium  may  be  p r e s e n t ,   for  example,  in  an  amount  o f  

about  0.5%  to  about  7%.  Advan tageous ly ,   the  magnesium  leve l   may 

range  from  above  1  up  to  about  5%,  p r e f e r a b l y   it  is  about  2  up  t o  

about  4  or  4.5%.  Exemplary  a l loys   con ta in   above  1.5  up  to  about  2.5% 

l i t h i u m   and  about  2  to  about  4.5%  magnesium. 

The  s i l i c o n   l eve l   may  range,   for  example,  from  0  up  t o  

about  4%.  In  the  s i l i c o n - c o n t a i n i n g   a l loys   the  s i l i c o n   l eve l   may 

range  from  a  small  but  e f f e c t i v e   amount  for  s t r e n g t h   up  to  about  4%. 



Advantageous ly   the  s i l i c o n - c o n t a i n i n g   a l l oys   con ta in   about  0.2  up  t o  

about  2X,  and  p r e f e r a b l y   about  0.5X  to  about  1.5%,  and  t y p i c a l l y  

about  0.5  to  about  1%. 

Carbon  is  p r e sen t   in  the  system  at  a  l eve l   ranging  from  a  

small  but  e f f e c t i v e   amount  for  i n c r e a s e d   s t r e n g t h   up  to  about  5  %. 

T y p i c a l l y   the  l eve l   of  carbon  ranges  from  about  0.05  up  to  about  2  %, 

advan t ageous ly   from  about  0.2X  up  to  about  1%  or  1.5X,  p r e f e r a b l y  

about  0.5  up  to  about  1.2X.  The  carbon  is  g e n e r a l l y   provided  by  a 

process   c o n t r o l   agent  during  the  fo rmat ion   of  the  m e c h a n i c a l l y  

a l loyed   powders.  P r e f e r r e d   p rocess   c o n t r o l   agents   are  m e t h a n o l ,  

s t e a r i c   ac id ,   and  g r a p h i t e .   In  gene ra l   the  carbon  p resen t   w i l l   form 

c a r b i d e s ,   e .g.   with  one  or  more  of  the  components  of  the  s y s t e m .  

Oxygen  is  u s u a l l y   p r e s e n t   in  the  system,  and  it   is  u s u a l l y  

d e s i r a b l e   at  a  very  low  l e v e l .   In  g e n e r a l ,   oxygen  is  p r e sen t   in  a  

small   but  e f f e c t i v e   amount  for  i n c r e a s e d   s t r e n g t h   and  s t a b i l i t y ,  

e . g . ,   about  0.05X  up  to  1%,  and  p r e f e r a b l y ,   i t   does  not  exceed  a b o u t  

0.4  or  0 .5%. 

The  low  oxygen  con ten t   is  be l i eved   to  be  c r i t i c a l .   When 

the  oxygen  conten t   is  above  1%  the  a l l oy   is  found  to  have  p o o r  

d u c t i l i t y .   In  a l l oys   c o n t a i n i n g   above  1.5X  Li,  the  oxygen  c o n t e n t  

p r e f e r a b l y   does  not  exceed  about  0 .5%.  

It  w i l l   be  a p p r e c i a t e d   tha t   the  a l l oys   may  con ta in   o t h e r  

e lements   which  when  p r e sen t   may  enhance  c e r t a i n   p r o p e r t i e s   and  in  t h e  

amounts  in  which  they  are  p r e s e n t   do  not  a d v e r s e l y   a f f e c t   the  a l l o y  

of  a  p a r t i c u l a r   end  u s e .  

The  d i s p e r s o i d   comprises   oxides  and  c a rb ide s   p re sen t   in  a  

range  of  a  small  but  e f f e c t i v e   amount  for  i n c r e a s e d   s t r e n g t h   up  t o  

about  10  volume  %  (vol.   X)  or  even  h ighe r .   P r e f e r a b l y   the  d i s p e r s o i d  

l eve l   is  as  low  as  p o s s i b l e   c o n s i s t e n t   with  de s i r ed   s t r e n g t h .  

T y p i c a l l y   the  d i s p e r s o i d   l eve l   is  about  1.5  to  7  vol .   X.  P r e f e r a b l y  

it  is  about  2  to  6  vol .   %.  The  d i s p e r s o i d s   may  be  p r e s e n t ,   f o r  

example,  as  an  oxide  of  aluminum,  l i t h i u m ,   or  magnesium  o r  

combina t ions   t h e r e o f .   The  d i s p e r s o i d   can  be  formed  during  t h e  

mechanica l   a l l o y i n g   step  and/or   l a t e r   c o n s o l i d a t i o n   and 

thermomechanica l   p r o c e s s i n g .   P o s s i b l y   they  may  be  added  as  such  t o  

the  powder  charge.   Other  d i s p e r s o i d s   may  be  added  or  formed  i n - s i t u  

so  long  as  they  are  s t ab l e   in  the  aluminum  a l loy   mat r ix   at  t h e  



u l t i m a t e   t empera tu re   of  s e r v i c e .   Examples  of  d i s p e r s o i d s   tha t   may  be  

p resen t   are  A1203,  A100H,  Li20,  Li2Al2O4,  LiAlO2,  LiA1508,  Li5AlO4 
and  MgO.  The  d i s p e r s o i d s   may  be  c a r b i d e s ,   e .g.   A14C3. 
I n t e r m e t a l l i c s   may  also  be  p r e s e n t .   In  the  s i l i c o n - c o n t a i n i n g   a l l o y s  

the  d i s p e r s o i d   may  con ta in   s i l i c i d e s ,   e .g.   Mg2Si. 
In  a  p r e f e r r e d   a l loy   system  the  l i t h i u m   con ten t   is  a b o u t  

1.5  up  to  about  2.5%,  the  magnesium  content   is  about  2  up  to  a b o u t  

4%,  the  carbon  con ten t   is  about  0.5  to  about  2%,  and  the  oxygen 

content   is  less   than  about  0.5%,  and  the  d i s p e r s o i d   l eve l   is  about  2 

or  3  to  6  volume  %.  For  example,  the  a l l oys   may  be  comprised  o f :  

Al -4Mg-1 .5Li -1 .2C,   Al-5Mg-1Li-1.1C,   A l - 4 M g - 1 . 7 5 L i - l . l C ,  

A l - 2 M g - 2 L i - l . l C ,   A l - 2 M g - 2 . 5 L i - l . l C ,   Al -4Mg-2 .5Li -0 .7C  and 

Al -2Mg-2 .5Li -0 .7C,   A l - 4 M g - 1 . 5 L i - . 5 S i - l . l C ,   A l - 4 M g - 1 . 5 L i - l S i - 1 . 1 C ,  

A l - 2 M g - 1 . 5 L i - . 5 S i - 1 . 1 C ,   A l - 2 M g - 1 . 5 L i - 1 S i - 1 . 1 C ,   A l - 2 M g - 2 L i - . 5 S i - l . l C ,  

Al -2Mg-2Li -1S i -1 .1C,   A l - 2 M g - 1 . 7 5 L i - l S i - 0 . 7 C ,   A l - 4 M g - 1 . 5 L i - l S i - 0 . 7 C ,  

A l - 4 M g - 1 . 5 L i - . 5 S i - 2 C .  

(B)  Alloy  P r e p a r a t i o n   Pr ior   to  F a b r i c a t i o n  

(1)  Mechanical   Alloying  to  Form  Powders 

Powder  compos i t ions   t r e a t e d   in  accordance   with  the  p r e s e n t  

i n v e n t i o n   are  a l l   prepared  by  a  mechanica l   a l l o y i n g   t echn ique .   T h i s  

t echn ique   is  a  high  energy  m i l l i n g   p rocess ,   which  is  de sc r ibed   in  t h e  

a fo remen t ioned   p a t e n t s   i n c o r p o r a t e d   he re in   by  r e f e r e n c e .   B r i e f l y ,  

aluminum  powder  is  prepared  by  s u b j e c t i n g   a  powder  charge  to  d r y ,  

high  energy  m i l l i n g   in  the  presence   of  a  g r ind ing   media,  e.g.   b a l l s ,  

and  a  p rocess   c o n t r o l   agent ,   under  c o n d i t i o n s   s u f f i c i e n t   to  comminute 

the  powder  p a r t i c l e s   to  the  charge,   and  through  a  combinat ion  o f  

comminution  and  welding  a c t i ons   caused  r e p e a t e d l y   by  the  m i l l i n g ,   t o  

c r ea t e   new,  dense  composite  p a r t i c l e s   c o n t a i n i n g   f ragments   of  t h e  

i n i t i a l   powder  m a t e r i a l s   i n t i m a t e l y   a s s o c i a t e d   and  u n i f o r m l y  

i n t e r d i s p e r s e d .   Mi l l ing   is  done  in  a  p r o t e c t i v e   a tmosphere ,   e . g .  
under  an  argon  or  n i t r o g e n   b l a n k e t ,   thereby  f a c i l i t a t i n g   oxygen 
c o n t r o l   s ince  v i r t u a l l y   the  only  sources   of  oxygen  are  the  s t a r t i n g  

powders  and  the  p rocess   con t ro l   agent .   The  process   con t ro l   agent  i s  

a  w e l d - c o n t r o l l i n g   amount  of  a  c a r b o n - c o n t r i b u t i n g   agent  and  may  b e ,  

for  example,  g r a p h i t e   or  a  v o l a t i l i z a b l e   o x y g e n - c o n t a i n i n g  

hydrocarbon  such  as  organic   ac ids ,   a l c o h o l s ,   h e p t a n e s ,   a ldehydes  and 

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



al loyed  aluminum  is  given  in  d e t a i l   in  U.S.  Pa t en t s   No.  3,740,210  and 

3 ,816 ,080 ,   mentioned  above.  S u i t a b l y   the  powder  is  prepared  in  an  

a t t r i t o r   using  a  b a l l - t o - p o w d e r   weight  r a t i o   of  15:1  to  60:1.  As 

i n d i c a t e d   above,  p r e f e r a b l y   p rocess   c o n t r o l   agents   are  m e t h a n o l ,  

s t e a r i c   ac id ,   and  g r a p h i t e .   Carbon  from  these  organic   compounds 

and/or   g r a p h i t e   is  i n c o r p o r a t e d   in  the  powder  and  c o n t r i b u t e s   to  t h e  

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

(2)  Degassing  and  Compact ion 

Before  the  d i s p e r s i o n   s t r e n g t h e n e d   mechan i ca l l y   a l l o y e d  

powder  is  c o n s o l i d a t e d   it   must  be  degassed  and  compacted.  D e g a s s i n g  

and  compacting  are  e f f e c t e d   under  vacuum  and  g e n e r a l l y   c a r r i e d   out  a t  

a  t empera tu re   in  the  range  of  about  480°C  (895°F)  up  to  jus t   be low 

i n c i p i e n t   l i q u e f i c a t i o n   of  the  a l l o y .   As  i n d i c a t e d   above,  t h e  

degass ing   t empera tu re   should  be  h igher   than  any  s u b s e q u e n t l y  

exper i enced   by  the  a l l oy .   Degassing  is  p r e f e r a b l y   c a r r i e d   out,  f o r  

example,  at  a  t empera tu re   in  the  range  of  from  about  480°C  (900°F)  up 

to  545°C  (1015°F)  and  more  p r e f e r a b l y   above  500°C  (930°F).   P r e s s i n g  

is  c a r r i e d   out  at  a  t empera tu re   in  the  range  of  about  545°C  (1015°F)  

to  about  480°C  ( 8 9 5 ° F ) .  

In  a  p r e f e r r e d   embodiment  the  degass ing   and  compaction  a r e  

c a r r i e d   out  by  vacuum  hot  p r e s s i n g   (VHP).  However,  o ther   t e c h n i q u e s  

may  be  used.  For  example,  the  degassed  powder  may  be  upset   u n d e r  

vacuum  in  an  e x t r u s i o n   p r e s s .   To  enable  the  powder  to  be  ext ruded  t o  

s u b s t a n t i a l l y   f u l l   d e n s i t y ,   compaction  should  be  such  that   t h e  

p o r o s i t y   is  i s o l a t e d ,   thereby  avoid ing   i n t e r n a l   con tamina t ion   of  t h e  

b i l l e t   by  the  e x t r u s i o n   l u b r i c a n t .   This  is  achieved  by  ca r ry ing   o u t  

compaction  to  at  l e a s t   85%  of  f u l l   d e n s i t y ,   advan tageous ly   above  95% 

d e n s i t y ,   and  p r e f e r a b l y   the  m a t e r i a l   is  compacted  to  over  99%  of  f u l l  

d e n s i t y .   P r e f e r a b l y   the  powders  are  compacted  to  99%  of  f u l l   d e n s i t y  

and  h i g h e r ,   tha t   i s ,   to  s u b s t a n t i a l l y   f u l l   d e n s i t y .  

The  r e s u l t a n t   compaction  p roduc ts   formed  in  the  d e g a s s i n g  
and  compaction  step  or  s teps   are  then  c o n s o l i d a t e d .  

(C)  F a b r i c a t i o n  

(1)  C o n s o l i d a t i o n  

C o n s o l i d a t i o n   in  the  p resen t   process   is  c a r r i e d   out  by 

e x t r u s i o n .   The  e x t r u s i o n   of  the  m a t e r i a l   not  only  is  necessa ry   t o  

insure   f u l l   d e n s i t y   in  the  a l l o y ,   but  also  to  break  up  sur face   o x i d e  



on  the  p a r t i c l e s .   The  e x t r u s i o n   t empera tu re   is  c r i t i c a l   and  wi th in   a 

narrow  range.   The  l u b r i c a t i o n   p r a c t i c e   and  the  con ica l   d i e - t y p e  

equipment  used  for  e x t r u s i o n   are  a lso  i m p o r t a n t .  

The  e x t r u s i o n   t empera tu re   is  chosen  so  tha t   the  maximum 

tempera tu re   achieved  in  the  ex t rude r   is  no  g r e a t e r   than  10°C  (50°F) 

below  the  so l i dus   t empera tu re .   T y p i c a l l y   i t   w i l l   be  in  the  range  o f  

about  230°C  (450°F)  and  about  400°C  (750°F).   Advantageous ly ,   i t  

should  be  c a r r i e d   out  below  about  370°C  (700°F)  and  should  not  exceed  

about  345°C  (650°F).   P r e f e r a b l y   i t   should  be  lower  than  about  330°C 

(625°F).   The  t empera tu re   should  be  high  enough  so  that   the  a l loy   can  

be  pushed  through  the  die  at  a  r e a s o n a b l e   p r e s s u r e .   T y p i c a l l y   t h i s  

wi l l   be  above  about  230°C  (450°F).   It  has  been  found  that   a  

t empera tu re   of  about  260°C  (500°F)  for  e x t r u s i o n   is  h i g h l y  

advan tageous .   By  ca r ry ing   out  the  e x t r u s i o n   at  about  260°C  ( 5 0 0 ° F ) ,  

there   is  the  added  advantage  of  g r e a t e r   f l e x i b i l i t y   in  c o n d i t i o n s  

which  may  be  used  during  the  fo rg ing   o p e r a t i o n .   This  f l e x i b i l i t y  

dec reases   at  the  h igher   end  of  the  e x t r u s i o n   t empera tu re   r a n g e .  
The  above  given  e x t r u s i o n   t empera tu re   ranges  which  must  be  

used  for  the  Al-Li-Mg  are  those  which  w i l l   maximize  the  s t r e n g t h   o f  

the  a l loy   s ince  s t r e n g t h   is  c u r r e n t l y   the  i n i t i a l   s c reen ing   t e s t   f o r  

the  forged  pa r t s   made  from  the  aluminum-base  a l l o y s .   It  w i l l   be  

a p p r e c i a t e d   that   when  the  s t r e n g t h   r equ i r emen t s   are  not  as  r i g o r o u s  

the  t e ach ings   of  th i s   i n v e n t i o n   can  be  used  to  t r a d e - o f f   s t r e n g t h  

a g a i n s t   some  o ther   p r o p e r t y .  
The  e x t r u s i o n   in  the  p r e s e n t   process   is  c a r r i e d   out  in  a  

c o n i c a l - f a c e d   die  as  def ined  above,  as  opposed  to  a  s h e a r - f a c e d   d i e .  

L u b r i c a t i o n   is  app l i ed   to  the  die  or  the  compaction  b i l l e t   or  both  o f  

them.  The  l u b r i c a n t s ,   which  aid  in  the  e x t r u s i o n   o p e r a t i o n ,   must  be  

compat ib le   with  the  a l loy   compaction  b i l l e t   and  the  e x t r u s i o n   p r e s s ,  

e .g.   the  l i n e r   and  die.   The  l u b r i c a n t   app l ied   to  the  b i l l e t   f u r t h e r  

p r o t e c t s   the  b i l l e t   from  the  l u b r i c a n t   app l i ed   to  the  e x t r u s i o n  

p r e s s .  

P rope r ly   formula ted   l u b r i c a n t s   for  s p e c i f i c   metals   are  w e l l  

known  in  the  a r t .   Such  l u b r i c a n t s   take  into  account ,   for  example ,  

r e q u i r e m e n t s   to  prevent   c o r r o s i o n   and  to  make  d u r a t i o n   of  con tac t   o f  

the  b i l l e t   with  the  e x t r u s i o n   press   less   c r i t i c a l .   Examples  o f  

l u b r i c a n t s   for  the  b i l l e t s   are  ke rosene ,   minera l   o i l ,   fat   e m u l s i o n  



and  mineral   oi l   c o n t a i n i n g   s u l f u r i z e d   f a t t y   o i l s .   F i l l e r s   such  a s  

chalk,   s u l f u r   and  g r a p h i t e   may  be  added.  An  example  of  a  l u b r i c a n t  

for  an  e x t r u s i o n   press   is  c o l l o i d a l   g r a p h i t e   c a r r i e d   in  oi l   or  w a t e r ,  

m o l y d i s u l f i d e ,   boron  s u l f i d e ,   and  boron  n i t r i d e .  

The  ex t ruded  b i l l e t s   are  then  in  c o n d i t i o n   to  be  f o r g e d .  

If  necessa ry   the  b i l l e t s   may  be  machined  to  remove  s u r f a c e  

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

(2)  F o r g i n g  
In  genera l   forged  aluminum  a l l oys   of  the  p r e s e n t   i n v e n t i o n  

wi l l   b e n e f i t   from  fo rg ing   t e m p e r a t u r e s   being  as  low  as  p o s s i b l e  

c o n s i s t e n t   with  the  a l loy   compos i t ion   and  equipment.   Forging  may  be 

c a r r i e d   out  as  a  s ing le   or  m u l t i - s t e p   o p e r a t i o n .   In  m u l t i - s t e p  

forg ing   the  t empera tu re   c o n t r o l   a p p l i e s   to  the  i n i t i a l   fo rg ing   o r  

b l o c k i n g - t y p e   s tep .   As  in  the  e x t r u s i o n   s tep ,   i t   is  b e l i e v e d   t h a t  

for  high  s t r e n g t h   the  aluminum  a l l o y s   of  th i s   i n v e n t i o n   should  be  

forged  at  a  t empera tu re   below  one  where  a  dec rease   in  s t r e n g t h   w i l l  

occur.   In  the  Al-Mg-Li  a l l oys   system  fo rg ing   should  be  c a r r i e d   o u t  

below  about  400°C  (750°F),   and  p r e f e r a b l y   less   than  370°C)  ( 7 0 0 ° F ) ,  

e .g.   in  the  range  of  230°C  (450°F)  to  about  345°C  (650°F),   t y p i c a l l y  

about  260°C  (500°F).   Despi te   the  fact   that   f o r g e a b i l i t y   may  i n c r e a s e  

with  t e m p e r a t u r e ,   the  h igher   fo rg ing   t e m p e r a t u r e s   have  now  been  found 

to  have  an  adverse  e f f e c t   on  s t r e n g t h .   In  a  m u l t i - s t e p   f o r g i n g  

o p e r a t i o n   it   has  been  found  tha t   i t   is  the  i n i t i a l   step  that   i s  

c r i t i c a l .   In  subsequent   fo rg ing   s teps   of  a  m u l t i - s t e p   o p e r a t i o n  

a f t e r   the  i n i t i a l   fo rg ing   step  the  t empera tu re   range  for  forg ing   may 
be  above  that   recommended  for  t h i s   p r o c e s s .  

As  noted  above,  while  it   is  known  in  the  art   t h a t  

c o n d i t i o n s   of  fo rg ing   aluminum  a l l oys   w i l l   vary  with  compos i t ion ,   i t  

was  s u r p r i s i n g   that   the  fo rg ing   c o n d i t i o n s  -   p a r t i c u l a r l y   t h e  

t e m p e r a t u r e  -   at  which  the  a l l oys   could  be  forged  is  r e l a t e d   to  t h e  

t empera tu re   at  which  the  a l l oy   is  c o n s o l i d a t e d ,   and  in  p a r t i c u l a r  

e x t r u d e d .  

(3)  Age  H a r d e n i n g  

A  heat  t r ea tmen t   may  be  c a r r i e d   out,  if  d e s i r e d ,   on  a l l o y  

systems  s u s c e p t i b l e   to  age  ha rden ing .   In  a l l oys   having  age 
ha rdenab le   components  a d d i t i o n a l   s t r e n g t h   may  be  ga ined ,   but  th i s   may 
be  with  the  loss  of  other   p r o p e r t i e s ,   e.g.   c o r r o s i o n   r e s i s t a n c e .   I t  



is  noted  that   a l l oys   of  th is   i n v e n t i o n   c o n t a i n i n g   s i l i c o n   can  be  age  
hardened  wi thout   s i g n i f i c a n t   loss  of  c o r r o s i o n   r e s i s t a n c e .   It  is  a 

p a r t i c u l a r   advantage  of  the  p r e sen t   i n v e n t i o n   tha t   low  d e n s i t y  

aluminum  a l loys   can  be  made  with  high  s t r e n g t h ,   e .g .   over  410  MPa  (60 

ksi)  in  the  forged  c o n d i t i o n   wi thout   having  to  r e s o r t   t o  

p r e c i p i t a t i o n   hardening   t r e a t m e n t s   which  might  r e s u l t   in  a l l oys   which  

have  less   a t t r a c t i v e   p r o p e r t i e s   o ther   than  s t r e n g t h .  

It  is  noted  that   in  conve r s ion   from  °F  to  °C,  t h e  

t empera tu re s   were  rounded  of f ,   as  were  the  convers ion   from  ksi  to  MPa 

and  inches  to  c e n t i m e t e r s .   Also  a l l oy   compos i t ions   are  nominal.   With 

r e spec t   to  c o n d i t i o n s ,   for  commercial   p r o d u c t i o n   it   is  not  p r a c t i c a l  

or  r e a l i s t i c   to  impose  or  r e q u i r e   c o n d i t i o n s   to  the  ex tent   p o s s i b l e  

in  a  r e s e a r c h   l a b o r a t o r y   f a c i l i t y .   Temperatures   may  s t r a y ,   f o r  

example,  50°F  of  the  t a r g e t .   Thus,  having  a  wider  window  f o r  

p r o c e s s i n g   c o n d i t i o n s   adds  to  the  p r a c t i c a l   value  of  the  p r o c e s s .  
This  i n v e n t i o n   is  f u r t h e r   de sc r i bed   in,  but  not  l i m i t e d   by ,  

the  examples  given  below.  In  a l l   the  examples  the  a l l oys   a r e  

prepared   from  d i s p e r s i o n   s t r e n g t h e n e d   a l l oys   compris ing  aluminum, 

magnesium,  l i t h i u m ,   carbon  and  oxygen,  p repared   by  a  m e c h a n i c a l  

a l l o y i n g   t e chn ique .   In  EXAMPLE  8,  s i l i c o n   is  p r e sen t   in  the  a l l o y .  

EXAMPLE  1 

This  example  i l l u s t r a t e s   the  p r o c e s s i n g   c o n d i t i o n s   used  t o  

prepare   forged  Al-Mg-Li  d i s p e r s i o n   s t r e n g t h e n e d   m e c h a n i c a l l y   a l l o y e d  

composed  of  aluminum,  magnesium,  l i t h i u m ,   carbon  and  oxygen 

c o n t a i n i n g   about  1.1-1.2%  carbon  and  less   than  1%  oxygen.  

Mechan ica l ly   a l loyed   powders  are  prepared   having  t h e  

nominal  magnesium  and  l i t h ium  con t en t s   given  in  TABLE  I.  The  powders 

are  vacuum  hot  p ressed   (VHP)  to  form  27.9  cm  (11  in)  d i a m e t e r  

degassed  compaction  b i l l e t s .  

The  compaction  b i l l e t s   are  then  extruded  at  t e m p e r a t u r e s   o f  

about  260  and  370°C  (500  and  700°F)  at  ram  speeds  of  45.7  and  25.4  cm 

(18  and  10  i n . ) ,   depending  on  the  e x t r u s i o n   t e m p e r a t u r e .   All  b i l l e t s  

are  s a n d b l a s t e d   and  coated  with  Fe l -Pro   C-300  (a  molybdenum  d i s u l f i d e  

a i r   drying  product   of  Fel-Pro  Inc . )   p r i o r   to  hea t -up   for  e x t r u s i o n ,  

and  the  e x t r u s i o n   l i n e r   coated  with  r e s i n   and  swathed  with  t h e  



l u b r i c a n t   LUBE-A-TUBE  hot  e x t r u s i o n   230A  (a  g r a p h i t e   in  heavy  o i l  

product   of  G.  W h i t f i e l d   Richards  Co.).   All  the  e x t r u s i o n s   pushed 

s u c c e s s f u l l y   except  for  some  su r face   t e a r i n g   at  700°F.  A l l o y  

compos i t ions   and  e x t r u s i o n   c o n d i t i o n s ,   are  given  in  TABLE  I .  

Eight  8.75  cm  (3.5  in . )   l eng ths   of  m a t e r i a l   from  each  

e x t r u s i o n   are  cut  for  forg ing   t r i a l s .   The  t r i a l   c o n s i s t e d   of  u s i n g  

f l a t   dies  to  upset   the  preforms  p a r a l l e l   to  the  b i l l e t   a x i s .  

Forgings  are  performed  at  nominal  t empe ra tu r e s   260°C  (500°F)  and 

400°C  (750°F)  at  ram  speeds  of  50  cm  (20  i n . ) / m i n   and  5  cm  (2 

i n . ) / m i n   to  f i n a l   he igh t s   of  5  cm  (1  in . )   and  2.5  cm  (0.5  in . )   and 

s t r a i n s   of  -0 .67  and  -0 .83 ,   r e s p e c t i v e l y .   The  top  and  bottom  f o r g i n g  

p l a t e n s   are  i n d u c t i o n   heated  to  the  same  t e m p e r a t u r e s   as  the  s o a k  

t e m p e r a t u r e s   and  were  l u b r i c a t e d   with  White  and  Bagley  2965  g r a p h i t e  

base  l u b r i c a n t   j u s t   before  u p s e t t i n g .   Ex t ru s ion   and  fo rg ing   data  a r e  

summarized  in  TABLE  II.   In  genera l   the  260°C  (500°F)  e x t r u s i o n s  

forged  b e t t e r   than  the  370°C  (700°F)  e x t r u s i o n s ,   and  th i s   is  b e l i e v e d  

to  be  due  to  the  b e t t e r   ext ruded  su r face   q u a l i t y   of  the  500°F 

e x t r u s i o n s .   Surface  g r ind ing   p r i o r   to  fo rg ing   should  improve 

f o r g e a b i l i t y .   The  2Mg-2Li  a l loy   ex t ruded  at  370°C  (700°F)  had  t h e  

poores t   f o r g e a b i l i t y .   For  a l l   of  the  o ther   a l l oys   a  f o r g i n g  

c o n d i t i o n   can  be  found  that   does  not  cause  edge  c r ack ing .   I n  

g e n e r a l ,   the  a l l oys   extruded  at  260°C  (500°F)  have  a  h igher   h a r d n e s s  

than  m a t e r i a l   ex t ruded  at  370°C  (700°F).   The  4Mg-1.5Li  c o m p o s i t i o n  

ext ruded  at  260°C  (500°F)  did  not  so f t en   under  any  of  the  f o r g i n g  

c o n d i t i o n s   t r i e d .   The  2Mg-2Li  a l l oys   so f t en   a f t e r   fo rg ing   at  a b o u t  

400°C  ( 7 5 0 ° F ) .  





EXAMPLE  2 

This  example  concerns  the  aging  response   of  ext ruded  and 

forged  a l l oys   d e s c r i b e d   in  EXAMPLE  1. 

To  s t r e a m l i n e   the  aging  study  two  fo rg ings   from  each  a l l o y  

of  EXAMPLE  1  are  s e l e c t e d .   One  of  each  type  is  forged  at  260°C 

(500°F)  at  50.8  cm  (20  in ) /min   to  2.54  cm  (1  in . )   f i n a l   he igh t ,   and 

the  o ther   is  forged  at  400°C  (750°F)  at  5.08  cm  (2  in) /min   to  1.27  cm 

(0.5  in)  f i n a l   h e i g h t .   These  are  the  two  extreme  fo rg ing   c o n d i t i o n s .  

The  compos i t ions   4Mg-1.75Li  and  2Mg-2Li  show  hardness   i n c r e a s e s   a t  

about  125°C  (255°F)  a f t e r   s o l u t i o n   t r e a t i n g   at  about  480°C  ( 9 0 0 ° F ) ,  

and  from  the  hardness   data  it  can  be  p r e d i c t e d   that   both  these  a l l o y s  

can  be  aged  to  achieve   the  de s i r ed   t a r g e t   YS  in  the  forged  c o n d i t i o n  

of  about  410  to  450  MPa  (60-65  k s i ) .   The  " a s - e x t r u d e d "   a l loys   a p p e a r  

to  age  slower  than  the  forged  s tock.   It  is  assumed  that   t h e  

a d d i t i o n a l   working  of  forg ing   speeds  the  aging  k i n e t i c s .  



EXAMPLE  3 

This  example  i l l u s t r a t e s   f o r g e a b i l i t y   of  a l l oys   in  a 

c ruc i fo rm  fo rg ing   t e s t .   Cruciform  forg ing   t r i a l s   are  performed  on 

ext ruded  b i l l e t s   of  the  a l l oy   type  shown  in  Example  1,  a l l   a l l o y s   b e i n g  

ext ruded  with  l u b r i c a t i o n   through  a  3.875  in.  dia.   con ica l   die  in  an  

8:1  e x t r u s i o n   r a t i o .  

The  " c r u c i f o r m " - t y p e   forg ing   is  shown  in  plan  view  i n  

Figure  1.  The  cen te r   po r t i on   of  the  forg ing   is  a  c ruc i fo rm  formed 

from  two  p e r p e n d i c u l a r   r a i s ed   r i b s .   The  rib  p o r t i o n   of  the  f o r g i n g  

is  t h i c k e r   than  the  base  p o r t i o n .   The  fo rg ing   in  the  t e s t s   is  made 

in  a  two-s tep   o p e r a t i o n :   (1)  b lock ing   e x t r u s i o n   preform  on  f l a t  

d ies ;   (2)  fo rg ing   b locker   into  r a i s ed   r ib  " c r u c i f o r m " ,   the  b l o c k i n g  

e x t r u s i o n   c o r r e s p o n d i n g   to  an  i n i t i a l   fo rg ing   step  in  a  f o r g i n g  

o p e r a t i o n .   The  5  in.  x  3.675  in.  dia.   ex t ruded  preforms  are  b l o c k e d  

in  the  e x t r u s i o n   d i r e c t i o n   to  2.5  in.  high.   The  b locke r s   a r e  

" squa red -up"   by  r e p e a t e d l y   p r e s s i n g   p e r p e n d i c u l a r   to  the  e x t r u s i o n  

d i r e c t i o n   forming  an  oc tahedron  app rox ima te ly   2.5  in.  high  with  a 

5.25  in.  d i a g o n a l .   The  f l a t   dies  are  held  at  about  315°C  (600°F  t  

25°F)  and  no  l u b r i c a n t   is  used.  Extruded  su r face   roughness  p roduced  

c rack ing   during  the  b locker   o p e r a t i o n s .   Preforms  with  gross  s u r f a c e  

su r f ace   d e f e c t s   had  been  ground  p r i o r   to  b lock ing   and  had  l e s s  

tendency  to  crack  than  did  a s - e x t r u d e d   s u r f a c e s .   Blocker  c r a c k i n g  

also  occurred   due  to  high  forg ing   speeds,   n e c e s s i t a t i n g   b l o c k i n g  

speed  to  be  lowered  from  50 .8 -63 .5   cm  (20-25  i n ) /min   to  12.7  cm  (5 

i n ) / m i n .  

All  c ruc i fo rms   are  f i n a l   forged  at  370°C  (700°F),   at  a  

cons t an t   die  t empera tu re   of  315°C  (600°F),   press   ra te   of  12.7  cm  (5 

i n ) /min ,   u t i l i z i n g   f u l l   press   tonnage  of  1500  tons .   The  die  was 

l u b r i c a t e d   with  a  1  to  3  mixture  of  Withrow-A-Paste   (a  l u b r i c a n t   of  a 

g r a p h i t e   type  product   of  Arthur  C.  Withrow  Co.)  and  minera l   o i l .  

Cruciforms  of  a c c e p t a b l e   appearance  were  forged  of  each  m a t e r i a l .  

Most  problems  in  b locke r   c racking   appear  to  be  due  to  s u r f a c e  

i m p e r f e c t i o n s .   Some  cracking  in  the  c ruc i fo rm  was  r e l a t e d   to  s l i g h t  

c rack ing   in  the  b locke r .   Recorded  in  TABLE  I I I   are  e x t r u s i o n  

t e m p e r a t u r e ,   b locke r   t empera tu re ,   fo rg ing   t empera tu re   and  " a s - f o r g e d "  

hardness   for  va r ious   aluminum  a l l oys   of  th is   i n v e n t i o n .  



All  of  the  4Mg-1.5Li  a l l oys   have  " a s - f o r g e d "   h a r d n e s s e s  

g r e a t e r   than  78  RB  except  for  the  a l l oy   ex t ruded ,   blocked  and  f o r g e d  

at  370°C  (700°F)  and  it   was  a s c e r t a i n e d   that   in  these  fo rg ings   a  

hardness   of  78  RB  or  b e t t e r   c o r r e l a t e s   to  a  YS  of  410  MPa  (60  ksi)   o r  

b e t t e r .   Accord ing ly ,   the  i n f e r e n c e   can be  made  that   a l l oys   e x t r u d e d  

at  370°C  (700°F)  and  blocked  at  260°C  (500°F)  would  meet  the  t a r g e t  

forged  YS  r equ i r emen t   of  410  MPa  (60  k s i ) .  

The  " a s - f o r g e d "   hardness   of  compos i t ions   4Mg-1.75Li  and 

2Mg-2Li  can  be  improved  by  aging  t r e a t m e n t s .   The  2Mg-2Li  ages  s l o w e r  

than  the  4Mg-1.75Li  a l l o y .  

EXAMPLE  4 

This  example  i l l u s t r a t e s   the  t e n s i l e   p r o p e r t i e s   of  v a r i o u s  

Al-Mg-Li  a l l o y s   of  th is   i nven t ion   in  the  ex t ruded ,   b locked,   f o r g e d  

and/or   aged  c o n d i t i o n s   of  c r u c i f o r m - t y p e   fo rg ings   t e s t ed   at  two 

d i f f e r e n t   s i t e s .  

Tens i l e   p r o p e r t i e s   of  va r ious   Al-Mg-Li  a l l o y s ,   e s s e n t i a l l y  

of  the  type  de sc r i bed   in  EXAMPLE  1,  in  the  ex t ruded ,   b locked,   f o r g e d  

and/or   aged  c o n d i t i o n s   are  given  in  TABLE  IV.  The  blocked  and  f o r g e d  

c o n d i t i o n s ,   v iz .   "Block  Temp"  and  "Forge  Temp",  r e s p e c t i v e l y ,   r e f e r  



to  the  t e m p e r a t u r e s   of  the  two  s teps   given  in  EXAMPLE  3  for  fo rming  

the  c r u c i f o r m - t y p e   fo rg ing .   All  t e s t s   are  c a r r i e d   out  in  the  r i b  

po r t i on   of  the  c ruc i fo rm.   The  key  to  the  temper  of  the  t e n s i l e  

sample  (TPR)  is:   1 -   a s - e x t r u d e d ,   2 -   a s - b l o c k e d ,   3 -   " a s - f o r g e d " ,  

4 =  forged  and  s o l u t i o n   t r e a t e d   at  480°C  (900°F)  for  2  hours  and 

water  quenched  (WQ)  then  aged  at  125°C  (255°F)  for  2  hours ,   and  5  =  

s o l u t i o n   t r e a t e d   as  in  TPR  4  but  aged  at  150°C  (300°F)  for  24  h o u r s ;  

Mod -  Young's  Modulus.  Tens i le   p r o p e r t i e s   ob ta ined   on  d i f f e r e n t   t e s t  

equipment  for  a  d u p l i c a t e   set  of  forged  c ruc i fo rm  forg ings   on  e i t h e r  

the  base  (B)  or  rib  (R)  p o r t i o n   in  va r ious   tempers  and  o r i e n t a t i o n s  

are  given  in  TABLE  V. 

Reference   to  TABLE  IV  shows: 

The  non-hea t   t r e a t a b l e   Al-4Mg-1.5Li  a l loy   extruded  at  260°C 

(500°F),   blocked  at  260°C  (500°F)  and  forged  at  370°C  (700°F),   has  a  
444  MPa  (64.4  ks i )   YS,  518  MPa  (75.2  ksi)   UTS  ( u l t i m a t e   t e n s i l e  

s t r e n g t h )   and  11%  El  ( e l o n g a t i o n   to  f a i l u r e ) .   The  " a s - e x t r u d e d " ,   YS 

477  MPa  (69.3  k s i ) ,   is  h igher   than  the  forged  m a t e r i a l ,   while  t h e  

" a s - e x t r u d e d "   d u c t i l i t y ,   7X  El,  is  lower.  The  s t r e n g t h s   of  the  260°C 

(500°F)  b locke r   are  less   than  the  forged  s t r e n g t h s .   The  4Mg-1.5Li  

a l loy   ex t ruded   at  370°C  (700°F),   blocked  at  260°C  (500°F)  and  f o r g e d  

at  370°C  (700°F),   has  a  YS -  424  MPa  (61.5  k s i ) .  

For  a l l   c o n d i t i o n s   t e s t e d   the  4Mg-1.75Li  a l loy   extruded  a t  

260°C  (500°F)  has  a  YS  of  g r e a t e r   than  410  MPa  (60  k s i ) .   S o l u t i o n  

t r e a t i n g   and  aging  r a i s e s   the  YS  to  app rox ima te ly   572  MPa  (83  k s i )  

with  j u s t   a  s l i g h t   decrease   in  d u c t i l i t y   from  the  " a s - f o r g e d "  

c o n d i t i o n .   The  370°C  (700°F)  e x t r u s i o n   blocked  at  260°C  (500°F)  can  
also  be  aged  (TPR -  4)  to  551  MPa(80  ksi)   y i e ld   s t r e n g t h .   For  t h e  

same  aging  t r e a t m e n t   the  370°C  (700°F)  e x t r u s i o n   blocked  at  370°C 

(700°F)  has  a  537  MPa  (78  ksi)   YS. 

The  2Mg-2Li  a l loy   ext ruded  at  e i t h e r   260°C  (500°F)  or  370°C 

(700°F)  produce  f o r g i n g s   that   have  lower  a s - f o r g e d   s t r e n g t h   than  t h e  

a l loys   c o n t a i n i n g   4%  magnesium.  Aging  at  (TPR -  5)  i n c r e a s e s   the  YS 

to  530  MPa  (77  ksi)   and  502  MPa  (73  k s i ) ,   r e s p e c t i v e l y ,   for  the  260°C 

(500°F)  and  370°C  (700°F)  e x t r u s i o n s   blocked  at  370°C  ( 7 0 0 ° F ) .  

The  t e s t s   demonst ra te   the  importance  of  e x t r u s i o n  

t empera tu re   in  p r o c e s s i n g   mechan ica l l y   a l loyed   Al-Mg-Li  a l loys   t o  

maximize  s t r e n g t h   in  the  f i n a l   f o rg ing .   Blocker  t empera tu re   has  a  



secondary  e f f e c t   on  forged  s t r e n g t h   with  the  lower  b l o c k e r  

t empera tu re   l ead ing   to  high  s t r e n g t h s .   Final   fo rg ing   t e m p e r a t u r e  

appears  to  be  of  less   importance  as  long  as  the  m a t e r i a l   has  been  

extruded  and  blocked  at  r e l a t i v e l y   low  t e m p e r a t u r e s .  

A  comparison  of  data  for  " a s - f o r g e d "   l o n g i t u d i n a l   s amples  

in  TABLES  IV  and  V  shows  the  c o n s i s t e n c y   of  r e s u l t s   in  d i f f e r e n t  

t e s t i n g   e q u i p m e n t .  









EXAMPLE  5 

This  example  i l l u s t r a t e s   the  t e n s i l e   p r o p e r t i e s   of  t h e  

d i s p e r s i o n   s t r e n g t h e n e d   a l loys   of  t h i s   i n v e n t i o n   in  "Hook" - type  

fo rg ing   samples.   All  m a t e r i a l s   were  prepared   as  ext ruded  b i l l e t s  

e s s e n t i a l l y   as  shown  in  EXAMPLE  1 

The  "Hook"  forg ing   die  set  used  in  the  t e s t s   c o n s i s t s   of  a  

high  de fo rmat ion   1st  b locker   die,   a  2nd  b locker   die  which  r a i s e s   t h e  

r ibs   of  the  forg ing   and  a  f i n i s h   die  which  produces  min ima l  

de fo rmat ion   but  ach ieves   f i n a l   t o l e r a n c e s   in  the  pa r t .   For  th i s   t e s t  

to  avoid  the  time  and  expense  of  using  the  f i n i s h   die ,   e v a l u a t i o n   o f  

the  fo rg ings   was  made  a f t e r   the  2nd  b l o c k e r ,   i . e .   at  an  i n t e r m e d i a t e  

forg ing   s t e p .  

Figure  2  shows  a  plan  drawing  of  the  f i n i s h e d   "Hook" - type  

fo rg ing .   Tens i l e   specimens  were  heat  t r e a t e d   in  se ts   of  two,  

r e p r e s e n t i n g   the  l o n g i t u d i n a l   (L)  and  the  shor t   t r a n s v e r s e   (ST) 

o r i e n t a t i o n s .  



TABLE  VI  shows  p r o p e r t i e s   in  two  d i r e c t i o n s   for  fo rg ings   i n  

two  c o n d i t i o n s :   F  ( a s - fo rged )   and  T4  ( s o l u t i o n   t r e a t e d   and  n a t u r a l l y  

aged)  for  an  a l loy   system  c o n t a i n i n g   4Mg-1.5Li.  The  data  show  no 

s i g n i f i c a n t   d i f f e r e n c e   in  r e s u l t s   between  the  F  and  T4  c o n d i t i o n s .  

The  best   p r o p e r t i e s   e x h i b i t e d   in  TABLE  VI  are  for  the  a l loy   of  t e s t  

1,  i . e .   in  the  a s - f o r g e d   c o n d i t i o n   p rocessed   at  260°C  (500°F) 

e x t r u s i o n   and  f i r s t   b locker   t e m p e r a t u r e s .   The  data  confirm  t h a t  

s t r e n g t h  i s   p r i m a r i l y   c o n t r o l l e d   by  e x t r u s i o n   t empera tu re   and 

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

S imi la r   t e s t s   c a r r i e d   out  on  a l loys   c o n t a i n i n g   4Mg-1.75Li  

and  2Mg-2Li  in  blocked  forg ings   showed  that   the  Li  l eve l   a f f e c t e d  

both  the  s t r e n g t h   and  age  hardening   a spec t s   of  the  a l loys   m a r k e d l y .  

A  comparison  with  r e s u l t s   on  " c ruc i fo rm"   forg ings   shows 

that   there   is  e s s e n t i a l l y   the  same  t rend  in  the  a l loy   p r o p e r t i e s  

r e s u l t i n g   from  the  p r o c e s s i n g   c o n d i t i o n s .  



EXAMPLE  6 

This  example  i l l u s t r a t e s   the  e f f e c t   of  normal  f o r g i n g  

p r a c t i c e   on  the  t e n s i l e   p r o p e r t i e s   of  a  forged  sample  of  an  a l loy   o f  

the  type  Al-4Mg-1.5Li .   An  ex t ruded  b i l l e t   is  prepared  from  a  vacuum 

hot  pressed  compaction  b i l l e t   as  de sc r i bed   in  EXAMPLE  1.  The 

compaction  b i l l e t   was  ext ruded  from  27.9  cm  (11  in)  to  9.53  cm  ( 3 - 3 / 4  

in)  d iameter   rod  at  t empe ra tu r e s   of  650-700°F  through  a  s h e a r - f a c e d  

die  at  an  e x t r u s i o n   ram  speed  of  0.1  i n / s e c .   and  a  b r e a k t h r o u g h  

p r e s su re   of  1100-1600  tons.   The  e x t r u s i o n   l i n e r   was  l u b r i c a t e d   b u t  

not  the  b i l l e t s .   A  "Hook"  fo rg ing   was  made  at  a  t empera tu re   of  420°C 

(788°F)  in  the  f i r s t   b locker   and  488°C  (838°F)  in  the  second  b l o c k e r .  

Tens i l e   t e s t s   on  va r ious   l o c a t i o n s   on  the  specimen  showed  it   to  have  

in  the  a s - f o r g e d   c o n d i t i o n   the  average  p r o p e r t i e s :   YS  of  368  MPA 

(52.7  k s i ) ,   UTS  of  470  MPa  (68.3  k s i ) ,   El  of  14.5%  and  RA  of  19.7%. 

In  the  s o l u t i o n   t r e a t e d   c o n d i t i o n   of  1  hour  at  480°C  ( 9 0 0 ° F ) / g l y c o l  

quench  c o n d i t i o n   the  average  p r o p e r t i e s   are:  YS  of  352  MPa  ( 5 1 . 5  

k s i ) ,   UTS  of  466  MPa  (67.6  k s i ) ,   El  of  14%  and  the  RA  of  19.9%.  The 

method  of  th is   example  is  not  e f f e c t i v e   for  ach iev ing   the  maximum 

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

EXAMPLE  7 

This  example  i l l u s t r a t e s   the  e f f e c t   of  normal  f o r g i n g  

p r a c t i c e   on  the  t e n s i l e   p r o p e r t i e s   of  a  c ruc i fo rm  fo rg ing .   An 

extruded  b i l l e t   of  an  a l loy   of  the  4Mg-1 .5Li - type   is  prepared  a s  

de sc r i bed   in  EXAMPLE  6.  The  f i r s t   b locker   t empera tu re   of  t h e  

c ruc i fo rm  forg ing   is  c a r r i e d   out  at  370°C  (700°F).   A  l u b r i c a n t ,   a 

Withrow  A  P a s t e - m i n e r a l   oi l   mix tu re ,   is  used  in  the  f i n i s h   f o r g i n g  

which  is  c a r r i e d   out  at  va r ious   t e m p e r a t u r e s .   F in ish   f o r g i n g  

t e m p e r a t u r e s   and  t e n s i l e   p r o p e r t i e s   of  the  f i n i s h   c ruc i fo rm  f o r g i n g s  

in  the  l o n g i t u d i n a l   and  t r a n s v e r s e   d i r e c t i o n s   are  shown  in  TABLE  V I I .  

The  method  of  th i s   example  is  not  e f f e c t i v e   for  ach iev ing   maximum 

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



EXAMPLE  8 

This  example  i l l u s t r a t e s   d i s p e r s i o n   s t r eng thened   low 

d e n s i t y   a l l oys   of  th i s   i nven t ion   composed  of  aluminum,  l i t h i u m ,  

magnesium,  s i l i c o n ,   carbon  and  oxygen,  and  c o n t a i n i n g   about  1.1  t o  

1.2%  carbon  and  less   than  1%  oxygen .  

Mechan ica l ly   a l loyed   powders  are  prepared  having  t h e  

nominal  magnesium,  l i th ium  and  s i l i c o n   con ten t s   given  in  TABLE  V I I I .  

The  powders  are  vacuum  hot  p ressed   to  compaction  b i l l e t s   and  e x t r u d e d  

e s s e n t i a l l y   as  de sc r ibed   in  EXAMPLE  1,  except  that   a l l   e x t r u d e d  

b i l l e t s   are  prepared  at  260°C  (500°F)  and  at  ram  speeds  of  25.4  cm 

(10  i n ) /min .   Extruded  b i l l e t s   are  forged  at  260°C  (500°F)  to  form 

"Hook"-type  fo rg ings   e s s e n t i a l l y   as  de sc r i bed   in  EXAMPLE  5.  An  age 

harden ing   t r ea tmen t   is  appl ied   to  the  forged  product   c o n s i s t i n g   of  a 

s o l u t i o n   t r e a t m e n t   at  a  t empera tu re   of  about  520°C  (970°F),  w a t e r  

quenching,   and  aging  at  about  145°  to  175°C  (300°  to  340°F)  for  up  t o  

18  h o u r s .  



The  a l l o y s   of  t h i s   i n v e n t i o n   in  the  forged,   age  h a r d e n e d  

c o n d i t i o n   have  high  s t r e n g t h ,   with  advantageous   p r e s e r v a t i o n   o f  

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   in  the  a l l oy .   It  is  be l i eved   that   t h e  

i nc rea sed   s t r e n g t h   is  due  to  the  p r e c i p i t a t i o n   of  a  s i l i c i d e   such  a s  

Mg2Si  and/or   l i t h ium  s i l i c i d e .  



1.  A  method  for  o b t a i n i n g   a  forged  product   composed  of  a 

d i s p e r s i o n   s t r e n g t h e n e d ,   low  dens i t y   aluminum-base  a l loy   comprised  o f  

aluminum,  l i t h ium  and  magnesium,  said  a l loy  being  der ived  from  a 

powder  of  said  a l loy   prepared  by  a  mechanical   a l l o y i n g   p roces s ,   s a i d  

method  being  comprised  of  a  sequence  of  s teps  compris ing:   d e g a s s i n g  

and  compacting  said  powder  under  vacuum  to  ob ta in   a  compaction  b i l l e t  

having  a  dens i t y   s u f f i c i e n t l y   high  to  obta in   an  ext ruded  b i l l e t   o f  

s u b s t a n t i a l l y   f u l l   d ens i t y ;   ex t rud ing   the  r e s u l t a n t   compaction  b i l l e t  

at  a  t empera tu re   in  the  range  of  above  the  i n c i p i e n t   e x t r u s i o n  

tempera ture   up  to  about  400°C  (750°F)  said  e x t r u s i o n   being  c a r r i e d  

out  with  l u b r i c a t i o n   through  a  con ica l   die  to  provide  an  e x t r u d e d  

b i l l e t   of  s u b s t a n t i a l l y   f u l l   d e n s i t y ;   and  forg ing   the  r e s u l t a n t  

extruded  b i l l e t ,   said  r e s u l t a n t   b i l l e t   being  sub j ec t ed   to  at  l e a s t   a  
f i r s t   forg ing   t r ea tmen t   at  a  t empera tu re   in  the  range  of  about  230°C 

-(450°F)  up  to  about  400°C  (750°F),   with  the  proviso   that   f o r  

maximizing  s t r e n g t h   the  forg ing   is  c a r r i e d   out  at  the  lower  end  o f  

the  forg ing   t empera tu re   range  when  the  e x t r u s i o n   is  c a r r i e d   out  a t  

the  h igher   end  of  the  e x t r u s i o n   t empera tu re   r a n g e .  

2.  A  method  according  to  claim  1,  wherein  the  degass ing   and 

compacting  s teps   are  c a r r i e d   out  by  vacuum  hot  p r e s s i n g   the  powder .  

3.  A  method  accord ing   to  claim  1  or  c laim  2,  wherein  d e g a s s i n g  

and  compact ing  are  c a r r i e d   out  at  a  t e m p e r a t u r e   of  4800  C  ( 9 0 0   F)  t o  

545°  C  (1015°  F ) .  

4.  A  method  accord ing   to  any  p r eced ing   c la im,   wherein  the  e x -  

t r u s i o n   is  c a r r i e d   out  at  a  t e m p e r a t u r e   of  at  l e a s t   2 3 0   C  ( 4 5 0   F ) .  

5.  A  method  accord ing   to  c la im  4,  wherein  e x t r u s i o n   is  c a r r i e d  

out  at  a  t e m p e r a t u r e   of  about  260°  C  (500°  F)  and  said  f o rg ing   i s  

c a r r i e d   out  at  a  t e m p e r a t u r e   in  the  range  of  about  260°  C  (500°  F)  up  

to  about  370°  C  (700°  F ) .  



6.  A  method  a cco rd ing   to  c la im  4,  wherein   e x t r u s i o n   i s  

c a r r i e d   out  at  a  t e m p e r a t u r e   of  about  370°  C  (700°  F)  and  s a i d  

f o r g i n g   s tep   is  c a r r i e d   out  at  a  t e m p e r a t u r e   of  about  2 6 0   C 

(500°  F) . 

7.  A  method  acco rd ing   to  any  p r eced ing   c la im,   wherein  e x -  

t r u s i o n   of  the  compact ion  b i l l e t   is  c a r r i e d   out  at  an  e x t r u s i o n  

r a t i o   of  a t   l e a s t   3 : 1 .  

8.  A  method  a c c o r d i n g   to  any  p r e c e d i n g   c la im,   wherein   s a i d  

forged  a l l o y   is  s u b j e c t e d   to  an  aging  t r e a t m e n t .  

9.  A  method  a cco rd ing   to  any  p r eced ing   c la im,   wherein   s a i d  

d i s p e r s i o n   s t r e n g t h e n e d   a l l o y   is  compr ised ,   by  we igh t ,   of  a b o u t  

0.5  to  about  4%  l i t h i u m ,   about  0.5  up  to  about  7%  magnesium,  0  u p  
to  about  4%  s i l i c o n ,   a  small   but  e f f e c t i v e   amount  for   i n c r e a s e d  

s t r e n g t h   up  to  about   5%  carbon,   a  small  but  e f f e c t i v e   amount  f o r  

i n c r e a s e d   s t a b i l i t y   and  s t r e n g t h   up  to  about   1%  oxygen,  and  t h e  

ba lance   e s s e n t i a l l y   aluminum,  sa id   a l l o y   having  a  d i s p e r s o i d   c o n t e n t  

of  a  small   but  e f f e c t i v e   amount  for  i n c r e a s e d   s t r e n g t h   and  s t a b i l i t y  

up  to  about  10%  by  vo lume .  

10.  A  method  a cco rd ing   to  c la im  9,  wherein  sa id   d i s p e r s i o n  

s t r e n g t h e n e d   a l l o y   is  compr i sed ,   by  weigh t ,   of  about  1.5  to  a b o u t  

2.5%  l i t h i u m ,   about  2  to  about  4%  magnesium  and  about   0.5  to  about  2% 

carbon  and  l e s s   than  about  1%  oxygen,  and  the  d i s p e r s o i d   c o n t e n t   i s  

about  3  to  6%  by  volume  and  sa id   a l l o y   in  the  forged  c o n d i t i o n   has  a  

y i e l d   s t r e n g t h   of  at   l e a s t   about  410  MPa  (60  ksi)  and  e l o n g a t i o n   o f  

at  l e a s t   3%. 

11.  A  method  accord ing   to  claim  9,  wherein  the  d i s p e r s i o n  

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



12.  A  d i s p e r s i o n   s t r e n g t h e n e d ,   m e c h a n i c a l l y   a l l o y e d   a luminum- 

base  a l l oy   c o n s i s t i n g   e s s e n t i a l l y   of  about  0.5  to  about  4%  l i t h i u m ,  

about  0.5  to  about  7%  magnesium,  0  up  to  about  4%  s i l i c o n ,   a  s m a l l  

but  e f f e c t i v e   amount  for  i n c r e a s e d   s t r e n g t h   up  to  about  5%  c a r b o n ,  

a  small   but  e f f e c t i v e   amount  for   i n c r e a s e d   s t a b i l i t y   and  s t r e n g t h   up  

to  about  1%  oxygen,  and  the  ba lance   e s s e n t i a l l y   aluminum,  and  h a v i n g  

a  d i s p e r s o i d   c o n t e n t   of  a  small   but  e f f e c t i v e   amount  for   i n c r e a s e d  

s t a b i l i t y   and  s t r e n g t h   up  to  about  10%  by  vo lume.  

13.  An  a l l o y   accord ing   to  c la im  12,  wherein   the  s i l i c o n   c o n t e n t  

is  about  0.2  up  to  about  2%. 

14.  An  a l l oy   accord ing   to  c la im  13,  wherein   the  s i l i c o n   c o n t e n t  

is  about  0.5  up  to  about  1.5%. 

15.  An  a l l o y   acco rd ing   to  any one  of  c la ims  12  to  14,  w h e r e i n  

the  carbon  con t en t   is  up  to  about  2%. 

16.  A  d i s p e r s i o n   s t r e n g t h e n e d ,   m e c h a n i c a l l y   a l l o y e d   a luminum-base  

a l l oy   c o n s i s t i n g   e s s e n t i a l l y   of  about  1.5  up  to  about  2.5%  Li,  a b o u t  

2%  up  to  about  4%  Mg,  about  0.5  to  about  1.2%  C  and  a  small   b u t  

e f f e c t i v e   amount  up  to  about  1%  0,  sa id   a l l oy   having  in  the  f o r g e d  
c o n d i t i o n   a  y i e l d   s t r e n g t h   of  at   l e a s t   410  MPa  (60  ksi)  and  a n  

e l o n g a t i o n   of  a t   l e a s t   3%. 

17.  An  a l l oy   acco rd ing   to  c la im  16,  wherein   the  l i t h i u m   c o n t e n t  

is  about  2.5%  and  the  carbon  c o n t e n t   is  at   l e a s t   1%. 

18.  An  a l l oy   acco rd ing   to  claim  16,  wherein   the  l i t h i u m   c o n t e n t  

is  about   2.5%  and  the  carbon  c o n t e n t   is  l ess   than  1%. 

19.  An  a l l o y   acco rd ing   to  c la im  16,  wherein   the  l i t h i u m   c o n t e n t  

is  about  1.5%  and  the  magnesium  c o n t e n t   is  about  4%. 



20.  An  a l l o y   a cco rd ing   to  c la im  16,  wherein   the  l i t h i u m   c o n t e n t  

is  about   1.75%  and  the  magnesium  c o n t e n t   is  about  4%. 

21.  An  a l l o y   a cco rd ing   to  c la im  16,  wherein   the  l i t h i u m  

c o n t e n t   is  about   2%  and  the  magnesium  c o n t e n t   is  about  2%. 
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