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©  An  improved  fluid  permeable  porous  electric  heating  element. 
A  fluid  permeable  electric  heating  element  made  by, 

forming  a  fibrous  precursor  200,  coating  the  fibres  of  the 
precursor  200  with  a  selected  material  so  as  to  form  tubular 
fibres  of  the  selected  material,  and  heating  the  coated 
precursor  200  at  a  temperature  such  as  to  modify  the 
structure  of  the  selected  material  to  provide  a  desired 
electrical  resistivity  of  the  tubular  fibres. 





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

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

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

The  i n v e n t i o n   in  a  f i r s t   a s p e c t   p r o v i d e s   a  p r o c e s s   f o r  

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

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

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

as  to  form  t u b u l a r   f i b r e s   c o m p r i s i n g   the  m a t e r i a l ,   a n d  

h e a t i n g   the   c o a t e d   p r e c u r s o r   so  as  to  m o d i f y   the  s t r u c t u r e   o f  

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

the   t u b u l a r   f i b r e s .  

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

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

t u b u l a r   f i b r e s ,   and  m i g h t   have  an  e l e c t r i c a l   r e s i s t i v i t y  

e i t h e r   g r e a t e r   t h a n   or  no t   e x c e e d i n g   t h a t   of  the   t u b u l a r  

f i b r e s .  

In  a  s e c o n d   a s p e c t ,   the   i n v e n t i o n   i n c l u d e s   a  f l u i d  

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

p r o c e s s   of  the   f i r s t   a s p e c t   of  the   i n v e n t i o n ,   and  m i g h t  

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

m a t e r i a l   f o r   e x a m p l e ,   s i l i c o n ,   s i l i c o n   c a r b i d e ,   or  s i l i c o n  

n i t r i d e ,   or  s i l i c o n   and  c a r b o n   t o g e t h e r   w i t h   s i l i c o n   c a r b i d e ,  

or  s i l i c o n   t o g e t h e r   w i t h   s i l i c o n   c a r b i d e ,   or  s i l i c o n   t o g e t h e r  
w i t h   s i l i c o n   n i t r i d e .  

D e s i r a b l y ,   the   c o a t i n g   is  p r o d u c e d   by  t h a d e c o m p o s i t i o n  

of  a  c o a t i n g   g a s ,   and  the  c o a t i n g   gas  m i g h t   i n c l u d e   a  d o p a n t  

f o r   m o d i f y i n g   the   e l e c t r i c a l   r e s i s t i v i t y   of  the  c o a t i n g .  

The  h e a t i n g   e l e m e n t   of  the  s e c o n d   a s p e c t   of  t h e  



i n v e n t i o n   may  be  used   f o r   e x a m p l e   in  a  h e a t   t r a n s f e r   s y s t e m  

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

e l e m e n t   of  the   i n v e n t i o n   e x t e n d i n g   in  a  p a r t   of  the   c i r c u i t ,  

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

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

The  h e a t   t r a n s f e r   s u r f a c e   p o r t i o n   may  c o m p r i s e   a  p o r t i o n   of  a  

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

m a t e r i a l ,   a  m e t a l ,   p a p e r ,   a  t e x t i l e ,   or  a  c h e m i c a l  

s u b s t a n c e .  

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

d e s c r i b e d   in  B r i t i s h   P a t e n t   S p e c i f i c a t i o n   Nos  1466240   ( U n i t e d  

S t a t e s   P a t e n t   No  3 9 4 3 3 3 0 ) ,   1 5 0 3 6 4 4 ,   and  1 6 0 0 2 5 3   ( U n i t e d  

S t a t e s   P a t e n t   No  4 2 5 7 1 5 7 ) ,   t h e s e   S p e c i f i c a t i o n s   and  P a t e n t s  

b e i n g   i n c o r p o r a t e d   by  r e f e r e n c e   h e r e i n .  

I t   is   f r e q u e n t l y   n e c e s s a r y   to  h e a t   a  f l u i d ,   e i t h e r   a  g a s  

or   a  l i q u i d ,   e l e c t r i c a l l y   and  to  u t i l i s e   a  c l o s e d   loop   f l u i d  

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

p l a n t   in  a  h e a t   e x c h a n g e   s y s t e m .   A  p a r t i c u l a r   e x a m p l e   is  t h e  

use   of  a  h e a t e d   l i q u i d   ( e . g .  o i l   or  w a t e r )   f o r   the   p u r p o s e   o f  

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

c a l e n d e r s   used   in  t he   p l a s t i c s   i n d u s t r y .   In  e x i s t i n g   d e s i g n s  

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

of  t h e   m e t a l   s h e a t h e d   t y p e   have   been   u s e d ,   the   h e a t   g e n e r a t e d  

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

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

the   e l e m e n t .   T h e r e   is  a  l i m i t   to  the   h e a t   t r a n s f e r  

c o e f f i c i e n t   wh ich   can  be  used   w i t h   t h i s   t y p e   of  e l e m e n t   i f  

o i l   b r e a k d o w n   or  e l e m e n t   b u r n o u t   is  to  be  a v o i d e d ,   e . g .   1 - 2 0  

w a t t s   cm2  of  the   e l e m e n t   s u r f a c e   a r e a .   T h i s   f a c t o r   e x e r t s  

a  c o n s e q u e n t   e f f e c t   on  the   m e t a l   s h e a t h   s i z e ,   and  the  s i z e  

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

r a t i n g s .  

F u r t h e r m o r e ,   the   r e s p o n s e   of  such  u n i t s   to  a  r e q u i r e m e n t  

f o r   a  c h a n g e   in  the   r a t e   of  h e a t   t r a n s f e r   to  t he   f l u i d   i s  



c o m p a r a t i v e l y   s low  due  t o  t h e   a p p r e c i a b l e   h e a t   c a p a c i t y   o f  

the   h e a t i n g   e l e m e n t   i t s e l f ,   to  the  need  to  l i m i t   the   e l e m e n t  

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

and  to  the   need  to  a v o i d   h i g h   s u r f a c e   t e m p e r a t u r e s   of  t h e  

e l e m e n t   s h e a t h .   Th i s   s low  r e s p o n s e   can  have   a  c o n t r o l l i n g  
i n f l u e n c e   on  p r o d u c t i o n   c y c l e   t i m e s   when  such   t e m p e r a t u r e  
c o n t r o l   u n i t s   a re   used   to  h e a t   m o u l d s   and  d i e s   in  a  

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

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

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

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

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

Power   d e n s i t i t i e s   e x c e e d i n g   1  kW/cm3  of  h e a t i n g   e l e m e n t  

m a t e r i a l   can  t hen   be  a t t a i n e d ,   and  t h i s   l e a d s   no t   o n l y   to  a  
r e d u c t i o n   in  s i z e   and  w e i g h t   of  a  h e a t i n g   u n i t   f o r   a  g i v e n  

d u t y   b u t   a l s o   a  d e c r e a s e   in  the   r e s p o n s e   t i m e   such   t h a t   t h e  

s y s t e m   can  r e a c t   v i r t u a l l y   i n s t a n t a n e o u s l y   to  a  demand  fo r   a  

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

the   c i r c u l a t i n g   f l u i d .  

A  s u i t a b l e   p e r m e a b l e   h e a t i n g   e l e m e n t   m i g h t   c o m p r i s e  

s i l i c o n ,   s i l i c o n   c a r b i d e ,   or  a  m i x t u r e   of  s i l i c o n   and  s i l i c o n  

c a r b i d e ,   or  s i l i c o n ,   c a r b o n   and  s i l i c o n   c a r b i d e ,   of  a  v o i d a g e  

of  50-98%  and  a  b u l k   d e n s i t y   of  5 0 - 7 5 0   k g / m 3 .   T h e  

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

or  t u b u l a r   f i b r e s   of  a  d i a m e t e r . i n   the   r a n g e   5 -300   m i c r o n s  

and  w a l l   t h i c k n e s s e s   in  the   r a n g e   1 -30   m i c r o n s ,   a  p r e f e r r e d  

r a n g e   b e i n g   4-20  m i c r o n s ,   and  the   s p a c e   b e t w e e n   the   f i b r e s  

p r o v i d i n g   the  v o i d a g e .   A  t h e r m a l   b a r r i e r / d i s p e n s e r   may  b e  

used   in  c o n j u n c t i o n   w i t h   the  h e a t i n g   e l e m e n t   to  p r o d u c e   a  

u n i f o r m   f l u i d   f low  (See  U.K.  P a t e n t   No  1  466  2 4 0 ) ,   e s p e c i a l l y  

where   t h e r e   is  a  h y d r o s t a t i c   p r e s s u r e   head  v a r i a t i o n   ove r   t h e  

h e a t i n g   e l e m e n t   e n t r y   s u r f a c e .  

I t   may  be  d e s i r a b l e   to  m a i n t a i n   a  h e a t   g e n e r a t i o n   r a t e  



and  a  f l u i d   f l o w   r a t e   t h r o u g h   the   v o i d a g e   in  the   h e a t i n g  

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

h e a t i n g   e l e m e n t   to  n o t   more  t h a n   a b o u t   50°C,   bu t   t h i s   is  n o t  

e s s e n t i a l   and  t e m p e r a t u r e   r i s e s   of  2 - 3 0 0 ° C   or  more  a r e  

p o s s i b l e   w i t h   a  h e a t i n g   e l e m e n t   w a l l   t h i c k n e s s   of  2 -15   mm  f o r  

an  a n n u l a r   h e a t i n g   e l e m e n t .   The  h e a t i n g   e l e m e n t   may  have   a  

p r e d e t e r m i n e d   e l e c t r i c a l   r e s i s t i v i t y   at   a  p a r t i c u l a r  

t e m p e r a t u r e ,   and  a  p a r t i c u l a r   t e m p e r a t u r e   c o e f f i c i e n t   o f  

r e s i s t a n c e ,   and  may  be  s u i t a b l e   f o r   m a i n s   v o l t a g e   o p e r a t i o n  

w i t h o u t   t he   need   f o r   a  t r a n s f o r m e r .  

The  s y s t e m   c o m p o n e n t s   i n c l u d e   a  c i r c u l a t i n g   pump,  a  

h e a t i n g   e l e m e n t   a s s e m b l y ,   v a l v e s   and  p i p e w o r k   w i th   the   o i l  

p a s s i n g   in  s e r i e s   t h r o u g h   the   e l e m e n t   and  the   m o u l d ,   d i e ,  

e x t r u d e r ,   or  c a l e n d e r   to  be  h e a t e d   t o g e t h e r   w i t h   a  c o n t r o l  

s y s t e m .  ' S u c h   u n i t s   have   been   d e v i s e d   and  o p e r a t e d   a t   h e a t i n g  

e l e m e n t   p o w e r   r a t i n g s   in  the  r a n g e   1  -   30  kW  f o r   t h e  

a f o r e m e n t i o n e d   h e a t i n g   e l e m e n t   g e o m e t r y   and  w i t h   a  r e s p o n s e  
t ime   of  a  few  s e c o n d s .   Very  c o m p a c t   u n i t s   can  be  d e s i g n e d  

and  f o r   t he   h i g h   power   u n i t s ,   t he   s m a l l   s i z e   wh ich   i s  

a t t a i n a b l e   by  the   use  of  a  h i g h   h e a t i n g   e l e m e n t   p o w e r  d e n s i t y  

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

w i t h   c o n v e n t i o n a l   h e a t   t r a n s f e r   s y s t e m s .  

The  i n v e n t i o n   w i l l   now  be  f u r t h e r   d e s c r i b e d   by  way  o f  

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

w h i c h : -  

F i g u r e   1  shows  a  s c h e m a t i c   r e p r e s e n t a t i o n   of  a  h e a t  

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

F i g u r e   2  shows  to  an  e n l a r g e d   s c a l e   a  p e r s p e c t i v e  

r e p r e s e n t a t i o n   of  the   mould  usec4.  in  the   s y s t e m  

of  F i g u r e   1 ;  

F i g u r e   3  shows  in  m e d i a l   s e c t i o n   and  to  an  e n l a r g e d  

s c a l e ,   a  s i d e   v iew  of  an  e l e c t r i c   h e a t i n g   u n i t  



f o r   use  in  the   s y s t e m   of  the  i n v e n t i o n ;  

F i g u r e   4  shows  in  m e d i a l   s e c t i o n   and  to  an  e n l a r g e d  

s c a l e ,   a  s i d e   view  of  an  a l t e r n a t i v e   e l e c t r i c  

h e a t i n g   u n i t ;  

F i g u r e   4a  shows  a  f r a g m e n t a r y   s e c t i o n a l   v iew  on  the   l i n e  

I V a - I V a   of  F i g u r e   4 ;  

F i g u r e   5  shows  g r a p h i c a l   r e p r e s e n t a t i o n s   of  t e m p e r a t u r e  

a g a i n s t   t ime  fo r   the   u n i t   of  F i g u r e   4;  a n d  

F i g u r e   6  shows  a  d i a g r a m m a t i c   r e p r e s e n t a t i o n   of  a  
p l a s m a   a c t i v a t e d   v a p o u r   d e p o s i t i o n   a p p a r a t u s .  

R e f e r r i n g   now  to  F i g u r e   1,  the   h e a t   t r a n s f e r   s y s t e m  

e s s e n t i a l l y   c o m p r i s e s   a  mould  10  ( e . g .   an  i n j e c t i o n   m o u l d )  

c o n n e c t e d   by  p i p i n g   11  to  a  c o o l i n g   u n i t   13  and  to  a  

p e r m e a b l e   e l e m e n t   e l e c t r i c   h e a t i n g   u n i t   14.  A  h e a t   t r a n s f e r  

o i l   in  t he   p i p i n g   11,  s u c h  a s   B r i t i s h   P e t r o l e u m   (BP)  T r a n s c a l  

N , i s   a r r a n g e d   to  be  c i r c u l a t e d   a r o u n d   the   s y s t e m   by  a  pump 

15.  An  i n l e t   t h e r m o c o u p l e   20  and  an  o u t l e t   t h e r m o c o u p l e   21  

a re   l o c a t e d   a b o u t   the   mould  10  to  s e n s e   the   t e m p e r a t u r e   o f  

the   o i l   in  t he   p i p i n g   11,  and  a  mould  t e m p e r a t u r e   c o n t r o l l e r  

23  s e n s e s   t he   t e m p e r a t u r e   of  the   mou ld   10  and  c o n t r o l s   t h e  

o p e r a t i o n   of  the   c o o l i n g   u n i t   13  and  the   h e a t i n g   u n i t   14  t o  

' m a i n t a i n   the   mould   10  at  a  d e s i r e d   t e m p e r a t u r e .   A  b y - p a s s  

l imb  25  h a v i n g   a  r e l i e f   v a l v e   26  i s   c o n n e c t e d   to  the   p i p i n g  

11  in  p a r a l l e l   w i t h   the  mould   1 0 .  

The  mould  10  as  shown  in  g r e a t e r   d e t a i l   in  F i g u r e   2  t o  
wh ich   r e f e r e n c e   is  made,   is  in  two  h a l f - p o r t i o n s   10a  and  1 0 b  

r e s p e c t i v e l y   and  has  o i l   d u c t s   18  in  s e r i e s   w i th   the  p i p i n g  

11  f o r   the  c i r c u l a t i o n   of  the   o i l   t h r o u g h   the  mould   10,  a n d  

a  c o n n e c t i n g   p i p e   l l a   which   may  be  f l e x i b l e   to  f a c i l i t a t e  

s e p a r a t i o n   and  c l o s u r e   of  the  two  h a l f - p o r t i o n s   10a,   l O b ,  

fo r   c o n n e c t i n g   the   o i l   d u c t s   18  b e t w e e n   t h e  



h a l f - p o r t i o n s   1 0 a ,   l O b ,  

R e f e r r i n g   now  to  F i g u r e   3,  t he   p e r m e a b l e   e l e m e n t  

e l e c t r i c   h e a t i n g   u n i t   14  is  g e n e r a l l y   of  c i r c u l a r   form  i n  

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

h e a t i n g   e l e m e n t   30  of   h o l l o w   c y l i n d r i c a l   f o rm ,   f o r   e x a m p l e  

120  mm  l o n g ,   and  h a v i n g   g o l d   p l a t e d   c o p p e r   e l e c t r o d e s   31  a n d  

32  a t   the   u p p e r   and  a t   t he   l o w e r   ends   of  the   h e a t i n g   e l e m e n t  

30  r e s p e c t i v e l y .   T h e  l o w e r   e l e c t r o d e   32  i s   j o i n e d   to  a  b r a s s  

end  cap   34  t h a t   is  j o i n e d   to  a  s t e e l   t u b e   33  b r a z e d   to  a  

c o p p e r   rod  35  w h i c h   is  c o n n e c t e d   by  a  c l a m p - t y p e   t e r m i n a l   36  

to  an  e l e c t r i c   s u p p l y   ( n o t   s h o w n ) .   Two  m e t a l   c o o l i n g   d i s c s  

38  a r e   d i s p o s e d   a b o u t   the   rod  35  and  a r e   h e l d   by  a  " S t a r l o c k "  

r e t a i n i n g   w a s h e r   40  l o c a t e d   above   the   u p p e r m o s t   c o o l i n g   d i s c  

38,  t h r e e   S c h n o r r   w a s h e r s   41  b e t w e e n   the   c o o l i n g   d i s c s   38  

m a i n t a i n i n g   a  c o m p r e s s i v e   f o r c e   on  a  pad  42  wh ich   is  a r r a n g e d  

to  b e a r   on  a  s h o u l d e r e d   c o l l a r   43  of   an  e l e c t r i c a l   i n s u l a t i n g  

m a t e r i a l .   A  s h o u l d e r e d   i n s e r t   45  of  an  e l e c t r i c a l   i n s u l a t i n g  

m a t e r i a l   such   as  p o l y a m i d e   T u f n o l   l o c a t e s   in  a  r e c e s s   46  in   a  

h o u s i n g   37  and  s u p p o r t s   an  'O'  r i n g   s e a l   48  d i s p o s e d   a r o u n d  

the   rod  35,  a  f l a t   a n n u l a r   u p p e r   s p a c e r   49  of  the   s a m e  
m a t e r i a l   as  t h a t   of  t he   s h o u l d e r e d   i n s e r t   45  b e i n g   u r g e d  

a g a i n s t   the   'O'  r i n g   s e a l   48  by  the   s h o u l d e r e d   c o l l a r   4 3 .  

The  h o u s i n g   37  wh ich   is  j o i n e d   to  the   u p p e r   e l e c t r o d e   31  

has   an  i n n e r   c h a m b e r   52  c o n n e c t e d   to  t he   p i p i n g   11  and  i n l e t  

p o r t s   53  ( o n l y   two  a re   shown)   c o n n e c t i n g   the   i n n e r   c h a m b e r   52 

to  a  s p a c e   54  b e t w e e n   the   i n s i d e   s u r f a c e   of  the   h e a t i n g  

e l e m e n t   30  and  the   o u t s i d e   s u r f a c e   of  the   t u b e   33,  the   t u b e  

33  h a v i n g   an  u p p e r - p o r t   55  and  a  l o w e r   p o r t   56  c o n n e c t i n g   t h e  

b o r e   of  t he   t u b e   33  w i t h   the   s p a c e   54  and  a c t s   as  a  t h e r m a l  

d i s p e n s e r .  

The  h o u s i n g   37  has  a  t u b e   p o r t i o n   58  w i t h   an  e x t e r n a l  

f l a n g e   59  w h i c h   is  c l a m p e d   to  an  e x t e r n a l   f l a n g e   62  of  a  

t u b u l a r   i n n e r   c a s i n g   63  in  which   the   h e a t i n g   e l e m e n t   30  i s  

d i s p o s e d ,   an  'O'  r i n g   s e a l   65  b e i n g   p r o v i d e d   in  an  a n n u l a r  



r e c e s s   66  and  an  e a r t h   t e r m i n a l   60  a t t a c h e d   to  t h e  

f l a n g e   6 2 .  

A  t h e r m a l   i n s u l a n t   such  as  Kaowool   is  a r r a n g e d   as  a  

l a g g i n g   70  b e t w e e n   the   i n n e r   c a s i n g   63  and  an  o u t e r   c a s i n g  

71,  the   p i p i n g   11  e x t e n d i n g   t h r o u g h   the   l o w e r   p o r t i o n   of  t h e  

o u t e r   c a s i n g   71  and  the   l a g g i n g   70  to  the   l o w e r   end  of  t h e  

i n n e r   c a s i n g   63,  and  an  a i r   b l e e d   p i p e   73  e x t e n d i n g   t h r o u g h  

the   u p p e r   p o r t i o n   of  the   o u t e r   c a s i n g   71  and  the  l a g g i n g   70 

to  the   i n n e r   c a s i n g   6 3 .  

In  use  of  the   mould  10  f o r   the  f o r m i n g   of  p l a s t i c s  
a r t i c l e s   ( n o t   s h o w n ) ,   the   mould  10  is  h e l d   at  a  d e s i r e d  

o p e r a t i n g   t e m p e r a t u r e   by  the   o i l   c i r c u l a t e d   t h r o u g h   the  m o u l d  

10  by  the   pump  15.  The  t e m p e r a t u r e   c o n t r o l l e r   23  s e n s e s   t h e  

t e m p e r a t u r e   of  the   mould  10  and  a d j u s t s   as  a p p r o p r i a t e   e i t h e r  

the   r a t e   of  f low  of  a  c o o l a n t   ( e . g .   w a t e r )  t h r o u g h   t h e  

c o o l i n g   u n i t   13  or   the   f low  of  the  c u r r e n t   to  the   p o r o u s  
e l e c t r i c   h e a t i n g   u n i t   14  so  as  to  c o n t r o l   the   t e m p e r a t u r e   o f  

the   o i l   and  t h u s   m a i n t a i n   the   mould  10  a t   the   r e q u i r e d  

o p e r a t i n g   t e m p e r a t u r e .   The  o i l   t e m p e r a t u r e   t h e r m o c o u p l e s   2 0 ,  

21  p r o v i d e   an  a d d i t i o n a l   m o n i t o r i n g   c a p a c i t y   and  can  a c t u a t e  

the   h e a t i n g   u n i t   14  a t   some  p r e d e t e r m i n e d   o i l   t e m p e r a t u r e   o r  

t e m p e r a t u r e   d i f f e r e n c e   of  the   o i l   a c r o s s   the   mould  1 0 .  

In  an  a l t e r n a t i v e   a r r a n g e m e n t ,   the   o i l   may  f low  t h r o u g h  

the   h e a t i n g   u n i t   14  in  the   r e v e r s e   d i r e c t i o n   to  t h a t   s h o w n .  

A  s h o r t e r   h e a t i n g   e l e m e n t   30  may  be  used   in  the  h e a t i n g  

u n i t   14,  to  o v e r c o m e   the  p r o b l e m   of  n o n - u n i f o r m   f low  w h i c h  

a r i s e s   w i t h   long   h e a t i n g   e l e m e n t s   30  as  a  r e s u l t   o f  

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

30,  and  to  i n c r e a s e   the   f l u i d   v e l o c i t y   t h r o u g h   the  h e a t i n g  

e l e m e n t   30  so  t h a t   a  h i g h   power  g e n e r a t i o n   d e n s i t y   may  be  

e m p l o y e d .   An  e x a m p l e   of  such  a  c o m p a c t   h e a t i n g   e l e m e n t   i s  

shown  in  F i g u r e   4  in  which   an  e l e c t r i c   h e a t i n g   u n i t   1 4 a  

i n c o r p o r a t e s   a  f l u i d   p e r m e a b l e   f i b r o u s   h e a t i n g   e l e m e n t   80  o f  



h o l l o w   c y l i n d r i c a l   form  and  t y p i c a l l y   a b o u t   45  mm  o u t s i d e  

d i a m e t e r ,   35  mm  i n s i d e   d i a m e t e r ,   and  10  mm  l o n g .   Gold  p l a t e d  

a n n u l a r   c o p p e r   e l e c t r o d e s   81  and  82  a re   d i s p o s e d   a t  

r e s p e c t i v e   ends   of  the  h e a t i n g   e l e m e n t   80,  and  e a c h  

e l e c t r o d e   81,  82  is  s u p p o r t e d   on  a  b o s s  8 3 ,   84  f rom  a  

r e s p e c t i v e   s t a i n l e s s   s t e e l   a n n u l a r   b a c k i n g   d i s c   85  or   8 6 .  

The  b a c k i n g   d i s c   85  is  s u p p o r t e d   on  a  . b o s s   87  f rom  an  a n n u l a r  

e l e c t r i c a l   i n s u l a t o r   88  of  p o l y a m i d e   TUFNOL,  and  the  b a c k i n g  

d i s c   86  is  s i m i l a r l y   s u p p o r t e d   on  a  b o s s   89  f rom  an  a n n u l a r  

i n s u l a t o r   90  of   p o l y a m i d e   TUFNOL.  Th in   g a s k e t s   ( n o t   s h o w n )  

of  a  d e f o r m a b l e   m a t e r i a l   such  as  g r a p h i t e ,   c o p p e r   o r  

a l u m i n i u m   may  be  p r o v i d e d   b e t w e e n   the   ends   of  the   e l e m e n t   80  

and  t he   e l e c t r o d e s   81  and  8 2 .  

A  s t a i n l e s s   s t e e l   d i s p e n s e r   rod  96  e x t e n d s   t h r o u g h   a n d  

s u p p o r t s   t he   i n s u l a t o r s   88,  90,  and  has  a  c i r c u l a r   f l a n g e   9 7 .  

The  i n s u l a t o r   90  i s   h e l d   a g a i n s t   one  s i d e   of  the   f l a n g e   97  b y  

t he   a c t i o n   of  a  c o m p r e s s i o n   s p r i n g   98  w h i c h   at   one  e n d  

t h e r e o f   f i t s   o v e r   a  boss   110  f rom  a  cap  99.  The  bos s   1 1 0  

l o c a t e s   a r o u n d   one  end  of  the   d i s p e n s e r   rod   96,  and  the   c a p  
99  i s   s e c u r e d   to  the   d i s p e n s e r   rod   96  by  a  s c r e w   111.   T h e  

o t h e r   end  of  t he   s p r i n g   98  b u t t s   a g a i n s t   the   i n s u l a t o r   88  t o  

p r e s s   the   i n s u l a t o r s   88,  90,   t he   e l e c t r o d e s   81,  82,  and  t h e  

i n s u l a t o r   90  t i g h t l y   t o g e t h e r .   An  a x i a l   h o l e   112  e x t e n d s   i n  

the   d i s p e n s e r   rod  96  f rom  two  a x i a l l y   s p a c e d   s e t s   of  f o u r  

( o n l y   t h r e e   a r e   shown)  e q u i - s p a c e d   r a d i a l l y   e x t e n d i n g   o u t l e t  

h o l e s   113,   114 ,   r e s p e c t i v e l y ,   t he   a x i a l   h o l e   112  e x t e n d i n g   i n  

a  d i r e c t i o n   t o w a r d s   the   o t h e r   end  of  the   d i s p e n s e r   rod  9 6 .  

The  d i s p e n s e r   rod  96  a t   the   o t h e r   s i d e   of  the   f l a n g e   97  

is  s c r e w   t h r e a d e d   a t   115,   and  l o c a t e s   i n s i d e   a  

c o r r e s p o n d i n g l y   t h r e a d e d   h o l e   116  in  a  h o l l o w   c y l i n d r i c a l  

b u s h   117  of  p o l y a m i d e   TUFNOL  to  b u t t   a g a i n s t   a  s h o u l d e r   1 1 9 ,  

and  is  h e l d   f i r m l y   in  the  t h r e a d e d   h o l e   116  by  a  s t a i n l e s s  

s t e e l   l o c k   n u t   121.  The  bush   117  is  t h r e a d e d   on  i t s   o u t s i d e  

s u r f a c e   to  l o c a t e   i n s i d e   a  c o r r e s p o n d i n g l y   t h r e a d e d   h o l e   1 2 3  

e x t e n d i n g   f rom  one  s i d e   of  a  s t a i n l e s s   s t e e l   m o u n t i n g   m e m b e r  



125  and  b u t t s   a g a i n s t   a  s h o u l d e r   126,  the   bush   117  b e i n g  

f i r m l y   h e l d   t h e r e t o   by  a  s t a i n l e s s   s t e e l   l o c k   nut   128.   A 

r e l a t i v e l y   s m a l l   d i a m e t e r   c y l i n d r i c a l   h o l e   130  at   the   a x i a l  

c e n t r e   of  the   s h o u l d e r   119  and  the   m o u n t i n g   member  125  l e a d s  

to  a  t h r e a d e d   h o l e   132  at   the   o t h e r   s i d e   of  the  m o u n t i n g  
member  125  in  w h i c h   a  c o m p r e s s i o n - t y p e   p i p e   c o u p l i n g   1 3 4  

l o c a t e s   to  c o n n e c t   the   p i p i n g   11  to  the  m o u n t i n g   member   1 2 5 .  

The  m o u n t i n g   member  125  is   i n t e g r a l   w i t h   a  c i r c u l a r   f l a n g e  

137  wh ich   is  h e l d   by  s e v e r a l   b o l t s   138  ( o n l y   two  a re   s h o w n )  

to  an  a n n u l a r   f l a n g e   140  of  a  h o l l o w   c y l i n d r i c a l   c a s i n g   1 4 2 ,  

an  a n n u l a r   s o f t   c o p p e r   g a s k e t   144  p r o v i d i n g   a  s e a l   b e t w e e n  

the  f l a n g e s   137,   140.  Two  e l e c t r o d e   a s s e m b l i e s   146,   1 4 7  

r e s p e c t i v e l y   l o c a t e   in  r e s p e c t i v e   h o l e s   148,  149  in  t h e  

f l a n g e   137,  and  a re   w e l d e d   to  the  f l a n g e   137  to  p r o v i d e   a  

p r e s s u r e   t i g h t   j o i n t .   Each  e l e c t r o d e   a s s e m b l y   146,  1 4 7  

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

r e s p e c t i v e   e l e c t r i c   s u p p l y   c a b l e s   150,   151  to  r e s p e c t i v e  

c o p p e r   b r a i d   e l e c t r i c a l   c o n n e c t i o n s   152,   153  e a c h   t e r m i n a t i n g  

at   a  r e s p e c t i v e   c o p p e r   t e r m i n a l   member  155,   156  s e c u r e d   a s  

shown  in  F i g u r e   4a  to  a  s h o u l d e r   157  of  the  r e s p e c t i v e  

e l e c t r o d e   81  or   82.  S u i t a b l e   such  e l e c t r o d e   a s s e m b l i e s   1 4 6 ,  

147  may  be  o b t a i n e d   f o r   e x a m p l e   from  VG  E l e c t r o n i c s   L i m i t e d ,  

H a s t i n g s ,   S u s s e x ,   E n g l a n d ,   or  F e r r a n t i   L i m i t e d ,   H o l l i n w o o d ,  

L a n c a s h i r e ,   E n g l a n d ,   or  F r i e d r i c h s f e l d   GmbH,  M a n n h e i m ,   W e s t  

Germany ,   ( U n i t e d   Kingdom  A g e n t s :   Bush  Beach  E n g i n e e r i n g  

L i m i t e d ,   C h e a d l e ,   C h e s h i r e ,   E n g l a n d ) .  

An  end  p l a t e   160  c l o s e s   the  c a s i n g   142,  and  has  a  

t h r e a d e d   h o l e   162  f o r   a  t h e r m o c o u p l e   c o n n e c t i o n   164,   a n  

a x i a l l y   l o c a t e d   t h r e a d e d   h o l e   166  f o r   a n o t h e r   c o m p r e s s i o n  

type   p i p e   c o u p l i n g   134  to  c o n n e c t   the   i n t e r i o r   of  the   c a s i n g  

142  w i t h   the  p i p i n g   11,  a  t h r e a d e d   h o l e   168  f o r   a  h y d r a u l i c  

p r e s s u r e   v a l v e   169,   and  a  n a r r o w   t h r e a d e d   h o l e   171  f o r   a n  

a u t o m a t i c   a i r   r e l i e f   v a l v e   172.  A  t h e r m a l   i n s u l a n t   174  ( e . g .  

Kaowool )   s u r r o u n d   the   h e a t i n g   u n i t   14a  bu t   is  shown  o n l y  

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



In  o p e r a t i o n ,   w i t h   the   h e a t i n g   u n i t   14a  in  p l a c e   of  t h e  

h e a t i n g   u n i t   14  in  the   h e a t   t r a n s f e r   s y s t e m   of  F i g u r e   1,  o i l  

f l o w s   t h r o u g h   the   p i p i n g   11  ( t y p i c a l l y   a t   1 -10   l i t r e / m i n u t e )  

and  e n t e r s   the   a x i a l   h o l e   112  in  the   d i s p e n s e r   rod  96  t o  

e m e r g e   t h r o u g h   the   o u t l e t   h o l e s   113 ,   114,   i n s i d e   the   h e a t i n g  

e l e m e n t   80.  A f t e r   f l o w i n g   t h r o u g h   the   h e a t i n g   e l e m e n t   8 0 ,  

the   o i l   i s s u e s   i n t o   the   c a s i n g   142,   and  l e a v e s   t h r o u g h   t h e  

p i p e   c o u p l i n g   134  to  r e - e n t e r   the   p i p i n g   11  and  c i r c u l a t e  

t h r o u g h   t he   mould   10.  With   the   c a b l e s   150,   151  c o n n e c t e d   t o  

a  240  v o l t s   a l t e r n a t i n g   c u r r e n t   e l e c t r i c   s u p p l y   ( n o t   shown)  a  

p o w e r   o u t p u t   is  p r o v i d e d   f rom  t he   h e a t i n g   e l e m e n t   80  to  h e a t  

the   o i l   to  a  d e s i r e d   t e m p e r a t u r e   ( e . g .   2 0 0 - 3 0 0 ° C ) .   T h e  

t e m p e r a t u r e   c o n t r o l l e r   23  s e n s e s   t he   t e m p e r a t u r e   of  the   m o u l d  

10  and  s w i t c h e s   the   e l e c t r i c   s u p p l y   to  the   h e a t i n g   e l e m e n t   80 

o f f   and  on  as  d e s i r e d   to  c o n t r o l   t he   t e m p e r a t u r e   of  the   o i l  

f l o w i n g   t h r o u g h   the   h e a t i n g   u n i t   14a  and  t h u s   to  m a i n t a i n   t h e  

mould   10  a t   t he   r e q u i r e d   o p e r a t i n g   t e m p e r a t u r e .   B e c a u s e   o f  

t he   r a p i d   s p e e d   of  r e s p o n s e   of  the   h e a t i n g   e l e m e n t   80  w h e n  

t he   e l e c t r i c   s u p p l y   is  s w i t c h e d   on,   c l o s e   c o n t r o l   of  t h e  

t e m p e r a t u r e   of  the   mould  10  is   o b t a i n e d ,   and  an  e x a m p l e   o f  

t h i s   is  shown  g r a p h i c a l l y   in  F i g u r e   5  wh ich   i l l u s t r a t e s   f o r   a  

h e a t i n g   e l e m e n t   80  c o n t a i n i n g   s i l i c o n   c a r b i d e   r a t e d   a t   3 .4   kW" 

a t   2 3 1 . 5 ° C   a  p l o t   of  t e m p e r a t u r e   v  t i m e   f o r  

(1)  o i l   i n t o   the  mould  10  

(2)  o i l   l e a v i n g   the   mould   1 0  

(3)  t e m p e r a t u r e   of  the   mould  1 0  

The  m a g n i t u d e   of  t he   h e a t i n g   u n i t   14  power   o u t p u t  

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

e l e c t r i c a l   r e s i s t a n c e   of  the   h e a t i n g   e l e m e n t   80  and  t h e  

number   of  such   e l e m e n t s   80,  and  is  t y p i c a l l y   in  the  r a n g e  
1 - 5 0   kW  p e r   e l e m e n t .  

The  s u c c e s s i o n   of  s h o r t   v e r t i c a l   l i n e s   r e l a t i n g   to  t h e  

t e m p e r a t u r e   of  the   o i l   e n t e r i n g   the   mould   10  when  a  s t e a d y  

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



of  the  h e a t i n g   e l e m e n t   80  as  the   e l e c t r i c   s u p p l y   t h e r e t o   i s  

r e p e t i t i v e l y   s w i t c h e d   on  and  o f f   to  m a i n t a i n   the  mould   10  a t  

the   r e q u i r e d   o p e r a t i n g   t e m p e r a t u r e ,   wh ich   in  the  c a s e  
i l l u s t r a t e d   in  F i g u r e   5  is   2 2 5 ° C .  

If  d e s i r e d   the   o i l   may  be  a r r a n g e d   to  f l o w   t h r o u g h   t h e  

h e a t i n g   u n i t   14a  in  the  r e v e r s e   d i r e c t i o n   to  t h a t   s h o w n .  

The  p o r o u s   e l e c t r i c   h e a t i n g   e l e m e n t   may  be  made  f rom  a  

p r e c u r s o r   in  the   form  of  a  p e r m e a b l e   f i b r o u s   c a r b o n   e l e c t r i c  

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

d e s c r i b e d   in  the   a f o r e m e n t i o n e d   p a t e n t   S p e c i f i c a t i o n s ,   a n d  

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

a s s i s t e d   d e p o s i t i o n   p r o c e s s   ( h e r e i n a f t e r   r e f e r r e d   to  a s  

PAVD).  The  e l e c t r i c a l   p r o p e r t i e s   of  t h i s   d e p o s i t e d   m a t e r i a l ,  
wh ich   may  be  m o d i f i e d   a f t e r   d e p o s i t i o n   by  a p p r o p r i a t e   h e a t  

t r e a t m e n t s   may  l a r g e l y   d e t e r m i n e   the   e l e c t r i c a l   o p e r a t i n g  

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

p e r m e a b l e   f i b r o u s   c a r b o n   p r e c u r s o r   on  wh ich   the   m a t e r i a l   i s  

d e p o s i t e d   by  t he   PAVD  p r o c e s s   may  be  r e t a i n e d ,   or  may  b e  

r e m o v e d   f rom  b e n e a t h   the  d e p o s i t e d   m a t e r i a l   by  means  of  a n  
o x i d a t i o n   p r o c e s s .  

In  the   PAVD  p r o c e s s   a  p l a s m a   is  u sed   as  a  medium  f o r  

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

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

e l e c t r i c a l l y - i n d u c e d   p l a s m a .   An  e x a m p l e   of  the  p l a s m a  

a s s i s t e d   d e p o s i t i o n   p r o c e s s   is  d e s c r i b e d   in  B r i t i s h   P a t e n t  

S p e c i f i c a t i o n   No  2056829A,   and  r e l a t e d   t e c h n i q u e s   a r e  

d i s c l o s e d   in  the   p a p e r   " C o d e p o s i t i o n   of  G l a s s y   S i l i c a   a n d  

G e r m a n i a   i n s i d e   a  Tube  by  P l a s m a   A c t i v a t e d   CVD"  by  D.  K u p p e r s  

e t   a l ,   J o u r n a l   of  the   E l e c t r o c h e m i c a l   S o c i e t y  V o l   123  No  7 

p a g e s   1 0 7 9 - 1 0 8 2   J u l y   1 9 7 6 .  



One  fo rm  of  a p p a r a t u s   f o r   p e r f o r m i n g   the  PAVD  c o a t i n g  

p r o c e s s   is   shown  in  F i g u r e   6  to  w h i c h   r e f e r e n c e   is  now  m a d e .  

In  F i g u r e   6  a  f i b r o u s   c a r b o n   p e r m e a b l e   h e a t i n g   e l e m e n t   200  i s  

s u p p o r t e d   h o r i z o n t a l l y   by  an  a l u m i n a   t u b e   201  i n s i d e   t h e  

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

202  h a v i n g   e n l a r g e d   e n d s   204,   205,   the   a l u m i n a   t u b e   2 0 1  

e x t e n d i n g   a x i a l l y   i n s i d e   t he   s i l i c a   t ube   202  f rom  an  end  c a p  
203  w h i c h   c l o s e s   the   e n l a r g e d   end  204.  An  o u t l e t   p i p e   2 0 6  

f rom  the   e n l a r g e d   end  204  i s   c o n n e c t e d   t h r o u g h   a  v a c u u m - t y p e  
v a l v e   208  to  a  vacuum  pump  209.  The  o t h e r   e n l a r g e d   end  2 0 5  

is  c l o s e d   by  an  i n l e t   end  cap  210  w h i c h   has  a  f e e d   p i p e   2 1 2  

to  a  m e r c u r y   p r e s s u r e   g a u g e   214,   and  an  i n l e t   216  c o n n e c t e d  

to  a  m a n i f o l d   218  fed   by  gas  s u p p l y   l i n e s   220,   222,  and  2 2 4  

e a c h   c o n t r o l l e d   by  a  r e s p e c t i v e   v a l v e   221,  223,  and  225.  A 

s i l i c a   v e s s e l   226  of   a n n u l a r   fo rm  is  m o v a b l e   a l o n g   the   o u t -  

s i d e   of  the   t u b e   202  and  is  shown  s u r r o u n d i n g   the  c e n t r a l  

r e g i o n   of  t he   t u b e   202.  The  v e s s e l   226  s u p p o r t s   a n  

e l e c t r i c a l l y   i s o l a t e d   s u s c e p t o r   228  ( e . g .   g r a p h i t e ) ,   and  i s  

e v a c u a t e d   down  to  a b o u t   1  to  10  T o r r   t h r o u g h   a  vacuum  v a l v e  

230  by  a  vacuum  pump  232.  The  v e s s e l   226  is  i t s e l f  

s u r r o u n d e d   by  a  h e l i c a l   w a t e r - c o o l e d   c o p p e r   c o i l   236  h a v i n g  

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

s u p p l y   238  f o r   w o r k i n g   in  t he   f r e q u e n c y   r a n g e   of  1 0 4 - 1 0 8  

H e r t z .   E a r t h   c o n n e c t i o n s   240,   241,   242  a re   made  to  t h e  

h e a t i n g   e l e m e n t   200,   t he   end  cap  203,   and  the   e n l a r g e d   e n d  

204  r e s p e c t i v e l y .   The  h i g h   f r e q u e n c y   g e n e r a t o r   238  i s  

s i m i l a r l y   e a r t h e d   by  a  c o n n e c t i o n   246.  I t   may  in  s o m e  

i n s t a n c e s   be  a d v a n t a g e o u s   to  b i a s   t he   c o n n e c t i o n   2 4 0  

p o s i t i v e l y   or  n e g a t i v e l y   to  e a r t h   and  to  c o n n e c t   the   e l e m e n t  

200  to  t he   c o n n e c t i o n   240  by  a  m e t a l l i c   c o n d u c t o r   s t r i p   ( n o t  

s h o w n ) .  

In  o p e r a t i o n ,   the   t ube   202  i s   e v a c u a t e d   down  to  a b o u t  

1 - 1 0 - 2   T o r r   by  the   vacuum  pump  209,   and  t h e n  f i l l e d   w i t h  

a r g o n   t h r o u g h   the   gas  s u p p l y   l i n e   220  to  a  vacuum  p r e s s u r e  
i n s i d e   the   t u b e   202  of  b e t w e e n   I O - 2 - 1 0 0   T o r r .   The  h i g h  

f r e q u e n c y   power   s u p p l y   238  i s   e n e r g i s e d   t y p i c a l l y   at  an  a n o d e  



v o l t a g e   of  1-4  kV  and  4  x  105  H e r t z ,   and  a  p l a s m a   i s  

c r e a t e d   a b o u t   the   c a r b o n   p r e c u r s o r   200  w h i l s t   the   s u s c e p t o r  

228  is   h e a t e d   by  e l e c t r i c a l   i n d u c t i o n   and  h e a t s   the   c a r b o n  

p r e c u r s o r   200.   A f t e r   a b o u t   15  to  30  m i n u t e s   when  the   c a r b o n  

p r e c u r s o r   200  has   r e a c h e d   t h e r m a l   e q u i l i b r i u m   and  i t s  

s u r f a c e s   have   been   c l e a n e d   by  ion  b o m b a r d m e n t   f rom  t h e  

i o n i s e d   g a s e o u s   a r g o n ,   the   s e l e c t e d   r e a c t a n t   gas  or  g a s e s   a r e  

i n t r o d u c e d   t h r o u g h   the   a p p r o p r i a t e   gas  s u p p l y   l i n e s   2 2 2  

a n d / o r   224  i n t o   the   t ube   202,   and  the  p r e s s u r e   i n s i d e   t h e  

t u b e   202  m a i n t a i n e d   in  the   r a n g e   10-1   to  100  T o r r   b y  

a d j u s t m e n t   of  t he   a p p r o p r i a t e   v a l v e   223,  225  and  use  of  t h e  

vacuum  v a l v e   208  and  the   vacuum  pump  209.  A  c o a t i n g   of  t h e  

s e l e c t e d   m a t e r i a l   is  now  a p p l i e d   to  the  s u r f a c e s   of  t h e  

f i b r e s   of  t he   c a r b o n   p r e c u r s o r   200  by  the  r e a c t a n t   g a s e s ,   a n d  

the   t h i c k n e s s   of  the   m a t e r i a l   d e p o s i t e d   is  p r o p o r t i o n a l   t o  
t i m e .   For  e x a m p l e   a  c o a t i n g   of  1  to  20  pm  m i g h t   be  d e p o s i t e d  
in  a b o u t   24  h o u r s .   The  v a l v e s   221,  223,  and  225  a r e   t h e n  

c l o s e d ,   t he   h i g h   f r e q u e n c y   power   s u p p l y   238  s w i t c h e d   o f f ,  

w h i l s t   t he   t u b e   202  c o n t i n u e s   to  be  e v a c u a t e d   by  the  v a c u u m  

pump  209  to   a l l o w   the   c o a t e d   e l e m e n t   200  to  c o o l   u n d e r   v a c u u m  

c o n d i t i o n s   ( e . g .   10-2   T o r r ) ,   a f t e r   which   the  c o a t e d  

p r e c u r s o r   200  is  r emoved   f rom  the   t u b e   2 0 2 .  

S u b s e q u e n t l y   the   o r i g i n a l   f i b r o u s   c a r b o n   p r e c u r s o r   2 0 0  

on  w h i c h   the   c o a t i n g   has  been   d e p o s i t e d   may  e i t h e r   b e  

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

in  a i r   at   a  t e m p e r a t u r e   a b o v e   300°C  so  t h a t   a  s t r u c t u r e   o f  

t u b u l a r   f i b r e s   of  the   d e p o s i t e d   m a t e r i a l   r e m a i n s .   A 
s u i t a b l e   h e a t   t r e a t m e n t   may  be  used   to  a d j u s t   the   e l e c t r i c a l  

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

d e p o s i t e d   m a t e r i a l   to  d e s i r e d   v a l u e s .   In  c a s e s   whe re   t h e  

f i b r o u s   c a r b o n   p r e c u r s o r   200  is   r e t a i n e d ,   t h i s   h e a t   t r e a t m e n t  

must   be  c a r r i e d   ou t   in  an  i n e r t   e n v i r o n m e n t   s i n c e   i t   w o u l d  

n o r m a l l y   t a k e   p l a c e   above   the  c a r b o n   o x i d a t i o n   t h r e s h o l d  

t e m p e r a t u r e   of  a b o u t   300°C.   When  the  f i b r o u s   c a r b o n  

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

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



c h a r a c t e r i s t i c s ,   t h i s   h e a t   t r e a t m e n t   may  be  e f f e c t e d  

b e f o r e   o r   a f t e r   the   c a r b o n   p r e c u r s o r   is  r e m o v e d ,   o r  

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

c a r b o n   p r e c u r s o r   200  may  be  p e r f o r m e d   in  the   a p p a r a t u s   o f  

F i g u r e   6  u s i n g ,   f o r   e x a m p l e   g a s e s   c o n t a i n i n g   s i l i c o n   a n d  

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

f i b r o u s   c a r b o n   e l e m e n t   200.   P h o s p h i n e   gas  may  be  u s e d   as  a  

d o p a n t   t o g e t h e r   w i t h   the   s i l a n e / e t h y l e n e   i f   d e s i r e d   to  a s s i s t  

in  m o d i f y i n g   the   c o a t i n g ' s   e l e c t r i c a l   c o n d u c t i v i t y   b y  

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

c o a t i n g .   O t h e r   s u i t a b l e   d o p a n t s   may  be  a l u m i n i u m ,   or  b o r o n ,  

or   a r s e n i c ,   or  n i t r o g e n ,   or  o x y g e n ,   the   p u r p o s e   of  t he   d o p a n t  

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

d e p o s i t e d   m a t e r i a l   by  p r o v i d i n g   an  e l e c t r o n   d o n o r   or  a c c e p t o r  

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

the   h e a t i n g   e l e m e n t   can  be  o b t a i n e d   at   l o w e r   h e a t   t r e a t m e n t  

t e m p e r a t u r e s   t h a n   wou ld   o t h e r w i s e   be  r e q u i r e d .   The  h e a t  

t r e a t m e n t   of  t he   c o a t i n g   to  m o d i f y   i t s   e l e c t r i c a l   r e s i s t i v i t y  

is  n o r m a l l y   c a r r i e d   o u t   a t   8 0 0 ° - 1 4 0 0 ° C   to  a c h i e v e   a  

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

t e m p e r a t u r e .   In  many  i n s t a n c e s   t he   use  of  p h o s p h i n e   gas  as  a  

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

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

6 0 0 - l 1 0 0 ° C .   An  Example   of  the   p r o d u c t i o n   of  such  a  h e a t i n g  

e l e m e n t   by  t h e   PAVD  p r o c e s s   is  as  f o l l o w s : -  

E x a m p l e   I  H e a t i n g   E l e m e n t   C o n t a i n i n g   P h o s p h o r o u s - d o p e d  

S i l i c o n   C a r b i d e  

T y p i c a l   f a b r i c a t i o n   p r o c e d u r e   p a r a m e t e r s   used  a re   g i v e n  

b e l o w : -   Y, 



F i b r o u s   C a r b o n   E l e m e n t   P r e c u r s o r  

PAVD  C o a t i n g   C o n d i t i o n s  

Gas  Flow  R a t e s :   m l / m i n  



H e a t   T r e a t m e n t   C o n d i t i o n s  

E l e c t r i c a l   P r o p e r t i e s   A f t e r   H e a t   T r e a t m e n t   ( H e a t i n g   E l e m e n t )  

The  f i b r o u s   c a r b o n   p r e c u r s o r   is  p l a c e d   in  t he   t u b e  2 0 2  

of  F i g u r e   6,  and  the   t u b e   202  s u b s e q u e n t l y   e v a c u a t e d   down  t o  

a  vacuum  p r e s s u r e   of  a b o u t   10-2   T o r r .   A rgon   is  a d m i t t e d  

t h r o u g h   the   gas   s u p p l y   l i n e  2 2 0   to  a  vacuum  p r e s s u r e   i n s i d e  

t h e   t u b e   202  of  a b o u t   1 .0   T o r r .   The  h i g h   f r e q u e n c y   g e n e r a t o r  
238  i s   s u b s e q u e n t l y   e n e r g i s e d ,   and  a f t e r   a b o u t   one  h o u r ,   t h e  

s i l a n e / e t h y l e n e   m i x t u r e   to  d e p o s i t   the   s i l i c o n   and  c a r b o n   i s  

i n t r o d u c e d   i n t o   t u b e   202  t h r o u g h   the  gas  s u p p l y   l i n e   222,  a n d  

a  m i x t u r e   of  p h o s p h i n e / a r g o n   is  i n t r o d u c e d   i n t o   the   tube   2 0 2  

t h r o u g h   the   gas  s u p p l y   l i n e   224,  the   vacuum  p r e s s u r e   i n s i d e  

the   t u b e   202  b e i n g   m a i n t a i n e d   at   a b o u t   0 .9   T o r r .   A f t e r   a  

s u i t a b l e   t ime   i n t e r v a l   ( e . g .   48  h o u r s )   d e p e n d i n g   on  t h e  

t h i c k n e s s   of  c o a t i n g   r e q u i r e d   ( t y p i c a l l y   0 .8   g r a m m e s / h o u r   a r e  

d e p o s i t e d ) ,   the   v a l v e s   221,   223  and  225  a r e   c l o s e d ,   the   t u b e  

202  e v a c u a t e d   to  a b o u t   1 0 - 2   T o r r   and  the   h i g h   f r e q u e n c y  

g e n e r a t o r   238  s w i t c h e d   o f f   to  a l l o w   the   c o a t e d   p r e c u r s o r   t o  



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

s u b s e q u e n t l y   r e m o v e d   f rom  the   t u b e   202  and  cu t   i n t o  

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

c a r b o n   p r e c u r s o r   and  such  f u r t h e r   h e a t   t r e a t m e n t   as  may  be  

r e q u i r e d   to  m o d i f y   the   e l e c t r i c a l   r e s i s t i v i t y   of  t h e  

c o a t i n g .  

An  o x i d a t i o n   p r o c e s s   to  r emove   the  f i b r o u s   c a r b o n  

p r e c u r s o r   may  be  c a r r i e d   o u t   a t   any  c o n v e n i e n t   t e m p e r a t u r e  
above   a b o u t   300°C,   bu t   the   t ime   t a k e n   to  o x i d i s e   the   c a r b o n  

can  be  r e d u c e d   by  i n c r e a s i n g   the   o x i d a t i o n   t e m p e r a t u r e .  

Too  h i g h   an  o x i d a t i o n   t e m p e r a t u r e   may  h o w e v e r   have  an  e f f e c t  

on  the   e l e c t r i c a l   p r o p e r t i e s   of  the   c o a t i n g   wh ich   is  n o t  

d e s i r e d ,   and  t h i s   p o s s i b i l i t y   a r i s e s   as  a  r e s u l t   of  t h e  

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

p r o c e s s .  

The  as  d e p o s i t e d   m a t e r i a l   in  Example   I  e s s e n t i a l l y  

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

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

s m a l l   amoun t   of  p h o s p h o r o u s .   Hea t   t r e a t m e n t   of  t h i s   m a t e r i a l  

c h a n g e s   the   e l e c t r i c a l   p r o p e r t i e s   of  the   c o a t i n g   to  a  d e g r e e  
wh ich   is  i n f l u e n c e d   by  the   h e a t   t r e a t m e n t   t e m p e r a t u r e   a n d  

t i m e .   Thus  i t   is  p o s s i b l e   to  e i t h e r   h e a t   t r e a t   in  an  i n e r t  

a t m o s p h e r e   at   a  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   to  o b t a i n   a  

s e l e c t e d   r e s i s t i v i t y ,   and  to  f o l l o w   t h i s   by  o x i d a t i o n   at  a  

l o w e r   t e m p e r a t u r e ,   or  to  o x i d i s e   a t   a  r e l a t i v e l y   l o w  

t e m p e r a t u r e   and  to  f o l l o w   t h i s   p r o c e s s   w i t h   one  or  more  h e a t  

t r e a t m e n t   s t a g e s   in  an  i n e r t   or  o x i d i s i n g   a t m o s p h e r e   t o  

a d j u s t   the   c o a t i n g   r e s t i v i t y   to  the  d e s i r e d   v a l u e .   In  some 

c a s e s   d e p e n d i n g   on  the   PAVD  c o a t i n g   p r o c e s s   p a r a m e t e r s  

e m p l o y e d   i t   w i l l   be  p o s s i b l e   to  c a r r y   ou t   a  one  s t a g e   h e a t  

t r e a t m e n t   p r o c e s s   which   b o t h   r e m o v e s   the   f i b r o u s   c a r b o n  

p r e c u r s o r   by  o x i d a t i o n   and  a d j u s t s   the  r e s i s t i v i t y   of  t h e  

c o a t i n g   to  a  d e s i r e d   v a l u e .   O x i d a t i o n   r e m o v e s   not   on ly   t h e  

c a r b o n   p r e c u r s o r   but   a l s o   may  remove  some  or  a l l   of  t h e  

e l e m e n t a l   c a r b o n   in  the  c o a t i n g .   C o n s e q u e n t l y   the  f i n a l  



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

t i m e   of  t he   h e a t   t r e a t m e n t   bu t   a l s o   on  w h e t h e r   or  no t   t h e  

o x i d a t i o n   s t a g e   is  c a r r i e d   o u t   f i r s t .   A d d i t i o n a l l y   s o m e - o f  

t he   f r e e   s i l i c o n   may  become  o x i d i s e d   i f   t he   o x i d a t i o n  

t e m p e r a t u r e   is   v e r y   h i g h .  

The  h e a t   t r e a t m e n t   t ime   and  t e m p e r a t u r e   to  p r o d u c e   a  

r e q u i r e d   c o a t i n g   r e s i t i v i t y   is  no t   a  u n i q u e   p r o c e s s ,   a n d  

d e p e n d s   n o t   o n l y   on  the   PAVD  c o a t i n g   p a r a m e t e r s ,   f o r   e x a m p l e  

the   gas   c o m p o s i t i o n   and  f l o w   r a t e s   and  RF  c o n d i t i o n s ,   b u t  

a l s o   on  the   e l e c t r i c a l   p r o p e r t i e s   of  t he   c a r b o n   p r e c u r s o r   o n  
w h i c h   t he   c o a t i n g   is  d e p o s i t e d .   The  e l e c t r i c a l   r e s i s t i v i t y  

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

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

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

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

the   c o a t i n g   p r o c e s s .   I t   has  been   f o u n d   t h a t   the   c o m p o s i t i o n  

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

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

v o l t a g e   and  the   c a r b o n i s a t i o n   t e m p e r a t u r e   to  which   the  c a r b o n  

p r e c u r s o r   was  s u b j e c t e d ,   and  t h a t   t he   h e a t   t r e a t m e n t  

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

r e s i s t i v i t y   of  the   d e p o s i t e d   m a t e r i a l   d e p e n d s   on  i t s  

c o m p o s i t i o n .   C o n s e q u e n t l y   some  c o m b i n a t i o n s   of  PAVD 

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

can  a l l o w   a  g i v e n   r e s i s t i v i t y   of  t he   d e p o s i t e d   m a t e r i a l   to  b e  

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

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

w h e r e a s   o t h e r s   may  n o t .   F u r t h e r m o r e   the   use  of  a  d o p a n t  

such   as  p h o s p h o r o u s   in  t h e   PAVD  c o a t i n g   p r o c e s s   c h a n g e s   t h e  

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

and  t e m p e r a t u r e   c o e f f i c i e n t   of  r e s i s t a n c e .  

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

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

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



r e s i s t i v i t y .   P r o p e r t i e s   of  h e a t i n g   e l e m e n t s   made  in  a  way 
s i m i l a r   to  t h a t   o u t l i n e d   in  Example   I  bu t   w i t h   or  w i t h o u t   a  

d o p a n t   r e s p e c t i v e l y   a re   d e s c r i b e d   in  the  f o l l o w i n g   E x a m p l e s  

II  and  I I I .  

Example   I I :   H e a t i n g   E l e m e n t   C o n t a i n i n g   Undoped  S i l i c o n  

C a r b i d e  

F i b r o u s   C a r b o n   E l e m e n t   P r e c u r s o r  

As  in  Example   I:  E l e m e n t s   c a r b o n i s e d   at   7 2 5 ° C  

D e n s i t y   103  k g / m 3  

PAVD  C o a t i n g   C o n d i t i o n s  

Gas  Flow  R a t e s :   m l / m i n  



E l e c t r i c a l  P r o p e r t i e s   A f t e r   Hea t   T r e a t m e n t   ( H e a t i n g   E l e m e n t )  

Example   I I I :   H e a t i n g   E l e m e n t   C o n t a i n i n g   A r s e n i c   D o p e d  

S i l i c o n   C a r b i d e  

F i b r o u s   C a r b o n   P r e c u r s o r  

As  in  E x a m p l e   I:  E l e m e n t   c a r b o n i s e d   a t   1 0 0 0 ° C  

D e n s i t y   106  k g / m 3  

PAVD  C o a t i n g   C o n d i t i o n s  

Gas  C o m p o s i t i o n  

Gas  Flow  R a t e s :   m l / m i n  



Heat   T r e a t m e n t   C o n d i t i o n s  

E l e c t r i c a l   P r o p e r t i e s   A f t e r   Hea t   T r e a t m e n t   ( H e a t i n g   E l e m e n t )  

The  m e t h o d   of  Example   I  may  a l s o   be  used   to  p r o d u c e   a  

c o a t i n g   w h i c h   c o n t a i n s   s i l i c o n   bu t   no t   to  a  s u b s t a n t i a l  

e x t e n t ,   i f   a t   a l l ,   s i l i c o n   c a r b i d e .   T h i s   is  a c h i e v e d   b y  

s u b s t i t u t i n g   s i l a n e   fo r   the  m i x t u r e   of  s i l a n e   and  e t h y l e n e   i n  

Example   1.  Such  c o a t i n g s   may  a l s o   be  d o p e d ,   f o r   e x a m p l e   w i t h  

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

u n d o p e d .   E x a m p l e   IV  i l l u s t r a t e s   such  a  s i l i c o n   e l e m e n t   d o p e d  

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

Example   IV:  H e a t i n g   E l e m e n t   C o n t a i n i n g   N i t r o g e n  -  

Doped  S i l i c o n  

F i b r o u s   C a r b o n   P r e c u r s o r  



PAVD  C o a t i n g   C o n d i t i o n s  

Gas  C o m p o s i t i o n  

Gas  F l o w   R a t e s :   m l / m i n  

H e a t   T r e a t m e n t   C o n d i t i o n s  

E l e c t r i c a l   P r o p e r t i e s   A f t e r   Hea t   T r e a t m e n t   ( H e a t i n g   E l e m e n t )  

As  a  g e n e r a l   r u l e   i n c r e a s i n g   the   t ime   and  t h e  

t e m p e r a t u r e   of  h e a t   t r e a t m e n t   of  the   c o a t i n g   up  to  a  h e a t  



t r e a t m e n t   t e m p e r a t u r e   of  a b o u t   1 4 0 0 ° C ,   r e d u c e s   the  e l e c t r i c a l  

r e s i s t i v i t y   of  the   c o a t i n g   p r o v i d e d   m a t e r i a l   is  not   l o s t   b y  

e v a p o r a t i o n .  

When  the   h e a t i n g   e l e m e n t   is  to  be  used  o v e r   a  r e l a t i v e l y  
wide  t e m p e r a t u r e   r a n g e   ( e . g .   20°C  to  2 0 0 ° C ) ,   the   t e m p e r a t u r e  

c o e f f i c i e n t   of  e l e c t r i c a l   r e s i s t a n c e   (TCR)  of  the   h e a t i n g  

e l e m e n t   may  become  of  i m p o r t a n c e .   E x a m p l e s   V  and  VI  

i l l u s t r a t e   t he   v a r i a t i o n   in  TCR  v a l u e s   a r i s i n g   from  d i f f e r e n t  

p r e c u r s o r   and  p r o c e s s   c o n d i t i o n s .  

Example   V:  H e a t i n g   E l e m e n t   C o n t a i n i n g   Undoped  S i l i c o n  

C a r b i d e  

F i b r o u s   C a r b o n   P r e c u r s o r  

As  i n  E x a m p l e   I:  E l e m e n t   c a r b o n i s e d   at  6 5 0 ° C  

D e n s i t y   150  k g / m 3  

PAVD  C o a t i n g   C o n d i t i o n s  

Gas  C o m p o s i t i o n  

Gas  Flow  R a t e s :   m l / m i n  



Hea t   T r e a t m e n t   C o n d i t i o n s  

E l e c t r i c a l   P r o p e r t i e s   A f t e r   Heat   T r e a t m e n t   ( H e a t i n g   E l e m e n t )  

Example   VI:  H e a t i n g  E l e m e n t   C o n t a i n i n g   U n d o p e d  
S i l i c o n   C a r b i d e  

F i b r o u s   C a r b o n   P r e c u r s o r  

As  in  E x a m p l e   I:  E l e m e n t   c a r b o n i s e d   at   7 2 5 ° C  

D e n s i t y   130  k g / m 3  

PAVD  C o a t i n g   C o n d i t i o n s  

Gas  C o m p o s i t i o n  



Gas  Flow  R a t e s   m l / m i n  

Heat  T r e a t m e n t   C o n d i t i o n s  

S u b s e q u e n t   h e a t   t r e a t m e n t  

E l e c t r i c a l   P r o p e r t i e s   A f t e r   Hea t   T r e a t m e n t  

C o m p a r i s o n   of  E x a m p l e s   V  and  VI  g i v e s   the   f o l l o w i n g : -  

In  Example   V  the  r e s i s t a n c e   r a t i o   is  l o w e r   t h a n   i n  



E x a m p l e   VI  in  s p i t e   of  the   f a c t   t h a t   the   h e a t   t r e a t m e n t   w a s  

c a r r i e d   o u t   a t   a  l o w e r   t e m p e r a t u r e   t h a n   was  used   f o r   E x a m p l e  

VI.  T h i s   i l l u s t r a t e s   the   s i g n i f i c a n t   e f f e c t   of  s u b s t r a t e  

c a r b o n i s a t i o n   t e m p e r a t u r e   and  kv  s i n c e   i t   has  a l s o   been   f o u n d  

t h a t   t he   r e s i s t a n c e   r a t i o   n o r m a l l y   f a l l s   as  the   h e a t  

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

t h e   r e s i s t a n c e   r a t i o   of  E x a m p l e   VI  would   be  e x p e c t e d   to  b e  

l o w e r   t h a n   t he   v a l u e   e s t a b l i s h e d   by  Example   V.  S e l e c t i o n   o f  

s u b s t r a t e   c a r b o n i s a t i o n   t e m p e r a t u r e   and  kV  is  t h e r e f o r e   o n e  

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

R 2 0 / R 2 0 0 .  

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

made  by  c a r b o n i s a t i o n   a t   1700°C  of  a  f i b r o u s   c a r b o n  

p r e c u r s o r ,   c o a t i n g   of  the  p r e c u r s o r ,   and  s u b s e q u e n t   h e a t  

t r e a t m e n t   of   the   c o a t e d   p r e c u r s o r   a t   1 3 8 5 ° C ,   was  f o u n d   t o  

have   a  r e s i s t a n c e   r a t i o   ( R 2 0 / R 2 0 0 )   of  8 . 4 9 ,   w h e r e a s   a  

p r e c u r s o r   c a r b o n i s e d   a t   650°C  and  the   c o a t e d   p r e c u r s o r   h e a t  

t r e a t e d   a t   1185°C   was  found   to  have   a  r e s i s t a n c e   r a t i o  

( R 2 0 / R 2 0 0 )   of  1 . 4 8 .   Thus  by  a p p r o p r i a t e   s e l e c t i o n   of  t h e  

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

h e a t   t r e a t m e n t   t e m p e r a t u r e ,   h e a t i n g   e l e m e n t s   h a v i n g   a  

r e q u i r e d   e l e c t r i c a l   r e s i s t i v i t y   and  TCR  may  be  m a d e .  

A l t h o u g h   the   c o a t i n g   of  the   f i b r o u s   c a r b o n   has  b e e n  

d e s c r i b e d   in  r e l a t i o n   to  PAVD,  i t   w i l l   be  u n d e r s t o o d   t h a t  

a p p r o p r i a t e   a l t e r n a t i v e   c o a t i n g   p r o c e s s e s   may  be  u s e d .  

The  p e r m e a b l e   e l e c t r i c   h e a t i n g   e l e m e n t s   may  be  o f  

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

w i l l   be  u n d e r s t o o d   t h a t   the   h e a t   t r a n s f e r   s y s t e m   in  t h e  

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

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

c o m p r i s e s   a  g a s .   F u r t h e r m o r e ,   t he   a f o r e d e s c r i b e d   p e r m e a b l e  
e l e c t r i c   h e a t i n g   e l e m e n t s   may  be  used   in  a l t e r n a t i v e  

a p p l i c a t i o n s   to  h e a t   a  f l u i d .  



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

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

a b o u t   the   f i b r e s   may  merge   t o g e t h e r   at   t h e s e   p o s i t i o n s   o f  

c o n t i g u i t y .   Hence  when  the  c o a t e d   p r e c u r s o r   is  o x i d i s e d ,   t h e  

t u b u l a r   f i b r e s   t h a t   r e m a i n   may  be  i n t e g r a l   w i t h   c l o s e l y  

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

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

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

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

For  some  a p p l i c a t i o n s   the  f i b r o u s   c a r b o n   p r e c u r s o r   n e e d  

no t   be  r e m o v e d ,   b u t   may  be  a l l o w e d   to  r e m a i n   in  s i t u   d u r i n g  

any  h e a t   t r e a t m e n t   of  the   c o a t i n g   wh ich   s h o u l d   t h e n   b e  

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

r e s i s t i v i t y   of  the   h e a t i n g   e l e m e n t   would  t h e n   be  a  

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

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

e l e c t r i c a l   r e s i s t i v i t y   of  the  c o a t i n g   may  be  the  same  o r  

g r e a t e r   t h a n   t h a t   of  the  c a r b o n   p r e c u r s o r ,   but   in  some  c a s e s  
i t   may  be  d e s i r a b l e   t h a t   the   e l e c t r i c a l   r e s i s t i v i t y   of  t h e  

h e a t i n g   e l e m e n t   is  d e t e r m i n e d   m a i n l y   by  the  c o a t i n g ,   so  t h a t  

u n d e r   o p e r a t i n g   c o n d i t i o n s   the  c o a t i n g   c a r r i e s   the   m a j o r i t y  

of  the  e l e c t r i c   c u r r e n t .   The  e l e c t r i c a l   r e s i s t i v i t y   of  t h e  

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

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

the   f i n a l   h e a t   t r e a t m e n t   to  a d j u s t   the   e l e c t r i c a l   r e s i s t i v i t y  

of  the  c o a t i n g   has  been   c o m p l e t e d .  

A  r e l a t i v e l y   h i g h   e l e c t r i c a l   r e s i s t i v i t y   of  the   f i b r o u s  

c a r b o n   p r e c u r s o r   may  be  a c h i e v e d   by  s e l e c t i n g   a  r e l a t i v e l y  

low  c a r b o n i s a t i o n   t e m p e r a t u r e ,   e . g .   be low  a b o u t   800°C ,   a n d  

t h i s   i m p l i e s   t h a t   the   PAVD  c o a t i n g   p a r a m e t e r s   must   b e  

s e l e c t e d   so  as  to  e n s u r e   t h a t   the   h e a t   t r e a t m e n t   r e q u i r e d   t o  

a c h i e v e   a  d e s i r e d   c o a t i n g   r e s i s t i v i t y   may  b e  c a r r i e d   ou t   at  a  

t e m p e r a t u r e   w h i c h   is  p r e f e r a b l y   be low  the  c a r b o n i s a t i o n  

t e m p e r a t u r e   of  the   f i b r o u s   c a r b o n   p r e c u r s o r .   I t   w i l l   b e  

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



i n s u l a t i n g   m a t e r i a l   may  be  u sed   f o r   the   p r e c u r s o r   f o r   c o a t i n g  

in  t h e   PAVD  a p p a r a t u s   of  F i g u r e   6,  and  r e t e n t i o n   d u r i n g  

s u b s e q u e n t   h e a t   t r e a t m e n t   s t a g e s .  

I f   d e s i r e d ,   c o a t i n g s   of  a l t e r n a t i v e   m a t e r i a l s   to  t h o s e  

a f o r e d e s c r i b e d   may  be  d e p o s i t e d   in  t he   PAVD  a p p a r a t u s   o f  

F i g u r e   6,  n o t   n e c e s s a r i l y   s i l i c o n - c o n t a i n i n g   c o a t i n g s ,  

d e p e n d i n g   on  the   a p p l i c a t i o n   to  which   the   h e a t i n g   e l e m e n t s  

a r e   to  be  p u t .   C o a t i n g s   may  a l s o   be  a p p l i e d   in  the   PAVD 

a p p a r a t u s   of  F i g u r e   6  on  p r e c u r s o r s   f o r   a l t e r n a t i v e  

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

a f o r e m e n t i o n e d ,   the   c o a t i n g   b e i n g   s u b j e c t e d   to  s u b s e q u e n t  

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

the   c o a t i n g .  



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

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

p e r m e a b l e   f i b r o u s   p r e c u r s o r   ( 2 0 0 ) ,   c o a t i n g   f i b r e s   of  t h e  

p r e c u r s o r   (200)   w i t h   a  m a t e r i a l   so  as  to  f o rm  t u b u l a r  

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

p r e c u r s o r   (200)   so  as  to  m o d i f y   the   s t r u c t u r e   of  t h e  

m a t e r i a l   to  p r o v i d e   a  d e s i r e d   e l e c t r i c a l   r e s i s t i v i t y   of  t h e  

t u b u l a r   f i b r e s .  

2.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   1,  w h e r e i n   t he   p r e c u r s o r  
is   r e t a i n e d   w i t h i n   t he   t u b u l a r   f i b r e s .  

3.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   2,  w h e r e i n   t he   p r e c u r s o r  

has   a  g r e a t e r   e l e c t r i c a l   r e s i s t i v i t y   t h a n   t h a t   of  t h e  

t u b u l a r   f i b r e s .  

4.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   2,  w h e r e i n   t he   p r e c u r s o r  
has   an  e l e c t r i c a l   r e s i s t i v i t y   t h a t   d o e s   n o t   e x c e e d   t h a t   o f  

t he   t u b u l a r   f i b r e s .  

5.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   2  or   C l a i m   4,  w h e r e i n  

t he   p r e c u r s o r   c o m p r i s e s   an  e l e c t r i c a l   i n s u l a t i n g   m a t e r i a l .  

6.  A  p r o c e s s   as  c l a i m e d   in  a n y  o n e   of  t he   p r e c e d i n g  

C l a i m s ,   w h e r e i n   t he   h e a t i n g   i n c l u d e s   a  h e a t i n g   s t a g e   in  a n  

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

7.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   1,  w h e r e i n   t he   p r e c u r s o r  

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

a  h e a t i n g   s t e p   in  an  o x i d i s i n g   e n v i r o n m e n t   so  as  to  r e m o v e  

t he   p r e c u r s o r   by  o x i d a t i o n   t h e r e o f .  

8.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   7,  w h e r e i n   t he   h e a t i n g  

i n c l u d e s   a  h e a t i n g   s t e p   in  an  i n e r t   a t m o s p h e r e ,   and  t h e  

h e a t i n g   s t e p   in  t he   o x i d i s i n g   e n v i r o n m e n t   t a k e s   p l a c e  



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

9.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   7,  w h e r e i n   the   h e a t i n g  

i n c l u d e s   a  h e a t i n g   s t a g e   in  an  i n e r t   a t m o s p h e r e ,   and  t h e  

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

t he   h e a t i n g   s t a g e   in  t h e   i n e r t   a t m o s p h e r e .  

10.  A  p r o c e s s   as  c l a i m e d   in  a n y  o n e   of   C l a i m s   1  to   3  o r  

C l a i m s   7  to   9,  w h e r e i n   t he   p r e c u r s o r   ( 2 0 0 )   c o m p r i s e s  

c a r b o n .  

11.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   10 ,   w h e r e i n   t h e  

p r e c u r s o r   ( 2 0 0 )   i s   f o r m e d   by  c a r b o n i s a t i o n   of  an  a c r y l i c  

f i b r o u s   b o d y   a t   a  t e m p e r a t u r e   b e l o w   8 0 0 ° C .  

12.  A  p r o c e s s   as  c l a i m e d   in  a n y  o n e   of   t he   p r e c e d i n g  

C l a i m s ,   w h e r e i n   t h e   c o a t i n g   is  a p p l i e d   by  t he   d e c o m p o s i t i o n  

of  a  c o a t i n g   g a s .  

13.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   12,   w h e r e i n   t he   c o a t i n g  

gas   c o m p r i s e s   a  s i l i c o n - c o n t a i n i n g   g a s   so  as  to  d e p o s i t   a  

s i l i c o n - c o n t a i n i n g   c o a t i n g .  

14.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   13,   w h e r e i n   t he   h e a t i n g  

t a k e s   p l a c e   b e l o w   a b o u t   1 4 0 0 ° C .  

15.  A  p r o c e s s   as  c l a i m e d   in  a n y  o n e   of  C l a i m   12  to  1 4 ,  

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

as  to  d e p o s i t   a  c a r b o n - c o n t a i n i n g   c o a t i n g .  

16.  A  p r o c e s s   as  c l a i m e d  i n   a n y  o n e   of  C l a i m s   12  to  1 4 ,  

w h e r e i n   t h e   c o a t i n g   gas   i n c l u d e s   n i t r o g e n   so  as  to  d e p o s i t  

a  n i t r o g e n - c o n t a i n i n g   c o a t i n g .   N, 

17.  A  p r o c e s s   as  c l a i m e d   in  a n y  o n e   of   C l a i m s   12  to  1 5 ,  

w h e r e i n   t h e   c o a t i n g   gas   i n c l u d e s   a t   l e a s t   one  d o p a n t  

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



c o a t i n g .  

18.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   17,  w h e r e i n   t he   d o p a n t  

is  s e l e c t e d   f rom  the   g r o u p   c o n s i s t i n g   o f :   a l u m i n i u m ,  

n i t r o g e n ,   or  o x y g e n .  

19.  A  p r o c e s s   as  c l a i m e d   in  a n y  o n e   of  t he   p r e c e d i n g  

C l a i m s ,   w h e r e i n   t he   f i b r o u s   t u b e s   have   an  o u t s i d e   d i a m e t e r  

in  t he   r a n g e   5 µm  to  300  µm. 

20.  A  p r o c e s s   as  c l a i m e d   in  a n y  o n e   of  t h e   p r e c e d i n g  

C l a i m s ,   w h e r e i n   t he   f i b r o u s   t u b e s   a r e   f o r m e d   by  a  t h i c k n e s s  

of  t he   c o a t i n g   in  the   r a n g e   1  µm  to  30  µm. 

21.  A  p r o c e s s   as  c l a i m e d   in  C l a i m   20,  w h e r e i n   t he   c o a t i n g  

t h i c k n e s s .  i s   in  t he   r a n g e   4  to   20  µm. 

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

made  by  t h e   p r o c e s s   as  c l a i m e d   in  a n y  o n e   of  t he   p r e c e d i n g  

C l a i m s .  

23.  A  h e a t   t r a n s f e r   s y s t e m   c o m p r i s i n g ,   a  c i r c u i t   a d a p t e d  

to  c o n t a i n   a  f l u i d ,   a  h e a t i n g   e l e m e n t   e x t e n d i n g   in  a  p a r t  

of  t he   c i r c u i t   so  as  to  h e a t   t h e   f l u i d ,   m e a n s   f o r  

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

t r a n s f e r   s u r f a c e   p o r t i o n   of  t he   c i r c u i t   f o r   t r a n s f e r r i n g  

h e a t   f rom  t h e   f l u i d   t h r o u g h   t he   s u r f a c e   p o r t i o n ,   . 
c h a r a c t e r i s e d   in  t h a t   t he   h e a t i n g   e l e m e n t   c o m p r i s e s   t h e  

h e a t i n g   e l e m e n t   as  c l a i m e d   in  C l a i m   2 2 .  
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