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©  Radiation  cross-linking  of  PTC  conductive  polymers. 

The  higher  the  voltage  applied  to  an  electrical  device 
comprising  a  PTC  conductive  polymer,  the  more  likely  it  is 
that  intermittent  application  of  the  voltage  will  cause  the 
device  to  fail.  According  to  the  invention,  the  likelihood  of 
such  failure  is  substantially  reduced  by  irradiating  the  PTC 
conductive  polymer  (1)  so  that  it  is  very  highly  cross-linked, 
for  example  to  a  dosage  of  at  least  50  Mrads,  preferably  at 
least  80  Mrads,  especially  at  least  120  Mrads.  In  this  way,  for 
example,  it  is  possible  to  make  a  circuit  protection  device 
which  will  continue  to  provide  effective  protection  even  after 
repeated  exposure  to  a  voltage  of  200  volts. 



T h i s   i n v e n t i o n   r e l a t e s   to   t he   r a d i a t i o n   c r o s s -  

l i n k i n g   of  PTC  c o n d u c t i v e   p o l y m e r s .  

C o n d u c t i v e   p o l y m e r   c o m p o s i t i o n s   e x h i b i t i n g   PTC 

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

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

s p e c i f i c a t i o n s .   R e f e r e n c e   may  be  made ,   f o r   e x a m p l e ,   t o  

U.  S.  P a t e n t s   N o s .  - 2 , 9 5 2 , 7 6 1 ,   2 , 9 7 8 , 6 6 5 ,   3 , 2 4 3 , 7 5 3 ,  

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

3 , 8 5 8 , 1 4 4 ,   3 , 8 6 1 , 0 2 9 ,   4 , 0 1 7 , 7 1 5 ,   4 , 0 7 2 , 8 4 8 ,   4 , 0 8 5 , 2 8 6 ,  

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

4 , 2 4 2 , 5 7 3 ,   4 , 2 4 6 , 4 6 8 ,   4 , 2 5 0 , 4 0 0 ,   4 , 2 5 5 , 6 9 8 ,   4 , 2 7 2 , 4 7 1 ,  

4 , 2 7 6 , 4 6 6   and  4 , 3 1 4 , 2 3 0 ;   J .   A p p l i e d   P o l y m e r   S c i e n c e   1 9 ,  
8 1 3 - 8 1 5   ( 1 9 7 5 ) ,   K l a s o n   and  K u b a t ;   P o l y m e r   E n g i n e e r i n g   a n d  

S c i e n c e   18,   6 4 9 - 6 5 3   ( 1 9 7 8 ) ,   N a r k i s   e t   a l ;   German   OLS 

2 , 6 3 4 , 9 9 9 ,   2 , 7 4 6 , 6 0 2 ,   2 , 7 5 5 , 0 7 6 ,   2 , 7 5 5 , 0 7 7 ,   2 , 8 2 1 , 7 9 9  

and  3 , 0 3 0 , 7 9 9 ;   E u r o p e a n   P u b l i s h e d   A p p l i c a t i o n s   Nos .   0 0 2 8 1 4 2 ,  

0 0 3 0 4 7 9 ,   0 0 3 8 7 1 3 ,   0 0 3 8 7 1 4 ,   0 0 3 8 7 1 5   and  0 0 3 8 7 1 8 ;   p e n d i n g  

E u r o p e a n   A p p l i c a t i o n s   No.  8 1 , 3 0 1 , 7 6 7 . 0 ,   8 1 , 3 0 1 , 7 6 8 . 8   a n d  

8 1 , 3 0 2 , 2 0 1 . 9 ;   and  p e n d i n g   U . S .   A p p l i c a t i o n s   Nos .   1 7 6 , 3 0 0 ,  

1 8 4 , 6 4 7 ,   2 5 4 , 3 5 2 ,   2 7 2 , 8 5 4   and  3 0 0 , 7 0 9 .   The  d i s c l o s u r e s   o f  

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

h e r e i n   by  r e f e r e n c e .  

I t   is  known  to  c r o s s - l i n k   PTC  c o n d u c t i v e   p o l y m e r s  

by  r a d i a t i o n ,   and  in  p r a c t i c e   t he   d o s a g e s   e m p l o y e d   h a v e  

been   r e l a t i v e l y   low,   e . g .   1 0 - 2 0   M r a d s .   H i g h e r   d o s a g e s  

h a v e ,   h o w e v e r ,   b e e n   p r o p o s e d   f o r   some  p u r p o s e s .   T h u s  

OLS  2 , 6 3 4 , 9 9 9   r e c o m m e n d s   a  d o s e   of  2 0 - 4 5   M r a d s ;   U . K .  

S p e c i f i c a t i o n   No.  1 , 0 7 1 , 0 3 2   d e s c r i b e s   i r r a d i a t e d  

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

v i n y l   e s t e r   or  an  a c r y l a t e   monomer  and  50 -400%  b y  
w e i g h t   of  a  f i l l e r ,   e . g .   c a r b o n   b l a c k ,   t he   r a d i a t i o n  



d o s e   b e i n g   a b o u t   2  to   a b o u t   100  M r a d s ,   p r e f e r a b l y   a b o u t  

2  to   a b o u t   20  M r a d s ,   and  the   u se   of  s u c h   c o m p o s i t i o n s  

as  t a p e s   f o r   g r a d i n g   t h e   i n s u l a t i o n   on  c a b l e s ;   and  U . S .  

P a t e n t   No.  3 , 3 5 1 , 8 8 2   d i s c l o s e s   t h e   p r e p a r a t i o n   o f  

e l e c t r i c a l   d e v i c e s   by  e m b e d d i n g   p l a n a r   e l e c t r o d e s   in  a  PTC 

c o n d u c t i v e   p o l y m e r   e l e m e n t ,   and  t h e n   c r o s s - l i n k i n g   t h e  

c o n d u c t i v e   p o l y m e r   by  i r r a d i a t i n g   i t   to  a  d o s a g e   of   5 0  

to  100  M r a d s .  

The  h i g h e r   t h e   v o l t a g e   a p p l i e d   to   an  e l e c t r i c a l  

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

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

v o l t a g e   w i l l   c a u s e   t h e   d e v i c e   to   f a i l .   T h i s   h a s   b e e n   a  

s e r i o u s   p r o b l e m ,   f o r   e x a m p l e ,   in   t h e   u se   of  c i r c u i t  

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

d e v i c e   in  t h e   " t r i p p e d . "   ( i . e .   h i g h   r e s i s t a n c e )   c o n d i t i o n  

is   more   t h a n   a b o u t   200  v o l t s .   [ V o l t a g e s   g i v e n   h e r e i n  

a r e   DC  v a l u e s   or  RMS  v a l u e s   f o r   AC  p o w e r   s o u r c e s . ]   We 

h a v e   now  d i s c o v e r e d   t h a t   t h e   l i k e l i h o o d   of  s u c h   f a i l u r e  

can  be  s u b s t a n t i a l l y   r e d u c e d   by  i r r a d i a t i n g   t h e   c o n d u c -  

t i v e   p o l y m e r   so  t h a t   i t   is   v e r y   h i g h l y   c r o s s - l i n k e d .  

In  i t s   f i r s t   a s p e c t ,   t h e   i n v e n t i o n   p r o v i d e s   a  

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

p r i s i n g   (a)   a  c r o s s - l i n k e d   PTC  c o n d u c t i v e   p o l y m e r   e l e m e n t  

and  (b)  two  e l e c t r o d e s   w h i c h   can   be  c o n n e c t e d   to   a  p o w e r  

s o u r c e   to   c a u s e   c u r r e n t   to  f l o w   t h r o u g h   t he   PTC  e l e m e n t ,  

w h i c h   p r o c e s s   c o m p r i s e s   c r o s s - l i n k i n g   t h e   PTC  e l e m e n t   b y  

i r r a d i a t i n g   i t   to   a  d o s a g e   of  a t   l e a s t   50  M r a d s ,   s u b j e c t   t o  

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

t i a l l y   p l a n a r   c o n f i g u r a t i o n ,   t h e n   e i t h e r   (a)   t h e   e l e m e n t  

is   i r r a d i a t e d   to   a  d o s a g e   of  a t   l e a s t   120  M r a d s ,   o r  



(b)  t h e   e l e c t r o d e s   a r e   m e t a l   f o i l   e l e c t r o d e s   w h i c h   a r e  

s e c u r e d   to   t h e   PTC  e l e m e n t   a f t e r   i t   h a s   been   c r o s s - l i n k e d .  

Our  e x p e r i m e n t s   i n d i c a t e   t h a t   t h e   h i g h e r   t h e  

r a d i a t i o n   d o s e ,   t h e   g r e a t e r   t he   n u m b e r   of  " t r i p s "  

( i . e .   c o n v e r s i o n s   to  t h e   t r i p p e d   s t a t e )   a  d e v i c e   w i l l  

w i t h s t a n d   w i t h o u t   f a i l u r e .   The  r a d i a t i o n   d o s e   i s ,  

t h e r e f o r e ,   p r e f e r a b l y   at  l e a s t   60  M r a d s ,   p a r t i c u l a r l y  

a t   l e a s t   80  M r a d s ,   w i t h   y e t   h i g h e r   d o s a g e s ,   e . g .   a t  

l e a s t   120  M r a d s   or   a t   l e a s t   160  M r a d s ,   b e i n g   p r e f e r r e d  

when  s a t i s f a c t o r y   PTC  c h a r a c t e r i s t i c s   a r e   m a i n t a i n e d  

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

c o s t   of  r a d i a t i o n .  

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

t h e   l i k e l i h o o d   t h a t   a  d e v i c e   w i l l   w i t h s t a n d   a  s u b s t a n t i a l  

number   of  t r i p s   a t   a  v o l t a g e   of  200  v o l t s .   T h i s   m e t h o d  

i n v o l v e s   t h e   use   of  a  s c a n n i n g   e l e c t r o n   m i c r o s c o p e   (SEM) 

to   m e a s u r e   t h e   maximum  r a t e   at  w h i c h   t h e   v o l t a g e   c h a n g e s  

in  t h e   PTC  e l e m e n t   when  the   d e v i c e   is   in  t h e   t r i p p e d  

s t a t e .   T h i s   maximum  r a t e   o c c u r s   in  t h e   s o - c a l l e d   " h o t  

z o n e "   of  t h e   PTC  e l e m e n t .   The  l o w e r   t h e   maximum  r a t e ,  

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

w i t h s t a n d .   A c c o r d i n g l y ,   the   p r e s e n t   i n v e n t i o n   p r o v i d e s ,  

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

c o m p r i s e s   (a)   a  r a d i a t i o n   c r o s s - l i n k e d   PTC  c o n d u c t i v e  

p o l y m e r   e l e m e n t   and  (b)  two  e l e c t r o d e s   w h i c h   can  b e  

c o n n e c t e d   to   a  p o w e r   s o u r c e   to  c a u s e   c u r r e n t   to  f l o w  

t h r o u g h   t h e   PTC  e l e m e n t ,   s a i d   d e v i c e ,   when  s u b j e c t e d   t o  

SEM  s c a n n i n g   (as   h e r e i n a f t e r   d e f i n e d ) ,   s h o w i n g   a  

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



s e p a r a t e d   by  10  m i c r o n s   w h i c h   is  l e s s   t h a n   4 . 2   v o l t s ,  

e . g .   l e s s   t h a n   4 .0   v o l t s ,   p r e f e r a b l y   l e s s   t h a n   3 . 0  

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

l e s s   t h a n   1 . 0   v o l t ,   s u b j e c t   to   t he   p r o v i s o   t h a t   i f   e a c h  

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

t i o n ,   t h e   maximum  d i f f e r e n c e   i s   l e s s   t h a n   3  v o l t s .  

The  t e r m   "SEM  s c a n n i n g "   i s   u sed   h e r e i n   to   d e n o t e  

t h e   f o l l o w i n g   p r o c e d u r e .   The  d e v i c e   is   i n s p e c t e d   t o  

s ee   w h e t h e r   t h e   PTC  e l e m e n t   has   an  e x p o s e d   c l e a n  

s u r f a c e   w h i c h   i s   s u i t a b l e   f o r   s c a n n i n g   in  an  SEM  a n d  

w h i c h   l i e s   b e t w e e n   t h e  e l e c t r o d e s .   I f   t h e r e   i s   no  s u c h  

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

t h e   d e v i c e   to   a  m i n i m u m .   The  d e v i c e   (or   a  p o r t i o n   o f  

i t   i f   t he   d e v i c e   is  t o o   l a r g e ,   e . g .   i f   i t   is   an  e l o n g a t e  

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

so  t h a t   t h e   e l e c t r o n   beam  can  be  t r a v e r s e d   f rom  o n e  

e l e c t r o d e   to   t h e   o t h e r   and  d i r e c t e d   o b l i q u e l y   a t   t h e  

c l e a n   e x p o s e d   s u r f a c e .   A  s l o w l y   i n c r e a s i n g   c u r r e n t   i s  

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

200  v o l t s ,   u n t i l   t h e   d e v i c e   h a s   been   " t r i p p e d "   and  t h e  

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

beam  is  t h e n   t r a v e r s e d   a c r o s s   t h e   s u r f a c e   a n d ,   u s i n g  

v o l t a g e   c o n t r a s t   t e c h n i q u e s   known  to  t h o s e   s k i l l e d   i n  

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

t h e   t r a c e   i s   a  m e a s u r e   of  t he   b r i g h t n e s s   (and   h e n c e   t h e  

p o t e n t i a l )   of  t h e   s u r f a c e   b e t w e e n   the   e l e c t r o d e s ;   s u c h  

a  p h o t o m i c r o g r a p h   is   o f t e n   known  as  a  l i n e   s c a n .  

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  t y p i c a l   p h o t o m i c r o g r a p h  

is   shown  in  F i g u r e   1.  I t   w i l l   be  s e e n   t h a t   t h e   t r a c e  

has   n u m e r o u s   s m a l l   p e a k s   and  v a l l e y s   and  i t   is   b e l i e v e d  

t h a t   t h e s e   a r e   due  m a i n l y   o r . e x c l u s i v e l y   to   s u r f a c e  

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



t h e   t r a c e   ( t h e   b r o k e n   l i n e   in  F i g u r e   1)  in  o r d e r   t o  

a v e r a g e   o u t   s m a l l   v a r i a t i o n s ,   and  f rom  t h i s   " b e s t  

l i n e " ,   t h e   maximum  d i f f e r e n c e   in  v o l t a g e   b e t w e e n   t w o  

p o i n t s   s e p a r a t e d   by  10  m i c r o n s   i s   d e t e r m i n e d .  

When  r e f e r e n c e   i s   made  h e r e i n   to   an  e l e c t r o d e   " h a v i n g  

a  s u b s t a n t i a l l y   p l a n a r   c o n f i g u r a t i o n " ,   we  mean  an  e l e c t r o d e  

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

s t a n t i a l l y   a l l   t h e   c u r r e n t   e n t e r s   ( o r  l e a v e s )   t h e   e l e c t r o d e  

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

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

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

to   h e a t e r s ,   p a r t i c u l a r l y   l a m i n a r   h e a t e r s - .   In  one  c l a s s  

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

s h a p e .   Such  a  d e v i c e   i s   shown  in  i s o m e t r i c   v i e w   i n  

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

PTC  c o n d u c t i v e   p o l y m e r   e l e m e n t   1  h a v i n g   a  h o l e   t h r o u g h  

i t s   c e n t r e   p o r t i o n .  

In  a  s e c o n d   c l a s s   of  d e v i c e s ,   u s u a l l y   c i r c u i t  

p r o t e c t i o n   d e v i c e s ,  

(A)  the   PTC  e l e m e n t   i s   in  t h e   f o r m   of  a  s t r i p   w i t h  

s u b s t a n t i a l l y   p l a n a r   p a r a l l e l   e n d s ,   t h e   l e n g t h  

of  t h e   s t r i p   b e i n g   g r e a t e r   t h a n   t h e   l a r g e s t  

c r o s s - s e c t i o n a l   d i m e n s i o n   of  t h e   s t r i p ;   a n d  

(B)  each   of  t he   e l e c t r o d e s   is  in  t h e   form  o f  

a  cap  h a v i n g   ( i )   a  s u b s t a n t i a l l y   p l a n a r   e n d  

wh ich   c o n t a c t s   and  has   s u b s t a n t i a l l y   t he   s a m e  

c r o s s - s e c t i o n   as  one  end  of  t h e   PTC  e l e m e n t  

and  ( i i )   a  s i d e   w a l l   w h i c h   c o n t a c t s   t he   s i d e  

of  t he   PTC  e l e m e n t .  



Such   a  d e v i c e   is   shown  in  c r o s s - s e c t i o n   in  F i g u r e   3,  i n  

w h i c h   cap  e l e c t r o d e s   2  c o n t a c t   e i t h e r   end  of   c y l i n d r i c a l  

PTC  c o n d u c t i v e   p o l y m e r   e l e m e n t   1  h a v i n g   a  h o l e   11  t h o r u g h  

i t s   c e n t r e   p o r t i o n .  

In  a  t h i r d   c l a s s   of  d e v i c e s ,   u s u a l l y   h e a t e r s ,  

(A)  t he   PTC  e l e m e n t   is   l a m i n a r ;   a n d  

(B)  t he   e l e c t r o d e s   a r e   d i s p l a c e d   f rom  e a c h   o t h e r  

so  t h a t   c u r r e n t   f l o w   b e t w e e n   them  is   a l o n g  

one  of  t h e   l a r g e   d i m e n s i o n s   of   t h e   e l e m e n t .  

In  a  f o u r t h   c l a s s   of  d e v i c e s ,   e a c h   of  t h e   e l e c t r o d e s  

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

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

a r e   p r e f e r r e d .   If   m e t a l   f o i l   e l e c t r o d e s   a r e   a p p l i e d   t o  

t h e   PTC  e l e m e n t   b e f o r e   i t   is   i r r a d i a t e d ,   t h e r e   i s   a  

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

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

e l e c t r o d e s   be  a p p l i e d   a f t e r   t he   r a d i a t i o n   c r o s s - l i n k i n g  

s t e p .   Thus  a  p r e f e r r e d   p r o c e s s   c o m p r i s e s   t h e  

(1)  i r r a d i a t i n g   a  l a m i n a r   PTC  c o n d u c t i v e   p o l y m e r  

e l e m e n t   in  t he   a b s e n c e   of  e l e c t r o d e s ;  

(2)  c o n t a c t i n g   t he   c r o s s - l i n k e d   PTC  e l e m e n t   f r o m  

s t e p   (1)  w i t h   m e t a l   f o i l   e l e c t r o d e s   u n d e r  

c o n d i t i o n s   of  h e a t   and  p r e s s u r e ,   a n d  

(3)  c o o l i n g   t h e   PTC  e l e m e n t   and  t he   m e t a l   f o i l  

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

t o g e t h e r .  



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

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

r e f e r e n c e d   a b o v e .   T h e i r   r e s i s t i v i t y   at   23°C  i s   p r e f e r -  

a b l y   l e s s   t h a n   1250  o h m . c m ,   eg .   l e s s   t h a n   750  o h m . c m ,  

p a r t i c u l a r l y   l e s s   t h a n   500  o h m . c m ,   w i t h   v a l u e s   l e s s  

t h a n   50  ohm.cm  b e i n g   p r e f e r r e d   f o r   c i r c u i t   p r o t e c t i o n  

d e v i c e s .   The  p o l y m e r i c   c o m p o n e n t   s h o u l d   b e  o n e   w h i c h  

is   c r o s s - l i n k e d   and  no t   s i g n i f i c a n t l y   d e g r a d e d   b y  

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

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

of  one  or  more   c r y s t a l l i n e   p o l y m e r s .   S u i t a b l e   p o l y m e r s  

i n c l u d e   p o l y o l e f i n s ,   eg .   p o l y e t h y l e n e ,   and  c o p o l y m e r s  

of  at   l e a s t   one  o l e f i n   and  at   l e a s t   one  o l e f i n i c a l l y  

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

c o n d u c t i v e   f i l l e r   is   p r e f e r a b l y   c a r b o n   b l a c k .   T h e  

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

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

p r e f e r a b l y   d o e s   n o t ,   c o n t a i n   a  r a d i a t i o n   c r o s s - l i n k i n g  

a i d .   The  p r e s e n c e   of  a  c r o s s - l i n k i n g   a id   can  s u b s t a n -  

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

p a r t i c u l a r   d e g r e e   of  c r o s s - l i n k i n g ,   b u t   i t s   r e s i d u e  

g e n e r a l l y   has   an  a d v e r s e   e f f e c t   on  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 .  

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

be  e f f e c t e d   by  a  m e l t - s h a p i n g   t e c h n i q u e ,   eg .   by  m e l t -  

e x t r u s i o n   or  m o l d i n g .  

The  i n v e n t i o n   is  i l l u s t r a t e d   by  t he   f o l l o w i n g  

E x a m p l e  



EXAMPLE 

The  i n g r e d i e n t s   and  a m o u n t s   t h e r e o f   g i v e n   i n  

t h e   T a b l e   b e l o w   were   u s e d   in  t h e   E x a m p l e .  



A f t e r   d r y i n g   t he   p o l y m e r   at  70°C  and  t h e   c a r b o n  

b l a c k   a t   150°C  f o r   16  h o u r s   in  a  vacuum  o v e n ,   t h e  

i n g r e d i e n t s   f o r   t he   m a s t e r b a t c h   were   d ry   b l e n d e d   a n d  

t h e n   m i x e d   f o r   12  m i n u t e s   in  a  B a n b u r y   m i x e r   t u r n i n g   a t  

h i g h   g e a r .   The  m i x t u r e   was  d u m p e d ,   c o o l e d ,   and  g r a n u l a t e d .  

The  f i n a l   mix  was  p r e p a r e d   by  d r y   b l e n d i n g   9 4 8 . 3  g .   o f  

H y d r a l   705  w i t h   2 4 3 9 . 2   g.  of  t h e   m a s t e r b a t c h ,  a n d   t h e n  

m i x i n g   t h e   d r y   b l e n d   f o r   7  m i n u t e s   i n  a  B a n b u r y  m i x e r  

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

g r a n u l a t e d ,   and  t h e n   d r i e d  a t   7 0 ° C  a n d  1  t o r r  f o r  1 6  

h o u r s .  

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

mix  was  m e l t   e x t r u d e d   as  a  s t r i p   1  cm:   w i d e  a n d   0 . 2 5   c m .  

t h i c k ,   a r o u n d   t h r e e   w i r e s .   Two  of  t h e  w i r e s  w e r e   p r e -  

h e a t e d   20  AWG  ( 0 . 0 9 5   cm.  d i a m e t e r )   1 9 / 3 2 - s t t a n d e d  

n i c k e l - p l a t e d   c o p p e r   w i r e s   w h o s e  c e n t e r s   w e r e   0 . 7 6  c m .  

a p a r t ,   and  t h e   t h i r d   w i r e ,   a  24  AWG  ( 0 . 0 6 4  c m .   d i a m e t e r )  

s o l i d   n i c k e l - p l a t e d   c o p p e r   w i r e ,   w a s  c e n t e r e d  b e t w e e n  

t he   o t h e r   two .   P o r t i o n s   1  cm.  l o n g  w e r e   cu t   f rom  t h e  

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

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

t he   w h o l e   of  t he   c e n t e r   24  AWG  w i r e   was  r e m o v e d ,  

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

The  p r o d u c t s   were   h e a t   t r e a t e d   in  n i t r o g e n   at   150°C  f o r  

30  m i n u t e s   and  t h e n   in  a i r   at   110°C  f o r   60  m i n u t e s ,  

and  were   t h e n   i r r a d i a t e d .   S a m p l e s   were   i r r a d i a t e d   t o  

d o s a g e s   of  20  M r a d s ,   80  Mrads   or  160  M r a d s .   T h e s e  

s a m p l e s ,   when  s u b j e c t e d   to  SEM  s c a n n i n g ,   were   f o u n d   t o  

have   a  maximum  d i f f e r e n c e   in  v o l t a g e   b e t w e e n   two  p o i n t s  

s e p a r a t e d   by  10  m i c r o n s   of  a b o u t   5 . 2 ,   a b o u t   4 .0   a n d  

a b o u t   2 .0   r e s p e c t i v e l y .   Some  of  t h e s e  s a m p l e s   w e r e  

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

e n v e l o p e   b e t w e e n   the   c o n d u c t i v e   e l e m e n t   and  t he   c a n .  



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

d e t e r m i n e   how  many  t e s t   c y c l e s   t h e y   w o u l d   w i t h s t a n d  

when  t e s t e d   in  a  c i r c u i t   c o n s i s t i n g   e s s e n t i a l l y   of   a  

240  v o l t   AC  p o w e r   s u p p l y ,   a  s w i t c h ,   a  f i x e d   r e s i s t o r  

and  t he   d e v i c e .   The  d e v i c e s   had  a  r e s i s t a n c e   of  2 0 - 3 0  

ohms  at   23°C  and  t h e   f i x e d   r e s i s t o r   had  a  r e s i s t a n c e  

of  33  o h m s ,   so  t h a t   when  t he   p o w e r   s u p p l y   was  f i r s t  

s w i t c h e d   on ,   t h e   i n i t i a l   c u r r e n t   in  t h e   c i r c u i t   w a s  

4-5  amps .   Each   t e s t   c y c l e   c o n s i s t e d   of  c l o s i n g   t h e  

s w i t c h ,   t h u s   t r i p p i n g   t he   d e v i c e ,   and  a f t e r   a  p e r i o d   o f  

a b o u t   10  s e c o n d s ,   o p e n i n g   t h e   s w i t c h   and  a l l o w i n g   t h e  

d e v i c e   to  c o o l   f o r   1  m i n u t e   b e f o r e   t h e   n e x t   t e s t   c y c l e .  

The  r e s i s t a n c e   of  t h e   d e v i c e   a t   23°C  was  m e a s u r e d  

i n i t i a l l y   and  a f t e r   e v e r y   f i f t h   c y c l e .   The  T a b l e   b e l o w  

shows  t h e   n u m b e r   of   c y c l e s   n e e d e d   to   i n c r e a s e   t h e  

r e s i s t a n c e   to   1 - 1 / 2   t i m e s   i t s   o r i g i n a l   v a l u e .  



1.  A  p r o c e s s   f o r   t h e   p r e p a r a t i o n   of  an  e l e c t r i c a l  

d e v i c e   c o m p r i s i n g   (a)   a  c r o s s - l i n k e d   PTC  c o n d u c t i v e  

p o l y m e r   e l e m e n t   and  (b)  two  e l e c t r o d e s   w h i c h   can  b e  

c o n n e c t e d   to   a  p o w e r   s o u r c e   to  c a u s e   c u r r e n t   to   f l o w  

t h r o u g h   the   PTC  e l e m e n t ,   w h i c h   p r o c e s s   c o m p r i s e s  

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

in  t h a t   t he   PTC  e l e m e n t   i s   i r r a d i a t e d   to   a  d o s a g e   of  a t  

l e a s t   50  M r a d s ,   s u b j e c t   to   t h e   p r o v i s o   t h a t   i f   e a c h   o f  

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

t h e n   e i t h e r   (a)   t h e   e l e m e n t   i s   i r r a d i a t e d   to   a  d o s a g e  

of   at   l e a s t   120  M r a d s ,   or  (b )   t h e   e l e c t r o d e s   a r e   m e t a l  

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

a f t e r   i t   ha s   been   c r o s s - l i n k e d .  

2.  A  p r o c e s s   a c c o r d i n g   to  c l a i m   1,  c h a r a c t e r i s e d   i n  

t h a t   e a c h  o f   t h e   e l e c t r o d e s   has   a  c o l u m n a r   s h a p e   a n d  

t h e   d e v i c e   is   i r r a d i a t e d   to  a  d o s a g e   of  at  l e a s t   6 0  

M r a d s ,   p r e f e r a b l y   at  l e a s t   80  M r a d s .  

3.  A  p r o c e s s   a c c o r d i n g   to  c l a i m   1  c h a r a c t e r i s e d   i n  

t h a t  

(A)  t he   PTC  e l e m e n t   is  in  t he   form  of  a  s t r i p  

w i t h   s u b s t a n t i a l l y   p l a n a r   p a r a l l e l   e n d s ,   t h e  

l e n g t h   of  t h e   s t r i p   b e i n g   g r e a t e r   t h a n   t h e  

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

s t r i p ;  

(B)  each   of  t he   e l e c t r o d e s   is  in  t h e   form  o f  

a  cap  h a v i n g   ( i )   a  s u b s t a n t i a l l y   p l a n a r   e n d  

w h i c h   c o n t a c t s   and  has   s u b s t a n t i a l l y   t he   s a m e  

c r o s s - s e c t i o n   as  one  end  of  t he   PTC  e l e m e n t  

and  ( i i )   a  s i d e   w a l l   wh ich   c o n t a c t s   t he   s i d e  

of  the   PTC  e l e m e n t ;   a n d  



(C)  t h e   d e v i c e   i s   i r r a d i a t e d   to   a  d o s a g e   of  a t  

l e a s t   60  M r a d s ,   p r e f e r a b l y   at  l e a s t   8 0  

M r a d s .  

4.  A  p r o c e s s   a c c o r d i n g   to  c l a i m   1  c h a r a c t e r i s e d   i n  

t h a t  

(A)  t h e   PTC  e l e m e n t   i s   l a m i n a r ;  

(B)  t h e   e l e c t r o d e s   a r e   d i s p l a c e d   f rom  e a c h   o t h e r  

so  t h a t   c u r r e n t   f l o w   b e t w e e n   them  is   a l o n g  

one  of  t h e   l a r g e   d i m e n s i o n s   of  t h e   e l e m e n t ;  

a n d  

(C)  t h e   d e v i c e   i s   i r r a d i a t e d   to  a  d o s a g e   of  a t  

l e a s t   60  M r a d s ,   p r e f e r a b l y   at  l e a s t   8 0  

M r a d s .  

5.  A  p r o c e s s   a c c o r d i n g   to  c l a i m   1  c h a r a c t e r i s e d   by  t h e  

s t e p s   o f  

(1)  i r r a d i a t i n g   a  l a m i n a r   PTC  c o n d u c t i v e   p o l y m e r  

e l e m e n t   in  t h e   a b s e n c e   of  e l e c t r o d e s ;  

(2)  c o n t a c t i n g   t h e   c r o s s - l i n k e d   PTC  e l e m e n t   f r o m  

s t e p   (1)  w i t h   m e t a l   f o i l   e l e c t r o d e s   u n d e r  

c o n d i t i o n s   of  h e a t   and  p r e s s u r e ,  a n d  

(3)  c o o l i n g   t h e   PTC  e l e m e n t   and  the   m e t a l   f o i l  

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

t o g e t h e r .  

6.  A  p r o c e s s   a c c o r d i n g   to  c l a i m   5  c h a r a c t e r i s e d   b y  

i r r a d i a t i n g   t h e   PTC  e l e m e n t   to  a  d o s e   of  at   l e a s t  

60  M r a d s ,   p r e f e r a b l y   at  l e a s t   80  M r a d s .  

7.  A  p r o c e s s   a c c o r d i n g   to  any  one  of  t he   p r e c e d i n g   c l a i m s  

c h a r a c t e r i s e d   in  t h a t   t h e   d e v i c e   is  i r r a d i a t e d   to  a  

d o s a g e   of  at  l e a s t   120  M r a d s ,   p r e f e r a b l y   at  l e a s t   1 6 0  

M r a d s .  



8.  An  e l e c t r i c a l   d e v i c e   w h i c h   c o m p r i s e s   (a)   a  r a d i a t i o n  

c r o s s - l i n k e d   PTC  c o n d u c t i v e   p o l y m e r   e l e m e n t   and  (b)  t w o  

e l e c t r o d e s   w h i c h   can   be  c o n n e c t e d   to  a  p o w e r   s o u r c e   t o  

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

t e r i s e d   in  t h a t ,   when  t he   d e v i c e   i s   s u b j e c t e d   to   SEM 

s c a n n i n g   (as   h e r e i n b e f o r e   d e f i n e d ) ,   t h e   maximum  d i f f e r e n c e  

in  v o l t a g e   b e t w e e n   two  p o i n t s   s e p a r a t e d   by  10  m i c r o n s  

is   l e s s   t h a n   4 .2   v o l t s ,   p r e f e r a b l y   l e s s   t h a n   3  v o l t s ,  

p a r t i c u l a r l y   l e s s   t h a n   2  v o l t s ,   e s p e c i a l l y   l e s s   t h a n  1  

v o l t ,   s u b j e c t   to   t h e   p r o v i s o   t h a t   i f   e a c h   of  t h e  

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

t h e   maximum  d i f f e r e n c e   i s   l e s s   t h a n   3  v o l t s .  

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

e a c h   of  t h e   e l e c t r o d e s   has   c o l u m n a r   s h a p e   and  t h e  

maximum  d i f f e r e n c e   i s   l e s s   t h a n   4 . 0   v o l t s .  

10 .   A  d e v i c e   a c c o r d i n g   to  c l a i m   8  c h a r a c t e r i s e d  i n  

t h a t  

(A)  t he   PTC  e l e m e n t   is   in  t h e   f o rm  of  a  s t r i p  

w i t h   s u b s t a n t i a l l y   p l a n a r   p a r a l l e l   e n d s ,   t h e  

l e n g t h   of  t h e   s t r i p   b e i n g   g r e a t e r   t h a n   t h e  

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

s t r i p :  

(B)  e a c h   of  t h e   e l e c t r o d e s   is  in  t h e   form  o f  

a  cap  h a v i n g   ( i )   a  s u b s t a n t i a l l y   p l a n a r   e n d  

w h i c h   c o n t a c t s   and  has   s u b s t a n t i a l l y   t he   s a m e  

c r o s s - s e c t i o n   as  one  end  of  t he   PTC  e l e m e n t  

and  ( i i )   a  s i d e   w a l l   w h i c h   c o n t a c t s   t he   s i d e  

of  t he   PTC  e l e m e n t ;   a n d  

(C)  the   maximum  d i f f e r e n c e   is  l e s s   t h a n   4 .0   v o l t s .  
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