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©  Process  for  producing  high  tenacity,  high  modulus  crystalline  thermoplastic  article  and  novel  product  fibers. 

Solutions  of  ultrahigh  molecular  weigh  polymers  such 
as  polyethylene  in  a  relatively  non-volatile  solvent  are 
extruded  through  an  aperture  (25)  at  constant  concentration 
through  the  aperture  and  cooled  to  form  a  first  gel  of 
indefinite  length  (33).  The  first  gels  are  extracted  (D)  with  a 
volatile  solvent  to  form  a  second  gel  (41)  and  the  second  gel 

is  dried  (E)  to  form  a  low  porosity  xerogel  (47).  The  first  gel, 
second  gel  or  xerogel,  or  a  combination,  are  stretched  (F). 
Among  the  products  obtainable  are  polyethylene  fibers  of 
greater  than  38  or  even  40  g/denier  tenacity  and  of  modulus 
greater  than  1000  or  even  1600  or  2000  g/denier. 



BACKGROUND  OF  THE  INVENTION 

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  c r y s t a l l i n e  

t h e r m o p l a s t i c   a r t i c l e s   such   as  f i b e r s   or   f i l m s   h a v i n g  

h i g h   t e n a c i t y ,   m o d u l u s   and  t o u g h n e s s   v a l u e s   and  a  

p r o c e s s   f o r   t h e i r   p r o d u c t i o n   wh ich   i n c l u d e s   a  g e l  

i n t e r m e d i a t e .  

The  p r e p a r a t i o n   of  h igh   s t r e n g t h ,   h i g h   m o d u l u s  

p o l y e t h y l e n e   f i b e r s   by  g r o w t h   from  d i l u t e   s o l u t i o n   h a s  

b e e n   d e s c r i b e d   by  U .S .   P a t e n t   4 , 1 3 7 , 3 9 4   to   M e i h u i z e n  

e t   a l .   ( 1 9 7 9 )   and  p e n d i n g   U.S .   a p p l i c a t i o n   S e r i a l   N o .  

2 2 5 , 2 8 8   f i l e d   J a n u a r y   15,   1 9 8 1 .  

A l t e r n a t i v e   m e t h o d s   to  t he   p r e p a r a t i o n   o f  

h i g h   s t r e n g t h   f i b e r s   have   been   d e s c r i b e d   in  v a r i o u s  

r e c e n t   p u b l i c a t i o n s   of   P.  S m i t h ,   A.  J.  P e n n i n g s   a n d  

t h e i r   c o w o r k e r s .   Ge rman   O f f .   3004699   to   S m i t h   e t   a l .  

(Aug.   21,  1980)   d e s c r i b e s   a  p r o c e s s   in  w h i c h   p o l y e t h y -  

l e n e   i s   f i r s t   d i s s o l v e d   in  a  v o l a t i l e   s o l v e n t ,   t h e  

s o l u t i o n   is  spun   and  c o o l e d   to  form  a  g e l   f i l a m e n t ,   a n d  

f i n a l l y   t he   ge l   f i l a m e n t   i s   s i m u l t a n e o u s l y   s t r e t c h e d   a n d  

d r i e d   to  form  t h e   d e s i r e d   f i b e r .  

UK  P a t e n t   a p p l i c a t i o n   GB  2 , 0 5 1 , 6 6 7   to   P.  S m i t h  

and  P.  J .   L e m s t r a   ( J a n .   21,  1981)   d i s c l o s e s   a  p r o c e s s   i n  

w h i c h   a  s o l u t i o n   of  t h e   p o l y m e r   i s   spun  and  t h e   f i l a -  

m e n t s   a r e   d rawn  a t   a  s t r e t c h   r a t i o   wh ich   i s   r e l a t e d   t o  

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



s u c h   t h a t   a t   t he   draw  r a t i o   used   t h e   m o d u l u s   of  t h e  

f i l a m e n t s   i s   a t   l e a s t   20  GPa.  The  a p p l i c a t i o n   n o t e s  
t h a t   to   o b t a i n   t he   h i g h   m o d u l u s   v a l u e s   r e q u i r e d ,   d r a w i n g  

m u s t   be  p e r f o r m e d   b e l o w   t h e   m e l t i n g   p o i n t   of  t h e   p o l y -  

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

1 3 5 ° C .  

K a l b   and  P e n n i n g s   in  P o l y m e r   B u l l e t i n ,   v o l .   1 ,  

pp .   8 7 9 - 8 0   ( 1 9 7 9 ) ,   P o l y m e r ,   2 5 8 4 - 9 0   ( 1 9 8 0 )   and  Smook  e t  

a l .   in  P o l y m e r   B u l l . ,   v o l .   2,  pp.   7 7 5 - 8 3   ( 1 9 8 0 )   d e s c r i b e  

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

n o n v o l a t i l e   s o l v e n t   ( p a r a f f i n   o i l )   and  t h e   s o l u t i o n   i s  

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

c u t   i n t o   p i e c e s ,   fed   to   an  e x t r u d e r   and  spun   i n t o   a  g e l  

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

r e m o v e   t he   p a r a f f i n   o i l ,   vacuum  d r i e d   and  t h e n   s t r e t c h e d  

t o   fo rm  t h e   d e s i r e d   f i b e r .  

In  t he   p r o c e s s   d e s c r i b e d   by  Smook  e t . a l .   a n d  

K a l b   and  P e n n i n g s ,   t h e   f i l a m e n t s   we re   n o n - u n i f o r m ,   w e r e  

o f   h i g h   p o r o s i t y   and  c o u l d   n o t   be  s t r e t c h e d   c o n t i n u o u s l y  

to  p r e p a r e   f i b e r s   of  i n d e f i n i t e   l e n g t h .  

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  p r o c e s s   f o r  

p r o d u c i n g   a  s h a p e d   t h e r m o p l a s t i c   a r t i c l e   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   ( s u c h   as  a  f i b e r   or   f i l m )   w h i c h  

c o m p r i s e s   t h e   s t e p s :  

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

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

o f   p o l y e t h y l e n e ,   p o l y p r o p y l e n e ,   p o l y o x y m e t h y l e n e ,   p o l y -  

b u t e n e - 1 ,   p o l y ( v i n y l i d i n e   f l u o r i d e )   and  p o l y - 4 - m e t h y l -  

p e n t e n e - 1   in  a  f i r s t ,   n o n v o l a t i l e   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   by  w e i g h t   of   p o l y m e r   p e r   u n i t   w e i g h t   o f  

f i r s t   s o l v e n t ,   s a i d   t h e r m o p l a s t i c   p o l y m e r   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   l e n g t h   b e t w e e n   7  x  104  a n d  

80  x  104  b a c k b o n e   a t o m s   and  t he   s o l u b i l i t y   of  s a i d  

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

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

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   a n  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  



s a i d   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   a n d  

b e i n g   s u b s t a n t i a l l y   a t   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  t he   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   and  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 ime   to   form  a  g e l   c o n t a i n i n g   s e c o n d   s o l v e n t  

w h i c h   g e 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  i s  

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 he   g e l   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   t h e   f i r s t   s o l v e n t ,  

( i i )   t h e   g e l   c o n t a i n i n g   t h e   s e c o n d   s o l v e n t  

a n d ,  

( i i i )   t h e   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 :  

( i )   in  t h e   c a s e   of  p o l y e t h y l e n e   w h i c h   i s  

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   20  g / d e n i e r  

and  a  m o d u l u s   of  a t   l e a s t   600  g / d e n i e r ,   a n d  

( i i )   in  t h e   c a s e   of  p o l y p r o p y l e n e   w h i c h  

is   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   1 0  

g / d e n i e r   and  a  m o d u l u s   of  a t   l e a s t   180  g / d e n i e r ,   a n d  

( i i i )   in  t h e   c a s e   of  p o l y o x y m e t h y l e n e ,  

p o l y b u t e n e - 1 ,   p o l y ( v i n y l i d e n e   f l u o r i d e )   or   p o l y  

( 4 - m e t h y l p e n t e n e - 1 )   of  a t   l e a s t   1 0 : 1 .  

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 -  

e t h y l e n e   f i b e r   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   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   a t   l e a s t   5 0 0 , 0 0 0   a n d  

h a v i n g   a  t e n a c i t y   of  a t   l e a s t   20  g / d e n i e r ,   a  t e n s i l e  

m o d u l u s   a t   l e a s t   500  g / d e n i e r ,   a  c r e e p   v a l u e   no  m o r e  

t h a n   5%  (when  m e a s u r e d   a t   10%  of  b r e a k i n g   l o a d   f o r   50  

d a y s   a t   2 3 ° C ) ,   a  p o r o s i t y   l e s s   t h a n   10%  and  a  



m e l t i n g   t e m p e r a t u r e   of  a t   l e a s t   1 4 7 ° C .  

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 -  

e t h y l e n e   f i b e r   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   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   1 , 0 0 0 , 0 0 0  

and  h a v i n g   a  t e n s i l e   m o d u l u s   of  a t   l e a s t   1600  g / d e n i e r ,  

a  m e l t i n g   p o i n t   of  a t   l e a s t   147°C  and  an  e l o n g a t i o n - t o -  

b r e a k   of  n o t   more   t h a n   5%. 

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 -  

p r o p y l e n e   f i b e r   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  

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  

7 5 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   8  g / d e n i e r ,   a  

t e n s i l e   m o d u l u s   of   a t   l e a s t   160  g / d e n i e r   and  a  m e l t i n g  

t e m p e r a t u r e   of   a t   l e a s t   1 6 8 ° C .  

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 -  
o l e f i n   g e l   f i b e r   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  

c o m p r i s i n g   b e t w e e n   4  and  20  w e i g h t   %  s o l i d   p o l y e t h y l e n e  
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   5 0 0 , 0 0 0   o r  

s o l i d   p o l y p r o p y l e n e   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   7 5 0 , 0 0 0 ,   and  b e t w e e n   80  and  96  w e i g h t   %"  of   a  

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

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

5 0 ° C .  

BRIEF  DESCRIPTION  OF  THE  DRAWING 

F i g u r e   1  i s   a  g r a p h i c   v i ew  of  t h e   t e n a c i t i e s  

of  p o l y e t h y l e n e   f i b e r s   p r e p a r e d   a c c o r d i n g   to  E x a m p l e s  

3 -99   of   t h e   p r e s e n t   i n v e n t i o n   v e r s u s   c a l c u l a t e d   v a l v e s  

t h e r e f o r e   as  i n d i c a t e d   in  t h e   E x a m p l e s .   The  n u m b e r s  

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

F i g u r e   2  i s   a  g r a p h i c   v i ew   of  t h e   c a l c u l a t e d  

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

the   p r e s e n t   i n v e n t i o n   as  a  f u n c t i o n   of  p o l y m e r   c o n c e n -  

t r a t i o n   and  d r a w   r a t i o   a t   a  c o n s t a n t   t e m p e r a t u r e   of  1 4 0 ° C .  

F i g u r e   3  i s   a  g r a p h i c   v i ew  of  t h e   c a l c u l a t e d  

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

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

and  draw  ( o r   s t r e t c h )   r a t i o   a t   a  c o n s t a n t   p o l y m e r   c o n -  

c e n t r a t i o n   of  4%. 

F i g u r e   4  i s   a  g r a p h i c   v iew  of  t e n a c i t y   p l o t t e d  



a g a i n s t   t e n s i l e   m o d u l u s   f o r   p o l y e t h y l e n e   f i b e r s   p r e p a r e d  
in  a c c o r d a n c e   w i t h   t h e   p r e s e n t   i n v e n t i o n .  

F i g u r e   5  i s   a  s c h e m a t i c   v iew  of  a  f i r s t   p r o -  

c e s s   e m b o d i m e n t   of  t h e   p r e s e n t   i n v e n t i o n .  

F i g u r e   6  i s   a  s c h e m a t i c   v iew  of  a  s e c o n d   p r o -  

c e s s   e m b o d i m e n t   of  t he   p r e s e n t   i n v e n t i o n .  

F i g u r e   7  i s   a  s c h e m a t i c   v iew  of  a  t h i r d   p r o -  

c e s s   e m b o d i m e n t   of  t h e   p r e s e n t   i n v e n t i o n .  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

T h e r e   a r e   many  a p p l i c a t i o n s   w h i c h   r e q u i r e   a  
l o a d   b e a r i n g   e l e m e n t   of  h i g h   s t r e n g t h ,   m o d u l u s ,   t o u g h -  

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

For   e x a m p l e ,   m a r i n e   r o p e s   and  c a b l e s ,   s u c h   a s  
t h e   m o o r i n g   l i n e s   u sed   to   s e c u r e   s u p e r t a n k e r s   to  l o a d i n g  
s t a t i o n s   and  the   c a b l e s   u s e d   to  s e c u r e   d e e p   s e a   d r i l l i n g  

p l a t f o r m s   to  u n d e r w a t e r   a n c h o r a g e ,   a r e   p r e s e n t l y   c o n -  

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

and  s t e e l   w h i c h   a r e   s u b j e c t   to   h y d r o l y t i c   or   c o r r o s i v e  

a t t a c k   by  s e a   w a t e r .   In  c o n s e q u e n c e   s u c h   m o o r i n g   l i n e s  

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

f a c t o r s   and  a r e   r e p l a c e d   f r e q u e n t l y .   The  g r e a t l y   i n -  

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

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

The  f i b e r s   and  f i l m s   of  t h i s   i n v e n t i o n   a r e   o f  

h i g h   s t r e n g t h ,   e x t r a o r d i n a r i l y   h i g h   m o d u l u s   and  g r e a t  

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

s t a b l e   and  r e s i s t a n t   to   c r e e p   u n d e r   s u s t a i n e d   l o a d s .  

The  f i b e r s   and  f i l m s   of  t he   i n v e n t i o n   p r e p a r e d  

a c c o r d i n g   to   the   p r e s e n t   p r o c e s s   p o s s e s s   t h e s e   p r o p e r -  
t i e s   in  a  h e r e t o f o r e   u n a t t a i n e d   c o m b i n a t i o n ,   and  a r e  

t h e r e f o r e   q u i t e   n o v e l   and  u s e f u l   m a t e r i a l s .  

O t h e r   a p p l i c a t i o n s   f o r   t h e   f i b e r s   and  f i l m s   o f  

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

t h e r m o s e t t i n g   r e s i n s ,   e l a s t o m e r s   and  c o n c r e t e   f o r   u s e s  
s u c h   as  p r e s s u r e   v e s s e l s ,   h o s e s ,   power   t r a n s m i s s i o n  

b e l t s ,   s p o r t s   and  a u t o m o t i v e   e q u i p m e n t ,   and  b u i l d i n g  
c o n s t r u c t i o n .  



In  c o m p a r i s o n   to   t h e   p r i o r   a r t   f i b e r s   p r e p a r e d  

by  S m i t h ,   L e m s t r a   and  P e n n i n g s   d e s c r i b e d   in   Of f   30  04  

699 ,   GB  2 0 5 , 1 6 6 7   and  o t h e r   c i t e d   r e f e r e n c e s ,   t h e   s t r o n g -  

e s t   f i b e r s   of   t h e   p r e s e n t   i n v e n t i o n   a r e   of   h i g h e r   m e l t -  

ing   p o i n t ,   h i g h e r   t e n a c i t y   and  much  h i g h e r   m o d u l u s .  

A d d i t i o n a l l y ,   t h a y   a r e   more   u n i f o r m ,   and  l e s s   p o r o u s  
t h a n   t h e   p r i o r   a r t   f i b e r s .  

In  c o m p a r i s o n   w i t h   Off   30  04  699  to   S m i t h  

e t . a l .   t h e   p r o c e s s   of  t h e   p r e s e n t   i n v e n t i o n   h a s   t h e  

a d v a n t a g e   of   g r e a t e r   c o n t r o l l a b i l i t y   and  r e l i a b i l i t y   i n  

t h a t   t h e   s t e p s   of  d r y i n g   and  s t r e t c h i n g   may  be  s e p a r a t e  

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

t i o n s .   To  i l l u s t r a t e ,   S m i t h   &  L e m s t r a   in  P o l y m e r   B u l l e -  

t i n ,   v o l .   1,  pp.   7 3 3 - 3 6 1   ( 1 9 7 9 )   i n d i c a t e   t h a t   d r a w i n g  

t e m p e r a t u r e ,   b e l o w   1 4 3 ° C ,   had  no  e f f e c t   on  t h e   r e l a t i o n -  

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

r a t i o .   As  w i l l   be  s e e n ,   t h e   p r o p e r t i e s   of   t h e   f i b e r s  

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

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

c o n s t a n t .  

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

Smook  e t . a l   in  P o l y m e r   B u l l e t i n ,   v o l .   2,  pp .   7 7 5 - 8 3  

( 1 9 8 0 )   and  in  t h e   a b o v e   K a l b   and  P e n n i n g s   a r t i c l e s ,   t h e  

p r o c e s s   of  t h e   p r e s e n t   i n v e n t i o n   has   t h e   a d v a n t a g e   t h a t  

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

u n i f o r m   c o n c e n t r a t i o n   and  t h i s   c o n c e n t r a t i o n   i s   t h e   s a m e  

as  t h e   p o l y m e r   s o l u t i o n   as   p r e p a r e d .   The  a d v a n t a g e s   o f  

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

f i b e r s   of   t h e   p r e s e n t   i n v e n t i o n   may  be  s t r e t c h e d   in  a  

c o n t i n u o u s   o p e r a t i o n   to   p r e p a r e   p a c k a g e s   of   i n d e f i n i t e  

l e n g t h .   A d d i t i o n a l l y ,   t h e   i n t e r m e d i a t e   x e r o g e l   f i b e r s  

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

10  v o l u m e   %  p o r o s i t y   c o m p a r e d   to  23-65%  p o r o s i t y  

in  t h e   d ry   g e l   f i b e r s   d e s c r i b e d   by  Smook  e t   a l .   a n d  

Ka lb   and  P e n n i n g s .  

The  c r y s t a l l i z a b l e   p o l y m e r   u sed   in  t h e   p r e s e n t  

i n v e n t i o n   may  be  a  p o l y o l e f i n   such   as  p o l y e t h y l e n e ,   p o l y -  

p r o p y l e n e   o r   p o l y ( m e t h y l p e n t e n e - 1 )   or  may  be  a n o t h e r  



p o l y m e r   s u c h   as  p o l y ( o x y m e t h y l e n e )   or   p o l y ( v i n y l i d e n e  

f l u o r i d e ) .   In  t he   c a s e   of  p o l y e t h y l e n e ,   s u i t a b l e   p o l y -  

m e r s   h a v e   m o l e c u l a r   w e i g h t s   (by  i n t r i n s i c   v i s c o s i t y )   i n  

t he   r a n g e   of   one  to  t e n   m i l l i o n .   T h i s   c o r r e s -  

p o n d s   to   a  w e i g h t   a v e r a g e   c h a i n   l e n g t h   of  3 .6   x  104  t o  

3.6  x  105  m o n o m e r   u n i t s   or   7  x  104  to   7 .1   x  105  c a r b o n s .  

O t h e r   p o l y o l e f i n s   and  p o l y ( h a l o o l e f i n s )   s h o u l d   h a v e  

s i m i l a r   b a c k b o n e   c a r b o n   c h a i n   l e n g t h s .   For  p o l y m e r s  

such   as  p o l y ( o x y m e t h y l e n e )   t h e   t o t a l   c h a i n   l e n g t h   s h o u l d  

p r e f e r a b l y   be  in  t he   same  g e n e r a l   r a n g e ,   i . e .   7  x  104  t o  

71  x  104  a t o m s ,   w i t h   some  a d j u s t m e n t   p o s s i b l e   due  to   t h e  

d i f f e r e n c e s   in  bond  a n g l e s   b e t w e e n   C-C-C  and  C - O - C .  

The  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  p o l y -  

e t h y l e n e   u s e d   i s   a t   l e a s t   5 0 0 , 0 0 0   (6  I V ) ,   p r e f e r a b l y   a t  

l e a s t   1 , 0 0 0 , 0 0 0   (10  IV) ,   and  more   p r e f e r a b l y   b e t w e e n  

2 , 0 0 0 , 0 0 0   (16  IV)  and  8 , 0 0 0 , 0 0 0   (42  I V ) .   The  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  p o l y p r o p y l e n e   u sed   is   a t  

l e a s t   7 5 0 , 0 0 0   (5  I V ) ,   p r e f e r a b l y   a t   l e a s t   1 , 0 0 0 , 0 0 0  

(6  I V ) ,   more   p r e f e r a b l y   a t   l e a s t   1 , 5 0 0 , 0 0 0   (9  IV)  a n d  

mos t   p r e f e r a b l y   b e t w e e n   2 , 0 0 0 , 0 0 0   (11  IV)  and  8 , 0 0 0 , 0 0 0  

(33  I V ) .   The  IV  n u m b e r s   r e p r e s e n t   i n t r i n s i c   v i s c o s i t y  

of   t h e   p o l y m e r   in  d e c a l i n   a t   1 3 5 ° C .  

The  f i r s t   s o l v e n t   s h o u l d   be  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 he   c o n c e n t r a t i o n   o f  

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  t o  

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   o r   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 ,   t h e  

v a p o r   p r e s s u r e   of  the   f i r s t   s o l v e n t   s h o u l d   be  no  m o r e  

t h a n   20  kPa  ( o n e - f i f t h   of  an  a t m o s p h e r e )   a t   1 7 5 ° C ,   or   a t  

t h e   f i r s t   t e m p e r a t u r e .   P r e f e r r e d   f i r s t   s o l v e n t s   f o r  

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

t h e   p o l y m e r .   The  p o l y m e r   may  be  p r e s e n t   in  t he   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   w h i c h   i s   s e l e c t e d   f r o m  

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

p r e f e r a b l y   4  to   10  w e i g h t   p e r c e n t   and  more  p r e f e r a b l y   5 

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

s o l v e n t .   The  f i r s t   t e m p e r a t u r e   is   t h e   minimum  t e m p e r a -  

t u r e   a t   any  p o i n t   b e t w e e n   w h e r e   t he   s o l u t i o n   is   f o r m e d  

and  t he   d i e   f a c e ,   and  m u s t   be  g r e a t e r   t h a n   t he   g e l a t i o n  

t e m p e r a t u r e   f o r   t h e   p o l y m e r   in  t he   s o l v e n t   a t   t h e   f i r s t  

c o n c e n t r a t i o n .   For   p o l y e t h y l e n e   in  p a r a f f i n   o i l   a t   5 - 1 5 %  

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

m a t e l y   1 0 0 - 1 3 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  b e t w e e n   180°C  and  2 5 0 ° C ,   more   p r e f e r a b l y  

2 0 0 - 2 4 0 .   W h i l e   t e m p e r a t u r e s   may  v a r y   a b o v e   t h e   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 h e   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 i 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   be  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   i s   c h o s e n   w h e r e a t   t h e   s o l u b i l i t y   o f  

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

t y p i c a l l y   a t   l e a s t   100%  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  

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

l e s s   t h a n   t he   f i r s t   c o n c e n t r a t i o n .   P r e f e r a b l y ,   t h e  

s o l u b i l i t y   of  t h e   p o l y m e r   in  t he   f i r s t   s o l v e n t   a t   t h e  

s e c o n d   t e m p e r a t u r e   i s   no  more  t h a n   1%  of   t h e   f i r s t   c o n -  

c e n t r a t i o n .   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  t h e   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 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   t o  

fo rm  a  g e l   f i b e r   w h i c h   i s   of  s u b s t a n t i a l l y   t h e   s a m e  

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  t h e   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   t he   r a t e   a t   w h i c h   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   is   c o o l e d   f rom  t he   f i r s t   t e m p e r a t u r e   to  t h e  

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  p e r   m i n u t e .  

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   t he   s e c o n d  

t e m p e r a t u r e   i s   n o 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   t he   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   n o t  

n o r m a l l y   e x c e e d   2 : 1 ,   and  p r e f e r a b l y   no  more   t h a n  

1 . 5 : 1 .   As  a  r e s u l t   of  t h o s e   f a c t o r s   t h e   g e l   f i b e r  



f o r m e d   upon  c o o l i n g   to   t h e   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 .   The  g e l   u s u a l l y   has   r e g i o n s   of  h i g h   and  l o w  

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

f r e e   of  l a r g e   ( g r e a t e r   t h a n   500  nm)  r e g i o n s   v o i d   o f  

s o l i d   p o l y m e r .  

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   ( o r  

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  t h e   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  t h e   same  p l a n e ,   s u c h   as  o v a l ,   Y-  o r  

X - s h a p e d   a p e r a t u r e )   i s   u s e d ,   t h e n   b o t h   g e l s   w i l l   be  g e l  

f i b e r s ,   the   x e r o g e l   w i l l   be  an  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  

of   t h e   a p e r t u r e   i s   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 a t u r e s   b e i n g   b e t w e e n   0 . 2 5   mm  and  5  mm  i n  

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 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  a t   l e a s t  

10  t i m e s   t he   d i a m e t e r   of  t he   a p e r t u r e   (o r   o t h e r  

s i m i l a r   m a j o r   a x i s ) ,   p e r f e r a b l y   a t   l e a s t   15  t i m e s   a n d  

more   p r e f e r a b l y   a t   l e a s t   20  t i m e s   the   d i a m e t e r   (o r   o t h e r  

s i m i l a r   m a j o r   a x i s ) .  

I f   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   b o t h   g e l s   w i l l   be  g e l   f i l m s ,   t h e   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  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   b e  

a  f i l m .   The  w i d t h   and  h e i g h t   of  t he   a p e r t u r e   a r e   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 . 2 5   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  t he   a p e r t u r e   ( i n   t he   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  a t   l e a s t   10  t i m e s   t h e  

h e i g h t   of  t he   a p e r t u r e ,   p r e f e r a b l y   a t   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   a t   l e a s t   20  t i m e s   t h e   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   i s   c o n -  

d u c t e d   in  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   i n  

t h e   ge l   w i t h   s e c o n d   s o l v e n t   w i t h o u t   s i g n i f i c a n t   c h a n g e s  
in  g e l   s t r u c t u r e .   Some  s w e l l i n g   or  s h r i n k a g e   of  t he   g e l  

may  o c c u r ,   b u t   p r e f e r a b l y   no  s u b s t a n t i a l   d i s s o l u t i o n ,  

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



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

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

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

such   as  p e n t a n e ,   h e x a n e ,   h e p t a n e ,   t o l u e n e ,   m e t h y l e n e  

c h l o r i d e ,   c a r b o n   t e t r a c h l o r i d e ,   t r i c h l o r o t r i f l u o r o e t h a n e  

(TCTFE) ,   d i e t h y l   e t h e r   and  d i o x a n e .  

The  m o s t   p r e f e r r e d   s e c o n d   s o l v e n t s   a r e  

m e t h y l e n e   c h l o r i d e   ( B . P .   3 9 . 8 ° C )   and  TCFE  ( B . P .   4 7 . 5 ° C ) .  

P r e f e r r e d   s e c o n d   s o l v e n t s   a r e   t he   n o n - f l a m m a b l e   v o l a t i l e  

s o l v e n t s   h a v i n g   an  a t m o s p h e r i c   b o i l i n g   p o i n t   b e l o w   8 0 ° C ,  

more  p r e f e r a b l y   b e l o w   70°C  and  m o s t   p r e f e r a b l y   b e l o w  

50°C.   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 h e   f i r s t  

s o l v e n t   to  l e s s   t h a n   1%  of  t he   t o t a l   s o l v e n t   in  t h e   g e l .  

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   i s   a  
f i r s t   t e m p e r a t u r e   b e t w e e n   150°C  and  2 5 0 ° 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   - 4 0 ° C   and  40°C  and  a  c o o l i n g   r a t e  

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

t u r e   of  a t   l e a s t   5 0 ° C / m i n u t e .   I t   i s   p r e f e r r e d   t h a t   t h e  

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

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

p r e s s u r e   a t   t h e   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  

o n e - f i f t h   a t m o s p h e r e   (20  k P a ) ,   and  more   p r e f e r a b l y   l e s s  

t h a n   2  k P a .  

In  c h o o s i n g   the   f i r s t   and  s e c o n d   s o l v e n t s ,   t h e  

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 .   I t   i s   a l s o   p r e f e r r e d   t h a t   t he   p o l y m e r s  

be  l e s s   s o l u b l e   in  t h e   s e c o n d   s o l v e n t   a t   40°C  t h a n   i n  

t he   f i r s t   s o l v e n t   a t   1 5 0 ° C .  

Once  t h e   g e l   c o n t a i n i n g   s e c o n d   s o l v e n t   i s  

f o r m e d ,   i t   i s   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   t h e  

s e c o n d   s o l v e n t   i s   r e m o v e d   l e a v i n g   t h e   s o l i d   n e t w o r k   o f  

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 h e  

s o l i d   m a t r i x   of   a  wet   g e l ,   w i t h   t he   l i q u i d   r e p l a c e d   b y  

gas   ( e . g .   by  an  i n e r t   gas   s u c h   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   n o t   i n t e n d e d   to   d e l i n e a t e   a n y  

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 .  

A  c o m p a r i s o n   of  t he   x e r o g e l s   of  t he   p r e s e n t  

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

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

d i f f e r e n c e s   in  s t r u c t u r e :   The  d r i e d   x e r o g e l   f i b e r s   o f  

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

v o l u m e   p e r c e n t   p o r e s   c o m p a r e d   to  a p p r o x i m a t e l y   55  v o l u m e  

p e r c e n t   p o r e s   in  t h e   K a l b   and  P e n n i n g s   d r i e d   g e l   f i b e r s  

and  a p p r o x i m a t e l y   2 3 - 6 5   v o l u m e   p e r c e n t   p o r e s   in  t h e  

Smook  e t   a l .   d r i e d   g e l   f i b e r s .   The  d r i e d   x e r o g e l   f i b e r s  

of   t h e   p r e s e n t   i n v e n t i o n   show  a  s u r f a c e   a r e a   (by  t h e  

B . E . T .   t e c h n i q u e )   of  l e s s   t h a n   1  m2 /g   as  c o m p a r e d   t o  

2 8 . 8   m2/g   in  a  f i b e r   p r e p a r e d   by  t h e   p r i o r   a r t   m e t h o d  

( s e e   C o m p a r a t i v e   E x a m p l e   1  and  E x a m p l e   2,  b e l o w ) .  

The  x e r o g e l   f i b e r s   of  t h e   p r e s e n t   i n v e n t i o n  

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

GB  2 , 0 5 1 , 6 6 7   and  O f f .   3 0 0 4 6 9 9   and  r e l a t e d   a r t i c l e s   b y  

S m i t h   and  L e m s t r a .   T h i s   d i f f e r e n c e   i s   e v i d e n c e d   by  t h e  

d e l e t e r i o u s   e f f e c t   of  s t r e t c h i n g   b e l o w   75°C  or  a b o v e  

135°C  upon  t h e   S m i t h   and  L e m s t r a   u n s t r e t c h e d   f i b e r s .   I n  

c o m p a r i s o n ,   s t r e t c h i n g   of  t h e   p r e s e n t   x e r o g e l   f i b e r s   a t  

room  t e m p e r a t u r e   and  a b o v e   135°C  h a s   b e n e f i c i a l   r a t h e r  

t h a n   d e l e t e r i o u s   e f f e c t s   ( s e e ,   f o r   e x a m p l e ,   E x a m p l e s  

5 4 0 - 5 4 2 ,   b e l o w ) .   W h i l e   t h e   p h y s i c a l   n a t u r e   of  t h e s e  

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

a b o u t   S m i t h   and  L e m s t r a ' s   u n s t r e t c h e d   f i b e r s ,   i t   a p p e a r s  
t h a t   one  or   more   of  t h e   f o l l o w i n g   c h a r a c t e r i s t i c s   of  t h e  

p r e s e n t   x e r o g e l   f i b e r s   m u s t   be  l a c k i n g   in  S m i t h   a n d  

L e m s t r a ' s   u n s t r e t c h e d   f i b e r s :   (1)  a  c r y s t a l l i n e  

o r i e n t a t i o n   f u n c t i o n   l e s s   t h a n   0 . 2 ,   and  p r e f e r a b l y   l e s s  

t h a n   0 .1   as  m e a s u r e d   by  w ide   a n g l e   X - r a y   d i f f r a c t i o n ;  

(2)  m i c r o p o r o s i t y   l e s s   t h a n   10%  and  p r e f e r r a b l y   l e s s  

t h a n   3%;  (3)  a  c r y s t a l l i n i t y   i n d e x   as  m e a s u r e d   by  w i d e  



a n g l e   X - r a y   d i f f r a c t i o n   ( s e e   P.  H.  H e r m a n s   and  A.  

W e i d i n g e r ,   M a c r o m o l .   Chem.  v o l .   44,   p.  24  ( 1 9 6 1 ) )   l e s s  

t h a n   80%  and   p r e f e r a b l y   l e s s   t h a n   75%;  (4)  no  d e t e c t a b l e  

f r a c t i o n   of   t h e   t r i c l i n i c   c r y s t a l l i n e   fo rm  and  (5)  a  
f r a c t i o n   v a r i a t i o n   of  t he   s p h e r u l i t e   s i z e  

a c r o s s   a  d i a m e t e r   of  t he   f i b e r   l e s s   t h a n   0 . 2 5 .  

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

a f t e r   c o o l i n g   to   t h e   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 .   T h 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   or   i t   m a y  
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   a t   room  t e m p e r a t u r e s   or   a t  

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   t h e   s t r e t c h i n g   i s  

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

s t a g e s   p e r f o r m e d   a t   a  t e m p e r a t u r e   b e t w e e n   120°C  a n d  

1 6 0 ° C .   Mos t   p r e f e r a b l y   t he   s t r e t c h i n g   i s   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   t h e   l a s t   of  t h e   s t a g e s   p e r -  
f o r m e d   a t   a  t e m p e r a t u r e   b e t w e e n   135°C  and  1 5 0 ° C .   T h e  

E x a m p l e s ,   and  e s p e c i a l l y   E x a m p l e s   3 - 9 9   and  1 1 1 - 4 8 6 ,  

i l l u s t r a t e   how  t h e   s t r e t c h   r a t i o s   can   be  r e l a t e d   t o  

o b t a i n i n g   p a r t i c u l a r   f i b e r   p r o p e r t i e s .  

The  p r o d u c t   p o l y e t h y l e n e   f i b e r s   p r o d u c e d   b y  

t h e   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   o f  

p r o p e r t i e s :   a  m o d u l u s   a t   l e a s t   500  g / d e n i e r   ( p r e f e r a b l y  

a t   l e a s t   1000   g / d e n i e r ,   more  p r e f e r a b l y   a t   l e a s t   1 6 0 0  

g / d e n i e r   and  m o s t   p r e f e r a b l y   a t   l e a s t   2000  g / d e n i e r ) ,  

a  t e n a c i t y   a t   l e a s t   20  g / d e n i e r   ( p r e f e r a b l y   a t   l e a s t   30  

g / d e n i e r   and  more   p r e f e r a b l y   a t   l e a s t   40  g / d e n i e r ) ,   a  

m e l t i n g   t e m p e r a t u r e   of  a t   l e a s t   147°C  ( p r e f e r a b l y   a t  

l e a s t   1 4 9 ° C ) ,   a  p o r o s i t y   of  no  more  t h a n   10%  ( p r e f e r a b l y  

no  more  t h a n   6%)  and  a  c r e e p   v a l u e   no  more   t h a n   5% 

( p r e f e r a b l y   no  more  t h a n   3%)  when  m e a s u r e d   a t   10%  o f  

b r e a k i n g   l o a d   f o r   50  d a y s   a t   23°C.   P r e f e r a b l y   t h e   f i b e r  

has   an  e l o n g a t i o n   to   b r e a k   a t   m o s t   7%.  In  a d d i t i o n ,   t h e  

f i b e r s   h a v e   h i g h   t o u g h n e s s   and  u n i f o r m i t y .   T h e s e  



a d d i t i o n a l   p r o p e r t i e s   can   be  m e a s u r e d   as  a  w o r k t o - b r e a k  

v a l u e   p r e f e r a b l y   a t   l e a s t   7 . 5   g i g a j o u l e s   p e r   c u b i c  

m e t e r .   F u r t h e r m o r e ,   as  i n d i c a t e d   in  E x a m p l e s   3 -99   a n d  

1 1 1 - 4 8 9   b e l o w ,   t r a d e - o f f s   b e t w e e n   v a r i o u s   p r o p e r t i e s   c a n  

be  made  in  a  c o n t r o l l e d   f a s h i o n   w i t h   t h e   p r e s e n t  

p r o c e s s .  
The  n o v e l   p o l y p r o p y l e n e   f i b e r s   of  t he   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   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 ,   p r e v i o u s l y   u n a c h i e v e d   f o r   p o l y p r o p y l e n e   f i b e r s :   a 

t e n a c i t y   of  a t   l e a s t   8  g / d e n i e r   ( p r e f e r a b l y   a t   l e a s t  

11  g / d e n i e r   and  more  p r e f e r a b l y   a t   l e a s t   13  g / d e n i e r ) ,  

a  t e n s i l e   m o d u l u s   a t   l e a s t   160  g / d e n i e r   ( p r e f e r a b l y   a t  

l e a s t   200  g / d e n i e r ) ,   a  ma in   m e l t i n g   p o i n t   a t   l e a s t   1 6 8 ° C  

( p r e f e r a b l y   a t   l e a s t   170°C)   and  a  p o r o s i t y   l e s s   t h a n  

10%  ( p r e f e r a b l y   no  more  t h a n   5%).  P r e f e r a b l y ,   t h e  

p o l y p r o p y l e n e   f i b e r s   a l s o   have   an  e l o n g a t i o n   to  b r e a k  

l e s s   t h a n   20%.  

A d d i t i o n a l l y   a  n o v e l   c l a s s   of  f i b e r s   of  t h e   i n v e n -  

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

l e a s t   200  g / d e n i e r ,   p r e f e r a b l y   a t   l e a s t   220  g / d e n i e r .  

The  ge l   f i b e r s   c o n t a i n i n g   f i r s t   s o l v e n t ,   g e l  

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

t h e   p r e s e n t   i n v e n t i o n   a l s o   r e p r e s e n t   n o v e l   a r t i c l e s   o f  

m a n u f a c t u r e ,   d i s t i n g u i s h e d   f rom  s o m e w h a t   s i m i l a r   p r o -  
d u c t s   d e s c r i b e d   by  Smook  e t   a l .   and  by  Ka lb   and  P e n n i n g s  

in  h a v i n g   a  vo lume   p o r o s i t i e s   of  10%  or   l e s s   c o m p a r e d   t o  

v a l u e s   of  23%-65%  in  t he   r e f e r e n c e s .  

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

f rom  t he   c o m p a r a b l e   p r i o r   a r t   m a t e r i a l s   in  h a v i n g   a  

s o l v e n t   w i t h   an  a t m o s p h e r i c   b o i l i n g   p o i n t   l e s s   t h a n  

50°C.   As  i n d i c a t e d   by  E x a m p l e s   1 0 0 - 1 0 8 ,   b e l o w ,   t h e  

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

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

s e c o n d   s o l v e n t   d e c l i n e d .   As  a l s o   i n d i c a t e d   in  E x a m p l e s  

1 0 0 - 1 0 8   ( s e e   T a b l e   I I I ) ,   s u b s t a n t i a l l y   h i g h e r   t e n a c i t y  
f i b e r s   we re   p r o d u c e d   u n d e r   e q u i v a l e n t   d r y i n g   a n d  

s t r e t c h i n g   c o n d i t i o n s   by  u s i n g   t r i c h l o r o t r i f l u o r o e t h a n e  

( b o i l i n g   p o i n t   4 7 . 5 ° C )   as  t h e   s e c o n d   s o l v e n t   c o m p a r e d   t o  

f i b e r s   p r o d u c e d   by  u s i n g   h e x a n e   ( b o i l i n g   p o i n t   6 8 . 7 ° C )  



as   s e c o n d   s o l v e n t .   The  i m p r o v e m e n t   in  f i n a l   f i b e r   i s  

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

s o l v e n t   in  t h e   s e c o n d   g e l   f i b e r .   P r e f e r r e d   s u c h   s e c o n d  

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

a n e )   and  t r i c h l o r o t r i f l u o r o e t h a n e ,   w i t h   t h e   l a t t e r   b e i n g  

m o s t   p r e f e r r e d .  

DESCRIPTION  OF  THE  PREFERRED  EMBODIMENT 

F i g u r e   5  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  t h e   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  i s   c o n d u c t e d   in  two  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   5 ,  

a  f i r s t   m i x i n g   v e s s e l   10  i s   s hown ,   w h i c h   i s   f ed   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  s u c h   as  p o l y -  

e t h y l e n e   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  

5 0 0 , 0 0 0   and  p r e f e r a b l y   a t   l e a s t   1 , 0 0 0 , 0 0 0 ,   and  to   w h i c h  

i s   a l s o   f ed   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   1 2  

s u c h   as  p a r a f f i n   o i l .   F i r s t   m i x i n g   v e s s e l   10  i s   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   a n d  

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  i s   s u f f i c i e n t   t o  

fo rm  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  s o m e  

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 ,   w h i c h   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  i s   s u f f i c i e n t   t o  

c o n v e r t   t h e   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   t he   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  t h e  

s l u r r y   14,  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 h e   above   i s   s u f f i c i e n t l y   h i g h   ( e . g .  

2 0 0 ° C )   to   p e r m i t   t h e   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  t he   s o l v e n t   a t   t h e   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   6  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  t h e   i n t e n s i v e   m i x i n g   v e s s e l   15,   t h e   s o l u -  

t i o n   i s   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   w h i c h   i s   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  and  h o u s i n g   23  a t   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  a n d  

e x t r u d e   t h e   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  o f  

a  v a r i e t y   of  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  t h e   p l a n e   of  t h e   s p i n n e r e t t e   when  i t   is   d e s i r e d   t o  

form  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  t he   p l a n e   of  t he   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 h e   s o l u t i o n   in  t h e   m i x i n g   v e s s e l   15,  in  t he   e x t r u -  

s i o n   d e v i c e   18  and  a t   t h e   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 .   200°C)   c h o s e n  

to  e x c e e d   t h e   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  

1 0 0 - 1 3 0 ° C   f o r   p o l y e t h y l e n e   in  p a r a f f i n   o i l ) .   The  t e m p -  

e r a t u r e   may  v a r y   ( e . g .   2 2 0 ° C ,   210°C  and  200°C)   or   may  b e  

c o n s t a n t   ( e . g .   220°C)   f rom  t he   m i x i n g   v e s s e l   15  to   e x t r -  

u s i o n   d e v i c e   18  to   t he   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 ,   t h e   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   t he   same.   T h e  

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

f o r m e d ,   i s   n o 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   o f  

a p p e r a t u r e s   b e i n g   16,   120 ,   or   2 4 0 .  

From  t h e   s p i n n e r e t t e   25,  t he   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   s u c h   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 o w   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  g e 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   t he   a i r   gap  27  and  i n t o   a  q u e n c h   b a t h   3 0 ,  

so  as  to   c o o l   t h e   f i b e r s ,   b o t h   in  t he   a i r   gap  27  and  i n  

the   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   a t   w h i c h   t h e  

s o l u b i l i t y   of  t h e   p o l y m e r   in  t he   f i r s t   s o l v e n t   i s   r e l a -  

t i v e l y   l ow ,   s u c h   t h a t   m o s t   of  t he   p o l y m e r   p r e c i p i t a t e s  

as  a  g e l   m a t e r i a l .   W h i l e   some  s t r e t c h i n g   in  t he   a i r   g a p  

27  i s   p e r m i s s i b l e ,   i t   i s   p r e f e r a b l y   l e s s   t h a n   2 : 1 ,   a n d  

is   more   p r e f e r a b l y   much  l o w e r .   S u b s t a n t i a l   s t r e t c h i n g  
of  t h e   h o t   g e l   f i b e r s   in  a i r   gap  27  i s   b e l i e v e d   h i g h l y  

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

I t   i s   p r e f e r r e d   t h a t   t he   q u e n c h   l i q u i d   i n  



q u e n c h   b a t h   30  be  w a t e r .   W h i l e   t he   s e c o n d   s o l v e n t   m a y  
be  u s e d   as  t h e   q u e n c h   f l u i d   (and  q u e n c h   b a t h   30  may  e v e n  

be  i n t e g r a l   w i t 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  d e s c r i b e d  

b e l o w ) ,   i t   ha s   b e e n   f o u n d   in  l i m i t e d   t e s t i n g   t h a t   s u c h   a  
m o d i f i c a t i o n   i m p a i r s   f i b e r   p r o p e r t i e s .  

R o l l e r s   31  and  32  in  t he   q u e n c h   b a t h   30  o p e r -  
r a t e   to   f e e d   t h e   f i b e r   t h r o u g h   the   q u e n c h   b a t h ,   a n d  

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   or   no  s t r e t c h .   In  t h e  

e v e n t   t h a t   some  s t r e t c h i n g   d o e s   o c c u r   a c r o s s   r o l l e r s   3 1  

and  32,  some  f i r s t   s o l v e n t   e x u d e s   o u t   of   t h e   f i b e r s   a n d  

can   be  c o l l e c t e d   as  a  top   l a y e r   in  q u e n c h   b a t h   3 0 .  

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

f i b e r s   33  p a s s   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  w h e r e   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   s u c h   a s  

t r i c h l o r o t r i f l u o r o e t h a n e ,   i s   fed  in  t h r o u g h   l i n e   3 8 .  

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

t h e   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   o r   d i s p e r s e d   i n  

t h e   s e c o n d   s o l v e n t .   Thus   t h e   s e c o n d   g e l   f i b e r s   4 1  

c o n d u c t e d   o u t   of  t h e   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  

c o n t a i n   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 n d  

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  s e c o n d   g e l   f i b e r s  

41  may  have   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 h e   f i r s t   g e l  

f i b e r s   33,   b u t   o t h e r w i s e   c o n t a i n   s u b s t a n t i a l l y   t h e   s a m e  

p o l y m e r   m o r p h o l o g y .  

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   i s  

e v a p o r a t e d   f rom  t h e   s e c o n d   g e l   f i b e r s   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  w h i c h   a r e  

t a k e n   up  on  s p o o l   5 2 .  

From  s p o o l   52 ,   o r   from  a  p l u r a l i t y   of  s u c h  

s p o o l s   i f   i t   i s   d e s i r e d   to   o p e r a t e   t he   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   5 2  

p e r m i t s ,   t h e   f i b e r s   a r e   f ed   o v e r   d r i v e n   f e e d   r o l l   54  a n d  

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,   w h i c h   may  b e  

r e c t a n g u l a r ,   c y l i n d r i c a l   o r   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   i s   a p p l i e d   to  t he   t u b e   56  to   c a u s e   t h e  

i n t e r n a l   t e m p e r a t u r e   to   be  b e t w e e n   120  and  1 4 0 ° C .  

The  f i b e r s   a r e   s t r e t c h e d   a t   a  r e l a t i v e l y   h i g h   d raw  r a t i o  



( e . g .   1 0 : 1 )   so  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  by  d r i v e n   r o l l   61  and  i d l e r   r o l l   62.  F r o m  

r o l l s   61  and  62,   t h e   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   63,   h e a t e d   so  as  to  be  a t   s o m e w h a t   h i g h e r  

t e m p e r a t u r e ,   e . g .   1 3 0 - 1 6 0 ° C   and  a r e   t h e n   t a k e n   up  b y  

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 i c i e n t   to   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 .   2 . 5 : 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   in  t h i s   f i r s t   e m b o d i m e n t   a r e   t a k e n   up  

on  t a k e - u p   s p o o l   7 2 .  

W i t h   r e f e r e n c e   to   t he   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   t h e   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  i s   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 

i s   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  i s   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  i s   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 ,   e v e n   a t  

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

56  and  63.  T h u s ,   f o r   e x a m p l e ,   some  s t r e t c h i n g   ( e . g .  

2 : 1 )   may  o c c u r   w i t h i n   q u e n c h   b a t h   30,   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  and  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  t he   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   6.  T h e  

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 h e  

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

t he   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   5.  T h u s ,  

p o l y m e r   and  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  and  c o n d u c t e d   as  a  s l u r r y   in  l i n e   14  t o  

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  h o t  

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



a p p e r a t u r e s   in  s p i n n e r e t t e   27.  The  h o t   f i r s t   g e 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  t o  

form  c o o l   f i r s t   g e l   f i b e r s   3 3 .  

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

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

F i g u r e   6  c o m p a r e d   to   t h e   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  t h e  

f i r s t   e m b o d i m e n t   of  F i g u r e   5.  The  f i b e r s   33  a r e   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   g e l   f i b e r s  

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

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

t h e   g e l   f i b e r 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  

i s   e v a p o r a t e d   f rom  t h e   g e l   f i b e r s ;   and  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 r e   t a k e n   up  on  s p o o l   5 2 .  

F i b e r s   on  s p o o l   52  a r e   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   a t   t h e   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   130  and  1 6 0 ° 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   a t   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   6 3  

as  d e s i r e d ,   e . g .   2 . 5 : 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  t he   s e c o n d   e m b o d i m e n t   a r e   t h e n   t a k e n   u p  

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   t h e  

e m b o d i m e n t   of  F i g u r e   6  w i t h   t h e   e m b o d i m e n t   of  F i g u r e   5 ,  

t h e   s t r e t c h i n g   s t e p   F  h a s   b e e n   d i v i d e d   i n t o   two  p a r t s ,  

w i t h   t h e   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 r m e d   on  t h e   f i r s t   g e 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  t h e   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   4 8  



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  t he   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   7,  w i t h   t h e   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   t he   f i r s t   e m b o d i m e n t   of  F i g u r e  

5  and  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   6.  T h u s ,   p o l y m e r  

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

and  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  h o 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 h e   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   t he   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 p e r a t u r e s   in  s p i n n e r e t t e  

27.  The  h o t   f i r s t   g e 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   g e l   f i b e r s  
3 3 .  

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

h e a t e d   t u b e   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  t h e   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  t h e   v e l o c i t y   of  x e r o g e l   f i b e r s   ( 4 7 )  

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  t he   f i r s t  

e m b o d i m e n t   of  F i g u r e   5.  The  f i r s t   g e 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  

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

d e s i r e d ,   e . g .   1 0 : 1 .  

From  r o l l s   61  and  62,  t he   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 r e   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  

drawn  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  i s   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  a t   t he   d e s i r e d   s t r e t c h   r a t i o ,  

e . g .   2 . 5 : 1 .   B e c a u s e   of  t h e   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   the   s p e e d  

of  o n c e - d r a w n   g e l   f i b e r s   35  c o m i n g   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   7 

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   6  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   5.  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   a t   t h e   e x i t   of  e a c h   t u b e ) ,   t h e  

f i r s t   s o l v e n t   i s   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  n o 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   g e l   f i b e r   36  i s   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,  w h e r e  

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   t h e   f i r s t   s o l v e n t  

o u t   of  t he   f i b e r s .   The  s e c o n d   ge l   f i b e r s ,   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 ,   i s   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  t h e   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   t h e  

t h i r d   e m b o d i m e n t   of   F i g u r e   7  to   t he   f i r s t   two  e m b o d i -  

m e n t s   of  F i g u r e s   5  and   6,  t h e   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   in  t h e   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   to  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 o c e s s   of   t h e   i n v e n t i o n   w i l l   be  f u r t h e r  

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

i l l u s t r a t e s   t he   p r i o r   a r t   t e c h n i q u e s   of  Smook  e t . a l .   a n d  

t h e   Ka lb   and  P e n n i n g s   a r t i c l e s .  

C o m p a r a t i v e   E x a m p l e   1 

A  g l a s s   v e s s e l   e q u i p p e d   w i t h   a  PTFE  p a d d l e  

s t i r r e r   was  c h a r g e d   w i t h   5 .0   wt%  l i n e a r   p o l y e t h y l e n e  

( s o l d   as  H e r c u l e s   UHMW  1 9 0 0 ,   h a v i n g   24  IV  and  a p p r o x i -  

i m a t e l y   4  x  106  M . W . ) ,   9 4 . 5   wt%  p a r a f f i n   o i l   ( J . T .  

B a k e r ,   3 4 5 - 3 5 5   S a y b o l t   v i s c o s i t y )   and  0 .5   wt%  a n t i o x i -  

d a n t   ( s o l d   u n d e r   t h e   t r a d e m a r k   I o n o l ) .  

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

and  h e a t e d   w i t h   s t i r r i n g   to  1 5 0 ° C .   The  v e s s e l   and  i t s  

c o n t e n t s   were   m a i n t a i n e d   u n d e r   s low  a g i t a t i o n   f o r   4 8  

h o u r s .   At  t he   end  of  t h i s   p e r i o d   t he   s o l u t i o n   w a s  

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

a t e d   i n t o   two  p h a s e s  -   A  " m u s h y "   l i q u i d   p h a s e   c o n s i s t i n g  

of   0 . 4 3   wt%  p o l y e t h y l e n e   and  a  r u b b e r y   g e l   p h a s e   c o n -  

s i s t i n g   of  8 .7   wt%  p o l y e t h y l e n e .   The  g e l   p h a s e   w a s  



c o l l e c t e d ,   c u t   i n t o   p i e c e s   and  fed   i n t o   a  2 .5   cm  ( o n e  

i n c h )   S t e r l i n g   e x t r u d e r   e q u i p p e d   w i t h   a  2 1 / 1   L / D  

p o l y e t h y l e n e - t y p e   s c r e w .   The  e x t r u d e r   was  o p e r a t e d   a t  

10  RPM,  170°C  and  was  e q u i p p e d   w i t h   a  c o n i c a l   s i n g l e  

h o l e   s p i n n i n g   d i e   of  1  cm  i n l e t   d i a m e t e r ,   1  mm  e x i t  

d i a m e t e r   and  6  cm  l e n g t h .  
The  d e f o r m a t i o n   and  c o m p r e s s i o n   of  t h e   g e l   b y  

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

t h e   g e l .   T h i s   l i q u i d   b a c k e d   up  in  t h e   e x t r u d e r   b a r r e l  

and  was  m o s t l y   d i s c h a r g e d   f rom  t he   h o p p e r   end  of  t h e  

e x t r u d e r .   At  t h e  e x i t   end  of  t he   e x t r u d e r   a  g e l   f i b e r  

of   a p p r o x i m a t e l y   0 .7   mm  d i a m e t e r   was  c o l l e c t e d   a t   t h e  

r a t e   of  1 . 6   m / m i n .   The  ge l   f i b e r   c o n s i s t e d   of  2 4 - 3 8   wt% 

p o l y e t h y l e n e .   The  s o l i d s   c o n t e n t   of  t he   g e l   f i b e r  

v a r i e d   s u b s t a n t i a l l y   w i t h   t i m e .  

The  p a r a f f i n   o i l   was  e x t r a c t e d   f rom  t h e  

e x t r u d e d   g e l   f i b e r   u s i n g   h e x a n e   and  t he   f i b e r   was  d r i e d  

u n d e r   vacuum  a t   50°C .   The  d r i e d   g e l   f i b e r   had  a  d e n s i t y  

of   0 . 3 2 6   g / c m 3 .   T h e r e f o r e ,   b a s e d   on  a  d e n s i t y   of  0 . 9 6 0  

f o r   t he   p o l y e t h y l e n e   c o n s t i t u e n t ,   t h e   g e l   f i b e r   c o n -  

s i s t e d   of  7 3 . 2   v o l u m e   p e r c e n t   v o i d s .   M e a s u r e m e n t   o f  

p o r e   vo lume   u s i n g   a  m e r c u r y   p o r o s i m e t e r   showed   a  p o r e  
vo lume   of  2 . 5 8   c m 3 / g .   A  B . E . T .   m e a s u r e m e n t   of  s u r f a c e  

a r e a   gave  a  v a l u e   of  2 8 . 8   m 2 / g .  

The  d r i e d   f i b e r   was  s t r e t c h e d   in  a  n i t r o g e n  

a t m o s p h e r e   w i t h i n   a  h o t   t u b e   of  1 . 5   m e t e r s   l e n g t h .  

F i b e r   f e e d   s p e e d   was  2  c m / m i n .   Tube  t e m p e r a t u r e   w a s  

100°C  a t   t h e   i n l e t   i n c r e a s i n g   to  150°C  a t   t he   o u t l e t .  

I t   was  f o u n d   t h a t ,   b e c a u s e   of  f i l a m e n t   n o n -  

u n i f o r m i t y ,   s t r e t c h   r a t i o s   e x c e e d i n g   3 0 / 1   we re   n o t   s u s -  

t a i n a b l e   f o r   p e r i o d s   e x c e e d i n g   20  m i n u t e s   w i t h o u t  

f i l a m e n t   b r e a k a g e .  

The  p r o p e r t i e s   of  t he   f i b e r   p r e p a r e d   a t   3 0 / 1  

s t r e t c h   r a t i o   w e r e   as  f o l l o w s :  

d e n i e r  -   9 9  

t e n a c i t y  -   23  g / d  

m o d u l u s  -   980  g / d  

e l o n g a t i o n   a t   b r e a k  -   3% 



w o r k - t o - b r e a k  -   6570  in   l b s . / i n 3  

( 6 . 5   x  109  J /m3   or   6 .5   G J / m 3 )  

The  f o l l o w i n g   e x a m p l e   i s   i l l u s t r a t i v e   of  t h e  

p r e s e n t   i n v e n t i o n :  

E x a m p l e   2 

An  o i l   j a c k e t e d   d o u b l e   h e l i c a l   ( H e l i c o n e 8 )  

m i x e r   c o n s t r u c t e d   by  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   w a s  

c h a r g e d   w i t h   5 .0   wt%  l i n e a r   p o l y e t h y l e n e   ( H e r c u l e s   UHMW 

1900  h a v i n g   a  17  IV  and  a p p r o x i m a t e l y   2 . 5   x  106  M . W . )  

and  9 4 . 5   wt%  p a r a f f i n   o i l   ( J . T .   B a k e r ,   3 4 5 - 3 5 5   S a y b o l t  

v i s c o s i t y ) .   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   a t   20  

rpm  to  200°C  u n d e r   n i t r o g e n   p r e s s u r e   o v e r   a  p e r i o d   o f  

two  h o u r s .   A f t e r   r e a c h i n g   2 0 0 ° C ,   a g i t a t i o n   was  m a i n -  

t a i n e d   f o r   an  a d d i t i o n a l   two  h o u r s .  

The  b o t t o m   d i s c h a r g e   o p e n i n g   of  t he   H e l i c o n e  

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

d i e   of  2  mm  d i a m e t e r   and  9 .5   mm  l e n g t h .   The  t e m p e r a t u r e  

o f   t h e   s p i n n i n g   d i e   was  m a i n t a i n e d   a t   2 0 0 ° C .  

N i t r o g e n   p r e s s u r e   a p p l i e d   to   t h e   m i x e r   a n d  

r o t a t i o n   of  t he   b l a d e s   of   t h e   m i x e r   w e r e   u s e d   to  e x t r u d e  

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

p a s s a g e   t h r o u g h   a  w a t e r   b a t h   l o c a t e d   a t   a  d i s t a n c e   of  33  

cm  (13  i n c h e s )   b e l o w   t h e   s p i n n i n g   d i e .   The  g e 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  1 5 . 2   cm  (6  i n c h )   d i a m e t e r  

b o b b i n   a t   t he   r a t e  o f   4 . 5   m e t e r s / m i n .  

The  b o b b i n s   of  g e l   f i b e r   w e r e   i m m e r s e d   i n  

t r i c h l o r o t r i f l o r o e t h a n e   ( f l u o r o c a r b o n   113  o r   "TCTFE")  t o  

e x c h a n g e   t h i s   s o l v e n t   f o r   p a r a f f i n   o i l   as  t h e   l i q u i d  

c o n s t i t u e n t   of  t he   g e l .   The  g e l   f i b e r   was  unwound  f r o m  

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

2 2 - 5 0 ° C .  

The  d r i e d   f i b e r   was  of  9 7 0  +   100  d e n i e r .   T h e  

d e n s i t y   of  t h e   f i b e r   was  d e t e r m i n e d   to   be  950  kg /m3  b y  

t h e   d e n s i t y   g r a d i e n t   m e t h o d .   T h e r e f o r e ,   b a s e d   on  a  

d e n s i t y   of  960  k g / m 3   f o r   t h e   p o l y e t h y l e n e   c o n s t i t u e n t ,  

t h e   d r i e d   f i b e r   c o n t a i n e d   one  v o l u m e   p e r c e n t   v o i d s .   A 

B . E . T .   m e a s u r e m e n t   of  t h e   s u r f a c e   a r e a   gave   a  v a l u e   l e s s  



t h a n   1  m 2 / g .  

The  d r i e d   g e l   f i b e r   was  fed  a t   2  c m / m i n   i n t o   a  

h o t   t u b e   b l a n k e t e d   w i t h   n i t r o g e n   and  m a i n t a i n e d   a t   1 0 0 ° C  

a t   i t s   i n l e t   and  140°C  a t   i t s   o u t l e t .   The  f i b e r   w a s  

s t r e t c h e d   c o n t i n o u s l y   4 5 / 1   w i t h i n   t he   h o t   t u b e   f o r   a  

p e r i o d   of  t h r e e   h o u r s   w i t h o u t   e x p e r i e n c i n g   f i b e r   b r e a k -  

a g e .   The  p r o p e r t i e s   of  t h e   s t r e t c h e d   f i b e r   w e r e :  

d e n i e r  -   2 2 . 5  

t e n a c i t y  -   3 7 . 6   g / d  

m o d u l u s  -   1460  g / d  

w o r k - t o - b r e a k - 1 2 , 9 0 0  
( 1 2 . 9   x  109  J/m3  or   1 2 . 9   G J / m 3 )  

E x a m p l e s   3 - 9 9  

A  s e r i e s   of  f i b e r   s a m p l e s   was  p r e p a r e d   f o l -  

l o w i n g   t h e   p r o c e d u r e s   d e s c r i b e d   in  E x a m p l e   2,  b u t   w i t h  

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

p r o c e s s   p a r a m e t e r s :  

a.  p o l y e t h y l e n e   IV  ( m o l e c u l a r   w e i g h t )  
b.  p o l y m e r   g e l   c o n c e n t r a t i o n  

c.  s t r e t c h   t e m p e r a t u r e  
d.  f i b e r   d e n i e r  

e.  s t r e t c h   r a t i o  
The  r e s u l t s   of  t h e s e   e x p e r i m e n t s   upon  the   f i n a l   f i b e r  

p r o p e r t i e s   o b t a i n e d   a r e   p r e s e n t e d   in  T a b l e   I.  T h e  
P o l y m e r   i n t r i n s i c   v i s c o s i t y   v a l u e s   were   24  in  E x a m p l e s  
3 -49   and  17  in  E x a m p l e s   5 0 - 9 9 .   The  ge l   c o n c e n t r a t i o n  
was  2%  in  E x a m p l e s   2 6 - 4 1 ,   4%  in  E x a m p l e s   3 - 1 7 ,   5%  i n  

E x a m p l e s   4 2 - 9 9   and  6%  in  E x a m p l e s   1 8 - 2 5 .  









In  o r d e r   to  d e t e r m i n e   t h e   r e l a t i o n s h i p s   o f  

t he   f i b e r   p r o p e r t i e s   to  t h e   p r o c e s s   and  m a t e r i a l   p a r a -  

m e t e r s ,   t h e   d a t a   of  T a b l e   I  were   s u b j e c t e d   to  s t a t i s -  

t i c a l   a n a l y s i s   by  m u l t i p l e   l n e a r   r e g r e s s i o n .   T h e  

r e g r e s s i o n   e q u a t i o n   o b t a i n e d   f o r   f i b e r   t e n a c i t y   was  a s  

f o l l o w s :  

Where   SR  i s   s t r e t c h   r a t i o  

IV  i s   p o l y m e r   i n t r i n s i c   v i s c o s i t y  

in  d e c a l i n   a t   1 3 5 ° C ,   d l / g  

C  i s   p o l y m e r   c o n c e n t r a t i o n   in  t he   g e l ,   wt% 

T  is   s t r e t c h   t emp.   °C 

The  s t a t i s t i c s   of  t he   r e g r e s s i o n   w e r e :  
F  r a t i o   ( 6 , 9 5 )  =   1 1 8  

s i g n i f i c a n c e   l e v e l   =  9 9 . 9 + %  

s t a n d a r d   e r r o r   of  e s t i m a t e   =  3 .0  g / d  

A  c o m p a r i s o n   b e t w e e n   t he   o b s e r v e d   t e n a c i t i e s  

and  t e n a c i t i e s   c a l c u l a t e d   f rom  t h e   r e g r e s s i o n   e q u a t i o n  
is   shown  in  F i g u r e   1 .  

F i g u r e s   2  and  3  p r e s e n t   r e s p o n s e   s u r f a c e   c o n -  
t o u r s   f o r   t e n a c i t y   c a l c u l a t e d   f rom  t h e   r e g r e s s i o n   e q u a -  
t i o n   on  two  i m p o r t a n t   p l a n e s .  

In  t h e   e x p e r i m e n t s   of  E x a m p l e s   3 - 9 9 ,   a  c o r r e l -  

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

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

v e r s u s   t e n a c i t y   i s   shown  in  F i g u r e   4 .  

I t   w i l l   be  s e e n   f rom  t h e   d a t a ,   t h e   r e g r e s s i o n  

e q u a t i o n s   and  t he   p l o t s   of  t h e   c a l c u l a t e d   and  o b s e r v e d  

r e s u l t s   t h a t   t h e   m e t h o d   of  t h e   i n v e n t i o n   e n a b l e s   s u b -  

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

t h a t   g r e a t e r   c o n t r o l a b i l i t y   and  f l e x i b i l i t y   i s   o b t a i n e d  

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

F u r t h e r ,   i t   s h o u l d   be  n o t e d   t h a t   many  of  t h e  

f i b e r s   of  t h e s e   e x a m p l e s   showed   h i g h e r   t e a n c i t i e s   a n d / o r  

m o d u l u s   v a l u e s   t h a n   had  b e e n   o b t a i n e d   by  p r i o r   a r t  

m e t h o d s .   In  t he   p r i o r   a r t   m e t h o d s   of  O f f .   30  04  699  a n d  

GB  2 0 5 1 6 6 7 ,   a l l   f i b e r s   p r e p a r e d   had  t e n a c i t i e s   l e s s   t h a n  



3.0   GPa  (35  g / d )   and  m o d u l i   l e s s   t h a n   100  GPa  (1181   g / d ) .  

In  t he   p r e s e n t   i n s t a n c e ,   f i b e r   e x a m p l e s   Nos .   21,  67,  7 0 ,  

73,  82,  84  and  88  e x c e e d e d   b o t h   of  t h e s e   l e v e l s   a n d  

o t h e r   f i b e r   e x a m p l e s   s u r p a s s e d   on  one  or   t h e   o t h e r  

p r o p e r t y .  

In  t he   p r i o r   a r t   p u b l i c a t i o n s   of  P e n n i n g s   a n d  

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

m o d u l i   l e s s   t h a n   121  GPa  (1372   g / d ) .   In  t h e   p r e s e n t  

i n s t a n c e   c o n t i n u o u s   f i b e r   e x a m p l e s   No.  70,   71 ,   73,   8 2 ,  

83,  84,  88  and  99  s u r p a s s e d   t h i s   l e v e l .  

The  f i b e r   of  e x a m p l e   71  was  f u r t h e r   t e s t e d   f o r  

r e s i s t a n c e   to  c r e e p   a t   23°C  u n d e r   a  s u s t a i n e d   l o a d   o f  

10%  of  t h e   b r e a k i n g   l o a d .   C r e e p   i s   d e f i n e d   as  f o l l o w s :  

w h e r e   B ( s )   i s   t h e   l e n g t h   of  t he   t e s t   s e c t i o n  

i m m e d i a t e l y   a f t e r   a p p l i c a t i o n   of  l o a d  

A ( s , t )   i s   t he   l e n g t h   of  t he   t e s t   s e c t i o n   a t   t i m e  

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

A  and  B  a r e   b o t h   f u n c t i o n s   of  t h e   l o a d s ,   w h i l e   A 

i s   a l s o   a  f u n c t i o n   of  t ime   t .  

For   c o m p a r i s o n ,   a  c o m m e r c i a l   n y l o n   t i r e   c o r d   (6  d e n i e r ,  

9 . 6   g /d   t e n a c i t y )   and  a  p o l y e t h y l e n e   f i b e r   p r e p a r e d   i n  

a c c o r d a n c e   w i t h   S e r i a l   No.  2 2 5 , 2 8 8 ,   f i l e d   J a n u a r y   1 5 ,  

1981  by  s u r f a c e   g r o w t h   and  s u b s e q u e n t   h o t   s t r e t c h i n g  

(10  d e n i e r ,   4 1 . 5   g /d   t e n a c i t y )   we re   s i m i l a r l y   t e s t e d  

f o r   c r e e p .  

The  r e s u l t s   of  t h e s e   t e s t s   a r e   p r e s e n t e d   i n  

T a b l e   I I .  



I t   w i l l   be  s e e n   t h a t   t he   f i b e r   of  e x a m p l e   7 1  

s h o w e d   1.4%  c r e e p   in  50  d a y s   a t   23°C  u n d e r   t he   s u s t a i n e d  

l o a d   e q u a l   to   10%  of  t h e   b r e a k i n g   l o a d .   By  way  o f  

c o m p a r i s o n ,   b o t h   t he   c o m m e r c i a l   n y l o n   6  t i r e   c o r d   a n d  

the   s u r f a c e   grown  p o l y e t h y l e n e   f i b e r   showed   5%  c r e e p  
u n d e r   s i m i l a r   t e s t   c o n d i t i o n s .  

The  m e l t i n g   t e m p e r a t u r e s   and  t h e   p o r o s i t i e s  

of   t h e   f i b e r s   of  e x a m p l e s  6 4 ,   70  and  71  we re   d e t e r m i n e d .  



M e l t i n g   t e m p e r a t u r e s   we re   m e a s u r e d   u s i n g   a  D u P o n t   9 9 0  
d i f f e r e n t i a l   s c a n n i n g   c a l o r i m e t e r .   S a m p l e s   were   h e a t e d  

in  an  a r g o n   a t m o s p h e r e   a t   t he   r a t e   of  1 0 ° C / m i n .   A d d i -  

t i o n a l l y ,   t h e   m e l t i n g   t e m p e r a t u r e   was  d e t e r m i n e d   f o r   t h e  

s t a r t i n g   p o l y e t h y l e n e   p o w d e r   f rom  w h i c h   the   f i b e r s   o f  

e x a m p l e s   64,  70  and  71  we re   p r e p a r e d .  

P o r o s i t i e s   of  t h e   f i b e r s   were   d e t e r m i n e d   b y  

m e a s u r e m e n t s   of  t h e i r   d e n s i t i e s   u s i n g   t he   d e n s i t y   g r a -  

d i e n t   t e c h n i q u e   and  c o m p a r i s o n   w i t h   t he   d e n s i t y   of  a  

c o m p r e s s i o n   m o l d e d   p l a q u e   p r e p a r e d   from  the   same  i n i t i a l  

p o l y e t h y l e n e   p o w d e r .   (The  d e n s i t y   of  t h e   c o m p r e s s i o n  
m o l d e d   p l a q u e   was  960  k g / m  ) .  

P o r o s i t y   was  c a l c u l a t e d   as  f o l l o w s :  

R e s u l t s   w e r e   as  f o l l o w s :  

The  p a r t i c u l a r   l e v e l   and  c o m b i n a t i o n   o f  

p r o p e r t i e s   e x h i b i t e d   by  t h e   f i b e r   of  e x a m p l e s   64,   70  a n d  

71,  i . e . ,   t e n a c i t y   a t   l e a s t   30  g / d ,   m o d u l u s   in  e x c e s s   o f  

1000  g / d ,   w o r k - t o - b r e a k   a t   l e a s t   7 . 5  
GJ/m3  and  c r e e p   ( a t   23°C  and  10%  of  b r e a k i n g   l o a d )   l e s s  

t h a n   3 %  i n   50  d a y s ,   m e l t i n g   t e m p e r a t u r e   of  a t   l e a s t  

147°C  and  p o r o s i t y   l e s s   t h a n   10%  a p p e a r s   n o t   to   h a v e  

been   a t t a i n e d   h e r e t o f o r e .  

The  f o l l o w i n g   e x a m p l e s   i l l u s t r a t e   t he   e f f e c t  

of  the   s e c o n d   s o l v e n t   upon  f i b e r   p r o p e r t i e s .  

E x a m p l e s   1 0 0 - 1 0 8  

F i b e r   s a m p l e s   were   p r e p a r e d   as  d e s c r i b e d   i n  

Example   2,  b u t   w i t h   t h e   f o l l o w i n g   v a r i a t i o n s .   The  b o t -  

tom  d i s c h a r g e   o p e n i n g   of  t h e   H e l i c o n e   m i x e r   was  a d a p t e d  

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

t h e n c e   to   a  s i n g l e   h o l e   c o n i c a l   s p i n n i n g   d i e .   T h e  

c r o s s - s e c t i o n   of  t he   s p i n n i n g   d i e   t a p e r e d   u n i f o r m l y   a t   a  

7 . 5 °   a n g l e   f rom  an  e n t r a n c e   d i a m e t e r   of  10  mm  to  an  e x i t  



d i a m e t e r   of  1  mm.  The  g e a r   pump  s p e e d   was  s e t   t o  

d e l i v e r   5 . 8 4   c m 3 / m i n   of  p o l y m e r   s o l u t i o n   to  t he   d i e .  

The  e x t r u d e d   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  g e l  

s t a t e   by  p a s s a g e   t h r o u g h   a  w a t e r   b a t h   l o c a t e d   a t  a   d i s -  

t a n c e   of  20  cm  be low  the   s p i n n i n g   d i e .   The  g e 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  b o b b i n s   a t   t he   r a t e   of  7 . 3  

m e t e r s / m i n .  

The  b o b b i n s   of  g e l   f i b e r   were   i m m e r s e d   i n  

s e v e r a l   d i f f e r e n t   s o l v e n t s   a t   room  t e m p e r a t u r e   t o  

e x c h a n g e   w i t h   t he   p a r a f f i n   o i l   as  t h e   l i q u i d   c o n s t i -  

t u e n t   of  t h e   g e l .   The  s o l v e n t s   and  t h e i r   b o i l i n g   p o i n t s  

w e r e :  

The  s o l v e n t   e x c h a n g e d   g e l   f i b e r s   were   a i r  

d r i e d   a t   room  t e m p e r a t u r e .   D r y i n g   of  t he   ge l   f i b e r s   w a s  

a c c o m p a n i e d   in  e a c h   c a s e   by  s u b s t a n t i a l   s h r i n k a g e   o f  

t r a n s v e r s e   d i m e n s i o n s .   S u r p r i s i n g l y ,   i t   was  o b s e r v e d  

t h a t   t he   s h a p e   and  s u r f a c e   t e x t u r e   of  t h e   x e r o g e l   f i b e r s  

d e p a r t e d   p r o g r e s s i v e l y   f rom  a  s m o o t h   c y l i n d r i c a l   form  i n  

a p p r o x i m a t e   p r o p o r t i o n   to  t he   b o i l i n g   p o i n t   of  t h e  

s e c o n d   s o l v e n t .   Thus ,   t he   f i b e r   f rom  w h i c h   d i e t h y l  

e t h e r   had  b e e n   d r i e d   was  s u b s t a n t i a l l y   c y l i n d r i c a l  

w h e r e a s   t he   f i b e r   f rom  w h i c h   t o l u e n e   had  been   d r i e d   w a s  

"C"  s h a p e d   in  c r o s s - s e c t i o n .  

The  x e r o g e l   f i b e r s   p r e p a r e d   u s i n g   TCTFE  a n d  

n - h e x a n e   as  s e c o n d   s o l v e n t s   were   f u r t h e r   c o m p a r e d   b y  

s t r e t c h i n g   e a c h   a t   130°C ,   i n c r e m e n t a l l y   i n c r e a s i n g  
s t r e t c h   r a t i o   u n t i l   f i b e r   b r e a k a g e   o c c u r r e d .   The  t e n -  

s i l e   p r o p e r t i e s   of  t he   r e s u l t i n g   f i b e r s   were   d e t e r m i n e d  



as  shown  in  T a b l e   I I I .  

I t   w i l l   be  s e e n   t h a t   t h e   x e r o g e l   f i b e r   p r e -  

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

s t r e t c h e d   c o n t i n u o u s l y   to  a  s t r e t c h   r a t i o   of  4 9 / 1 ,  

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

be  s t r e t c h e d   c o n t i n u o u s l y   o n l y   to  a  s t r e t c h   r a t i o   o f  

3 3 / 1 .   At  maximum  s t r e t c h   r a t i o ,   t he   s t r e t c h e d   f i b e r  

p r e p a r e d   u s i n g   TCTFE  s e c o n d   s o l v e n t   was  of  3 9 . 8   g / d  

t e n a c i t y ,   1580  g /d   m o d u l u s   and  of  9 . 6   GJ/m3  w o r k - t o -  

b r e a k .   T h i s   c o m p a r e s   to   3 2 . 0   g /d   t e n a c i t y ,   1140  g / d  

m o d u l u s   and  8 .4   GJ/m3  o b t a i n e d   u s i n g   n - h e x a n e   as  t h e  

s e c o n d   s o l v e n t .  

E x a m p l e   1 1 0  

F o l l o w i n g   t h e   p r o c e d u r e s   of  E x a m p l e s   3 - 9 9 ,   a n  

8  wt%  s o l u t i o n   of  i s o t a c t i c   p o l y p r o p y l e n e   of  1 2 . 8  

i n t r i n s i c   v i s c o s i t y   ( i n   d e c a l i n   a t   1 3 5 ° C ) ,   a p p r o x i m a t e l y  

2 .1   x  106M.W.  was  p r e p a r e d   in  p a r a f f i n   o i l   a t   2 0 0 ° C .   A 

g e l   f i b e r   was  spun   a t   6 .1   m e t e r s / m i n .   The  p a r a f f i n   o i l  

was  s o l v e n t   e x c h a n g e d   w i t h   TCTFE  and  t h e   g e l   f i b e r   d r i e d  

a t   room  t e m p e r a t u r e .   The  d r i e d   f i b e r   was  s t r e t c h e d   2 5 / 1  

a t   a  f e e d   r o l l   s p e e d   of  2  c m / m i n .   S t r e t c h i n g   was  c o n -  

d u c t e d   in  a  c o n t i n u o u s   m a n n e r   f o r   one  h o u r   a t   1 6 0 ° C .  



F i b e r   p r o p e r t i e s   were   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  -   9 .6   g / d  

m o d u l u s  -   164  g / d  

e l o n g a t i o n  -   1 1 . 5 %  

w o r k - t o - b r e a k  -   9280  in  l b s / i n 3  

( 9 . 2   x  109  J /m3  or   9 .2   G J / m 3  

E x a m p l e s   1 1 1 - 4 8 6  

A  s e r i e s   of  x e r o g e l   f i b e r   s a m p l e s   was  p r e p a r e d  

as  in  E x a m p l e   2  b u t   u s i n g   a  g e a r   pump  to  c o n t r o l   m e l t  

f l ow  r a t e .   V a r i a t i o n s   we re   i n t r o d u c e d   in  t he   f o l l o w i n g  

m a t e r i a l   and  p r o c e s s   p a r a m e t e r s :  

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

b.  p o l y m e r   g e l   c o n c e n t r a t i o n  

c.  d i e   e x i t   d i a m e t e r  

d.  d i e   i n c l u d e d   a n g l e   ( c o n i c a l   o r i f i c e )  

e.  s p i n n i n g   t e m p e r a t u r e  

f.  m e l t   f l o w   r a t e  

g.  d i s t a n c e   to  q u e n c h  

h.  ge l   f i b e r   t a k e - u p   v e l o c i t y  

i.  x e r o g e l   f i b e r   d e n i e r  

Each  of  t h e   x e r o g e l   f i b e r   s a m p l e s   p r e p a r e d   w a s  

s t r e t c h e d   in  a  h o t   t u b e   of  1 . 5   m e t e r   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   and  m a i n t a i n e d   a t   100°C  a t   t he   f i b e r   i n l e t  

and  140°C  a t   t h e   f i b e r   o u t l e t .   F i b e r   f e e d   s p e e d   i n t o  

t he   h o t   t u b e   was  4  c m / m i n .   ( U n d e r   t h e s e   c o n d i t i o n s   t h e  

a c t u a l   f i b e r   t e m p e r a t u r e   was  w i t h i n   1°C  of  the   t u b e  

t e m p e r a t u r e   a t   d i s t a n c e s   b e y o n d   15  cm  f rom  the   i n l e t ) .  

Each  s a m p l e   was  s t r e t c h e d   c o n t i n u o u s l y   a t   a  s e r i e s   o f  

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

f o r   t h e s e   e x p e r i m e n t s   a r e   s u m m a r i z e d   b e l o w :  

P o l y m e r   I n t r i n s i c   V i s c o s i t y   ( d L / g )  

1 1 . 5  -   E x a m p l e s   1 7 2 - 1 8 9 ,   2 3 7 - 2 4 1 ,   2 5 1 - 3 0 0 ,   3 3 9 - 3 7 1  

1 5 . 5  -   E x a m p l e s   1 1 1 - 1 2 6 ,   1 3 8 - 1 4 0 ,   1 6 7 - 1 7 1 ,   2 0 4 - 2 3 6 ,  

2 4 2 - 2 4 3 ,   3 7 2 - 4 4 9 ,   4 5 7 - 4 5 9  

1 7 . 7  -   E x a m p l e s   1 2 7 - 1 3 7 ,   1 4 1 - 1 6 6 ,   1 9 0 - 2 0 3 ,   2 4 4 - 2 5 0 ,  
3 0 1 - 3 3 8  

2 0 . 9  -   E x a m p l e s   4 5 0 - 4 5 6 ,   4 6 7 - 4 8 6  



Gel  C o n c e n t r a t i o n  

5 %  -   E x a m p l e s   1 2 7 - 1 3 7 ,   1 4 1 - 1 4 9 ,   1 6 7 - 1 7 1 ,   1 9 0 - 2 0 3 ,  

2 4 4 - 2 6 0 ,   2 7 4 - 2 7 6 ,   2 9 1 - 3 0 6 ,   3 3 9 - 3 7 1  

6 %  -   E x a m p l e s   1 1 1 - 1 2 6 ,   1 3 8 - 1 4 0 ,   2 0 4 - 2 3 6 ,   2 4 2 - 2 4 3 ,  

3 7 2 - 4 1 8 ,   4 3 1 - 4 8 6  

7 %  -   E x a m p l e s   1 5 0 - 1 6 6 ,   1 7 2 - 1 8 9 ,   2 3 7 - 2 4 1 ,   2 6 1 - 2 7 3 ,  

2 7 7 - 2 9 0 ,   3 0 7 - 3 3 8  

Die  D i a m e t e r  

Die  A n g l e   ( D e g r e e s )  

0 °  -   E x a m p l e s   1 2 7 - 1 3 7 ,   1 4 1 - 1 4 9 ,   2 6 1 - 2 8 1 ,   3 0 7 - 3 1 6 ,  

3 3 9 - 3 6 5 ,   4 1 9 - 4 3 0  

7 . 5 °  -   E x a m p l e s   1 1 1 - 1 2 6 ,   1 3 8 - 1 4 0 ,   1 6 7 - 1 7 1 ,   2 0 4 - 2 4 3 ,  

2 5 1 - 2 6 0 ,   3 0 1 - 3 0 6 ,   3 1 7 - 3 3 8 ,   3 7 2 - 4 1 8 ,   4 3 1 - 4 8 6  

1 5 °  -   E x a m p l e s   1 5 0 - 1 6 6 ,   1 7 2 - 2 0 3 ,   2 4 4 - 2 5 0 ,   2 8 2 - 3 0 0 ,  

3 6 6 - 3 7 1  

S p i n n i n g   T e m p e r a t u r e  

1 8 0 " C  -   E x a m p l e s   1 7 2 - 2 0 3 ,   2 3 7 - 2 4 1 ,   3 0 1 - 3 2 2 ,   3 3 9 - 3 7 1  

2 0 0 ° C  -   E x a m p l e s   1 1 1 - 1 2 6 ,   1 3 8 - 1 4 0 ,   1 6 7 - 1 7 1 ,   2 0 4 - 2 3 6 ,  

2 4 2 - 2 4 3 ,   3 7 2 - 4 8 6  

2 2 0 ° C  -   E x a m p l e s   1 2 7 - 1 3 7 ,   1 4 1 - 1 6 6 ,   2 4 4 - 3 0 0 ,   2 3 2 - 3 3 8  

S o l u t i o n   Flow  R a t e   ( c m 3 / m i n )  

2 . 9 2  +   0 . 0 2  -   E x a m p l e s   1 1 6 - 1 2 2 ,   1 3 5 - 1 4 5 ,   1 5 0 - 1 5 2 ,  

1 6 2 - 1 6 6 ,   1 7 2 - 1 7 3 ,   1 9 6 - 2 0 1 ,   2 1 4 - 2 2 2 ,   2 3 7 ,  

240 ,   2 4 2 - 2 4 5 ,   2 5 1 - 2 5 5 ,   2 6 0 - 2 6 5 ,   2 7 7 - 2 8 4 ,  

2 8 8 - 2 9 3 ,   301 ,   3 0 4 - 3 0 6 ,   3 1 0 - 3 1 2 ,   3 1 8 - 3 2 0 ,  

3 4 7 - 3 6 0 ,   3 6 8 - 3 7 0 ,   372 ,   3 9 5 - 3 9 7 ,   4 0 1 - 4 0 7 ,  

4 1 2 - 4 1 4 ,   4 1 9 - 4 2 4 ,   4 5 0 - 4 5 9 ,   4 6 7 - 4 8 1  

4 . 3 7  +   0 . 0 2  -   E x a m p l e s   2 0 4 - 2 0 8 ,   2 3 0 - 2 3 6 ,   3 7 7 - 3 7 9 ,  

4 0 8 - 4 1 1  



S o l u t i o n   Flow  R a t e   ( c m 3 / m i n )   ( c o n t i n u e d )  

5 . 8 5  +   0 . 0 5  -   E x a m p l e s   1 1 1 - 1 1 5 ,   1 2 3 - 1 3 4 ,   1 4 6 - 1 4 9 ,  

1 5 3 - 1 6 1 ,   1 6 7 - 1 7 1 ,   1 8 0 - 1 9 5 ,   2 0 2 - 2 0 3 ,  

2 0 9 - 2 1 3 ,   2 2 3 - 2 2 9 ,   2 3 8 - 2 3 9 ,   241 ,   2 5 6 - 2 5 9 ,  

2 6 6 - 2 7 6 ,   2 8 5 - 2 8 7 ,   2 9 4 - 3 0 0 ,   3 0 2 - 3 0 3 ,  

3 0 7 - 3 0 9 ,   3 1 5 - 3 1 7 ,   3 2 1 - 3 2 6 ,   3 3 5 - 3 3 8  

3 6 1 - 3 6 7 ,   371 ,   3 7 3 - 3 7 6 ,   3 9 2 - 3 9 4 ,   3 9 8 - 4 0 0 ,  

4 1 5 - 4 1 8 ,   4 3 1 - 4 3 3 ,   4 8 2 - 4 8 6  

6 . 0 7   -  E x a m p l e s   3 3 9 - 3 4 6  

8 . 7 6   -  E x a m p l e s   3 8 0 - 3 9 1  

8 . 8 8   -  E x a m p l e s   2 4 6 - 2 5 0  

1 1 . 7 1  +   0 . 0 3  -   E x a m p l e s   4 3 4 - 4 3 7 ,   4 4 5 - 4 4 9  

1 7 . 2 9   -  E x a m p l e s   4 3 8 - 4 4 0  

D i s t a n c e   To  Q u e n c h  

U n d e r   a l l   of  t he   v a r i e d   c o n d i t i o n s ,   the   t a k e -  

up  v e l o c i t y   v a r i e d   f rom  9 0 - 1 6 2 1   c m / m i n ,   t he   x e r o g e l  
f i b e r   d e n i e r   f rom  9 8 - 1 6 1 3 ,   t he   s t r e t c h   r a t i o   f r o m  

5 - 1 7 4 ,   t he   t e n a c i t y   from  9 -45   g / d e n i e r ,   t he   t e n s i l e  



m o d u l u s   f rom  2 1 R - 1 7 0 0   g / d e n i e r ,   t h e   e l o n g a t i o n   f r o m  

2 . 5 - 2 9 . 4 %   and  t h e   W o r k - t o - b r e a k   f rom  1 - 2 7   G J / m 3 .  

The  r e s u l t s   of  e a c h   E x a m p l e   p r o d u c i n g   a  f i b e r  

of   a t   l e a s t   30  g / d e n i e r   ( 2 . 5   GPa)  t e n a c i t y   or   a t   l e a s t   1 0 0 0  

q / d e n i e r   (85  GPa)  m o d u l u s   a r e   d i s p l a y e d   in  T a b l e   I V .  











In  o r d e r   to   d e t e r m i n e   the   r e l a t i o n s h i p s   of  t h e  

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

a l l   of  t he   d a t a   f rom  E x a m p l e   1 1 1 - 4 8 6 ,   i n c l u d i n g   t h o s e  

E x a m p l e s   l i s t e d   in  T a b l e   IV,  were   s u b j e c t e d   t o  

s t a t i s t i c a l   a n a l y s i s   by  m u l t i p l e   l i n e a r   r e g r e s s i o n .   T h e  

r e g r e s s i o n   e q u a t i o n   o b t a i n e d   f o r   f i b e r   t e n a c i t y   was  a s  

f o l l o w s :   T e n a c i t y ,   g /d   = 1 1 . 8 8   +  2 . 2 2 1 I V '   +  1 . 1 4 7 C '   + 

1 . 9 4 8 T M '   + 0 . 8 2 2 Q '   - 1 . 1 6 7 L '   - 2 . 4 3 8 D O '   + 0 . 5 3 2 S R  

- 0 . 7 2 6 I V ' D A '   + 1 . 3 9 9 I V ' T M '   + 0 . 5 3 4   I V ' L '  

+ 0 . 0 4 6 I V ' S R   - 0 . 7 5 4 C ' D A '   - 0 . 3 9 1 C ' Q '   - 0 . 4 1 9 C ' D O '  

- 1 . 3 2 7 D ' T M '   + 0 . 3 6 6 D ' L '   - 0 . 5 7 7 D A ' T M '  



- 0 . 7 9 0   DA'Q'  - 0 . 0 3 4   DA'SR  - 0 . 0 4 9   T M ' S R  

+ 0 . 8 0 9   Q ' L '   - 0 . 3 1 3   Q ' D O '  -   0 . 3 3 4   ( I V ' ) 2  

+ 0 . 1 1 5   ( L ' ) 2   + 0 . 5 6 4   ( D O ' ) 2   - 0 . 0 0 2 3 7   ( S R ) 2  

w h e r e :  

I V '  =   ( p o l y m e r   IV,  d L / g - 1 4 . 4 ) / 3 . 1  

C'  =  Gel  c o n c e n t r a t i o n ,   % -  6 

T M '  =   ( s p i n n i n g   t e m p . ° C  -   2 0 0 ) / 2 0  

Q'  =  ( s p i n   f l o w   r a t e ,   c c / m i n  -   4 . 3 8 ) / 1 . 4 6  

L'  =  ( d i s t a n c e   to   q u e n c h ,   in  -  1 5 ) / 9  

D O '  =   1 . 4 4 2 7   l o g   ( x e r o g e l   f i b e r   d e n i e r / 5 0 0 )  

S R  =   s t r e t c h   r a t i o  

( x e r o g e l   f i b e r   d e n i e r / s t r e t c h e d   f i b e r   d e n i e r )  

D A '  =   ( d i e   a n g l e , °  -   7 . 5 ) / 7 . 5  

D'  =  ( d i e   e x i t   d i a m e t e r ,   i n c h e s  -   0 . 0 6 ) / 0 . 0 2  

The  s t a t i s t i c s   of   t he   r e g g r e s s i o n   w e r e ;  

F  r a t i o   ( 2 6 ,   3 4 6 )  =   69  

S i g n i f i c a n c e   L e v e l   =  9 9 . 9   +% 

S t a n d a r d   e r r o r   of  e s t i m a t e   =  2 .6   g / d e n i e r  

In  t h e   v i c i n i t y   of  t he   c e n t e r   of  t he   e x p e r i -  

m e n t a l   s p a c e   t h e s e   e f f e c t s   may  be  s u m m a r i z e d   by  c o n s i d -  

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

r e q u i r e d   to   i n c r e a s e   t e n a c i t y   of  1  g / d .   T h i s   i s   g i v e n  

b e l o w .  

High  f i b e r   t e n a c i t y   was  f a v o r e d   by  i n c r e a s i n g  

p o l y m e r   IV,  i n c r e a s i n g   ge l   c o n c e n t r a t i o n ,   i n c r e a s i n g  

s p i n n i n g   t e m p e r a t u r e ,   d e c r e a s i n g   d i e   d i a m e t e r ,   d e c r e a s -  

ing   d i s t a n c e   to   q u e n c h ,   d e c r e a s i n g   x e r o g e l   f i b e r   d i a -  



m e t e r ,   i n c r e a s i n g   s t r e t c h   r a t i o   and  0°  d i e   a n g l e  

( s t r a i g h t   c a p i l l a r y ) .  
I t   w i l l   be  s e e n   t h a t   t he   m e t h o d   of  t h e   i n v e n -  

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

p r o p e r t i e s   and  t h a t   g r e a t e r   c o n t r o l a b i l i t y   and  f l e x a b i l -  

i t y   i s   o b t a i n e d   t h a n   by  p r i o r   a r t   m e t h o d s .  

In  t h e s e   e x p e r i e m e n t s ,   t he   e f f e c t s   of  p r o c e s s  

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

e f f e c t s   of   t h e s e   v a r i a b l e s   upon  t e n a c i t y .   F i b e r   m o d u l u s  

was  c o r r e l a t e d   w i t h   t e n a c i t y   as  f o l l o w s  

m o d u l u s ,   g / d  =   4 2 ( t e n a c i t y ,   g / d )   - 2 5 8  

S i g n i f i c a n c e   of  t h e   c o r r e l a t i o n   b e t w e e n   m o d u -  

l u s   and  t e n a c i t y   was  9 9 . 9 9   +%.  S t a n d a r d   e r r o r   of  t h e  

e s t i m a t e   of  m o d u l u s   was  107  g / d .  

I t   s h o u l d   be  n o t e d   t h a t   many  of  t h e   f i b e r s   o f  

t h e s e   e x a m p l e s   show  h i g h e r   t e n a c i t i e s   a n d / o r   h i g h e r   m o d -  

u l u s   t h a n   had  s e e n   o b t a i n e d   by  p r i o r   a r t   m e t h o d s .  

The  d e n s i t i e s   and  p o r o s i t i e s   of  s e v e r a l   of  t h e  

x e r o g e l   and  s t r e t c h e d   f i b e r s   we re   d e t e r m i n e d .  

The  p o r o s i t i e s   of  t h e s e   s a m p l e s   were   s u b s t a n -  

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

EXAMPLES  4 8 7 - 5 8 3  

In  t h e   f o l l o w i n g   e x a m p l e s   of  m u l t i - f i l a m e n t  

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

as  in  E x a m p l e   2.  The  s o l u t i o n s   were   spun   t h r o u g h   a  

16  h o l e   s p i n n i n g   d i e   u s i n g   a  g e a r   pump  to  c o n t r o l   s o l u -  

t i o n   f l o w   r a t e .   The  a p e r a t u r e s   of  t he   s p i n n i n g   d i e   w e r e  

s t r a i g h t   c a p i l l a r i e s   of  l e n g t h - t o - d i a m e t e r   r a t i o   o f  

2 5 / 1 .   Each  c a p i l l a r y   was  p r e c e d e d   by  a  c o n i c a l   e n t r y  

r e g i o n   of  60°  i n c l u d e d   a n g l e .  

The  m u l t i - f i l a m e n t   s o l u t i o n   y a r n s   w e r e  

q u e n c h e d   to   a  ge l   s t a t e   by  p a s s i n g   t h r o u g h   a  w a t e r   b a t h  



l o c a t e d   a t   a  s h o r t   d i s t a n c e   b e l o w   the   s p i n n i n g   d i e .  

The  g e l   y a r n s   we re   wound  up  on  p e r f o r a t e d   dye  t u b e s .  

EXAMPLES  4 8 7 - 4 9 5  

ONE  STAGE  "DRY  STRETCHING"  OF  MULTI-FILAMENT  YARN 

The  wound  t u b e s   of  g e l   y a r n   were   e x t r a c t e d  

w i t h   TCTFE  in   a  l a r g e   S o h x l e t   a p p a r a t u s   to  e x c h a n g e  
t h i s   s o l v e n t   f o r   p a r a f f i n   o i l   as  t he   l i q u i d   c o n s t i t u e n t  

of  t he   g e l .   The  g e l   f i b e r   was  unwound  f rom  the   t u b e s  

and  t h e   TCTFE  s o l v e n t   was  e v a p o r a t e d   a t   room  t e m p e r a -  

t u r e .  

The  d r i e d   x e r o g e l   y a r n s   were  s t r e t c h e d   b y  

p a s s i n g   t he   y a r n   o v e r   a  s low  s p e e d   f e e d   g o d e t   and  i d l e r  

r o l l   t h r o u g h   a  h o t   t u b e   b l a n k e t e d   w i t h   n i t r o g e n ,   o n t o   a  

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

The  s t r e t c h e d   y a r n   was  c o l l e c t e d   on  a  w i n d e r .  

I t   was  n o t e d   t h a t   some  s t r e t c h i n g   of  t he   y a r n  

( a p p r o x i m a t e l y   2 / 1 )   o c c u r r e d   as  i t   d e p a r t e d   t he   f e e d  

g o d e t   and  b e f o r e   i t   e n t e r e d   t h e   h o t   t u b e .   The  o v e r a l l  

s t r e t c h   r a t i o ,   i . e . ,   t h e   r a t i o   of  t he   s u r f a c e   s p e e d s   o f  

t he   g o d e t s ,   i s   g i v e n   b e l o w .  

In  e x a m p l e s   4 8 7 - 4 9 5 ,   t h e   d i a m e t e r   of  e a c h   h o l e  

of   t he   16  f i l a m e n t   s p i n n i n g   d i e   was  0 . 0 4 0   i n c h   ( o n e  

m i l l i m e t e r )   t h e   s p i n n i n g   t e m p e r a t u r e   was  2 2 0 ° C ,   t h e  

s t r e t c h   t e m p e r a t u r e   ( i n   t h e   h o t   t u b e )   was  140°C  and  t h e  

f e e d   r o l l   s p e e d   d u r i n g   s t r e t c h i n g   was  4  c m / m i n .   I n  

e x a m p l e s   4 8 7 - 4 9 0   t h e   p o l y m e r   IV  was  1 7 . 5   and  t h e   g e l  

c o n c e n t r a t i o n   was  7  w e i g h t   %.  In  e x a m p l e s   4 9 1 - 4 9 5   t h e  

p o l y m e r   IV  was  2 2 . 6 .   The  g e l   c o n c e n t r a t i o n   was  9  w e i g h t  

%  in  e x a m p l e   4 9 1 ,   8  w e i g h t   %  in  e x a m p l e s   4 9 2 - 4 9 3   and  6 

w e i g h t   %  in  e x a m p l e s   494  and  495 .   The  d i s t a n c e   f rom  t h e  

d i e   f a c e   to   t h e   q u e n c h   b a t h   was  3  i n c h e s   ( 7 . 5 2   cm)  i n  

e x a m p l e s   487 ,   488 ,   494  and  495  and  6  i n c h e s   ( 1 5 . 2   cm)  i n  

e x a m p l e s   4 9 0 - 4 9 3 .   The  o t h e r   s p i n n i n g   c o n d i t i o n s   and  t h e  

p r o p e r t i e s   of   t h e   f i n a l   y a r n s   we re   as  f o l l o w s :  



EXAMPLES  4 9 6 - 5 0 1  

ONE  STAGE  "WET  STRETCHING"  OF  MULTI-FILAMENT  YARN 

The  wound  g e l   y a r n s   s t i l l   c o n t a i n i n g   t h e  

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

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

b l a n k e t e d   w i t h   n i t r o g e n   o n t o   a  s e c o n d   g o d e t   and  i d l e r  

r o l l   d r i v e n   a t   h i g h   s p e e d .   I t   was  n o t e d   t h a t   s o m e  

s t r e t c h i n g   of  t h e   y a r n   ( a p p r o x i m a t e l y   2 / 1 )   o c c u r r e d   a s  
i t   d e p a r t e d   t he   f e e d   g o d e t   and  b e f o r e   i t   e n t e r e d   t he   h o t  

t u b e .   The  o v e r a l l   s t r e t c h   r a t i o ,   i . e . ,   t h e   r a t i o   of  t h e  

s u r f a c e   s p e e d s   of  t h e   g o d e t s   i s   g i v e n   b e l o w .   T h e  

s t r e t c h i n g   c a u s e d   e s s e n t i a l l y   no  e v a p o r a t i o n   of  t h e  

p a r a f f i n   o i l   ( t h e   v a p o r   p r e s s u r e   of  t he   p a r a f f i n   o i l   i s  

0 . 0 0 1   a t m o s p h e r e s   a t   1 4 9 ° C ) .   H o w e v e r ,   h a l f   of  t h e  

p a r a f f i n   o i l   c o n t e n t   of  t he   g e l   y a r n s   was  e x u d e d   d u r i n g  

s t r e t c h i n g .   The  s t r e t c h e d   g e l   y a r n s   were   e x t r a c t e d   w i t h  

TCTFE  in  a  S o h x l e t   a p p a r a t u s ,   t h e n   unwound   and  d r i e d   a t  

room  t e m p e r a t u r e .  

In  e a c h   of  t h e   e x a m p l e s   4 9 6 - 5 0 1   t h e   s p i n n i n g  

t e m p e r a t u r e s   was  2 2 0 ° C ,   t h e   ge l   c o n c e n t r a t i o n   was  6 

w e i g h t   %  t h e   d i s t a n c e   f rom  t h e   s p i n n i n g   d i e   to  t h e  

w a t e r   q u e n c h   was  3  i n c h e s   ( 7 . 6   c m ) .  

In  e x a m p l e s   496  and  4 9 9 - 5 0 1   t h e   d i a m e t e r   o f  

e a c h   h o l e   of  t he   s p i n n i n g   d i e   was  0 . 0 4 0   i n c h e s   ( 0 . 1   c m ) .  

In  e x a m p l e s   497  and  498  t h e   h o l e   d i a m e t e r s   were   0 . 0 3 0  



i n c h e s   ( 0 . 0 7 5   cm) .   In  e x a m p l e s   496  and  4 9 4 - 5 0 1   t h e  

p o l y m e r   IV  was  1 7 . 5 .   In  e x a m p l e s   497  and  498  t he   p o l y -  

mer  IV  was  2 2 . 6 .   The  o t h e r   s p i n n i n g   c o n d i t i o n s   a n d  

p r o p e r t i e s   of  t h e   f i n a l   y a r n s   were   as  f o l l o w s :  

EXAMPLES  5 0 2 - 5 3 3  

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

b e t w e e n   a l t e r n a t i v e   two  s t a g e   modes   of  s t r e t c h i n g   t h e  

same  i n i t i a l   b a t c h   of  y a r n .   A l l   s t r e t c h i n g   was  done   i n  

a  h o t   t u b e   b l a n k e t e d   w i t h   n i t r o g e n .  

E x a m p l e   5 0 2  

GEL  YARN  PREPARATION 

The  g e l   y a r n   was  p r e p a r e d   f rom  a  6  w e i g h t   % 

s o l u t i o n   of  2 2 . 6   IV  p o l y e t h y l e n e   as  in  e x a m p l e   2.  T h e  

y a r n   was  spun   u s i n g   a  16  h o l e   x  0 . 0 3 0   i n c h   ( 0 . 0 7 5   cm) 

d i e .   S p i n n i n g   t e m p e r a t u r e   was  2 2 0 ° C .   S p i n   r a t e   was  1 

c m 3 / m i n - f i l .   D i s t a n c e   f rom  t h e   d i e   f a c e   to  t h e   q u e n c h  
b a t h   was  3  i n c h e s   ( 7 . 6   cm) .   T a k e - u p   s p e e d   was  308  c m /  

min .   N ine   r o l l s   of   16  f i l a m e n t   g e l   y a r n   was  p r e p a r e d .  

E x a m p l e s   5 0 3 - 5 7 6  

"WET-WET"  STRETCHING 

In  t h i s   mode  t h e   g e l   y a r n   c o n t a i n i n g   t h e  

p a r a f f i n   o i l   was  s t r e t c h e d   t w i c e .   In  t h e   f i r s t   s t a g e ,  



t h r e e   of  t h e   r o l l s   of  16  f i l a m e n t   g e l   y a r n s   d e s c r i b e d  

in  e x a m p l e   502  a b o v e   were   c o m b i n e d   and  s t r e t c h e d  

t o g e t h e r   to   p r e p a r e   a  48  f i l a m e n t   s t r e t c h e d   g e l   y a r n .  

The  f i r s t   s t a g e   s t r e t c h i n g   c o n d i t i o n s   w e r e :   S t r e t c h  

t e m p e r a t u r e   1 2 0 ° C ,   f e e d   s p e e d   35  c m / m i n ,   s t r e t c h   r a t i o  

1 2 / 1 .   A  s m a l l   s a m p l e   of  t he   f i r s t   s t a g e   s t r e t c h e d   g e l  

y a r n   was  a t   t h i s   p o i n t   e x t r a c t e d   w i t h   TCTFE,  d r i e d   a n d  

t e s t e d   f o r   t e n s i l e   p r o p e r t i e s .   The  r e s u l t s   a r e   g i v e n  

b e l o w   as  e x a m p l e   5 0 3 .  

The  r e m a i n d e r   of  t he   f i r s t   s t a g e   s t r e t c h e d  

g e l   y a r n   was  r e s t r e t c h e d   a t   1  m/min   f e e d   s p e e d .   O t h e r  

s e c o n d   s t a g e   s t r e t c h i n g   c o n d i t i o n s   and  p h y s i c a l   p r o p e r -  
t i e s   of  t h e   s t r e t c h e d   y a r n s   a r e   g i v e n   b e l o w .  



The  d e n s i t y   of  t h e   f i b e r   of  e x a m p l e   515  w a s  

d e t e r m i n e d   to   be  980  k g / m 3 .   The  d e n s i t y   of  t h e   f i b e r  

was  t h e r e f o r e   h i g h e r   t h a n   t he   d e n s i t y   of  a  c o m p r e s s i o n  

m o l d e d   p l a q u e   and  t h e   p o r o s i t y   was  e s s e n t i a l l y   z e r o .  

EXAMPLES  5 1 7 - 5 2 2  

"WET-DRY"  STRETCHING 

In  t h i s   mode  t h e   g e l   y a r n   was  s t r e t c h e d   o n c e  

t h e n   e x t r a c t e d   w i t h   TCTFE,  d r i e d   and  s t r e t c h e d   a g a i n .  

In  t h e   f i r s t   s t a g e ,   t h r e e   of  t h e   r o l l s   of  1 6  

f i l a m e n t   g e l   y a r n   d e s c r i b e d   in  E x a m p l e   502  we re   c o m -  
b i n e d   and  s t r e t c h e d   t o g e t h e r   to   p r e p a r e   a  48  f i l a m e n t  

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

t i o n s   w e r e :   s t r e t c h   t e m p e r a t u r e   1 2 0 ° C ,   f e e d   s p e e d   3 5  

c m / m i n ,   s t r e t c h   r a t i o   1 2 / 1 .  
The  f i r s t   s t a g e   s t r e t c h e d   g e l   y a r n   was  e x -  

t r a c t e d   w i t h   TCTFE  in  a  S o h x l e t   a p p a r a t u s ,   r e w o u n d   a n d  

a i r   d r i e d   a t   room  t e m p e r a t u r e ,   t h e n   s u b j e c t e d   to   a  

s e c o n d   s t a g e   of   s t r e t c h i n g   in  t h e   d r y   s t a t e   a t   a  f e e d  

s p e e d   of  1  m / m i n .   O t h e r   s e c o n d   s t a g e   s t r e t c h i n g   c o n d i -  

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

g i v e n   b e l o w .  



EXAMPLES  5 2 3 - 5 3 3  

"DRY-DRY"  STRETCHING 

In  t h i s   mode  t h e   g e l   y a r n   d e s c r i b e d   in  e x a m p l e  

502  was  e x t r a c t e d   w i t h   TCTFE,  d r i e d ,   t h e n   s t r e t c h e d   i n  

two  s t a g e s .   In  t he   f i r s t   s t a g e ,   t h r e e   of  t he   r o l l s   o f  

16  f i l a m e n t   y a r n   were   c o m b i n e d   and  s t r e t c h e d   t o g e t h e r   t o  

p r e p a r e   a  48  f i l a m e n t   s t r e t c h e d   x e r o g e l   y a r n .   The  f i r s t  

s t a g e   s t r e t c h i n g   c o n d i t i o n s   w e r e :   s t r e t c h   t e m p e r a t u r e  

1 2 0 ° C ,   f e e d   s p e e d   35  c m / m i n . ,   s t r e t c h   r a t i o   1 0 / 1 .   T h e  

p r o p e r t i e s   of  t h e   f i r s t   s t a g e   s t r e t c h e d   x e r o g e l   y a r n   a r e  

g i v e n   as  e x a m p l e   523  b e l o w .   In  t h e   s e c o n d   s t r e t c h   s t a g e  

t h e   f e e d   s p e e d   was  1  m / m i n .   O t h e r   s e c o n d   s t a g e   s t r e t c h -  

ing   c o n d i t i o n s   and  p h y s i c a l   p r o p e r t i e s   of  t he   s t r e t c h e d  

y a r n s   a r e   g i v e n   b e l o w .  

The  d e n s i t y   of  t he   f i b e r   of  e x a m p l e   529  w a s  

d e t e r m i n e d   to   be  940  Kg/m3.   The  p o r o s i t y   of  t he   f i b e r  



was  t h e r e f o r e   2%. 

EXAMPLES  5 3 4 - 5 4 2  

MULTI-STAGE  STRETCHING  OF  MULTI-FILAMENT  YARN 

In  t he   f o l l o w i n g   e x a m p l e s   a  c o m p a r i s o n   i s   m a d e  

b e t w e e n   two  e l e v a t e d   t e m p e r a t u r e   s t r e t c h e s   and  a  t h r e e  

s t a g e   s t r e t c h   w i t h   t h e   f i r s t   s t a g e   a t   room  t e m p e r a t u r e .  

The  same  i n i t i a l   b a t c h   of  p o l y m e r   s o l u t i o n   was  used   i n  

t h e s e   e x a m p l e s .  

EXAMPLE  5 3 4  

UNSTRETCHED  GEL  YARN  PREPARATION 

A  6  w e i g h t   %  s o l u t i o n   of  2 2 . 6   IV  p o l y e t h y l e n e  

y a r n   was  p r e p a r e d   as  in  e x a m p l e   2.  A  16  f i l a m e n t   y a r n  

was  spun   and  wound  as  in  e x a m p l e   5 0 2 .  

EXAMPLE  5 3 5  

PREPARATION  OF  GEL  YARN  STRETCHED  AT  ROOM  TEMPERATURE 

The  u n s t r e t c h e d   g e l   y a r n   p r e p a r e d   as  in  e x a m -  

p l e   534  was  l ed   c o n t i n u o u s l y   f rom  a  f i r s t   g o d e t   w h i c h  

s e t   t he   s p i n n i n g   t a k e - u p   s p e e d   to   a  s e c o n d   g o d e t   o p e r a t -  

ing  a t   a  s u r f a c e   s p e e d   of   616  c m / m i n .   In  e x a m p l e s   5 4 0 -  

542  o n l y ,   t h e   a s - s p u n   g e l   f i b e r   was  s t r e t c h e d   2 /1   a t  

room  t e m p e r a t u r e   i n - l i n e   w i t h   s p i n n i n g .   The  o n c e  

s t r e t c h e d   g e l   f i b e r   was  wound  on  t u b e s .  

EXAMPLES  5 3 6 - 5 4 2  

The  16  f i l a m e n t   g e l   y a r n s   p r e p a r e d   in  e x a m p l e s  
534  and  535  we re   s t r e t c h e d   t w i c e   a t   e l e v a t e d   t e m p e r a t u r e .  

In  t h e   f i r s t   of  such   o p e r a t i o n s   t he   g e l   y a r n s   were   f e d  

a t   35  c m / m i n   to   a  h o t   t u b e   b l a n k e t e d   w i t h   n i t r o g e n   a n d  

m a i n t a i n e d   a t   1 2 0 ° C .   In  t h e   s e c o n d   s t a g e   of  e l e v a t e d  

t e m p e r a t u r e   s t r e t c h i n g   t he   g e l   y a r n s   were   f ed   a t   1  m / m i n  

and  we re   s t r e t c h e d   a t   1 5 0 ° C .   O t h e r   s t r e t c h i n g   c o n d i -  

t i o n s   and  y a r n   p r o p e r t i e s   a r e   g i v e n   b e l o w .  



EXAMPLES  5 4 3 - 5 5 1  

POLYETHYLENE  YARNS  OF  EXTREME  MODULUS 

The  h i g h e s t   e x p e r i m e n t a l   v a l u e   r e p o r t e d   f o r  

t he   m o d u l u s   of  a  p o l y e t h y l e n e   f i b e r   a p p e a r s   to  be  by  P .  

J.  Barham  and  A.  K e l l e r ,   J .   P o l y .   S c i . ,   P o l y m e r   L e t t e r s  

ed.   17,  591  ( 1 9 7 9 ) .   The  m e a s u r e m e n t   140  GPa  (1587   g / d )  

was  made  by  a  d y n a m i c   m e t h o d   a t   2 .5   Hz  and  0.06%  s t r a i n  
and  i s   e x p e c t e d   to   be  h i g h e r   t h a n   w o u l d   be  a  s i m i l a r  

m e a s u r e m e n t   made  by  A . S . T . M .   Method   D2101  " T e n s i l e  

P r o p e r t i e s   of  S i n g l e   Man  Made  F i b e r s   T a k e n   f rom  Y a r n s  

and  Tows"  or   by  A . S . T . M .   Method   D2256  " B r e a k i n g   L o a d  

( S t r e n g t h )   and  E l o n g a t i o n   of  Yarn   by  t h e   S i n g l e   S t r a n d  

M e t h o d . "   The  l a t t e r   m e t h o d s   were   u s e d   in  o b t a i n i n g   t h e  

d a t a   r e p o r t e d   h e r e .  

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

1600  g /d   and  in  some  c a s e s   of  m o d u l u s   e x c e e d i n g   2 0 0 0  

g / d .   Such  p o l y e t h y l e n e   f i b e r s   and  y a r n s   were   h e r e t o f o r e  

u n k n o w n .   In  t h e   f o l l o w i n g   e x a m p l e s   a l l   y a r n s   were   m a d e  

f rom  a  2 2 . 6   IV  p o l y e t h y l e n e ,   6  w e i g h t   %  s o l u t i o n   p r e -  

p a r e d   as  in  e x a m p l e   2  and  spun  as  in  e x a m p l e   502.   A l l  

y a r n s   were   s t r e t c h e d   in  two  s t a g e s .   The  f i r s t   s t a g e  

s t r e t c h   was  a t   a  t e m p e r a t u r e   of  1 2 0 ° C .   The  s e c o n d   s t a g e  

s t r e t c h   was  a t   a  t e m p e r a t u r e   of  1 5 0 ° C .   S e v e r a l   1 6  

f i l a m e n t   y a r n   e n d s   may  have   b e e n   c o m b i n e d   d u r i n g  

s t r e t c h i n g .   S t r e t c h i n g   c o n d i t i o n s   and  y a r n   p r o p e r t i e s  

a r e   g i v e n   b e l o w .  



The  y a r n s   of   e x a m p l e s   548  and  550  w e r e   c h a r a c -  

t e r i z e d   by  DTA  and  d e n s i t y   m e a s u r e m e n t .   The  r e s u l t s ,  

d i s p l a y e d   b e l o w ,   i n d i c a t e   two  d i s t i n c t   p e a k s   a t   t h e  

m e l t i n g   p o i n t s   i n d i c a t e d ,   q u i t e   u n l i k e   t h e   b r o a d   s i n g l e  

p e a k   a t   1 4 5 . 5 ° C   o r   l e s s   r e p o r t e d   by  S m i t h   and  L e m s t r a  

in  J .   Mat.   S c i . ,   v o l   15,   505  ( 1 9 8 0 ) .  

EXAMPLES  5 5 2 - 5 5 8  

POLYPROPYLENE  YARNS  OF  EXTREME  MODULUS 

The  h i g h e s t   r e p o r t e d   e x p e r i m e n t a l   v a l u e   f o r  

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

fo rm)   a p p e a r s   to  be  by  T.  W i l l i a m s ,   T.  Mat.   S c i . ,   6 ,  

537  ( 1 9 7 1 ) .   T h e i r   v a l u e   on  a  s o l i d   s t a t e   e x t r u d e d   b i l -  

l e t   was  1 6 . 7   GPa  (210   g / d ) .   The  f o l l o w i n g   e x a m p l e s  
i l l u s t r a t e   t h e   p r e p a r a t i o n   of  p o l y p r o p y l e n e   c o n t i n u o u s  

f i b e r s   w i t h   m o d u l u s   e x c e e d i n g   220  g / d   and  in  some  c a s e s  

of   m o d u l u s   e x c e e d i n g   250  g / d .  

In  t he   f o l l o w i n g   e x a m p l e s   a l l   f i b e r s   were   m a d e  

f rom  an  18  IV  p o l y p r o p y l e n e ,   6  w e i g h t   %  s o l u t i o n   i n  

p a r a f f i n   o i l   p r e p a r e d   as  in  e x a m p l e   2.  In  E x a m p l e s  

5 5 2 - 5 5 6 ,   t h e   f i b e r s   w e r e   spun   w i t h   a  s i n g l e   h o l e   c o n i c a l  

d i e   of  0 . 0 4 0 "   ( 0 . 1   cm)  e x i t   d i a m e t e r   and  7.5%  a n g l e .  



S o l u t i o n   t e m p e r a t u r e   was  2 2 0 ° C .   A  m e l t   pump  was  used   t o  

c o n t r o l   s o l u t i o n   f l o w   r a t e   a t   2 . 9 2   c m 3 / m i n .   D i s t a n c e  

f r o m   t h e   d i e   f a c e   to   t h e   w a t e r   q u e n c h   was  3  i n c h e s   ( 7 . 6  

cm) .   The  g e l   f i b e r s   w e r e   one  s t a g e   wet  s t r e t c h e d   a t   25  

c m / m i n   f e e d   r o l l   s p e e d   i n t o   a  1 .5   m  h o t   t u b e   b l a n k e t e d  

w i t h   n i t r o g e n .   The  s t r e t c h e d   f i b e r s   were   e x t r a c t e d   i n  

TCTFE  and  a i r   d r i e d .   O t h e r   s p i n n i n g   and  s t r e t c h i n g  

c o n d i t i o n s   as  w e l l   as  f i b e r   p r o p e r t i e s   a r e   g i v e n   b e l o w .  

The  f i b e r   of   e x a m p l e   556  was  d e t e r m i n e d   by  DTA 

to   have   a  f i r s t   m e l t i n g   t e m p e r a t u r e   of  1 7 0 - 1 7 1 ° C   w i t h  

h i g h e r   o r d e r   m e l t i n g   t e m p e r a t u r e s   of  1 7 3 ° C ,   179°C  a n d  

1 8 5 ° C .   T h i s   c o m p a r e s   w i t h   t h e   166°C  m e l t i n g   p o i n t   o f  

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

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

In  E x a m p l e s   557  and  558 ,   t h e   y a r n s   w e r e   s p u n  
w i t h   a  16  h o l e   x  0 . 0 4 0   i n c h   (1  mm)  c a p i l l a r y   d i e .   T h e  

s o l u t i o n   t e m p e r a t u r e   was  2 2 3 ° C ,   and  t he   s p i n n i n g   r a t e  

was  2 .5   c m 3 / m i n - f i l a m e n t .   The  d i s t a n c e   f rom  t h e   d i e  

f a c e   to  t he   w a t e r   q u e n c h   b a t h   was  3  i n c h e s   ( 7 . 6   c m ) .  

T a k e - u p   s p e e d   was  430  c m / m i n .   The  g e l   y a r n s   w e r e   " w e t -  

w e t "   s t r e t c h e d   in  two  s t a g e s .   The  f i r s t   s t a g e   s t r e t c h -  

ing   was  a t   140°C  a t   a  f e e d   s p e e d   of  35  c m / m i n .   T h e  

s e c o n d   s t a g e   s t r e t c h i n g   was  a t   a  t e m p e r a t u r e   of  1 6 9 ° C ,   a  

f e e d   s p e e d   of  100  c m / m i n   and  a  s t r e t c h   r a t i o   of   1 . 2 5 / 1 .  

O t h e r   s t r e t c h i n g   c o n d i t i o n s   as  w e l l   as  f i b e r   p r o p e r t i e s  

a r e   g i v e n   b e l o w .  



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

t h e   h i g h e s t   p r e v i o u s l y   r e p o r t e d   v a l u e s .  



1.  A  p r o c e s s   f o r   p r o d u c i n g   a  h i g h   s t r e n g t h ,  

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

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

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

of   p o l y e t h y l e n e ,   p o l y p r o p y l e n e ,   p o l y o x y m e t h y l e n e ,   p o l y -  

b u t e n e - 1 ,   p o l y ( v i n y l i d e n e   f l u o r i d e )   and  p o l y ( 4 - m e t h y l -  

p e n t e n e - 1 )   in  a  f i r s t ,   n o n v o l a t i l e   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   by  w e i g h t   of  p o l y m e r   p e r   u n i t   w e i g h t   o f  

f i r s t   s o l v e n t ,   s a i d   t h e r m o p l a s t i c   p o l y m e r   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   l e n g t h   b e t w e e n   7  x  104  a n d  

71  x  104  b a c k b o n e   a t o m s   and  t h e   s o l u b i l i t y   of  s a i d  

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

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

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  

s a i d   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 h e   a p e r t u r e   a n d  

b e i n g   s u b s t a n t i a l l y   a t   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  t he   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 he   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 ime   to  form  a  g e l   c o n t a i n i n g   s e c o n d   s o l v e n t  

w h i c h   g e 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  i s  

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   g e l   c o n t a i n i n g   s e c o n d   s o l v e n t  

to   fo rm  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 h e   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   g e l   c o n t a i n i n g   t h e   s e c o n d   s o l v e n t  

a n d ,  



( i i i )   t h e   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 :  

( i )   in  t h e   c a s e   of  p o l y e t h y l e n e   w h i c h   i s  

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   20  g / d e n i e r  

and  a  m o d u l u s   of  a t   l e a s t   600  g / d e n i e r ,  

( i i )   in  t h e   c a s e   of  p o l y p r o p y l e n e   w h i c h   i s  

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   10  g / d e n i e r  

and  a  m o d u l u s   of  a t   l e a s t   180  g / d e n i e r ,   a n d  

( i i i )   in  t h e   c a s e   of  p o l y o x y m e t h y l e n e ,  

p o l y b u t e n e - 1 ,   p o l y ( v i n y l i d e n e   f l u o r i d e )   or  p o l y  

( 4 - m e t h y l p e n t e n e - 1 )   of  a t   l e a s t   1 0 : 1 .  

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 d   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   and  g e l   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   e a c h   g e l   f i b e r s ;   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   i s   a  f i b e r .  

3.  The  p r o c e s s   of  c l a i m   1  o r   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   i s   b e t w e e n   150°C  and  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   i s   b e t w e e n   - 4 0 ° C   and  40°C;   t h e   c o o l -  

ing   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   and  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   5 0 ° C / m i n ;   and  s a i d   f i r s t   s o l v e n t  

i s   a  h y d r o c a r b o 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   h a s   a  v a p o r   p r e s s u r e   l e s s   t h a n   20  k P a  

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

n o n - f l a m m a b l e   and  h a s   an  a t m o s p h e r i c   b o i l i n g   p o i n t   l e s s  

t h a n   8 0 ° C .  

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

l e s s   t h a n   5 0 ° C .  

6.  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   t w o  

s t a g e s .  

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  

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

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

t e m p e r a t u r e   b e t w e e n   120°C  and  1 6 0 ° C .  

8.  The  p r o c e s s   of  c l a i m   7  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   1 3 5 ° C  

and  1 5 0 ° C .  

9.  A  p o l y e t h y l e n e   f i b e r   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   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   a t   l e a s 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   20  g / d e n i e r ,   a  t e n s i l e   m o d u l u s   a t   l e a s t   5 0 0  

g / d e n i e r ,   a  c r e e p   v a l u e   no  more  t h a n   5%  (when  m e a s u r e d  

a t   10%  of  b r e a k i n g   l o a d   f o r   50  d a y s   a t   2 3 ° C ) ,   a  p o r o s i t y  

l e s s   t h a n   10%  and  a  m e l t i n g   t e m p e r a t u r e   of  a t   l e a s t  

1 4 7 ° C .  

10.  The  p o l y e t h y l e n e   f i b e r   of  c l a i m   9  h a v i n g   a  

t e n a c i t y   of  a t   l e a s t   30  g / d e n i e r   and  a  t e n s i l e   m o d u l u s  

of   a t   l e a s t   1000  g / d e n i e r .  

11.  The  p o l y e t h y l e n e   f i b e r   of  c l a i m   9  or   1 0  

h a v i n g   a  t e n s i l e   m o d u l u s   of  a t   l e a s t   1600  g / d e n i e r .  

12.  The  p o l y e t h y l e n e   f i b e r   of  c l a i m   11  h a v i n g  

a  t e n s i l e   m o d u l u s   of  a t   l e a s t   2000  g / d e n i e r .  

13.  The  p o l y e t h y l e n e   f i b e r   of  c l a i m   9  o r   10  o r  

11  o r   12  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  
b e t w e e n   2 , 0 0 0 , 0 0 0   and  8 , 0 0 0 , 0 0 0 .  

14.  A  p o l y e t h y l e n e   f i b e r   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   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   1 , 0 0 0 , 0 0 0   and  h a v i n g   a  t e n s i l e  

m o d u l u s   of  a t   l e a s t   1600  g / d e n i e r ,   a  m e l t i n g   p o i n t   of  a t  

l e a s t   147°C  and  an  e l o n g a t i o n - t o - b r e a k   of  n o t   more  t h a n  

5%. 

15.  A  p o l y p r o p y l e n e   f i b e r   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   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   7 5 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   8  g / d e n i e r ,   a  t e n s i l e   m o d u l u s   of  a t   l e a s t   1 6 0  

g / d e n i e r   and  a  m e l t i n g   t e m p e r a t u r e   of  a t   l e a s t   1 6 8 ° C .  

16.  The  p o l y p r o p y l e n e   f i b e r   of  c l a i m   15  h a v i n g  

a  t e n s i l e   m o d u l u s   of  a t   l e a s t   220  g / d e n i e r .  

17.  The  p o l y p r o p y l e n e   f i b e r   of  c l a i m   15  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   b e t w e e n  

2 , 0 0 0 , 0 0 0   and  8 , 0 0 0 , 0 0 0 .  

18.  A  p o l y o l e f i n   ge l   f i b e r   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   c o m p r i s i n g   b e t w e e n   4  and  20  w e i g h t   % 

s o l i d   p o l y e t h y l e n e   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   5 0 0 , 0 0 0   o r   s o l i d   p o l y p r o p y l e n e   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   7 5 0 , 0 0 0 ,   and  b e t w e e n   80  and  9 6  

w e i g h t   %  of  a  s w e l l i n g   s o l v e n t   m i s c i b l e   w i t h   a  h i g h  

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

p o i n t   l e s s   t h a n   5 0 ° C .  
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