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The e f f e c t o f p r o c e s s i n g v a r i a b l e s on t h e S t r e n g t h and 
Toughness o f n-doped Barium T i t a n a t e PTC Ceramics has been 
i n v e s t i g a t e d . F r a c t u r e Toughness, KJQ, has been measured using 
an i n d e n t a t i o n t e c h n i q u e and a more c o n v e n t i o n a l notched beam 
specimen geometry. S t r e n g t h , measured by pure bending o f a 
beam and d i a m e t r a l compression o f f l a t c i r c u l a r specimens has 
been r e l a t e d t o m a t e r i a l toughness i n terms o f t h e m a t e r i a l 
p o r o s i t y i n t r o d u c e d by p r o c e s s i n g . 
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The e f f e c t o f p r o c e s s i n g c o n d i t i o n s on t h e mechanical and e l e c t r i c a l 
p r o p e r t i e s o f Holmium doped Barium T i t a n a t e P o s i t i v e Temperature 
C o e f f i c i e n t o f R e s i s t a n c e (PTC) Ceramics has been i n v e s t i g a t e d . S t r e n g t h 
was e v a l u a t e d u s i n g D i a m e t r a l Compression o f d i s c s o f m a t e r i a l and Four-
P o i n t Bending o f beam specimens. F r a c t u r e toughness was e v a l u a t e d by t h e 
l o a d i n g o f notched beams under F o u r - P o i n t Bending. An i n d e n t a t i o n 
t e c h n i q u e f o r e s t i m a t i n g f r a c t u r e toughness was a l s o i n v e s t i g a t e d u s i n g a 
V i c k e r s pyramid i n d e n t o r . I t was shown t o p r o v i d e r e s u l t s 50% h i g h e r than 
beam t e s t s f o r m a t e r i a l s w i t h a f r a c t u r e toughness i n t h e range o f 0.6 t o 
1.0 MPam̂ '̂ .̂ However, r e f i n e m e n t s t o t h e t e c h n i q u e , by r e c o r d i n g t h e onset 
o f c r a c k growth were made, which r e s u l t e d i n i n c r e a s e d c o r r e l a t i o n . 

The p r o c e s s i n g v a r i a b l e s which caused t h e l a r g e s t change i n m a t e r i a l 
p r o p e r t i e s was f o u n d t o be t h e use o f l a b o r a t o r y c a l c i n e d m a t e r i a l which 
r e s u l t e d i n an i n c r e a s e i n mechanical s t r e n g t h f r o m 30 t o 70MPa. T h i s was 
i n t e r p r e t e d as b e i n g as a r e s u l t o f reduced p o r o s i t y as f r a c t u r e toughness 
v a l u e s were unchanged a t 0.95MPam^/^. I t a l s o p r o v i d e d a r e d u c t i o n i n t h e 
PTC e f f e c t o f 1 decade. The e f f e c t o f b i n d e r s and d i e l u b r i c a n t s was t o 
p r o v i d e a l a r g e i n c r e a s e i n bo t h mechanical s t r e n g t h and f r a c t u r e 
toughness. D i a m e t r a l Compression was a l s o conducted on "green" p e l l e t s t o 
assess t h e i n f l u e n c e o f p e l l e t aspect r a t i o and powder p r o p e r t i e s as w e l l 
as d i e p r e s s u r e s used. A r e d u c t i o n i n t h e p r e s s i n g speed showed how t h e 
s t r e n g t h o f t h e "green" p e l l e t s c o u l d be s u b s t a n t i a l l y improved by over 
100%. P r o d u c t i o n and r e s e a r c h p r o c e s s i n g r o u t e s were compared under 
mechanical and e l e c t r i c a l t e s t i n g and e x t e n s i v e work was performed u s i n g 
d i f f e r e n t s i n t e r i n g atmospheres. The most d e t r i m e n t a l e f f e c t o f a non-
o x i d i s i n g atmosphere was a 1 decade r e d u c t i o n i n PTC e f f e c t and 50% 
r e d u c t i o n i n s t r e n g t h and toughness. 
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1.0- INTRODUCTION 

B a r i u m T i t a n a t e i s c u r r e n t l y u s e d b o t h as a d i e l e c t r i c a n d a 
PTC d e v i c e i n i t s d o p e d state„ I t s a p p l i c a t i o n s a s a PTC 
i n c l u d e m o t o r p r o t e c t i o n d e v i c e s , h e a t i n g e l e m e n t s a n d 
t e m p e r a t u r e s e n s o r s . 

F o r o p t i m u m p e r f o r m a n c e e a c h o f t h e s e a p p l i c a t i o n s r e q u i r e s 
d i f f e r e n t e l e c t r i c a l p r o p e r t i e s , w h i c h a r e n o r m a l l y r e f e r e n c e d 
by a R e s i s t i v i t y - T e m p e r a t u r e ( R - T ) p l o t o f t h e m a t e r i a l . The 
s t a n d a r d r e s i s t a n c e - t e m p e r a t u r e p l o t f o r a PTC m a t e r i a l s u c h as 
B a r i u m T i t a n a t e o f t e n a p p r o x i m a t e s t o t h e F i g u r e 1 , The PTC 
r e g i o n i s o f t e n d e s c r i b e d t o be t h e p a r t o f t h e g r a p h w h e r e t h e 
r e s i s t i v i t y v a l u e i s i n c r e a s i n g w i t h t e m p e r a t u r e . P o i n t s Tg 
a n d Tj i j may be e s t i m a t e d as t h e e x t e n t s o f t h i s r e g i o n . The 
p o i n t a t w h i c h t h e maximum g r a d i e n t o c c u r s i s r e f e r r e d t o as 
T(., t h e C u r i e P o i n t o r C u r i e T e m p e r a t u r e . The maximum g r a d i e n t 
o f t h e c u r v e w i t h i n t h e PTC r e g i o n i s o f t e n u s e d t o s p e c i f y a 
p a r t i c u l a r d e v i c e a n d i s n o r m a l l y e x p r e s s e d a s t h e p e r c e n t a g e 
r e s i s t i v i t y c h a n g e c o r r e s p o n d i n g t o a one d e g r e e t e m p e r a t u r e 
r i s e . I n a d d i t i o n t h e t o t a l r e s i s t i v i t y c h a n g e o v e r t h e PTC 
r e g i o n , AR i s o f t e n q u o t e d , 

O v e r - T e m p e r a t u r e P r o t e c t i o n D e v i c e s r e q u i r e a n R-T p l o t w i t h a 
s t e e p g r a d i e n t as w e l l as t h e a b i l i t y t o a c c u r a t e l y r e p r o d u c e a 
s w i t c h i n g t e m p e r a t u r e o n e a c h c o m p o n e n t ( F i g u r e 2 a ) o T h i s f o r m 
o f PTC d e v i c e i s u s e d e x t e n s i v e l y i n e l e c t r i c m o t o r s a n d 
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Figure 1 : Standard Resistance-Temperature Plot 
for a Barium Titanate PTC Device 
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Figure 2 : Resistance-Temperature Plots for 
Different PTC Devices 
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T r a n s f o r m e r s w h i c h o f t e n o p e r a t e a t t e m p e r a t u r e s 15*0 b e l o w t h e 
t h e l i m i t s o f t h e w i n d i n g i n s u l a t i o n . 

F o r u s e as a h e a t i n g e l e m e n t t h e a c t u a l r e s i s t i v i t i e s o f t h e 
m a t e r i a l a b o v e a n d b e l o w t h e C u r i e t e m p e r a t u r e a r e i m p o r t a n t , 
as i s t h e s w i t c h i n g t e m p e r a t u r e . However a more s h a l l o w 
g r a d i e n t t h a n t h a t u s e d i n p r o t e c t i o n d e v i c e s i s n o r m a l l y 
s p e c i f i e d t o r e d u c e c u r r e n t f l u c t u a t i o n s ( F i g u r e 2 b ) . 

The u s e o f B a r i u m T i t a n a t e PTC's as t e m p e r a t u r e s e n s o r s has 
o n l y r e c e n t l y b e e n r e a l i s e d . F o r t h i s a p p l i c a t i o n a 
r e p r o d u c i b l e l i n e a r 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 a n c e and 
t e m p e r a t u r e o v e r a w i d e t e m p e r a t u r e r a n g e i s d e s i r a b l e . A h i g h 
t e m p e r a t u r e c o e f f i c i e n t o f r e s i s t a n c e ( l a r g e r e s i s t a n c e c h a n g e 
f o r s m a l l t e m p e r a t u r e c h a n g e s ) i s a l s o a d v a n t a g e o u s 
( F i g u r e 2 c ) . T h e s e c h a r a c t e r i s t i c s a r e d i f f i c u l t t o o b t a i n 
w i t h PTC's a n d a t p r e s e n t t h i s a p p l i c a t i o n h as n o t b e e n f u l l y 
e x p l o r e d . 

PTC's a r e u s e d i n t h e p r o t e c t i o n o f vacuum t u b e s i n a l l f o r m s 
o f r a d i o r e c e i v e r s as c u r r e n t o v e r l o a d p r o t e c t i o n d e v i c e s . An 
R-T p l o t f o r t h i s t y p e o f d e v i c e i s s i m i l a r t o t h a t shown i n 
F i g u r e 2b f o r o v e r - t e m p e r a t u r e p r o t e c t i o n d e v i c e s . 

S e n s i n g o f t h e l e v e l o f l i q u i d i n a t a n k c a n b e a c c o m p l i s h e d by 
t h e u s e o f a PTC d e v i c e w h i c h makes u s e o f t h e d i f f e r i n g 
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c o n d u c t i o n p r o p e r t i e s o f f l u i d s . I n a s i m i l a r way t h e f l o w o f 
a f l u i d c a n a l s o be m e a s u r e d . 

The u s e o f PTC's i n a l l o f t h e a b o v e a p p l i c a t i o n s show t h a t 
c o n t i n u i t y a n d r e p r o d u c i b i l i t y b e t w e e n c o m p o n e n t s a r e 
i m p o r t a n t . I n a d d i t i o n f o r many a p p l i c a t i o n s t h e d e v i c e s h o u l d 
n o t be a d v e r s e l y a f f e c t e d by i t s w o r k i n g e n v i r o n m e n t and s h o u l d 
show g o o d f a t i g u e p r o p e r t i e s u n d e r t e m p e r a t u r e c y c l i n g . F o r 
PTC T h e r m i s t o r s t h e l o w t e m p e r a t u r e r e s i s t i v i t y , t h e p o s i t i o n , 
e x t e n t a n d g r a d i e n t o f t h e PTC r e g i o n a n d t h e v o l t a g e 
s e n s i t i v i t y a r e c r i t i c a l l y d e p e n d e n t on t h e c h e m i c a l 
s t o i c h i o m e t r y a n d c o m p o s i t i o n o f t h e s t a r t i n g m a t e r i a l s . The 
e n t i r e p r e p a r a t i o n p r o c e s s i s i m p o r t a n t , i n p a r t i c u l a r t h e 
s i n t e r i n g s t a g e w i t h t h e t i m e s , t e m p e r a t u r e s a n d a t m o s p h e r e 
u s e d d e t e r m i n i n g t h e p r o p e r t i e s o f t h e m a n u f a c t u r e d c o m p o n e n t . 
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1.1 - - P r o j e c t O b j e c t ! v e s 

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

The f i r s t s e c t i o n o f t h e w o r k i n v o l v e d e v a l u a t i n g m e c h a n i c a l 
t e s t s w h i c h c o u l d be p e r f o r m e d on i n h e r e n t l y b r i t t l e m a t e r i a l s 
w i t h m i n i m a l p r e p a r a t i o n r e q u i r e m e n t s and m i n i m a l d i s t o r t i o n o f 
r e s u l t s . The B r a z i l i a n T e s t was s e l e c t e d as i t c o u l d be 
p e r f o r m e d on d i s c s s a m p l e s o f v a r i o u s d i m e n s i o n s p r e p a r e d 
t h r o u g h n o r m a l p r o d u c t i o n r o u t e s . 

T h i s i n f o r m a t i o n l e d t o t h e s e c o n d p a r t o f t h e p r o j e c t w h i c h 
i n v o l v e d m e c h a n i c a l t e s t i n g o f v a r i o u s p r e p a r a t i o n s o f B a r i u m 
T i t a n a t e i n o r d e r t o p r o d u c e a m a t e r i a l w h i c h was m e c h a n i c a l l y 
s t r o n g , e x h i b i t e d t h e 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 r e q u i r e d by 
PTC d e v i c e s , a n d w h i c h c o u l d be i n c o r p o r a t e d c h e a p l y i n t o a 
h i g h v o l u m e p r o d u c t i o n p r o c e s s . 

The t h i r d s t a g e o f t h e w o r k was t o l o o k a t a l t e r a t i o n s i n 
m a t e r i a l v a r i a b l e s w i t h a v i e w t o l o w e r i n g c o s t a n d r e d u c i n g 
r e j e c t i o n r a t e s d u r i n g t h e m a n u f a c t u r i n g p r o c e s s . New 
p r e p a r a t i o n r o u t e s a n d s i n t e r i n g a t m o s p h e r e s w e r e e x p l o r e d t o 
i n v e s t i g a t e e n t i r e l y new a p p l i c a t i o n s f o r t h e p r o d u c t , w h i c h 
w o u l d w a r r a n t f u r t h e r i n v e s t i g a t i o n . I t was h o p e d t h a t a l l o f 
t h e w o r k w o u l d c o n t r i b u t e t o w a r d s an e v e n g r e a t e r u n d e r s t a n d i n g 
o f t h i s a n d o t h e r c e r a m i c m a t e r i a l s . 
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2.0. -THEORY 

2.1 - - P T C - T h e o r v 

B a r i u m T i t a n a t e i s a c e r a m i c m a t e r i a l w h i c h , p r i o r t o t h e 
1 9 6 0 ' s h a d b e e n u s e d e x t e n s i v e l y as a d i e l e c t r i c o w i n g t o i t s 
h i g h d i e l e c t r i c c o n s t a n t a n d i n s u l a t i n g p r o p e r t i e s . 

H o w e v e r a p o s i t i v e t e m p e r a t u r e c o e f f i c i e n t o f r e s i s t a n c e (PTC) 
e f f e c t was d e s c r i b e d f o r B a r i u m T i t a n a t e c o n t a i n i n g s m a l l 
q u a n t i t i e s o f L a n t h i u m i n 1956 by S a u e r a n d F l a s c h e n . They 
r e p o r t e d t h e e f f e c t c e n t r e d a t a t e m p e r a t u r e o f 120°C w i t h a 
maximum t e m p e r a t u r e c o e f f i c i e n t o f 14%/^C 

The PTC e f f e c t was n o t i c e d t o o c c u r i n p o l y c r y s t a l 1 i n e 
m a t e r i a l s o n l y a n d i t was s u b s e q u e n t l y d e d u c e d t o be a g r a i n 
b o u n d a r y e f f e c t ( H e y w a n g , 19 6 4 & Goodman, 1 9 6 4 ) . Heywang ( 1 9 6 4 
& 1 9 7 1 ) i n d i c a t e d t h a t a s p a c e c h a r g e b a r r i e r l a y e r a t t h e 
i n t e r - c r y s t a l l i t e b o u n d a r i e s was t h e c a u s e o f t h e PTC 
p h e n o m e n o n ( F i g u r e 5 ) . T h i s l a y e r h a s s i n c e b e e n v i s i b l y 
d e m o n s t r a t e d by G e r t h s e n & H a r d t l ( 1 9 6 3 ) a n d Rehme ( 1 9 6 6 ) , and 
i s r e g u l a r l y r e f e r r e d t o as t h e S c h o t t k y B a r r i e r . 
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Barium T i t a n a t e c r y s t a l l i s e s w i t h a p e r o v s k i t e s t r u c t u r e which 

e x h i b i t s a p seudo-cub ic rhombic l a t t i c e as shown i n F i g u r e 3. 

The t i t a n i a c a t i o n s occupy the c o r n e r s o f a cube, the Barium 

i o n s a c e n t r a l p o s i t i o n and s i x oxygen ions su r round each 

T i t a n i a s i t e i n an o c t a h e d r a l a r rangement . 

As a c r y s t a l o f Barium T i t a n a t e i s p r o g r e s s i v e l y c o o l e d i t s 

s t r u c t u r e changes t o t e t r a g o n a l as 120**C i s r e a c h e d . Th is i s 

a ch i eved by t h e T i t a n i a atoms i n one p lane moving c l o s e r 

t o g e t h e r i n one d i r e c t i o n and the o t h e r p lanes moving a p a r t 

( F i g u r e 4 ) . T h i s t e m p e r a t u r e i s r e f e r r e d t o as the Cur i e or 

s w i t c h i n g t e m p e r a t u r e 

Spontaneous p o l a r i s a t i o n o f t h e c r y s t a l occurs because the 

r e d u c t i o n i n t h e r m a l energy below 120°C s tops the T i t a n i a 

c a t i o n r e m a i n i n g a t t h e c e n t r a l p o i n t between the s i x oxygen 

i o n s , a p o s i t i o n i t o c c u p i e s a t t empera tu re s above 120*^C. 
o 

Because o f t h i s s h i f t , which can amount t o 0 .15A, a d i p o l e i s 

fo rmed ( S h i r a n e e t a l , 1 9 5 5 ) . These d i p o l e s f o r m r e g u l a r l y 

o r i e n t a t e d areas c a l l e d domains ( F i g u r e 5 ) . I t was suggested 

t h a t the p o l a r i s a t i o n a t t h e ends o f these domains had the 

e f f e c t o f n e u t r a l i s i n g t h e s u r f a c e charge over some o f t he area 

o f t h e g r a i n s t h u s l e a d i n g t o a g r e a t l y reduced r e s i s t i v i t y 

between g r a i n s (Oonker , 1964 & Heywang, 1964 ) , and i s 

r e s p o n s i b l e f o r t h e subsequent PTC e f f e c t . 
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2 .2 - - Thermal S t r e s ses 

The c o n d i t i o n s t o which Barium T i t a n a t e components are 

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

d u r i n g t h e i r w o r k i n g l i f e as PTC d e v i c e s . These are de sc r ibed 

b r i e f l y b e l o w : 

S w i f t t e m p e r a t u r e s changes which may be i n t r o d u c e d i n 

p r o t e c t i o n d e v i c e s as w e l l as i n h e a t i n g dev ices under c u r r e n t 

surge c o n d i t i o n s , such as s w i t c h o n , may r e s u l t i n thermal 

s t r e s s e s b e i n g p r o d u c e d . These are t e n s i l e i n na tu re at the 

component edges and compessive a t t he c e n t r e under heat up . 

S t r e s se s o f up t o 30MPa may be produced f r o m a r a p i d 

t e m p e r a t u r e change o f 200**C (3ohns , 1 9 6 5 ) . 

Large t h e r m a l g r a d i e n t s may a l so be p r e s e n t w i t h i n a ceramic 

component . These are p a r t l y because o f t h e poor thermal 

c o n d u c t i v i t y between the g r a i n s . Research has shown t h a t 

d u r i n g hea t up t h e c e n t r e o f a t h e r m i s t o r has o f t e n passed 

t h r o u g h the C u r i e Temperature w h i l s t the e x t r e m i t i e s o f the 

component are SO^C below t h i s p o i n t . Because o f t he c u b i c -

t e t r a g o n a l c r y s t a l l o g r a p h i c phase t r a n s f o r m a t i o n which takes 

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

changes , mechan ica l s t r e s s e s are se t up . 

In a d d i t i o n , t h e PTC e f f e c t i s caused by g r a i n boundary 

a c t i v i t y w i t h t h e c e n t r e s o f t h e g r a i n c o n s i d e r e d t o be 
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c o n d u c t i n g (Heywang, 1 9 6 4 ) . Th i s l eads t o d i s c o n t i n u i t i e s and 

f u r t h e r sma l l mechanica l s t r e s s e s because o f the d i f f e r i n g 

h e a t i n g r a t e s o f g r a i n c e n t r e and boundary ( F i g u r e 6 ) . 

Work has been done on f r a c t u r e i n i t i a t e d a t s o l d e r e d c o n t a c t s 

o f Barium T i t a n a t e Ceramics (Van den A v y l e e t a l , 1 983) and 

c o n c l u d e d t h a t t h e r m a l / m e c h a n i c a l s t r e s s e s were the d r i v i n g 

f o r c e f o r f a i l u r e . 

2 . 2 . 1 - - R e s i d u a l - S t r e s s e s 

Res idua l s t r e s s e s such as produced d u r i n g the m a n u f a c t u r i n g 

p rocess o r f i x a t i o n o f t he component have a l s o been measured. 

M i c h u i e e t a l (1986) p e r f o r m e d work which was s u c c e s s f u l i n 

measur ing i n t e r n a l s t r e s s e s by the i n d e n t a t i o n method, values 

o f lOMPa be ing t y p i c a l . Measurements o f s u r f a c e s t resses 

f o l l o w i n g mach in ing o p e r a t i o n s have been made (de With e t a l , 

1983) and v a l u e s o f 7MPa o b t a i n e d . 

2 . 2 . 2 . - T e m p e r a t u r e - R e l a t e d - S t u d i e s 

A number o f s t u d i e s have i n v e s t i g a t e d t h e t empera tu re 

dependence o f f r a c t u r e toughness and t e n s i l e s t r e n g t h f o r 

Bar ium T i t a n a t e Ceramics (Cooke e t a l , 1 983) and concluded t h a t 

t h e r e I s an a p p r e c i a b l e drop i n bo th q u a t i t i e s , o f the o rder o f 

40%, d u r i n g h e a t i n g f r o m room t e m p e r a t u r e t o the Cur ie 

t e m p e r a t u r e which was 220**C f o r t h e m a t e r i a l i n v e s t i g a t e d . 
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E x t e n s i v e s t u d i e s have a l s o been p e r f o r m e d on the rmal f a t i g u e 

l i f e when mechan ica l s t r e s s e s are a l s o p r e s e n t (Cooke e t a l , 

1983) wh ich have p roved the v a l i d i t y o f f a t i g u e f o r m u l a e . In 

a d d i t i o n r e c e n t work i n t he area o f t h e r m a l f a t i g u e us ing slow 

c o o l i n g as opposed t o quenching has proved the f a t i g u e fo rmulae 

t o be a c c u r a t e (Kamiya , 1989) . 

P r e v i o u s work on Barium T i t a n a t e a t Durham has i n c l u d e d thermal 

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

t h e r m i s t o r s . T h i s f o r m o f t e s t i n g i s o f g r e a t impor tance as i t 

a c c u r a t e l y r e f l e c t s t he s e r v i c e c o n d i t i o n s o f the component. 

Howevers much e x p e r i m e n t a l work i s r e q u i r e d b e f o r e t h i s method 

may be used i n s t e a d o f t h e more commonly employed mechanical 

t e s t i ng „ 

T e s t i n g f o r t h e r m a l shock i s a l s o i m p o r t a n t and may be 

a c c o m p l i s h e d w i t h a number o f c o o l i n g r a t e s . A n a l y s i s o f 

copper d i s c s (Kamiya & K a m i g a i t a , 1989) showed t h a t water and 

a i r b l a s t quench ing c o u l d bo th be used depending on the d e s i r e d 

r a t e o f hea t l o s s . The expe r imen t s need t o cor respond t o the 

i n - s e r v i c e c o n d i t i o n s o f the d e v i c e s . For Barium T i t a n a t e PTCs 

t h i s can be c l o s e l y mode l l ed by a i r b l a s t q u e n c h i n g . 
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2 . 3 - Mechanica l S t r e n g t h 

The mechanica l s t r e n g t h o f ce ramics as a f a m i l y o f m a t e r i a l s i s 

becoming much more I m p o r t a n t as t he uses t o which they are put 

d i v e r s i f i e s . Modern ce ramics are r e q u i r e d t o w i t h s t a n d not 

o n l y mechanica l l o a d i n g b u t a l s o the rma l s t r e s s e s , wear and 

Impac t damage I n s e r v i c e . 

The problems a s s o c i a t e d w i t h ce ramic components n o r m a l l y stem 

f r o m t h e i r b r i t t l e n a t u r e a t most w o r k i n g t e m p e r a t u r e s . Th i s 

g e n e r a l l y l eads t o low r e s i s t a n c e t o c rack growth as w e l l as 

c r a c k i n i t i a t i o n f r o m p o r e s , which are n o r m a l l y p resen t t o some 

degree i n a l l ce ramic components . Because the f a i l u r e s t r e n g t h 

o f c e r a m i c s can be dependent on one ve ry l a r g e p o r e , a sharp 

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

i s e x t r e m e l y d i f f i c u l t t o conduc t and q u a n t i f y w i t h a l a r g e 

r e s u l t s s c a t t e r b e i n g t h e norm. 

2 . 3 . 1 . • P o r o s i t y 

To produce a ce r amic m a t e r i a l w i t h I t s mechanical s t r e n g t h 

h i g h l y r e p e a t a b l e between components o f a b a t c h , r e q u i r e s a low 

p o r o s i t y a r i s i n g f r o m smal l s p h e r i c a l pores spread u n i f o r m l y 

t h r o u g h o u t t h e m a t e r i a l . As expec ted these c r i t e r i a a l s o l ead 

t o a h i g h e r o v e r a l mechanica l s t r e n g t h f o r t he component. For 

example a ce ramic component w i t h pores 5;jm i n d iameter and o n l y 

3jjm apart r e p r e s e n t s a p o r o s i t y of 13% which i s a common value 
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f o r Bar ium T i t a n a t e produced f o r commercial purposes a t Elmwood 

Sensors L t d , 

The p o r o s i t y o f a ce ramic component can be measured r e l a t i v e l y 

e a s i l y by A r c h i m e d i a n or mass and volume t e c h n i q u e s . T y p i c a l 

va lues can be as low as 0.3% i n a lumina components produced by 

Hot I s o s t a t i c P r e s s i n g (HIP) or as h i g h as 85% i n some f i r e 

b r i c k s . T y p i c a l v a l u e s f o r Barium T i t a n a t e , t he m a t e r i a l used 

i n t h i s i n v e s t i g a t i o n , can range f r o m 3.0% t o 28% depending on 

t h e p r e p a r a t i o n r o u t e t a k e n and t h e raw m a t e r i a l s employed. 

One t e c h n i q u e wh ich may be used t o " v i e w " t he pores w i t h i n a 

component i n v o l v e s u l t r a s o n i c s and use o f t h i s t e c h n i q u e which 

i s i n a h i g h l y e x p e r i m e n t a l s tage a t p re sen t may p r o v i d e 

i m p o r t a n t r e s u l t s i n t h e f u t u r e ( P r i v a t e Communica t ion , NCT) 

2 . 3 . 2 - T e s t i n g Mechan ica l - S t r e n g t h 

A x i a l t e s t i n g o f components i s d e s i r a b l e t o measure mechanical 

s t r e n g t h however , t h e mach in ing o f t h e t e s t p i eces i s e x t r e m e l y 

d i f f i c u l t and so bend t e s t s are n o r m a l l y employed . 

E x p e r i m e n t a l l y , a r rangements which p l ace a u n i f o r m s t r e s s f i e l d 

over as l a r g e an area o f t he component as p o s s i b l e are 

d e s i r a b l e . I t i s f o r t h i s reason t h a t t h e f o u r - p o i n t bend t e s t 

has l a r g e l y t a k e n over f r o m the t h r e e - p o i n t bend t e s t f o r the 

measurement o f mechan ica l s t r e n g t h o f b r i t t l e m a t e r i a l s . The 

Bending Moment Diagrams f o r bo th 3 & 4 P o i n t Bending are shown 
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Figtire7a: Bending Moment Diagram for Three-Point Bending 

Maximum Stress = 3Fa/bd' 

Figiire 7b : Bending Moment Diagram for Four-Point Bending 
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i n F i g u r e s 7a & 7b . The p rob lem w i t h a l l fo rms o f beam t e s t s 

i s t h a t t i m e consuming and c o s t l y sample p r e p a r a t i o n i s 

r e q u i r e d o A d d i t i o n a l l y these r e s u l t s may no t g i v e accu ra t e 

measurements f o r t h e components due t o s i z e e f f e c t s be ing 

i m p o r t a n t i n ce ramics (Almond e t a l , 1986) as w e l l as the 

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

m ach in in g o p e r a t i o n s (de Wi th & P a r r e n , 1 9 8 4 ) , 

I t was f o r these reasons t h a t the D i a m e t r a l Compression 

Technique was d e v e l o p e d . I n terms o f sample p r e p a r a t i o n i t i s 

i d e a l f o r PTC p e l l e t s p ressed i n a s i m p l e d i e as l i t t l e or no 

sample p r e p a r a t i o n i s r e q u i r e d . The process has been i n use i n 

t he -Pharmaceu t ica l I n d u s t r y f o r a number o f years f o r t e s t i n g 

p i l l / c a p s u l e de s igns and so r e s u l t s have been w e l l documented 

( P i t t e t a l , 1 9 8 8 ) . I t has a l s o been i n use f o r many years f o r 

t h e t e s t i n g o f c o n c r e t e c y l i n d e r s as i t p r o v i d e a q u i c k 

measurement o f t h e s t r e n g t h o f cores t aken f r o m s t r u c t u r e s 

( B r e w e r , 1 9 6 2 ) , A f u r t h e r advantage o f t h i s t e s t i s t h a t i t 

may a l l o w measurement o f t h e s t r e n g t h o f "green" p e l l e t s . Th is 

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

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

The s t r e s s f i e l d produced by t h i s f o r m o f t e s t i n g i s shown i n 

F i g u r e 8, The c o n s t a n t t e n s i l e s t r e s s extends f o r a r e g i o n o f 

a p p r o x i m a t e l y 70% o f t h e d i a m e t e r o f t he d i s c and so r e s u l t s 

f r o m t h i s f o r m o f t e s t i n g t e n d t o show l e s s s c a t t e r than f o r 

t h r e e - p o i n t bend t e s t s (G .Moran , 1 9 8 8 ) , 
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Figure 8 : The Diametral Compression Test 

Concave Anvils 
Tensile Compressive 
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The Maximum T e n s i l e S t resses p r e s e n t i n a d i s c under Diamet ra l 

Compress ion may be c a l c u l a t e d f r o m t h e e q u a t i o n be low. Th i s 

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

s i t u a t i o n o f p l a n e s t r e s s . 

S = M a x . T e n s i l e S t ress 

. 2 P P = Load A p p l i e d 

t f d j t d i = Disc Diameter 

t = Disc Thickness 

Problems which were i n i t i a l l y encoun te red w i t h t h i s t echn ique 

i n c l u d e d f a i l u r e owing t o t he l a r g e c o n t a c t s t r e s se s which 

deve loped a t t h e l o a d i n g p o i n t s . However, t h e use o f concave 

l o a d i n g a n v i l s has e l i m i n a t e d t h i s p rob lem a lmos t e n t i r e l y 

(Moran , 1 9 8 8 ) . 

2 . 3 . 3 - - T e s t i n g F r a c t u r e - Toughness 

F r a c t u r e Toughness i s a measure o f t h e r e s i s t a n c e o f f e r e d by a 

m a t e r i a l t o t h e g r o w t h o f p r e - e x i s t i n g c r a c k s under an a p p l i e d 

l o a d . Two methods are c u r r e n t l y i n use d e s c r i b i n g f r a c t u r e 

toughness w h i c h a re e i t h e r based on an e n e r g e t i c approach and 

t h e use o f s t r e s s I n t e n s i t y f a c t o r s . The l a t t e r approach was 

adopted f o r t h i s s t u d y . 

I r w i n (1957) o r i g i n a l l y developed t h e t e c h n i q u e based on work 

by Wes te rgaard (1939) and i t was no ted t h a t t h e s t r e s ses i n the 
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Figure 9: Stresses in the vicinity of an Elliptical Crack 
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v i c i n i t y o f a c r a c k c o u l d be expressed as shown i n F i g u r e 9. 

The c r ack shown i s o f t e n r e f e r r e d t o as a t h u m b n a i l c rack and r 

and S are c y l i n d r i c a l p o l a r c o o r d i n a t e s . K i s a measure o f the 

s t r e s s i n t e n s i f i c a t i o n due t o the c rack and i t s geomet ry . 

There a re t h r e e modes o f c r a c k e x t e n s i o n ( F i g u r e 1 0 ) , and f o r 

each o f t hese modes a d i f f e r e n t s t r e s s i n t e n s i t y f a c t o r I s 

a p p a r e n t . Opening (Mode I ) tends t o be t he most common mode o f 

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

e x t e n s i o n i s a minimum. Mode I I which cor responds t o edge 

s l i d i n g and Mode I I I , a n t i - p l a n e s h e a r i n g , a l s o o p e r a t e . 

D imens iona l a n a l y s i s o f a body c o n t a i n i n g a c rack s i m i l a r t o 

t h a t i n F i g u r e 9 u n d e r g o i n g Mode I opening shows t h a t the 

s t r e s s i n t e n s i t y f a c t o r o p e r a t i n g w i l l be: 

. K » V J TT' a. • 

where Y I s a d i m e n s i o n l e s s c o n s t a n t which depends on the 

l o a d i n g geometry and c r a c k c o n f i g u r a t i o n (Evans & T a p p i n , 

1 9 7 2 ) . I t i s n o r m a l l y o b t a i n e d by numer i ca l or a n a l y t i c a l 

methods such as a p p l i e d by C a r t w r i g h t and Rooke (1977) i n 

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

1 n t e r e s t . 

For b r i t t l e m a t e r i a l s , f r a c t u r e occurs when t h e normal s t r e s s 

i n t h e c l o s e v i c i n i t y o f t he c rack t i p reaches a c r i t i c a l value 
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FIGURE 10 : The Modes o f E x t e n s i o n o f a Crack 

Mode I ( o p e n i n g ) 

Mode I I (edge s l i d i n g ) 

N 

Mode I I I ( a n t i - p l a n e shear) 
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f o r bond r u p t u r e . C o r r e s p o n d i n g t o t h i s c o n d i t i o n w i l l be a 

c r i t i c a l v a l u e f o r t h e s t r e s s i n t e n s i t y f a c t o r KJQ . T h e r e f o r e 

t h e e q u a t i o n above may be r e w r i t t e n as : 

Measurement o f K j f o r f a s t f r a c t u r e have c o n f i r m e d t h a t K J Q I S 

a m a t e r i a l pa rame te r when f r a c t u r e occur s e x c l u s i v e l y by Mode I 

and p l ane s t r a i n c o n d i t i o n s o p e r a t e a t t h e c r a c k t i p . 

T h e r e f o r e by m e a s u r i n g f a i l u r e o f samples o f known l o a d i n g and 

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

c r i t i c a l v a l u e as K J Q , t h e f r a c t u r e t oughnes s . 

However, f u r t h e r use may be made o f t h i s e q u a t i o n , t o assess 

where f r a c t u r e o f components may have i n i t i a t e d . Ceramics , 

b e i n g o f g r a n u l a r c o n s t r u c t i o n w i l l have pore s i t e s between 

g r a i n s w h i c h may a c t as f r a c t u r e i n i t i a t o r s . From notched or 

p r e c r a c k e d specimens o f t h e m a t e r i a l Kj,. may be c a l c u l a t e d as 

may t h e s t r e n g t h f r o m u n - n o t c h e d spec imens . From these two 

v a l u e s a^,, t h e c r i t i c a l d e f e c t s i z e may be c a l c u l a t e d and 

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

t h e i n i t i a l f r a c t u r e s i t e , e q u a t i o n ( b ) . 

I n h e r e n t l y b r i t t l e m a t e r i a l s show l i t t l e r e s i s t a n c e t o c rack 

g r o w t h and hence t h i s p r o p e r t y u s u a l l y s p e c i f i e s t he l i m i t s o f 

mechan ica l a n d / o r t h e r m a l l o a d i n g o f c e r a m i c s . 
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The measurements o f f r a c t u r e toughness has prompted a great 

deal of research over recent years . Many of the methods 

i n v o l v e measurement o f the loading requ i red to extend an 

a r t i f i c i a l l y prepared crack . 

For ceramic m a t e r i a l s single-edge notched beam t e s t s have been 

shown to prov ide acceptable r e s u l t s w i thou t r e q u i r i n g extensive 

sample p repa ra t ion (Pabst et a l , 1974). The f r a c t u r e toughness 

i s c a l c u l a t e d by cons ider ing the bending moment diagram of the 

beam setup (F igure 7 ) . Relat ing the stresses i n the beam to 

formulae f o r f r a c t u r e toughness r evea l s : 

= P a j J Tf a 

b d^ 

The shape parameter, , i s obtained from tab les such as those 

contained i n "The Compendium of Stress I n t e n s i t y Factors" 

(HMS0:1977). 

Recently the requirement f o r a technique t o measure f r a c t u r e 

toughness ( K J Q ) which requi res minimal sample preparat ion has 

been recognised . Bend t e s t s can be very t ime consuming and as 

ceramics e x h i b i t mechanical p roper t i e s t h a t are s ize dependent 

( M o r r e l l , 1988) the r e l i a b i l i t y o f r e s u l t s must be 

ques t ionab le . 
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The use o f sharp indentor t o measure f r a c t u r e toughness ( K J Q ) 

was f i r s t r e a l i s e d by Palmqvist (1962) . I t was discovered tha t 

the cracks o r i g i n a t i n g from the corners o f a Vickers indent 

increased i n l eng th w i t h app l ied l o a d . Lawn et al (1975) 

observed t h a t the crack radius increased w i t h ( load)^*^^ and 

the crack l eng th was dependent on indentor p r o f i l e and the 

roughness o f the mater ia l su r f ace , Evans & Charles (1976) 

prepared a formula f o r "ha l f -penny" cracks (Figure 11a) and 

more r e c e n t l y Ni ihara et al (1982) mod i f i ed t h i s formula to 

consider Palmqvist cracks (Figure l i b ) , 

Lankford (1982) has since performed much experimental work and 

m o d i f i e d Evans & Charles ' f o r m u l a . However, the r e s u l t s 

obtained from the two formulae are very s i m i l a r over the range 

of toughness values f o r ceramics, Evans & Charles ' formula f o r 

"ha l f -penny" cracks i s most commonly used i n experimental work 

and was used i n t h i s s tudy. 

0.4 
,-3/2 — =0.129(c/fl)-
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2.4- -Preparat ion-Theory 

The modern methods of prepara t ion f o r a l l forms of high q u a l i t y 

ceramics, i n c l u d i n g Barium T i t a n a t e , has been the subject of 

ex tens ive research over the past 15 years . The aim of most 

p roduc t ion processes i s to produce a dense ceramic w i t h small 

evenly d i s t r i b u t e d pores as cheaply as p o s s i b l e . The 

f u l f i l m e n t o f these c r i t e r i a r e s u l t i n components which can 

e x h i b i t impressive and reproduc ib le mechanical and/or 

e l e c t r i c a l p r o p e r t i e s . 

2 . 4 . 1 - - M i l l i n g .Process 

Most Ceramic components cons i s t of a base mate r ia l wi th 

a d d i t i o n s o f o ther compounds which improve dens i ty or 

e l e c t r i c a l and mechanical p r o p e r t i e s , dens i ty or l i m i t granular 

changes dur ing the l a t e r stages o f process ing . These 

c o n s t i t u e n t s are normally mixed using a m i l l i n g process whereby 

hard spheres o f ma te r i a l which causes as l i t t l e contamination 

to the ceramics powders as possible are caused to both crush 

and mix the i n g r e d i e n t s . This i s normally performed by the 

r o t a t i o n o f a drum con ta in ing m i l l i n g b a l l s , ceramic 

c o n s t i t u e n t s and a l i q u i d m i l l i n g medium which, f o r reasons of 

cos t , i s normal ly de- ionised water . Studies have been made to 

f i n d the optimum m i l l i n g t ime , m i l l i n g b a l l mate r ia l and 

subsequent contaminat ion has been looked at i n d e t a i l (Nelson 

e t a l , 1959) . Also the e f f e c t s o f dry and wet m i l l i n g have 
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been i n v e s t i g a t e d and i t has been shown tha t much higher green 

p e l l e t d e n s i t i e s are poss ib le when a ceramic powder i s m i l l e d 

i n a l i q u i d medium (Tsang-Tse Fang et a l , 1988). 

2 .4 .2 - -Pressing-Stage 

The next stage o f the p repara t ion i s normally g ranu la t ion 

f o l l o w e d by a d d i t i o n of a b inder . The pressing of ceramic 

powders powders t o form "compacts" or "green" p e l l e t s has 

prompted much research . However, the s ize of p a r t i c l e s 

r equ i r ed f o r the fo rma t ion of a ceramic component i s very 

impor tan t and o f t e n has an e f f e c t on the s t r ucu tu r a l i n t e g r i t y 

o f the ceramic. The s t reng th and hardness of the agglomerates 

i s a lso p e r t i n e n t . Work performed by Leiser et a l , (1970) has 

concluded t h a t l a rge s o f t aglomerates con ta in ing less eccent r ic 

p a r t i c l e s produced the s t rongest "green" p e l l e t s f o l l o w i n g 

compaction of the powders. The work also showed a higher green 

dens i ty from slower ra tes o f compaction, a r e s u l t confirmed by 

Youshaw et a l , (1988) . Tests made on Alumina powders under 

shock compaction (which i s a process used when processing some 

metal powders) showed l a rge p a r t i c l e size decreases from 10 to 

0.1;im but the presence o f cracks i n some grains was noted 

(Akashi & Sawaoka, 1984). T y p i c a l l y pressures o f 30GPa may be 

reached under t h i s form of compaction. Thompson (1981) 

concluded t h a t the shape of p a r t i c l e s was impor tan t , wi th a 

p l a t e l e t shape being p r e f e r a b l e to spher ical p a r t i c l e s . I t was 

a lso showed t h a t agglomerates made of f i n e s t i c k y p a r t i c l e s 
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were p r e f e r a b l e t o powders made up o f course f r e e pouring 

g r a i n s . Fong & Hsieh (1988) showed tha t the densi ty of a 

Barium T i t ana te "green" compact could be improved by pressing 

of a damp powder owing to the high pressures which could be 

t o l l e r a t e d w i t h i n the d i e . Compacts formed from dry powders 

e x h i b i t e d de laminat ion a t pressures as low as 180MPa whereas no 

problems were noted w i t h wet powders subjected to pressures as 

high as 500MPa. 

A f u r t h e r source o f c rack ing i n a compact i s dur ing the 

e j e c t i o n process. High shear and t e n s i l e stresses are 

developed as a r e s u l t o f the high pressures being maintained on 

the edge of the compact by the wal l s of the Die 

(Thompson, 1981). 

Successful use o f a binder i s dependent on a number of 

impor tant f a c t o r s ; the most important being the a b i l i t y to wet 

the i n d i v i d u a l g ra ins o f the powder. Achieving uniform 

d i s t r i b u t i o n o f binder i s also very important t o reduce the 

p o s s i b i l i t y o f l a rge voids i n the ceramic f o l l o w i n g binder 

burnout . 

The use o f die l u b r i c a n t s t o a id the pressing process has 

become much more widespread i n the l a s t twenty years and t h e i r 

advantages have been s c i e n t i f i c a l l y confirmed (Macleod et a l , 

1977). Heinz and h is co-workers (1988) showed how the 

breakdown of c l u s t e r s o f barium t i t a n a t e powders occurred i n 
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two s tages , w i t h a pressure o f lOOMPa normal ly being s u f f i c i e n t 

t o crush the c l u s t e r s o f p a r t i c l e s . Higher pressures than t h i s 

caused c rack ing o f the compact w i t h no dens i ty increase 

r e s u l t i n g . Many Research Groups have used the simple s ing le or 

dual a c t i n g c y l i n d r i c a l d i e . This form o f die i s o f t e n used to 

form e l e c t r i c a l ceramics which are subsequently mounted in 

metal or p l a s t i c casings to form a f i n i s h e d component. The 

pressures which may be generated w i t h i n a powder during 

compaction have been accura te ly measured (Macleod et a l , 1976) 

and (Le i se r e t al , 1 970) , as have powder d e n s i t i t e s and some 

s t a r t l i n g r e s u l t s have emerged. Local i sed dens i ty va r i a t i ons 

o f up to 6% have been observed as have pressures o f double tha t 

exer ted a t the d ie f a c e . These v a r i a t i o n s tend to be more 

pronounced i n compacts w i t h high length /d iameter r a t i o s . 

Long (1960) obta ined an expression f o r the Ratio o f Axial to 

Radial fo rces a c t i n g i n a simple d i e ; which f o r a powder such 

as Barium T i t ana t e gave a value o f 2 . 1 . This inequi1ibr iurn of 

fo rces i s one o f the reasons f o r the v a r i a t i o n s of density 

w i t h i n a powder compact. These dens i ty v a r i a t i o n s can lead to 

dimensional problems f o l l o w i n g s i n t e r i n g (Sect ion 6 . 2 ) , and 

t h i s i s one o f the reasons t h a t Hot I s o s t a t i c Pressing has 

gained p o p u l a r i t y . I f samples w i t h a high r a t i o of 

l eng th /d iamete r are r equ i red a double a c t i n g die i s recommended 

(Thompson, 1981) as i t reduces the e f f e c t i v e compact length by 

50%. 
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Work performed by Ueyama et al (1987) has shown tha t increases 

i n green dens i ty can be t r a n s l a t e d to higher dens i t ies i n the 

s i n t e r e d ceramic (up to 98% o f t h e o r e t i c a l d e n s i t y ) , higher 

mechanical s t r eng th and higher d i e l e c t r i c constants f o r undoped 

barium t i t a n a t e . His s tudies have also shown tha t a higher 

compact dens i ty can cons iderably reduce the s i n t e r i n g 

temperature r e q u i r e d . 

Studies have also been made i n t o the e f f e c t o f pressing 

pressure app l i ed to the compact on the densi ty of the green 

p e l l e t (Fong e t al , 1 988) . I t has also been discovered tha t 

press ing o f powders can r e p a i r some o f the pores created during 

the spray d r y i n g o f powders i f t h i s product ion route has been 

used (Agbarakwe et a l , 1989). 

I n v e s t i g a t i o n s i n t o the e f f e c t s o f temperature and moisture 

content of powders have also been made (Youshaw et a l , 1982) 

w i t h the conc lus ion t h a t higher temperatures and moisture 

contents are b e n e f i c i a l to the product ion of a dense compact. 

Youshaw and h is co-workers have also i n v e s t i g a t e d the e f f e c t of 

i s o s t a t i c press ing o f compacts w i t h higher green dens i t i es 

being obtained at lower pressures. 

2 .4 .3 - - S i n t e r i n g 

S i n t e r i n g o f ceramic components i s performed to consol idate 
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i nc reas ing dens i ty by reducing the size of pores o r i g i n a l l y 

present i n the green sample and to b r ing about c o n t r o l l e d 

growth o f g ra ins as we l l as chemical r e a c t i o n . S i n t e r i n g 

temperatures are normal ly about 85% of the mel t ing temperature 

of the base m a t e r i a l . However i n many cases a l i q u i d phase is 

employed to f i l l many o f the smaller voids w i t h i n the g ra in 

s t r u c t u r e and the me l t i ng temperature of the l i q u i d phase i s 

ins t rumenta l i n the de te rmina t ion o f the s i n t e r i n g temperature. 

The theor i e s behind d e n s i f i c a t i o n of ceramic components during 

s i n t e r i n g have been wel l documented and many mathematical 

d e f i n i t i o n s have been produced which exp la in the thermodynamic 

fo rces behind d e n s i f i c a t i o n and g r a i n growth 

(Lange & K e l l e t t , 1989). 

Xue & Brook (1989) have made experimental s tudies on Barium 

Ti tana te and have concluded tha t there i s an increase i n 

d e n s i f i c a t i o n a t the onset o f abnormal g ra in growth 

(Figure 12 ) . 

In the case o f doped e l e c t r i c a l ceramics such as Barium 

Ti t ana te a c t i n g as a PTC, a minimum temperature must be 

a t t a i n e d t o a l low the dopant to replace some of the base 

mate r ia l i n the ceramic l a t t i c e . There are many possible 

changes which can be made t o the s i n t e r i n g process, a number of 

which can a f f e c t the product g r e a t l y . Studies by A l - A l l a k et 

al (1988) have a l lowed f o r o p t i m i s a t i o n o f the maximum 
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Figure 12 : Abnormal Grain Growth 
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temperature reached dur ing the s i n t e r i n g p r o f i l e as wel l as the 

ra tes o f heat up and cool down f o r doped Barium Titanate PTC's, 

w i t h p a r t i c u l a r relevance to e l e c t r i c a l p r o p e r t i e s . 

Work has been done o p t i m i s i n g e l e c t r i c a l p roper t i es wi th regard 

f o r ma te r i a l dens i ty (Kuwabara e t a l , 1 9 8 5 ) . Poros i t i es of 20% 

were found to produce the best PTC e f f e c t s , w i th up to seven 

orders o f magnitude r e s i s t i v i t y change, f o r high Curie 

temperature PTCs. The "best PTC e f f e c t s " normally correspond 

to the steepest R-T p l o t and the l a rges t t o t a l r e s i s t i v i t y 

change. Unfo r tuna t e ly f o l l o w - u p work i n t o the detr imental 

e f f e c t s o f engineer ing such p o r o s i t i e s , e spec ia l ly on mater ia l 

f r a c t u r e toughness and f a t i g u e , has not been made by Kuwabara. 

I t i s intended t h a t t h i s study w i l l look i n t o poros i ty and i t s 

mechanical i m p l i c a t i o n s . 

Much work has been performed l o o k i n g at the mic ros t ruc tu ra l 

changes on Barium Ti tana te dur ing s i n t e r i n g . The e f f e c t s of 

g r a i n s ize and shape on both mechanical and e l e c t r i c a l 

p r o p e r t i e s , as w e l l as the s i n t e r i n g p r o f i l e s requi red to give 

t h i s c o n t r o l l e d g r a i n growth have been i n v e s t i g a t e d . I t i s 

u s e f u l t o note t h a t many ceramics behave i n s i m i l a r ways wi th 

regard to changes i n mechanical s t reng th and so i t i s possible 

t o o b t a i n u se fu l i n f o r m a t i o n from research on d i f f e r e n t 

m a t e r i a l s . 
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Some impor tant work on Barium Ti tana te has shown tha t as the 

maximum s i n t e r i n g temperature increases the g ra in growth r i s e s 

to a maximum w i t h g r a i n sizes of 60;jm at 1240'*C but then f a l l s 

g r adua l ly t o iq;jm a t 1 360'*C. The high values at 1240"'c 

represent abnormal growth and there are many grains under 1/um 

diameter present (Matsuo e t a l , 1 9 7 1 ) . Studies made by Kahn 

(1971) have concluded t h a t i n i t i a l p a r t i c l e s ize has very 

l i t t l e e f f e c t on the f i n a l p a r t i c l e s ize o f t hes in t e r ed 

ceramic. However inc reas ing dopant concen t ra t ion , i n t h i s case 

Niobium (Nb) , above 0.4 molar% r e s u l t s i n grains af about 1>im 

diameter being produced compared wi th a standard g ra in size of 

60;jm at lower Niobium concen t ra t ions . This represents a 

massive increase i n g r a i n boundary surface area which i s where 

the PTC e f f e c t seems to o r i g i n a t e (Section 2 . 1 ) . Work 

performed by L u b i t z (1981) has shown tha t the use o f a slower 

heat ing r a t e near t o the maximum temperature r e s u l t s i n greater 

g r a i n g rowth . However, increases i n the time at the peak 

temperature ( f rom 30 minutes to 50 hours) showed l i t t l e change 

i n the g r a i n s i z e . 
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3.0--MATERIALS 

Over the course o f the study a number o f preparat ions of Barium 

T i t ana t e Ceramics were produced. However, i n many cases the 

base m a t e r i a l used was a high p u r i t y grade from TAM chemicals, 

produced by the i g n i t i o n of Barium T i t a n y l Oxyla te . This 

method produces an extremely pure p roduc t . A chemical analysis 

o f the ma te r i a l revealed the f o l l o w i n g : 

Ma te r i a l % by mass molar % 

Barium Oxide 65.49 49.45 

Ti tan ium Dioxide 34.46 49.97 

Alumina <0.04 <0.034 

F e r r i c Oxide <0.005 <0.002 

S i l i c a <0.03 <0.041 

Tota l % I m p u r i t i e s <0.05 <0.42 

Mole Rat io o f Ba0/Ti02 = 0.990 

3.1 • - M a t e r i a l s ; - - P a r t - I 

The standard mix f o r the f i r s t par t o f the study comprised the 

f o l l o w i n g m a t e r i a l s which were m i l l e d together i n 150ml of 

d i s t i l l e d water f o r 12 hours. 
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Mater i al Mass(g) No. of 

BaTiOg 116.62 0.500 

CaTi03 11 .90 0.087 

Ti02 0.866 0.0108 

H 0 2 O 3 0.646 0.0018 

Si02 0.751 0.0045 

A I 2 O 3 0.281 0.0027 

MnC03 0.038 0.0004 

Ba l l M i l l i n g was used f o r t h i s process, a technique which mixes 

the components as wel l as reducing the p a r t i c l e diameters to 

the order o f lO^jm. The m i l l i n g b a l l s were o f Agate and of 

th ree d i s t i n c t s i zes ; 10mm, 12mm & 20mm, and the m i l l i n g 

vessel was of (UHMW) Polye thy lene . 

Fo l lowing m i l l i n g the mixture was f i l t e r e d and dr ied i n an 

oven. Glucose and PVA were then added i n an aqueous s o l u t i o n 

(5% Glucose, 5% PVA) which was mixed by hand to act as a binder 

f o r the powder when pressed i n t o p e l l e t s . The mixture was 

again d r i e d and then granula ted using a pes t le and mortar and 

s ieved t o e x t r a c t the p o r t i o n o f powder which had granule sizes 

o f between 90 & 500;jm. 

The powder was then pressed i n t o p e l l e t s using a hand press. 

Two c y l i n d r i c a l die were used to produce "green" p e l l e t s 

( p e l l e t s p r i o r t o f i r i n g ) o f two s izes ; 13mm diameter and 
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approximately 2.2mm th ickness f o r mechanical t e s t i n g and 

m i c r o s t r u c t u r a l ana lys i s and 5,1mm diameter and 3mm thickness 

f o r Resistance-Temperature data c o l l e c t i o n . The standard loads 

used dur ing press ing were 1.0 and 0.2 tonnes r e s p e c t i v e l y f o r 

the two sizes o f d i e , r e s u l t i n g i n compaction pressures of 78 & 

100 MPa. The dens i t y o f these powder compacts was i n the 

reg ion o f 55% o f t h e o r e t i c a l dens i ty . 

The green p e l l e t s were then s in t e r ed i n a i r i n a tube fu rnace . 

The standard s i n t e r i n g p r o f i l e i s shown i n Figure 13. The 

binder was burnt o f f at 500*'C and t h i s temperature was 

maintained f o r 60 minutes to ensure complete e l i m i n a t i o n of the 

b inde r . The temperature o f the furnace i s then ra ised to 

1 320*^0 to a l low f o r m a t i o n o f the l i q u i d phase and d e n s i f i c a t i o n 

of the p e l l e t . During the f i r i n g process d e n s i f i c a t i o n and 

c o n t r a c t i o n o f the p e l l e t s took place r e s u l t i n g i n p e l l e t s 

a t t a i n i n g t y p i c a l l y 85% of t h e i r maximum t h e o r e t i c a l dens i ty . 

An a l t e r n a t i v e t o using commercially produced Barium Ti tanate 

i s t o produce the ma te r i a l i n the l abora to ry by a c a l c i n i n g 

r e a c t i o n . This was done by wet m i l l i n g a mixture of Barium 

Carbonate and Ti tan ium Dioxide f o r 12 hours, d ry ing and then 

heat ing i n a m u f f l e f u rnace , w i t h a peak temperature of IIOO^C 

being maintained f o r 2 hours . The other chemicals requi red to 

complete the mix ( i n the same propor t ions as p r e v i o u s l y ) were 

added a t the f i r s t m i l l i n g s tage. Fol lowing the c a l c i n a t i o n 

r e a c t i o n f u r t h e r m i l l i n g took place i n order t o break up the 
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agglomerates. A d d i t i o n of the b inder , g r anu la t i on and 

screening of p a r t i c l e s ize were performed i n the usual way. 

3 . 2 - - L o w e r - P u r i t y - M a t e r i a l 

A shor t study was made i n t o the poss ible use of a lower grade 

of Barium Ti t ana te produced by Cookson M a t e r i a l s . The cost of 

t h i s ma te r i a l was only 20% o f the cost o f the purer grade used 

i n cu r ren t p roduc t ion batches. 

A chemical Analys is was performed t o i n d i c a t e the l eve l and 

nature o f i m p u r i t i e s : 

Ma te r i a l % by mass molar % 

Barium Oxide 63.7 48.1 

Ti tanium Dioxide 34.2 49.6 

St ront ium Oxide 0.82 0.92 

Alumina 0.10 0.085 

F e r r i c Oxide 0.01 0.005 

S i l i c a 0.08 0.110 

Sodium Oxide 0.08 0.110 

Tota l % I m p u r i t i e s 2.10 2.30 

Mole Ratio of Ba0/Ti02 = 0.971 

Average P a r t i c l e Size = 1.30pm 
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This ma te r i a l was used i n the way as the TAM mate r ia l w i t h the 

same a d d i t i v e s and i d e n t i c a l processing r o u t e . 

3.3 . -Mater ia l s - : - .Part .11 

The second pa r t o f the study involved fou r batches o f mater ia l 

which were to undergo prepara t ion i n a s i m i l a r way to tha t 

undertaken p r e v i o u s l y . The main change was at the S i n t e r i n g 

stage, dur ing which the s i n t e r i n g atmosphere was to be 

c o n t r o l l e d . In a d d i t i o n s i n t e r i n g was performed i n a vacuum. 

The c o n s t i t u e n t s o f the Mixes were as f o l l o w s : 

3 .3 .1 - -Mtx.1 

Chemicals Mass(g) Molar % 

BaTiOg 116.50 99.0 

H02O3 0.378 0.20 

TiOg 0.200 0.50 

Si3N4 0.210 0.30 

This mix was processed i n the normal way, as described i n 

Sect ion 3 , 1 . However, the binder was added p r i o r to the f i r s t 

m i l l i n g stage, an a c t i o n which was found to be advantageous 

dur ing the f i r s t stage of the study (Sect ion 5 . 1 ) . 
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3 .3 .2 - -Mix-2 

This ma te r i a l was prepared using the c a l c i n i n g reac t ion 
descr ibed p r ev ious ly and the binder was added p r i o r to the 
second stage of m i l l i n g which i s discussed above. 

Chemicals Mass(g) Molar % 

BaC03 98.65 49.5 

TIO2 40.20 50.0 

HO2O3 0.378 0.20 

Si3N4 0.210 0,30 

3.3.3 - -Mixes -3 -& .4 

These f o r m u l a t i o n s contained the same propor t ions of 

c o n s t i t u e n t s , w i t h Mix 3 being made i n batches of 150grammes 

maximum at Durham and Mix 4 being prepared at Elmwood Sensors' 

p roduc t ion f a c i l i t y i n a batch of 25kg. The d i f f e r ences i n the 

p roduc t ion processes are o u t l i n e d i n Section 3 .4 . 
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Chemicals Mass(g) Molar % 

BaTi03 116.50 76.1 

PbTi03 21.10 10.6 

CaTi03 9.92 11.1 

H02O3 0.646 0.26 

SI3N4 0.765 0.83 

A1203 0.382 0.57 

Ti02 0.242 0.46 
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3.4 • - Pi f f e r e n e e s - i n . P r o c e s s l n g . o f - t h e . P r o d u c t i o o - a n d 

Research F a c i 1 i t i e s 

3 . 4 . 1 . - H i l l i n g ; 

In the p roduc t ion process at Elmwood Sensors the m i l l i n g media 

are s i l i c a "stones" o f approximately 70mm diameter which ro ta te 

i n a s tee l drum. A m i l l i n g t ime of 24 hours i s used and the 

ma te r i a l s used t o t a l 25kg. The research demands are f o r much 

smaller q u a n t i t i e s , the mass o f the cons t i t uen t s being about 

150 grammes. An UHMW polyethylene tub i s used together wi th 

many agate b a l l s o f 10, 12 & 20mm diameters and a m i l l i n g time 

o f 12 hours i s u s u a l l y employed. 

3.4.2 - A d d i t i v e s : 

The produc t ion process demands both a binder and die l u b r i c a n t 

being present because o f the pressing process employed. The 

method of a d d i t i o n o f the add i t i ve s i s i n a semi-dry s tate 

using a mechanical mixer ; the l abora to ry a d d i t i v e s include 

only a binder which i s added as an aqueous s o l u t i o n by hand. 

The p a r t i c l e s i ze used f o r the prepara t ion o f compacts i n the 

p roduc t ion process i s s l i g h t l y l a r g e r than f o r the research 

process and the agglomerates tend t o be a great deal s o f t e r . 
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3 .4 .3 - -P re s s ing ; 

In a p roduc t ion process speed i s of great importance and so the 

t ime taken to press each p e l l e t has t o be very sho r t . A cycle 

t ime o f 1.5 seconds i s used which compares to approximately 60 

seconds i n the research process. However, the die pressures 

used are s i m i l a r w i t h an average pressure of 70MPa f o r the 

research press and 48 MPa f o r the product ion press. 

3 .4 .4 - - S i n t e r i n g : 

The s i n t e r i n g p r o f i l e s used are shown i n Figure 14 and the 

d i f f e r e n c e s can c l e a r l y be seen. The product ion process r e l i e s 

on a moving b e l t passing through the fu rnace . The time spent 

i n the furnace i s 3 hours longer and the maximum temperature 

lower i n the p roduc t ion process. 
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4.0--METHOD 

4 .1 - - E l e c t r i c a l Tes t ing 

A number o f methods are commonly i n use t o catalogue the 

e l e c t r i c a l p r o p e r t i e s of PTC ceramics such as Barium T i t ana te . 

Resistance-Temperature (R-T) p l o t s are made to assess the scale 

of the r e s i s t i v i t y changes as wel l as the maximum ra t e of 

r e s i s t i v i t y change and the temperature a t which t h i s occurs . 

The r i g used f o r the R-T p l o t s i s c o n t r o l l e d by a BBC 

microcomputer and cons i s t s o f an in su l a t ed cabinet w i t h 9 

e l e c t r i c a l s t a t i o n s t o a l low comparisons to be made between 

samples. The importance o f a la rge zone of constant 

temperature becomes apparant when one considers t ha t samples 

may be catalogued as having swi tch ing temperatures to + / -0 .5 ' 'c . 

The ra te of temperature increase i s 3*C/minute and the 

temperatures are maintained f o r 4 minutes p r i o r t o res is tance 

measurements. A sample p l o t f o r the sensors produced at the 

Elmwood p roduc t ion f a c i l i t y i s shown i n Figure 15a and the 

steep g rad ien t can c l e a r l y be seen. 

The p e l l e t s used f o r the R-T measurements were pressed i n the 

5.1mm die and s i n t e r e d i n the normal way. The upper and lower 

faces of the d iscs were ground f l a t and po l i shed w i t h 240 g r i t 

paper and coated w i t h Indium-Gall ium e u t e c t i c i n order to 

provide an e l e c t r i c a l con tac t . Production samples from Elmwood 
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Figure 15a : Resistance-Temperatiire Plot for 
an Elmwood Production PTC 
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were also tes ted and these had to be cut to s ize i n order to 

f i t w i t h i n the measurement apparatus. In t h i s case the edge of 

the p e l l e t had also to be pol i shed i n order to al low f o r 

accurate measurements o f sample c ross - sec t iona l area and 

d e n s i t y . 

The Voltage dependence of res i s tance i s o f t e n measured to 

assess the behavior o f the PTC at high voltages ( f o r example 

240V) and how the r e s i s t i v i t y changes when a f l u c t u a t i n g 

vol tage supply i s t o be used. As t h i s study was mainly 

concerned w i t h the mechanical p rope r t i e s o f the PTCs t h i s form 

o f e l e c t r i c a l measurement was not used. 

The dependence o f d i e l e c t r i c capacitance w i t h temperature i s 

a lso used i n the assessment o f a commercial PTC device . Plots 

o f t h i s nature were not made i n t h i s s tudy, however a sample 

p l o t i s shown i n Figure 15b. 

4.2 - Mechanical -Testing 

4 .2 .1•-Diametral -Compression 

The diametra l compression technique was chosen as the method 

used to assess the maximum t e n s i l e s tress c a r r i e d by the Barium 

T i t ana t e d i s c s . The major advantage o f t h i s form of t e s t i n g 

was t h a t minimal sample prepara t ion was r e q u i r e d , as the 

ceramic was i n the form of a c i r c u l a r d i s c . 
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The sample p repara t ion involved making sure t h a t the loading 

surfaces were p a r a l l e l and f r e e from la rge defec t s .Th is was 

found to be more c r i t i c a l w i th the smaller p e l l e t s wi th the 

smal ler aspect (d iamete r / th ickness ) r a t i o s . This was due to 

the change i n shape o f the p e l l e t dur ing the s i n t e r i n g process 

because o f the non un i fo rm dens i t i e s i n the "green" p e l l e t s . 

The l a r g e r diameter p e l l e t s pressed using 13mm & 22mm diameter 

dies had much higher aspect r a t i o s and hence were not subject 

to the same degree o f non uni form shr inkage. Therefore 

p o l i s h i n g was not normally necessary. The dimensional changes 

which were encountered w i t h the p e l l e t s f o l l o w i n g s i n t e r i n g 

were i n v e s t i g a t e d and d e t a i l s are inc luded i n Section 5.3 . 

The l a rge faces o f the p e l l e t s were ground f l a t to enable 

accurate dens i ty c a l c u l a t i o n s to be made. The density 

measurements were made using the mass/volume method. This 

method was compared w i t h the Archimedian method which uses a 

dens i ty b o t t l e , and i s a standard dens i ty measurement 

t echn ique . The c o r r e l a t i o n between the r e s u l t s was exce l len t 

and the mass/volume method chosen f o r subsequent use as i t was 

much eas ier t o pe r fo rm. 

Measurement o f the dens i t y , and r e l a t i n g t h i s to the maximum 

t h e o r e t i c a l dens i ty of the mate r ia l gives an i n d i c a t i o n of the 

p o r o s i t y o f the p e l l e t s . As f a i l u r e o f ceramics i s usual ly 

i n i t i a t e d from pores or cracks w i t h i n the component, the 
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p o r o s i t y i s a very impor tant q u a n t i t y which should be kept to a 

minimum, to ensure a long serv ice l i f e . 

The load ing a n v i l s used f o r the diameteral t e s t i n g of the 

mechanical specimens were concave w i t h r a d i i of curvature of 

6.25mm. The diameter o f the s in t e r ed p e l l e t s ranged from 

10.5mm to 11.2 mm, and t h i s combination r e su l t ed i n a working 

r a t i o o f approximately 1.18. This value has prev ious ly been 

found to be w i t h i n the range necessary f o r accurate and 

repeatable t e s t i n g (Moran, 1988). 

A number o f p e l l e t s which underwent mechanical t e s t i n g were 

from the p roduc t ion at Elmwood Sensors L t d , the p r o j e c t 

sponsors, and these were of approximately 9.5mm rad iu s . Thus a 

second set of load ing a n v i l s were produced w i t h r a d i i of 

curva ture o f 11.5mm. 

The machine used to provide the loading was an Ins t ron 1000 

Tens i l e Test ing Machine. A f i v e kN load c e l l was used, 

together w i t h a load ing speed of 2mm/minute. The p e l l e t s were 

examined p r i o r t o t e s t i n g and pos i t ioned i n such a way as to 

e l i m i n a t e erroneous r e s u l t s through using an obviously damaged 

r eg ion as one o f the loaded con tac t s . 

The machine c a l i b r a t i o n was confi rmed on each occasion tha t 

t e s t s were c a r r i e d out and the load ranges on the machine were 

not a l t e r e d at any t i m e , an ac t i on which may have r e su l t ed i n 
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d i sc repanc ies . In a d d i t i o n the loading speed was checked 

manually a t r e g u l a r i n t e r v a l s throughout the du ra t ion of the 

t e s t i n g . The machine was connected to an X-Y p l o t t e r which 

provided load - t ime curves , which could be analysed. Analysis 

o f these p l o t s a l lowed es t ima t ion of the changes i n the 

g rad ien t o f the graph to be made , which gave an i n d i c a t i o n of 

the load c a r r i e d a t i n i t i a l crack propagat ion . 

Fol lowing t e s t i n g , the specimens were examined and the p o s i t i o n 

o f the d iamet ra l crack noted. This was t o a l low the stresses to 

be accura te ly c a l c u l a t e d w i t h regard to the crack p o s i t i o n . 

Many o f the specimens were viewed under the scanning e lec t ron 

microscope (SEM) t o e s t a b l i s h the poin ts of i n i t i a t i o n of 

f a i l u r e , and to assess whether t r a n s - or i n t e r - granular 

f a i l u r e had occured. 

4 .2 .2 Loaded Beam Tests 

In order t o p rov ide a back-up to the diameteral compression 

r e s u l t s , f o u r p o i n t bend t e s t s were performed, on rectangular 

sect ioned beams o f Barium T i t a n a t e . To a l low a reasonable size 

of beam to be used, discs o f t y p i c a l l y 32mm diameter and 4mm 

thickness were produced ( p o s t - s i n t e r e d dimensions) . These 

discs were sec t ioned using a r o t a t i n g diamond saw i n such a way 

as t o produce f o u r beams from each disc (Figure 16 ) . 
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Figure 16 : Beeun Preparation from Sintered Discs 

cuts 
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Fol lowing the c u t t i n g stage, the faces of the beams were ground 

w i t h 240 and 600 g r i t paper, and the surfaces lapped using 

alumina paste . A c l o t h p o l i s h i n g wheel was used to f i n i s h the 

surfaces which were t o act as the loaded con tac t s . 

At t h i s stage, three beams were set aside from each batch of 

e i g h t . These were t o be used f o r f o u r - p o i n t t e s t i n g to assess 

the t e n s i l e s t ress c a r r i e d by the mater ia l at f a i l u r e . The 

remainder o f the beams were notched to a depth of about 1,4 mm 

(approximately 40% of the depth) i n order t h a t notched f o u r -

p o i n t beam t e s t i n g could be conducted. A Diamond coated saw of 

0,75mm wid th was used t o produce the notch. This form of 

t e s t i n g was used t o assess the f r a c t u r e toughness of the beam 

m a t e r i a l . Pre-cracking was not requi red on these specimens as 

previous i n v e s t i g a t i o n s (Okada & Sines, 1986) had concluded 

t h a t the act o f machining i s s u f f i c i e n t to form small cracks 

along the machined edge. Scanning Electron Microscopy and the 

use o f a Toolmakers microscope wi th both Barium Ti tanate and 

b r i t t l e polymer beams o f Polymethyl-Methacrylate (PMMA) 

conf i rmed t h i s . 

To ensure t h a t accurate measurement o f the leng th of the notch 

and crack could be made red dye was sprayed onto the base of 

the notch t o decorate the extent o f machining cracks . 

The t e s t s were performed on a Lloyd 6000R t e s t i n g machine. 

The machine was m o d i f i e d by the a d d i t i o n o f l i n e a r bearings on 
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the upper loading a n v i l which provided l a t e r a l s t a b i l i t y i n 

compression which the machine o r d i n a r i l y l acked . A loading 

r a t e o f O.IOmm/minute was used. The beams were a l l tested 

under f o u r - p o i n t bending. 

This form of bend t e s t was used because i t provides a pure 

bending o f constant magnitude to the cen t ra l p o r t i o n of the 

beam w i t h no shear f o r c e , and the p o s i t i o n of the notch i n the 

beam i s not c r i t i c a l due to the cons tan t ly appl ied stress to 

the c e n t r a l p o r t i o n (Figure 7 b ) . Three p o i n t bending was not 

used owing to the shear forces t h a t are brought to bear on the 

t i p o f the crack and the requirement f o r accurate notch 

placement l ead ing to poss ible inaccurac ies . 

The r i g used f o r the beam t e s t i n g i s shown i n Figure 17. 

The load ing p l a t f o r m was able t o r o t a t e t o ensure t ha t the 

loads app l i ed a t the two poin ts o f contact on the upper surface 

were equal i n magnitude. The s tee l c y l i n d e r s used to provide 

con tac t were coated w i t h a PTFE spray to minimise f r i c t i o n 

under l o a d i n g . 

4 .2 .3 The Vickers Indentor 

The use o f a Vickers Diamond indenter was i n two capac i t i e s . 

In the convent ional manner the device was used i n conjunct ion 

w i t h an Eseway t e s t i n g f a c i l i t y t o assess the hardness of the 

samples. For Barium Ti tana te used i n PTC devices t h i s i s not 
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Figure 17: The Four-Point Bend Test Arrangement 
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as impor tan t a p roper ty as s t rength or f r a c t u r e toughness. 

However i t was deemed necessary f o r t h i s f u l l mechanical s tudy. 

An i n d e n t i n g load o f 5kg was used throughout . 

The diamond inden to r was also mounted i n the Lloyd 6000R 

t e s t i n g machine to act as a crack i n i t i a t o r . The sharp edges of 

the Vickers indent cause small r a d i a l cracks to i n i t i a t e at the 

corners under load ing which are extended as the load i s 

increased (F igure 9 ) . The length of these cracks was estimated 

w i t h the a id o f a red dye and accura te ly measured using 

Scanning E l e c t r o n Microscopy, and the maximum load was noted. 

Previous research work which i s catalogued i n Section 2 .3 .3 , 

describes the formula used f o r the c a l c u l a t i o n of the f r a c t u r e 

toughness o f a m a t e r i a l . 

The Lloyd machine was used i n preference to a standard hardness 

t e s t i n g device because the maximum l o a d , r a t e o f loading and 

t ime under load could ea s i l y be a l t e r e d and accurate ly measured 

over a wide range o f values . Fol lowing the i n i t i a l assessment 

o f t h i s form o f t e s t i n g a loading r a t e o f 0.1Omm/mlnute was 

used. I n i t i a l t e s t s r evea l l ed problems w i t h cracking of the 

specimens due t o the la rge bending moments because of the 

uneven ceramic su r f ace s . This problem was solved by mounting 

the d isc specimens i n polyes ter r e s i n . The blocks were then 

po l i shed i n the normal way to reveal the ceramic surface to be 

i ndented. 
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4 .2 .4 Test ing of Unsintered.Compacts 

The dens i ty of the Barium Ti tana te discs was measured both 

p r i o r t o and a f t e r s i n t e r i n g . Measurements were made p r i o r to 

f i r i n g t o assess the success o f the pressing process. This 

process i s dependant on the powder p roper t i e s such as granule 

s i z e , agglomerate s t r e n g t h , the prepara t ion route used and the 

l e v e l o f i m p u r i t i e s or a d d i t i v e s present . 

The s t r eng th o f the green p e l l e t s was measured using the 

d iamet ra l t e s t i n g technique described e a r l i e r (Section 2 . 3 . 2 ) . 

Concave load ing a n v i l s were again used but the radius of 

cu rva tu re was increased to 7.5mm to take account of the 

s l i g h t l y l a r g e r p e l l e t s o f 6.5mm r a d i u s . The parameters 

mentioned above have an e f f e c t on the "green" s t rength and i n a 

p roduc t ion process which involves the handling of the 

uns in te red p e l l e t s a high s t reng th i s des i rab le to l i m i t 

wastage. 

4 .2 .5 Scanning Elec t ron Microscopy 

Mention has already been made of the uses of scanning e lec t ron 

microscopy i n l o o k i n g a t f r a c t u r e s surface f o r assessing the 

mode and p o i n t o f i n i t i a t i o n o f f a i l u r e . However, the sizes of 

su r face pores and cracks , t h e i r d i s t r i b u t i o n and frequency, and 

the s ize o f the gra ins w i t h i n a ma te r i a l were also inves t iga ted 

due t o t h e i r i n f l u e n c e on both mechanical s t rength and 
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e l e c t r i c a l performance. The Cambridge Instruments S600 

microscope was used th roughout . 
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5.0--RESULTS 

5 . 1 . - P a r t . 1 . : . I n i t i a l .Mechanical-Tests 

The sample groups used i n t h i s pa r t o f the study are shown i n 

Figure 18. I t can be seen tha t a number o f preparat ion 

techniques were i n v e s t i g a t e d . 

Figures 19 & 20 show the Poros i t i e s and values of Ultimate 

Tens i l e S t rength o f the s in te red mate r i a l s referenced above. 

The values o f p o r o s i t y were obtained from mass/volume 

c a l c u l a t i o n s and values of maximum poss ib le densi ty (at zero 

p o r o s i t y ) r e f e r r e n c e d i n Appendix I . The Ul t imate Tensile 

Stresses c a r r i e d by the mater ia l s were obtained from Diametral 

Compression o f 11mm p e l l e t s between curved a n v i l s . 

Figure 19 shows t h a t p o r o s i t i e s o f between 2.5 and 9.0% were 

encountered w i t h the lower values f o r the ca lc ined laboratory 

prepared m a t e r i a l . Increase i n the pressing pressure to form 

the "green" p e l l e t showed a small decrease i n the poros i ty of 

the s i n t e r e d m a t e r i a l . Add i t i on o f the binder p r i o r to m i l l i n g 

r e s u l t e d i n l i t t l e change i n po ros i t y but when no binder was 

used the p o r o s i t y showed an increase . The values of strength 

d i sp layed i n Figure 20 show lower values when the commercially 

a v a i l a b l e T i t a n a t e was used and also when higher pressing 

pressures were employed. A s l i g h t decrease i n s t rength was 

noted when no binder was used. 

61 -



•o 
•D 

•o 
C 

3 . 
C 

3 
T3 

c 

c •3-
CsJ 

0) 

e. 

• f - CvJ 

o 

o 

o 

o 
o 

o 

re 

CO 
cn 
to 
to 
0) 
t -

CO 

0} 

3 

(/) 
01 

o o o o o o o o 
CM t M 

a 
E 
re 

CO 

a. 
o 
o 

— CM 00 



cd 
• i - i u 
<a 

o u 

a 
01 

s 

2 ^ 

O <u 

• i - t 

- T — — I — 
CO CO 

— I — in. — I — 
CO 

— I 1— 
CM T -

eo o u 

CO 

in 

CM 

o o u o 

63 



-3 

00 I 
i 
CQ 

0 

C/3 
in 

g £ .a CO 

CM 

• I — o in o n 
—I— o — I — 

o 

64 



5.2 Part I I : Mechanical Tests on Samples Sintered 

i n . D i f f e r e n t Gaseous Atmospheres 

There were f o u r main sample groups i nves t i ga t ed i n t h i s part of 

the research work. The compositions o f each of the Mixes are 

inc luded i n Sect ion 3 .3 . 

I n i t i a l stages o f the work were to look at how each of the 

groups behaved under standard l abo ra to ry prepara t ion techniques 

p r i o r t o changes i n the method o f p r epa ra t i on . 

Figure 22 shows the "green" (as pressed) and f i r e d po ros i t i e s 

of p e l l e t s o f each m a t e r i a l . I t can be seen tha t the green 

p o r o s i t i e s are s i m i l a r over the range of Mixes w i t h a spread of 

r e s u l t s o f only approximately 8% from an average value of 46% 

p o r o s i t y . However f o l l o w i n g s i n t e r i n g the spread i s much 

greater w i t h Mix 2 i n d i c a t i n g a very low po ros i t y o f 1.5% and 

Mixes 3 & 4 p o r o s i t i e s up to 20%. The a d d i t i o n o f the Binder 

p r i o r t o the second m i l l i n g stage seemed to produce a lower 

p o r o s i t y i n the s i n t e r ed mate r i a l than the standard labora tory 

technique , r educ t ions o f 35% i n pore volume being t y p i c a l . The 

ma te r i a l pressed and f i r e d on the product ion f a c i l i t y at 

Elmwood Sensors L t d . also showed improved p o r o s i t y over the 

l a b o r a t o r y prepared m a t e r i a l . The Cookson m a t e r i a l , which 

contained a grea ter percentage o f i m p u r i t i e s than the standard 

Barium T i t ana t e also showed reduced p o r o s i t y . 
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Figure 21 

Sample Group Mix Used 

1 1 

2 2 

3a 3 A d d i t i o n o f Binder p r i o r to M i l l i n g 

3b 3 A d d i t i o n of Binder as normal 

3c 3 Cookson "low p u r i t y " BaTiOgUsed 

4a 4 Pe l l e t s pressed and f i r e d at Durham 

4b 4 Pe l l e t s pressed at Elmwood Sensors 

and f i r e d at Durham 

4c 4 As 4b but two stage s i n t e r i n g wi th 

the "Green" p e l l e t tes ted wi th Binder 

removed 

4d 4 Samples produced at Elmwood Sensors 
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Figure 22: Porosity in "green" and sintered pellets 
for the Mixes used in Part I of the Study 

Porosity (%) 

Sample Group 
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Figure 23 shows the s t r eng th o f the p e l l e t s i n the "green" 

s ta te obtained f rom d iamet ra l compression o f the p i l l s between 

curved loading a n v i l s . A d d i t i o n of the binder p r i o r to m i l l i n g 

shows an increase i n s t r eng th o f the pressed p e l l e t . The 

Elmwood prepared powder, i n p a r t i c u l a r the Binder and Die 

Lubr icant used and t h e i r method of a d d i t i o n , produced a very 

s t rong p i l l . This al lowed easy t r a n s p o r t a t i o n between press 

and fu rnace . 

The e f f e c t of the binder on p i l l s t rength was i n v e s t i g a t e d by 

burning o f f the binder from the p i l l s at 500*C and then 

s t rength t e s t i n g the samples under Diametral Compression. A 

decrease i n s t r eng th o f 80% was recorded. 

Figure 24 i n d i c a t e s the v a r i a t i o n s i n d iamtra l compressive 

s t rength f o r the s i n t e r e d p e l l e t s . The highest values were 

obtained f o r Mix 2, which contained the l abo ra to ry prepared 

BaTi03. The Elmwood product ion pressing and s i n t e r i n g stages 

were shown t o be b e n e f i c i a l i n producing s t ronger p e l l e t s . 

Add i t i on o f the Binder p r i o r to m i l l i n g led t o a 100% increase 

i n s t rength over ma te r i a l prepared i n the standard way. 

Further i n v e s t i g a t i o n s were conducted wi th Mix 4 which involved 

pressing p e l l e t s over a range of pressures. Figure 25 shows 

the r e s u l t s of t h i s shor t s tudy. Porosi ty decreased w i t h 

increas ing press ing pressure, however there were i nc iden t s of 

cracking at the higher pressures {>200MPa) 
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Figure 23: Ultimate Tensile Stress for the "green" 
pellets of the Mixes used in Part I of the Study 
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Figure 24: Ultimate Tensile Stress for the sintered 
pellets of the Mixes used in Part I of the Study 
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Figure 25: A Plot of Porosity in the "green" pellet 
against Pressing Pressure for Mix 4 
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The e f f e c t s o f m u l t i p l e s i n t e r i n g were a l s o i n v e s t i g a t e d . At 

Elmwood i f a p e l l e t does no t s a t i s f y t he r e q u i r e d e l e c t r i c a l 

c r i t e r i a r e q u i r e d i t i s n o r m a l l y s i n t e r e d a second (or t h i r d ) 

t i m e and r e t e s t e d . The d i a m t e r a l compress ive s t r e n g t h o f 

p e l l e t s w h i c h had been s i n t e r e d numerous t i m e s was measured as 

was t h e p o r o s i t y . P e l l e t s p repared and pressed a t Elmwood 

Sensors L t d . were used f o r t he s t u d y . 

D i a m e t r a l Comp. 

S t r e n g t h CnPa) 

P o r o s i t y ( 7 0 

Once 

34 .8 

15.0 

Si n t e r e d 

Twice 

35.3 

15.4 

3 t imes 

36 .1 

15.8 

Elmwood 

S i n t e r 

44.5 

12.0 

A s l i g h t i n c r e a s e i n p o r o s i t y and s t r e n g t h was no ted w i t h 

r e p e a t e d s i n t e r i n g . However the improved s t r e n g t h o f p e l l e t s 

s i n t e r e d i n t h e Elmwood p r o d u c t i o n f u r n a c e when compared w i t h 

t hose s i n t e r e d i n the Durham tube f u r n a c e can be c l e a r l y seen. 

The m a j o r s t u d y o f Par t I I o f the Programme i n v e s t i g a t e d the 

response o f t h e powders t o s i n t e r i n g atmospheres r a n g i n g f rom 

100% O2 t o 100% N2. Each powder was pressed i n t o t h r e e p e l l e t 

s i z e s : 39mm, 13mm, and 5.1mm d iamete r s which were s i n t e r e d 

t o g e t h e r . The s i n t e r i n g atmospheres used are d i s p l a y e d i n 

F i g u r e 2 6 . 
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F i g u r e 26 : The s i n t e r i n g atmospheres used f o r 

each o f t he Mixes 

Mix Group Atmosphere 

1 1 100% 

2 80% N, 20% 0, 

3 60% N, 40% Oa 

4 40% 60% Oa 

5 20% Nj80% Oi 

6 100% Oj 

2 1 100% Nj 

2 80% Ni20% 0 ^ 1 3 2 0 * 0 

3 80% N^20% 0̂  (UOO'C) 

4 60% N^40% Oj 

5 40% Ni60% 0;̂  

6 20% Ni80% Oi 

7 100% 0;̂  

3 & 4 1 100% Na. 

2 80% N;i20% Oj 

3 60% N_̂ 40% 0;j 

4 40% Nj60% Oa 

5 20% Ni80% 0^ 

6 100% 0, 
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The f i r e d p o r o s i t i e s o f a l l o f the p e l l e t s were measured us ing 

t h e mass/volume t e c h n i q u e , and the r e s u l t s are d i s p l a y e d i n 

F i g u r e 2 7 , I t can be seen t h a t f o r t he 13mm p i l l s t h e r e was an 

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

p r e s s u r e , f o r a l l o f t he m i x e s . Mixes 3 and 4 showed s i m i l a r 

p o r o s i t y v a l u e s . However, t h e va lues o f p o r o s i t y were h igh 

r a n g i n g f r o m 27 t o 16%. Mix 1 showed p o r o s i t y va lues o f approx 

14% and Mix 2 , o f approx 3%. The l a r g e r (39mm) and sma l l e r 

(5.1mm) p e l l e t s ( F i g u r e s 28 & 29 r e s p e c t i v e l y ) showed s i m i l a r 

p o r o s i t y v a l u e s , a l t h o u g h p o r o s i t y d i d no t appear t o be 

a f f e c t e d by t h e s i n t e r i n g a tmosphere , excep t a t low oxygen 

p a r t i a l p r e s s u r e s , where very h igh va lues o f p o r o s i t y were 

n o t e d . 

F i g u r e 27 d i s p l a y s t he va lues o f s t r e n g t h o b t a i n e d f rom 

D i a m e t e r a l Compression and F o u r - P o i n t Bend T e s t s . 

The v a l u e s o b t a i n e d f r o m the beam t e s t were on average t w i c e 

those o b t a i n e d f o r d i a m e t e r a l compress ion spec imens . Mix 1 d i d 

no t seem t o be a f f e c t e d by t h e s i n t e r i n g atmosphere and the 

v a l u e s o f 23MPa under D i a m e t r a l Compression and 42MPa under 

F o u r - P o i n t Bending were c o n s i s t a n t . Mix 2 showed small changes 

i n s t r e n g t h w i t h t h e h i g h e s t va lues o b t a i n e d a t c o n d i t i o n s 

c l o s e t o A t m o s p h e r i c . F o u r - P o i n t Bending r e c o r d e d values o f 

93MPa, w i t h 70MPa f o r D i a m e t r a l Compress ion. 

Mixes 3 and 4 showed s i m i l a r va lues w i t h Mix 4 be ing m a r g i n a l l y 

s t r o n g e r . W i t h 0% O2 t h e va lues o f U l t i m a t e T e n s i l e S t ress 
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were t he l o w e s t a t 48MPa and 25MPa f o r Beam and Disc Tests 

r e s p e c t i v e l y . However, va lues o f 83MPa and 35MPa were measured 

f o r t he two t e c h n i q u e s a t 40% N2 and 60% O2 s i n t e r i n g 

atmosphereo 

F i g u r e 31 shows t h e r e s u l t s o f f r a c t u r e toughness o b t a i n e d f r o m 

the F o u r - P o i n t Bend Tes t on a Notched Beam. The va lues o f 

F r a c t u r e Toughness were s i m i l a r t o those which had been 

p r e v i o u s l y measured f o r pure Barium T i t a n a t e D i e l e c t r i c 

m a t e r i a l . 

Mix 1 showed t h e l o w e s t average va lues o f f r a c t u r e toughness 

w i t h a t r e n d towards i n c r e a s i n g toughness w i t h oxygen p a r t i a l 

p r e s s u r e . The range o f toughness va lues was l i m i t e d , however, 

f r o m 0 .6 t o 0.75 MPam^/^. The h i g h e s t f r a c t u r e toughness 

v a l u e s were o b t a i n e d f o r samples s i n t e r e d i n f l o w i n g a i r . 

Mix 2 showed m a r g i n a l l y h i g h e r toughness va lues w i t h a s i m i l a r 

t r e n d and t h e h i g h e s t va lue o b t a i n e d f o r a i r (80% N2 20% O2) 

s i n t e r e d samples T h i s Mix showed a much h i g h e r v a l u e o f 

s t r e n g t h t han Mix 1 and the f r a c t u r e toughness were lower than 

e x p e c t e d . 

Mix 3 showed s i m i l a r f r a c t u r e toughness va lues t o Mix 2 w i t h 

va lues o f 0 .9 MPam^/^ be ing t y p i c a l f o r a l l s i n t e r i n g 

atmospheres c o n t a i n i n g more t han 20% oxygen . However, a very 

low v a l u e o f 0.3 MPam^''^ was o b t a i n e d f o r n i t r o g e n s i n t e r e d 
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samples . Low v a l u e s were a l s o measured f o r t h e samples o f Mix 

4 s i n t e r e d i n N i t r o g e n . Mix 4 showed the h i g h e s t values w i t h 

f i g u r e s o f 1.3 MPam^/2 r e c o r d e d a t s i n t e r i n g atmospheres 

c o n t a i n i n g more t h a n 40% Oxygen. The v a l u e o b t a i n e d when 

s i n t e r i n g i n f l o w i n g a i r was a p p r o x i m a t e l y t h e same as f o r Mix 3 

a t 0 .95 MPam^/2. 

F i g u r e 32 shows the va lues o f toughness o b t a i n e d f r o m the bend 

t e s t s and a l s o u s i n g the V i c k e r s I n d e n t a t i o n Technique . The 

V i c k e r s Tes t s were conducted a t a l o a d o f 20kg and the c racks 

o r i g i n a t i n g f r o m t h e c o r n e r s o f t h e i n d e n t s were e s t ima ted w i t h 

an o p t i c a l mic roscope ( F i g u r e 3 3 ) . 

D u r i n g t h e i n i t i a l development o f t h e t e c h n i q u e the crack 

l e n g t h s were measured a t d i f f e r e n t loads and i t was d i s cove red 

t h a t t h e c r a c k s r e q u i r e d a minimum l o a d o f a p p r o x i m a t e l y 9kg 

w i t h Mix 4 s i n t e r e d i n a i r t o p ropaga te f r o m the corners o f the 

i n d e n t s . 

The maximum l e n g t h s o f the c r acks had t o be l i m i t e d t o 1.0mm as 

t h e r e were problems w i t h t h e c r a c k s p r o p a g a t i n g th rough the 

dep th o f t h e m a t e r i a l be ing a f f e c t e d by t h e lower s u r f a c e o f 

t h e c e r a m i c d i s c . Th is was seen as u n s t a b l e c rack growth i n 

e a r l y t e s t s i n samples l o a d i n g t o 5 0 k g . 

The r e s u l t s o b t a i n e d f r o m the V i c k e r s I n d e n t a t i o n technique 

were 50 - 100% h i g h e r than those o b t a i n e d f r o m Notched Four-
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Figure 32: Values of Fracture Toughness obtained 
from Notched Four-Point Bend Tests of Beams 

and Vickers Indentation Techniques 
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Flgxire 33 : The Vickers Indents showing Cracking 
and moimting of the samples in polyester resin 
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P o i n t Bend Tes t s u s i n g t h e f o r m u l a suggested by Evans & Char les 

( S e c t i o n 4 . 2 . 3 ) . T h i s l eads t o toughness va lues r a n g i n g f r o m 

1.3.MPam^/2 ^gr Mix 1 t o 2 .0 MPam^/2 ^^^^ 4^ j^^ese va lues 

were o b t a i n e d f r o m a v e r a g i n g t h e r e s u l t s o f 5 samples o f each 

M i x . However, r e s u l t s s c a t t e r was h i g h e r t han f o r Bend Tests 

a t a p p r o x i m a t e l y +/-15% f o r a l l o f t h e M i x e s . 
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5 . 3 - - E l e c t r i c a l - C b a r a c t e r i s t i e s - o f . s a m p l e s . s i n t e r e d . i n 

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

F i g u r e 34 shows the Res i s t ance -Tempera tu re p l o t s o b t a i n e d f o r 

a l l t he Mixes s i n t e r e d i n f l o w i n g a i r . Mix 1 showed the 

l a r g e s t Res i s t ance change o f t h r e e o rde r s o f magni tude and a 

s w i t c h i n g t e m p e r a t u r e o f 145*C. Mix 2 c o n t a i n i n g l a b o r a t o r y 

p repa red Barium T i t a n a t e showed the s m a l l e s t r e s i s t a n c e change 

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

a p p r o x i m a t e l y 150*C was r e c o r d e d . Mixes 3 & 4 showed s i m i l a r 

R-T c h a r a c t e r i s t i c s w i t h Mix 4 showing a s l i g h t l y l a r g e r PTC 

e f f e c t . The s w i t c h i n g t e m p e r a t u r e o f both m a t e r i a l s was about 

ISO'^C. T h i s was h i g h e r t h a n t h e o t h e r two Mixes because o f the 

a d d i t i o n o f Lead T i t a n a t e t o Mixes 3 & 4 . 

The 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 f o l l o w i n g s i n t e r i n g i n a 100% N2 

atmosphere are shown i n F i g u r e s 35 & 36 . F i g u r e 35 shows the 

response o f t h e samples d i r e c t l y a f t e r f i r i n g and F i g u r e 36 

shows s i m i l a r samples a f t e r b e i n g annealed i n a i r f o r 120 

minu tes a t I IOO^C. A l l o f t h e samples show g r e a t l y improved 

p r o p e r t i e s f o l l o w i n g a n n e a l i n g . Mix 4 showed t h e s t e epes t 

g r a d i e n t and a t o t a l r e s i s t a n c e change o f c l o s e t o t h r e e o rde r s 

o f m a g n i t u d e . Mix 3 was ve ry s i m i l a r and the s w i t c h i n g 

t e m p e r a t u r e was unchanged a t I S O ' C . Both o f t hese Mixes showed 

a decreased S w i t c h i n g Tempera ture o f 165''c a f t e r s i n t e r i n g i n 

N i t r o g e n . Mix 1 a g a i n showed a s w i t c h i n g t e m p e r a t u r e o f 145*'C 

b u t t h e r e s i s t a n c e change was reduced f r o m t h e a i r s i n t e r e d 

- 85 -



Figure 34:Resistance-Temperature Plots for 
MIXES 1,2,3 8c 4 Sintered in 80% N;j 20% 0,, 
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Figure 35: Resistance-Temperature Plots for 
MIXES 1,2,3 k 4 Sintered in 100% N;̂  

Resistance (ohm) 
10000 

1000 -

if 

100 i -

50 100 150 200 250 300̂  350 
Temperature ("C) 

- ^ M K l MIX2 • 4- MIX3 -0-111X4 

- 87 -



Figtire 36 : Resistance-Temperature Plots for MIXES 1,2,3 & 4 
Sintered in 100% N^ejid Annealed in Air 
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samples at two orders o f magnitude. Mix 2 again showed only a 

l i m i t e d PTC e f f e c t of one order of magnitude. 

Figures 37 t o 40 show t h a t at higher concent ra t ions of oxygen 

s i m i l a r r e s u l t s t o those from samples s i n t e r ed i n a i r were 

recorded . The swi t ch ing temperature of a l l the mixes seemed 

cons i s t an t throughout w i t h a small decrease at very high 

percentages o f oxygen (80%+) f o r Mix 1 , Mix 2 showed s l i g h t l y 

increased changes i n res is tance at 100% oxygen w i t h a maximum 

value o f c lose t o two orders of magnitude a t t a i n e d . Mix 1 

showed very s i m i l a r res is tance changes to Mix 4 at higher 

oxygen concen t ra t ions w i t h Mix 3 having s l i g h t l y smaller 

changes i n r e s i s t a n c e . The maximum change i n res is tance was 

three orders o f magnitude which was achieved by Mix 4 at a l l of 

the s i n t e r i n g atmospheres i n v e s t i g a t e d . 

Samples which had been f i r e d at the product ion furnace at 

Elmwood Sensors L t d . were compared wi th those f i r e d at Durham 

i n the Tube Furnace and samples f i r e d i n a Vacuum Furnace at 

Bradford U n i v e r s i t y (Figure 41 ) . 

The Durham Furnace produced samples w i t h the l a r g e s t PTC e f f e c t 

w i t h the samples prepared at Elmwood showing a res is tance 

change h a l f an order of magnitude l e s s . The samples also 

showed a s w i t c h i n g temperature 10*0 less than the production 

furnace w i t h a swi t ch ing temperature of 170*'c being recorded. 

Mix 3 which was s i n t e r ed at Durham showed a smaller PTC e f f e c t 
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Figure 37: Resistance-Temperature Plots for 
MIXES 1.2,3 St 4 Sintered in 60% N;,40% 0̂  
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Figure 38: Resistance-Temperature Plots for 
MIXES 1,2,3 Sc 4 Sintered in 40% N;,60% 0̂ . 

Resistance (ohm) 
100000 

10000 b 

1000 b 

100 b 

10 
50 100 150 200 250 300̂  350 

Temperature (°C) 

ME 1 MIX2 H -MIX3 " 9 - M E 4 

91 



Figure 39: Resistance-Temperature Plots for 
MIXES 1,2,3 Sc 4 Sintered in 20% N280% 0^ 
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Figure 40 : Resistance-Temperature Plots for 
MIXES 1,2.3 &c 4 Sintered in 100% 0;̂  
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Figure 41: Resistance-Temperature Plots for 
MIXES 3 4 Sintered in Different Furnaces 
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than the two combinations above and less than when f lowing a i r 

was used (as opposed to s t a t i c a i r ) . An NTC e f f e c t ( reduct ion 

i n r e s i t a nc e w i t h increas ing temperature) was observed wi th Mix 

3 s i n t e r e d i n s t a t i c a i r at Durham. 

The samples s i n t e r ed i n the Vacuum Furnace showed no PTC e f f e c t 

a t a l l , poss ib ly due to the non -ox id i s ing atmosphere. 

5 . 4 . -Mic ros t ruc tu r e 

The m i c r o s t r u c t u r e of a l l of the p e l l e t s used i n the study was 

viewed under the Scanning Elec t ron Microscope. The grain sizes 

were measured as accura te ly as poss ib le and the shapes of the 

g ra ins were assessed (Figures 42 to 4 5 ) . Mix 1 seemed to have 

a l a rge p r o p o r t i o n of small gra ins as wel l as the la rges t 

spread o f g r a i n sizes when s in t e r ed i n a l l of the atmospheres. 

Mix 2 showed very cons is ten t angular grains of between 5 & 10|im 

diameter at a l l o f the gaseous p a r t i a l pressures. Mixes 3 & 4 

had very s i m i l a r g ra in sizes although at low oxygen p a r t i a l 

pressures there were instances o f small grains and a large 

spread o f g r a i n s i zes . 
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Figure 42 : The E f f e c t o f S i n t e r i n g Atmosphere on 

Mater ia l 

Mix 1 

Mix 2 

Mix 3 

Mix 4 

Grai n Size & Shape 

Si n t e r i ng Grain Size Grain Shape 
Atmosphere (um) (see key) 

100% Na 1-5 * 
80% N, 20% Oj 4-10 * 

Ai r 2-10 ** 
60% N^40% Oi 0.5-10 ** 
40% N2 60% O4 0.5-10 ** 
20% Ni80% Oj 2-10 ** 

100% Oj 2-9 ** 

100% 5-12 •** 
80% N 20% 0̂  2-10 *** 

A i r 4-10 *** 
60% Ni40% 0̂  4-10 ** 
40% N;j60% 0^ 4-10 ** 
20% N;j80% O3 5-10 ** 

100% 0^ 5-10 ** 

100% 5-10 * 
80% N320% Oi 1.5-10 **** 

Ai r 6-10 **** 
60% Ni40% Oa 4-10 *** 
40% Ni60% Oi 4-10 *** 
20% N^80% 0^ 2-9 *** 

100% 0;l 4-12 *** 

100% N;j 1.5-10 * 
80% N^20% 0̂  4-10 *** 

A i r 1-15 *** 
60% N^40% 0:1 4-10 **** 
40% Na60% 0^ 5-8 **** 
20% N;j80% Oj 3-10 *** 

100% 0;i 4-9 *** 

Grain Shapes: 

** 
Spherical g ra ins 
S l i g h t l y Angular gra ins 

*** Angular gra ins 
**** Very Angular grains 
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Figure 43: The Microstructure of the Mixes sintered in air 
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Fig\ire44: The Microstructiure of the Mixes sintered 
in 100% Nitrogen 

Mix 1 Mix 2 

Mix 3 Mix 4 
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Figure 4 5: The Microstructure of the Mixes sintered 
in 100% Oxygen 
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6.0 DISCUSSION 

6.1 Part I o f the Study 

In general the s t rengths of the p e l l e t s prepared from 

commercial ly a v a i l a b l e Barium Ti tana te (sample groups 1-4.) were 

approximately h a l f of those o f the ca lc ined mate r ia l (Figure 

20 ) , w h i l s t i t was discovered tha t on average the amount of 

p o r o s i t y i n the l a t t e r mater ia l was h a l f t h a t f o r the 

commercial ly a v a i l a b l e Barium Ti tana te (F igure 19 ) . With 

re fe rence to the lower mechanical s t reng th t h i s can be 

expla ined i n terms of the increased p o r o s i t y . 

Comparisons o f the maximum stresses between sample groups also 

al lows the e f f e c t of pressing pressure to be i n v e s t i g a t e d . The 

r e s u l t s show an increase i n s t reng th as the pressing pressure 

decreases. Very low pressures (under 70MPa) were also 

i n v e s t i g a t e d but the p e l l e t s had so l i t t l e s t r eng th i n the 

uns in te red (green) s ta te t ha t moving them to the furnace 

wi thou t i n c u r r i n g damage became extremely d i f f i c u l t . I t was 

also discovered t h a t shrinkage i n the furnace was greater wi th 

the p e l l e t s pressed at lower pressures, thus leading to 

s l i g h t l y higher dens i t i e s i n the f i r e d p e l l e t s . 

The e f f e c t o f a d d i t i o n of binder t o the p e l l e t s was also 

i n v e s t i g a t e d . During ear ly t e s t i n g o f the groups prepared from 

commercial ly a v a i l a b l e mater ia l i t was no t i ced t ha t b l i s t e r s 
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were more l i k e l y to occur w i t h i n the p e l l e t s when a binder was 

present . The reason f o r t h i s i s probably t h a t concentra t ion of 

the binder occurs i n c e r t a i n reg ions , f o r example cracks, and 

dur ing s i n t e r i n g the gases produced cannot escape because of 

the closed pore network, and hence expand the cracks to form 

b l i s t e r s . 

Comparison o f the s t rengths from groups 6 and 8 showed tha t 

there was an increase upon a d d i t i o n o f the b inder , however 

dens i ty changes were s m a l l . This increase i n s t rength seems to 

be because w i t h a binder a continuous void system i s produced 

i n the green s t a t e , c o n s i s t i n g o f many small holes l i nked w i t h 

minute channels. This arrangement allows the l i q u i d phase 

produced dur ing s i n t e r i n g t o f l o w more e a s i l y through the 

mater ia l even tua l ly b lock ing the channels to form a closed pore 

system. However, w i t h no binder present l a rge r and p o t e n t i a l l y 

more damaging voids are present i n the green s t a t e , which 

cannot be f i l l e d w i t h the l i q u i d phase because of the absence 

of channels between pores. This was suggested f o l l o w i n g 

mechanical t e s t i n g which showed a higher sca t t e r of r e su l t s 

when no binder was used compared w i t h the binder conta in ing 

samples. F a i l u r e i s o f t e n i n i t i a t e d at a p a r t i c u l a r l y large or 

damaging crack or d e f e c t . A continuous void system provided by 

a binder ensures t h a t a p a r t i c u l a r l y large void i s less l i k e l y 

t o occur and so f a i l u r e loads are d i c t a t e d more by the 

p rope r t i e s of the mate r ia l and not the size of any one void 

leading to more cons i s t en t r e s u l t s . 
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The reasons f o r the b l i s t e r i n g of ceramics are s t i l l not yet 

f u l l y understood and some researchers have suggested i t may be 

due to large seed grains (Zajc & D r o f e n i k , 1989). However, f o r 

the s ize of b l i s t e r s encountered under c e r t a i n condi t ions 

dur ing t h i s s tudy, the a d d i t i o n of the binder would seem to be 

an impor tant c o n s i d e r a t i o n . 

I n v e s t i g a t i o n i n t o the p o r o s i t i e s o f the p e l l e t s cannot give an 

i n d i c a t i o n of which void system i s present . However, most of 

the high s t reng th mixes showed low p o r o s i t i e s ( less than 6%) 

and lower s t reng th mixes higher p o r o s i t i e s ( i n the region of 

10%). Although t h i s does no t , at f i r s t , seem a large 

d i f f e r e n c e i n po ros i t y i t represents an 80% increase i n the 

volume of voids i n the weaker samples. 

I t should be noted t h a t sample groups 1, 2 & 3 showed the 

converse. This was because although higher pressing pressures 

produce a decrease i n both green and s in te red poros i ty the 

pore volume tends to be concentrated i n damaging r a d i a l cracks 

o r i g i n a t i n g at the circumference o f the p e l l e t . These cracks 

have been observed by other workers at high pressing pressures 

(Youshaw et a l , 1982) and were observed to be a c o n t r i b u t o r y 

f a c t o r i n the f a i l u r e o f s i n t e r e d discs under diametral 

compression i n t h i s work. 

The prepara t ion of sample group 8 involved a d d i t i o n of the 

binder d i r e c t l y a f t e r the c a l c i n i n g r eac t i on and p r i o r to the 
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second stage of m i l l i n g to i nves t i ga t e the e f f e c t s t h i s may 

have on s t r e n g t h . The r e s u l t s showed l i t t l e change in s t rength 

and suggest t h a t a d d i t i o n of the binder f o l l o w e d by m i l l i n g 

encourages be t t e r coa t ing of each g r a i n . One advantage of 

a d d i t i o n o f the binder at t h i s stage i s t h a t a reduc t ion i n the 

p repa ra t ion time of the PTC of up to 8 hours can be obta ined. 

The Scanning Elec t ron Microscope (SEM) was used qu i te 

ex t ens ive ly to look at f r a c t u r e surfaces to decide whether 

i n t e r - or t r ans -g ranu la r f a i l u r e had occurred during diametral 

compression t e s t i n g . The l a t t e r was found to be more common 

I n d i c a t i n g t h a t the l i q u i d phase was bonding the grains w e l l . 

However, i n some samples both modes of f a i l u r e were observed, 

u sua l l y i n t e r - g r a n u l a r close to the i n i t i a l s t ress concentrator 

or crack and t r ans -g ranu la r when the crack f r o n t has a t ta ined a 

higher speed and f o l l o w s a shorter pa th . B l i s t e r i n g of the 

p e l l e t s was also i nves t i ga t ed and found to occur i n conjunct ion 

w i t h l a rge sub-surface cracks (Figure 4 5 ( b ) ) . The cracks, 

which may have been present i n the green s t a t e , were probably 

expanded dur ing s i n t e r i n g by a combination of gases and the 

l i q u i d phase to form the b l i s t e r s . The s ize of the b l i s t e r s 

seemed to be dependent on both the s ize of the i n i t i a l crack 

and i t s d is tance from the surface o f the p e l l e t . 

The s ize o f the gra ins found w i t h i n the p e l l e t s was f a i r l y 

cons i s t en t between the mixes used i n Part I , w i t h a range of 5-

20jjm i n diameter . The mater ia l prepared from commercial Barium 
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Figiire 45(b) : Blisters and their effects, showing cracking 

maXm 
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Ti t ana t e showed a number of voids up to 40|jni i n diameter and 

cracks 50pm i n wid th and 500|im i n length were not uncommon 

(Figure 4 5 ( b ) ) . The l abora to ry prepared barium t i t a n a t e 

y i e l d e d a l a r g e r number o f much smaller voids i n the region of 

5-10jjm i n diameter and l a rge cracks were almost nonexis ten t . 
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6.2 - Mechanical s tudies o f Part I I o f - t h e - P ro jec t 

From the r e s u l t s of the study on Barium Ti tana te PTC mater ials 

i t was poss ib le t o c a l c u l a t e the c r i t i c a l de fec t sizes which 

caused f a i l u r e f o r the Four-Point Bend and Diametral 

Compression specimens using equation ( c ) . This i s shown wi th 

the c a l c u l a t e d values i n Figure 46, I t can be seen tha t the 

lowest value o f the c r i t i c a l defec t s ize f o r both forms of 

s t r eng th t e s t i n g i s 40)jm which compares w i t h grains sizes of 

the order o f 5-10/jm, The c r i t i c a l de fec t s ize f o r the 

d iamet ra l compression t e s t s was much l a rge r than f o r bending 

and t h i s w i l l be considered l a t e r . Thus, theor ies tha t f a i l u r e 

i s i n i t i a t e d i n ceramic components because o f i n d i v i d u a l gra in 

inadequacies seem u n j u s t i f i e d f o r t h i s mate r ia l i n the l i g h t of 

t h i s research . I t suggests t h a t extensive prepara t ion to 

ensure small (<5jim) and very regu la r gra ins may not provide 

b e n e f i t s i n mechanical p r o p e r t i e s . 

F a i l u r e appears t o be i n i t i a t e d at a la rge pore or crack which 

can be i n t e r n a l or at the surface ( r e c a l l i n g t ha t surface f laws 

are tw ice as damaging as i n t e r n a l ones of the same dimensions). 

Abnormal g r a i n growth was not apparent i n any of the mater ia ls 

prepared under standard l abo ra to ry c o n d i t i o n s . This was 

conf i rmed by the r e s u l t s obtained from the mechanical s tudies . 
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FIGURE 46 

Shape Parameter 

Critical defect rise 
from Compreaaioa 

Critical defect dze 
for beam testa 

Fracture TouKhnesa 
Talue from Notched Beam 

^ I — W -

s t r o n g value from 
beam testa 

Strenfth values ftrom 
Diametral Compreaslon 

M a t e r i a l o ' f ( 4 - p t ) c^f(Comp.) 

(HPa) (MPa) 

Mix 1 43 22.5 

•^IC a( , (4-pt) a ^ i C o m p . ) 

(HPam1/2) ^ ^ ^ ^ (urn) 

0.6 62 226 

Mix 2 

Mix 3 

85 

67 

79.5 

23.5 

0.97 

0.95 

41 

64 

47 

520 

Mix 4 84 24.5 0.92 38 449 
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The pressing o f p e l l e t s has been discussed i n d e t a i l i n sec t ion 

2 .4 .3 and the non-uni form pressures t ha t the powders are 

subjected to and the subsequent densi ty v a r i a t i o n s w i t h i n the 

compact have been mentioned. During s i n t e r i n g there are 

mechanisms which promote d e n s i f i c a t i o n o f the compacts and t h i s 

leads to shrinkage i n both the ax i a l and r a d i a l d i r e c t i o n s . 

The degree o f shrinkage depends on the dens i ty of the mater ial 

p r i o r t o f i r i n g and t h i s i s why the shrinkage i s uneven. 

The fo rces t o which a compact i s subjected are shown i n 

Figure 47. 

I f the ma te r i a l acted as a f l u i d (eg. h y d r o s t a t i c a l 1 y ) the 

value of V would be 0.5 and so ax i a l and r a d i a l forces would be 

equa l . However f o r most powders a value o f 0.25 i s more usual 

al though t h i s can be r a i sed towards 0.5 by "wet" pressing or 

the a d d i t i o n o f a binder or die l u b r i c a n t . Therefore the 

r a d i a l f o r ce i s expected to be only one t h i r d o f the axia l 

f o r c e . From t h i s i n f o r m a t i o n a sample which i s most porous 

around i t s c i rcumference could be expected lead ing to greater 
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shrinkage i n the r a d i a l d i r e c t i o n (Figure 4 8 ) . 

Prior to S\f\tt.rin^ 

The values o f shrinkage were c a l c u l a t e d f o r the Mixes used i n 

Part 2 o f the study which were pressed using the 13mm die and a 

load o f 1.0 tonne which corresponds to and average pressure of 

70MPa over the a x i a l su r faces . The samples were then s in tered 

i n the tube furnace to 1320*C i n an a i r atmosphere. 

A l l q u a n t i t i e s i n % 

Mix Pressed 

Poros i ty 

Radial 

Shrinkage 

Axia l 

Shri nkage 

Fired 

Porosity 

1 

2 

3 

4 

43.7 

47.8 

44.6 

45.6 

16.2 

19.2 

14.8 

14.8 

8.2 

19.2 

12.4 

8.9 

87.4 

99.0 

87.0 

82.3 
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I t can c l e a r l y be seen t h a t the samples (Mix 2) which a t t a i n a 

high f i r e d d e n s i t y have s i m i l a r shrinkage i n both a x i a l and 

r a d i a l d i r e c t i o n s . The th ree other ma te r i a l s show r a d i a l 

shrinkages g rea te r than the corresponding a x i a l shrinkages as 

i s descr ibed above. 

The s in t e r ed p e l l e t s showed a large range of po ros i t y values. 

The po ros i t y i n a l l cases had decreased from t h a t of the 

"green" values due to the d e n s i f i c a t i o n regimes operat ing 

dur ing s i n t e r i n g . The extremely low poros i ty e x h i b i t e d by Mix 

2 shows tha t the u t i l i s a t i o n of a ca lc ined Barium Ti tanate 

produces much more powerful d e n s i f i c a t i o n r e a c t i o n s . I t was 

un fo r tuna te t h a t the l eng th o f the study could not be extended 

to inc lude work on combinations o f l abora to ry and commercially 

prepared Barium T i t a n a t e . The d e n s i f i c a t i o n of p e l l e t s f i r e d 

i n the p roduc t ion furnace was higher than those s in t e red at 

Durham. This i n d i c a t e s t h a t the time spent above a c e r t a i n 

temperature i s impor tan t i n p rov id ing a dense ceramic 

(Figure 14) and i s an obvious area f o r f u t u r e research. 

The measurement o f the Strength by Diametral Compression proved 

successful w i t h cons i s t en t r e s u l t s f o r each of the sample 

groups. Mix 2 showed the highest value but the po ros i t y of 

t h i s mix was very low and so, i f s i n t e r ed s t reng th against 

p o r o s i t y i s p l o t t e d , i t can be seen tha t the r e l a t i v e s t rengths 

of the ma te r i a l s accounting f o r the values of po ros i t y 

(F igure 4 9 ) . Mix 1 and Mix 3 ( w i t h low p u r i t y BaTi03) showed 

values of s t r eng th below the t rend l i n e and so t h i s leads to 
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the conclus ion tha t they are i n h e r e n t l y less strong than the 

other ma te r i a l s i f po ros i t y and i t s de t r imenta l e f f e c t s on 

s t r eng th can be d iscounted . Mix 2 also showed a value of 

s t r eng th below the t rend l i n e and t h i s may be a r e f l e c t i o n of 

i t s low Fracture Toughness value o f 0.95MPam^/^. 

The increase i n s t reng th f o l l o w i n g m u l t i p l e s i n t e r i n g i s l i k e l y 

t o be due to the d i f f u s i o n of l i q u i d phase throughout the pore 

network p r o v i d i n g a more un i form s t r u c t u r e wi th each subsequent 

f i r i n g . The p o r o s i t y tended to increase s l i g h t l y , owing to the 

removal o f l i q u i d phase by vapo r i s a t i on f rom. the m a t e r i a l , w i th 

each subsequent f i r i n g . 

The reduced p o r o s i t y values obtained when Cookson "low p u r i t y " 

ma te r i a l was used can be i n t e r p r e t e d as being due to the 

increased l i q u i d phase formed i n pa r t f rom the i m p u r i t i e s i n 

the base m a t e r i a l s . This accounts f o r almost 2% of the mix by 

mass and represents an approximate doubl ing of the l i q u i d phase 

m a t e r i a l . However, the f a i l u r e load o f t h i s mater ia l was not 

as high as the low po ros i t y i n d i c a t e d above. Fa i lure o f the 

ma te r i a l was o f t e n along the l i q u i d phase which was seen on 

micrographs to be t h i c k e r than normal (Figure 50) . Fa i lu re was 

thus h i g h l y dependent on the bonding of the i m p u r i t i e s which 

make up the l i q u i d phase. 
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Figure 50 : The Microatructure of the material made 
from Cookson "low purity" Bariimi Titanate 
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The wide v a r i a t i o n i n f i r e d po ros i ty f o r the four Mixes has 

p r ev ious ly been expla ined but the po ros i t y changes wi th 

s i n t e r i n g atmosphere were also s u b s t a n t i a l . 

Many o f the Mixes showed increased p o r o s i t y when a pure 

Ni t rogen atmosphere was employed. In most o f the p e l l e t s 

i n v e s t i g a t e d the gra ins were spher ica l f o l l o w i n g s i n t e r i n g 

w i t h o u t oxygen which leads to i n f e r i o r packing compared with 

t h a t obtained w i t h s l i g h t l y angular g r a i n s . This suggests tha t 

the mechanism f o r forming angular grains i s r e l a t e d to oxygen 

p a r t i a l pressure dur ing s i n t e r i n g . 

The values o f p o r o s i t y between the p e l l e t sizes seemed 

cons i s t en t even though the p e l l e t s had d i f f e r i n g aspect r a t i o s 

( d i a m e t e r / t h i c k n e s s ) . The pressures generated during pressing 

are h i g h l y dependent on the aspect r a t i o . The dimensional 

changes o f the smal les t p e l l e t s (5.1mm pressed diameter) were 

most no t i ceab le and requ i red a great deal o f subsequent 

p o l i s h i n g to o b t a i n a shape s u i t a b l e f o r dens i ty and e l e c t r i c a l 

measurements. The changes o f shape of the l a rge r two p e l l e t s 

s izes were not as no t iceab le f o r a l l o f the Mixes but some did 

show a s l i g h t decrease i n rad ius at the centre th ickness . This 

i s due to the high d e n s i f i c a t i o n of t h i s region caused by low 

packing d e n s i t i e s o f the p a r t i c l e s dur ing p ress ing . 

Frac ture s t r eng th o f a l l of the mate r ia l s was measured using 

both Diametral Compression and Beam Tests . The r e s u l t s 
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obta ined f rom the beam t e s t s were always l a rge r i n magnitude, 

i n some cases by as much as 100%, than the r e s u l t s from the 

t e s t s loaded i n d i r e c t l y i n compression. There are a number of 

reasons f o r t h i s discrepancy. 

In the beam t e s t s considerable sample prepara t ion was necessary 

which i nvo lved p o l i s h i n g and lapping o f the surfaces to remove 

s t ress concent ra tors and surface stresses caused by the act ions 

o f s i n t e r i n g and machining, and thus lower ing the number of 

s t ress concent ra tors a c t i n g . 

The d iametra l t e s t s can be suscept ib le to non-uniform loading 

contac t s which were present on a number of samples f o l l o w i n g 

the dimensional changes occur r ing dur ing the s i n t e r i n g process. 

Loading over a small area induces l oca l f a i l u r e and areas from 

which cracks may propagate and cause premature sample f a i l u r e . 

In the d iametra l t e s t the s t ress i s constant at i t s maximum 

value over a much greater surface area than f o r the f o u r - p o i n t 

bend t e s t . As surface pores are twice as damaging as i n t e r n a l 

pores o f the same dimensions and t h a t f a i l u r e i s almost always 

i n i t i a t e d f rom a pore , crack or other s t ress concentrator the 

increases i n s t ressed area ra i ses the p r o b a b i l i t y of a large 

pore and so increases the l i k e l i h o o d of lower f a i l u r e stresses 

i n the d iametra l compression technique . In many of the i n -

se rv ice c o n d i t i o n s to which PTC the rmis to r s are subjected the 

values o f s t r eng th r equ i r ed are when the maximum stress Is 
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ac t i ng on the whole sample and thus diametral compression 

should g ive more r e p r e s e n t a t i v e r e s u l t s f o r PTC m a t e r i a l s . 

However, w i t h standard diametra l compression techniques there 

i s s t i l l a great deal o f mate r i a l which i s not under the 

maximum s t ress va lue . To i n v e s t i g a t e t h i s a shor t study was 

done which i nvo lved load ing discs of Mix 1 over e igh t diameters 

(45** between each) t o a s t ress value of 50% of the average 

maximum value a t t a i n e d f o r t h a t mater ia l t o i n v e s t i g a t e f a i l u r e 

o r i g i n a t i n g f rom the l a r g e s t pore. This r e s u l t e d i n f a i l u r e of 

40% o f the samples i n d i c a t i n g t h a t the compression technique of 

measuring u l t i m a t e t e n s i l e s t ress can give overest imates . This 

study may have been i n f l u e n c e d by cracking f o l l o w i n g loading 

p r i o r to the one which caused u l t i m a t e f a i l u r e however previous 

work has shown t h a t the load would have to have been appl ied 

f o r a long d u r a t i o n to propagate cracks . 

The Fracture Stress r e s u l t s f o r Mix 2 showed t h a t f o r mater ia l s 

o f low p o r o s i t y the r e s u l t s from the two methods o f t e s t i n g are 

s i mi 1ar, 

In many of the t e s t s the values o f s t rength were e spec ia l ly low 

f o r samples s i n t e r e d i n pure n i t r o g e n . This i s a reducing 

atmosphere which gives r i s e to problems w i t h the dopant 

d i s p l a c i n g Barium i n the l a t t i c e which has been found to 

i n f l u e n c e the e l e c t r i c a l p rope r t i e s g r e a t l y . The l i q u i d phase 

m a t e r i a l s , e s p e c i a l l y s i l i c o n which i s added i n n i t r a t e form 

may have t r o u b l e forming the phase i n a reducing atmosphere 
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thus lead ing to a weaker s t r u c t u r e . I t i s also possible t ha t 

the Calcium and Lead Ti tanates requ i re an o x i d i s i n g atmosphere 

to f i l t e r i n t o the Barium Ti tana te framework and the lack of 

ox idan t may lead t o areas o f d i f f e r e n t p r o p e r t i e s and hence 

weakening o f the s t r u c t u r e . This was suggested by the 

e l e c t r i c a l R-T p l o t s which showed a lower swi tch ing temperature 

i n the n i t r o g e n only atmosphere compared w i t h the other gaseous 

m i x t u r e s . 

The Fracture Toughness values obtained f rom the Four-Point Bend 

Tests on the notched beams provided cons i s t en t r e s u l t s wi th a 

po in t s s ca t t e r o f only about 12% f o r each of the mixes. 

Beams made f rom a model b r i t t l e m a t e r i a l , PMMA (polymethyl 

methacryla te) were i n i t i a l l y used to assess the degree of 

p recrack ing r e q u i r e d . P re l iminary r e s u l t s suggested tha t the 

act o f machining was s u f f i c i e n t to induce the requi red stress 

concent ra tor (F igure 5 1 ) . PMMA has a s i m i l a r f r a c t u r e 

toughness value to Barium Ti tana te at about 1.3MPam^/^ and so 

these t e s t s were deemed to be r e l e v e n t . The extent of the 

p re -c rack ing was also measured f o r the Barium Ti tanate beams 

a f t e r f a i l u r e i l l u m i n a t i n g the cracks w i t h dye and s i m i l a r 

r e s u l t s were ob ta ined . 

The change i n the f r a c t u r e toughness w i t h s i n t e r i n g atmosphere 

showed a s i m i l a r t r end to the r e s u l t s of u l t i m a t e t e n s i l e 

s t r e s s . However Mixes 3 & 4 showed p a r t i c u l a r l y low values f o r 
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Figure 51 : The pre-crackiiig caused by the action 
of machining a notch in a PMMA beam 
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the n i t rogen s i n t e r e d samples. This tends to c o n f i r m the above 

suggestion t h a t the Calcium and/or Lead are unable to d i f f u s e 

i n t o the s t r u c t u r e reducing the mechanical p r o p e r t i e s . Mixes 1 

& 2 showed a decrease when the n i t rogen atmosphere was used but 

the change was not as grea t as the other two Mixes. Neither 

Mix 1 nor 2 contained Calcium or Lead. 

The Vickers I n d e n t a t i o n Test gave values o f Fracture Toughness 

between 50 and 100% higher than the notched beam t e s t s . These 

r e s u l t s made use o f the empi r i ca l formula der ived by Evans and 

Charles which was o r i g i n a l l y obtained from experimental tes t s 

on S i l i c o n Carbide and Alumina Ceramics. Barium Ti tanate 

e x h i b i t s a value o f Fracture Toughness of less than h a l f t ha t 

of the above m a t e r i a l s and t h i s could be a reason f o r the poor 

c o r r e l a t i o n o f the r e s u l t s between the t e s t s . However a number 

of other p o s s i b i l i t i e s e x i s t . In the papers which have been 

referenced there i s no i n d i c a t i o n of the degree of penet ra t ion 

of the cracks through the mate r i a l which can be t o l e r a t e d . The 

samples of Barium T i t ana t e e x h i b i t e d c rack / th ickness r a t i o s of 

between 0.20 & 0.35 under Vickers I n d e n t a t i o n . The e f f e c t of 

the lower surface on crack propagation may be to provide a 

b a r r i e r t o f u r t h e r extension of the cracks and hence lead to 

higher toughness va lues . I t i s also l i k e l y t h a t the Four-Point 

Bend Tests may be a f f e c t e d by the pores w i t h i n the m a t e r i a l . 

The t e s t s c a r r i e d out by Evans & Charles on ceramics made use 

of ma te r i a l s o f low p o r o s i t i e s (<3%). The use o f higher 

p o r o s i t y ma t e r i a l s (such as the PTC Mixes 1,3 & 4) would have 
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t e n d e d t o r e d u c e t h e v a l u e s o b t a i n e d f r o m t h e b e n d t e s t s b u t 
l e a v e t h e i n d e n t a t i o n t e s t s l a r g e l y u n a f f e c t e d . 

H o w e v e r , d u r i n g e a r l y s t u d i e s i t w a s n o t i c e d t h a t n o c r a c k s 
s e e m e d e v i d e n t a t l o a d s b e l o w 9 k g f f o r t h e T i t a n a t e s a m p l e s . 
T h i s w a s n o t e v i d e n t i n t h e e x p e r i m e n t s o f t h e o t h e r 
r e s e a r c h e r s a s t h e f o r m u l a e d o n o t s p e c i f y a v a l u e f o r t h e 
m i n i m u m l o a d s . T h e f a c t t h a t B a r i u m T i t a n a t e r e q u i r e d a 
m e a s u r a b l e l o a d t o i n i t i a t e c r a c k s f r o m t h e c o r n e r s o f t h e 
d i a m o n d i n d e n t o r w h i c h i s o n l y a s t r e s s c o n c e n t r a t o r means t h a t 
t h e l o a d s r e q u i r e d t o d r i v e t h e c r a c k w a s o n l y a b o u t 5 5 % o f t h e 
v a l u e s u s e d i n t h e c a l c u l a t i o n s . I n E v a n s & C h a r l e s ' f o r m u l a 
f r a c t u r e t o u g h n e s s i s r e l a t e d t o H a r d n e s s ^ * ^ . T h i s c o r r e s p o n d s 
t o a n i d e n t i c a l r e l a t i o n s h i p t o l o a d w h i c h e q u a t e s t o a 
r e d u c t i o n i n f r a c t u r e t o u g h n e s s o f a p p r o x i m a t e l y 4 0 % i f t h e 
l o a d r e q u i r e d t o e x t e n d t h e c r a c k i s u s e d . T h i s w o u l d b r i n g 
t h e v a l u e s o f f r a c t u r e t o u g h n e s s o b t a i n e d f r o m t h e t w o 
t e c h n i q u e s m u c h c l o s e r t o g e t h e r . 

I t w a s d i s c o v e r e d t h a t c r a c k s p r e s e n t i n t h e " g r e e n " s a m p l e a r e 
l a r g e l y u n a f f e c t e d b y t h e s i n t e r i n g p r o c e s s a n d r e v e a l s i m i l a r 
s i z e d p o r e s i n t h e f i r e d c o m p o n e n t . T h i s c a n b e u s e d t o a s s e s s 
f r a c t u r e t o u g h n e s s v a l u e s f o r t h e " g r e e n " s t a t e . 

F a i l u r e o f " g r e e n " p e l l e t s i s d e p e n d e n t o n f r a c t u r e t o u g h n e s s 
a s a c r a c k i n i t i a t e d a t a p o r e o r o t h e r s t r e s s c o n c e n t r a t o r 
g r o w s a n d c a u s e s f a i l u r e . T h e p o r o s i t i e s o f a l l o f t h e " g r e e n " 
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p e l l e t s w e r e i n t h w r e g i o n o f 4 5 % , m u c h h i g h e r t h a n f o r t h e 
s i n t e r e d s a m p l e s , a n d s o i t c a n e x p e c t e d t h a t t o u g h n e s s p l a y s 
a n i m p o r t a n t r o l e . T h e f r a c t u r e t o u g h n e s s o f t h e p r e s s e d 
p e l l e t s w a s c a l c u l a t e d u s i n g t h e d a t a o b t a i n e d f r o m s i n t e r e d 
s a m p l e s o f t h e same M i x . 

T h e r e s u l t s s h o w a l a r g e v a r i a t i o n i n f r a c t u r e t o u g h n e s s . 
H o w e v e r c o n s i d e r i n g t h e p r o p e r t i e s o f a p o w d e r w h i c h p r e s s e s 
w e l l t h e s e r e s u l t s may b e e x p l a i n e d . 

A s u c c e s s f u l p r e s s i n g p r o c e s s d e p e n d s o n p o w d e r a g g l o m e r a t e 
s i z e a n d h a r d n e s s a s w e l l a s t h e c h a r a c t e r i s t i c s o f t h e d i e . 
I t i s r e q u i r e d t o c o m p r e s s t h e a g g l o m e r a t e s b r e a k i n g t h e m i n t o 
s m a l l g r a i n s w h i c h c o n f o r m i n s h a p e t o e a c h o t h e r i n s t e a d o f 
c r u s h i n g t h e m a t e r i a l i n t o a v e r y f i n e a n d h i g h l y p o r o u s 
p o w d e r . A s o f t e r a g g l o m e r a t e t e n d s t o b e p r e f e r a b l e a n d a l s o 
t e n d s t o b e b r o k e n i n t o a r a n g e o f g r a i n s i z e s w h i c h s h o u l d 
p r o v i d e b e t t e r p a c k i n g t h a n h a r d a g g l o m e r a t e s . 

T h e a d v a n t a g e o f t h e d i e l u b r i c a n t w as a p p a r a n t b y t h e 1 0 0 % 
s t r e n g t h i n c r e a s e i n s t r e n g t h a n d f r a c t u r e t o u g h n e s s . H o w e v e r 
t h e c h a n g e w h i c h o c c u r r e d w h e n t h e b i n d e r was a d d e d d u r i n g t h e 
m i l l i n g s t a g e w a s s t a r t l i n g . T h i s s i m p l e a c t i o n w h i c h h a s t h e 
a d d e d a d v a n t a g e o f r e d u c i n g l a b o r a t o r y p r e p a r a t i o n t i m e 
p r o v i d e s a m o r e e v e n c o a t i n g o f e a c h g r a i n a n d n o t j u s t e a c h 
a g g l o m e r a t e a n d r e s u l t e d i n a 1 5 0 % s t r e n g t h i n c r e a s e . 
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T h e p r e s s i n g p r o c e s s a t D u r h a m w h i c h r e l i e d o n s l o w c o m p a c t i o n 
l e a d t o a n i n c r e a s e i n s t r e n g t h o v e r t h e E l m w o o d s h o c k 
c o m p a c t e d p e l l e t s . T h e u s e o f a h i g h r a t e t e n d s t o l e a d t o 
c r u s h i n g i n s o m e o f t h e g r a i n s a n d a d e g r e e o f f u s i o n b u t t h e r e 
a r e f r e q u e n t s i t e s o f l o o s e l y b o n d e d m a t e r i a l a n d l a r g e 
d a m a g i n g p o r e s . A s l o w e r c o m p a c t i o n r a t e a l l o w s f o r r e 
o r g a n i s a t i o n o f t h e m a t e r i a l p r i o r t o b r e a k d o w n o f t h e 
a g g l o m e r a t e s , a l l o w s f o r a i r t o t o b e m o r e e f f e c t i v e l y 
d i s p e l l e d a n d r e d u c e s t h e i n c i d e n c e s o f c r u s h i n g o f t h e g r a i n s . 

M i x e s 1 a n d 2 w e r e b o t h o b s e r v e d t o c o n t a i n h a r d e r a g g l o m e r a t e s 
( p o s s i b l y d u e t o t h e a b s e n s e o f t h e L e a d a n d C a l c i u m T i t a n a t e s ) 
a n d t h e e f f e c t o f t h i s w a s o b s e r v e d i n t h e r e d u c e d " g r e e n " 
s t r e n g t h a n d f r a c t u r e t o u g h n e s s o f b o t h M i x e s . T h e C o o k s o n 
" l o w p u r i t y " m a t e r i a l s h o w e d a n i n c r e a s e i n s t r e n g t h c o m p a r e d 
w i t h t h e " h i g h p u r i t y " m a t e r i a l . I t i s l i k e l y t h a t t h e 
i m p u r i t i e s c o n t r i b u t e t o t h e s o f t e r a g g l o m e r a t e w h i c h i s 
p r e s s e d m o r e s u c c e s s f u l l y . 
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6.3 - E l e c t r i c a l T e s t i n g 

T h e d e s c r i p t i o n o f t h e e l e c t r i c a l p r o p e r t i e s o f PTC d e v i c e s 
m u s t n o t b e r e s t r i c t e d t o w h i c h m a t e r i a l s h o w s t h e l a r g e s t 
r e s i s t a n c e c h a n g e . I n S e c t i o n 1 t h e a p p l i c a t i o n s i n w h i c h PTC 
m a t e r i a l s a r e u s e d d e p e n d o n a n u m b e r o f p a r a m e t e r s . F o r 
e x a m p l e i f a d e v i c e was r e q u i r e d t o m e a s u r e t e m p e r a t u r e o v e r a 
w i d e r a n g e o f s a y 1 5 0 t o 3 0 0 * C t h e n M i x 2 s i n t e r e d i n a 6 0 % N2 
4 0 % O2 a t m o s p h e r e w o u l d b e a g o o d c h o i c e b e c a u s e o f t h e 
c o n s t a n t g r a d i e n t o f t h e R-T P l o t . H o w e v e r , t h e same 
c h a r a c t e r i s t i c s w o u l d b e o f l i t t l e u s e i n a p r o t e c t i o n d e v i c e . 

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

T h e e f f e c t o f L e a d T i t a n a t e w a s c l e a r l y s e e n b y t h e d i f f e r e n c e 
i n t h e s w i t c h i n g t e m p e r a t u r e s o f t h e M i x e s . L e a d T i t a n a t e h a s 
a P e r o v s k i t e s t r u c t u r e s i m i l a r t o B a r i u m T i t a n a t e w h i c h s h o w s a 
C u b i c t o T e t r a g o n a l t r a n s f o r m a t i o n a t i t s C u r i e T e m p e r a t u r e . 
H o w e v e r , t h e C u r i e T e m p e r a t u r e i s 5 0 0 * C a b o v e t h a t o f B a r i u m 
T i t a n a t e a n d s o b y a d d i n g a p r o p o r t i o n o f L e a d t h e C u r i e 
T e m p e r a t u r e o f t h e m i x t u r e c a n b e r a i s e d . 

C a l c i u m T i t a n a t e a c t s a s a g r a i n r e f i n e r a n d a s s u c h m o r e 
r e g u l a r g r a i n s w e r e e x p e c t e d f r o m M i x e s 3 & 4. F i g u r e 42 & 43 
s h o w t h a t t h e r e w a s m o r e h o m o g e n i t y i n t h e g r a i n s i z e s o f M i x e s 
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3 & 4 c o m p a r e d w i t h M i x 1 , b u t t h i s was m i n i m a l . T h e r e was n o 
m e a s u r a b l e c h a n g e i n t h e PTC e f f e c t o n a d d i t i o n o f t h e C a l c i u m 
T i t a n a t e . 

M i x 1 c o n t a i n e d a s m a l l e r a m o u n t o f H o l m i u m t h a n M i x e s 3 8 4 
b u t t h e R e s i s t a n c e - T e m p e r a t u r e P l o t s s h o w e d s i m i l a r PTC e f f e c t s 
b e t w e e n a l l o f t h e M i x e s o v e r t h e r a n g e o f s i n t e r i n g 
a t m o s p h e r e s . T h i s s u g g e s t s t h a t t h e p r o p o r t i o n o f H o l m i u m u s e d 
i n t h e p r o d u c t i o n B a r i u m T i t a n a t e M i x i s u n n e c e s s a r i l y l a r g e 
a n d t h e same PTC e f f e c t s c o u l d b e o b t a i n e d w i t h r e d u c e d 
a m o u n t s . T h i s c o u l d r e p r e s e n t a m a j o r s a v i n g a s a t p r e s e n t t h e 
H o l m i u m a c c o u n t s f o r a b o u t a t h i r d o f t h e t o t a l m a t e r i a l c o s t . 

T h e r e s u l t s f r o m t h e s a m p l e s s i n t e r e d i n t h e 1 0 0 % N i t r o g e n 
a t m o s p h e r e s h o w t h e i m p o r t a n c e o f a n o x i d i s i n g a t m o s p h e r e i n 
t h e p r o d u c t i o n o f PTC d e v i c e s . T h e p e r f o r m a n c e o f t h e 
m a t e r i a l s a f t e r a n n e a l i n g i n a i r w a s s i m i l a r t o t h o s e s a m p l e s 
s i n t e r e d i n a i r r e v e a l i n g t h a t t h e c h a n g e s w h i c h o c c u r w h e n 
s i n t e r i n g t a k e s p l a c e i n p u r e n i t r o g e n a r e r e v e r s i b l e . 

T h e o x i d i s i n g a t m o s p h e r e i s r e q u i r e d t o a l l o w t h e m a t e r i a l s 
s u c h a s H o l m i u m a n d L e a d t o i n f i l t r a t e t h e B a r i u m T i t a n a t e 
l a t t i c e . T h e e f f e c t o f t h e H o l m i u m i n d e t e r m i n i n g t h e e x t e n t 
o f t h e PTC e f f e c t c a n e a s i l y b e s e e n b u t t h e e f f e c t o f t h e L e a d 
T i t a n a t e i s n o t i c e d a s a s l i g h t l o w e r i n g o f t h e s w i t c h i n g 
t e m p e r a t u r e . As t h e s e t w o m a t e r i a l s a r e i m p o r t a n t i n 
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d e t e r m i n i n g t h e PTC e f f e c t a s a m p l e e x h i b i t s r e d u c i n g 
a t m o s p h e r e s m u s t b e a v o i d e d . 

A t m o s p h e r e s w i t h a h i g h e r p r o p o r t i o n o f o x y g e n t h a n a i r w e r e 
i n v e s t i g a t e d b u t t h e r e s e e m e d l i t t l e c h a n g e i n t h e PTC e f f e c t . 
T h u s i t c a n b e d e d u c e d t h a t t h e a i r a t m o s p h e r e i s s u f f i c i e n t l y 
o x i d i s i n g t o o b t a i n t h e b e s t PTC r e s u l t s f o r t h e M i x e s 
i n v e s t i g a t e d . 
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6.4 -FUTURE WORK 

I t w o u l d b e b e n e f i c i a l t o i n v e s t i g a t e t h e f o l l o w i n g a r e a s o f 
r e s e a r c h t o o b t a i n a m o r e a c c u r a t e a n d c o m p r e h e n s i v e p i c t u r e o f 
B a r i u m T i t a n a t e c e r a m i c s a n d t h e i r m e c h a n i c a l l i m i t a t i o n s . 

1 . M e c h a n i c a l s t r e n g t h a t e l e v a t e d t e m p e r a t u r e s . 

2 . S t r e n g t h d e g r a d a t i o n d u r i n g t e m p e r a t u r e c y c l i n g ( t h e r m a l 
f a t i g u e ) . 

3. T e c h n i q u e s t o i d e n t i f y v o i d s b y n o n d e s t r u c t i v e t e s t i n g . 

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

5. Q u e n c h t e s t i n g o f c e r a m i c s i n l i q u i d o r g a s e o u s m e d i a t o 
d e t e r m i n e t h e u l t i m a t e t h e r m a l s t r e s s e s t h a t c o u l d be 
t o l e r a t e d . A v a r i a t i o n o f t h i s t e c h n i q u e c o u l d i n v o l v e p l a c i n g 
t h e s a m p l e i n t o a w a r m e r l i q u i d , a l l o w i n g s t r e n g t h t o b e 
i n v e s t i g a t e d u n d e r b o t h i n t e r n a l a n d s u r f a c e l o a d i n g . P o t e n t i a l 
a d v a n t a g e s o f t h i s t e c h n i q u e a r e t h a t t h e s t r e s s e s p r o d u c e d a r e 
c o n s t a n t o v e r t h e s u r f a c e ( o r i n t e r n a l l y ) a n d s o s c a t t e r o f 
r e s u l t s s h o u l d b e l o w . A l s o , b y u s i n g t h e r m a l t e s t i n g , t h i s 
m o r e c l o s e l y s i m u l a t e s t h e i n s e r v i c e c o n d i t i o n s o f t h e p e l l e t s 
a s t e m p e r a t u r e s e n s o r s , p r o t e c t i o n d e v i c e s o r h e a t i n g e l e m e n t s . 
W i t h t h i s t e c h n i q u e i t w i l l a l s o b e p o s s i b l e t o t e s t a n u m b e r 
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o f s a m p l e s u n d e r e x a c t l y t h e same c o n d i t i o n s i m p r o v i n g t h e 
a c c u r a c y o f s a m p l e g r o u p c o m p a r i s o n . S h o u l d t h i s t e c h n i q u e 
p r o v e s u c c e s s f u l i t i s p o s s i b l e t h a t i s c o u l d b e i m p l e m e n t e d a s 
a p r o d u c t i o n l i n e q u a l i t y c o n t r o l t e s t a s c r a c k g r o w t h w i t h o u t 
f a i l u r e o f t h e p e l l e t s i s s m a l l a n d s o d e g r a d a t i o n o f t h e 
s a m p l e s c a u s e d b y t h e t e s t i s e l i m i n a t e d . 
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7.0 CONCLUSIONS 

T h e s t a g e s o f t h e p r o d u c t i o n p r o c e s s o f a C e r a m i c PTC w e r e 
i n v e s t i g a t e d t o a s s e s s w h i c h w e r e t h e m o s t c r i t i c a l i n t h e 
f o r m a t i o n o f a m e c h a n i c a l l y s t r o n g a n d t o u g h PTC. 

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

T h e u s e o f C a l c i n e d l a b o r a t o r y p r e p a r e d B a r i u m T i t a n a t e 
s i g n i f i c a n t l y i n c r e a s e d t h e s t r e n g t h a n d t o u g h n e s s o f t h e 
C e r a m i c w h e n c o m p a r e d w i t h c o m m e r c i a l l y a v a i l a b l e m a t e r i a l . 
T h i s w a s b e c a u s e o f a l a r g e r e d u c t i o n i n p o r o s i t y w i t h v a l u e s 
o f 2 % b e i n g t y p i c a l . H o w e v e r , t h e e l e c t r i c a l p r o p e r t i e s o f 
t h i s m a t e r i a l w e r e f o u n d t o be l e s s i m p r e s s i v e t h a n o t h e r PTC 
m a t e r i a l s . 

P r e s s i n g p r e s s u r e s m u s t b e h i g h e n o u g h t o p r o v i d e t h e " g r e e n " 
p e l l e t s w i t h s u f f i c i e n t s t r e n g t h t o a l l o w e a s y m o v e m e n t b e t w e e n 
t h e P r e s s a n d F u r n a c e b u t m u s t n o t b e t o o h i g h a s t o p r o m o t e 
c r a c k f o r m a t i o n . C r a c k i n g o f p e l l e t s i s r e d u c e d b y t h e u s e o f 
a d i e l u b r i c a n t a n d b i n d e r o r i n c r e a s e d m o i s t u r e c o n t e n t w i t h i n 
t h e p o w d e r . I t w a s a l s o f o u n d t h a t a h i g h a s p e c t r a t i o , 
d i a m e t e r / t h i c k n e s s , r e d u c e d t h e t e n d a n c y f o r c r a c k s w i t h i n t h e 
" g r e e n " m a t e r i a l . T h e f o r m a t i o n o f c r a c k s a t t h e h i g h e r 
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p r e s s u r e s l e a d t o l o w e r m e c h a n i c a l s t r e n g t h b u t l o w e r 
p o r o s i t i e s . 

M a k i n g u s e o f t h e m i l l i n g s t a g e f o r t h e a d d i t i o n o f t h e b i n d e r 
t o t h e m i x w a s s h o w n t o p r o d u c e a s t r o n g e r c o m p a c t a n d a m uch 
l e s s p o r o u s a n d s t r o n g e r s i n t e r e d m a t e r i a l . T h e E l m w o o d 
t e c h n i q u e o f b i n d e r a n d d i e l u b r i c a n t a d d i t i o n r e s u l t e d i n 
f i r e d p e l l e t s w i t h p o r o s i t i e s a n d s t r e n g t h s b e t w e e n t h e t w o 
t e c h n i q u e s i n v e s t i g a t e d i n t h e r e s e a r c h l a b o r a t o r i e s a t D u r h a m . 

T h e E l m w o o d p r e s s i n g t e c h n i q u e r e s u l t e d i n w e a k e r " g r e e n " 
s a m p l e s b u t i m p r o v e d s i n t e r e d s t r e n g t h a n d p o r o s i t y a n d t h e 
s a m p l e s s i n t e r e d i n t h e p r o d u c t i o n f u r n a c e a l s o s h o w e d i m p r o v e d 
m e c h a n i c a l p r o p e r t i e s a n d p o r o s i t i e s o v e r t h o s e s i n t e r e d a t 
D u r h a m . 

T h e l o w p u r i t y m a t e r i a l s h o w e d s i m i l a r m e c h a n i c a l p r o p e r t i e s t o 
t h e h i g h p u r i t y B a r i u m T i t a n a t e b u t a l o w e r p o r o s i t y o w i n g t o 
t h e l a r g e r a m o u n t s o f l i q u i d p h a s e p r e s e n t . 

D i a m e t r a l C o m p r e s s i o n w a s s h o w n t o g i v e c o n s i s t a n t r e s u l t s w h e n 
c o n c a v e l o a d i n g a n v i l s w e r e u s e d b u t l o w e r v a l u e s o f U l t i m a t e 
T e n s i l e S t r e s s t h a n t h o s e o b t a i n e d f r o m F o u r - P o i n t B e n d T e s t s . 
T h e t e c h n i q u e w a s a l s o s u c c e s s f u l l y a p p l i e d t o " g r e e n " p e l l e t s . 

T h e u s e o f t h e V i c k e r s I n d e n t o r t o m e a s u r e F r a c t u r e t o u g h n e s s 
w a s i n v e s t i g a t e d a n d c o m p a r i s o n s w i t h N o t c h e d F o u r - p o i n t B e n d 
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T e s t s s h o w e d t h a t t h e t e c h n i q u e y i e l d e d c o n s i s t e n t r e s u l t s . 
H o w e v e r , r e s u l t s w e r e u p t o 9 0 % h i g h e r u s i n g E v a n s a n d C h a r l e s ' 
F o r m u l a ( E v a n s & C h a r l e s , 1 9 7 6 ) w h e n c o m p a r e d w i t h t h e b e n d 
t e s t s . V a l u e s o f 2.1MPam''/2 f o r t h e I n d e n t a t i o n a n d 1.3MPam^/2 
f o r t h e B e n d T e s t s w e r e m e a s u r e d f o r M i x 4 w h i c h c o m p a r e s w i t h 
v a l u e s o f 4.0MPam f o r A l u m i n a , o n e o f t h e t o u g h e s t c e r a m i c 
m a t e r i a l s . D u r i n g t h e N o t c h e d Beam T e s t s p r e - c r a c k i n g f r o m t h e 
i n i t i a l n o t c h w a s i n v e s t i g a t e d a n d f o u n d t o b e u n n e c e s s a r y d u e 
t o t h e d a m a g e f r o m t h e n o t c h m a c h i n i n g o p e r a t i o n . F r o m t h e 
V i c k e r s I n d e n t a t i o n T e s t s i t w a s n o t e d t h a t a t l o a d s l e s s t h a n 
9 k g f l i t t l e c r a c k i n g w a s e v i d e n t ; a p r e v i o u s l y u n r e c o r d e d 
p h e n o m e n u m f o r c e r a m i c s . 

T h e S i n t e r i n g A t m o s p h e r e w a s f o u n d t o h a v e l i t t l e e f f e c t o n t h e 
m e c h a n i c a l o r e l e c t r i c a l p r o p e r t i e s a t o x y g e n p a r t i a l p r e s s u r e s 
a b o v e 0.2 b a r . H o w e v e r , a t l o w e r o x y g e n p a r t i a l p r e s s u r e s t h e 
PTC c h a r a c t e r i s t i c s w e r e s u b d u e d a s w e r e t h e m e c h a n i c a l 
s t r e n g t h a n d t o u g h n e s s e s p e c i a l l y f o r E l m w o o d M i x e s 3 a n d 4. 
I t w a s f o u n d t h a t a n n e a l i n g i n a i r r e s t o r e d t h e e l e c t r i c a l 
p r o p e r t i e s t o n o r m a l v a l u e s o f a t h r e e o r d e r o f m a g n i t u d e 
r e s i s t a n c e c h a n g e a n d a s w i t c h i n g t e m p e r a t u r e o f 1 8 0 * 0 f o r 
M i x e s 3 a n d 4. 
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APPENDIX I 

D e n s i t y - C a l c u l a t i o n s - o f . Doped - B a r t uni -Tt t a n a t e - Ceramics 

The d e n s i t y o f p u r e B a r i u m T i t a n a t e o f z e r o p o r o s i t y has been 
c a l c u l a t e d by r e s e a r h g r o u p s t o be 6 0 O I g/cm^ . 

B a r i u m T i t a n a t e when used as a PTC m a t e r i a l r e q u i r e s s m a l l 
a m ounts o f d o p a n t t o p r o d u c e t h e PTC e f f e c t , m a t e r i a l s such as 
A l u m i n a w h i c h f o r m t h e l i q u i d phase and o t h e r T i t a n a t e s t o 
r e g u l a t e t h e t e m p e r a t u r e a t w h i c h t h e e f f e c t o c c u r s . The 
T i t a n a t e s p r o d u c e t h e l a r g e s t d e n s i t y change f r o m t h e p u r e 
m a t e r i a l o w i n g t o t h e l a r g e amounts o f t e n r e q u i r e d t o a c h i e v e 
t h e d e s i r e d s w i t c h i n g t e m p e r a t u r e . B a r i u m ( B a ) i s e f f e c t i v e l y 
r e p l a c e d i n t h e s t r u c t u r e by Lead ( P b ) , S t r o n t i u m ( S r ) o r 
C a l c i u m (Ca) w h i c h have d i f f e r i n g a t o m i c masses. 

E l e m e n t A t o m i c Mass 
Ba 137,3 
Pb 207,1 
Ca 40,2 
Sr 88,0 

The l i q u i d p h ase m a t e r i a l s a r e i n c o r p o r a t e d i n t o t h e 
c a l c u l a t i o n by d e t e r m i n i n g t h e amount o f each used as a 
p e r c e n t a g e o f t h e t o t a l m a t e r i a l mass, and t h e d o p a n t i s 
d i s c o u n t e d b e c a u s e o f t h e v e r y s m a l l q u a n t i t i e s u s e d . The 
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c a l c u l a t i o n s y i e l d t h e f o l l o w i n g v a l u e s o f maximum t h e o r e c t i c a l 
d e n s i t y . 

P a r t - I 

P a r t - I I 

A l l sample Groups 5.669 g/cm^ 

MIX 1 ) 
) 5.977 g/cm^ 

MIX 2 ) 

MIX 3 ) 
) 5.817 g/cm^ 

MIX 4 ) 
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