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ABSTRACT 

Small - g r a i  ned oxldc powders of u n i  fom cornpasi t i o n ,  i d e a l  l y  s u i t e d  f o r  

w a r i s t a r  p roduc t ion ,  have beers prepared as follows: 23-10 and other corn- 

panents are d i s s o l v e d  i n  n i t r i c  acid. Urea i s  added and t h e  m i x t u r e  i s  

heated t o  removP water and n i t r a t e s  and t o  form so l id  melamine. The mela- 

mine .is then calcined t o  burti o f f  the organ ics  and t o  produce f ? n e  Oxide? 

powders, Grafn sires,  d e n s i t i e s ,  and 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  have been 

measured for  v a r i s t o r s  fabri icatecl from these powders by s i n t e r i n g  ~r hot 

p ress ing ,  The d e n s i t i e s  and g r a i n  s-r"zes i nc rease  wi th  process ing  tem- 

re, 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  depends p r i m a r f l y  on compositian, 

and the average vol tage  per b a r r i e r  fa r  s i n t e r e d  sampl es -is approximately 

2,s etb. The breakdown f i e l d  f a r  hot-pressed samples is not  un i form for 

d i f f e r e n t  s l i c e s  o f  t h e  same v a r i s t o r  and depends on v a r i a b l e s  o t h e r  thaol t h e  

g r a i n  s ize .  

Research a t  QRNL sponsored by the E l e c t r i c a l  Energy Systems Div i s ion ,  
U .S, Department of Energy Lander c a n t r a c t  DE-AC05-840R21400 w i t h  H a r t i n  
M a r i e t t a  Energy Systems Tnc a 
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1. IN1'KODUCTION 

Metal oxide va r j s to i * s  are p o l y c r y s t a l  1 i n e  Tint o x i d e  c ~ w n j c s  d:i.rped 

w i t h  ~ ~ ' l d e s  such its 8i203,  Sb,03 ,  and other  t r a n s i t i o n  m e t a l  or ra l 'e earth 

oxides i n  a fash ion  t h a t  devclaps Schot tky b a r r i e r s  o f  approxirnate1;7'y 3 

v o l t s  a t  g r a i n  boundaries.1 

vo l tage -cu r ren t  c h a r a c t e r i s t i c s  which make these  ma tF r ia l  s s u i t a b l e  f a r  

t r a n s i e n t  v o l t a g e  suppress ion i n  e l e c t r i c a l  and e l e c t r o n i c  systems. The 

usefu lness  o f  strch devices has been widely recogn ized and the  tendency t o  

m i n i a t u r i z e  e l e c t r o n i c  systems as 19ell as the d e s i r e  t o  employ these 

dev ices  i n  h i g h  vo l tage  t ransmiss ion  systems has generated a need for- 

h igh  vo l tage  c a p a b i l i t i e s  i n  smal le r  volumes. The achievement o f  smaller 

g r a i n  s i r e s  w i t h  accompanying h igher  vol tage  c a p a b i l i t i e s  requires con- 

s i d e r a t i o n  o f  v a r i s t o r  product ion techniques which involve  i j n e  g r a i n  sjzed 

s t a r t i n g  powders and/or process ing a t  lower  te i isperatuws where gra-i II growth 

i s  inh - ib i ted .  Both approaches have been repo r ted  -In recent  s tud ies .  Snow 

and coworkers2 have prepared varistors by h o t - p r e s s i  ng techniques, wh ich  

r e s u l t e d  i n  samples w i th  h i g h  f i e l d  c a p a b i l i t y  (60 kV/ern); Lauf and Bond3 

have described a so l  gel process ing technique i n  con junc t ion  w j t h  ho t  

p ress ing .  It i s  t h e  purpose of t he  present  paper t o  descrihe powder gre- 

p a r a t i o n  by a n ~ w  process i n v o l v i n g  t h e  a d d i t i a n  o f  urea t o  a n i t r a t e  so ln-  

t i  on o f  t h e  v a r i s t o r  c o n s t i  tuersts and t o  docriment some probf ems assmi ated  

w i t h  hot presF ing  o f  va r - i s to r  ma te r ia l s .  

These bar i - jers  g i v e  r i s e  tu h i g h l y  nnnl i n e a r  
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2. EXPERIMENTAL PROCEDURES 

2.1 P repara t i on  o f  Fi ne-Grai ned Oxide Powders 

The a d d i t i v e s  used f o r  t h e  p r e p a r a t i o n  o f  t h e  powders are l i s t e d  i n  

T a b l e  2.1. 

ac id ,  The antimony oxide, which d i s s o l v e s  i n  n i t r i c  a c i d  w i t h  d i f f i c u l t y ,  

was f i r s t  converted t o  c i t r a t e  i n  inol ten c i t r i c  a c i d  (monohydrate), then 

d i l u t e d  w i t h  water and added t o  t h e  o t h e r  components. Granu lar  urea was 

then  added t o  t h e  n i t r i c  a c i d  s o l u t i o n ,  t h e  mass be ing  heated t o  m e l t  t h e  

urea. 

L i o n  occur red  s l o w l y  and amides (melamine) formed. This  produc t  was then 

c a l c i n e d  a t  675'C u n t i l  t h e  organ ics  decomposed, l e a v i n g  behind f ine-  

g ra ined  metal oxide powders. 

All components except Sb,O, were e a s i l y  d i s s o l v e d  i n  n i t r i c  

With t h e  temperature r i s i n g  t o  near 250°C, dehydra t i on  and d e n i t r a -  

2.2 V a r i s t o r  P roduc t i on  

The f i n e - g r a i n e d  powders prepared by t h e  urea process were e i t h e r  c o l d  

pressed and s i n t e r e d  i n  a i r  o r  were hot  pressed i n  vacuum us ing  g r a p h i t e  

d ies ,  For t h e  s i n t e r i n g ,  t h e  hea t ing  and c o o l i n g  c y c l e  was s i m i l a r  t o  

t h a t  descr ibed by T a h i l  i a n i  .4 

and t h e  samples were h e l d  a t  t h e  maximum temperature, e i t h e r  1100 o r  1200°C, 

f o r  45 minutes. For hot p ress ing ,  2-5 g batches o f  powder were heated i n  

g r a p h i t e  d i e s  t o  temperatures o f  750, 850 o r  950OC. 

Pa ( l o 4  PSI) was no rma l l y  ma in ta ined a t  t he  maximum temperature f o r  45 min, 

A few o f  t h e  hot-pressed samples were separated from t h e  g r a p h i t e  d i e  by 

use o f  Ni f e l t ;  however, t h i s  m o d i f i c a t i o n  had no s i g n i f i c a n t  e f f e c t  on the  

f i n a l  product.  The p e l l e t s  r e s u l t i n g  from hot  p ress ing  were p a r t l y  reduced 

by  i n t e r a c t i o n  w i t h  t h e  sur round ing  m a t e r i a l  ; t h e r e f o r e ,  they  were sub- 

sequen t l y  o x i d i z e d  i n  a i r  o r  oxygen a t  780°C f o r  1 t o  4 hours. E t  i s  

However, t h e  t o t a l  c y c l e  t ime  was 10 hours 

Pressure o f  7.2 x l o 7  
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no tewor thy  t h a t  d u r i n g  t h i s  o x i d a t i o n ,  bubbles sometimes formed on t h e  

pe l  l e t  sur faces ;  these bubbles f r e q u e n t l y  e x f o l i a t e d  and i n  r a r e  cases 

caused t h i n  samples t o  fragment. 

2.3 E l e c t r i c a l  C h a r a c t e r i z a t i o n  

For e l e c t r i c a l  measurements, e l e c t r o d e s  0.6 cm i n  diameter were 

a p p l i e d  us ing  s i l v e r  p a i n t ,  The measurements themselves were made w i t h  a 

computer c o n t r o l l e d  e lec t romete r *  and dc v o l t a g e  supply** which allowe 

extended de lays  a t  each v o l t a g e  ( n o r m a l l y  l i m i t e d  t o  e i t h e r  10 or 30, min) 

t h u s  p e r m i t t i n g  a s t a b l e  c u r r e n t  t o  be es tab l i shed .  Measurements were ma 

by  i n c r e a s i n g  t h e  v o l t a g e  i n  steps up t o  2000 v o l t s  o r  u n t i l  t h e  c u r r e n t  

reached 0.5 o r  1 mA. Then, f o r  many o f  t h e  samples, t h e  measurements were 

repeated wi th reversed pol a r i  ty, 

The power supply used had an upper l i m i t  o f  2000 V; t h e r e f o r e ,  mast o f  

t h e  small  g r a i n  s i z e  samples had t o  be th inned  w i t h  S i c  paper (240 t o  60 

g r i t ) ;  until t h e  samples were t h i n  enough ( i n  one ca5e 300 microns) t o  

a l l o w  t h e  obse rva t i on  o f  t h e  n o n l i n e a r  r e g i o n  o f  t he  v a r - i s t o r  shardc- 

t e r i s t i c s .  For t h e  s i n t e r e d  samples, where t h e  g r a i n  s i zes  were larger, 

e i t h e r  t h e  s i n t e r e d  p e l l e t s  or s l i c e d  sec t i ons  0.5 t o  2 mn t h i c k  were used 

f o r  t h e  e l e c t r i c a l  measurements. 

2.4 M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  

The m i c r o s t r u c t u r e  o f  t h e  samples prepared as descr ibed above was 

observed w i t h  a scanning e l e c t r o n  microscope ( S E M I * * * .  I n  o rder  t o  

a l l o w  for d e t e c t i o n  of  s t r u c t u r a l  v a r i a t i o n  i n  t h e  v a r i s t o r s ,  the SE 

Model 619, K e i t h l e y  Instruments,  Inc., Cleveland, Ohio. 
Models SN488, APH 2000, Kepco, Inc., F lush ing ,  New ' fork, 
H i  t a c h i  X-65 a 

* 
** 

*** 



exami na t ions  

v a r i s t o r  pe l  

were made 

e t s ,  para 
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on sur faces  ob ta ined by c u t t i n g  

le1 t o  t h e  a x i s  and approximate 

sections f rom t h e  

y 1 rnm i n  from t h e  

c i  rcumference These p ieces  were inormted and the  c u t  surfaces were 

p o l i s h e d  us ing  diamond abras ives,  w i t h  f i n a l  p o l i s h i n g  on 1 / 4  rnicran 

powder. Ph is  was fo l lowed by e t c h i n g  f o r  va ry ing  per iods  w i t h  a 30% solu- 

t i o n  o f  FeC1, i n  ti20. 

w i t h  t h e  SEM. The way t h e  su r face  was c u t  2llnwed d e t e c t i s n  o f  aoy r t r u c -  

t u r a l  v a r i a t i o n  i n  t he  o r ig ina l  v a r i s t o r  p e l l e t  from one Fiat  s u r f a c e  t o  

t h e  o t h e r  and 1 i n  from the  circi- imfwence. Phstoqraphq  ere prepared 

f r o m  which g r a j n  s i z e s  were detenrlified by Ciw method i r f  maximum 

d i a m e t e r e s  No less than 150 i n d i v i d u a l  cont iguous g r a i n s  we're rneasui- .~l  

froin each of t h r e e  d i f f e r e n t  area5 o f  each sample. 

D i f f e r e n t  p a r t s  of t h e  sui-fdce were then examined 

The density of the varistor p e l l e t s  was del,ermineci by two metlwds, 

The resul ts  repo r ted  herein were ob ta ined  by t h e  method o f  Ar~hemedes w i t h  

water as t h e  buoyant l i q u i d .  Porgs a t  t h e  sample sur faces  were sealed w i t h  

paraf i 'n  t o  a v o i d  i n t e r f e r e n c e  caused by c a p i l l a r y  i n f u s i o n  of the water. 

Measurements of  t h e  phys ica l  diinensions and weSghls o f  the  v a r i  s t o r  pel 1 e t s  

a l s o  prov ided values o f  t h e  dens i ty .  Resu l t s  f o r  t h e  two methods agreed 

w i t h i n  42%, 

2.5 Chemical Composit ion 

A number o f  d j f f e r e n t  methods o f  chemical a n a l y s i s  were necessary t o  

o b t a i n  adequate i n f o r m a t i o n  on t h e  chemical composi t ion o f  t h e  exper imenta l  

samples e Sern iquant i ta t i  ve spark  source mass spectrometry a1 1 awed asse5s- 

rnent-s t o  be inade o f  contam r i a t i n g  i m p u r i t i e s  i n  the p a r t s  p e r  m i l l i o n  

range, The same techn ique b u t  us ing  samples t h a t  had been powder-ed and 

"spiked" w i t h  an a d d i t i o n a  known amount o f  I 2 l S b  yie lded  q u a n t i t a t i v e  da ta  



an t h e  m t f i n o n y  content.. Concentrat ions sf t h e  o t h e r  dn a n t s  B.i Go, 

n ,  and Cr were obta ined us ing  x-ray f luorescence6 or neutron a c ~ ~ v a ~ ~ o ~  

These r e s u l t s  i n d i c a t e  t h a t  t h e  dopants a re  i n c o r p o r a t e d  i n  analyses 

dhe v a r i s t o r s  w i t h  l i t t l e  loss and t h a t  the i n i t i a l  hatch  makeup probably 

ya'elds the most p r e c i s e  measure o f  varistor composi t ion,  

3 .  RESULTS 

The r e s u l t s  o f  mic roscop ic  examinat ion o f  samples prepared as 

descr ibed are t y p i f i e d  by micrographs shown i n  F i g ,  3*19 ( a ) %  ( b ) ,  and ( c ) ,  

Ihe microstructure i s  q u i t e  - c l e a r l y  f iner  gra ined a f t e r  hot pressing dt 

750-950"C ~ h a n  a f t e r  s i n t e r i n g  a t  or above 111306C. As may be seen by com- 

p a r i n g  F-ig, 3, l  ( b )  and (c)  , t h e  g r a i n  s i z e  and ~ ~ ~ p h ~ ~ o g ~  appears very 

s i m i l a r  i n  samples s i n t e r e d  from powder prepared by t h e  urea inetha 

prepdred by convent ional  b a l l  m i l l i n g .  The g r a i n  shapes i n  t h e  s i n t e r e  

sarripl es are  dypisal  o f  r e c r y s t a l  i zed equi 1 i h r i  um s t r u c t u r e s  The 

i n  the hot-pressed samples have not  formed as many equil i b r i u n  120" 

angles a% gra in  t r i p l e  p o i n t s  as have t h e  s i n t e r e d  samples. It should  be 

noted t h a t  t h e  apparent p o r o s i t y  i n  the micrographs is almost cer ta inly a 

r e f l e c t i o n  o f  r ,ryrtal "pul3 out"  d u r i n g  p o l i s h i n g ,  t h a t  i s ,  it i s  an 

a r t i  f a c t  of the s a i ~ p l  e pol i s t i i  rig t e c k n i  que, 

G r a i n  s i re s  deteriiiined f o r  samples prepared by h o t  pressing o r  s i n t e r -  

i n g  are l i s t e d  i n  Table 3.1. The data  i n d i c a t e  a monotsnic inc rease i n  

average g r d i n  size from 1.3 t o  3.2 microns f o r  samples hot pressed a t  

i n c r e a s i n g  temperatures between 750 and 950'C. Samples s in te red  a t  or 

above PL0O"C have larger grain s izes  as m igh t  be expected. 

d e n s i t y  determindt ions,  a lso  i nc luded i n  Table 3 - 1 ,  i n d i c a t e  that  t h e  

Resu l ts  o f  
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0 R N L - P 111 8 TO 2 0 3 7 - 8 5 

F i g ,  3 , l  e Typ ica l  photomicrographs o f  polished and etched v a r i s t o r  sur-  
l aces .  a )  sample Q I 2 ,  urea process i n  urea,  hot y ressed 750°C; b )  Sample 

Q G l ,  urea process i n  urea and s i n t e r e d  a t  1iOO"C; c)  Sample QQ, prepared 
by convent ional  b a l l  m i l l i n g  and s i n t e r i n g  a t  k100"C. 

I 
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TABLE 3.1 

Average Grai  n Si  ze and Dens! t y  o f  S i x  Component V a r i  s t o r s  
Processed a t  D i  f f e r e n t  Teqperatures 

--- --I_ 

Sample Poirdder* P ~ I  I et** Treatment Average Density (% o f  
Designation Fkeparation P r e p a r a t i o n  Temperature G r a i n  Size T h e o r e t i c a l  ) 

I 1-1 

(51 ( u m )  
1-11111 .--. ~ ____- 

q r z  
OY2 

3 

QJ 1 
2 

Q K 1  
2 
3 

1-1 P 750 1.4 82 
1.3 89 

WP IJ 

HP II 

850 1 .fi 99 
1.9 58 

3.1 93 
950 3.2 92 

3.5 99 

U S 1100 5.1 90 

B S 1100 5.1 95 

QQ1 R s 1200 9.3 97 

-k 

** 21 =: Urea process; R = Ball milled 
HP = Hot press and r e o x i d i z e d ;  S = s in te red  
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d e n s i t y  is a l s o  a mono ton ica l l y  irsci-easinq f u n c t i o n  o f  hot  presaitig o r  

s i n t e r i  ng t ein pe r a  t u re. 

Efec t r - i ca l  data f o r  v a r i s t o r s  prepared frorii urea process powders a r e  

d e p i c t e d  i n  Fig.  3.2 when the e l e c t r i c  f i e l d  i s  p l o t t e d  vs c u r r e n t  d e n s i t y  

f o r  samples ho t  pressed a t  750, 85U or  950"C, o r  sintered at, 1 1 O Q O C .  For 

comparison, the  two curves wi thou t  p o i n t  symbols are  fo r  samples prepared 

by  s i n t e r i n g  b a l l  m i l l e d  powders o f  t he  same s t a r t i n g  m a p o s i t i o n  a t  1100 

and 1 2 0 0 O C .  

I t  i s  c l e a r  t h a t  h igh  breakdown f i 2 l d s  can bo acti ieved by h o t  p r e s s i n g  

v a r i s t o r s  f r o m  urea prepared powders, The nonl inear- i ty c o e f f i c i m t s ,  C L , ~  

do n o t  appear t o  be a f u n c t i o n  o f  t h e  process ing method, and a l l  samples 

f rom the  6 component formulnt-ion used here y i e l d  alphas i n  t h e  range 30-30. 

We a l s o  produced ZnO varistors from a fo rm i l l a t i on  c o n t d i n i n g  o n l y  four  

components, 98 iilolc% LnO,  1% Sb,O,, 0.5% R i  $I3, 0.5%CoO. 

e x h i b i t  lower  alphas, w i t h  v a l w s  approx i rn i t e l y  10. Wi th  t h i s  f o u r  c o w  

ponent  foririul ?t i  on we were ab1 e t o  compare sarnpl es prepared by si n t e r i  ng 

powders froin t h e  urea procesc, t h e  sol gel process,j and b a l l  m i l l i n g .  

Resril t s  o f  e l e c t r  i i a l  measurements a re  reproduced i n  F ig .  3.3 and i n d i c a t e  

again t h a t  t h e  gnnera l  shapes 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  are not a 

s t r o n g  f u n c t i o n  o f  t h e  process i  tig method e A I  pha depends pr i rnar- i ly  on 

dopant. content . 

These samples 

The data i n  F i g s .  3.2 and 3.3 are  t y p i c a l  curves, and i t  should be 

p o i n t e d  ou t ,  p a r t i c u l a r l y  f o r  "Lie data i n  F i g .  3.2 o b t a i n e d  w i t h  ho t  

precPc,ed samples, l h a t  d i  f f e r e i t t  s l i c e s  o f  the same v a r j s t o r  pe l  l e i  f r e -  

q u e n t l y  y i e l d e d  d i f f e r e r r t  breakdown f i e l d 5 . 8  Sreakdown f i e l d s  f o r  h o t  

pressed samples i-egulzi-iy v a r i e d  by a f a c t o r  o f  t h ree  and f o r  one case 
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Flg .  3.2. D i r e c t  c u r r e n t  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  o f  6 coinpanent 
v a r i s t o r s  prepared a t  d i f f e r e n t  temperatures from urea process powders 
The s o l i d  l i n e s  w i thou t  da ta  p o i n t s  a re  f o r  c o n v e n t i o n a l l y  prepared 
v a r i s t o r s .  
t e r i n g  ( S )  and the temperature ("C) o f  t rea tment .  

The l a b e l s  -ind.Ecate p r e p a r a t i o n  by ho t  p ress ing  ( H P )  or s i n -  
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Fig ,  3.3. Comparison o f  dc 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  o f  4-component 
v a r i s t o r s  prepared by d i f f e r e n t  powder p rocess ing  methods: :., urea pro-  
c e s s ;  0 ,  sol gel;  [ I ,  ball m i l l e d .  All pe l le t s  s i n t e r e d  a t  l l O O o @ .  
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t he  f i e l d  f o r  two s l i c e s  from t h e  same p e l l e t  d i f f e r e d  by an o r d e r  o f  

maynitude. T h i s  extreme v a r i a b i l  i t y  was n o t  observed i n  s-intered 

samples, 

only i n  e l e c t r i c a l  r e s u l t s ;  i t  was no t  r e f l e c t e d  i n  e i t h e r  the  d e n s i t y  or 

t h e  g r a i n  s izes.  

th roughout  a v a r i  s t o r  pel 1 e t .  

A l s o  i t  should be p o i n t e d  ou t  t h a t  the  v a r i a b i l i t y  was ev ident  

These l a t t e r  parameters appeared q u i t e  u n j f o r m  

4.  SUMMARY AND DISCUSSION 

The g r a i n  size depends upon process ing v a r i a b l e s  i n  these samples i n  

The h o t  pressed samples have t h e  f i n e s t  a fash ion  which was a n t i c i p a t e d .  

g r a i n  s i z e s  achieved and as t h e  ho t  p r e s s i n g  temperature increases,  so does 

t h e  g r d i  n s ize .  S i n t e r i n g  a t  more e leva ted  temperatures produces l a r g e r  

g r a i n  s izes .  The same behavior  is observed a l s o  f o r  samples s i n t e r e d  from 

b a l l  m i l l e d  powder. 

appear t o  vary  g r e a t l y  from l o c a t i o n  t o  l o c a t i o n ,  and t h e  temperature 

dependence o f  average g r a i n  s i z e  observed i s  undoubtedly due t o  t h e  usual 

well known coarsening w i t h  i n c r e a s i n g  temperature.  Also, t h e  i n c r e a s i n g  

d e n s i t y  w; t h  t reatment  temperature i s  expected. 

The m i c r o s t r u c t u r e  i n  any p a r t i c u l a r  sample does no t  

The-breakdown v o l t a g e  o f  samples s i n t e r e d  a t  1100 and 1 2 0 0 O C  were n o t  

g r e a t l y  a f f e c t e d  by d i f f e r i n g  powder p r e p a r a t i o n  techniques. 

down f i e l d  decreases w i t h  i n c r e a s i n g  s i n t e r i n g  temperature as expected 

and t h e  n o n l i n e a r i t y  parameter CL depends p r i m a r i l y  on t h e  dopant com- 

p o s i t i o n .  The average breakdown v o l t a g e  measured on a number o f  d l f -  

f e r e n t  p o r t i o n s  o f  hot-pressed samples t r e a t e d  i d e n t i c a l l y  decrease w i t h  

i n c r e a s i n g  ho t -p ress ing  temperature.  

f u n c t i o n  o f  r e c i p r o c a l  g r a i n  s i z e  i s  shown i n  F ig .  4.1. The e r r o r  bars  

The break- 

A p l o t  o f  breakdown v o l t a g e  as a 
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extend over t h e  range o f  breakdown f i e l d  observed as we l l  as over  the  

range o f  g r a i n  s i z e s  observed. T t  i s  t o  be noted t h a t  the v a r f a b i l i t y  

f a r  hot-pressed samples i s  much g r e a t e r  than noted i n  the s i n t e r e d  

sampl es discussed above. A I  though t h e  observa t ion  o f  such var jab- i  1 i t y  

h a s  not been mentioned e x p l i c i t l y  i n  p r i n t ,  Snow and coworkers do inention 

t h a t  v a r i a b l e s  o ther  than  g r a i n  size a f f e c t  t h e  breakdown f i e l d .  l-aufg 

a l s o  found l a r g e  v a r i a t i o n s  i n  the breakdown f i e l d  Q T  hot-pressed 

var . j s to rs  which were not c o r r e l a t e d  w i t h  average g r a i n  size.  I f  a l i n e  

i s  drawn through t h e  p o i n t s  i n  F i g .  4 - 1  f a r  s i n t e r e d  samples i t s  slope 

corresponds t o  2.5 v o l t s  per  boundary. T h i s  i s  w i t h i n  t h e  ranqe 2+3 eV 

p r e v i o u s l y  pub1 i s h e d l *  f a r  v a r - i s t o r  ceramics. 

5. CONCLUSIONS 

The urea process i s  a convenient  technique f o r  producir lg sinal1 g ra ined 

u n i f o r m  powders f o r  v a r i s t o r  product ion.  We found t h a t  ho t  pressed 

v a r j s t o r s  made from t h e  usual S i ,  Sb, t r a n s i t i o n  i i ietal Ponnulat ions,  i n  

wkich l i q u i d  phase s i n t e r i n g  occurs above 7 5 O " C ,  y i e l d  h i g h  bu t  w i d e l y  

v a r i a b l e  breakdown f i e l d s .  Samples s i n t e r e d  a t  1100 and 1200°C behaved i n  

a c o n s i s t e n t  f a s h i o n ;  breakdown f i e l d s  and l i n e a r i t y  c o e f f i c i e n t s  were no t  

dependent on t h e  mode o f  powder p repara t ion ;  s i n t e r e d ,  b a l l  m i l l e d ,  sol gel 

der ived ,  or urea process powders o f  iden t ' i ca l  composi t ion a1 1 e x h i b i t e d  

comparable breakdown f i e l d s  and nonl i n e a r l ' t y  c o e f f i c i e n t s .  
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