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54)  Polyacrylonitrile-based  carbon  fiber  and  process  for  producing  the  same. 
@  A  polyacrylonitrile-based  carbon  fiber  having  both  high 
Young's  modulus  and  high  tensile  strength  is  disclosed 
along  with  a  method  for  producing  the  same.  The  fiber  is 
produced  by  winding  an  infusibilized  polyacrylonitrile  fiber 
onto  a  stable  bobbin,  carbonizing  the  fiberon  the  bobbin  and 
subjecting  the  carbonized  fiber  to  a  heat  treatment  in  a 
threadline  operation. 
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 A   polyacrylonitrile-based  carbon  fiber  having  both  high 
Young's  modulus  and  high  tensile  strength  is  disclosed 
along  with  a  method  for  producing  the  same.  The  fiber  is 
produced  by  winding  an  infusibilized  polyacrylonitrile  fiber 
onto  a  stable  bobbin,  carbonizing  the  fiber on  the  bobbin  and 
subjecting  the  carbonized  fiber  to  a  heat  treatment  in  a 
threadline  operation. 



The  i n v e n t i o n   r e l a t e s   to  an  improved   p o l y a c r y l o n i t r i l e - b a s e d  

ca rbon   f i b e r   and  a  method  fo r   p r o d u c i n g   the  s a m e .  

The  commerc ia l   v a l u e   of  p o l y a c r y l o n i t r i l e ( P A N ) - b a s e d   c a r b o n  

f i b e r s   is  wel l   known  in  the  p r i o r   a r t .  

G e n e r a l l y ,   a  PAN-based  ca rbon   f i b e r   is   p r o d u c e d   by  s p i n n i n g  

p o l y a c r y l o n i t r i l e   i n t o   a  f i b e r ,   i n f u s i b i l i z i n g   the  f i b e r   b y  

r a i s i n g   i t   to  an  e l e v a t e d   t e m p e r a t u r e   in  a i r ,   and  t h e r e a f t e r  

c a r b o n i z i n g   the  i n f u s i b i l i z e d   f i b e r   at  an  e l e v a t e d   t e m p e r a t u r e   i n  

an  i n e r t   a t m o s p h e r e   unde r   t e n s i o n   in  a  t h r e a d l i n e   to  p r o d u c e   a  

ca rbon   f i b e r .  

C o m m e r c i a l l y ,   t h o u s a n d s   of  c o n t i n u o u s   f i l a m e n t s   or  f i b e r s   a r e  

spun  s i m u l t a n e o u s l y   and  c o l l e c t e d   t o g e t h e r   to  form  a  g r een   y a r n  
and  the  yarn   is  p r o c e s s e d   s u b s e q u e n t l y   to  p r o d u c e   an  i n f u s i b i l i z e d  

yarn   and  then  a  ca rbon   y a r n .  

The  c a r b o n i z i n g   o p e r a t i o n   fo r   the  i n f u s i b i l i z e d   ya rn   i s  

c a r r i e d   out  as  a  t h r e a d l i n e   o p e r a t i o n   in  o r d e r   to  s u b j e c t   the  y a r n  

to  t e n s i o n   d u r i n g   the  c a r b o n i z i n g   s t e p .   The  c a r b o n i z i n g   s t ep   c a n  

be  c a r r i e d   out  as  a  s equence   of  o p e r a t i o n s   u s i n g   s e p a r a t e   h e a t i n g  

u n i t s .   For  example ,   one  h e a t i n g   u n i t   can  be  used   at  a  t e m p e r a t u r e  

of  about   1300°C  to  c a r b o n i z e   the  i n f u s i b i l i z e d   yarn   i n i t i a l l y   a n d  

a n o t h e r   h e a t i n g   u n i t   can  be  used  to  c a r b o n i z e   the  ya rn   to  a  h i g h e r  

t e m p e r a t u r e   and  t h e r e b y   improve  the  m e c h a n i c a l   p r o p e r t i e s   of  t h e  

carbon   y a r n .  

One  of  the  d rawbacks   of  the  p r i o r   a r t   p r o c e s s e s   f o r  

c o m m e r c i a l l y   p r o d u c i n g   PAN-based  c a rbon   y a r n s   i s   t h a t   the   t e n s i l e  

s t r e n g t h   of  the  f i b e r s   d e g r a d e s   as  the  c a r b o n i z i n g   p r o c e s s i n g  

r e s u l t s   in  a  h i g h e r   Young ' s   modulus .   Table   I  shows  t y p i c a l  

p r o p e r t i e s   of  c o m m e r c i a l l y   a v a i l a b l e   PAN-based  ca rbon   f i b e r s .  



In  c o n t r a s t ,   the  i n s t a n t   i n v e n t i o n   p r o d u c e s   a  P A N - b a s e d  

c a r b o n   y a r n   h a v i n g   as  a v e r a g e   f i b e r   p r o p e r t i e s   a  Young 's   m o d u l u s  

of  g r e a t e r   than  about   344 .106   kPa  and  a  t e n s i l e   s t r e n g t h   at  l e a s t  

one  t h i r d   g r e a t e r   than   the   c o m m e r c i a l l y   a v a i l a b l e   PAN-based  c a r b o n  

f i b e r   h a v i n g   a  s i m i l a r   a v e r a g e   v a l u e   of  Young ' s   m o d u l u s .  

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

to  i m p l e m e n t   and  can  be  c a r r i e d   out  e c o n o m i c a l l y   with  i m p r o v e d  

p r o d u c t i v i t y ,   y i e l d i n g   h igh   q u a l i t y   PAN-based  carbon  f i b e r s .  

The  i n v e n t i o n   in  one  embodiment   is  a  PAN-based  ca rbon   f i b e r  

h a v i n g   a  Young ' s   modulus   of  abou t   3 8 6 . 1 0 6  k P a   and  a  t e n s i l e  

s t r e n g t h   of  about   3289 .103   k P a .  

The  p r o c e s s   of  the   i n v e n t i o n   in  i t s   b r o a d e s t   e m b o d i m e n t  

r e l a t e s   to  the  p r o d u c t i o n   of  a  PAN-based   ca rbon   f i b e r   c o m p r i s i n g  
the  s t e p s   of  s p i n n i n g   a  p o l y a c r y l o n i t r i l e   f i b e r ,   i n f u s i b i l i z i n g  

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

to  p r o d u c e   a  ca rbon   f i b e r ;   and  f e a t u r e s   the  improvement   o f  

c a r r y i n g   out  the  c a r b o n i z i n g   by  w i n d i n g   the  i n f u s i b i l i z e d   f i b e r s  

on  to  a  bobb in   which  is   t h e r m a l l y   and  m e c h a n i c a l l y   s t a b l e   a t  

t e m p e r a t u r e s   used  to  p y r o l y z e   and  c a r b o n i z e   the  i n f u s i b i l i z e d  

f i b e r   and  which  is  c h e m i c a l l y   c o m p a t i b l e   wi th   the  i n f u s i b i l i z e d  

f i b e r ,   s u b j e c t i n g   the  i n f u s i b i l i z e d   f i b e r   on  the  bobbin   to  a  

p r e d e t e r m i n e d   f i r s t   h e a t   t r e a t m e n t   in  an  i n e r t   a t m o s p h e r e   t o  

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

s u b j e c t i n g   the  c a r b o n i z e d   f i b e r s   to  a  second  h e a t   t r e a t m e n t   in  a n  



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

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

u s i n g   y a r n ,   a  p l u r a l i t y   of  f i b e r s .  

The  b o b b i n   fo r   c a r r y i n g   out  the  p r o c e s s   c o m p r i s e s   a 

c y l i n d r i c a l   body  made  of  m a t e r i a l   such  as  s t a i n l e s s   s t e e l ,   o r  

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

has  a  l a y e r   of  c o m p r e s s i b l e   r e s i l i e n t   c a r b o n   m a t e r i a l   such  a s  

c a r b o n   f e l t   p o s i t i o n e d   on  the  o u t s i d e   s u r f a c e   of  the  c y l i n d r i c a l  

body  to  r e c e i v e   the  i n f u s i b i l i z e d   f i b e r   and  t h e r e b y   m i n i m i z e   t h e  

s t r e s s   b e t w e e n   the  c y l i n d r i c a l   body  and  the  i n f u s i b i l i z e d   f i b e r  

d u r i n g   the  t r e a t m e n t .   The  bobb in   can  be  w i t h   or  w i t h o u t   e n d  

f l a n g e s .   For  r e l a t i v e l y   h igh   w i n d i n g   a n g l e s ,   end  f l a n g e s   are  n o t  

n e e d e d .  

T y p i c a l l y ,   the  c y l i n d r i c a l   body  of  the   b o b b i n   can  have  a n  

i n s i d e   d i a m e t e r   of  7.62  cm  and  an  o u t s i d e   d i a m e t e r   of  a b o u t  

8 .89  cm  wi th   an  o v e r a l l   l e n g t h   of  abou t   27 .94   cm. 

P r e f e r a b l y ,   c a rbon   f e l t   has  a  t h i c k n e s s   of  from  a b o u t  

0 .63   cm  to  abou t   1.27  cm  t h i c k .  

The  w i n d i n g   of  the  i n f u s i b i l i z e d   ya rn   onto   a  bobb in   can  b e  

c a r r i e d   out  u s i n g   a  r ange   of  w i n d i n g   a n g l e s .   P r e f e r a b l y   a  w i n d  

ang le   of  at  l e a s t   two  d e g r e e s   shou ld   be  used   and  as  h igh   a s  

about   t w e n t y - t h r e e   d e g r e e s   is  a d v a n t a g e o u s .   D u r i n g   the  h e a t  

t r e a t m e n t   on  the  b o b b i n ,   the  f i b e r s   t end   to  s h r i n k   c o n s i d e r a b l y  

and  the  use  of  a  h igh   wind  ang le   p e r m i t s   s h r i n k a g e   w i t h o u t  

a d v e r s e   e f f e c t s   on  the  f i b e r s .   M o r e o v e r ,   the   use  of  a  h igh   w i n d  

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

the  f i b e r   from  the  core  to  the  o u t e r   w i n d i n g   l a y e r .  

The  h e a t   t r e a t m e n t   of  the  f i b e r s   on  the  b o b b i n s   c o n v e n i e n t l y  
a l l o w s   the  bu lk   hea t   t r e a t m e n t   of  a  l a r g e   amount  of  f i b e r s ,   at  a  

r e l a t i v e l y   slow  r a t e   of  i n c r e a s e   in  t e m p e r a t u r e   to  an  e l e v a t e d  

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

t r e a t m e n t   is  t h a t   both   the  r a t e   of  r e d u c t i o n   in  n i t r o g e n   c o n t e n t  

of  the  f i b e r s   and  the  f i n a l   n i t r o g e n   c o n t e n t   are  much  lower  as  t o  

compared  to  a  hea t   t r e a t m e n t   to  the  same  f i n a l   t e m p e r a t u r e   u s i n g  

a  c o n v e n t i o n a l   t h r e a d l i n e   a r r a n g e m e n t .   As  a  r e s u l t ,   t h e  

s u b s e q u e n t   t h r e a d l i n e   h e a t   t r e a t m e n t   can  be  c a r r i e d   out  at  a  

h igh   r a t e   of  movement  of  the  ya rn   t h r o u g h   the  h e a t i n g   u n i t   e v e n  



i f   a  c o n s i d e r a b l y   e l e v a t e d   t e m p e r a t u r e   is   used .   This  t h r e a d l i n e  

t r e a t m e n t   s t r a i g h t e n s   out  the   f i b e r s   and  e s t a b l i s h e s   the  f i n a l  

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

G e n e r a l l y ,   the   t h r e a d l i n e   t e m p e r a t u r e   shou ld   be  at  l e a s t  

a b o u t   600°C  h i g h e r   t han   the   t e m p e r a t u r e   used  for   the  f i r s t   h e a t  

t r e a t m e n t   o f  t h e   ya rn   on  the  b o b b i n .  

Table   I I   shows  a  t y p i c a l   s c h e d u l e   of  t e m p e r a t u r e s   fo r   t h e  

f i r s t   and  second  h e a t   t r e a t m e n t s   a c c o r d i n g   to  the  i n v e n t i o n   i n  

o r d e r   to  o b t a i n   PAN-based  c a r b o n   f i b e r s   h a v i n g   p r e d e t e r m i n e d  

v a l u e s   for   the  Young ' s   m o d u l u s .   The  e s t i m a t e d   n i t r o g e n   c o n t e n t  

a f t e r   the  f i r s t   h e a t   t r e a t m e n t   i s   an  i m p o r t a n t   c r i t e r i a   f o r  

d e t e r m i n i n g   the  h e a t   of  the   t h r e a d l i n e   fo r   any  g iven   t e m p e r a t u r e  

f o r   the  second  h e a t   t r e a t m e n t .   A  h igh   n i t r o g e n   c o n t e n t   w i l l  

r e s u l t   in  s e v e r e   f i b e r   damage  due  to  the  sudden  e v o l u t i o n   of  t h e  

n i t r o g e n   from  the  f i b e r   d u r i n g   a  sudden  t e m p e r a t u r e   i n c r e a s e   f o r  

a  s econd   h e a t   t r e a t m e n t .  

G e n e r a l l y ,   the   f i r s t   h e a t   t r e a t m e n t   a c c o r d i n g   to  t h e  

i n v e n t i o n   can  be  c a r r i e d   out  at   a  r a t e   of  from  about   50°C  t o  

a b o u t   500°C  per   hour   to  a  maximum  t e m p e r a t u r e   of  from  a b o u t  

1300°C  to  about   1 7 0 0 ° C .  

P r e f e r a b l y ,   the  f i r s t   h e a t   t r e a t m e n t   is  c a r r i e d   out  b y  

i n c r e a s i n g   the  t e m p e r a t u r e   at  the   r a t e   of  about   50°C  fo r   an  h o u r  

f rom  room  t e m p e r a t u r e   to  a b o u t   8000C  and  t h e r e a f t e r   i n c r e a s i n g  

the   t e m p e r a t u r e   at  a  r a t e   of  250oC  per  hour   u n t i l   t h e  

p r e d e t e r m i n e d   maximum  t e m p e r a t u r e   is  r e a c h e d   and  the  maximum 

t e m p e r a t u r e   is   m a i n t a i n e d   fo r   an  a d d i t i o n a l   two  h o u r s .   The  



maximum  t e m p e r a t u r e   is   m a i n t a i n e d   in  o r d e r   to  g ive   a l l   of  t h e  

f i b e r s   on  the  bobb in   the  o p p o r t u n i t y   to  r e a c h   a  t e m p e r a t u r e  

e q u i l i b r i u m .  

A  t y p i c a l   p r i o r   a r t   t h r e a d l i n e   h e a t   t r e a t m e n t   at  a  

t e m p e r a t u r e   of  13000C  r e s u l t s   in  a  PAN-based   c a r b o n   f i b e r   h a v i n g  

a  n i t r o g e n   c o n t e n t   of  about   4%  or  more  by  w e i g h t   whe reas   the  same 

h e a t   t r e a t m e n t   c a r r i e d   out  u s i n g   the  f i r s t   h e a t   t r e a t m e n t  

a c c o r d i n g   to  the   i n v e n t i o n   r e s u l t s   in  a  PAN-based  ca rbon   f i b e r  

h a v i n g   a  n i t r o g e n   c o n t e n t   of  abou t   1%  by  w e i g h t .   The  l o w e r  

n i t r o g e n   c o n t e n t   i s   i m p o r t a n t   f o r   c a r r y i n g   out  a  second   h e a t  

t r e a t m e n t   u s i n g   a  t h r e a d l i n e   at  a  r e l a t i v e l y   h i g h   s p e e d .  
For  a  f u l l e r   u n d e r s t a n d i n g   of  the  n a t u r e   and  o b j e c t s   of  t h e  

i n v e n t i o n ,   r e f e r e n c e   shou ld   be  had  to  the   f o l l o w i n g   d e t a i l e d  

d e s c r i p t i o n ,   t a k e n   in  c o n n e c t i o n   w i th   the  a c c o m p a n y i n g   d r a w i n g s ,  

in  w h i c h :  

F ig .   1  i s   a  g raph   showing   the  e f f e c t   of  a  f i r s t   h e a t  

t r e a t m e n t   a c c o r d i n g   to  the  i n v e n t i o n   on  the  c h e m i c a l   c o m p o s i t i o n  
of  PAN-based   f i b e r s ;  

F ig .   2  i s   a  g raph   showing  the   e f f e c t   of  t h r e a d l i n e  

t e m p e r a t u r e   and  l i n e   speed  on  the  d e n s i t y   of  r e c a r b o n i z e d  

c o n v e n t i o n a l   PAN-based  ca rbon   f i b e r s ;  

F ig .   3  i s   a  g raph   showing  the  e f f e c t   of  l i n e   speed  on  

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

PAN-based  c a r b o n   f i b e r s ;  

F ig .   4  i s   a  graph  c o m p a r i n g   the  e f f e c t   of  t h r e a d l i n e  

t e m p e r a t u r e   on  the  d e n s i t y   of  r e c a r b o n i z e d   c o n v e n t i o n a l   P A N - b a s e d  

ca rbon   f i b e r s   and  r e c a r b o n i z e d   PAN-based  c a rbon   f i b e r s   p r o d u c e d  
a c c o r d i n g   to  the  i n s t a n t   i n v e n t i o n ;  

F ig .   5  is   a  graph  showing  the   e f f e c t   of  t h r e a d l i n e  

t e m p e r a t u r e   and  l i n e   speed  on  the  t e n s i l e   s t r e n g t h   of  r e c a r b o n i z e d  
c o n v e n t i o n a l   PAN-based  ca rbon   f i b e r s ;  

F ig .   6  i s  a   graph  showing  a  c o m p a r i s o n   of  the   e f f e c t   o f  
t h r e a d l i n e   t e m p e r a t u r e   on  the  t e n s i l e   s t r e n g t h   of  b o t h  

r e c a r b o n i z e d   c o n v e n t i o n a l   PAN-based  c a r b o n   f i b e r s   and  r e c a r b o n i z e d  

PAN-based  c a rbon   f i b e r s   p r o d u c e d   a c c o r d i n g   to  the  i n s t a n t  

i n v e n t i o n ;  

F ig .   7  is   a  graph  c o m p a r i n g   the  e f f e c t s   of  t h r e a d l i n e  



t e m p e r a t u r e   and  l i n e   speed   on  the  Young ' s   modulus   of  b o t h  

r e c a r b o n i z e d   c o n v e n t i o n a l   PAN-based  c a rbon   f i b e r s   a n d  

r e c a r b o n i z e d   PAN-based   c a r b o n   f i b e r s   p r o d u c e d   a c c o r d i n g   to  t h e  

i n s t a n t   i n v e n t i o n ;  

F ig .   8  is   a  g r aph   showing   a  c o m p a r i s o n   of  the  t e n s i l e  

s t r e n g t h   v e r s u s   Y o u n g ' s   modu lus   fo r   both   r e c a r b o n i z e d  

c o n v e n t i o n a l   PAN-based   c a r b o n   f i b e r s   and  r e c a r b o n i z e d   P A N - b a s e d  

ca rbon   f i b e r s   p r o d u c e d   a c c o r d i n g   to  the  i n v e n t i o n ;  

F ig .   9  is   a  g r aph   showing   a  c o m p a r i s o n   b e t w e e n   the  t e n s i l e  

s t r e n g t h   v e r s u s   Y o u n g ' s   modulus   fo r   bo th   r e c a r b o n i z e d   P A N - b a s e d  

ca rbon   f i b e r s   and  r e c a r b o n i z e d   PAN-based  c a r b o n   f i b e r s   p r o d u c e d  

a c c o r d i n g   to  the  i n v e n t i o n .  

In  c a r r y i n g   out  the   i n v e n t i o n ,   c e r t a i n   embodiments   have  b e e n  

s e l e c t e d   fo r   d e s c r i p t i o n   in  the  s p e c i f i c a t i o n   and  r e f e r e n c e   i s   h a d  

to  the  F ig .   1  to  9 .  

I t   is   e c o n o m i c a l   in   the   commerc i a l   p r o d u c t i o n   of  P A N - b a s e d  

ca rbon   y a r n s   to  c a r r y   out   the   c a r b o n i z i n g   o p e r a t i o n   in  two  

s e p a r a t e   s t e p s .   The  f i r s t   s t e p   is   a  c a r b o n i z i n g   in  a  t h r e a d l i n e  

to  a  t e m p e r a t u r e   of  a b o u t   13000C  whi le   the  second   s tep   is   a  

t h r e a d l i n e   o p e r a t i o n   at  a  h i g h e r   t e m p e r a t u r e   to  improve  t h e  

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

S u b j e c t i n g   an  i n f u s i b i l i z e d   f i b e r   to  a  h e a t   t r e a t m e n t   r e s u l t s  

in  the  r e l e a s e   of  n i t r o g e n ,   oxygen,   and  h y d r o g e n   from  the  f i b e r .  

F ig .   1  shows  the  w e i g h t   p e r c e n t   of  the  a f o r e m e n t i o n e d   gases   a n d  

ca rbon   as  a  r e s u l t   of  a  f i r s t   h e a t   t r e a t m e n t   in  a c c o r d a n c e   w i t h  

the  i n v e n t i o n .   The  r e d u c t i o n   in  n i t r o g e n   c o n t e n t   is   p a r t i c u l a r l y  

i m p o r t a n t   b e c a u s e   the   l o s s   of  n i t r o g e n   d u r i n g   a  s u b s e q u e n t  

t h r e a d l i n e   h e a t   t r e a t m e n t   at  a  h i g h e r   t e m p e r a t u r e   can  r e s u l t   i n  

s e r i o u s   d e g r a d a t i o n   of  the   f i b e r s .  

The  t e s t s   fo r   F i g .   1  were  c a r r i e d   out  u s i n g   a  g r a p h i t e   b o b b i n  

wrapped  wi th   a  s i n g l e   l a y e r   of  g r a p h i t e   f e l t   and  the  t e m p e r a t u r e  

was  i n c r e a s e d   from  room  t e m p e r a t u r e   to  the  f i n a l   t e m p e r a t u r e   a t  

the  r a t e   of  about   1000C  per   hour   wi th   the  f i n a l   t e m p e r a t u r e   a s  

shown  b e i n g   he ld   f o r   two  h o u r s .  

In  a d d i t i o n   to  the   s u b s t a n t i a l   r e d u c t i o n   in  n i t r o g e n   c o n t e n t ,  

i t   is  s i g n i f i c a n t   t h a t   the   e v o l u t i o n   of  n i t r o g e n   was  at  a  

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



o p e r a t i o n   at  1300oC.  I t   is  i m p o r t a n t   t h a t   the  e v o l u t i o n   o f  

n i t r o g e n   be  at  a  slow  r a t e   so  t h a t   the   e s c a p i n g   gases   w i l l   n o t  

p r o d u c e   f l a w s   and  d e g r a d a t i o n   in  the  q u a l i t y   of  the  f i b e r s .  

F ig .   2  shows  the  r e s u l t s   of  a  s econd   h e a t   t r e a t m e n t   u s i n g   a  

t h r e a d l i n e   o p e r a t i o n   fo r   f i b e r s   which   have  been  s u b j e c t e d   to  a  

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

at  a  t e m p e r a t u r e   of  about   1300°C.  The  l o s s   in  the  d e n s i t y   of  t h e  

ca rbon   f i b e r s   f o r   h igh   speeds   t h r o u g h   the  f u r n a c e   is   due  to  t h e  

a l m o s t   e x p l o s i v e   e v o l u t i o n   of  n i t r o g e n .  

F ig .   3  p r e s e n t s   the  d a t a   of  F i g .   2  i n . a   d i f f e r e n t  

a r r a n g e m e n t .   From  F i g s .   2  and  3  i t   i s   e v i d e n t   t h a t   a  t h r e a d l i n e  

h e a t   t r e a t m e n t   of  a  PAN-based  f i b e r   which  has  been  s u b j e c t e d   to  a  

p r e v i o u s   t h r e a d l i n e   h e a t   t r e a t m e n t   has   l i m i t a t i o n   as  to  t h e  

t h r e a d l i n e   speed  and  maximum  t r e a t m e n t   t e m p e r a t u r e .  

F ig .   4  is   a  c o m p a r i s o n   in  the  f i b e r   d e n s i t y   a f t e r   a  

t h r e a d l i n e   h e a t   t r e a t m e n t   of  a  f i b e r   which  has  been  s u b j e c t e d   t o  

a  p r i o r   a r t   t h r e a d l i n e   h e a t   t r e a t m e n t   and  a  f i b e r   which  has  b e e n  

s u b j e c t e d   to  the  f i r s t   h e a t   t r e a t m e n t   in  a c c o r d a n c e   wi th   t h e  

i n v e n t i o n .   In  bo th   c a s e s ,   the  f i r s t   h e a t   t r e a t m e n t   had  a  maximum 

t e m p e r a t u r e   of  1300 C.   The  l i n e   speed   the  second  hea t   t r e a t m e n t  

in  bo th   c a se s   was  m a i n t a i n e d   at  1829  cm  per   m i n u t e .   The  e v i d e n t  

d e g r a d a t i o n   in  f i b e r   d e n s i t y   is  a  r e s u l t   of  the  r a p i d   e v o l u t i o n  

of  n i t r o g e n .   The  f i b e r   g iven   a  f i r s t   h e a t   t r e a t m e n t   in  a c c o r d a n c e  

wi th   the  i n v e n t i o n   has  a  ve ry   low  n i t r o g e n   c o n t e n t .  

F ig .   5  shows  the  e f f e c t   of  s e c o n d   c o n v e n t i o n a l   t h r e a d l i n e  

t e m p e r a t u r e   and  l i n e   speed  on  the   t e n s i l e   s t r e n g t h   o f  

r e c a r b o n i z e d   PAN-based  ca rbon   f i b e r s   which  have  been  s u b j e c t e d   t o  

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

d e c l i n e s   r a p i d l y   in  each  case  even  f o r   r e l a t i v e l y   slow  l i n e  

speeds   as  the  maximum  hea t   t r e a t m e n t   t e m p e r a t u r e   i n c r e a s e s .  

F i g .   6  shows  the  t e n s i l e   s t r e n g t h   of  f i b e r s   a f t e r   b e i n g  

s u b j e c t e d   to  a  second  h e a t   t r e a t m e n t   u s i n g   a  c o n v e n t i o n a l  

t h r e a d l i n e .   The  f i b e r   which  has  been  g i v e n   a  f i r s t   h e a t   t r e a t m e n t  

in  a c c o r d a n c e   wi th   the  i n v e n t i o n   is   s i g n i f i c a n t l y   b e t t e r   than   t h e  

f i b e r   which  has  been  s u b j e c t e d   f o r   a  f i r s t   hea t   t r e a t m e n t   i n  
a c c o r d a n c e   wi th   the  p r i o r   a r t .   The  l i n e   speed  in  a l l   c a se s   was  

1219  cm  per  m i n u t e .  



F i g .  7   shows  the  Y o u n g ' s   modulus  v e r s u s   maximum  t e m p e r a t u r e  

for   a  second  hea t   t r e a t m e n t   u s i n g   a  c o n v e n t i o n a l   t h r e a d l i n e   f o r  

f i b e r s   h a v i n g   a  f i r s t   h e a t   t r e a t m e n t   a c c o r d i n g   to  the  i n v e n t i o n  

and  f o r   f i b e r s   h a v i n g   a  h e a t   t r e a t m e n t   a c c o r d i n g   to  the  p r i o r  

a r t .   The  f i r s t   h e a t   t r e a t m e n t   in  a l l   c a s e s   had  a  maximum 

t e m p e r a t u r e   of  1300 C.   The  ca rbon   f i b e r s   a c c o r d i n g   to  the  i n s t a n t  

i n v e n t i o n   c o n s i s t e n t l y   showed  h i g h e r   v a l u e   f o r   the  Young ' s   m o d u l u s  

even  when  the  l i n e   speed   f o r   the  second  h e a t   t r e a t m e n t   was  t e n  

t i m e s   g r e a t e r   than   the  l i n e   speed   used   fo r   the  f i b e r s   a c c o r d i n g   t o  

the  p r i o r   a r t .  

F i g .   8  shows  the  r e l a t i o n s h i p   fo r   t e n s i l e   s t r e n g t h   a n d  

Y o u n g ' s   modulus  fo r   f i b e r s   a c c o r d i n g   to  the  i n s t a n t   i n v e n t i o n   a n d  

p r i o r   a r t .   In  each  c a s e ,   the   f i r s t   h e a t   t r e a t m e n t   was  c a r r i e @  

u s i n g   a  maximum  t e m p e r a t u r e   of  13000C  w h i l e   the  second   h e a t  

t r e a t m e n t s   were  bo th   c o n v e n t i o n   t h r e a d l i n e   o p e r a t i o n s .   For  b o t h  

o p e r a t i o n s ,   the  same  t h r e a d l i n e   speed  was  u s e d   and  d i f f e r e n t  

t e m p e r a t u r e s   were  used   to  o b t a i n   v a r i o u s   f i b e r   p r o p e r t i e s .   The 

d a t a   show  t h a t   f o r   each  Y o u n g ' s   modulus  the  t e n s i l e   s t r e n g t h   o f  

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

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

to  the   p r i o r   a r t .  

F i g .   9  shows  a  c o m p a r i s o n   be tween   the  t e n s i l e   s t r e n g t h   a n d  

the   Y o u n g ' s   modulus   f o r   f i b e r s   p r e p a r e d   a c c o r d i n g   to  the  i n s t a n t  

i n v e n t i o n   and  the  p r i o r   a r t .   In  each  c a s e ,   the   maximum  t e m p e r a t u r e  

u s e d   f o r   the  f i r s t   h e a t   t r e a t m e n t   was  1300°C  and  the  maximum 

t e m p e r a t u r e   used  in  the   second   h e a t   t r e a t m e n t   was  1900oC.  The 

v a r i a t i o n s   in  m e c h a n i c a l   p r o p e r t i e s   were  p r o d u c e d   by  changes   i n  

t h r e a d l i n e   speed.   The  c a r b o n   f i b e r s   a c c o r d i n g   to  the  i n v e n t i o n  

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

the  p r i o r   a r t .  

I l l u s t r a t i v e ,   n o n - l i m i t i n g   examples   of  the  p r a c t i c e   of  t h e  

i n v e n t i o n   are  se t   out  be low.   Numerous  o t h e r   example s   can  b e  

r e a d i l y   evo lved   in  the  l i g t   of  the  g u i d i n g   p r i n c i p l e s   a n d  

t e a c h i n g s   c o n t a i n e d   h e r e i n .   Examples   g iven   h e r e i n   are  i n t e n d e d  

m e r e l y   to  i l l u s t r a t e   the   i n v e n t i o n   and  not  in  any  sense   to  l i m i t  

the   manner   in  which  the  i n v e n t i o n   can  be  p r a c t i c e d .   The  p a r t s   a n d  

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



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

and  p e r c e n t a g e s   by  w e i g h t .  

EXAMPLE  1 

A  PAN-based  i n f u s i b i l i z e d   y a r n   was  u sed .   The  f i b e r s   in  t h e  

yarn   had  a  c o m p o s i t i o n   of  64.0%  c a r b o n ,   3.9%  h y d r o g e n ,   6 . 2 %  

oxygen,   and  25.1%  n i t r o g e n .   The  ya rn   was  wound  on  a  b o b b i n   u s e d  

in  c o m m e r c i a l   p r o d u c t i o n .   The  y a r n   was  unwound  from  the   b o b b i n  

and  r o t a t e d   at  500  r e v o l u t i o n s   pe r   m inu te   wh i l e   b e i n g   unwound  a t  

the  r a t e   of  1920  cm  per  m i n u t e   so  t h a t   a  t w i s t   of  0.7  t u r n s   p e r  

2 .54  cm  was  e s t a b l i s h e d .   The  t w i s t e d   ya rn   was  rewound  wi th   a  

t e n s i o n   of  250  grams  onto  a  g r a p h i t e   bobb in   h a v i n g   d i m e n s i o n s   o f  

8.89  cm  in  d i a m e t e r   and  27 .94   cm  l o n g .   The  g r a p h i t e   b o b b i n   had  a  

l a y e r   of  0 .63   cm  of  g r a p h i t e   f e l t   on  the  c y l i n d r i c a l   p o r t i o n   t o  

r e c e i v e   the  y a r n .   A  wind  a n g l e   of  23  d e g r e e s   was  used   and  t h e  

package   p r e s s u r e   was  1.36  kg  wi th   a  t r a n s v e r s e   l e n g t h   of  25 .4   cm. 

The  rewound  yarn   amounted   to  7163  m  of  ya rn   and  was  in   the  f o r m  

of  a  s q u a r e - s i d e d   p a c k a g e .  

The  p a c k a g e   was  p l a c e d   h o r i z o n t a l l y   in  a  g r a p h i t e   t u b e  

i n d u c t i o n   f u r n a c e   which  was  p u r g e d   wi th   n i t r o g e n   and  f i r e d   at  t h e  

r a t e   of  50°C  per   hour   to  800°C  and  t h e r e a f t e r   t e m p e r a t u r e   was  

r a i s e d   at  250°C  per   hour   to  1300°C.  The  f i n a l   t e m p e r a t u r e   was 

m a i n t a i n e d   fo r   two  hour s   and  the   package   was  a l l o w e d   to  c o o l  

back  to  room  t e m p e r a t u r e .   As  a  r e s u l t   of  the  h e a t   t r e a t m e n t ,   t h e  

package   had  sh runk   l o n g i t u d i n a l l y   abou t   3.81  cm  to  5 .08  cm  f r o m  

i t s   o r i g i n a l   25 .4   cm  l e n g t h .  

The  package   was  then   moun ted   h o r i z o n t a l l y   on  a  t e n s i o n -  

l o a d e d   p a y o f f   c r e e l ,   and  the  ya rn   was  unwound  unde r   a  t e n s i o n   o f  

a p p r o x i m a t e l y   50  grams,   p a s s e d   t h r o u g h   a  g r o o v e d - r e e l ,   t e n s i o n -  

c o n t r o l l e d   d r i v e   sys tem  m a i n t a i n e d  a t   a  t e n s i o n   of  abou t   1 , 8 2 5  

grams  and  t h e r e a f t e r   t h r o u g h   g r a p h i t e   tube  e l e c t r i c   r e s i s t a n c e  

f u r n a c e   h a v i n g   a  hot   zone  m a i n t a i n e d   a t  a   t e m p e r a t u r e   of  a b o u t  
18300C  and  152  cm  long .   The  ya rn   e x i t i n g  t h e   f u r n a c e   was  t h e n  

s u b j e c t e d   to  a  f i n i s h   t r e a t m e n t   in  a c c o r d a n c e   wi th   the  p r i o r   a r t  

and  wound  onto  b o b b i n s   made  of  c a r d b o a r d   in  305  m  l e n g t h s .  

Twenty- two  samples   of  the  yarn   were  t aken   at  about   305  m 

i n t e r v a l s .  

The  a v e r a g e   t e n s i l e   s t r e n g t h   of  the  r e s u l t i n g   f i b e r   was 



3447 .103   kPa  wi th   a  c o e f f i c i e n t   of  v a r i a t i o n   of  1.3%.  The  a v e r a g e  

Young ' s   modulus  f o r   the  r e s u l t i n g   f i b e r   was  about   284 .106   k P a  

wi th   a  c o e f f i c i e n t   of  v a r i a t i o n   of  2.9%.  The  a v e r a g e   d e n s i t y   o f  

the  f i b e r s   was  1 .766  Mg  per   cubic   m e t e r   w i th   a  c o e f f i c i e n t   o f  

v a r i a t i o n   of  0.6%.  The  a v e r a g e   y i e l d   was  2397  m  per  kg  wi th   a  

c o e f f i c i e n t   of  v a r i a t i o n   of  2 .1%.  

The  carbon   y a r n   o b t a i n e d   had  an  e x c e l l e n t   a p p e a r a n c e   and  was 

e q u i v a l e n t   in  q u a l i t y   to  a  ca rbon   ya rn   p r o d u c e d   by  c a r b o n i z i n g  

w i t h   two  s e p a r a t e   t h r e a d l i n e s   in  a c c o r d a n c e   wi th   the  p r i o r   a r t .  

EXAMPLE  2 

I n f u s i b i l i z e d   y a r n   as  in  Example  1  was  used   in  t h i s   e x a m p l e .  

For  t h i s   example ,   h o w e v e r ,   1432  m  on  i n f u s i b i l i z e d   yarn   was  u s e d .  

As  in  Example  1,  the   ya rn   was  wound  onto   the  g r a p h i t e   b o b b i n  

h a v i n g   a  g r a p h i t e   f e l t   l a y e r .  

The  same  t e m p e r a t u r e   s c h e d u l e   was  used   fo r   the  f i r s t   h e a t  

t r e a t m e n t .   The  s econd   h e a t   t r e a t m e n t   was  d i f f e r e n t   in  t h i s  

example   for   Example  1  in   t h a t   the   f u r n a c e   t e m p e r a t u r e   was  h e l d  

at  2460 C,   the  t a k e   o f f   t e n s i o n   was  100  g rams,   the  l i n e   t e n s i o n  

was  1950  grams,   the  l i n e   speed  was  2134  cm  per   m i n u t e ,   and  o n l y  

w a t e r   was  a p p l i e d   to  the  ca rbon   yarn  i n s t e a d   of  a  f i n i s h .  

Five   samples   t a k e n   at   about   equa l   s e p a r a t i o n s   were  t e s t e d .  

The  f i b e r s   had  an  a v e r a g e   t e n s i l e   s t r e n g t h   of  3289 .103   kPa,  a n  

a v e r a g e   Young 's   modulus   of  3 9 1 . 1 0   kPa,  a  d e n s i t y   of  1.813  Mg  p e r  
cub ic   m e t e r ,   and  a  y i e l d   of  2549 m  per   kg.  The  ya rn   was  e x c e l l e n t  

in  a p p e a r a n c e .  
EXAMPLE  3 

1432  m  of  c a r b o n   y a r n   p r o d u c e d   from  the  s t e p s   of  Example  1 

were  wound  on  a  g r a p h i t e   bobb in   h a v i n g   a  d i a m e t e r   of  11.43  cm  a n d  

a  l e n g t h   of  17.78  cm.  No  ca rbon   f e l t   was  used   and  the  wind  a n g l e  

was  about   0 . 4  .   This   p a c k a g e   was  then   l o a d e d   h o r i z o n t a l l y   in  a  

g r a p h i t e   tube  i n d u c t i o n   f u r n a c e ,   pu rged   wi th   a rgon ,   and  f i r e d   a t  

the  r a t e   of  100°C  per   hou r   to  a  t e m p e r a t u r e   of  2950°C.  The  f i n a l  

t e m p e r a t u r e   was  m a i n t a i n e d   fo r   two  h o u r s   and  the  package   was  

a l l o w e d   to  cool  back  to  room  t e m p e r a t u r e .  

The  a v e r a g e   p r o p e r t i e s   of  the  f i b e r s   so  o b t a i n e d   was  a  

t e n s i l e   s t r e n g t h   of  2 4 8 2 . 1 0 3   kPa,  Young ' s   modulus   of  668 .106   k P a ,  

d e n s i t y   of  2 .080  Mg  per   cub ic   me t e r ,   and  a  y i e l d   of  2832  m  per   k g .  



The  r e d u c t i o n   in  s t r e n g t h   over   the  v a l u e s   o b t a i n e d   from  Example  1 

i n d i c a t e s   t h a t   new  f l a w s   were  i n t r o d u c e d   d u r i n g   the  s u b s e q u e n t  

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

In  any  e v e n t ,   the  c a r b o n   f i b e r s   of  t h i s   example  c o n s t i t u t e   a  

s i g n i f i c a n t   i m p r o v e m e n t   over   c o m m e r c i a l l y   a v a i l a b l e   P A N - b a s e d  

c a r b o n   f i b e r s .  

I  wish  i t   to  be  u n d e r s t o o d   t h a t   I  do  not   d e s i r e   to  b e  

l i m i t e d   to  the  e x a c t   d e t a i l s   shown  and  d e s c r i b e d ,   fo r   o b v i o u s  

m o d i f i c a t i o n s   w i l l   o c c u r   to  a  p e r s o n   s k i l l e d   in  the  a r t .  

Having  thus   d e s c r i b e d   the  i n v e n t i o n ,   what  I  c l a im  as  new  
and  d e s i r e d   to  be  s e c u r e d   by  L e t t e r s   P a t e n t ,   is  as  f o l l o w s :  



1.  In  a  method   of  p r o d u c i n g   a  PAN-based  ca rbon   f i b e r  

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

i n f u s i b i l i z i n g   the  f i b e r ,   and  t h e r e a f t e r   c a r b o n i z i n g   t h e  

i n f u s i b i l i z e d   f i b e r   to  p r o d u c e   the  ca rbon   f i b e r ,   the  i m p r o v e m e n t  

c o m p r i s e s   c a r r y i n g   out  the   c a r b o n i z i n g   by  w i n d i n g   t h e  

i n f u s i b i l i z e d   f i b e r   onto  a  b o b b i n   which  is   t h e r m a l l y   a n d  

m e c h a n i c a l l y   s t a b l e   at  t e m p e r a t u r e s   used   to  p y r o l y z e   a n d  

c a r b o n i z e   the  i n f u s i b i l i z e d   f i b e r   and  which  i s   c h e m i c a l l y  

c o m p a t i b l e   w i th   the  i n f u s i b i l i z e d   f i b e r ,   s u b j e c t i n g   t h e  

i n f u s i b i l i z e d   f i b e r   on  the   b o b b i n   to  a  p r e d e t e r m i n e d   f i r s t   h e a t  

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

i n f u s i b i l i z e d   f i b e r ,   and  t h e r e a f t e r ,   s u b j e c t i n g   the  c a r b o n i z e d  

f i b e r   to  a  s econd   h e a t   t r e a t m e n t   in  an  i n e r t   a t m o s p h e r e   in  a  

t h r e a d l i n e   o p e r a t i o n .  

2.  The  method  of  Claim  1,  w h e r e i n   the  t h r e a d l i n e   t e m p e r a t u r e  

i s   at  l e a s t   abou t   600°C  h i g h e r   than   the  maximum  t e m p e r a t u r e   u s e d  

f o r   the  f i r s t   h e a t   t r e a t m e n t .  

3.  The  method  of  Claim  1,  w h e r e i n   the  f i r s t   h e a t   t r e a t m e n t   i s  

c a r r i e d   out  at  a  r a t e   of  from  about   50°C  to  about   500°C  per  h o u r  

to  a  maximum  t e m p e r a t u r e   of  from  about   1300°C  to  about   1 7 0 0 ° C .  

4.  The  method  of  Claim  1,  w h e r e i n   the  i n f u s i b i l i z e d   f i b e r   i s  

wound  onto  the  b o b b i n   wi th   a  wind  ang le   of  at  l e a s t   about   two 

d e g r e e s .  

5.  The  method  of  Claim  3,  w h e r e i n   the  wind  ang le   is  a b o u t  

23  d e g r e e s .  

6.  The  method  of  Claim  1,  f u r t h e r   c o m p r i s i n g   a  t h i r d   h e a t  

t r e a t m e n t   s u b s e q u e n t   to  the  second   h e a t   t r e a t m e n t   and  h a v i n g   a  

maximum  t e m p e r a t u r e   g r e a t e r   t han   the  maximum  t e m p e r a t u r e   of  t h e  

s econd   h e a t   t r e a t m e n t .  

7.  A  PAN-based  c a r b o n   f i b e r   h a v i n g   a  Young ' s   modulus  o f  

abou t   669.106  kPa  and  a  t e n s i l e   s t r e n g t h   of  about   2482 .103   k P a .  

8.  A  PAN-based  c a r b o n   f i b e r   h a v i n g   a  Young ' s   modulus  o f  

abou t   386.106  kPa  and  a  t e n s i l e   s t r e n g t h   of  about   3289.103   k P a .  
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