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@  Calcium  Intercalated  boronated  carbon  fibre. 

A  mesophase  pitch  derived  carbon  fibre  having  a  diame- 
ter  of  less  than  30  microns  and  which  has  been  boronated  and 
Intercalated  with  calcium  and  a  method  of  producing  a  meso- 
phase  pitch  derived  carbon  fibre  comprising  the  steps  of  boro- 
nating  and  intercalating  with  calcium  a  carbon  fibre  having  a  di- 
ameter  of  less  than  30  microns  and  derived  from  a  mesophase 
pitch  having  a  mesophase  content  of  at  least  about  70%  by 
weight  mesophase. 



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

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

has   been   b o r o - r a t e d   and  i n t e r c a l a t e d   w i t h   c a l c i u m .  

I t   i s   w e l l   known  to  s p i n   a  m e s o p h a s e   p i t c h   i n t o  

a  f i b r e ,   t h e r m o s e t   t he   p i t c h   f i b r e   by  h e a t i n g   i t   i n  

a i r ,   and  c a r b o n i z e   t he   t h e r m o s e t   p i t c h   f i b r e   by  h e a t i n g  

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

to  an  e l e v a t e d   t e m p e r a t u r e .  

I t   i s   p r e f e r a b l e   to  use   m e s o p h a s e   p i t c h   r a t h e r   t h a n  

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

t he   m e s o p h a s e   p i t c h   d e r i v e d   c a r b o n   f i b r e   p o s s e s s e s  

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

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

c o n t e n t   of  a t   l e a s t   a b o u t  7 0 %   by  w e i g h t   f o r   t he   p r o c e s s .  

C a r b o n   f i b r e s   h a v e   f o u n d   a  wide   r a n g e   of  c o m m e r c i a l  

u s e s .   In  c e r t a i n   u s e s ,   i t   i s   d e s i r a b l e   to  use   c a r b o n  

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

and  good  e l e c t r i c a l   c o n d u c t i v i t y .   The  e l e c t r i c a l   c o n d u c t -  

i v i t y   i s   u s u a l l y   d e s c r i b e d   in  t e r m s   of  r e s i s t i v i t y .  

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

has   been   c a r b o n i z e d   to  a  t e m p e r a t u r e   of  a b o u t   2 5 0 0 ° C  

has   a  r e s i s t i v i t y   of  a b o u t   7  m i c r o o h m - m e t r e s   and  a  

Y o u n g ' s   m o d u l u s   of  a b o u t   4 1 3 . 6   GPa.  The  same  c a r b o n   f i b r e  

h e a t   t r e a t e d   to  a b o u t   3 0 0 0 ° C   has   a  r e s i s t i v i t y  o f   a b o u t  

3 . 3   m i c r o o h m - m e t r e s .  

The  c o s t   f o r   o b t a i n i n g   t e m p e r a t u r e s   of  2 5 0 0 ° C   a n d  

p a r t i c u l a r l y   3 0 0 0 ° C   i s   v e r y   h i g h .   Not  o n l y   is   i t   c l o s e l y  

to  e x p e n d   the   e n e r g y   to  r e a c h   the   h i g h   t e m p e r a t u r e s ,   b u t  

t he   e q u i p m e n t   n e e d e d   to  r e a c h   s u c h   h i g h   t e m p e r a t u r e s   i s  

c o s t l y   and  d e t e r i o r a t e s   r a p i d l y   due  to  t he   e l e v a t e d   t e m -  

p e r a t u r e s .  

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

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



of  l e s s   t h a n   a b o u t   2  m i c r o o h m - m e t r e s , a n d   p r e f e r a b l y  

a b o u t   1  m i c r o o h m - m e t r e ,   w i t h   a  maximum  h e a t   t r e a t i n g  

t e m p e r a t u r e   of  f rom  a b o u t   2 0 0 0 ° C   to  a b o u t   2 3 0 0 ° C .  

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

d e r i v a t e d   c a r b o n   f i b r e   w h i c h   has   been   b o r o n a t e d   a n d  

i n t e r c a l a t e d   w i t h   c a l c i u m .  

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

b o r o n   w e i g h t   r a t i o   of  a b o u t   2:1  in  t h e   c a r b o n   f i b r e .  

In  t h e   a b s e n c e   of   b o r o n ,   t h e   c a l c i u m   d o e s   n o t  

i n t e r c a l a t e   i n t o   t he   c a r b o n   f i b h e   v e r y   w e l l .   Even  v e r y  
s m a l l   a m o u n t s  o f   b o r o n   e n h a n c e   t h e   i n t e r c a l a t i o n   of  t h e  

c a l c i u m .   G e n e r a l l y ,   0.1%  by  w e i g h t   b o r o n   or  even   l e s s  
i s  s u f f i c i e n t   to  i m p r o v e   s u b s t a n t i a l l y   t h e   i n t e r c a l a t i o n  

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

For   any  g i v e n   a m o u n t   of  b o r o n   in  a  c a r b o n   f i b r e ,   t h e  

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

c a l a t e d   c a l c i u m   i n c r e a s e s   a t   t h e   low  end ,   b e l o w   a  c a l c i u m  

to  b o r o n   w e i g h t   r a t i o   of  2 : 1 .   I t   i s   b e l i e v e d   t h a t   t h e  

b o r o n   a c t s   as  an  a c c e p t o r   and  t he   c a l c i u m   a c t s   as  a n  

e l e c t r o n i c   d o n o r .   The  i n t e r a c t i o n   b e t w e e n   t h e   b o r o n   a n d  

t h e   c a l c i u m   i s   s u c h   t h a t   a  maximum  r e s i s t i v i t y   i s   r e a c h e d  

and  t h e n   t h e   r e s i s t i v i t y   i s   r e d u c e d   u n t i l   a  min imum  i s  

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

2 : 1 .   A p p a r e n t l y   h i g h   c o n d u c t i v i t y   i s   a s s o c i a t e d   w i t h  

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

t h a t   t h e   r a t i o   i s   g r e a t e r   t h a n   2 : 1 ,   t he   r e s i s t i v i t y  
i n c r e a s e s   b e c a u s e   a  m u l t i p l e   p h a s e   c o n d i t i o n   e x i s t s .  

G e n e r a l l y ,   i f   one  we re   to  b o r o n a t e   a  c a r b o n   f i b r e  

in   t h e   a b s e n c e   o f .  c a l c i u m ,   t he   maximum  a m o u n t   of  b o r o n  

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

1.2%  by  w e i g h t .   The  p r e s e n c e   of  t h e   i n t e r c a l c a t e d  

c a l c i u m ,   h o w e v e r ,   s u b s t a n t i a l l y   i n c r e a s e s   t he   m a x i m u m  

a m o u n t   of  b o r o n .   I t   i s   e x p e c t e d   t h a t   a b o u t   10%  by  w e i g h t  

or  more   of  b o r o n   can  be  i n t r o d u c e d   i n t o   t h e   c a r b o n   f i b r e  

in  t h e   p r e s e n c e   of  t h e   i n t e r c a l a t e d   c a l c i u m .   In  a d d i t i o n ,  



i t   is   e x p e c t e d   t h a t   as  much  as  20%  by  w e i g h t   of  c a l c i u m  

can  be  i n t e r c a l a t e d   i n t o   t he   c a r b o n   f i b r e   in  t h e  

p r e s e n c e   of  t he   b o r o n .  

S u r p r i s i n g l y ,   the   b o r o n   and  c a l c i u m   can  b e  

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

r e a c t i n g   w i t h   t he   c a r b o n   f i b r e   so  t h a t   a  s i n g l e  

p h a s e   i s   m a i n t a i n e d .   Hea t   t r e a t m e n t s   a t   e l e v a t e d  

t e m p e r a t u r e s   can  r e s u l t   in  t he   f o r m a t i o n   of  n e w  

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

I t   i s   b e l i e v e d   t h a t   t h e   p r e s e n c e   of  t h e   i n t e r -  

c a l a t e d   c a l c i u m   r e s u l t s   in  c r o s s - l i n k i n g   b e t w e e n   l a y e r  

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

p r o p e r t i e s   a r e   o b t a i n e d .   E x c e l l e n t   v a l u e s   f o r   t e n s i l e  

s t r e n g t h   and  Y o u n g ' s   m o d u l u s   a r e   o b t a i n e d   f o r   t h e  

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

r e l a t i v e l y   low  p r o c e s s   t e m p e r a t u r e s  a r e   u s e d .   F o r  

e x a m p l e ,   a  c a r b o n   f i b r e   a c c o r d i n g   to  t he   i n v e n t i o n  

w h i c h   has   been   p r o d u c e d   u s i n g   a  p r o c e s s   t e m p e r a t u r e  

of  a b o u t   2 0 0 0 ° C   p o s s e s s e s   m e c h a n i c a l   p r o p e r t i e s  

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

c a r b o n   f i b r e   w h i c h   has   been   s u b j e c t e d   to  a  p r o c e s s  

t e m p e r a t u r e   of  3 0 0 0 ° C .   In  a d d i t i o n ,   t he   c a r b o n   f i b r e  

a c c o r d i n g   to  t he   i n v e n t i o n   p o s s e s s e s   much  l o w e r  

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

S u r p r i s i n g l y ,   t he   c a r b o n   f i b r e   a c c o r d i n g   t o  

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

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

of  3 . 3 7   A n g s t r o m s   of  a  c a r b o n   f i b r e   w h i c h   has   b e e n  

s u b j e c t e d   to  a  h e a t   t r e a t m e n t   of  a b o u t   3 0 0 0 ° C .  

A c c o r d i n g   to  t he   p r i o r   a r t ,   one  w o u l d   e x p e c t   a  

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

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

The  maximum  i n t e r l a y e r   s p a c i n g   o c c u r s   f o r   a  c a l c i u m  

to  b o r o n   w e i g h t   r a t i o   of  a b o u t   2:1  as  in  t he   c a s e  

f o r   the   minimum  r e s i s t i v i t y .  



G e n e r a l l y ,   a b o u t   0.5%  by  w e i g h t   b o r o n   and  a b o u t  

1%  by  w e i g h t   c a l c i u m   p r o v i d e s   a  good  q u a l i t y   c a r b o n  

f i b r e   a c c o r d i n g   to  t he   i n v e n t i o n .  

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

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

f i b r e   h a v i n g   a  low  r e s i s t i v i t y   and  e x c e l l e n t   m e c h a n i c a l  

p r o p e r t i e s ,   and  c o m p r i s e s   t h e   s t e p s   of  b o r o n a t i n g   a n d  

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

d i a m e t e r   of  l e s s   t h a n   30  m i c r o n s   and  d e r i v e d   f rom  a  

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

l e a s t   a b o u t   70%  by  w e i g h t   m e s o p h a s e .  

The  s t e p s   f o r   b o r o n a t i n g   and  i n t e r c a l a t i n g  

can   be  c a r r i e d   ou t   s i m u l t a n e o u s l y   or  c o n s e c u t i v e l y ,  

b o r o n a t i n g   b e i n g   f i r s t .  

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

m e t h o d   to  p r o d u c e   a  c a l c i u m   i n t e r c a l a t e d   b o r o n a t e d  

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

of   a b o u t   2 : 1 .  

The  b o r o n a t i n g   can  be  c a r r i e d   ou t   w i t h   e l e m e n t a l  

b o r o n ,   b o r o n   c o m p o u n d s ,   or  a  g a s e o u s   b o r o n   c o m p o u n d .  

A  c a l c i u m   c o m p o u n d   s u c h   as  f o r   e x a m p l e   CaNCN  can  b e  

u s e d .   O x y g e n - c o n t a i n i n g   c o m p o u n d s   of  c a l c i u m   a r e   l e s s  

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

o f   t h e   o x y g e n   on  t h e   c a r b o n   f i b r e .  

B o r o n a t i n g   up  to  a b o u t   1.2%  by  w e i g h t   m a i n t a i n s  

a  s i n g l e   p h a s e   in   t he   c a r b o n   f i b r e .   G r e a t e r   a m o u n t s  

of  b o r o n   t e n d   to  p r o d u c e   b o r o n   c a r b i d e ,   B4C,  
In  c a r r y i n g   o u t   t he   p r e s e n t   i n v e n t i o n ,   t h e  

c a r b o n  f i b r e   has   a  d i a m e t e r   of  l e s s   t h a n - 3 0   m i c r o n s  

and  p r e f e r a b l y   a b o u t   10  m i c r o n s .  

F u r t h e r   o b j e c t s   and  a d v a n t a g e s   of  t h e   i n v e n t i o n  

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

in  p a r t   w i l l   be  o b v i o u s   t h e r e f r o m   w i t h o u t   s p e c i f i c a l l y  

b e i n g   r e f e r r e d   t o ,   t h e   same  b e i n g   r e a l i z e d   and  a t t a i n e d  

as  p o i n t e d   ou t   in  t h e   c l a i m s   h e r e o f .  



I l l u s t r a t i v e ,   n o n - l i m i t i n g   E x a m p l e s   of  t h e  

p r a c t i c e   of  t he   i n v e n t i o n   a r e   s e t   ou t   b e l o w .   N u m e r o u s  

o t h e r   e x a m p l e s   can  r e a d i l y   be  e v o l v e d   in  t he   l i g h t   o f  

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

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

t h e   i n v e n t i o n   and  no t   in  a n y  s e n s e   l i m i t   t he   m a n n e r  

in  w h i c h   t he   i n v e n t i o n   can  be  p r a c t i c e d .  

The  E x a m p l e s   were   c a r r i e d   ou t   u s i n g   m e s o p h a s e  

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

8  m i c r o n s .   The  m e s o p h a s e  p i t c h   u s e d   to  p r o d u c e   t h e  

f i b r e s   had  a  m e s o p h a s e   c o n t e n t   of  a b o u t   80%  by  w e i g h t .  

The  c a r b o n   f i b r e s   we re   p r o d u c e d   u s i n g   c o n v e n t -  

i o n a l   m e t h o d s   and  were   c a r b o n i z e d   to  a b o u t   1 7 0 0 ° C .  

Lower   or  h i g h e r   c a r b o n i z i n g   t e m p e r a t u r e s   c o u l d   h a v e  

b e e n   u s e d .   The  use   of  c a r b o n   f i b r e s   made  t he   h a n d l i n g  

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

i e s   e x h i b i t e d   by  c a r b o n   f i b r e s .  

The  b e s t   mode  u s e d   in  t he   E x a m p l e s   s i m u l t a n e o u s -  

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

T h i s   d o e s   no t   p r e c l u d e   the   a d v a n t a g e   of  c o n s e c u t i v e  

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

i s   as  f o l l o w s .  

F i n e l y   g r o u n d   g r a p h i t e ,   s o - c a l l e d   g r a p h i t e   f l o u r ,  

was  b l e n d e d   w i t h   e l e m e n t a l   b o r o n   p o w d e r .   The  w e i g h t  

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

w e i g h t   p e r c e n t a g e   f o r   t he   c a r b o n   f i b r e s .   T h i s   m i x t u r e  

a m o u n t e d   to  a b o u t   600  g r a m s   and  was  r o l l - m i l l e d   f o r  

a b o u t   4  h o u r s   to  mix  and  g r i n d   t he   g r a p h i t e   and  b o r o n  

t h o r o u g h l y .   The  m i x t u r e   was  t h e n   c a l c i n e d   in  an  a r g o n  

a t m o s p h e r e   a t   a  t e m p e r a t u r e   of  a b o u t   2 5 0 0 ° C   f o r   a b o u t  

one  h o u r .   Any  i n e r t   a t m o s p h e r e   wou ld   have   been   s a t -  

i s f a c t o r y .  

The  b o r o n a t e d   g r a p h t e   f l o u r   was  b l e n d e d   w i t h  

CaNCN  p o w d e r   h a v i n g   p a r t i c l e s   l e s s   t h a n   a b o u t   44 

m i c r o n s   to  form  a  t r e a t m e n t   m i x t u r e .   The  a m o u n t   o f  



CaNCN  i s   d e t e r m i n e d   by  the   a m o u n t   of  c a l c i u m   to  b e  

i n t e r c a l a t e d .  

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

as  c o m p a r e d   to  t h e   a m o u n t   of  t h e   t r e a t m e n t   m i x t u r e  

u s e d   i s   v e r y   s m a l l .   As  a  r e s u l t ,   t he   w e i g h t   p e r c e n t a g e  

of  t h e   b o r o n   in  t h e   t r e a t m e n t   m i x t u r e   i s   a b o u t   t h e  

same  f o r   t h e   c o m b i n a t i o n   of  t h e   c a r b o n   f i b r e s   and  t h e  

t r e a t m e n t   m i x t u r e .   T h i s   s i m p l i f i e s   t h e   s e l e c t i o n   o f  

a  p r e d e t e r m i n e d   w e i g h t   p e r c e n t a g e   of  b o r o n a t i n g   f o r  

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

The  a m o u n t   of  c a l c i u m   i n t e r c a l a t i o n   mus t   b e  

d e t e r m i n e d   e x p e r i m e n t a l l y   by  v a r y i n g   t h e - a m o u n t   o f  

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

I t   s h o u l d   be  r e c o g n i z e d   t h a t   t h e   v a p o u r   p r e s s u r e  
of   t h e   b o r o n   i s   much  l o w e r   t h a n   t h e . c a l c i u m .   T h e  

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

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

d i f f u s i o n .  

For   e a c h   E x a m p l e ,   s i x   c a r b o n   f i b r e s   w e r e   u s e d  

and  e a c h   f i b r e   had  a  l e n g t h   of  a b o u t   1-0  cm.  Each  o f  

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

c o n t a i n e r   u s i n g   a  g r a p h i t e   f o r m .   The  g r a p h i t e   f o r m  

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

w h i l e   t h e   t r e a t m e n t   m i x t u r e   was  a d d e d   to  t he   g r a p h i t e  

c o n t a i n e r .   The  t r e a t m e n t   m i x t u r e   was  v i b r a t e d   a r o u n d  

e a c h   c a r b o n   f i b r e   to  o b t a i n   a  u n i f o r m   a n d  p a c k e d  

a r r a n g e m e n t .  

The  s i x   g r a p h i t e   c o n t a i n e r s   were   p l a c e d   in  a  

g r a p h i t e   s u s c e p t o r   and  h e a t e d   i n d u c t i v e l y   to  a  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   f o r   a b o u t   15  m i n u t e s .   T h e  

f u r n a c e   c h a m b e r   was  e v a c u a t e d   to  a b o u t   5  x  10 -5  T o r r  

p r i o r   to  t h e   h e a t   t r e a t m e n t   and  t h e n   p u r g e d   w i t h   a r g o n  

d u r i n g   t he   h e a t i n g   c y c l e .   An  i n e r t   gas   o t h e r   t h a n  

a r g o n   c o u l d   be  u s e d .  



The  p r o c e s s   c o u l d   be  c a r r i e d   ou t   u s i n g   B C 1 3 ,  
b o r a n e s   or  w a t e r - s o l u b l e   s a l t s   s u c h   as  H3B03.   I n  

a d d i t i o n , C a C 1 2   c o u l d   have   been   u s e d .   Of  c o u r s e ,   a  

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

c a l c i u m   c o u l d   be  r e a l i z e d   e a s i l y   e x p e r i m e n t a l l y   i n  

a c c o r d a n c e   w i t h   t h e   c r i t e r i a   s e t   f o r t h   h e r e i n .  

E x a m p l e s   1  to  1 8 :  

E x a m p l e s   1  to  18  we re   c a r r i e d   ou t   to  o b t a i n  

a b o u t   0.5%  by  w e i g h t   of  b o r o n   in  t he   c a r b o n   f i b r e s  

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

maximum  t e m p e r a t u r e   f o r   t h e   h e a t   t r e a t m e n t   was  2 0 5 0 ° C .  

T a b l e   1  shows   t he   r e s u l t s   of  E x a m p l e s   1  to  1 8 .  

The  a m o u n t   of  t h e   i n t e r c a l a t e d   c a l c i u m   v a r i e d   f r o m  

a b o u t   0.5%  to  a b o u t   3.6%  by  w e i g h t .   The  Y o u n g ' s  

m o d u l u s   f o r   e a c h   of  t h e   c a r b o n   f i b r e s   was  e x t r e m e l y  

h i g h   and  t he   t e n s i l e   s t r e n g t h   was  a l s o   v e r y   g o o d .  

The  r e s i s t i v i t y   showed   a  min imum  of  a b o u t   1 .8  m i c r o o h m -  

m e t r e s   f o r   a b o u t   1%  by  w e i g h t   c a l c i u m   t h e   i n t e r l a y e r  

s p a c i n g ,   Co/2  was  a b o u t   a  maximum  f o r   t h a t   v a l u e .  





Examples  19  to  40 

E x a m p l e s   19  to  40  were   c a r r i e d   ou t   to  o b t a i n  

a b o u t   1.0%  by  w e i g h t   of  b o r o n   in  t he   c a r b o n   f i b r e s   a n d  

v a r y i n g   a m o u n t s   of  i n t e r c a l a t e d   c a l c i u m .   The  m a x i m u m  

t e m p e r a t u r e   f o r   t h e   h e a t   t r e a t m e n t   was  2 0 5 0 ° C .  

T a b l e   2  shows   the   r e s u l t s   of  E x a m p l e s   19  to  4 0 .  

By  i n t e r p o l a t i o n ,   i t   can  be  s e e n   t h a t   as  in  E x a m p l e s  
1  to  18,  a  c a l c i u m   to  b o r o n   w e i g h t   r a t i o   of  2:1  r e s u l t s  

in  t he   l o w e s t   r e s i s t i v i t y ,   a b o u t   1.1  m i c r o o h m - m e t r e s ,  

and  a  l a r g e   v a l u e   f o r   t he   i n t e r l a y e r   s p a c i n g .  





E x a m p l e s   41  to  5 8 :  

E x a m p l e s   41  to  58  were   c a r r i e d   ou t   to  o b t a i n  

a b o u t   2.0%  by  w e i g h t   of  b o r o n   in  t he   c a r b o n   f i b r e s   a n d  

v a r y i n g   a m o u n t s   of  i n t e r c a l a t e d   c a l c i u m .   The  m a x i m u m  

t e m p e r a t u r e   f o r   t he   h e a t   t r e a t m e n t   was  1 6 0 0 ° C . .  

T a b l e   3  shows   t he   r e s u l t s   of  E x a m p l e s   41  to  5 8 .  

The  v a l u e s   of  t he   r e s i s t i v i t y   a r e   no t   as  g o o d  

as  in  E x a m p l e s   1  to  40.  The  l o w e s t   r e s i s t i v i t y   i s  

f o r   a  c a l c i u m   to  b o r o n   w e i g h t   r a t i o   of  a b o u t   2 : 1 .  

The  v a l u e   f o r   t he   Y o u n g ' s   m o d u l u s   f o r   e a c h   c a r b o n   f i b r e  

i s   f a i r l y   h i g h .  



E x a m p l e s   59  to  7 5 :  

E x a m p l e s   59  to  75  we re   c a r r i e d   ou t   to  o b t a i n  
a b o u t   2.0%  by  w e i g h t   of  b o r o n   in  t h e   c a r b o n   f i b r e s   a s  
in  E x a m p l e s   41  to  58  e x c e p t   t h a t   t h e   maximum  t e m p e r a t u r e  
f o r   t h e   h e a t   t r e a t m e n t   was  2 0 5 0 ° C .  

T a b l e   4  shows   t he   r e s u l t s   of  E x a m p l e s   59  to   7 5 .  

E x a m p l e s   59  to  75  p r o d u c e d   much  l o w e r   v a l u e s   f o r  

r e s i s t i v i t y   t h a n   E x a m p l e s   41  to  58.  The  lowest   r e s i s t i v -  

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

to  be  a t   a  c a l c i u m   to  b o r o n   w e i g h t   r a t i o   of  a b o u t   2 : 1 .  

The  Y o u n g ' s   m o d u l u s   and  t e n s i l e   s t r e n g t h   f o r   e a c h   o f  

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



E x a m p l e s   76  to  9 3 :  

E x a m p l e s   76  to  93  we re   c a r r i e d   ou t   to  o b t a i n  

a b o u t   2.0%  by  w e i g h t   of  b o r o n   in  t he   c a r b o n   f i b r e s  

as  in  E x a m p l e s   41  to  75  e x c e p t   t h a t   t he   maximum  t e m p e r -  

a t u r e   f o r   t he   h e a t   t r e a t m e n t   was  a b o u t   2 3 0 0 ° C .  

T a b l e   5  shows   the   r e s u l t s   of  E x a m p l e s   76  to  9 3 .  

E x a m p l e s   76  to  93  c o m p a r e   w e l l   w i t h   E x a m p l e s  

59  to  7 5 .  



While  a  maximum  t e m p e r a t u r e   f o r   t h e   h e a t   t r e a t -  

men t   can  e x c e e d   2 3 0 0 ° C ,   t h e r e   i s   a  r e d u c t i o n   o f  

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

t e m p e r a t u r e   e x c e e d s   2 5 0 0 ° C .  

E x a m p l e s   94  to  1 0 9 :  

E x a m p l e s   94  to  109  we re   c a r r i e d   ou t   t o  

o b t a i n   a b o u t   5%  by  w e i g h t   of  b o r o n   in  t h e   c a r b o n   f i b r e s .  



The  maximum  t e m p e r a t u r e   f o r   t he   h e a t   t r e a t m e n t   w a s  

a b o u t   2 0 5 0 ° C .  

T a b l e   6  shows   the   r e s u l t s   of  E x a m p l e s   94  t o  

1 0 9 .  

E x a m p l e s   94  to  109  do  no t   i n c l u d e   t h e  

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

t r e n d   of  r e s i s t i v i t y   versus   c a l c i u m   c o n t e n t   shows   t h e  

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

to  b o r o n   w e i g h t   r a t i o   l e s s   t h a n   2 : 1 .   In  a d d i t i o n ,  

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

c o n t e n t   of  a b o u t   3.8%  to  8.5%  by  w e i g h t   and  w o u l d  

be  e x p e c t e d   to  be  a  maximum  at   a b o u t   10%  by  w e i g h t   i n  

a c c o r d a n c e   w i t h   t h e   i n v e n t i o n .  



1.  A  m e s o p h a s e   p i t c h   d e r i v e d  :   c a r b o n   f i b r e  

h a v i n g   a  d i a m e t e r   of   l e s s   t h a n   30  m i c r o n s  a n d   w h i c h  

has   b e e n   b o r o n a t e d   and  i n t e r c a l a t e d   w i t h   c a l c i u m .  

2.  A  c a r b o n   f i b r e   a c c o r d i n g   to  c l a i m   1 

w h e r e i n   t h e   c a l c i u m   to  b o r o n   w e i g h t   r a t i o   in  t h e  

f i b r e   i s   a b o u t ' 2 : 1 .  

3.  A  c a r b o n   f i b r e   a c c o r d i n g   to  c l a i m   1  o r  
2  w h e r e i n   s a i d   f i b r e   c o n t a i n s   a t   l e a s t   a b o u t   0 . 1 %  

by  w e i g h t   b o r o n .  

4.  A  c a r b o n   f i b r e   a c c o r d i n g   to  c l a i m   1,  2 

or  3  w h e r e i n   t h e   r e s i s t i v i t y   of  t h e   f i b r e   i s   a b o u t  

one  m i c r o o h m - m e t r e .  

5.  A  c a r b o n   f i b r e   a c c o r d i n g   to  any   o f  

c l a i m s   1  to  4  w h e r e i n   t h e   f i b r e   c o n t a i n s   up  to  a b o u t  

10%  by  w e i g h t   b o r o n   and  up  to  a b o u t   20%  by  w e i g h t  

c a l c i u m .  

6.  A  m e t h o d   of  p r o d u c i n g   a  m e s o p h a s e   p i t c h  

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

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

a  d i a m e t e r   of  l e s s   t h a n   30  m i c r o n s   and  d e r i v e d   f rom  a  

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

a b o u t   70%  by  w e i g h t   m e s o p h a s e .  

7.  A  m e t h o d   a c c o r d i n g   to  c l a i m   6  w h e r e i n  

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

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

c a r r i e d   ou t   s u b s e q u e n t   to  t h e   b o r o n a t i n g   s t e p .  

8.  A  m e t h o d   a c c o r d i n g   to  c l a i m   6  o r  7  

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

c a r r i e d   ou t   to  p r o d u c e   a  c a l c i u m   to  b o r o n   w e i g h t   r a t i o  

of  a b o u t   2:1  in   s a i d   f i b r e .  

9.  A  m e t h o d   a c c o r d i n g   to  c l a i m   8  w h e r e i n  

t h e   f i b r e   c o n t a i n s   a t   l e a s t   a b o u t   0.1%  by  w e i g h t   b o r o n .  

10.  A  m e t h o d   a c c o r d i n g   to  any  of  c l a i m s   6 

to  9  w h e r e i n   t he   b o r o n a t i n g   s t e p   i s   c a r r i e d   o u t   w i t h  



e l e m e n t a l   b o r o n ,   BCl3 ,   a  b o r a n e   or  a  w a t e r - s o l u b l e  

c o m p o u n d  o f   b o r o n .  

11.  A  m e t h o d   a c c o r d i n g   to  any  of  c l a i m s   6 

to  10,  w h e r e i n   t he   i n t e r c a l a t i n g   s t e p   i s   c a r r i e d   o u t  

u s i n g   CaNCN  or  C a C 1 2 .  
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