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©  High  tenacity  and  modulus  polyacrylonitrile  fiber  and  method. 

  Polyacrylonitrile  (PAN)  fibers  are  prepared  by  forming  a 
2-15  weight  %  solution  of  PAN  of  Mw  at  least  500,000, 
extruding,  cooling  to  below  the  gel  temperature,  extracting 
and  drying.  At  least  one  of  the  gel  fiber,  the  fiber  containing 
extraction  solvent  and  the  dried  gel  is  stretched.  The  product 

PAN  fibers  have  a  Mw  at  least  500,000  (e.g.  1,000,000- 
4,000,000  or  1,500,000-2,500,000),  a  tenacity  at  least  5  g/den 
(e.g.,  at  least  7  g/den)  and  a  secant  modulus  at  least  100 
g/den  (e.g.  at  least  125  g/den). 



FIBER  AND  METHOD 

The  p r e s e n t   i n v e n t i o n   r e l a t e s   to  a  p r o c e s s   fo r   p r e -  

p a r i n g   p o l y a c r y l o n i t r i l e   (PAN)  f i b e r s   and  f i b e r s   as  p r o -  

d u c e d ,   and  e s p e c i a l l y   to  such   a  p r o c e s s   and  f i b e r  

p r o d u c t   e m p l o y i n g   PAN  of  u l t r a h i g h   m o l e c u l a r   w e i g h t .  

PAN  has  been   spun  c o n v e n t i o n a l l y   u s i n g   e i t h e r   w e t  

s p i n n i n g   ( e . g . ,   9.5%  PAN  in  s o d i u m   t h i o c y a n a t e - w a t e r  

( 5 0 : 5 0 )   spun   i n t o   10%  s o d i u m   t h i o c y a n a t e   in  w a t e r   a t  

-2°C  fo r   c o a g u l a t i o n )   or  dry   s p i n n i n g   ( e . g .   30%  PAN  i n  

d i e t h y l f o r m a m i d e   spun  at  1 3 0 ° C ) .   T y p i c a l   p r o p e r t i e s   o f  

the  r e s u l t a n t   f i b e r s   a re   2 . 4 - 3 . 7   g / d e n i e r   t e n a c i t y   a n d  

4 2 - 5 3   g / d e n i e r   t e n s i l e   m o l e c u l e s .   See  T a b l e   1  on  p a g e  
155  of  S . S .   C h a r i   et  a l . ,   F i b r e   S c i e n c e   and  T e c h n o l o g y ,  

Vo l .   15,   pp.   1 5 3 - 6 0   ( 1 9 8 1 ) .   M e n t i o n   is  a l s o   made  of  PAN 

f i b e r s   in  U.S .   P a t e n t   4 , 3 4 4 , 9 0 8   to  Smi th   e t .   a l .   ( 1 9 8 2 )  

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

c o n c e r n e d   p r i m a r i l y   w i th   p o l y e t h y l e n e   f i b e r s   is  U . S .  

P a t e n t   4 , 4 1 3 , 1 1 0   of  Kavesh   and  P r e v o r s e k   (November   1 ,  

1 9 8 3 ) .  

BRIEF  DESCRIPTION  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   i n c l u d e s   a  g e l - s p i n n i n g  

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

m o l e c u l a r   w e i g h t .   U n l i k e   w e t - s p i n n i n g   ( c o a g u l a t i o n )  

p r o c e s s e s ,   in  ge l   s p i n n i n g ,   t he   spun  s o l u t i o n   is  c o o l e d  

to  b e l o w   the   g e l l i n g   t e m p e r a t u r e   b e f o r e   e x t r a c t i o n   o f  

the   s p i n n i n g   s o l v e n t .  

T h u s ,   the   p r e s e n t   i n v e n t i o n   i n c l u d e s   p r o c e s s  



c o m p r i s i n g   the  s t e p s :  

(a)  f o r m i n g   a  s o l u t i o n   of  a  l i n e a r   I 

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

w e i g h t   at  l e a s t   a b o u t   5 0 0 , 0 0 0   in  a  f i r s t   s o l v e n t   at  a  
f i r s t   c o n c e n t r a t i o n   of  a b o u t   2  to  a b o u t   15  w e i g h t  

p e r c e n t   p o l y a c r y l o n i t r i l e  

(b)  e x t r u d i n g   s a i d   s o l v e n t   t h r o u g h   an  a p e r t u r e ,  
s a i d   s o l v e n t   b e i n g   at  a  t e m p e r a t u r e   no  l e s s   t h a n   a  f i r s t  

t e m p e r a t u r e   u p s t r e a m   of  t he   a p e r t u r e   and  b e i n g  

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

(c)  c o o l i n g   the   s o l v e n t   a d j a c e n t   to  and  d o w n s t r e a m  

of  t h e   a p e r t u r e   to  a  s e c o n d   t e m p e r a t u r e   b e l o w   t h e  

t e m p e r a t u r e   at  wh ich   a  r u b b e r y   ge l   is   f o r m e d ,   f o r m i n g   a  

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

l e n g t h ,  

(d)  e x t r a c t i n g   the   ge l   c o n t a i n i n g   f i r s t   s o l v e n t  

w i t h   a  s e c o n d ,   v o l a t i l e   s o l v e n t   for   a  s u f f i c i e n t   c o n t a c t  

t i m e   to  form  a  f i b r o u s   s t r u c t u r e   c o n t a i n i n g   s e c o n d  

s o l v e n t ,   which   ge l   is  s u b s t a n t i a l l y   f r e e   of  f i r s t  

s o l v e n t   and  is  of  s u b s t a n t i a l l y   i n d e f i n i t e   l e n g t h ;  

(e)  d r y i n g   the   f i b r o u s   s t r u c t u r e   c o n t a i n i n g   s e c o n d  

s o l v e n t   to  form  a  x e r o g e l   of  s u b s t a n t i a l l y   i n d e f i n i t e  

l e n g t h   f r e e   of  f i r s t   and  s e c o n d   s o l v e n t ;   a n d  

(f)   s t r e t c h i n g   at   l e a s t   one  o f :  

( i )   the   ge l   c o n t a i n i n g   the   f i r s t   s o l v e n t ,  

( i i )   the   f i b r o u s   s t r u c t u r e   c o n t a i n i n g   the   s e c o n d  

s o l v e n t   a n d ,  

( i i i )   the   x e r o g e l ,   at  a  t o t a l   s t r e t c h   r a t i o  

s u f f i c i e n t   to  a c h i e v e   a  t e n a c i t y   of  at   l e a s t   a b o u t   5 

g / d e n i e r   and  a  s e c a n t   m o d u l u s   of  at  l e a s t  a b o u t   100  

g / d e n i e r .  

The  p r e s e n t   i n v e n t i o n   a l s o   i n c l u d e s   a  

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

w e i g h t   at   l e a s t   a b o u t   5 0 0 , 0 0 0   and  h a v i n g   a  t e n a c i t y   o f  

a t   l e a s t   a b o u t   5  g / d e n i e r   and  a  s e c a n t   m o d u l u s   of  a t  

l e a s t   a b o u t   100  g / d e n i e r .   Such  f i b e r s   a r e   u s e f u l   i n  

t i r e   c o r d   and  in  t he   p r e p a r a t i o n   of  c a r b o n   f i b e r s ,  



e s p e c i a l l y   for   c o m p o s i t e s .  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

The  p r o c e s s   and  f i b e r s   of  the   p r e s e n t   i n v e n t i o n  

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

p o l y a c r y l o n i t r i l e   (PAN)  d e s c r i b e d   more  f u l l y   b e l o w   t h a t  

e n a b l e s   t h e   p r e p a r a t i o n   of  PAN  f i b e r s   (and  f i l m s )   o f  

h e r e t o f o r e   u n o b t a i n e d   p r o p e r t i e s   by  e x t r u s i o n   of  d i l u t e  

s o l u t i o n s   of  c o n c e n t r a t i o n   l o w e r   t h a n   u sed   in  W e t  

S p i n n i n g   or  Dry  S p i n n i n g .   F u r t h e r m o r e ,   t he   p r e f e r r e d  

s o l v e n t s   of  t he   p r e s e n t   i n v e n t i o n   do  no t   p h a s e - s e p a r a t e  

f rom  PAN  on  c o o l i n g   to  form  a  non-PAN  c o a t i n g   o r  

o c c l u d e d   p h a s e ,   but   r a t h e r   form  a  d i s p e r s e d   f a i r l y  

h o m o g e n e o u s   g e l .  
The  PAN  p o l y m e r   used   is   s u b s t a n t i a l l y   l i n e a r   and  o f  

w e i g h t   a v e r a g e   m o l e c u l a r   w e i g h t   at  l e a s t   a b o u t   5 0 0 , 0 0 0 ,  

p r e f e r a b l y   at   l e a s t   a b o u t   7 5 0 , 0 0 0 ,   more  p r e f e r a b l y  

b e t w e e n   a b o u t   1 , 0 0 0 , 0 0 0   and  a b o u t   4 , 0 0 0 , 0 0 0   and  m o s t  

p r e f e r a b l y   b e t w e e n   a b o u t   1 , 5 0 0 , 0 0 0   and  a b o u t   2 , 5 0 0 , 0 0 0 .  

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

w e i g h t   PAN  can  be  p r e p a r e d   by  the   p r o c e d u r e s   i l l u s t r a t e d  

in  P r e p a r a t i o n s   A  and  B  i m m e d i a t e l y   p r o c e e d i n g   E x a m p l e  

1,  b e l o w .   W h i l e   u l t r a h i g h   m o l e c u l a r   w e i g h t   PAN  is  k n o w n  

( see   U .S .   p a t e n t   4 , 2 5 4 , 2 5 0   C o l .   5,  T a b l e   I ) ,   i t s   p r i o r  

use   was  in  p r e p a r i n g   w a t e r   t r e a t m e n t   p o l y m e r s .  
The  f i r s t   s o l v e n t   s h o u l d   be  s u b s t a n t a i l l y   n o n -  

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

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

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

a p e r t u r e   ( d i e )   and  to  p r e v e n t   n o n - u n i f o r m i t y   in  l i q u i d  

c o n t e n t   of  t he   g e l   f i b e r   or  f i l m   c o n t a i n i n g   f i r s t  

s o l v e n t .   P r e f e r a b l y ,   the   v a p o r   p r e s s u r e   of  t h e   f i r s t  

s o l v e n t   s h o u l d   be  no  more  t h a n   80  kPa  ( f o u r - f i f t h s   of  a n  

a t m o s p h e r e )   at   130°C,   or  at   the   f i r s t   t e m p e r a t u r e .  

S u i t a b l e   f i r s t   s o l v e n t s   for   PAN  i n c l u d e  

d i m e t h y l s u l f o x i d e   (DMSO),  d i m e t h y l f o r m a m i d e   ( D M F ) ,  

d i m e t h y l a c e t a m i d e   (DMAc),  g a m m a - b u t y r o l a c t o n e   a n d  

e t h y l e n e   c a r b o n a t e .   O t h e r   h o m o l o g s   and  a n a l o g s   of  t h e s e  

s o l v e n t s   ( e . g . ,   p r o p y l e n e   c a r b o n a t e )   may  a l s o   be  u s e d .  



Less   p r e f e r r e d   a re   a q u e o u s   s o l u t i o n s   of  s a l t s   such   a s  

c o n c e n t r a t e d   a q u e o u s   s o d i u m   t h i o c y a n a t e .   DMSO  is   m o s t  

p r e f e r r e d .  

The  p o l y m e r   may  be  p r e s e n t   in  the   f i r s t   s o l v e n t   a t  

a  f i r s t   c o n c e n t r a t i o n   wh ich   is  s e l e c t e d   f rom  a  

r e l a t i v e l y   n a r r o w   r a n g e ,   e . g .   a b o u t   2  to  a b o u t   15  w e i g h t  

p e r c e n t ,   p r e f e r a b l y   a b o u t   4  to  a b o u t   10  w e i g h t   p e r c e n t  

more  p r e f e r a b l y   a b o u t   5  to   a b o u t   8  w e i g h t   p e r c e n t ;  

h o w e v e r ,   once   c h o s e n ,   t h e  c o n c e n t r a t i o n   s h o u l d   no t   v a r y  

s i g n i f i c a n t l y   a d j a c e n t   t he   d i e   or  o t h e r w i s e   p r i o r   t o  

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

any  one  p o i n t   s h o u l d   no t   v a r y   a d j a c e n t   the   d i e   o r  

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

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

o v e r   t i m e   ( i . e .   l e n g t h   of  t h e   f i b e r   or  f i l m ) .  

The  f i r s t   t e m p e r a t u r e   is  c h o s e n   to  a c h i e v e   c o m p l e t e  

d i s s o l u t i o n   of  the   p o l y m e r   in  t he   f i r s t   s o l v e n t .   T h e  

f i r s t   t e m p e r a t u r e   is  t he   minimum  t e m p e r a t u r e   a t   a n y  

p o i n t   b e t w e e n   where   the   s o l u t i o n   is  f o rmed   and  the   d i e  

f a c e ,   and  must   be  g r e a t e r   t h a n   the   g e l a t i o n   t e m p e r a t u r e  

fo r   t he   p o l y m e r   in  the   s o l v e n t   at  the   f i r s t   c o n c e n t r a -  

t i o n .   For  PAN  in  DMSO  at  5-8%  c o n c e n t r a t i o n ,   t he   g e l a -  

t i o n   t e m p e r a t u r e   is  a p p r o x i m a t e l y   2 5 - 1 0 0 ° C ;   t h e r e f o r e ,   a  

p r e f e r r e d   f i r s t   t e m p e r a t u r e   can  be  a b o u t   130°C  to  a b o u t  

200°C ,   more  p r e f e r a b l y   a b o u t   1 4 0 - 1 8 0 ° C .   W h i l e  

t e m p e r a t u r e s   may  v a r y   above   the   f i r s t   t e m p e r a t u r e   a t  

v a r i o u s   p o i n t s   u p s t r e a m   of  t he   d i e   f a c e ,   e x c e s s i v e  

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

a v o i d e d .   To  a s s u r e   c o m p l e t e   s o l u b i l i t y ,   a  f i r s t  

t e m p e r a t u r e   is  c h o s e n   w h e r e a t   t he   s o l u b i l i t y   of  t h e  

p o l y m e r   e x c e e d s   the  f i r s t   c o n c e n t r a t i o n   and  is  t y p i c a l l y  

a t   l e a s t   20%  g r e a t e r .   The  s e c o n d   t e m p e r a t u r e   is   c h o s e n  

w h e r e a t   t he   f i r s t   s o l v e n t - p o l y m e r   s y s t e m   b e h a v e s   as  a  

g e l ,   i . e . ,   has  a  y i e l d   p o i n t   and  r e a s o n a b l e   d i m e n s i o n a l  

s t a b i l i t y   fo r   s u b s e q u e n t   h a n d l i n g .   C o o l i n g   of  t h e  

e x t r u d e d   p o l y m e r   s o l u t i o n   f rom  the   f i r s t   t e m p e r a t u r e   t o  

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

s u f f i c i e n t l y   r a p i d   to  form  a  ge l   f i b e r   wh ich   is  o f  



s u b s t a n t i a l l y   t he   same  p o l y m e r   c o n c e n t r a t i o n   as  e x i s t e d  

in  the   p o l y m e r   s o l u t i o n .   P r e f e r a b l y   the   r a t e   at   w h i c h  

the   e x t r u d e d   p o l y m e r   s o l u t i o n   is  c o o l e d   f rom  the   f i r s t  

t e m p e r a t u r e   to  t he   s e c o n d   t e m p e r a t u r e   s h o u l d   be  a t   l e a s t  

50°C  per   m i n u t e .  

A  p r e f e r r e d   means  of  c o o l i n g   to  the   s e c o n d   t e m p e r a -  

t u r e   i n v o l v e s   t he   use  of  a  q u e n c h   b a t h .   The  q u e n c h   b a t h  

w i l l   p r e f e r a b l y   c o m p r i s e   a  m i x t u r e   of  the   f i r s t   s o l v e n t  

w i t h   w a t e r .   The  w a t e r   c o n c e n t r a t i o n   of  the   q u e n c h   b a t h  

may  r a n g e   f rom  a b o u t   0  to  a b o u t   95%.  The  q u e n c h   b a t h  

may  a l s o   c o m p r i s e   a  l i q u i d   wh ich   is  r e l a t i v e l y   i m m i s c i -  

b l e   w i t h   t h e   f i r s t   s o l v e n t .   S u i t a b l e   l i q u i d s   i n c l u d e  

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

t h a t   may  be  e m p l o y e d   r a n g e   f rom  a b o u t   0°C  to  a b o u t   5 0 ° C  

w i t h   a  t e m p e r a t u r e   near   room  t e m p e r a t u r e   b e i n g   p r e -  

f e r r e d .  

Some  s t r e t c h i n g   d u r i n g   c o o l i n g   to  the   s e c o n d   t e m -  

p e r a t u r e   is   no t   e x c l u d e d   f rom  the   p r e s e n t   i n v e n t i o n ,   b u t  

the   t o t a l   s t r e t c h i n g   d u r i n g   t h i s   s t a g e   s h o u l d   no t   n o r -  

m a l l y   e x c e e d   1 0 : 1 .   As  a  r e s u l t   of  t h o s e   f a c t o r s   the   g e l  

f i b e r   f o r m e d   upon  c o o l i n g   to  t he   s e c o n d   t e m p e r a t u r e   c o n -  

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

w i t h   s o l v e n t .  

I f   an  a p e r t u r e   of  c i r c u l a r   c r o s s   s e c t i o n   (or  o t h e r  

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

d i c u l a r   to  t h e   f l o w   d i r e c t i o n   more  t h a n   8  t i m e s   t h e  

s m a l l e s t   a x i s   in  the   same  p l a n e ,   such  as  o v a l ,   Y-  or  X-  

s h a p e d   a p e r t u r e )   is   u s e d ,   t h e n   bo th   g e l s   w i l l   be  g e l  

f i b e r s ,   t he   x e r o g e l   w i l l   be  a  x e r o g e l   f i b e r   and  t h e  

t h e r m o p l a s t i c   a r t i c l e   w i l l   be  a  f i b e r .   The  d i a m e t e r   o f  

the  a p e r t u r e   is  no t   c r i t i c a l ,   w i t h   r e p r e s e n t a t i v e   a p e r -  

t u r e s   b e i n g   b e t w e e n   0 .25   mm  and  5  mm  in  d i a m e t e r   ( o r  

o t h e r   m a j o r   a x i s ) .   The  l e n g t h   of  t he   a p e r t u r e   in  t h e  

f low  d i r e c t i o n   s h o u l d   n o r m a l l y   be  at   l e a s t   10  t i m e s   t h e  

d i a m e t e r   of  t he   a p e r t u r e   (or  o t h e r   s i m i l a r   m a j o r   a x i s ) ,  

p r e f e r a b l y   a t   l e a s t   15  t i m e s   and  more  p r e f e r a b l y   a t  

l e a s t   20  t i m e s   t he   d i a m e t e r   (or  o t h e r   s i m i l a r   m a j o r  

a x i s ) .  



If  an  a p e r t u r e   of  r e c t a n g u l a r   c r o s s   s e c t i o n   i s  

u s e d ,   t h e n   bo th   g e l s   w i l l   be  ge l   f i l m s ,   t he   x e r o g e l   w i l l  

be  a  x e r o g e l   f i l m   and  the  t h e r m o p l a s t i c   a r t i c l e   w i l l   b e  

a  f i l m .   The  w i d t h   and  h e i g h t   of  t h e  a p e r t u r e   a re   n o t  

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

2.5  mm  and  2  m  in  w i d t h   ( c o r r e s p o n d i n g   to  f i l m   w i d t h ) ,  

b e t w e e n   0 .25  mm  and  5  mm  in  h e i g h t   ( c o r r e s p o n d i n g   t o  

f i l m   t h i c k n e s s ) .   The  d e p t h   of  the   a p e r t u r e   ( in   the   f l o w  

d i r e c t i o n )   s h o u l d   n o r m a l l y   be  at  l e a s t   15  t i m e s   t h e  

h e i g h t   and  more  p r e f e r a b l y   at  l e a s t   20  t i m e s   t he   h e i g h t .  

The  e x t r a c t i o n   w i t h   s e c o n d   s o l v e n t   is   c o n d u c t e d   i n  

a  m a n n e r   t h a t   r e p l a c e s   the   f i r s t   s o l v e n t   in  t he   ge l   w i t h  

a  s e c o n d   more  v o l a t i l e   s o l v e n t .   When  t h e   f i r s t   s o l v e n t  

is  DMSO  or  DMF,  a  s u i t a b l e   s e c o n d   s o l v e n t   is  w a t e r .  

P r e f e r r e d   s e c o n d   s o l v e n t s   a re   the   v o l a t i l e   s o l v e n t s   h a v -  

ing  an  a t m o s p h e r i c   b o i l i n g   p o i n t   of  100°C  or  l o w e r .  

C o n d i t i o n s   of  e x t r a c t i o n  s h o u l d   r e m o v e   t he   f i r s t   s o l v e n t  

to  l e s s   t h a n   1%  s o l v e n t   by  w e i g h t   of  p o l y m e r   in  the   g e l  
a f t e r   e x t r a c t i o n .  

Wi th   some  f i r s t   s o l v e n t s   such  as  DMSO  or  DMF,  i t   i s  

c o n t e m p l a t e d   (bu t   no t   p r e f e r r e d )   to  e v a p o r a t e   the   s o l -  

v e n t   f rom  the   g e l   f i b e r   nea r   the   b o i l i n g   p o i n t   of  t h e  

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

of  or  p r i o r   to  e x t r a c t i o n .  

A  p r e f e r r e d   c o m b i n a t i o n   of  c o n d i t i o n s   is  a  f i r s t  

t e m p e r a t u r e   b e t w e e n   130°C  and  250°C,   a  s e c o n d   t e m p e r a -  

t u r e   b e t w e e n   0°C  and  50°C  and  a  c o o l i n g   r a t e   of  at   l e a s t  

5 0 ° C / m i n u t e .   The  f i r s t   s o l v e n t   s h o u l d   be  s u b s t a n t i a l l y  

n o n - v o l a t i l e ,   one  m e a s u r e   of  which   is  t h a t   i t s   v a p o r  

p r e s s u r e   at  the   f i r s t   t e m p e r a t u r e   s h o u l d   be  l e s s   t h a n  

f o u r - f i f t h s   a t m o s p h e r e   (80  k P a ) .   In  c h o o s i n g   t he   f i r s t  

and  s e c o n d   s o l v e n t s ,   the   p r i m a r y   d e s i r e d   d i f f e r e n c e  

r e l a t e s   to  v o l a t i l i t y   as  d i s c u s s e d   a b o v e .  

Once  the   f i b r o u s   s t r u c t u r e   c o n t a i n i n g   s e c o n d   s o l -  

v e n t   is  f o r m e d ,   i t   is  t h e n   d r i e d   u n d e r   c o n d i t i o n s   w h e r e  

the   s e c o n d   s o l v e n t   is  r emoved   l e a v i n g   t h e   s o l i d   n e t w o r k  

of  p o l y m e r   s u b s t a n t i a l l y   i n t a c t .   By  a n a l o g y   to  s i l i c a  

g e l s ,   t he   r e s u l t a n t   m a t e r i a l   is  c a l l e d   h e r e i n   a  " x e r o -  



g e l "   m e a n i n g   a  s o l i d   m a t r i x   c o r r e s p o n d i n g   to  t he   s o l i d  

m a t r i x   of  a  wet  g e l ,   w i t h   the   l i q u i d   r e p l a c e d   by  g a s  

( e . g .   by  an  i n e r t   gas  such  as  n i t r o g e n   or  by  a i r ) .   The  

t e r m   " x e r o g e l "   is  no t   i n t e n d e d   to  d e l i n e a t e   any  p a r t i c u -  

l a r   t y p e   of  s u r f a c e   a r e a ,   p o r o s i t y   or  p o r e   s i z e .  

S t r e t c h i n g   may  be  p e r f o r m e d   upon  the   ge l   f i b e r  

a f t e r   c o o l i n g   to  t he   s e c o n d   t e m p e r a t u r e   or  d u r i n g   o r  

a f t e r   e x t r a c t i o n .   A l t e r n a t i v e l y ,   s t r e t c h i n g   of  t h e  

x e r o g e l   f i b e r   may  be  c o n d u c t e d ,   or  a  c o m b i n a t i o n   of  g e l  

s t r e t c h   and  x e r o g e l   s t r e t c h   may  be  p e r f o r m e d .   The  f i r s t  

s t a g e   s t r e t c h i n g   may  be  c o n d u c t e d   in  a  s i n g l e   s t a g e   o r  

i t   may  be  c o n d u c t e d   in  two  or  more  s t a g e s .   The  f i r s t  

s t a g e   s t r e t c h i n g   may  be  c o n d u c t e d   at  room  t e m p e r a t u r e   o r  

at   an  e l e v a t e d   t e m p e r a t u r e .   P r e f e r a b l y   the   s t r e t c h i n g  

is   c o n d u c t e d   in  two  or  more  s t a g e s   w i t h   t he   l a s t   of  t h e  

s t a g e s   p e r f o r m e d   at  a  t e m p e r a t u r e   b e t w e e n   100°C  a n d  

2 5 0 ° C .   Most  p r e f e r a b l y   the   s t r e t c h i n g   is  c o n d u c t e d   i n  

a t   l e a s t   two  s t a g e s   w i t h   the  l a s t   of  the   s t a g e s   p e r -  
f o r m e d   at   a  t e m p e r a t u r e   b e t w e e n   130°C  and  2 3 0 ° C .  

Such  t e m p e r a t u r e s   may  be  a c h i e v e d   w i t h   h e a t e d   t u b e s  

as  in  the   F i g u r e s ,   or  w i t h   o t h e r   h e a t i n g   means   such   a s  

h e a t i n g   b l o c k s   or  s t e a m   j e t s .  

The  p r o d u c t   PAN  f i b e r s   p r o d u c e d   by  the   p r e s e n t  

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

f i b e r s   w i t h   a  u n i q u e   c o m b i n a t i o n   of  p r o p e r t i e s :   a  m o l e -  

c u l a r   w e i g h t   of  a t   l e a s t   a b o u t   5 0 0 , 0 0 0 ,   a  ( s e c a n t )  

m o d u l u s   at   l e a s t   a b o u t   100  g / d e n i e r   and  a  t e n a c i t y   a t  

l e a s t   a b o u t   5  g / d e n i e r .   For  t h i s   f i b e r ,   the   m o l e c u l a r  

w e i g h t   is  p r e f e r a b l y   at  l e a s t   a b o u t   7 5 0 , 0 0 0 ,   m o r e  

p r e f e r a b l y   b e t w e e n   a b o u t   1 , 0 0 0 , 0 0 0   and  a b o u t   4 , 0 0 0 , 0 0 0  

and  mos t   p r e f e r a b l y   b e t w e e n   a b o u t   1 , 5 0 0 , 0 0 0   and  a b o u t  

2 , 5 0 0 , 0 0 0 .   The  t e n a c i t y   is  p r e f e r a b l y   at  l e a s t   a b o u t   7 

g / d e n i e r .   The  s e c a n t   m o d u l u s   is  p r e f e r a b l y   a t   l e a s t  

a b o u t   100  g / d e n i e r ,   more  p r e f e r a b l y   at   l e a s t   a b o u t   1 2 5  

g / d e n i e r .   P r e f e r a b l y   the   f i b e r   has  an  e l o n g a t i o n   t o  

b r e a k   at  most   7%. 

DESCRIPTION  OF  THE  PREFERRED  EMBODIMENTS 

F i g u r e   1,  i l l u s t r a t e s   in  s c h e m a t i c   form  a  f i r s t  



e m b o d i m e n t   of  the  p r e s e n t   i n v e n t i o n ,   w h e r e i n   t h e  

s t r e t c h i n g   s t e p   F  is  c o n d u c t e d   in  t w o  s t a g e s   on  t h e  

x e r o g e l   f i b e r   s u b s e q u e n t   to  d r y i n g   s t e p   E.  In   F i g u r e   1 ,  

a  f i r s t   m i x i n g   v e s s e l   10  is  s h o w n ,   which   is  f e d  w i t h   a n  

u l t r a   h i g h   m o l e c u l a r   w e i g h t   p o l y m e r   11  such   as  PAN  o f  

w e i g h t   a v e r a g e   m o l e c u l a r   w e i g h t   at  l e a s t   5 0 0 , 0 0 0   a n d  

f r e q u e n t l y   at  l e a s t   7 5 0 , 0 0 0 ,   and  to  which   is  a l s o   fed  a  

f i r s t ,   r e l a t i v e l y   n o n - v o l a t i l e   s o l v e n t   12  such   a s  

DMSO.  F i r s t   m i x i n g   v e s s e l   10  is   e q u i p p e d   w i t h   an  a g i -  

t a t o r   13.  The  r e s i d e n c e   t i m e   of  p o l y m e r   and  f i r s t   s o l -  

v e n t   in  f i r s t   m i x i n g   v e s s e l   10  is  s u f f i c i e n t   to  form  a  

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

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

r e m o v e d   in  l i n e   14  to  an  i n t e n s i v e   m i x i n g   v e s s e l   1 5 .  

I n t e n s i v e   m i x i n g   v e s s e l   15  i s   e q u i p p e d   w i t h   h e l i c a l   a g i -  

t a t o r   b l a d e s   16.  The  r e s i d e n c e   t i m e   and  a g i t a t o r   s p e e d  
in  i n t e n s i v e   m i x i n g   v e s s e l   15  is  s u f f i c i e n t   to  c o n v e r t  

the   s l u r r y   i n t o   a  s o l u t i o n .   I t   w i l l   be  a p p r e c i a t e d   t h a t  

the   t e m p e r a t u r e   in  i n t e n s i v e   m i x i n g   v e s s e l   15,  e i t h e r  

b e c a u s e   of  e x t e r n a l   h e a t i n g ,   h e a t i n g   of  the   s l u r r y   1 4 ,  

h e a t   g e n e r a t e d   by  the   i n t e n s i v e   m i x i n g ,   or  a  c o m b i n a t i o n  

of  t he   above   is  s u f f i c i e n t l y   h i g h   ( e . g .   150°C)  to  p e r m i t  

the   p o l y m e r   to  be  c o m p l e t e l y   d i s s o l v e d   in  the   s o l v e n t   a t  

the   d e s i r e d   c o n c e n t r a t i o n   ( g e n e r a l l y   b e t w e e n   5  and  10  

p e r c e n t   p o l y m e r   by  w e i g h t   of  s o l u t i o n ) .   From  the   i n t e n -  

s i v e   m i x i n g   v e s s e l   15,  the   s o l u t i o n   is  fed  to  an  e x t r u -  

s i o n   d e v i c e   18,  c o n t a i n i n g   a  b a r r e l   19  w i t h i n   which   is  a  

s c r e w   20  o p e r a t e d   by  m o t o r   22  to  d e l i v e r   p o l y m e r   s o l u -  

t i o n   a t   r e a s o n a b l y   h i g h   p r e s s u r e   to  a  g e a r   pump  a n d  

h o u s i n g   23  at  a  c o n t r o l l e d   f l o w   r a t e .   A  m o t o r   24  i s  

p r o v i d e d   to  d r i v e   g e a r   pump  23  and  e x t r u d e   the   p o l y m e r  

s o l u t i o n ,   s t i l l   h o t ,   t h r o u g h   a  s p i n n e r e t t e   25  c o m p r i s i n g  

a  p l u r a l i t y   of  a p e r a t u r e s ,   w h i c h   may  be  c i r c u l a r ,   X- 

s h a p e d ,   o r ,   o v a l - s h a p e d ,   or  in  any  of  a  v a r i e t y   o f  

s h a p e s   h a v i n g   a  r e l a t i v e l y   s m a l l   m a j o r   a x i s   in  the   p l a n e  

of  the   s p i n n e r e t t e   when  i t   i s   d e s i r e d   to  fo rm  f i b e r s ,  

and  h a v i n g   a  r e c t a n g u l a r   or  o t h e r   s h a p e   w i t h   an  e x t e n d e d  

m a j o r   a x i s   in  the   p l a n e   of  t h e   s p i n n e r e t t e   when  i t   i s  



d e s i r e d   to  form  f i l m s .   The  t e m p e r a t u r e   of  t he   s o l u t i o n  

in  t he   m i x i n g   v e s s e l   15,  in  the   e x t r u s i o n   d e v i c e   18  a n d  

at   t he   s p i n n e r e t t e   25  s h o u l d   a l l   e q u a l   or  e x c e e d   a  f i r s t  

t e m p e r a t u r e   ( e . g .   150°C)  c h o s e n   to  e x c e e d   the   g e l l a t i o n  

t e m p e r a t u r e   ( a p p r o x i m a t e l y   0 - 1 0 0 ° C   for   PAN  in  DMSO). 

The  t e m p e r a t u r e   may  v a r y   ( e . g .   140°C,   160°C)   or  may  b e  

c o n s t a n t   ( e . g .   150°C)   f rom  the   m i x i n g   v e s s e l   15  t o  

e x t r u s i o n   d e v i c e   18  to  the   s p i n n e r e t t e   25.  At  a l l  

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

s o l u t i o n   s h o u l d   be  s u b s t a n t i a l l y   the  s ame .   The  n u m b e r  

of  a p e r t u r e s ,   and  t h u s   the   number   of  f i b e r s   f o r m e d ,   i s  

no t   c r i t i c a l ,   w i t h   c o n v e n i e n t   n u m b e r s   of  a p e r t u r e s   b e i n g  

16,  120 ,   or  2 4 0 .  

From  the   s p i n n e r e t t e   25,  the   p o l y m e r   s o l u t i o n  

p a s s e s   t h r o u g h   an  a i r   gap  27,  o p t i o n a l l y   e n c l o s e d   a n d  

f i l l e d   w i t h   an  i n e r t   gas  such   as  n i t r o g e n ,   and  o p t i o n -  

a l l y   p r o v i d e d   w i t h   a  f l ow  of  gas  to  f a c i l i t a t e   c o o l -  

i n g .   A  p l u r a l i t y   of  ge l   f i b e r s   28  c o n t a i n i n g   f i r s t   s o l -  

v e n t   p a s s   t h r o u g h   the   a i r   gap  27  and  i n t o   a  q u e n c h   b a t h  

30  c o n t a i n i n g   any  of  a  v a r i e t y   of  l i q u i d s ,   so  as  to  c o o l  

the   f i b e r s ,   bo th   in  t he   a i r   gap  27  and  in  t he   q u e n c h  

b a t h   30,  to  a  s e c o n d   t e m p e r a t u r e   such  t h a t   t he   p o l y m e r -  

s o l v e n t   s y s t e m   f o r m s   a  g e l .   I t   is  p r e f e r r e d   t h a t   t h e  

q u e n c h   l i q u i d   in  q u e n c h   b a t c h   30  be  a  m i x t u r e   of  f i r s t  

s o l v e n t   (DMSO)  and  w a t e r .   Whi l e   some  s t r e t c h i n g   in  t h e  

a i r   gap  27  and  in  t he   q u e n c h   medium  is  p e r m i s s i b l e ,   i t  

is  p r e f e r a b l y   l e s s   t h a n   a b o u t   1 0 : 1 .   R o l l e r s   31  and  32 

in  t h e   q u e n c h   b a t h   30  o p e r a t e   to  f eed   the   f i b e r   t h r o u g h  

t he   q u e n c h   b a t h ,   and  p r e f e r a b l y   o p e r a t e   w i t h   l i t t l e   o r  

no  s t r e t c h .  

From  the   q u e n c h   b a t h   30,  the   c o o l   f i r s t   g e l   f i b e r s  

33  p a s s   ( p r e f e r a b l y   w i t h   some  room  t e m p e r a t u r e   s t r e t c h -  

i ng )   to  a  s o l v e n t   e x t r a c t i o n   d e v i c e   37  whe re   a  s e c o n d  

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

s u c h   as  w a t e r ,   is  fed  t h r o u g h   l i n e   38.  The  s o l v e n t  

o u t f l o w   in  l i n e   40  c o n t a i n s   s e c o n d   s o l v e n t   and  e s s e n -  

t i a l l y   a l l   of  t he   f i r s t   s o l v e n t   b r o u g h t   in  w i t h   the   c o o l  

g e l   f i b e r s   33,  e i t h e r   d i s s o l v e d   or  d i s p e r s e d   in  t h e  



s e c o n d   s o l v e n t .   Thus  the  f i b r o u s   s t r u c t u r e   41  c o n d u c t e d  

out   of  t he   s o l v e n t   e x t r a c t i o n   d e v i c e   37  c o n t a i n s   s u b -  

s t a n t i a l l y   o n l y   s e c o n d   s o l v e n t ,   and  r e l a t i v e l y   l i t t l e  

f i r s t   s o l v e n t .   The  f i b r o u s   s t r u c t u r e   41  may  h a v e  

s h r u n k e n   s o m e w h a t   c o m p a r e d   to  t he   f i r s t   ge l   f i b e r s   3 3 .  

In  a  d r y i n g   d e v i c e   45,  t he   s e c o n d   s o l v e n t   is  e v a p o -  
r a t e d   f rom  t he   f i b r o u s   s t r u c t u r e   41,  f o r m i n g   e s s e n t i a l l y  

u n s t r e t c h e d   x e r o g e l   f i b e r s   47  wh ich   a re   t a k e n   up  o n  

s p o o l   5 2 .  

From  s p o o l   52,  or  from  a  p l u r a l i t y   of  such   s p o o l s  

if   i t   is  d e s i r e d   to  o p e r a t e   the   s t r e t c h i n g   l i n e   a t   a  

s l o w e r   f e e d   r a t e   t h a n   the  t a k e   up  of  s p o o l   52  p e r m i t s ,  

the   f i b e r s   a re   fed  over   d r i v e n   f e ed   r o l l   54  and  i d l e r  

r o l l   55  i n t o   a  f i r s t   h e a t e d   t u b e   56,  wh ich   may  be  r e c -  

t a n g u l a r ,   c y l i n d r i c a l   or  o t h e r   c o n v e n i e n t   s h a p e .   S u f f i -  

c i e n t   h e a t   is  a p p l i e d   to  t he   t u b e   56  to  c a u s e   the   f i b e r  

t e m p e r a t u r e   to  be  b e t w e e n   1 0 0 - 2 0 0 ° C .   The  f i b e r s   a r e  

s t r e t c h e d   at   a  r e l a t i v e l y   h i g h   draw  r a t i o   ( e . g .   4 :1 )   s o  

as  to  form  p a r t i a l l y   s t r e t c h e d   f i b e r s   58  t a k e n   up  b y  

d r i v e n   r o l l   61  and  i d l e r   r o l l   62.  From  r o l l s   61  and  6 2 ,  

the   f i b e r s   a r e   t a k e n   t h r o u g h   a  s e c o n d   h e a t e d   t u b e   6 3 ,  

h e a t e d   so  as  to  be  at  s omewha t   h i g h e r   t e m p e r a t u r e ,   e . g .  
1 3 0 - 2 3 0 ° C   and  a r e   t h e n   t a k e n   up  by  d r i v e n   t a k e - u p   r o l l  

65  and  i d l e r   r o l l   66,  o p e r a t i n g   a t   a  s p e e d   s u f f i c i e n t   t o  

i m p a r t   a  s t r e t c h   r a t i o   in  h e a t e d   t u b e   63  as  d e s i r e d ,  

e . g .   1 . 8 : 1 .   The  t w i c e   s t r e t c h e d   f i b e r s   68  p r o d u c e d   i n  

t h i s   f i r s t   e m b o d i m e n t   are   t a k e n   up  on  t a k e - u p   s p o o l  

72.  I t   is   a n t i c i p a t e d   t h a t   some  or  a l l   of  the   s t r e t c h  

r a t i o s   may  be  d e c r e a s e d   as  t he   l i n e   s p e e d s   a r e  

i n c r e a s e d .  

Wi th   r e f e r e n c e   to  the   s i x   p r o c e s s   s t e p s   of  t h e  

p r e s e n t   i n v e n t i o n ,   i t   can  be  s e e n   t h a t   the   s o l u t i o n  

f o r m i n g   s t e p   A  is  c o n d u c t e d   in  m i x e r s   13  and  15.  T h e  

e x t r u d i n g   s t e p   B  is  c o n d u c t e d   w i t h   d e v i c e   18  and  23,  a n d  

e s p e c i a l l y   t h r o u g h   s p i n n e r e t t e   25.  The  c o o l i n g   s t e p   C 

is  c o n d u c t e d   in  a i r g a p   27  and  q u e n c h   b a t h   30.  E x t r a c -  

t i o n   s t e p   D  is   c o n d u c t e d   in  s o l v e n t   e x t r a c t i o n   d e v i c e  

37.  The  d r y i n g   s t e p   E  is  c o n d u c t e d   in  d r y i n g   d e v i c e  



45.  The  s t r e t c h i n g   s t e p   F  is  c o n d u c t e d   in  e l e m e n t s   5 2 -  

72,  and  e s p e c i a l l y   in  h e a t e d   t u b e s   56  and  63.  I t   w i l l  

be  a p p r e c i a t e d ,   h o w e v e r ,   t h a t   v a r i o u s   o t h e r   p a r t s   of  t h e  

s y s t e m   may  a l s o   p e r f o r m   some  s t r e t c h i n g ,   even   at  t e m -  

p e r a t u r e s   s u b s t a n t i a l l y   be low  t h o s e   of  h e a t e d   t u b e s   56 

and  63.  T h u s ,   fo r   e x a m p l e ,   some  s t r e t c h i n g   ( e . g .   1 . 5 : 1  

to  5 :1)   may  o c c u r   w i t h i n   q u e n c h   b a t h   30,  b e t w e e n   t h e  

q u e n c h   b a t h   30  and  the   s o l v e n t   e x t r a c t i o n   d e v i c e   3 7 ,  
w i t h i n   s o l v e n t   e x t r a c t i o n   d e v i c e   37,  w i t h i n   d r y i n g  
d e v i c e   45  or  b e t w e e n   s o l v e n t   e x t r a c t i o n   d e v i c e   37  a n d  

d r y i n g   d e v i c e   4 5 .  

A  s e c o n d   e m b o d i m e n t   of  the   p r e s e n t   i n v e n t i o n   i s  

i l l u s t r a t e d   in  s c h e m a t i c   form  by  F i g u r e   2.  The  s o l u t i o n  

f o r m i n g   and  e x t r u d i n g   s t e p s   A  and  B  of  t he   s e c o n d   e m b o d -  

imen t   a re   s u b s t a n t i a l l y   the   same  as  t h o s e   in  the  f i r s t  

e m b o d i m e n t   i l l u s t r a t e d   in  F i g u r e   1.  T h u s ,   p o l y m e r   a n d  

f i r s t   s o l v e n t   a r e   mixed   in  f i r s t   m i x i n g   v e s s e l   10  a n d  

c o n d u c t e d   as  a  s l u r r y   in  l i n e   14  to  i n t e n s i v e   m i x i n g  
d e v i c e   15  o p e r a t i v e   to  form  a  ho t   s o l u t i o n   of  p o l y m e r   i n  

f i r s t   s o l v e n t .   E x t r u s i o n   d e v i c e   18  i m p e l l s   the   s o l u t i o n  

u n d e r   p r e s s u r e   t h r o u g h   the  gea r   pump  and  h o u s i n g   23  a n d  

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

27.  The  ho t   f i r s t   ge l   f i b e r s   28  p a s s   t h r o u g h   a i r   gap  27 

and  q u e n c h   b a t h   30  so  as  to  form  c o o l   f i r s t   ge l   f i b e r s  

3 3 .  

The  c o o l   f i r s t   ge l   f i b e r s   33  a re   c o n d u c t e d   o v e r  
d r i v e n   r o l l   54  and  i d l e r   r o l l   55  t h r o u g h   h e a t e d   t u b e   57 

w h i c h ,   in  g e n e r a l ,   is  l o n g e r   t h a n   the   f i r s t   h e a t e d   t u b e  

56  i l l u s t r a t e d   in  F i g u r e   5.  The  f i b e r s   33  a re   d r a w n  

t h r o u g h   h e a t e d   t u b e   57  by  d r i v e n   t a k e - u p   r o l l   59  a n d  

i d l e r   r o l l   60,  so  as  to  c a u s e   a  r e l a t i v e l y   h i g h   s t r e t c h  

r a t i o   ( e . g .   1 0 : 1 ) .   The  o n c e - s t r e t c h e d   f i r s t   ge l   f i b e r s  

35  a re   c o n d u c t e d   i n t o   e x t r a c t i o n   d e v i c e   3 7 .  

In  t he   e x t r a c t i o n   d e v i c e   37,  t he   f i r s t   s o l v e n t   i s  

e x t r a c t e d   ou t   of  the   ge l   f i b e r s   by  s e c o n d   s o l v e n t   a n d  

the   f i b r o u s   s t r u c t u r e s   42  c o n t a i n i n g   s e c o n d   s o l v e n t   a r e  

c o n d u c t e d   to  a  d r y i n g   d e v i c e   45.  T h e r e   t he   s e c o n d  

s o l v e n t   is  e v a p o r a t e d   from  the   f i b r o u s   s t r u c t u r e s ;   a n d  



x e r o g e l   f i b e r s   48,  b e i n g   o n c e - s t r e t c h e d ,   a re   t a k e n   up  o n  

s p o o l   5 2 .  

F i b e r s   on  s p o o l   52  are   t h e n   t a k e n   up  by  d r i v e n   f e e d  

r o l l   61  and  i d l e r   62  and  p a s s e d   t h r o u g h   a  h e a t e d   t u b e  

63,  o p e r a t i n g   at  the   r e l a t i v e l y   h i g h   t e m p e r a t u r e   o f  

b e t w e e n   150  and  270°C .   The  f i b e r s   a r e   t a k e n   up  b y  

d r i v e n   t a k e   up  r o l l   65  and  i d l e r   r o l l   66  o p e r a t i n g   at   a  

s p e e d   s u f f i c i e n t   to  i m p a r t   a  s t r e t c h   in  h e a t e d   t u b e   63  

as  d e s i r e d ,   e . g .   1 . 8 : 1 .   The  t w i c e - s t r e t c h e d   f i b e r s   69 

p r o d u c e d   in  the   s e c o n d   e m b o d i m e n t   a re   t h e n   t a k e n   up  o n  

s p o o l   7 2 .  

I t   w i l l   be  a p p r e c i a t e d   t h a t ,   by  c o m p a r i n g   t h e  

e m b o d i m e n t   of  F i g u r e   2  w i th   the   e m b o d i m e n t   of  F i g u r e   1 ,  

the   s t r e t c h i n g   s t e p   F  has  been   d i v i d e d   i n t o   two  p a r t s ,   ' 

w i th   the   f i r s t   p a r t   c o n d u c t e d   in  h e a t e d   t u b e   57  p e r -  
f o rmed   on  t he   f i r s t   ge l   f i b e r s   33  p r i o r   to  e x t r a c t i o n  

(D)  and  d r y i n g   (E) ,   and  the   s e c o n d   p a r t   c o n d u c t e d   i n  

h e a t e d   t u b e   63,  b e i n g   c o n d u c t e d   on  x e r o g e l   f i b e r s   48 

s u b s e q u e n t   to  d r y i n g   ( E ) .  

The  t h i r d   e m b o d i m e n t   of  the   p r e s e n t   i n v e n t i o n   i s  

i l l u s t r a t e d   in  F i g u r e   3,  w i th   t he   s o l u t i o n   f o r m i n g   s t e p  

A,  e x t r u s i o n   s t e p   B,  and  c o o l i n g   s t e p   C  b e i n g   s u b s t a n -  

t i a l l y   i d e n t i c a l   to  the  f i r s t   e m b o d i m e n t   of  F i g u r e   1  a n d  

the   s e c o n d   e m b o d i m e n t   of  F i g u r e   2.  T h u s ,   p o l y m e r   a n d  

f i r s t   s o l v e n t   a r e   mixed  in  f i r s t   m i x i n g   v e s s e l   10  a n d  

c o n d u c t e d   as  a  s l u r r y   in  l i n e   14  to  i n t e n s i v e   m i x i n g  
d e v i c e   15  o p e r a t i v e   to  form  a  ho t   s o l u t i o n   of  p o l y m e r   i n  

f i r s t   s o l v e n t .   E x t r u s i o n   d e v i c e   18  i m p e l l s   t he   s o l u t i o n  

u n d e r   p r e s s u r e   t h r o u g h   the  g e a r   pump  and  h o u s i n g   23  a n d  

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

27.  The  ho t   f i r s t   ge l   f i b e r s   28  p a s s   t h r o u g h   a i r   gap  27 

and  q u e n c h   b a t h   30  so  as  to  form  c o o l   f i r s t   ge l   f i b e r s  

3 3 .  

The  c o o l   f i r s t   ge l   f i b e r s   33  a r e   c o n d u c t e d   o v e r  
d r i v e n   r o l l   54  and  i d l e r   r o l l   55  t h r o u g h   a  h e a t e d   t u b e  

57  w h i c h ,   in  g e n e r a l ,   is  l o n g e r   t h a n   t he   f i r s t   h e a t e d  

t ube   56  i l l u s t r a t e d   in  F i g u r e   5.  The  l e n g t h   of  h e a t e d  

t ube   57  c o m p e n s a t e s ,   in  g e n e r a l ,   f o r   t he   h i g h e r   v e l o c i t y  



of  f i b e r s   33  in  the   t h i r d   e m b o d i m e n t   of  F i g u r e   7  c o m -  

p a r e d   to  the   v e l o c i t y   of  x e r o g e l   f i b e r s   (47)  b e t w e e n  

t a k e - u p   s p o o l   52  and  h e a t e d   t u b e   56  in  the   f i r s t   e m b o d i -  

ment   of  F i g u r e   1.  The  f i r s t   ge l   f i b e r s   33  a r e   now  t a k e n  

up  by  d r i v e n   r o l l   61  and  i d l e r   r o l l   62,  o p e r a t i v e   t o  

c a u s e   the   s t r e t c h   r a t i o   in  h e a t e d   t ube   57  to  be  a s  

d e s i r e d ,   e . g .   5 : 1 .  

From  r o l l s   61  and  62,  the   o n c e - d r a w n   f i r s t   g e l  

f i b e r s   35  a re   c o n d u c t e d   i n t o   m o d i f i e d   h e a t e d   t u b e   64  a n d  

d r a w n   by  d r i v e n   t a k e   up  r o l l   65  and  i d l e r   r o l l   6 6 .  

D r i v e n   r o l l   65  is  o p e r a t e d   s u f f i c i e n t l y   f a s t   to  draw  t h e  

f i b e r s   in  h e a t e d   t u b e   64  at   the   d e s i r e d   s t r e t c h   r a t i o ,  

e . g .   1 . 8 : 1 .   B e c a u s e   of  t he   r e l a t i v e l y   h i g h   l i n e   s p e e d  

in  h e a t e d   t u b e   64,  r e q u i r e d   g e n e r a l l y   to  m a t c h   t he   s p e e d  

of  o n c e - d r a w n   ge l   f i b e r s   35  coming   o f f   of  r o l l s   61  a n d  

62,   h e a t e d   t u b e   64  in  t he   t h i r d   e m b o d i m e n t   of  F i g u r e   3 

w i l l ,   in  g e n e r a l ,   be  l o n g e r   t h a n   h e a t e d   t u b e   63  i n  

e i t h e r   t h e   s e c o n d   e m b o d i m e n t   of  F i g u r e   2  or  t he   f i r s t  

e m b o d i m e n t   of  F i g u r e   1.  W h i l e   f i r s t   s o l v e n t   may  e x u d e  

f rom  the   f i b e r   d u r i n g   s t r e t c h i n g   in  h e a t e d   t u b e s   57  a n d  

64  (and  be  c o l l e c t e d   at   the   e x i t   of  each   t u b e ) ,   t h e  

f i r s t   s o l v e n t   is  s u f f i c i e n t l y   n o n - v o l a t i l e   so  as  no t   t o  

e v a p o r a t e   to  an  a p p r e c i a b l e   e x t e n t   in  e i t h e r   of  t h e s e  

h e a t e d   t u b e s .  

The  t w i c e - s t r e t c h e d   f i r s t   ge l   f i b e r   36  is  t h e n   c o n -  

d u c t e d   t h r o u g h   s o l v e n t   e x t r a c t i o n   d e v i c e   37,  whe re   t h e  

s e c o n d ,   v o l a t i l e   s o l v e n t   e x t r a c t s   the   f i r s t   s o l v e n t   o u t  

of  the   f i b e r s .   The  f i b r o u s   s t r u c t u r e s   43,  c o n t a i n i n g  

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

d r y i n g   d e v i c e   45,  and  the   t w i c e - s t r e t c h e d   f i b e r s   70  a r e  

t h e n   t a k e n   up  on  s p o o l   7 2 .  

I t   w i l l   be  a p p r e c i a t e d   t h a t ,   by  c o m p a r i n g   the   t h i r d  

e m b o d i m e n t   of  F i g u r e   3  to  t he   f i r s t   two  e m b o d i m e n t s   o f  

F i g u r e s   1  and  2,  t he   s t r e t c h i n g   s t e p   (F)  i s   p e r f o r m e d   i n  

t he   t h i r d   e m b o d i m e n t   in  two  s t a g e s ,   b o t h   s u b s e q u e n t   t o  

c o o l i n g   s t e p   C  and  p r i o r   to  s o l v e n t   e x t r a c t i n g   s t e p   D. 

The  p r e s e n t   p o l y a c r y l o n i t r i l e   f i b e r s   may  be  u sed   a s  

s u c h   in  t i r e   co rd   and  o t h e r   a p p l i c a t i o n s .   In  a d d i t i o n ,  



t h e y   may  be  c a r b o n i z e d   or  g r a p h i t i z e d ,   in  t he   m a n n e r  

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

( s ee   K i r k - O t h m e r ,   E n c y c l o p e d i a   of  C h e m i c a l   T e c h n o l o g y ,  

v o l .   4,  pp.  6 2 5 - 2 6   ( 1 9 7 8 ) ;   B r i t i s h   P a t e n t   1 , 1 1 0 , 7 9 1  

( A p r i l   24,  1 9 6 8 ) )   and  the   a b o v e - c i t e d   C h a r i   e t   a l  

a r t i c l e )   to  p r o d u c e   c a r b o n   f i b e r s   of  s u p e r i o r  

p r o p e r t i e s .  

The  p o l y a c r y l o n i t r i l e   u s e d   in  t he   f o l l o w i n g  

E x a m p l e s   was  p r e p a r e d   by  t he   p r o c e d u r e   i l l u s t r a t e d   b e l o w  

in  P r e p a r a t i o n   C.  

P r e p a r a t i o n   A 

The  r e a c t o r   c o n s i s t e d   of  a  1 - l i t e r ,   3 - n e c k ,   r o u n d -  

b o t t o m   f l a s k   wi th   i n d e n t e d   w a l l .   I t   was  f i t t e d   w i t h   a  

s t i r r e r ,   a  c o n d e n s e r ,   and  a  s t o p p e r .   The  f l a s k   i s  

p l a c e d   in  a  c o n s t a n t   t e m p e r a t u r e   b a t h   at  35°C.   I t   w a s  

e v a c u a t e d   and  f i l l e d   w i t h   o x y g e n - f r e e   n i t r o g e n   f o u r  

t i m e s   u s i n g   a  F i r e s t o n e   v a l v e .   The  s y s t e m   was  b l a n k e t e d  

w i t h   n i t r o g e n   t h r o u g h o u t   t he   p o l y m e r i z a t i o n   p e r i o d .  

A  m i x t u r e   of  300  mL  f r e s h l y   b o i l e d ,   d e i o n i z e d ,   a n d  

d i s t i l l e d   w a t e r ,   3  g  of  s o d i u m   l a u r y l   s u l f a t e ,   and  2  mL 
of  0.1N  H2SO4  s o l u t i o n   was  added   and  s t i r r e d .   To  t h i s  

was  added   100  mL  (80  g)  of  r e d i s t i l l e d   a c r y l o n i t r i l e   a n d  

s t i r r e d   v i g o r o u s l y   to  form  an  e m u l s i o n .   A f t e r   5 

m i n u t e s ,   0 .2   g  of  p o t a s s i u m   p e r s u l f a t e   and  0 .08   g  o f  

s o d i u m   m e t a b i s u l f i t e   were  a d d e d .   The  m i x t u r e   w a s  

s t i r r e d   fo r   22  h o u r s   u n d e r   n i t r o g e n .   The  e m u l s i o n  

f o r m e d   was  mixed  w i t h   600  mL  of  m e t h a n o l   w i t h  

s t i r r i n g .   The  p o l y m e r   p r e c i p i t a t e d   was  i s o l a t e d   b y  

f i l t r a t i o n .   I t   was  p u r i f i e d   by  w a s h i n g   t w i c e   u s i n g   h o t  

w a t e r   ( 5 0 - 6 0 ° C )   w i t h   vacuum  f i l t r a t i o n ,   f o l l o w e d   b y  

d r y i n g   to  a  c o n s t a n t   w e i g h t .   T h e r e   was  o b t a i n e d   78  g 

(98 %  y i e l d )   of  p o l y a c r y l o n i t r i l e   h a v i n g   an  i n t r i n s i c  

v i s c o s i t y   of  9 .92   dL/g   when  d e t e r m i n e d   in  N , N -  

d i m e t h y l f o r m a m i d e   at  35°C.   T h i s   was  c a l c u l a t e d   to  h a v e  

an  e s t i m a t e   m o l e c u l a r   w e i g h t   of  1 . 06   x  106  u s i n g   t h e  

f o l l o w i n g   e q u a t i o n :  



P r e p a r a t i o n   B 

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

5 0 0 - m l   f l a s k   was  c h a r g e d   w i th   a  m i x t u r e   of  150  mL  o f  

d e a e r a t e d ,   d e i o n i z e d ,   and  d i s t i l l e d   w a t e r ,   1 .5   g  s o d i u m  

l a u r y l   s u l f a t e ,   1  mL  of  0 .1   N  H2SO4,  50  mL  o f  

r e d i s t i l l e d   a c r y l o n i t r i l e ,   0 .1   g  of  K2S2O8  and  0 . 0 4   g  of  -  

Na2S2O5,   in  t h a t   o r d e r .  

A f t e r   s t i r r i n g   f o r   1  hour   at  35°C,   a n o t h e r   b a t c h   o f  

0 .1  g  K2L208  and  0 . 0 4   g  of  Na2S2O5  was  a d d e d .   T h e  

m i x t u r e   was  s t i r r e d   v i g o r o u s l y   u n d e r   n i t r o g e n   f o r   f o u r  

more  h o u r s   and  t h e n   t r e a t e d   w i th   m e t h a n o l .   T h e  

p r e c i p i t a t e d   p o l y m e r   was  f i l t e r e d ,   w a s h e d   t w i c e   w i t h   h o t  

w a t e r ,   and  d r i e d .   T h e r e   was  o b t a i n e d   3 7 . 1   g  (93  %  ; 

y i e l d )   of  p o l y a c r y l o n i t r i l e .  

The  i n t r i n s i c   v i s c o s i t y   was  found   to  be  5 . 6 7   d L / g  

when  m e a s u r e d   in  N , N - d i m e t h y l f o r m a m i d e   at   35°C .   On  t h e  

b a s i s   d e s c r i b e d   in  P r e p a r a t i o n   A,  t h i s   c o r r e s p o n d s   to  a n  

e s t i m a t e d   m o l e c u l a r   w e i g h t   of  5 . 5 x 1 0 5 .  

P r e p a r a t i o n   C 

A  500  ml  3 - n e c k   f l a s h   e q u i p p e d   w i t h   a  s t i r r e r ,   a  

c o n d e n s e r   and  a  s t o p p e r   was  f l u s h e d   w e l l   and  b l a n k e t e d  

w i t h   n i t r o g e n .   A  m i x t u r e   c o n t a i n i n g   120  ml  o f  

d e a e r a t e d ,   d e i o n i z e d   w a t e r ,   2  g  of  s o d i u m   l a u r y l  

s u l f a t e ,   80  g  of  p u r i f i e d   a c r y l o n i t r i l e ,   0 .1   g  o f  

p o t a s s i u m   p e r s u l f a t e ,   and  0 .03   g  of  s o d i u m  

m e t a b i s u l f a t e ,   was  a d d e d .   The  m i x t u r e   was  s t i r r e d  

v i g o r o u s l y   at  35°C  fo r   1  h o u r .   A n o t h e r   b a t c h   of  0 .1   g 
of  p o t a s s i u m   p e r s u l f a t e   and  0 .03   g  of  s o d i u m  

m e t a b i s u l f a t e   was  a d d e d .   A f t e r   s t i r r i n g   f o r   24  h o u r s  

u n d e r   an  a t m o s p h e r e   of  n i t r o g e n ,   the   m i x t u r e   was  m i x e d  

w i t h   1 .5   L  of  w a t e r   and  150  g  of  s o d i u m   c h l o r i d e .   T h e  

p o l y m e r   f o r m e d   was  o b t a i n e d   by  f i l t r a t i o n   and  t h e n  

w a s h e d   f o u r   t i m e s   w i t h   w a t e r   u n t i l   t he   f i l t r a t e   was  f r e e  

of  c h l o r i d e .   The  p o l y a c r y l o n i t r i l e   was  c o l l e c t e d   b y  

f i l t r a t i o n   and  d r i e d   in  a i r   at  room  t e m p e r a t u r e .   I t s  

i n t r i n s i c   v i s c o s i t y   was  f o u n d   to  be  1 3 . 6 5   dL/g   w h e n  

m e a s u r e d   in  N , N - d i m e t h y l f o r m a m i d e   at  35°C.   T h i s   w a s  

c a l c u l a t e d   to  have  an  e s t i m a t e d   m o l e c u l a r   w e i g h t   o f  



1 . 6 3 x 1 0   u s i n g   the   e q u a t i o n  g i v e n   in  P r e p a r a t i o n   A.  

The  p r o c e s s   of  the   i n v e n t i o n   w i l l   be  i l l u s t r a t e d   by  

the   e x a m p l e s   b e l o w .  

EXAMPLES 

The  m o d u l u s   v a l u e s   r e p o r t e d   in  E x a m p l e   1 - 4  

r e p r e s e n t   s e c a n t   m o d u l u s   ( t h e   s l o p e   of  a  c h o r d   on  t h e  

s t r e s s - s t r a i n   c u r v e   d rawn  b e t w e e n   the  o r i g i n   and  t h e  

b r e a k i n g   p o i n t ) .   Such  s e c a n t   m o d u l u s   v a l u e s   a r e  

n o r m a l l y   l ower   t h a n   the   i n i t i a l   m o d u l u s ,   in  some  c a s e s  

by  a  f a c t o r   of  2.  S e l e c t e d   f i b e r s   were  a l s o   e v a l u a t e  

fo r   i n i t i a l   m o d u l u s ,   and  b o t h   v a l u e s   a re   g i v e n   in  T a b l e  

1  a t   the   end  of  the   E x a m p l e s .  

EXAMPLE  1 

An  A t l a n t i c   R e s e a r c h   C o r p o r a t i o n   Model   2CV  H e l i -  

cone®  m i x e r   c h a r g e d   w i t h   a  6.0  w e i g h t   p e r c e n t   s o l u t i o n  

of  the   PAN  p r e p a r e d   in  P r e p a r a t i o n   C,  h a v i n g   a  m o l e c u l a r  

w e i g h t   of  a p p r o x i m a t e l y   1 . 6 3   x  106,   and  94  w e i g h t  

p e r c e n t   d i m e t h y l   s u l f o x i d e .   The  c h a r g e   was  h e a t e d   w i t h  

a g i t a t i o n   at   12  r e v / m i n   at   25°C  u n d e r   n i t r o g e n   p r e s s u r e  
f o r   two  h o u r s   and  t h e n   for   two  h o u r s   at  1 4 5 ° C .  

The  s o l u t i o n   was  e x t r u d e d   at   the   f i n a l   m i x i n g   t e m -  

p e r a t u r e   ( i . e .   145°)   t h r o u g h   a  0 . 0 3 0   i n c h   ( 0 . 7 6 2   mm) 

d i a m e t e r   a p e r t u r e   (L /D=25)   at   a  r e a s o n a b l y   c o n s t a n t   r a t e  

of  2 . 0 3   c m 3 / m i n .  

The  e x t r u d e d   u n i f o r m   s o l u t i o n   f i l a m e n t   was  q u e n c h e d  

to  a  ge l   s t a t e   by  p a s s a g e   t h r o u g h   a  b a t h   c o m p r i s i n g   50 

w e i g h t   p e r c e n t   w a t e r   and  50  w e i g h t   p e r c e n t   d i m e t h y l   s u l -  

f o x i d e ,   s a i d   b a t h   b e i n g   l o c a t e d   1  cm  be low  the   s p i n n i n g  

d i e .   The  ge l   f i l a m e n t   was  wound  up  c o n t i n u o u s l y   on  a  

6 .5  cm  d i a m e t e r ,   2 0 . 4   cm  long   b o b b i n   at   t he   r a t e   of  5 9 9  

c m / m i n .  

The  ge l   f i b e r   was  t h e n   k e p t   in  a  s t i r r e d   w a t e r   b a t h  

h a v i n g   a  t e m p e r a t u r e   of  22°C  for   18  h o u r s   in  o r d e r   t o  

e x t r a c t   the   d i m e t h y l   s u l f o x i d e   f rom  the   f i b e r .  

T h e r e a f t e r ,   the   f i b e r   was  d r i e d   at  a  t e m p e r a t u r e   o f  

25°C .   D r y i n g   of  t he   f i b e r   was  a c c o m p l i s h e d   by  l e a v i n g  

in  a i r   at  room  t e m p e r a t u r e .  

The  d r i e d   f i b e r   was  t h e n   drawn  v i a   a  two  s t a g e  



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

by  f e e d i n g   the   f i b e r   at  a  s p e e d   of  118  cm/min  i n t o   a  h o t  

t u b e ,   f i v e - e i g h t h s   inch   (14  mm)  i n s i d e   d i a m e t e r ,   and  6 

f e e t   (180  cm)  in  l e n g t h ,   b l a n k e t e d   w i t h   n i t r o g e n .   T h e  

t e m p e r a t u r e   at  t he   e n t r a n c e   of  t h e   ho t   t ube   was  1 3 5 ° C  

wi th   the   e x i t   t e m p e r a t u r e   of  t he   ho t   t u b e   b e i n g   1 5 0 ° C .  

The  f i b e r   was  d rawn   at  a  r a t i o   of  4 . 0 7 / 1   w i t h i n   t h e  

t u b e .   S e c o n d   s t a g e   d r a w i n g   of  t he   once   s t r e t c h e d   f i b e r  

was  a c c o m p l i s h e d   by  d r a w i n g   t he   f i b e r   in  the  same  t u b e  

w h e r e i n   t he   f i b e r   was  fed  i n t o   t h e   t u b e   at  a  s p e e d   o f  

215  c m / m i n ,   w i t h   t he   tube   e n t r a n c e   t e m p e r a t u r e   b e i n g  

146°C,   the   t u b e   e x i t   t e m p e r a t u r e   b e i n g   160°C,   and  t h e  

d r a w i n g   r a t i o   b e i n g   2 . 1 1 / 1 .   The  p r o p e r t i e s   of  the   t w i c e  

s t r e t c h e d   f i b e r   was  as  f o l l o w s :  

d e n i e r :   1 0 . 5  

t e n a c i t y :   7 .8   g / d e n i e r  

s e c a n t   m o d u l u s :   138  g / d e n i e r  

u l t i m a t e   e l o n g a t i o n :   5 . 8  

EXAMPLE  2 

E x a m p l e   1  was  r e p e a t e d   w i t h   6%  PAN  in  DMSO  and  t h e  

e x t r u s i o n   r a t e   l o w e r e d   f rom  2 . 0 3   to  1 . 9 7   cm3/min   and  t h e  

t a k e - u p   s p e e d   r a i s e d   from  599  c m / m i n   to  605  cm/min  ( s o  

as  to  p r o d u c e   a  d i e - d r a w   of  1 . 4 : 1   i n s t e a d   of  1 . 3 5 : 1 ) .  

Six  s e t s   of  f i b e r s   were  p r e p a r e d   u s i n g   v a r i o u s   f i r s t  

s t r e t c h   c o n d i t i o n s   ( t u b e   t e m p e r a t u r e ,   draw  r a t i o ,   d r a w  

d u r a t i o n )   as  f o l l o w s :  

F i b e r   p r o p e r t i e s   were  m e a s u r e d   (4  r e p l i c a t i o n s )   o n  

such  o n c e - d r a w n   f i b e r s ,   and  a r e   i n d i c a t e d   b e l o w ,   w i t h  

a v e r a g e   v a l u e s   i n d i c a t e d ,   f o l l o w e d   by  maximum  v a l u e s   i n  

p a r e n t h e s e s :  



The  o n c e - d r a w n   f i b e r s   were  t h e n   d r awn   a g a i n   u n d e r  

c o n d i t i o n s   i n d i c a t e d   b e l o w :  

The  p r o p e r t i e s   of  the   t w i c e - s t r e t c h e d   f i b e r s   w e r e  

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

r e s u l t s   i n d i c a t e d   b e l o w :  



E x a m p l e   3 

E x a m p l e   1  w a s   r e p e a t e d ,   now  m i x i n g   the   PAN  to  6 . 0 %  

c o n c e n t r a t i o n   in  g a m m a - b u t y r o l a c t o n e   fo r   fou r   h o u r s   a t  

1 4 5 ° C .   S p i n n i n g   was  at  1 4 5 ° C ,   at   2 . 1 7   mL/min  i n t o  

w a t e r - m e t h a n o l   ( 5 0 : 5 0 ) .   T a k e - u p   s p e e d   was  617  c m / m i n  

( 1 . 3 : 1   d i e - d r a w ) .   The  f i b e r s   were   e x t r a c t e d   at   22°C  f o r  

18  h o u r s   in  s t i r r e d   m e t h a n o l .   The  f i b e r s   were  t w i c e  

d rawn   as  f o l l o w s :  

P r o p e r t i e s   of  s e l e c t e d   f i b e r s   were  m e a s u r e d   on  a  

I n s t r o n ®   t e n s i l e   t e s t i n g   m a c h i n e   as  f o l l o w s :  

EXAMPLE  4 

E x a m p l e   1  was  r e p e a t e d   u s i n g   6.0%  PAN  in  d i m e t h y l  

f o r m a m i d e ,   mixed   at  145°C  fo r   f o u r   h o u r s .   S p i n n i n g  

t h r o u g h   t h e   0 . 0 3 0   inch   ( 0 . 7 8   mm)  d i a m e t e r   d ie   was  a t  

133°C  at   1 . 9 6   mL/min  w i th   t a k e - u p   a t   519  cm/min  ( 1 . 2 0 : 1  

d i e - d r a w ) .   E x t r a c t i o n   was  in  w a t e r   fo r   17  h o u r s   w i t h  

s t i r r i n g   and  t h e n   4  h o u r s   w i t h o u t   s t i r r i n g .   Two  s t a g e  

d r a w i n g   was  as  f o l l o w s :  



F i b e r   p r o p e r t i e s   were  d e t e r m i n e d   (one  r e p l i c a t i o n  

for   t he   t h r e e   o n c e - d r a w n   f i b e r s ,   f o u r   r e p l i c a t i o n s   f o r  

the   s i x   t w i c e - d r a w n   f i b e r s )   as  f o l l o w s :  

The  f o l l o w i n g   t a b l e   i l l u s t r a t e s   the   r e l a t i o n  

b e t w e e n   i n i t i a l   m o d u l u s   and  s e c a n t   m o d u l u s   f o r   s e l e c t e d  

f i b e r s   ( s i x   i n d i v i d u a l   f i b e r s   i n d i c a t e d   a b o v e   as  2 B 2 ) :  



T e s t i n g   was  c o n d u c t e d   on  an  I n s t r o n   m a c h i n e   w i t h   5 

i n c h   ( 1 2 . 7   cm)  s a m p l e   l e n g t h s   and  a  5  i n c h / m i n   ( 1 2 . 7  

c m / m i n )   head   s p e e d .   E l o n g a t i o n s   were  on  the   o r d e r   o f  

0 .3   i n c h   (0 .8   cm)  or  a p p r o x i m a t e l y   6%. 



1.  A  p r o c e s s   c o m p r i s i n g   the  s t e p s :  

(a)  f o r m i n g   a  s o l u t i o n   of  a  s u b s t a n t i a l l y   l i n e a r  

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

w e i g h t   a t   l e a s t   a b o u t   5 0 0 , 0 0 0   in  a  f i r s t   s o l v e n t   a t   a  

f i r s t   c o n c e n t r a t i o n   of  a b o u t   2  to  a b o u t   15  w e i g h t  

p e r c e n t   p o l y a c r y l o n i t r i l e ,  

(b)  e x t r u d i n g   s a i d   s o l u t i o n   t h r o u g h   an  a p e r t u r e ,  
s a i d   s o l u t i o n   b e i n g   a t   a  t e m p e r a t u r e   no  l e s s   t h a n   a  

f i r s t   t e m p e r a t u r e   u p s t r e a m   of  the   a p e r t u r e   and  b e i n g  

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

and  d o w n s t r e a m   of  s a i d   a p e r t u r e ,  

(c)  c o o l i n g   t h e   s o l u t i o n   a d j a c e n t   to  a n d  

d o w n s t r e a m   of  t he   a p e r t u r e   to  a  s e c o n d   t e m p e r a t u r e   b e l o w  

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

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

i n d e f i n i t e   l e n g t h ,  

(d)  e x t r a c t i n g   t h e   ge l   c o n t a i n i n g   f i r s t   s o l v e n t  

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

t i m e   to  form  a  f i b r o u s   s t r u c t u r e   c o n t a i n i n g   s e c o n d  

s o l v e n t ,   wh ich   ge l   i s   s u b s t a n t i a l l y   f r e e   of  f i r s t  

s o l v e n t   and  is   of  s u b s t a n t i a l l y   i n d e f i n i t e   l e n g t h ;  

( e )   d r y i n g   t h e   f i b r o u s   s t r u c t u r e   c o n t a i n i n g   s e c o n d  

s o l v e n t   to  form  a  x e r o g e l   of  s u b s t a n t i a l l y   i n d e f i n i t e  

l e n g t h   f r e e   of  f i r s t   and  s e c o n d   s o l v e n t ;   a n d  

( f )   s t r e t c h i n g   a t   l e a s t   one  o f :  

( i )   t he   g e l   c o n t a i n i n g   the   f i r s t   s o l v e n t ,  

( i i )   t he   f i b r o u s   s t r u c t u r e   c o n t a i n i n g   the   s e c o n d  

s o l v e n t   a n d ,  

( i i ' i )   t he   x e r o g e l ,   a t   a  t o t a l   s t r e t c h   r a t i o  

s u f f i c i e n t   to  a c h i e v e   a  t e n a c i t y   of  a t   l e a s t   a b o u t   5 

g / d e n i e r   and  a  s e c a n t   m o d u l u s   of  at  l e a s t   a b o u t   1 0 0  

g / d e n i e r .  

2.  The  p r o c e s s   of  c l a i m   1  w h e r e i n   s a i d   a p e r t u r e  

has   an  e s s e n t i a l l y   c i r c u l a r   c r o s s - s e c t i o n ;   s a i a   g e l  

c o n t a i n i n g   f i r s t   s o l v e n t   is   a  ge l   f i b e r ;   s a i d   x e r o g e l   i s  

a  x e r o g e l   f i b e r ;   and  s a i d   t h e r m o p l a s t i c   a r t i c l e   is   a  

f i b e r .  



3.  The  p r o c e s s   of  c l a i m   1  or  2  w h e r e i n   s a i d   f i r s t  

t e m p e r a t u r e   is   b e t w e e n   a b o u t   130°C  and  a b o u t   2 5 0 ° C ;   s a i d  

s e c o n d   t e m p e r a t u r e   is   b e t w e e n   a b o u t   0°C  and  a b o u t   5 0 ° C ;  

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

s a i d   s e c o n d   t e m p e r a t u r e   i s   a t   l e a s t   a b o u t   5 0 ° C / m i n  

4.  The  p r o c e s s   of  any  p r e v i o u s   c l a i m   w h e r e i n   s a i d  

f i r s t   s o l v e n t   has  a  v a p o r   p r e s s u r e   l e s s   t h a n   80  KPa  a t  

s a i d   f i r s t   t e m p e r a t u r e .   -  -  

5.  The  p r o c e s s   of  any  p r e v i o u s   c l a i m   w h e r e i n   s a i d  

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

d i m e t h y l s u l f o x i d e ,   d i m e t h y l f o r m a m i d e ,   d i m e t h y l a c e t a m i d e ,  

g a m m a - b u t y r o l a c t o n e   and  e t h y l e n e   c a r b o n a t e .  

6.  The  p r o c e s s   of  any  of  c l a i m s   1-3  w h e r e i n   s a i d  

f i r s t   s o l v e n t   is  d i m e t h y l s u l f o x i d e ,   s a i d   f i r s t  

t e m p e r a t u r e   is  a b o u t   130°C  to   a b o u t   200°C  and  s a i d   f i r s t  

c o n c e n t r a t i o n   is  a b o u t   5  to  a b o u t   8  w e i g h t   p e r c e n t .  

7.  The  p r o c e s s   of  any  p r e v i o u s   c l a i m   w h e r e i n   s a i d  

s t r e t c h i n g   s t e p   ( f )   i s   c o n d u c t e d   in  a t   l e a s t   two  s t a g e s .  

8.  The  p r o c e s s   of  c l a i m   7  w h e r e i n   a  f i r s t  

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

s o l v e n t .  

9.  The  p r o c e s s   of  c l a i m   8  w h e r e i n   a  s e c o n d  

s t r e t c h i n g   s t a g e   i s   of  t he   x e r o g e l .  

10.  The  p r o c e s s   of  c l a i m   8  or  9  w h e r e i n   a t   l e a s t  

two  s t r e t c h i n g   s t a g e s   a r e   p e r f o r m e d   on  t he   x e r o g e l .  

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

s t r e t c h i n g   is  p e r f o r m e d   in  a t   l e a s t   two  s t a g e s   w i t h   t h e  

l a t e s t   s t a g e   p e r f o r m e d   a t   a  t e m p e r a t u r e   of  b e t w e e n   a b o u t  

130°C  and  a b o u t   2 3 0 ° C .  

1 2 .   The  p r o c e s s   of  any  p r e v i o u s   c l a i m   w h e r e i n   s a i d  

p o l y a c r y l o n i t r i l e   has   a  w e i g h t   a v e r a g e   m o l e c u l a r   w e i g h t  

of  a t   l e a s t   a b o u t   7 5 0 , 0 0 0 .  

13.   The  p r o c e s s   of  any  p r e v i o u s   c l a i m   w h e r e i n   s a i d  

c o o l i n g   s t e p   (c)  i n c l u d e s   i m m e r s i n g   the   s o l u t i o n   in  a  

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

w a t e r   a t   a  t e m p e r a t u r e   of  a b o u t   0°C  to  a b o u t   5 0 ° C .  

14.   A  p o l y a c r y l o n i t r i l e   f i b e r   of  w e i g h t   a v e r a g e  
m o l e c u l a r   w e i g h t   a t   l e a s t   a b o u t   5 0 0 , 0 0 0   and  h a v i n g   a  



t e n a c i t y   of  a t   l e a s t   a b o u t   5  g / d e n i e r   and  a  s e c a n t  

m o d u l u s   of  a t   l e a s t   a b o u t   100  g / d e n i e r .  

15.   The  p o l y a c r y l o n i t r i l e   f i b e r   of  c l a i m   14  b e i n g  
of  w e i g h t   a v e r a g e   m o l e c u l a r   w e i g h t   of  a t   l e a s t   a b o u t  

7 5 0 , 0 0 0 .  

16.   The  p o l y a c r i l o n i t r i l e   f i b e r   of  c l a i m   14  or  1 5  

h a v i n g   a  t e n a c i t y   of  a t   l e a s t   a b o u t   7  g / d e n i e r   and  a  

s e c a n t   m o d u l u s   of  at   l e a s t   a b o u t   125  g / d e n i e r .  

17.   The  p o l y a c r y l o n i t r i l e   f i b e r   of  c l a i m   14  or  16  

b e i n g   of  w e i g h t   a v e r a g e   m o l e c u l a r   w e i g h t   of  b e t w e e n  

a b o u t   1 , 0 0 0 , 0 0 0   and  a b o u t   4 , 0 0 0 , 0 0 0 .  
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