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©  Extrusion. 

Extrusion,  especially  of  an  aqueous  ceramic  composi- ! 
tions,  is  carried  out  under  the  influence  of  mechanical 
vibrations,  preferably  at  ultrasonic  frequencies  in  the  range 
15000 -  25000  Hz.  This  has  advantages  such  as  increasing  the 
rate  of  extrusion  at  a  given  level  of  motive  power  or 
decreasing  the  extent  to  which  compositions  need  to  be 
preconsolidated  before  extrusion.  Application  of  vibrations 
to  the  extrusion  die  facilitates  cleaning  after  use.  Extrudates 
can  be  cut  cleanly  by  applying  the  vibrations  to  a  cutting  tool. 



This  i n v e n t i o n   r e l a t e s   to  e x t r u s i o n   and  in  p a r t i c u l a r  

to  a  method  and  a p p a r a t u s   by  which  e x t r u s i o n  c a n   be  c a r r i e d   o u t  

under   a  degree  of  c o n t r o l   not  e a s i l y   a t t a i n e d   b e f o r e .  

According  to  the  i n v e n t i o n   i n  i t s  f i r s t   a spec t   a  m e t h o d  

of  e x t r u s i o n   comprises   c aus ing   an  e x t r u d i b l e   m a t e r i a l   to  f l o w  

t h r o u g h   a  die  under  the  i n f l u e n c e   of  mechan ica l   v i b r a t i o n s .  

As  a p p a r a t u s   for   c a r r y i n g   out  t h i s   method  the  i n v e n t i o n  

compr i se s   an  e x t r u s i o n   d ie ,   means  to  cause  flow  of  an  e x t r u d i b l e  

m a t e r i a l   th rough  the  die  and  means  fo r   app ly ing   mechanica l   v i b -  

r a t i o n s   to  the  m a t e r i a l   whereby  to  i n f l u e n c e   i t s   flow  t h r o u g h  

the  d i e .  

For  t h e  p u r p o s e s   of  t h i s   s p e c i f i c a t i o n   the  t e r m  

" e x t r u s i o n "   i n c l u d e s   both  o r d i n a r y   e x t r u s i o n   in  which  the  m a t e r i a l  

is  pushed  t h rough   the  die   by  fo r   example  a  ram  or  auger  and  a l s o  

the  o p e r a t i o n   in  which  i t s   c o n s i s t e n c y   is  such  t ha t   i t   can  b e  

p u l l e d   th rough   the  die  or  a s s i s t e d   by  p u l l i n g ,   tha t   i s ,   s o - c a l l e d  

" p u l t r u s i o n " .  

The  e f f e c t   of  the  v i b r a t i o n s   is  to  dec rease   t h e  f o r c e  

r e q u i r e d   to  cause  flow  in to   a n d  t h r o u g h  t h e   die .   The  mechan i sm 

by  which  t h i s   takes   p l ace   is  not  known  at  p r e s e n t .   I t   could,   f o r  

example,   r e s u l t   from  l o o s e n i n g   s t r u c t u r e s   w i th in   the  m a t e r i a l ,   o r  

by  ( f o r   m i x t u r e s )   l i b e r a t i n g   a  low  v i s c o s i t y   l i q u i d   or  even  g a s  
at  the  i n t e r f a c e   of  the  m a t e r i a l   and  the  die .   The  i n v e n t i o n   i s  

not  however,   l i m i t e d   to  any  p a r t i c u l a r   mechanism.  

Various  p r a c t i c a l   r e s u l t s  f l o w   from  us ing   t h i s   a s p e c t  



of  the  i n v e n t i o n .   In  the  s i m p l e s t ,   l e s s   motive  power  is  u s e d .  

For  the  same  power  consumpt ion   the  t e m p e r a t u r e   of  the   m a t e r i a l  

can  be  lower  or  (in  the  case  of  a  m a t e r i a l   c o n t a i n i n g   a  v o l a t i l e  

l i q u i d )   i t s   v i s c o s i t y   can  be  g r e a t e r   and  thus  i t s   l i q u i d   c o n t e n t  

can  be  lower ,   thus  d e c r e a s i n g   the  energy  consumpt ion   in  d r y i n g  

the   e x t r u d a t e .   In  f a v o u r a b l e   c o n d i t i o n s   a  c o m p o s i t i o n   n o r m a l l y  

e x t r u d i b l e   only  by  ram  owing  to  i t s   h igh   v i s c o s i t y   can  by  t h e  

use  of  the  i n v e n t i o n   be  a u g e r - e x t r u d e d :   thus  c o n t i n u o u s   o p e r -  
a t i o n   is  made  p o s s i b l e .   In  the  ce ramics   f i e l d   i t   i s   e x p e c t e d  

to  be  found  t h a t   s o - c a l l e d   " h i g h  v i s c o s i t y "   c o m p o s i t i o n s   w i l l   b e  

e a s i e r   to  e x t r u d e .   F i n a l l y   i t   is  expec ted   t h a t   c e r t a i n   c e r a m i c  

c o m p o s i t i o n s   no rma l ly   d i f f i c u l t   to  ex t rude   u n i f o r m l y   in  l o n g  

l e n g t h s   w i l l   no  l onge r   be  s o .  

The  e x t r u d i b l e   m a t e r i a l s   to  which  the  i n v e n t i o n   i s  

b e l i e v e d   to  be  a p p l i c a b l e   i n c l u d e   mol ten  polymers   wi th   s o l i d  

f i l l e r s ,   r u b b e r - l i k e   c o m p o s i t i o n s ,   v i s cous   s o l u t i o n s ,   and  d i s -  

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

swo l l en   po lymers .   The  i n v e n t i o n   is  e s p e c i a l l y   a p p l i c a b l e   t o  

aqueous  ceramic  c o m p o s i t i o n s   c o n t a i n i n g   for   example  one  or  more  

of  the  f o l l o w i n g   s o l i d   phases :   magnes ia ,   a lumina ,   s i l i c a ,   t i t a n i a ,  

z i r c o n i a ,   chromia  and  i ron   oxide  and  m i x t u r e s   or  compounds  of  two 

or  more  of  t h e s e ,   for   example  c o r d i e r i t e   and /o r   compounds  c a p a b l e  

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

is   p r e s e n t   i t   is  s u i t a b l y   one  or  more  of  the  f o l l o w i n g :   s t a r c h ,  

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

a l c o h o l s ,   e t h e r s   and  e s t e r s ,   p r o t e i n s ,   a c r y l i c   polymers,   p o l y a l k y -  

l ene   ox ide s .   The  m o l e c u l a r   weight  of  the  polymer  can  be  c h o s e n  

to  s u i t   the  v i s c o s i t y   and  o rgan ic   con t en t   r e q u i r e d .   I n s t e a d   or  i n  

a d d i t i o n   o t h e r ,   n o n - p o l y m e r i c ,   h y d r o p h i l i c   s u b s t a n c e s   can  be  p r e -  

s e n t ,   fo r   example  g l y c o l s ,   g l y c e r o l ,   sugars   and  sugar   a l c o h o l s   a n d  

e t h e r s   and  e s t e r s   t h e r e o f .  

The  i n v e n t i o n   is  e s p e c i a l l y   u s e f u l   for   t h a t   c l a s s   o f  

c o m p o s i t i o n s   t ha t   flow  or  deform  p l a s t i c a l l y   under   shear   d u r i n g  

e x t r u s i o n   but  become  s u b s t a n t i a l l y   r i g i d   when  not  in  m o t i o n .  

P a r t i c u l a r   u s e f u l   r e s u l t s   of  us ing   the  i n v e n t i o n   a r e  



t h a t   the   f o l l o w i n g   c o m p o s i t i o n s   can  be  ex t ruded   more  u n i f o r m l y  

a n d / o r   more  r a p i d l y   than  would  o t h e r w i s e   be  e a s i l y   p r a c t i c a b l e :  

(a)  compos i t i ons   c o n t a i n i n g   a  h i g h   p r o p o r t i o n   of  c lay  a s  

s o l i d   p h a s e ;  

(b)  compos i t i ons   f r ee   or  a lmost   f ree   of  clay  (under   5%  w/w 

of  the  s o l i d s ) ;  

(c)  compos i t i ons   in  which  the  p a r t i c l e   s ize   d i s t r i b u t i o n  

l eaves   voids  between  l a r g e r   p a r t i c l e s   u n d e r - f i l l e d  

or  o v e r - f i l l e d   by  s m a l l e r   p a r t i c l e s ;   a n d  

(d)  compos i t i ons   r e q u i r i n g   thorough   p r e c o n s o l i d a t i o n   f o r  

example  by  s e v e r a l   p a s s a g e s  t h r o u g h   a  p u g - m i l l ,   t o  

ensure  adequa te   or  c o n s t a n t   h o m o g e n e i t y .  

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

to  which  the  i n v e n t i o n   is  a p p l i c a b l e   i s   one  c o n t a i n i n g   a  p e r o v s k i t e  

type   compound  such  as  barium  t i t a n a t e   or  compounds  r e a c t a b l e   t o  

such  a  compound  on  h e a t i n g :   i t   is  impor t an t   to  minimise   the  c l a y  

c o n t e n t   in  o rder   to  ensure   a  p o s i t i v e   c o e f f i c i e n t   o f  e l e c t r i c a l  

r e s i s t a n c e   in  the  r e s u l t i n g   e x t r u d e d   ceramic  a r t i c l e o  

In  a  die  hav ing   d i s c r e t e   p r imary   channels   f e e d i n g   i n t o  

a  u n i f y i n g   zone  such  as  an  annulus   or  a  honeycomb,  the  v i b r a t i o n s  

may  speed  up  flow  th rough   the  p r imary   channe l s ,   thus  p e r m i t t i n g  

the  u n i f y i n g   zone  to  be  kept   f u l l .   In  f a v o u r a b l e   c o n d i t i o n s   t h e  

v i b r a t i o n s   so  a p p l i e d   may  make  i t   u n n e c e s s a r y   for   the  p r i m a r y  

c h a n n e l s   to  have  a  l a r g e r   a g g r e g a t e   c r o s s - s e c t i o n a l   a rea   than  t h e  

u n i f y i n g   z o n e .  A l t e r n a t i v e l y   the  u n i f y i n g   z o n e  l a n d   l e n g t h   c a n  

be  d e c r e a s e d ,   thus  d e c r e a s i n g   f u r t h e r   the  p r e s s u r e - d r o p   t h r o u g h  

the  d ie .   If  the  v i b r a t i o n s   are  a p p l i e d   to  the  u n i f y i n g   zone  a n d /  

or  to  any  p o o l i n g   area   between  the  p r imary   channels   and  the  u n i f y -  

ing  zone,  they  can,  in  f a v o u r a b l e   c o n d i t i o n s ,   a s s i s t   u n i f i c a t i o n  

by  r e s o l v i n g   n o n - u n i f o r m i t i e s   caused  the  "memory"  e f f e c t   of  a n i s o -  

t r o p i c   c o n s t i t u e n t s   of  the  compos i t i on   be ing   e x t r u d e d .  

In  any  e x t r u s i o n   o p e r a t i o n   a  body  of  e x t r u d i b l e   m a t e r i a l  

is  caused  to  undergo  a  change  in  c r o s s - s e c t i o n a l   shape  and  u s u a l l y  

a  d e c r e a s e   in  c r o s s - s e c t i o n a l   a rea .   The  v i b r a t i o n s   are  a p p l i e d  

p r e f e r a b l y   to  at  l e a s t   one  zone  in  which  such  a  change  or  d e c r e a s e  



is  t a k i n g   p l a c e .   In  such  a  zone  p r e f e r a b l y   at  l e a s t   10%  w/w  o f  

the  c o m p o s i t i o n   is  moving  with  a  component  of  v e l o c i t y  t r a n s v e r s e  

to  the  d i r e c t i o n   of  movement  b e f o r e   e n t e r i n g   t h a t   zone.  Thus  t h e  

v i b r a t i o n s   are  a p p l i e d   very  s u i t a b l y   to  the  downstream  zone,  s a y  

1  -   5  cm  deep,  of  the  b a r r e l   of  a  ram  e x t r u d e r   or  an  a u g e r .  

Ano the r   such  a p p l i c a t i o n   is  to  a  p o o l i n g   a r e a   or  chamber  o f  a  

m u l t i - t u b e   e x t r u s i o n   d i e .  

In  a  f u r t h e r   v a r i a n t   of .  the  method  the  v i b r a t i o n s   a r e  

a p p l i e d   d i f f e r e n t i a l l y   ac ross   the  c r o s s - s e c t i o n   of  the  die  o r  

e x t r u d a t e ,   to  promote  n o n - l i n e a r   flow  of  e x t r u d a t e .   This  can  b e  

done  by  u s i n g   a  h i g h l y   d i r e c t i o n a l   beam  of  v i b r a t i o n s   or  by  l o c -  

a l l y   damping  the  v i b r a t i o n   of  the  d i e .   By  t h i s   means  i t   is  p o s -  
s i b l e   to  p roduce   bent   e x t r u d a t e s   t h a t   can  be  r e a d i l y   wound  i n t o  

s p i r a l s   or  h e l i c e s .  

A  u s e f u l   p r o p e r t y   of  the  a p p a r a t u s   is  t h e  e a s e   w i t h  

which  the  die  can  be  c leaned   by  immers ing  i t   in  a  l i q u i d   in  w h i c h  

the  ex t ruded   m a t e r i a l   is  so lub l e   o r   d i s p e r s i b l e   and  a p p l y i n g   t h e  

v i b r a t i o n s .   Thus  the  i n v e n t i o n   p r o v i d e s   a  method  of  c l e a n i n g   a n  

e x t r u s i o n   die;   i t   is  e s p e c i a l l y   v a l u a b l e   when  the  c o m p o s i t i o n  

e x t r u d e d   is  one  t h a t   becomes  s u b s t a n t i a l l y   r i g i d   when  not  i n  

mot ion   or  when  the  die  is  c o m p l i c a t e d ,   as  f o r   e x t r u s i o n   of  a  

honeycomb.  

The  f r e q u e n c y   range  of  the  v i b r a t i o n s   e f f e c t i v e   to  a s s i s t  

e x t r u s i o n   is  l a r g e   and  is  l i m i t e d   only  by  the  need  to  match  t h e  

a p p l i e d   v i b r a t i o n s   with  the  n a t u r a l   f r e q u e n c i e s   of  the  a p p a r a t u s  

used  or  the  c o m p o s i t i o n   be ing   ex t ruded   and  to  avoid   the  i n c o n v e n -  

i ence   and  energy  waste  r e s u l t i n g   from  a c t i o n   on  o the r   media,  i n c l u d -  

ing  p e r s o n n e l .   The  a c o u s t i c   range  of  20  to  30000  c/s   CHz)  can  b e  

c o n s i d e r e d   t y p i c a l   of  the  u sab le   f r e q u e n c i e s ,   and  the  range  1 5 0 0 0  -  

25000  is  h i g h l y   c o n v e n i e n t ,   and  is  e s p e c i a l l y   e f f e c t i v e   for   e x t r u d -  

ing  c o m p o s i t i o n s   compr i s i ng   a  s o l i d   d i s p e r s e d   in  a  l i q u i d .   V i b r a -  

t i o n   hav ing   more  than  one  dominant  f r e q u e n c y   can  be  used,   p o s s i b l y  

a p p l y i n g   a  d i f f e r e n t   f r equency   in  d i f f e r e n t   zones  of  the  b a r r e l ,  

die  and  e x t r u d a t e .  

Accord ing   to  a  f u r t h e r   f e a t u r e   of  the  f i r s t   a spec t   o f  



the  i n v e n t i o n   the  method  of  e x t r u s i o n   i n c l u d e s   s t o p p i n g   the  f l o w  

by  i n t e r r u p t i n g   the  v i b r a t i o n s   and  c u t t i n g   the  e x t r u d a t e   while   i t  

is  s t a t i o n a r y .   By  t h i s   means  i t   is  p o s s i b l e   to  make  a  cut  e x a c t l y  

at  a  d e s i r e d   angle  to  the  d i r e c t i o n   of  e x t r u s i o n   and,  in  a  m u l t i p l e  

or  honeycomb  e x t r u d e r ,   to  cut  a l l   the  e x t r u d a t e   at  the  same  l e n g t h .  

Since  the  c o m p o s i t i o n   can  be  s t i f f e r   than  could  be  ex t ruded   in  t h e  

absence   of  v i b r a t i o n s ,   the  e x t r u d a t e   is  f i r m e r   and  l e s s   l i a b l e   t o  

d i s t o r t i o n   by  the  t r a n s v e r s e   fo rce   e x e r t e d   by  the  c u t t i n g   t o o l .  

Since  the  i n t e r r u p t i o n   of  v i b r a t i o n s   a p p l i e s   an  a l m o s t  

i n s t a n t a n e o u s   brake  to  the  flow  of  e x t r u d i b l e   compos i t i on ,   t h e  

e x t r u d e r   should  be  m e c h a n i c a l l y   des igned   to  accommodate  t h i s   w i t h -  

out  damage.  For  t h i s   purpose   the  d r ive   to  a  ram  or  auger  c a n  

i n c l u d e   a  s l i p p i n g   c l u t c h   or  magnet ic   c l u t c h ,   p o s s i b l y   s y n c h r o n i s e d  

wi th   the  i n t e r r u p t i o n   of  v i b r a t i o n s .   As  an  a l t e r n a t i v e   an  e x t r u d e r  

b a r r e l   can  i n c l u d e   s e v e r a l   o u t l e t   zones  s e p a r a t e l y   s u b j e c t i b l e   t o  

the  v i b r a t i o n s ,   so  t h a t   the  t o t a l   t h r o u g h p u t   can  be  kept  c o n s t a n t .  

F u r t h e r ,   a  s i n g l e   set   of  d r i v i n g   gear   can  d r ive   s e v e r a l   e x t r u d e r  

b a r r e l s ,   a  c o n s t a n t   number  of  which  are  e x t r u d i n g   at  any  i n s t a n t .  

I f   d e s i r e d ,   the  b r a k i n g   e f f e c t   can  be  accommodated  by  a  damping  

system  or  e n e r g y - s t o r a g e   system  such  as  a  s p r i n g   or  a i r - b u f f e r .  

I f   an  auger  is  used,   i t   can  be  one  des igned   to  permi t   s l ip   or  l e a k -  

age  i n t e m a l l y   dur ing   the  i n t e r r u p t i o n .  

According   to  the  i n v e n t i o n   in  i t s   second  aspect   a  me thod  

of  e x t r u s i o n   comprises   c aus ing   an  e x t r u d i b l e   m a t e r i a l   to  f l o w  

t h r o u g h   a  die  and  c u t t i n g   the  r e s u l t i n g  e x t r u d a t e   by  app ly ing   t o  

i t   a  v i b r a t e d   c u t t i n g   t o o l .  

As  a p p a r a t u s   fo r   c a r r y i n g   out  t h i s   method  the  i n v e n t i o n  

compr i ses   an  e x t r u s i o n   d ie ,   means  to  cause  flow  of  an  e x t r u d i b l e  

m a t e r i a l   th rough  the  d ie ,   means  for   app ly ing   to  the  r e s u l t i n g  

e x t r u d a t e   too l   means  to  cut  the  e x t r u d a t e ,   and  means  to  apply  v i b -  

r a t i o n   to  the  tool   d u r i n g   c u t t i n g .  

G e n e r a l l y   the  f r equency   ranges   are  the  same  as  fo r   t h e  

f i r s t   a spec t   of  the  i n v e n t i o n .   The  v i b r a t e d   c u t t i n g   means  c a n  

e v i d e n t l y   be  o p e r a t e d   in  s y n c h r o n i s a t i o n   with  the  v i b r a t i o n   s o u r c e  

and  o the r   mechanica l   a r r a n g e m e n t s .  



EXAMPLE  I  

E f f e c t   of  v i b r a t i o n s   on  e x t r u s i o n   f o r c e  

A  d r y  c o m p o s i t i o n   c o n s i s t i n g   o f  

was  mixed  t h o r o u g b l y   in  an  o r b i t a l   mixer  for   1 8  m i n u t e s ,  t h e n  

m o i s t e n e d   by  s p r a y i n g   with  820  g  o f  w a t e r   over  2  m i n u t e s .   The 

wet  m i x t u r e   was  passed   t w i c e   th rough   a  50  mm  l a b o r a t o r y   p u g -  

m i l l   t o  g i v e   a  p l a s t i c   mass.  The  mass  was  e x t r u d e d   from  a  ram 

b a r r e l   1  inch   in  d iamete r   t h r o u g h  a   die  6.2 mm  in  d i a m e t e r   a n d  

5.5  mm long  at  a  range  of  l e v e l s   of  a p p l i e d  f o r c e .   I t   was  f o u n d  

t h a t   a  f o r ce   of  at  l e a s t   a b o u t  1 5 0   kg was  n e c e s s a r y   t o  e f f e c t  

any  movement  of  t h e  c o m p o s i t i o n .  T h i s   was  t h e n  r e p e a t e d   w i t h  

100  w a t t s  o f   u l t r a s o n i c   i r r a d i a t i o n   a p p l i e d  f r o m  a   c r y s t a l   t r a n s -  

duce r   matched  to  an  aluminium  horn,   s u i t a b l y   d imens ioned   so  as  t o  

r e s o n a t e   at  19,800  h e r t z .   The  minimum  fo rce   was  now  found  to  b e  

only  about   40  kg  and  at  h i g h e r   f o r c e   l e v e l s   the  e x t r u s i o n   s p e e d  

was  much  g r e a t e r .   The  ram  speeds  as  a f f e c t e d   by  u l t r a s o n i c   v i b -  

r a t i o n s   are  shown  in  Table  1 .  

An  a p p l i e d   f o r ce   above  about  300 kg  i s   e v i d e n t l y   n e c e s s a r y   t o  

overcome  the  r e s i s t a n c e  t o   shear   in  the  absence  of  v i b r a t i o n s ,  

bu t   a  f o r c e   of  250  kg  is  s u f f i c i e n t   when  the  v i b r a t i o n s   a r e  

a p p l i e d .   At  an  a p p l i e d   f o r c e   of  140 kg  or  l e s s  e x t r u s i o n   was 

s t o p p e d   a lmost   i n s t a n t a n e o u s l y   by  s t o p p i n g   the  v i b r a t i o n s   and  

r e - s t a r t e d   a lmost   i n s t a n t a n e o u s l y  b y   r e - s t a r t i n g   t h e m .  



EXAMPLE  2 

E f f e c t   of  v i b r a t i o n s   on  e x t r u d a t e   c u t t i n g  

For  a  s i m u l a t i o n   of  t h i s   e f f e c t   a  b lock  of  the  compos-  

i t i o n   d e s c r i b e d   in  Example  1  was  moulded  on  a  movable  p l a t e n  

f i x e d   to  the  c r o s s - h e a d   of  an  I n s t r o n   t e s t i n g   machine.   To  t h e  

s i d e s   of  a  c u t t i n g   blade  was  f i xed   an  u l t r a s o n i c   t r a n s d u c e r  

s i m i l a r   to  tha t   used  in  Example  1.  One  end  of  the  b l ade   was  s u p -  

p o r t e d   on  a  load  c e l l  o n   a  f i x e d   p l a t e n   benea th   the  movable  p l a t e n .  

The  movable  p l a t e n   was  then  advanced  downwardly  so  t h a t   the  b l a d e  

p e n e t r a t e d   the  block  at  a  speed  of  1  cm  m i n - 1 ,  w h i c h   speed  was 

m a i n t a i n e d   c o n s t a n t .   The  r e s i s t a n c e   to  p e n e t r a t i o n   was  m e a s -  

u red   by  the  load  c e l l .   The  t r a n s d u c e r   was  swi tched   on  and  off  a t  

i n t e r v a l s .   The  r e s i s t a n c e   to  p e n e t r a t i o n   dur ing   a p p l i c a t i o n   o f  

v i b r a t i o n s   was  found  to  be  s u b s t a n t i a l l y   c o n s t a n t   at  a  low  l e v e l  

i r r e s p e c t i v e   of  the  depth  of  p e n e t r a t i o n .   In  the  absence  of  v i b -  

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

p e n e t r a t i o n ,   from  an  i n i t i a l   va lue   a l r e a d y   s u b s t a n t i a l l y   h i g h e r .  

The  same  e f f e c t   was  observed   with  a  p e n e t r a t i o n   s p e e d  

of  5  cm  m i n  .  

I t   is  ev ident   t h a t   the  v i b r a t i o n s   enable  a  b lade   t o  

move  r a p i d l y   th rough  the  e x t r u d a t e ,   with  l o w  a p p l i e d   f o r ce   and  

thus   a  low  tendency  to  d i s t o r t   the  e x t r u d a t e .   For  many  a p p l i c -  

a t i o n s   i t   is  expec ted   t ha t   a  c lean   cut  w i l l   be  o b t a i n e d   e v e n  

wi th   a  moving  e x t r u d a t e .   If   the  e x t r u d a t e   is  momenta r i ly   s t a t i o n -  

ary  as  in  Example  1,  c lean   cuts   even  of  r e l a t i v e l y   s o f t ,   o t h e r w i s e  

f a s t - m o v i n g   e x t r u d a t e s   is  p o s s i b l e .  

EXAMPLE  3 

(a)  Example  1  was  r e p e a t e d   but  u s i n g   a  compos i t ion   c o n t a i n -  

ing  the  alumina  mix tu re ,   no  c lay   or  s t a r c h   and,  as  h y d r o p h i l i c  

polymer,   a  xanthan  gum  to  the  extent   of  3%  w/w  on  the  a l u m i n a .  

E x t r u s i o n   was  c a r r i e d   out  at  3  l e v e l s   of  app l i ed   f o r c e ,   r e s u l t -  

ing  in  3  l e v e l s   of  e x t r u s i o n   r a t e .   The  e f f e c t   of  u l t r a s s o n i c  

v i b r a t i o n   was  very  l a r g e ,   as  shown  in  Table  2 .  



(b)  Example  3(a)  was  r e p e a t e d   with  the  f o l l o w i n g  d i f f e r e n c e s :  

E x t r u s i o n   a id   " Z u s o p l a s t   PS1"  in  p l a c e   of  s t a r c h ;  

Auger  e x t r u d e r   with  die  hav ing   36  h o l e s   3.6 mm  i n  

d i a m e t e r ;  

V i b r a t i o n   f r e q u e n c y   15900  H z .  

Using  an  a p p l i e d   f o r c e   p r o d u c i n g  e x t r u s i o n   at  150  g  m i n  

in  the  absence  of  the  a p p l i e d   v i b r a t i o n s ,   i t   was  o b s e r v e d  t h a t  t h i s  

r a t e   w a s  i n c r e a s e d   to  850  g min-1  when  t h e  u l t r a s o n i c   v i b r a t i o n s .  

were  a p p l i e d   at  an  i n t e n s i t y   of  200  w a t t s .  

( Z u s o p l a s t   PS1  is   an  o rganic   polymer   e x t r u s i o n   a id   s u p -  

p l i e d   by  Zschimmer  and  Schwarz  of  L a h n s t e i n   am Rhein,   F e d e r a l  

German  R e p u b l i c ) .  

EXAMPLE 4 

Example  3(b)  was   r e p e a t e d   but  u s i n g   the  f o l l o w i n g  

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

and  p u g - m i l l i n g   i t   o n c e .  T h e   e f f e c t   of  the  v i b r a t i o n s   was  t o  

i n c r e a s e   the  e x t r u s i o n  r a t e   from  7 0  t o  5 6 5  g  m i n - 1   or  (at  a  



h i g h e r   a p p l i e d   f o r ce )   from  500  to  740  g  m i n - 1 .  

To  c lean   the  die  i t   was  immersed  in  water   and  s u b j e c t e d  

to  the  v i b r a t i o n s .   The  c o m p o s i t i o n   became  very  r a p i d l y   d i s p e r s e d  

i n t o   the  water   and  the  die  was  s u b s t a n t i a l l y   c lean   a f t e r   1  c h a n g e  

of  w a t e r  

EXAMPLE 5 

Example  1  was  r e p e a t e d   but  u s i n g   a  25.4  mm  square  h o n e y -  

comb  die  having   5 1 2  c o r e s ,   each  of  a  r i g h t  a n g l e d   t r i a n g l e   c r o s s -  

s e c t i o n .   (The  die  was  made  from  a  s i n g l e   b lock  of  s t e e l   by  m a k i n g  

15  cu ts   in  each  d i r e c t i o n   p a r a l l e l   to  the  s ides ,   then  making  15 

d i a g o n a l   cuts  in  each  d i r e c t i o n ,   so  as  to  pass  t h rough   a l t e r n a t e  

i n t e r s e c t i o n s   of  the  cuts  p a r a l l e l   to  the  s i d e s .   E a c h  8 - f o l d  

i n t e r s e c t i o n   was  in  l i n e   wi th   a  feed  channel   from  the  o p p o s i t e  

f ace   of  the  b l o c k ) .   The  r a t e   of  e x t r u s i o n  w a s   12  cm  min-1  w i t h -  

out  and  18  cm min-1  with  the  u l t r a s o n i c   v i b r a t i o n s .  

Note:   each  of  the  c o m p o s i t i o n s  u s e d   in  the  above  Examples  c o n t a i n e d  

over   40%  w/w  i n o r g a n i c   s o l i d s   and  f lowed  p l a s t i c a l l y   w h e n  u n d e r  

s h e a r   but  became  s u b s t a n t i a l l y   r i g i d   when  not  i n  m o t i o n .  



1.  A  method  of  e x t r u s i o n   which  comprises   c a u s i n g   an  e x -  

t r u d i b l e   m a t e r i a l   to  f low  th rough  a  die  under  the  i n f l u e n c e   o f  

m e c h a n i c a l   v i b r a t i o n s .  

2.  A  method  a c c o r d i n g   to  c la im  1  in  which  t h e  e x t r u d i b l e  

m a t e r i a l   is  an  aqueous  ceramic  c o m p o s i t i o n .  

3.  A  method  a c c o r d i n g   to  c la im  1  or  c la im  2  in  which  t h e  

e x t r u d i b l e   m a t e r i a l   is  a  member  of  the  c l a s s   of  c o m p o s i t i o n s   t h a t  

f low  p l a s t i c a l l y   under   shear   dur ing   e x t r u s i o n   but  became  s u b s t a n t -  

i a l l y   r i g i d   when  not  in  m o t i o n .  

4.  A  method  a c c o r d i n g   to  any  one  of  the  p r e c e d i n g   c la ims  i n  

which  the  v i b r a t i o n s   are  a p p l i e d   to  the  c o m p o s i t i o n   at  a  zone  i n  

which  a  change  in  c r o s s - s e c t i o n a l   a rea   is  t a k i n g   p l a c e .  

5.  A  method  a c c o r d i n g   to  any  one  of  the  p r e c e d i n g   c l a i m s  

in  which  the  f r equency   of  the  v i b r a t i o n s   i s  i n   the  range  1 5 0 0 0  -  

25000  E z .  

6.  A  method  a a c o r d i n g   to  any  one  of  the  p r e c e d i n g   c l a i m s  

which  compr i ses   s t o p p i n g   the  flow  by  i n t e r r u p t i n g   the  v i b r a t i o n s  

and  c u t t i n g   the  e x t r u d a t e   w h i l e ,  i t   is  s t a t i o n a r y .  

7 .  A n   a p p a r a t u s   fo r   c a r r y i n g   out  a  method  a c c o r d i n g   to  any  

one  of  the  p r e c e d i n g   c la ims  which  comprises-  an  e x t r u s i o n   d i e ,  

means  to  cause  flow  of  an  e x t r u d i b l e   m a t e r i a l   t h r o u g h   the  die  a n d  

means  for   a p p l y i n g   mechan ica l   v i b r a t i o n s   to  the  m a t e r i a l   w h e r e b y  

to  i n f l u e n c e   i t s   flow  t h rough   the  d i e .  

8 .   A  method  of  c l e a n i n g   an  e x t r u s i o n   die  a f t e r   use  w h i c h  

c o m p r i s e s   immersing  i t   in  a  l i q u i d   in  which  the  e x t r u d e d   compos-  

i t i o n   is  s o l u b l e   or  d i s p e r s i b l e   and  s u b j e c t i n g   i t   to  m e c h a n i c a l  

v i b r a t i o n s   of  f r equency   20  -   30000  Hz.  

9.  A  method  of  e x t r u s i o n   which  comprises   c a u s i n g   an  e x t r u d -  

i b l e   m a t e r i a l   to  flow  th rough   a  die  and  c u t t i n g   the  r e s u l t i n g  .  

e x t r u d a t e   by  app ly ing   to  i t   a  v i b r a t e d   c u t t i n g   t o o l .  

1 0 .  A n   a p p a r a t u s   f o r   c a r r y i n g   out  a  method  a c c o r d i n g   t o  

c la im  9  which  comprises   an  e x t r u s i o n   die ,   means  to  cause  f l o w  

of  an  e x t r u d i b l e   m a t e r i a l   through  the  die,   means  f o r   a p p l y i n g  

to  the  r e s u l t i n g   e x t r u d a t e   too l   means  to  cut  the  e x t r u d a t e   a n d  

means  to  apply   v i b r a t i o n   to  the  too l   dur ing   c u t t i n g .  
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