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©  Non-linear  resistor  and  production  thereof. 

A  non-linear  resistor  having  each  continuous  film 
havin  no  gas  permeability  and  lower  electrical  resistiv- 
ity  than  the  resistivity  of  a  sintered  body  between  the 
sintered  body  having  non-linear  resistance  characteristics 
and  an  electrode,  has  excellent  stability  for  application 
of  rated  voltage  for  a  long  period  of  time. 



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

u s e d   f o r   v o l t a g e   s t a b i l i z e r s ,   s u r g e   a b s o r b e r s ,   a r r e s t e r s ,  

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

A  c o n v e n t i o n a l   n o n - l i n e a r   r e s i s t o r   has   a  

s t r u c t u r e   as  shown  i n   F i g .   1,  w h e r e i n   e l e c t r o d e s   2 

a r e   f o r m e d   i n d i v i d u a l l y   on  u p p e r   and  l o w e r   m a j o r  

s u r f a c e s   of   a  s i n t e r e d   body   1  h a v i n g   as  a  m a j o r  

c o m p o n e n t   z i n c   o x i d e   and  n o n - l i n e a r   r e s i s t a n c e   c h a r a -  

c t e r i s t i c s .   Such   a  n o n - l i n e a r   r e s i s t o r   i s   p r o d u c e d  

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

e x a m p l e ,   in   t h e   p r o d u c t i o n   of   a  z i n c   o x i d e   t y p e   n o n -  

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

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

a d d e d   to   z i n c   o x i d e   p o w d e r   and  s u f f i c i e n t l y   m i x e d ,  

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

w a t e r ,   p o l y ( v i n y l   a l c o h o l ) ,   or   t h e   l i k e   to   f o r m   g r a n u l e s ,  

w h i c h   a r e   p r e s s e d   i n t o   a  body   of  a  d e s i r e d   s h a p e   a n d  

s i z e .   The  body   i s   t h e n   s i n t e r e d   in   an  e l e c t r i c   f u r n a c e  

at  a  t e m p e r a t x r e   of  9 0 0  -   1 4 0 0 ° C .   The  s i d e   s u r f a c e  

of  t h e   body   may  be  c o a t e d   w i t h   a  B i 2 O 3 - S b 2 O 3 - S i O 2   p a s t e  

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

t h e   s i d e   s u r f a c e   b e f o r e   t h e   s i n t e r i n g .   T h e n ,   two  m a j o r  

s u r f a c e s   at   w h i c h   e l e c t r o d e s   a r e   to  be  f o r m e d   a r e  

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

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



s p r a y i n g ,   b a k i n g   of   a  p a s t e ,   or  t h e   l i k e .   When  t h e  

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

v o l t a g e   t r a n s m i s s i o n - l i g h t n i n g   a r r e s t e r ,   a  g l a s s   f i l m   i s  

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

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

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

e x c e l l e n t   i n   n o n - l i n e a l i t y   of   v o l t a g e - c u r r e n t  

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

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

to  d e t e r i o r a t i o n   by  t h e   l o a d   t e s t   w h i c h   i s   c a r r i e d   o u t  

by  a p p l y i n g   a  r a t e d   v o l t a g e   f o r   a  l o n g   p e r i o d   of   t i m e ,  

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

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

Fo r   e x a m p l e ,   t h e   l i f e   of   n o n - l i n e a r   r e s i s t o r  

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

1200  kV  u n d e r   t h e   c o n d i t i o n s   of   u s e   t e m p e r a t u r e   4 0 ° C ,  

and  an  a p p l i e d   v o l t a g e   r a t i o   (AVR)  of   80%  (100%  AVR 

i s   t h e   1  mA  v o l t a g e   a t   t h e   i n i t i a l   c o n d i t i o n )   s h o u l d   b e  

l o n g e r   t h a n   100  y e a r s ,   b u t   n o n - l i n e a r   r e s i s t o r   e l e m e n t s  

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

c o n v e n t i o n a l   n o n - l i n e a r   r e s i s t o r s .  

As  to   t h e   d e t e r i o r a t i o n   of  p r o p e r t i e s ,   i t   i s  

known  t h e   f o l l o w i n g   f a c t s :   (1)  when  a  n o n - l i n e a r   r e s i s t o r  

e l e m e n t   i s   h e a t   t r e a t e d   i n   a  n i t r o g e n   a t m o s p h e r e ,   t h e r e  

o c c u r s   t h e   same  p a t t e r n   of   p r o p e r t y   d e t e r i o r a t i o n   a s  

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

t i o n ,   and   (2)  t h e   e l e m e n t   w h i c h   was  d e t e r i o r a t e d   i n  

p r o p e r t i e s   can   r e c o u p   i t s   o r i g i n a l   p r o p e r t i e s   w h e n   t h e  



e l e m e n t   i s   h e a t e d   in   a i r   or  o x y g e n - c o n t a i n i n g   a t m o s p h e r e .  

T a k i n g   t h e s e   f a c t s   i n t o   c o n s i d e r a t i o n ,   c a u s e s   of   t h e  

p r o p e r t y   d e t e r i o r a t i o n   s e e m s   to   be  t h a t   t h e   o x y g e n   i n  

g r a i n   b o n d a r y   l a y e r s   i n   t h e   s i n t e r e d   body   or  t h e   o x y g e n  

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

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

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

b o u n d a r i e s   to   i n c r e a s e   a  l e a k a g e   c u r r e n t .  

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

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

b a s e d   n o n - l i n e a r   r e s i s t o r s   by  i m p r o v i n g   s t a b i l i t y   t o  

v o l t a g e   a p p l i c a t i o n :  

(1)   B i s m u t h   o x i d e   or  b i s m u t h   o x i d e - c o n t a i n i n g   g a s e s  

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

body   ( e . g .   U . S .   P a t e n t   No.  3 , 7 2 3 , 1 7 5 ) .  

(2)   B o r o n   o x i d e   or  g l a s s   c o n t a i n i n g   b o r o n   o x i d e  

i s   a d d e d   f o r   s i n t e r i n g   ( e . g .   U . S .   P a t e n t   No.  3 , 6 6 3 , 4 5 8 ) .  

B u t ,   e v e n   t h e   z i n c   o x i d e   b a s e d   n o n - l i n e a r  

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

w e r e   s t i l l   u n s a t i s f a c t o r y   in   s t a b i l i t y   when  a p p l i e d  

r a t e d   v o l t a g e   f o r   a  l o n g   p e r i o d   of   t i m e .  

I t   i s   o b j e c t s   of  t h i s   i n v e n t i o n   to  p r o v i d e   a  

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

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

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

T h i s   i n v e n t i o n   p r o v i d e s   a  n o n - l i n e a r   r e s i s t o r  

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

c h a r a c t e r i s t i c s   and  one  or  more   e l e c t r o d e s   f o r m e d   on  t h e  



u p p e r   a n d / o r   l o w e r   m a j o r   s u r f a c e s   of  s a i d   s i n t e r e d   b o d y ,  

c h a r a c t e r i z e d   i n   t h a t   one  or  more   c o n t i n u o u s   f i l m s  

h a v i n g   no  gas   p e r m e a b i l i t y   and  l o w 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 e   r e s i s t i v i t y   of   s a i d   s i n t e r e d   body   a r e  

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

or   more   e l e c t r o d e s .  

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

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

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

l o w e r   s u r f a c e   a r e a ,   a t   w h i c h   an  e l e c t r o d e   i s   to   be  f o r m e d ,  

o f   a  s i n t e r e d   body   h a v i n g   n o n - l i n e a r   r e s i s t a n c e   c h a r a c -  

t e r i s t i c s ,  

b a k i n g   t h e   l a y e r   of   m a t e r i a l   a t   a  t e m p e r a t x r e  

of   350  to   520°C  f o r   p r o v i d i n g   a  c o n t i n u o u s   f i l m   h a v i n g  

no  gas   p e r m e a b i l i t y   and  l o w 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 e   r e s i s t i v i t y   o f   t h e   s i n t e r e d   b o d y ,   a n d  

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

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

In  t h e   a t t a c h e d  d r a w i n g s ,   F i g .   1  i s   a  c r o s s -  

s e c t i o n a l   v i e w   of   a  c o n v e n t i o n a l   n o n - l i n e a r   r e s i s t o r ,  

F i g .   2  i s   a  c r o s s - s e c t i o n a l   v i e w   of   a  n o n - l i n e a r  

r e s i s t o r   of  t h i s   i n v e n t i o n ,   F i g .   3  i s   a  g r a p h   s h o w i n g  

a  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   and  I n 2 0 3   c o n t e n t  

in   a  m i x t u r e   of  i n d i u m   o x i d e   and   t i n   o x i d e   w h i c h   m i x t u r e  

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

and  an  e l e c t r o d e ,   and  F i g .   4  i s   a  g r a p h   s h o w i n g   a  

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



z i n c   o x i d e   as  a  m a j o r   c o m p o n e n t .  

A c c o r d i n g   to  t h i s   i n v e n t i o n ,   s i n c e   t h e  

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

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

d e n s e   t h a t   i t   h a s   no  gas   p e r m e a b i l i t y   and  h a v i n g   l o w 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 e   r e s i s t i v i t y   of   t h e  

s i n t e r e d   body   and   no  y - b i s m u t h   o x i d e   p h a s e ,   v a r i o u s  

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

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

e . g .   o x y g e n   i o n s   or  a  gas   a d s o r b e d   in   t h e   s i n t e r e d  

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

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

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

e . g .   more   t h a n   100  y e a r s   u n d e r   o r d i n a r y   c o n d i t i o n s .  

T h i s   i n v e n t i o n   i s   e x p l a i n e d   in   d e t a i l   r e f e r -  

r i n g   to  F i g .   2.  As  shown  in   F i g .   2,  t h e   c o n t i n u o u s  

f i l m   3  i s   i n t e r p o s e d   b e t w e e n   t h e   s i n t e r e d   body   1  h a v i n g  

n o n - l i n e a r   c h a r a c t e r i s t i c s   and  t h e   e l e c t r o d e   2 .  

The  s i n t e r e d   b o d y   u s e d   in   t h i s   i n v e n t i o n   m a y  

be  a n y  o n e   h a v i n g   n o n - l i n e a r   r e s i s t a n c e   c h a r a c t e r i s t i c s  

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

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

or  a d s o r b e d   gas   in   t h e   s i n t e r e d   b o d y .   E x a m p l e s   of   s u c h  

a  s i n t e r e d   body   a r e   s i n t e r e d   b o d i e s   of   o x i d e s   s u c h   a s  

z i n c   o x i d e ,   t i t a n i u m   o x i d e ,   and  t h e   l i k e   and  t h o s e   o f  

c h a l c o g e n   s u c h   as  s e l e n i u m   and  t h e   l i k e .   P a r t i c u l a r l y ,  

n o n - l i n e a r   r e s i s t o r s   c o n t a i n i n g   z i n c   o x i d e   as  a  m a j o r  

c o m p o n e n t   a r e   e x c e l l e n t   in   n o n - l i n e a r   r e s i s t a n c e  



c h a r a c t e r i s t i c s   b u t   show  t h e   p r o p e r t y   d e t e r i o r a t i o n   a t  

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

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

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

e x h i b i t e d   when  t h i s   i n v e n t i o n   i s   a p p l i e d   to   s u c h   z i n c  

o x i d e   b a s e d   n o n - l i n e a r   r e s i s t o r s .  

The  c o n t i n u o u s   f i l m   3  f o r m e d   b e t w e e n   t h e  

s i n t e r e d   body   1  and  t h e   e l e c t r o d e   3  i s   p r e f e r a b l y  

r e q u i r e d   to   h a v e   t h e   f o l l o w i n g   p r o p e r t i e s :  

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

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

in   o r d e r   to   r e m o v e   a  p r o b l e m   of   h e a t   g e n e r a t i o n   b y  

p a s s i n g   a  c u r r e t t   b e t w e e n   t h e   s i n t e r e d   body   and   t h e  

e l e c t r o d e .   When  a  s i t e r e d   body   c o n t a i n i n g   z i n c   o x i d e  

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

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

of   1  ohm·cm  or  l e s s   s i n c e   t h e   r e s i s t i v i t y   of   z i n c  

o x i d e   g r a i n s   i s   1  to   10  o h m . c m .   F i g .   3  shows   c h a n g e s .  

of  r e s i s t i v i t y   d e p e n d i n g   on  t h e   i n d i u m   o x i d e   c o n t e n t   i n  

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

t i n   o x i d e .   As  i s   c l e a r   f r o m   F i g .   3,  e v e n   i n   t h e   c a s e  

of   a  s i n g l e   f i l m   of   i n d i u m   o x i d e   or  t i n   o x i d e ,   t h e  

r e s i s t i v i t y   i s   l o w e r   t h a n   1  o h m · c m   and  t h e   r e s i s t i v i t y  

i s   f u r t h e r   l o w e r e d   when  t h e r e   a r e   u s e d   f i l m s   of   m i x t u r e s  

of   i n d i u m   o x i d e   and   t i n   o x i d e .   In  t h i s   i n v e n t i o n ,   t h e  

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

S e c o n d ,   i t   i s   i m p o r t a n t   t h a t   t h e   c o n t i n u o u s  



f i l m   i s   good   in   d e n s e n e s s   and  a d h e s i o n   to   t h e   s i n t e r e d  

b o d y .   The  w o r d s   " g o o d   in   d e n s e n e s s "   mean  t h a t   a  g a s  

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

f i l m .   As  m e n t i o n e d   a b o v e ,   i t   i s   v e r y   i m p o r t a n t   t o  

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

body   or  a  gas   s u c h   as  o x y g e n   a d s o r b e d   in   t h e   s i n t e r e d  

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

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

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

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

S u c h   a  good   a d h e s i o n   of   t h e   c o n t i n u o u s   f i l m   to  t h e  

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

as  m e n t i o n e d   a b o v e   and  r e d u c i n g   c o n t a c t   r e s i s t a n c e  

b e t w e e n   t h e   s i n t e r e d   body   and   t h e   f i l m .  

T h i r d l y ,   in   t h e   c a s e   of   u s i n g   as  a  s i n t e r e d  

b o d y   t h a t   c o n t a i n i n g   z i n c   o x i d e   as  a  m a j o r   c o m p o n e n t ,   i t  

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

f i l m   can   be  b a c k e d   on  t h e   s i n t e r e d   body   a t   a  t e m p e r a t u r e  

of   520°C  or  l o w e r .   When  a  s i n t e r e d   body   o b t a i n e d   b y  

s i n t e r i n g   p o w d e r s   c o n t a i n i n g   z i n c   o x i d e   as  a  m a j o r  

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

(a )   of   t h e   r e s i s t o r   i s   l o w e r e d   in   a  t e m p e r a t u r e   r a n g e  

h i g h e r   t h a n   520°C  and  l o w e r   t h a n   1 0 0 0 ° C   as  shown  i n  

F i g .   4  b u t   i t   i n c r e a s e s   to   t h e   same  l e v e l   or  l a r g e r  

t h a n   t h a t   of   b e f o r e   t h e   h e a t   t r e a t m e n t   when  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   i s   520°C  or  l o w e r .   A  r e a s o n   f o r  

l o w e r i n g   t h e   n o n - l i n e a r i t y   c o e f f i c i e n t   (a)   by  t h e   h e a t  

t r e a t m e n t   in   a  t e m p e r a t u r e   r a n g e   h i g h e r   t h a n   520°C  a n d  



l o w e r   t h a n   1 0 0 0 ° C   seems   to   be  due  to  s u s p e c t e d   p h a s e  

c h a n g e   i n   t h e   b i s m u t h   o x i d e   i n t o   y - p h a s e .   In  t h e   c a s e  

when  t h e  s i n t e r e d   body   i s   h e a t   t r e a t e d   a t  a   t e m p e r a t u r e  

of   1 0 0 0 ° C   or  h i g h e r ,   t h e   n o n - l i n e a r i t y   c o e f f i c i e n t  

i n c r e a s e s   a g a i n .   But  a t   t h e   t e m p e r a t u r e   of   1 0 0 0 ° C   o r  

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

o x i d e   t y p e   or  a  m i x t u r e   of  i n d i u m   o x i d e - t i n   o x i d e   t y p e  

g e n e r a l l y   b e g i n s   to  r e a c t   w i t h   a  z i n c   o x i d e   t y p e  

s i n t e r e d   m a t e r i a l   v i o l e n t l y .   T h e r e f o r e ,   when  t h e r e   a r e  

u s e d   as   t h e   s i n t e r e d   body   t h a t   h a v i n g   z i n c   o x i d e   as  a  

m a j o r   c o m p o n e n t   and  as  t h e   c o n t i n u o u s   f i l m   t h a t   made  o f  

i n d i u m   o x i d e   t y p e   c o m p o u n d ,   t i n   o x i d e   t y p e   c o m p o u n d   o r  

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

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

f i l m   can   be  b a k e d   on  t h e   s i n t e r e d   body   a t   a  t e m p e r a t u r e  

of   520°C  or  l o w e r .  

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

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

s i n t e r e d   b o d y .   In  a d d i t i o n ,   i t   i s   p r e f e r a b l e   t h a t   t h e  

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

n o n - l i n e a r   r e s i s t o r s   w h i c h   can   be  u s e d   in   h i g h   h u m i d i t y .  

C o n s i d e r i n g   t h e   a b o v e - m e n t i o n e d   r e q u i r e d  

p r o p e r t i e s ,   i t   i s   p r e f e r a b l e   to   u s e   as  t h e   c o n t i n u o u s  

f i l m   i n t e r p o s e d   b e t w e e n   t h e   s i n t e r e d   body   and  t h e  

e l e c t r o d e   t h a t   made  of   i n d i u m   o x i d e   or  t h e   l i k e   c o m p o u n d ,  

t i n   o x i d e   or   t h e   l i k e   c o m p o u n d   or   a  m i x t u r e   of  i n d i u m  

o x i d e   and   t i n   o x i d e   or  t h e   l i k e   c o m p o u n d s .  

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



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

of  t h e   s i n t e r e d  b o d y   so  l o n g   as  n o t   l o w e r i n g   t h e  

p r o p e r t i e s   of   t h e   f i l m   of   i n d i u m   o x i d e ,   t i n   o x i d e  

or  i n d i u m   o x i d e - t i n   o x i d e   m i x t u r e .   E x a m p l e s   of  s u c h  

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

m a n g a n e s e   o x i d e ,   and  t h e   l i k e .  

T h i c k n e s s   of   t h e   c o n t i n u o u s   f i l m   c h a n g e s  

d e p e n d i n g   on  t h e   k i n d s   of   s i n t e r e d   body   and   m a t e r i a l s  

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

z i n c   o x i d e   as  a  m a j o r   c o m p o n e n t   i s   u s e d ,   a  p r e f e r a b l e  

t h i c k n e s s   of   t h e   c o n t i n u o u s   f i l m   i s   1  to   30  µm  in   t h e  

c a s e   of   i n d i u m   o x i d e ,   t i n   o x i d e   or   t h e   l i k e   c o m p o u n d  

b e i n g   u s e d   s i n g l y   and  1  to   50  µm  in  t h e   c a s e   of   a  

m i x t u r e   of   i n d i u m   o x i d e   and  t i n   o x i d e   t y p e   c o m p o u n d s .  

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

t h e   same  a r e a   and  s h a p e   as  t h e   e l e c t r o d e   to   be  f o r m e d  

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

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

Z inc   o x i d e   s i n t e r e d   body   h a s   a  t h e r m a l  

e x p a n s i o n   c o e f f i c i e n t   of   a b o u t   80  x  1 0 - 7 ° C - 1 ,   w h i l e  

an  i n d i u m   o x i d e - t i n   o x i d e   t y p e   f i l m   h a s   a  t h e r m a l  

e x p a n s i o n   c o e f f i c i e n t   of  a b o u t   160  x  1 0 - 7 ° C - 1 .  

T h e r e f o r e ,   i f   t h e   f i l m   t h i c k n e s s   of   t h e   i n d i u m   o x i d e -  

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

e a s i l y   be  c r a c k e d   due  to   d i f f e r e n c e s   of   t h e r m a l   e x p a n -  

s i o n   c o e f f i c i e n t s   of   t h e   two .   S i n c e   c r a c k s   a r e   e a s i l y  

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

t h a n   50  µm  as  shown  in   T a b l e   10  b e l o w ,   i t   i s   p r e f e r a b l e  



to   make  t h e   f i l m   t h i c k n e s s   50  µm  or   l e s s .   F u r t h e r ,   a s  

shown  i n   T a b l e   10 ,   s i n c e   l i f e t i m e   p r o p e r t i e s   u n d e r   t h e  

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

b e c o m e   w o r s e   when  t h e   f i l m   t h i c k n e s s   i s   l e s s   t h a n  

1  µm,  i t   i s   p r e f e r a b l e   to   make  t h e   f i l m   t h i c k n e s s  

1  µm  or  m o r e .   As  m e n t i o n e d   a b o v e ,   t h e   f i l m   t h i c k n e s s  

of   1  to   50  µm  i s   p r e f e r a b l e   in   t h e   c a s e   of   t h e   f i l m   o f  

a  m i x t u r e   of   i n d i u m   o x i d e   a n d  t i n   o x i d e   t y p e   c o m p o u n d s  

when  t h e   s i n t e r e d   body   c o n t a i n s   z i n c   o x i d e   as  a  m a j o r  

c o m p o n e n t .   The  same  r e a s o n s   may  be  a p p l i e d   to   t h e   c a s e  

of   t h e   f i l m   of   i n d i u m   o x i d e   or   t i n   o x i d e   or  t h e   l i k e  

c o m p o u n d   b e i n g   u s e d   s i n g l y .  

As  t h e   s i n t e r e d   b o d y ,   t h e r e   may  be  u s e d   a n y  

s i n t e r e d   body   c o n t a i n i n g   z i n c   o x i d e   as  a  m a j o r   c o m p o n e n t ,  

more   c o n c r e t e l y   70%  by  mo le   or  m o r e .   The  s i n t e r e d  

body   may  f u r t h e r   c o n t a i n   b i s m u t h   o x i d e   and  m a n g a n e s e   o x i d e  

in  a m o u n t s   of  0 . 0 1   to   10%  by  m o l e ,   r e s p e c t i v e l y   and  t h e  

r e s u l t i n g   s i n t e r e d   body   i s   more   p r e f e r a b l e .   P a r t i c u l a r l y  

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

o x i d e ,   m a n g a n e s e   o x i d e ,   c o b a l t   o x i d e ,   a n t i m o n y   o x i d e ,  

c h r o m i u m   o x i d e ,   b o r o n   o x i d e ,   s i l i c o n   o x i d e   and  n i c k e l  

o x i d e   in   a m o u n t s   of  0 . 0 1   to   10%  by  m o l e ,   r e s p e c t i v e l y ,  

b u t   n o t   more   t h a n   30%  by  m o l e   as  a  t o t a l   in   a d d i t i o n   t o  

z i n c   o x i d e .   T h e s e   s i n t e r e d   body   can   u s u a l l y   be  o b t a i n e d  

by  s i n t e r i n g   raw  m a t e r i a l   p a r t i c l e s   c o n t a i n i n g   z i n c  

o x i d e   a t   a  t e m p e r a t u r e   of  900  to   1 4 0 0 ° C .   I t   i s   p r e -  

f e r a b l e   t h a t   t h e   s i n t e r e d   body   c o n t a i n   no  or  s u b s t a n t i a l l y  

no  y - b i s m u t h   o x i d e   p h a s e   t h e r e i n   e v e n   a f t e r   t h e   h e a t  



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

s i n t e r e d   b o d y .  

The  n o n - l i n e a r   r e s i s t o r   of  t h i s   i n v e n t i o n  

can  be  p r o d u c e d ,   f o r   e x a m p l e ,   by  t h e   f o l l o w i n g   p r o c e s s e s .  

On  two  m a j o r   s u r f a c e   a r e a s ,   on  w h i c h   e l e c t r o d e s  

a r e   to   be  f o u n d ,   of  a  s i n t e r e d   body   h a v i n g   n o n - l i n e a r  

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

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

m a j o r   c o m p o n e n t s ,   and  t h e n   t h e   l a y e r s   a r e   b a k e d   a t   a  

t e m p e r a t u r e   of  350  to   520°C  to   f o r m   a  c o n t i n u o u s   a n d  

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

gas   p e r m e a b i l i t y ,   f o l l o w e d   by  f o r m a t i o n   of   e l e c t r o d e s  

on  i n d i v i d u a l   s u r f a c e s   of   t h e s e   f i l m s .  

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

c o n t i n u o u s   and  e l e c t r o c o n d u c t i v e   f i l m ,   t h e r e   can   be  u s e d  

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

i n d i u m   o x i d e   and  t i n   o x i d e   b u t   a l s o   any  i n d i u m   c o m p o u n d s  

w h i c h   can   y i e l d   i n d i u m   o x i d e   by  p y r o l y s i s   at   a  t e m p e r a -  

t u r e   p r e f e r a b l y   520°C  or  l o w e r   s u c h   as  i n d i u m   n i t r a t e ,  

e t c . ,   and  any  t i n   c o m p o u n d s   w h i c h   can   y i e l d   t i n   o x i d e  

by  p y r o l y s i s   a t   a  t e m p e r a t u r e   p r e f e r a b l y   520°C  or  l o w e r  

s u c h   as  t i n   n i t r a t e ,   e t c .  

U s i n g   t h e s e   raw  m a t e r i a l s ,   a  f i l m   f o r m i n g   l a y e r  

may  be  f o r m e d   on  t h e   s i n t e r e d   body   by  a  c o n v e n t i o n a l  

p r o c e s s   s u c h   as  a  c h e m i c a l   v a p o r   d e p o s i t i o n   m e t h o d   ( C V D ) ,  

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

b r u s h i n g ,   or  t h e   l i k e .  



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

when  a  s o l u t i o n   c o n t a i n i n g   a b o v e - m e n t i o n e d   raw  m a t e r i a l s ,  

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

and  a  t i n   c o m p o u n d ,   i s   c o a t e d   on  a  m a j o r   s u r f a c e  

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

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

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

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

r a t e d   i n t o   t h e   i n n e r   p o r t i o n   of   t h e   s i n t e r e d   body   f i l l  

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

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

m a t e r i a l   l a y e r ,   w h i c h   r e s u l t s   in   m a k i n g   g r e a t e r   t h e  

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

t h e   s i n t e r e d   b o d y   or   t h e   gas   a d s o r b e d   i n   t h e   s i n t e r e d  

b o d y .  

The  raw  m a t e r i a l   l a y e r   f o r m e d   on  t h e   e l e c t r o d e  

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

t e m p e r a t u r e   of   520°C  or   l o w e r   c o n s i d e r i n g   t h e   d e c r e a s e  

i n   n o n - l i n e a r i t y   c o e f f i c i e n t   and  t h e   f o r m a t i o n   of   y -  

b i s m u t h   o x i d e   p h a s e .   In  o r d e r   to  p r e v e n t   t h e   l o w e r i n g  

in   r e s i s t a n c e   to   h u m i d i t y   of   t h e   b a k e d   f i l m ,   i t   i s  

p r e f e r a b l e   to   b a k e   t h e   raw  m a t e r i a l   l a y e r   a t   a  t e m p e r a t u r e  

of  350°C  or   h i g h e r .  

When  t h e   c o n t i n u o u s   and  e l e c t r o c o n d u c t i v e   f i l m  

is   f o r m e d   by  s p u t t e r i n g ,   t h e   b a k i n g   o p e r a t i n   of   t h e   r a w  

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

E l e c t r o d e s   a r e   f o r m e d   on  i n d i v i d u a l   c o n t i n u o u s  

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



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

e t c . ,   to   g i v e   a  n o n - l i n e a r   r e s i s t o r .  

The  n o n l i n e a r   r e s i s t o r   of  t h i s   i n v e n t i o n   h a s  

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

l o n g   p e r i o d   of   t i m e   and  can   be  u s e d   f o r   v o l t a g e   s t a b i -  

l i z e r s ,   s u r g e   a b s o r b e r s ,   a r r e s t e r s   and  t h e   l i k e   w i t h  

u s u a l   m o d i f i c a t i o n s .   Fo r   e x a m p l e ,   an  a r r e s t e r   can   b e  

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

p i l e d   in   a  h o u s i n g   means   s u c h   as  a  m e t a l   t a n k   or   a n  

i n s u l a t o r .  

S u c h   an  a r r e s t e r   has   a  l o n g   s e r v i c e   l i f e -  

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

t i m e   ( u n d e r   c o n t i n u o u s   AC  o p e r a t i n g   s t r e s s )   of   t h e   n o n -  

l i n e a r   r e s i s t e r   u s e d   t h e r e i n .   G e n e r a l l y ,   t h e r e   e x i s t s  

a  p r o b l e m   i n   t h a t ,   due  to   t h e   f l o a t i n g   c a p a c i t y   b e t w e e n  

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

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

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

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

u s u a l l y   p r a c t i c e d   to   p r o v i d e   one  or  more   c a p a c i t o r s  

or  a  m e t a l l i c   s h i e l d   to   t h e r e b y   c o r r e c t   t h e   e l e c t r i c  

f i e l d   e x e r t e d .   In  t h e   a r r e s t e r   of   t h i s   i n v e n t i o n ,  

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

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

e l e c t r i c   f i e l d ,   i t   i s   p o s s i b l e   to   o m i t   t h e   f i e l d   c o r -  

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

T h i s   r e d u c e s   t h e  n u m b e r   of   t h e   a r r e s t e r   p a r t s ,   w h i c h  

r e s u l t s   in   f a c i l i t a t i n g   t h e   m a n u f a c t u r e   of   t h e   a r r e s t e r  



and  i m p r o v i n g   i t s   r e l i a b i l i t y   as  a  w h o l e .   A l s o ,   s i n c e  

t h e   h o u s i n g   means   can   be  r e d u c e d   i n   s i z e ,   i t   i s   p o s -  

s i b l e   to   a t t a i n   a  r e d u c t i o n   of   s i z e   and  w e i g h t   of   t h e  

a r r e s t e r   and  to   i m p r o v e   i t s   e a r t h   q u a k e   r e s i s t a n c e .  

T h i s   i n v e n t i o n   i s   i l l u s t r a t e d   by  way  of  t h e  

f o l l o w i n g   E x a m p l e s .  

E x a m p l e   1 

Z i n c   o x i d e   (ZnO)  i n   an  a m o u n t   of  2360  g ,  

70  g  of   b i s m u t h   o x i d e   ( B i 2 0 3 ) ,   25  g  of   c o b a l t   o x i d e  

( C o 2 0 3 ) ,   85  g  of   a n t i m o n y   o x i d e   ( S b 2 0 3 ) ,   18  g  o f  

m a n g a n e s e   o x i d e   ( M n 0 2 ) ,   25  g  of   c h r o m i u m   o x i d e   ( C r 2 0 3 ) ,  

189  g  of   s i l i c o n   o x i d e   ( S i 0 2 ) ,   2  g   of   b o r o n   o x i d e   ( B 2 0 3 )  

and   18  g  of   n i c k e l   o x i d e   (NiO)  w e r e   m i x e d   i n   a  wet   b a l l  

m i l l   f o r   20  h o u r s .   The  r e s u l t i n g   m i x e d   p o w d e r s   w e r e  

d r i e d ,   g r a n u l a t e d ,   and   p r e s s e d   i n t o   a  body   of   20  mm 

in   d i a m e t e r   and   7  mm  in   t h i c k n e s s .   A f t e r   c o a t i n g   a  

B i 2 O 3 - S b 2 O 3 - S i O 2 - c o n t a i n i n g   p a s t e   on  t h e   s i d e   s u r f a c e  

of  t h e   b o d y ,   t h e   b o d y   was  s i n t e r e d   in   a i r   a t   1 2 5 0 ° C   f o r  

2  h o u r s .   D u r i n g   t h e   s i n t e r i n g ,   t h e   a b o v e - m e n t i o n e d  

p a s t e   was  r e a c t e d   w i t h   t h e   z i n c   o x i d e   to   g i v e   a  h i g h l y  

r e s i s t a n t   l a y e r   c o n t a i n i n g   Z n 2 S i O 4  a n d   Z n 7 S b 2 0 1 2   m a i n l y .  

Two  m a j o r   s u r f a c e s   of   t h e   s i n t e r e d   body   w e r e   a b r a d e d  

so  as  to   g i v e   a  t h i c k n e s s   of   3  mm. 

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

d i s s o l v i n g   i n d i u m   n i t r a t e   [ I n   ( N O 3 ) 3 · 9 H 2 O ]   in   a c e t y l -  

a c e t o n e   (CH3COCH2COCH3)  (a  50%  by  w e i g h t   s o l u t i o n )   w a s  

m i x e d   w i t h   a  s o l u t i o n   o b t a i n e d   by  d i s s o l v i n g   m e t a l l i c  



t i n   (Sn)   in   n i t r i c   a c i d   (HN03)  (a  25%  by  w e i g h t   s o l u t i o n )  

so  as  to   make  t h e   w e i g h t   r a t i o   of   S n / I n   =  9 / 1 .   T h e  

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

of   t h e   s i n t e r e d   body   by  a  d i p   m e t h o d   w h i l e   m a s k i n g   t h e  

n o n - a b r a d e d   a r e a s   so  as  to  g i v e   a  f i l m   h a v i n g   a  t h i c k n e s s  

in   t h e   r a n g e   of  5  -   10  µm  a f t e r   b a k e d .   The  t h u s   c o a t e d  

s i n t e r e d   body   was  h e a t   t r a t e d   ( b a k e d )   i n   a i r   a t   450°C  f o r  

2  h o u r s   w h i l e   r a i s i n g   t h e   t e m p e r a t u r e   to  450°C  a t   a  

r a t e   of   2 0 0 ° C / h r .   A f t e r   b a k i n g ,   Al  e l e c t r o d e s   w e r e  

f o r m e d   on  t h e   i n d i u m   o x i d e - t i n   o x i d e   f i l m s   by  a  c o n v e n -  

t i o n a l   f l a m e   s p r a y i n g .  

A  p l u r a l i t y   of  n o n - l i n e a r   r e s i s t o r s   t h u s  

p r o d u c e d   and  c o n v e n t i o n a l   n o n - l i n e a r   r e s i s t o r s   c o n t a i n -  

i n g   no  i n d i u m   o x i d e - t i n   o x i d e   f i l m   w e r e   s u b j e c t e d   t o  

an  a c c e l e r a t e d   l i f e   t e s t   w i t h   r a t e d   v o l t a g e  

a p p l i c a t i o n   to   a b t a i n   e x p e c t e d   l i f e t i m e s   when  u s e d  

as  r e s i s t o r s   f o r   1200  kV  a r r e s t e r s   and   t h e i r   l i f e t i m e s  

and  n o n - l i n e a r i t y   c o e f f i c i e n t s   (a)   w e r e   c o m p a r e d .   T h e  

r e s u l t s   a r e   as  shown  i n   T a b l e   1 .  





The  a b o v e - m e n t i o n e d   c o n d i t i o n s   a r e   t h e   same  in   t h e  

f o l l o w i n g   E x a m p l e s .  

As  i s   c l e a r   f r o m   T a b l e   1,  t h e   l i f e t i m e   i s  

p r o l o n g e d   by  f a r   r e m a r k a b l y   and  t h e   n o n - l i n e a r i t y  

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

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

o x i d e - t i n   o x i d e   b e t w e e n   t h e   s i n t e r e d   body   and  t h e  

e l e c t r o d e s .  

E x a m p l e  2  

In  a  b a l l   m i l l ,   2360  g  of   ZnO,  70  g  of   B i 2 0 3 '  

25  g  of   Co2O3,   87  g  of   Sb2O3 ,   17  g  of   Mn02,   23  g  o f  

C r 2 0 3 ,   2  g  of   B2O3  and   9  g  of   SiO2  w e r e   wet   m i x e d   f o r  

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

g r a n u l a t e d   and   p r e s s e d   i n t o   a  body   of   20  mm  i n  

d i a m e t e r   and  5  mm  in   t h i c k n e s s .   A f t e r   c o a t i n g   a  

B i 2 0 3  -   S b 2 0 3  -   S i O 2 - c o n t a i n i n g   p a s t e   on  t h e   s i d e  

s u r f a c e   of   t h e   b o d y ,   t h e   body   was  s i n t e r e d   i n   a i r   a t  

1 2 5 0 ° C   f o r   2  h o u r s .   D u r i n g   t h e   s i n t e r i n g ,   t h e   a b o v e -  

m e n t i o n e d   p a s t e   was  r e a c t e d   w i t h   t h e   ZnO  to  g i v e   a  

h i g h l y   r e s i s t a n t   l a y e r   c o n t a i n i n g   Z n 2 S i O 4   and   Z n 7 S b 2 O 1 2  

m a i n l y .   Two  m a j o r   s u r f a c e s   of   t h e   s i n t e r e d   b o d y   w e r e  

a b r a d e d   so  as  to   g i v e   a  t h i c k n e s s   o f  4   mm. 

On  t h e   o t h e r   h a n d ,   a  s o l u t i o n   was  p r e p a r e d   b y  

m i x i n g   m e t a l l i c   t i n   ( S n ) ,   CH3COCH2COCH3  and   H N O 3  i n   a  

w e i g h t   r a t i o   of   1  :   1 0  :   4.  The  s o l u t i o n   was  a p p l i e d  

to  t h e   a b r a d e d   s u r f a c e s   of   t h e   s i n t e r e d   body   by  t h e  

d ip   m e t h o d   so  as  to   g i v e   a  f i l m   h a v i n g   a  t h i c k n e s s   i n  



t h e   r a n g e   of  2  -   10  µm  a f t e r   b a k e d .   The  t h u s   c o a t e d  

s i n t e r e d   body   was  h e a t   t r e a t e d   ( b a k e d )   in   a i r   a t   4 5 0 ° C  

f o r   2  h o u r s   w h i l e   r a i s i n g   t h e   t e m p e r a t u r e   to   450°C  a t  

a  r a t e   of   2 0 0 ° C / h r .   A f t e r   b a k i n g ,   a l u m i n u m   e l e c t r o d e s  

w e r e   f o r m e d   on  t h e   t i n   o x i d e   f i l m s   by  a  c o n v e n t i o n a l  

f l a m e   s p r a y i n g .  

The  same  t e s t s   as  c o n d u c t e d   i n   E x a m p l e   1  w e r e  

c o n d u c t e d   w i t h   t h e   r e s u l t s   as  shown  i n   T a b l e   2 .  

As  i s   c l e a r   f r o m   T a b l e   2,  by  t h e   f o r m a t i o n  

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

r e m a r k a b l y   and  t h e   n o n - l i n e a r i t y   c o e f f i c i e n t   i s   i n c r e a s e d  

c o n s i d e r a b l y .  





E x a m p l e   3 

A  s i n t e r e d   body   was  p r e p a r e d   i n   t h e   s a m e  

m a n n e r   as  d e s c r i b e d   i n   E x a m p l e   2.  Two  m a j o r   s u r f a c e s  

of  t h e   s i n t e r e d   body   w e r e   a b r a d e d   so  as  to   g i v e  

a  t h i c k n e s s   of  3  mm. 

T h e n ,   a  50%  by  w e i g h t   s o l u t i o n   p r e p a r e d   b y  

d i s s o l v i n g   i n d i u m   n i t r a t e   [ I n ( N O 3 ) 3 · 9 H 2 O ]   in   CH3COCH2COCH3 

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

by  t h e   d i p   m e t h o d   so  as  to   g i v e   a  f i l m   h a v i n g   a  t h i c k n e s s  

of  i n   t h e   r a n g e   of   2  -   10  µm  a f t e r   b a k e d .   The  t h u s  

c o a t e d   s i n t e r e d   b o d y   was  h e a t   t r e a t e d ,   f o l l o w e d   by  t h e  

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

E x a m p l e   2 .  

The  same  t e s t s   as  c o n d u c t e d   in   E x a m p l e   1 

w e r e   c o n d u c t e d   w i t h   t h e   r e s u l t s   as  shown  i n   T a b l e   3 .  

As  i s   c l e a r   f r o m   T a b l e   3,  by  t h e   f o r m a t i o n  

of   t h e   i n d i u m   o x i d e   f i l m ,   t h e   l i f e t i m e   i s   p r o l o n g e d  

r e m a r k a b l y   and   t h e   n o n - l i n e a r i t y   c o e f f i c i e n t   i s   i n c r e a s e d  

c o n s i d e r a b l y .  





E x a m p l e   4 

In  t h e   same  m a n n e r   as  d e s c r i b e d   in   E x a m p l e   2 ,  

2360  g  of   ZnO,  70  g  of   B i 2 0 3 ,   25  g  of   C o 2 0 3 ,   17  g  o f  

Mn02,   85  g  of   S b 2 0 3 ,   23  g  of   C r 2 0 3 ,   2  g  of   B2O3,   a n d  

10  g  of   SiO2  w e r e   wet  m i x e d ,   d r i e d ,   g r a n u l a t e d   a n d  

p r e s s e d   i n t o   a  body   of   20  mm  in   d i a m e t e r   and   5  mm  i n  

t h i c k n e s s .   A f t e r   c o a t i n g   a  B i 2 0 3 - S b 2 0 3 - S i 0 2 - c o n t a i n i n g  

p a s t e   on  t h e   s i d e   s u r f a c e   of   t h e   b o d y ,   t h e   body   w a s  

s i n t e r e d   i n   a i r   a t   1 2 5 0 ° C   f o r   2  h o u r s .   A f t e r   a b r a d i n g  

two  m a j o r   s u r f a c e s   of   t h e   s i n t e r e d   body   to   a  t h i c k n e s s  

of   4  mm,  a  s o l u t i o n   c o n t a i n i n g   t i n   o b t a i n e d   in   t h e   s a m e  

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

(3%  by  w e i g h t )   was  a p p l i e d   to   t h e   a b r a d e d   s u r f a c e s  

of   t h e   s i n t e r e d   body   by  t h e   d i p   m e t h o d   so  as  to   g i v e  

a  f i l m   h a v i n g   a  t h i c k n e s s   i n   t h e   r a n g e   of   1 5  -   20  µm 

a f t e r   b a k e d .   The  t h u s   c o a t e d   s i n t e r e d   b o d y   was  h e a t  

t r e a t e d   ( b a k e d )   i n   a i r   a t   a  t e m p e r a t u r e   of   2 5 0 ° C ,  

3 0 0 ° C ,   3 5 0 ° C ,   4 5 0 ° C ,   520°C  or  600°C  f o r   30  m i n u t e s ,  .  

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

a  r a t e   of   1 0 0 ° C / h r .  

The  r e s u l t i n g   t i n   o x i d e   f i l m s   w e r e   s u b j e c t e d  

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

f i l m s   w e r e   a l s o   m e a s u r e d .  

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

f o r m e d   on  t h e   t i n   o x i d e   f i l m s   by  a  c o n v e n t i o n a l   f l a m e  

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

t h e   same  t e s t s   as  i n   E x a m p l e   1  w i t h   t h e   r e s u l t s   a s  

shown  i n   T a b l e   4 .  



The  h u m i d i t y   r e s i s t a n c e   t e s t   was  c o n d u c t e d   b y  

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

w a t e r   f o r   30  m i n u t e s   and  j u d g i n g   t h e   s u r f a c e   a p p e a r a n c e  

as  to   d i s c o l o r a t i o n   or   p e e l i n g  . o f   t h e   t i n   o x i d e   f i l m .  

As  shown  in   T a b l e   4,  when  t h e   t i n   o x i d e   f i l m s  

w e r e   b a k e d   a t   250°C  and  3 0 0 ° C ,   p e e l i n g   and   d i s c o l o r a t i o n  

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

t i v i t y   was  a l s o   l a r g e r   t h a n   1  o h m · c m .   On  t h e   o t h e r  

h a n d ,   when  b a k e d   a t   6 0 0 ° C ,   t h e   n o n - l i n e a r i t y   c o e f f i c i e n t  

of  t h e   r e s u l t i n g   r e s i s t o r   was  l o w e r e d   g r e a t l y .   T h u s ,  

t h e ' b a k i n g   t e m p e r a t u r e   of   350  to   520°C  i s   p r e f e r a b l e  

f o r   g i v i n g   t h e   t i n   o x i d e   f i l m   h a v i n g   good   p r o p e r t i e s .  





E x a m p l e   5 

In  a  b a l l   m i l l ,   2360  g  of   ZnO,  70  g  of  B i 2 O 3 ,  

25  g  of  C o 2 0 3 ,   17  g  of   Mn02,   85  g  of   S b 2 0 3 ,   23  g  o f  

C r 2 0 3 ,   2  g  of  B2O3  and   10  g  of   SiO2  w e r e   wet  m i x e d   f o r  

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

a  body   of   20  mm  in   d i a m e t e r   and   6  mm  in   t h i c k n e s s .  

The  body   was  s i n t e r e d   in   a i r   a t   1 2 5 0 ° C   f o r   2  h o u r s .   Two 

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

as  to   g i v e   a  t h i c k n e s s   of   4  mm.  S o l u t i o n s   h a v i n g   a '  

S n / I n   r a t i o   of   5 / 9 5 ,   1 0 / 9 0 ,   2 0 / 8 0 ,   5 0 / 5 0 ,   or  8 0 / 2 0  

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

s o l u t i o n   u s e d   i n   E x a m p l e   1.  E a c h   s o l u t i o n   was  a p p l i e d  

to  t h e   a b r a d e d   s u r f a c e s   of   t h e   s i n t e r e d   body   by  t h e   d i p  

m e t h o d   so  as  to  g i v e   a  f i l m   h a v i n g   a  t h i c k n e s s   in   t h e  

r a n g e   of   1 5  -   20  µm  a f t e r   b a k e d .   The  t h u s   c o a t e d  

s i n t e r e d   body   was  h e a t   t r e a t e d   ( b a k e d )   in   a i r   a t   4 0 0 ° C  

f o r   30  m i n u t e s ,   w h i l e   r a i s i n g   t h e   t e m p e r a t u r e   to   4 0 0 ° C  

a t   a  r a t e   of   1 5 0 ° C / h r .   S i n g l e   f i l m   of   i n d i u m   o x i d e  

and  t h a t   of   t i n   o x i d e   w e r e   f o r m e d   i n   t h e   same  m a n n e r  

as  m e n t i o n e d   a b o v e .   A l u m i n u m   e l e c t r o d e s   w e r e   f o r m e d  

on  e a c h   f i l m   of   i n d i u m   o x i d e - t i n   o x i d e ,   i n d i u m   o x i d e   o r  

t i n   o x i d e   by  a  c o n v e n t i o n a l   f l a m e   s p r a y i n g .  

The  r e s u l t i n g   r e s i s t o r s   w e r e   s u b j e c t e d   to  t h e  

same  t e s t s   as  in   E x a m p l e   1  w i t h   t h e   r e s u l t s   as  s h o w n  

in   T a b l e   5 .  

As  i s   c l e a r   f r o m   T a b l e   5,  t h e   f i l m s   made  o f  

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

to  t h e   f i l m   made  of   i n d i u m   o x i d e   or  t i n   o x i d e   s i n g l y  

in   t h e   a c c e l e r a t e d   l i f e   t e s t .  





E x a m p l e   6 

In  a  b a l l   m i l l ,   2360  g  of  ZnO,  20  g  of  B i 2 O 3 ,  

25  g  of   C o 2 0 3 ,   17  g  of   MnO2,  85  g  of   S b 2 0 3 ,   23  g  o f  

C r 2 0 3 ,   2  g  of   B203  and  10  g  of  SiO2  w e r e   wet  m i x e d   f o r  

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

body   of  20  mm  in   d i a m e t e r   and  6  mm  in   t h i c k n e s s .   T h e  

body   was  s i n t e r e d   in   a i r   a t   1 2 5 0 ° C   f o r   2  h o u r s .   Two 

m a j o r   s u r f a c e s   of   t h e   s i n t e r e d   body   we re   a b r a d e d   so  a s  

to   g i v e   a  t h i c k n e s s   of   4  mm.  The  same  i n d i u m   s o l u t i o n  

as  u s e d   i n   E x a m p l e   3  was  a p p l i e d   to   t h e   a b r a d e d  

s u r f a c e s   of   t h e   s i n t e r e d   body   by  t h e   d i p   m e t h o d   so  a s  

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

1 5  -   20  µm  a f t e r   b a k e d .   The  t h u s   c o a t e d   s i n t e r e d   b o d y  

was  h e a t   t r e a t e d   ( b a k e d )   i n   a i r   a t   a  t e m e p r a t u r e  

of   2 5 0 ° C ,   3 0 0 ° C ,   3 5 0 ° C ,   4 5 0 ° C ,   520°C  or   600°C  f o r  

30  m i n u t e s ,   w h i l e   r a i s i n g   t h e   t e m p e r a t u r e   to  t h e  

p r e s c r i b e d   one  a t   a  r a t e   of   1 0 0 ° C / h r .  

The  r e s u l t i n g   i n d i u m   o x i d e   f i l m s   w e r e   s u b j e c t e d  

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

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

d e s c r i b e d   in   E x a m p l e   4.  The  r e s u l t s   a r e   shown  i n  

T a b l e   6 .  

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

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

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

to  t h e   same  t e s t s   as  in   E x a m p l e   1  w i t h   t h e   r e s u l t s   a s  

shown  i n   T a b l e   6 .  

As  shown  i n   T a b l e   6,  when  t h e   i n d i u m   o x i d e  



f i l m s   we re   b a k e d   a t   250°C  and   3 0 0 ° C ,   p e e l i n g   a n d  

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

and  t h e   r e s i s t i v i t y   was  a l s o   l a r g e r   t h a n   1  o h m · c m   o r  

s l i g h t l y   l o w e r   t h a n   1  o h m · c m .   On  t h e   o t h e r   h a n d ,   w h e n  

b a k e d   a t   6 0 0 ° C ,   t h e   n o n - l i n e a r i t y   c o e f f i c i e n t   of   t h e  

r e s u l t i n g   r e s i s t o r   was  l o w e r e d   g r e a t l y .   T h u s ,   t h e  

b a k i n g   t e m p e r a t u r e   of   350  to   520°C  i s   p r e f e r a b l e   f o r  

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





E x a m p l e  7  

In  a  b a l l   m i l l ,   2360  g  of   ZnO,  95  g  o f  

B i 2 0 3 ,   25  g  of   Co2O3,   17  g  of   MnO2,  85  g  of   S b 2 0 3 ,  

23  g  of  C r 2 0 3 ,   2  g  of  B203  and   10  g  of   SiO2  w e r e   w e t  

m i x e d   f o r   15  h o u r s ,   and   t h e n   d r i e d ,   g r a n u l a t e d   a n d  

p r e s s e d   i n t o   a  b o d y   of   20  mm  in   d i a m e t e r   and   6  mm  i n  

t h i c k n e s s .   The  body   was  s i n t e r e d   in   a i r   a t   1 2 5 0 ° C   f o r  

2  h o u r s .   Two  m a j o r   s u r f a c e s   of   t h e   s i n t e r e d   b o d y   w e r e  

a b r a d e d   so  as  to   g i v e   a  t h i c k n e s s   of   4  mm.  A  s o l u t i o n  

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

s o l u t i o n   as  u s e d   i n   E x a m p l e   1  so  as  to   g i v e   a  S n / I n  

p a t i o   of   2 0 / 8 0   was  a p p l i e d   to   t h e   a b r a d e d   s u r f a c e s   o f  

t h e   s i n t e r e d   body   by  t h e   d i p   m e t h o d   so  as  to   g i v e   a n  

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

t h e   r a n g e   of   2 0  -   25  µm  a f t e r   b a k e d .   The  t h u s   c o a t e d  

s i n t e r e d   body   was  h e a t   t r e a t e d   ( b a k e d )   in   a i r   a t   a  

t e m p e r a t u r e   of   2 5 0 ° C ,   3 0 0 ° C ,   3 5 0 ° C ,   4 5 0 ° C ,   520°C  o r  

600°C  f o r   30  m i n u t e s ,   w h i l e   r a i s i n g   t h e   t e m p e r a t u r e   t o  

t h e   p r e s c r i b e d   one  a t   a  r a t e   of   1 0 0 ° C / h r .  

The  r e s u l t i n g   i n d i u m   o x i d e - t i n   o x i d e   f i l m s  

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

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

t h e   same  m a n n e r   as  d e s c r i b e d   in   E x a m p l e   4.  T h e  

r e s u l t s   a r e   shown  in   T a b l e   7 .  

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

f o r m e d   on  t h e   i n d i u m   o x i d e - t i n   o x i d e   f i l m s   by  a  

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

w e r e   s u b j e c t e d   to   t h e   same  t e s t s   as  in   E x a m p l e   1  w i t h  



t h e   r e s u l t s   as  shown  in   T a b l e   7 .  

As  shown  in   T a b l e   7,  when  t h e   i n d i u m   o x i d e - t i n  

o x i a e   f i l m s   w e r e   b a k e d   a t   250°C  and  3 0 0 ° C ,   p e e l i n g  

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

w a t e r   and   t h e   r e s i s t i v i t y   was  a l s o   l a r g e r   t h a n   1  o h m · c m .  

On  t h e   o t h e r   h a n d ,   when  b a k e d   a t   6 0 0 ° C ,   t h e   n o n - l i n e a r i t y  

c o e f f i c i e n t   of  t h e   r e s u l t i n g   r e s i s t o r   was  l o w e r e d  

g r e a t l y .   T h u s ,   t h e   b a k i n g   t e m p e r a t u r e   of  350  to  5 2 0 ° C  

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

f i l m   h a v i n g   good   p r o p e r t i e s .  





E x a m p l e   8 

In  t h e   same  m a n n e r   as  d e s c r i b e d   in   E x a m p l e   1 ,  

2 3 4 0  g   of  ZnO,  140  g  of  B i 2 O 3 ,   25  g  o f   Co2O3,   17  g  o f  

Mn02,  88  g  of   S b 2 0 3 ,   23  g  of   NiO,   5  g  of  C r 2 0 3 ,   2  g  o f  

B203  and   5  g  of   S i 0 2   w e r e   wet   m i x e d ,   d r i e d ,   g r a n u l a t e d  

and  p r e s s e d   i n t o   a  body   of   20  mm  in   d i a m e t e r   and  5  mm 

in   t h i c k n e s s .   A f t e r   c o a t i n g   a  B i 2 O 3 - S b 2 O 3 - S i O 2 -  

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

body   was  s i n t e r e d   i n   a i r   a t   1 2 7 0 ° C   f o r   2  h o u r s .   Two 

m a j o r   s u r f a c e s   of   t h e   s i n t e r e d   body   we re   a b r a d e d   s o  

as  to   g i v e   a  t h i c k n e s s   of   4  mm.  The  t i n   s o l u t i o n   u s e d  

in   E x a m p l e   1  was  a p p l i e d   to  t h e   a b r a d e d   s u r f a c e s   o f  

t h e   s i n t e r e d   body   by  b r u s h i n g   so  as  to   g i v e   a  t i n   o x i d e  

f i l m   h a v i n g   a  t h i c k n e s s   of   0 . 5   µm,  1  µm,  10  µm,  20  µ m ,  

30  µm  or   40  µm  a f t e r   b a k e d .   Each   t h u s   c o a t e d   s i n t e r e d  

body   was  h e a t   t r e a t e d   ( b a k e d )   in   a i r   a t   500°C  f o r  

30  m i n u t e s ,   w h i l e   r a i s i n g   t h e   t e m p e r a t u r e   to   5 0 0 ° C  

a t   a  r a t e   of  1 0 0 ° C / h r .   A f t e r   b a k e d ,   a l u m i n u m   e l e c t r o d e s  

w e r e   f o r m e d   on  t h e   t i n   o x i d e   f i l m s   h a v i n g   no  c r a c k s  

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

r e s i s t o r s   w e r e   s u b j e c t e d   to  t h e   same  a c c e l e r a t e d   l i f e  

t e s t   as  E x a m p l e   1  w i t h   t h e   r e s u l t s   as  shown  in   T a b l e   8 .  

As  shown  in   T a b l e   8,  when  t h e   e l e c t r o c o n d u c t i v e  

t i n   o x i d e   f i l m   h a s   a  t h i c k n e s s   of   as  t h i c k   as  40  µm,  c r a c k s  

t a k e   p l a c e   on  t h e   f i l m .   T h i s   s e e m s   to  be  c a u s e d   b y  

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

t h e   s i n t e r e d   body   and   t h e   t i n   o x i d e   f i l m .   F u r t h e r ,   w h e n  

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



i s   as  t h i n   as  0 . 5   µm,  t h e   r e s u l t s   of   t h e   a c c e l e r a t e d   l i f e  

t e s t   a r e   n o t   so  d i f f e r e n t   f r o m   t h o s e   o b t a i n e d   when  n o  

t i n   o x i d e   f i l m   i s   i n t e r p o s e d   b e t w e e n   t h e   s i n t e r e d   b o d y  

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

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

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

r e l e a s e   of   t h e   o x y g e n   a d s o r b e d   on  z i n c   o x i d e   c r y s t a l   g r a i n  

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

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

c a t i o n .   T h u s ,   a  p r e f e r a b l e   t h i c k n e s s   o f   t h e   e l e c t r o -  

c o n d u c t i v e   t i n   o x i d e   f i l m   i s   i n   t h e   r a n g e   of   1  to  30  µm.  





E x a m p l e   9 

A  m i x t u r e   of  p o w d e r s   h a v i n g   t h e   same  c o m p o s i -  

t i o n   as  d e s c r i b e d   in   E x m a p l e   8  was  g r a n u l a t e d   and  p r e s s e d  

i n t o   a  body   of  20  mm  in   d i a m e t e r   and   6  mm  in   t h i c k n e s s .  

A f t e r   c o a t i n g   a  S i O 2 - B i 2 O 3 - S b 2 O 3 - c o n t a i n i n g   p a s t e   o n  

t h e   s i d e   s u r f a c e   of   t h e   b o d y ,  t h e   body   was  s i n t e r e d   i n  

a i r   a t   1 2 7 0 ° C   f o r   2  h o u r s .   Two  m a j o r   s u r f a c e s   of   t h e  

s i n t e r e d   body   w e r e   a b r a d e d   so  as  to   g i v e   a  t h i c k n e s s  

of   4  mm.  The  i n d i u m   s o l u t i o n   u s e d   in   E x a m p l e   2  w a s  

' a p p l i e d   to   t h e   a b r a d e d   s u r f a c e s   of   t h e   s i n t e r e d   b o d y  

by  b r u s h i n g   so  as  to   g i v e   an  i n d i u m   o x i d e   f i l m   h a v i n g  

a  t h i c k n e s s   of   0 . 5   µm,  1  µm,  10  µm,  20  µm,  30  µm. 

or   45  µm  a f t e r   b a k e d .   The  t h u s   c o a t e d   s i n t e r e d   b o d y  

was  h e a t   t r e a t e d   ( b a k e d )   in   a i r   a t   500°C  f o r   30  m i n u t e s ,  

w h i l e   r a i s i n g   t h e   t e m p e r a t u r e  t o   500°C  a t   a  r a t e   of   1 0 0  

° C / h r .   A f t e r   b a k e d ,   a l u m i n u m   e l e c t r o d e s   w e r e   f o r m e d   o n  

t h e   i n d i u m   o x i d e   f i l m s   h a v i n g   no  c r a c k s   t h e r e o n   by  a  

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

w e r e   s u b j e c t e d   to   t h e   same  a c c e l e r a t e d   l i f e   t e s t   as  i n  

E x a m p l e   1  w i t h   t h e   r e s u l t s   as  shown  i n   T a b l e   9 .  

As  shown  i n   T a b l e   9,  when  t h e   e l e c t r o c o n d u c t i v e  

i n d i u m   o x i d e   f i l m   h a s   a  t h i c k n e s s   of   as  t h i c k   as  45  µ m ,  

c r a c k s   t a k e   p l a c e   on  t h e   f i l m .   On  t h e   o t h e r   h a n d ,   w h e n  

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

f i l m   i s   as  t h i n   as  0 .5   µm,  t h e   r e s u l t s   of  t h e   a c c e l e -  

r t e d   l i f e   t e s t   a r e   n o t   so  d i f f e r e n t   f r o m   t h o s e   o b t a i n e d  

when  no  i n d i u m   o x i d e   f i l m   i s   i n t e r p o s e d .  





E x a m p l e   1 0  

On  two  m a j o r   s u r f a c e s   of   a  s i n t e r e d   b o d y  

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

t i n   o x i d e   f i l m s   w e r e   f o r m e d   by  a  c o n v e n t i o n a l   s p u t t e r -  

i n g   m e t h o d ,   f o l l o w e d   by  t h e   f o r m a t i o n   of   a l u m i n u m  

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

In  t h i s   c a s e ,   t h e   l i f e t i m e   of   r e s u l t i n g  

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

when  t h e   t h i c k n e s s   of   t h e   t i n   o x i d e   f i l m s   was  1  µm  o r  

m o r e .  

E x a m p l e   1 1  

On  two  m a j o r   s u r f a c e s   of   a  s i n t e r e d   b o d y  

o b t a i n e d   i n   t h e   same  m a n n e r   as  d e s c r i b e d   i n   E x a m p l e   3 ,  

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

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

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

In  t h i s   c a s e ,   t h e   l i f e t i m e   of   r e s u l t i n g  

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

i m p r o v e d   when  t h e   t h i c k n e s s   of   t h e   i n d i u m   o x i d e   f i l m s  

was  1  µm  or   m o r e .  

E x a m p l e   1 2  

In  a  b a l l   m i l l ,   2340  g  of  ZnO,  140  g  of   B i 2 O 3 ,  

25  g  of   C o 2 0 3 ,   18  g  of   Mn02,   90  g  of   S b 2 0 3 ,   25  g  o f  

NiO,  7  g  of   C r 2 0 3 ,   2  g  of   B2O3  and  6  g  of   SiO2  w e r e   w e t  

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

body   of   20  mm  in   d i a m e t e r   and   5  mm  in   t h i c k n e s s .   A f t e r  



c o a t i n g   a  S i 0 2 - B i 2 0 3 - S b 2 0 3 - c o n t a i n i n g   p a s t e   on  t h e   s i d e  

s u r f a c e   of   t h e   b o d y ,   t h e   b o d y   was  s i n t e r e d   a t   1 2 7 0 ° C   f o r  

2  h o u r s .   Two  m a j o r   s u r f a c e s   of  t h e   s i n t e r e d   body   w e r e  

a b r a d e d   so  as  to  g i v e   a  t h i c k n e s s   of  3  mm.  A  s o l u t i o n  

was  p r e p a r e d   by  m i x i n g   t h e   i n d i u m   s o l u t i o n   and  t h e   t i n  

s o l u t i o n   u s e d   in   E x a m p l e   1  so  as  to   g i v e   a  S n / I n   r a t i o  

of   4 0 / 6 0 .   The  s o l u t i o n   was  a p p l i e d   to   t h e   a b r a d e d   s u r f a c e s  

of   t h e   s i n t e r e d   b o d y   by  b r u s h i n g   so  as  to  g i v e   an  i n d i u m  

o x i d e - t i n   o x i d e   f i l m   h a v i n g   a  t h i c k n e s s   of   0 . 5   µm,  

1  µm,  10  um,  20  µm,  30  µm,  50  µm  or   65  µm  a f t e r   b a k e d .  

E a c h   s i n t e r e d   body   t h u s   c o a t e d   was  h e a t   t r e a t e d   ( b a k e d )  

i n   a i r   a t   500°C  f o r   30  m i n u t e s ,   w h i l e   r a i s i n g   t h e   t e m p e r a -  

t u r e   to   500°C  a t   a  r a t e   of   1 0 0 ° C / h r .   A f t e r   b a k e d ,  

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

h a v i n g   no  c r a c k s   t h e r e o n   by  a  c o n v e n t i o n a l   f l a m e  

s p r a y i n g .   The  r e s u l t i n g   n o n - l i n e a r   r e s i s t o r s   w e r e  

s u b j e c t e d   to  t h e   same  a c c e l e r a t e d   l i f e   t e s t   as  i n  

E x a m p l e   1  w i t h   t h e   r e s u l t s   as  shown  i n   T a b l e   1 0 .  

As  shown  i n   T a b l e   10 ,   when  t h e   i n d i u m   o x i d e -  

t i n   o x i d e   f i l m   has   a  t h i c k n e s s   of   as  t h i c k   as  65  µm,  

c r a c k s   t a k e   p l a c e   on  t h e   f i l m .   On  t h e   o t h e r   h a n d ,  

when  t h e   t h i c k n e s s   of   i n d i u m   o x i d e - t i n   o x i d e   f i l m   i s  

as  t h i n   as  0 . 5   µm,  t h e   r e s u l t s   of   t h e   a c c e l e r a t e d   l i f e  

t e s t   a r e   n o t   so  d i f f e r e n t   f r o m   t h o s e   o b t a i n e d   when  n o  

i n d i u m   o x i d e - t i n   o x i d e   f i l m   i s   i n t e r p o s e d .   C r a c k s   o n  

t h e   t h i c k   f i l m   seem  to  be  c a u s e d   by  d i f f e r e n c e s   i n  

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

and  t h e   i n d i u m  o x i d e - t i n   o x i d e   f i l m .   On  t h e   o t h e r   h a n d ,  



when  t h e   i n d i u m   o x i d e - t i n   o x i d e   f i l m   i s   so  t h i n   a s  

0 .5   µm,  p i n   h o l e s   a r e   f o r m e d   i n   t h e   f i l m ,   w h i c h   r e s u l t s  

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

r e l e a s e   of   t h e   o x y g e n   a d s o r b e d   on  z i n c   o x i d e   c r y s t a l  

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

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

t e s t .   T h u s ,   a  p r e f e r a b l e   t h i c k n e s s   of   t h e   i n d i u m  

o x i d e - t i n   o x i d e   f i l m   i s   i n   t h e   r a n g e   of   1  to   50  µm.  





E x a m p l e   1 3  

On  two  m a j o r   s u r f a c e s   of   a  s i n t e r e d   b o d y  

o b t a i n e d   in   t h e   same  m a n n e r   as  d e s c r i b e d   in   E x a m p l e   1 ,  

i n d i u m   o x i d e - t i n   o x i d e   f i l m s   w e r e   f o r m e d   by  a  c o n v e n -  

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

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

s p r a y i n g .  

In  t h i s   c a s e ,   t h e   l i f e t i m e   of  r e s u l t i n g  

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

when  t h e   t h i c k n e s s   of   t h e   i n d i u m   o x i d e - t i n   o x i d e   f i l m  

was  1  µm  or   m o r e .  

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

o x i d e ,   i n d i u m   o x i d e ,   or  i n d i u m   o x i d e - t i n   o x i d e ,   w h i c h  

has   no  gas   p e r m e a b i l i t y   and  good   e l e c t r o c o n d u c t i v e n e s s ,  

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

e l e c t r o d e s ,   t h e   n o n - l i n e a r   r e s i s t o r   of   t h i s   i n v e n t i o n  

i s   e x c e l l e n t   i n   s t a b i l i t y   when  a  r a t e d   v o l t a g e   i s  

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

c o n v e n t i o n a l   o n e s   h a v i n g   no  s u c h   f i l m s .  



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

body   h a v i n g   n o n - l i n e a r   r e s i s t a n c e   c h a r a c t e r i s t i c s ,  

c o n t i n u o u s   f i l m s   h a v i n g   no  gas   p e r m e a b i l i t y   and  l o w 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 e   r e s i s t i v i t y   of   t h e  

s i n t e r e d   body   f o r m e d   on  t h e   u p p e r   a n d / o r   l o w e r   m a j o r  

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

f o r m e d   on  t h e   c o n t i n u o u s   f i l m s .  

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

w h e r e i n   t h e   c o n t i n u o u s   f i l m   i s   made  of   an  i n d i u m   o x i d e  

t y p e   c o m p o u n d   or   a  t i n   o x i d e   t y p e   c o m p o u n d .  

3.  A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to   C l a i m   1 ,  

w h e r e i n   t h e   c o n t i n u o u s   f i l m   i s   made  of   a  m i x t u r e   o f  

an  i n d i u m   o x i d e   t y p e   c o m p o u n d   and  a  t i n   o x i d e   t y p e  

c o m p o u n d .  

4.  A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to   C l a i m   2 ,  

w h e r e i n   t h e   c o n t i n u o u s   f i l m   i s   made  of  i n d i u m   o x i d e  

or  t i n   o x i d e   and  has   a  t h i c k n e s s   of   1  to   30  µm.  

5.  A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to  C l a i m   3 ,  

w h e r e i n   t h e   c o n t i n u o u s   f i l m   i s   made  of   a  m i x t u r e   o f  

i n d i u m   o x i d e   and  t i n   o x i d e   and  has   a  t h i c k n e s s   of   1 

to  50  µm.  

6.  A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to   C l a i m   1 ,  

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

350  to   520°C  a f t e r   s o l u t i o n   c o a t i n g   on  t h e   s i n t e r e d  

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

7.  A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to   C l a i m   1 ,  

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



s i n t e r e d   b o d y .  

8.  A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to  C l a i m   1 ,  

w h e r e i n   t h e   s i n t e r e d   body   c o n t a i n s   z i n c   o x i d e   as  a  m a j o r  

c o m p o n e n t .  

9.  A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to  C l a i m   8 ,  

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

y - f o r m   b i s m u t h   o x i d e .  

10.   A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to   C l a i m   1 ,  

w h e r e i n   t h e   c o n t i n u o u s   f i l m   has   r e s i s t i v i t y   of  1 

ohm·cm  or   l e s s .  

11.   A  n o n - l i n e a r   r e s i s t o r   a c c o r d i n g   to   C l a i m   1 ,  

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

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

12.   A  p r o c e s s   f o r   p r o d u c i n g   a  n o n - l i n e a r   r e s i s t o r  

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

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

l o w e r   m a j o r   s u r f a c e   a r e a ,   a t   w h i c h   an  e l e c t r o d e   i s   t o  

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

c h a r a c t e r i s t i c s ,  

b a k i n g   t h e   l a y e r   of   m a t e r i a l   a t   a  t e m p e r a t u r e  

of  350  to   520°C  f o r   p r o v i d i n g   a  c o n t i n u o u s   f i l m   h a v i n g  

no  gas   p e r m e a b i l i t y   and  l o w 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 e   r e s i s t i v i t y   of   t h e   s i n t e r e d   b o d y ,   a n d  

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

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

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

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

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



s o l u t i o n   i s   a  s o l u t i o n   of   one  or  more  i n d i u m   c o m p o u n d s   o r  

t i n   c o m p o u n d s   as  m a j o r   c o m p o n e n t s .  

15.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   13,   w h e r e i n   t h e  

s o l u t i o n   i s   a  s o l u t i o n   of   a  m i x t u r e   of   one  or  m o r e  

i n d i u m   c o m p o u n d s   and  t i n   c o m p o u n d s   as  m a j o r   c o m p o n e n t s .  

16.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   12,   w h e r e i n   t h e  

l a y e r   of   m a t e r i a l   i s   a  l a y e r   of  one  or   more   i n d i u m  

c o m p o u n d s   or  t i n   c o m p o u n d s .  

17.   A  p r o c e s s   a c c o r d i n g   to   C l a i m   12 ,   w h e r e i n   t h e  

l a y e r   of  m a t e r i a l   i s   a  l a y e r   of  a  m i x t u r e   of  o n e  

or  more   i n d i u m   c o m p o u n d s   and  t i n   c o m p o u n d s .  

18.  Use  of   n o n - l i n e a r   r e s i s t o r s   of  C l a i m   1  f o r  

m a k i n g   an  a r r e s t e r   c o m p r i s i n g   a  h o u s i n g   means   and  one  o r  

a  p l u r a l i t y   of   n o n - l i n e a r   r e s i s t o r s   p i l e d   in   t h e   h o u s i n g  

m e a n s .  
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